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ABSTRACT 
  
Vegetative fragmentation, which is a means of asexual reproduction in plants, has been the focus of many 
previous studies. It has been shown that vegetative fragmentation occurs more frequently at higher 
elevations, but the reasons for this remain equivocal. I measured the size of fragments along an elevational 
gradient on the Pacific slope of the Tilaran Mountains, Costa Rica. Three hundred fragments were 
measured between 1530 m and 1800 m with larger fragments occurring more frequently at higher 
elevations. This indicates that wind may be the main driver in the frequency of vegetative fragmentation.  
 
 
RESUMEN 
 
La fragmentación vegetativa, la cual es un medio de reproducción asexual en plantas, ha sido el foco de 
atención de estudios previos.  Se ha demostrado que la fragmentación vegetativa ocurre más 
frecuentemente a elevaciones mayores, pero las razones por las cuales sucede esto son aún equívocas.  
Medí el tamaño de fragmentos a lo largo de un gradiente altitudinal en la vertiente Pacífica en la cordillera 
de Tilarán, Costa Rica.  Trecientos fragmentos se midieron entre 1530 m y 1800 m encontrándose los 
fragmentos más grandes a las mayores elevaciones.  Esto indica que el viento puede ser un factor 
primordial en la frecuencia de la fragmentación vegetativa. 
 
 
INTRODUCTION 
  
Vegetative reproduction is a form of asexual reproduction that occurs in plants. One 
mode of vegetative reproduction occurs when a plant is fragmented and that fragment 
falls to the ground and successfully resprouts. Plant fragments can form when the parent 
plant is impacted from falling trees, limbs, and clumps of epiphytes (Gartner 1989). For 
fragmentation to occur with frequency, there typically needs to be a higher amount of 
wind and an environment with higher amounts of moisture. This helps to explain why 
Kinsman (1990) discovered that fragmentation was an important means of reproduction 
for understory shrubs in tropical wet forests.  
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 Cloud forests, or forests in higher elevations characterized by persistent mist and 
low-level clouds, are habitats where fragmentation is speculated to be particularly 
important for reproduction. This is because cloud forests generate conditions favorable 
for fragmentation to occur and for the subsequent survival of fragments. Specifically, 
cloud forests experience high levels of wind as well as high levels of soil moisture 
(Leamy 1999). Fragmentation could also be an important mode of reproduction at higher 
elevations because of a decrease in pollinator activity (Berry and Calvo 1989). In 
addition, studies in cloud forests of Monteverde have shown that 75% of the understory 
shrub species have the ability to fragment and to survive up to at least 18 months 
(Kinsman 1990). Indeed, it has been shown that as elevation increases, the rate of 
fragmentation increases, regardless of the plant species (Bush 1993).  
 Although fragmentation has been shown to be high in cloud forests, especially as 
you move up in elevation, there have been no studies investigating which of these factors 
are the most important in facilitating fragmentation. If wind is the significant driver for 
fragmentation in cloud forests, by creating more disturbances and more fragments, we 
would expect there to be larger sized fragments in areas of higher disturbances. To test 
this I measured fragment size up an elevational gradient along the Pacific slope of the 
Tilaran Mountains in Monteverde, Costa Rica. To see if placement along the trail made a 
difference, I collected samples from both above and below the trail. The trails are 
constantly being cleared and hiked by people, so this was done to avoid any affect on 
fragment size by human disturbance in proximity to the trail. 
 
 
MATERIALS AND METHODS 
  
From the 14th to the 28th of July 2016, I sampled vegetative fragments along an 
elevational gradient at the Biology Station in Monteverde, Costa Rica. The transect was 
conducted on the pacific slope of the Tilaran Mt. range from 1530 m (lower Montane wet 
forest) to 1800 m (lower montane rain forest). Fragments were sampled every 30 meters 
for a total of 10 sites of increasing elevation.  

At each site, I collected a total 30 fragments (15 fragments above the path and 15 
fragments below the path). I collected fragments two to 15 m off the trail to avoid any 
trail and or edge effects. The distance was determined by the availability of understory 
shrubs and the difficulty of the incline. There was no specific size in shrub chosen with 
the assumption that the size of the fragment would not change with growth. I also varied 
morphospecies as much as I could to avoid any trends in specific species. Plants that 
originated from fragments can be identified by a characteristic “U” or “L” shape or a 
callous ring where the fragment connects to the root or stem (Kinsman 1990). 
Additionally, fragments typically grow in an opposite direction of both the stem and the 
incline. Steep inclines can cause the root and stem to grow in accordance with the 
steepness of the incline. All understory shrubs were replanted after examination. 
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RESULTS 
 

A total of 300 fragments were measured (30 at each site). Fragment size ranged from 0.3 
cm to 25.4 cm (5.59 cm ± 5.58). The results from the ANCOVA show that there is an 
increase in size of fragments up an elevation gradient (DF = 1, F Ratio = 405.2297, p = 
<.0001) (Fig. 1). The results did not show a difference when looking at the position of the 
fragment, whether above or below trail (DF = 1, F Ratio = 0.1317, p = 0.7169) (Fig. 2). 
The results also did not show any difference when elevation and position were combined 
(DF = 1, F Ratio = 0.2815, p = 0.5961) (Fig. 2).   
 
 
	

 
 
 
 Figure 1. Increasing average size in fragments (in cm) with increasing elevations. 
10 sites were measured, starting at 1530 m and increasing in 30 m increments with 30 
fragments measured at each site for a total of 300 fragments. 
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 Figure 2. Increasing average fragment size with increasing elevation, except when 
compared to figure 1, this has a split between fragments collected above the path and 
fragments collected below path. 300 fragments were collected, 30 fragments at each 
elevation site and 15 above the path and 15 below the path.  
 
 
 
 
DISCUSSION 
  
This study provides evidence that there are larger vegetative fragments as you increase in 
elevation. The increase in vegetative reproduction via fragmentation as the elevation 
increases is strongly supported in literature (Bush 1993 and Leamy 1999). However, the 
factors responsible for this pattern remain little explored. There are three potential causes 
as to why fragments increase with increasing elevation in the tropics: higher frequency 
and stronger winds in higher elevations, more conducive environments for the survival of 
fragments based on moisture levels in both air and soil, and a more reliable means of 
reproduction based on a decrease in pollinator activity with increasing elevation.  

Both a more conducive environment and a decrease in pollinator activity would 
have no effect on the size of fragmentation. While higher moisture levels could increase 
the survival of fragments, this should only be a secondary factor and not actually affect 
the fragmentation of understory shrubs. Fragments do increase in amount with elevation, 
but fragments can still be found at lower elevations regardless of lower levels of moisture 
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in the soil compared to the elfin forest (Robinson 1997). Likewise, it has been shown that 
there is less pollinator activity in higher elevation thus possibly translating into 
fragmentation being a more reliable means of reproduction. This may help explain why 
many plants have adapted this form of reproduction as a viable means to reproduce in 
higher elevations. However, this factor would still have no affect on the size of fragment, 
or on the process of fragmentation in general.  

The increase in both frequency and strength of wind would affect the actual size 
of fragments. While wind at lower elevations would still be able to break fragments off, 
stronger wind could break older shrubs that have more developed stems. Additionally, 
stronger winds could break shrubs lower down on the stem causing larger fragments. This 
would also cause more breakage in canopy trees, causing more branch and epiphyte 
clumps to fall to the understory causing breakage in understory shrubs. Specifically for 
the Monteverde Cloud Forest, these winds come from the strong trade winds originating 
from the Atlantic side, since this mountain range straddles the continental divide (Haber 
et al 1996). However, most areas higher in elevation would be exposed to stronger winds, 
thus having the potential to have fragmentation occur more frequently. 

Fragmentation is reportedly rare both taxonomically and geographically, though it 
may be a more common means of reproduction in wet tropical forests than believed. In 
temperate areas, fragmentation seems to be limited specifically to some species of 
willows (Salix spp) and aquatic shoreline plants broken by water and storms (Kinsman 
1990). The conditions in tropical wet forests, especially in higher elevations, may be a 
more conducive environment for the resprouting and successful growth of fragments that 
may not be as prominent in temperate regions. An advantageous environment combined 
with a decrease in pollinator activity and the higher frequency of disturbances could all 
be working together to create an environment with more abundance of fragments. This 
could also mean that there may be more fragmentation around the world than previously 
thought, but perhaps the environment is not as conducive for the survival of fragments as 
it is in the tropics.  
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Gall-associated changes in leaf morphology and venation 
 
Tamera Lanham 
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ABSTRACT 
Gall-forming insects are herbivorous parasites that induce growth of new tissues (galls) on their host 
plant, which feed and house the parasite. In this study, the effect of galls on leaf morphology and venation 
was investigated. Fifty pairs of opposite leaves with different levels of gall cover were taken from 
Montanoea guatemalensis (Asteraceae) shrubs and compared for surface area, wet and dry weight, 
toughness, and venation. Galled leaves tended to be smaller and lighter, with a higher relative water 
content; galled tissues showed more numerous veins and a greater area of veins than equivalent ungalled 
tissues. Leaf size reduction supports the notion that galls act as nutritional sinks, reducing the investment 
in the growth of their host leaves. This likely impacts plant fitness by compromising photosynthesis. 
Increased venation indicates that, like animal tumors, insect galls may require neovascularization to 
support their metabolic processes. This information may provide insight into the mechanism of insect gall 
formation or possible techniques for gall control. 
 
RESUMEN 
Las agallas causadas por insectos son parásitos herbívoros que inducen el crecimiento de nuevos 
tejidos(agallas) en su planta hospedera, la cual alimenta y hospeda al parásito. En este estudio, se 
investigó el efecto de las agallas sobre morfología y venación de las hojas. Cincuenta pares de hojas 
opuestas con diferentes niveles de cobertura de agallas fueron colectadas de arbustos Montanoea 
guatemalensis (Asteraceae) y comparadas con el área de la superficie, peso húmedo y seco, dureza y 
venación. Hojas con agallas fueron más pequeñas y livianas, con relativamente alto contenido de agua; 
tejidos con agallas mostraron venación más numerosa y área mayor de venación con respecto a tejidos sin 
agallas. La reducción del tamaño de las hojas soporta la idea de que las agallas actúan como bajas 
nutricionales , reduciendo la inversión  en el crecimiento de las hojas hospederas. Esto podría impactar la 
adaptación de la planta comprometiendo la fotosíntesis. Aumento en la venación indica que, como los 
tumores animles, las agallas en los insectos podría requerir neovascularización para apoyar los procesos 
metabólicos. Esta información podría proveer  una visión dentro del mecanismo de la formación de las 
agallas formadas por insectos o posibles técnicas para el control de las agallas. 
 
 
INTRODUCTION 
 

Galling insects are herbivorous parasites that manipulate their host plants, causing new 
plant tissue to form around the insect, even though this investment lowers host fitness. These 
growths, called galls, provide food and protection to growing insect larvae housed within (Price 
et al. 1987). The method by which galls are induced is elusive - although gall-inducing bacteria 
are known to inject DNA into their host plants, the mechanism used by gall forming insects is 
unknown (Stone and Schönrogge 2003). Host leaf fitness may be impacted beyond investment in 
the gall itself.  Presence of the gall and galling insect may alter key leaf characteristics that 
further impact plant fitness, including leaf size, thickness, water content and could even include 
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continued feeding of the gall via xylem and phloem.  If such changes occur, plant fitness may be 
impacted more than previously thought. 

Galls are morphologically and chemically adapted to benefit the gall former in many 
ways: providing nutrition (Hartley 1998), preventing larval desiccation, defending against natural 
enemies (Price et al. 1987), and discouraging competitive herbivory (Schultz 1992). These gall 
adaptations take many forms: concentration of nitrogenous or phenolic compounds, tough outer 
coatings, sticky or hairy surfaces, the production of extrafloral nectaries or stomata, and more 
(Fernandes and Santos 2014). All of these modifications require changes to plant physiology, 
which means energy and resources. The effects on the host 
plant of these metabolic changes can be dramatic and far-
reaching. Insect galls can draw resources both from the host 
leaf and other nearby leaves, depleting the affected tissues 
(Larson and Whitham 1991). In many plants, attack by galling 
insects leads to reduced lifetime reproductive success 
(Fernandes and Santos 2014). 
 Galls share a similarity with animal tumors, as both are 
metabolic sinks whose growth is not controlled by their host. In 
animals, tumors must induce the development of blood vessels 
to attain significant size (Ullrich and Aloni 2000). This is 
because tumors need oxygen, nutrients, and the removal of 
waste products to facilitate their growth, and vascular systems 
support these processes (Vaupel et al. 1989). Similarly, 
bacterial stem galls may induce adjacent vessel growth in their 
plant hosts; stem galls that lack nearby vessel tissue necrotize 
(Ullrich and Aloni 2000). The development of vascular 
systems enables tumors and galls to carry out intensive 
metabolic activity and promotes their growth. Still, this is 
unreported for galls on leaves. 

The research literature indicates that the demands that a 
gall places on a leaf impact the growth and development of the 
leaf by diverting resources to gall production. Additionally, 
insect galls stand to gain an advantage by inducing the 
formation of veins that support their growth. This work aims to 
substantiate the evidence that the presence of galls alters leaf 
morphology, and establish a possible link between leaf galls 
and increased vascular tissues.  
 
METHODS 
 
Study Subject 
 

Montanoea guatemalensis (family Asteraceae), known 
as tubú, is a shrub or small tree ranging between Guatemala 
and Costa Rica at elevations between 1000 and 1500 m. It 
grows up to 15 m tall, with a low-branching, multistemmed 
growth form, and opposite leaves that can be as long at 17 cm, 
but more typically 7 – 12 cm. It blooms from December to 

Figure 1: Images of M. 
guatemalensis leaf pairs. Fifty 
pairs were chosen where the 
more galled member (left) had 
at least double the percent 
galled surface of the less galled 
member (right). Leaves were 
labeled and photographed as 
above. A ruler was included in 
each image (cropped out in 
figure) to provide a scale for 
finding the surface area. 
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March, producing small white daisy-like flowers with an orange 
center (Gargiullo et al. 2008). In the Monteverde region, it is 
frequently planted as a windbreak adjacent to agricultural 
landscapes (Piper 2006). It is affected by an unknown galling 
wasp of the family Eriophyidae (Bailey 2013). Galls are less 
than 5mm in diameter, but may form clusters that cover half or 
more of the leaf surface area. Young galls are light green, 
becoming red and then purple as they mature. 
 
Leaf Collection 
 

The study was conducted in regenerating pasture of 
lower montane wet forest in Monteverde, Costa Rica, at 
elevations between 1400 and 1500 m. I chose pairs of opposite 
leaves that fulfilled these requirements: (1) there were at least 
two more pairs of leaves between the chosen pair and the leaf 
bud; (2) herbivory was limited to less than 20% of the original 
leaf surface area; and (3) one leaf of the pair had at least double 
the galled surface area of the other member. Five pairs of 
leaves were collected from each of ten plants, totaling 50 pairs 
of leaves. 
 
Leaf Measurement  

 
I measured all leaves on the same day as they were 

collected. Each leaf’s photograph was taken (Figure 1), as 
well its weight and its toughness. Toughness was measured 
by a punch-and-die penetrometer. On each heavily galled 
leaf, one gall or small cluster of galls was chosen and 
photographed under a microscope. I then located the 
homologous region of the less galled leaf, ensured that it was 
gall-free, and took a photograph of it under the microscope 
(Figure 2). The leaves were then dried for at least 48 hours in 
a foliage desiccator at 40°C, and weighed again once dry. 
 
Image analysis 
 
 I analyzed the images of whole leaves using ImageJ software to find the total surface area 
and the area covered by galls, which was then used to find the percent coverage of galls on each 
leaf.  

I also used ImageJ to analyze the photographs of galled and ungalled tissue taken through 
the microscope. In each image containing galls, I selected the region occupied by the gall(s), and 
excluded it from further analysis. In the remaining image area, all veins were selected and their 
area in pixels was found. I also counted the number of veins that were directed into the gall. I 
carried out an equivalent analysis on the homologous ungalled microscope images - the same 

Figure 2: Galled and ungalled 
tissue under the microscope. 
Microscope photographs were 
taken of galled regions of the 
more-galled leaves (left), and 
compared with homologous 
ungalled regions of their less-
galled counterparts (right). Vein 
characteristics were quantified 
using these images. 
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selection was excluded when the area of veins was quantified, and veins were counted that were 
directed into the selection. 
 
RESULTS 
 
 Fifty pairs of leaves were collected, with each 
pair consisting of a less galled and a more galled 
member. Less galled leaves ranged from 0.02% to 
4.79% galled surface, and more galled leaves from 
0.64% to 24.8% (Figure 3). In each pair of leaves, the 
more galled leaf had 2.06 to 35.47 times the galled 
surface percentage of its less galled counterpart.  
 
Leaf characteristics 
 
 A series of paired t-tests revealed differences 
between the more- and less-galled members of the 
collected leaf pairs (Figure 4). More galled leaves had a 
significantly smaller surface area than their less galled 
equivalents, where the average surface area of more 
galled leaves was 21.03 ± 1.58 cm2 and the average 
surface area of less galled leaves was 25.39 ± 1.60 cm2 
(paired t-test, n = 50, df = 49, t = -4.97, p = 8.53×10-6).  
Leaf toughness was not different between the two 
groups  (paired t-test, n = 50, df = 49, t = 1.29, p = 
0.203), with more-galled leaves supporting 141.62 ± 
7.16 g on the penetrometer and less-galled leaves 
supporting 134.24 ± 7.03 g. Wet and dry masses were 
significantly less in more galled leaves. The wet mass 
of more galled leaves averaged 0.611 ± 0.05 g 
compared to less galled leaves at 0.696 ± 0.05 g (paired 
t-test, n = 50, df = 49, t = -3.75, p = 4.67×10-4), with 
more galled leaves weighing on average 89% of their 
less galled counterparts. The dry mass of more galled 
leaves averaged 0.174 ± 0.02 g compared to less galled 
leaves at 0.200 ± 0.01 g (paired t-test, n = 49, df = 48, t 
= -3.57, p = 8.27×10-4). However the ratio of dry to wet 
mass did not differ between the two groups (paired t-
test, n = 49, df = 48, t = -1.98, p = 0.0535), with more galled leaves averaging 0.279 ± 0.005 and 
less galled leaves averaging 0.288 ± 0.006. 
 Viewing the collected leaves in aggregate, percent galled surface accounted for 
differences in surface area, wet mass, dry mass, and dry mass ratio, but not differences in 
toughness (Figure 5). Leaves with more galled surfaces were smaller (linear regression, n = 100, 
R2 = 0.133, p = 1.96×10-4), had a lower wet mass (linear regression, n = 100, R2 = 0.0437, p = 
0.0367), a lower dry mass (linear regression, n = 99, R2 = 0.0601, p = 0.0144), and a lower ratio 
of dry mass to wet mass (linear regression, n = 99, R2 = 0.0521, p = 0.0230). Toughness was not 
correlated with percent galled surface (linear regression, n = 100, R2 = 9.11×10-5, p = 0.925). 

Figure 3: Percent galled surface 
by leaf group. The percent galled 
surface distribution of each leaf 
group (more and less galled) is 
represented by a box-and-whisker 
plot. Although the least galled 
members of both groups have less 
than 1% galled surface, the more 
galled leaves show a distribution 
with a much higher average percent 
galled surface. 
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Vein characteristics 
 
 Venation was greater near galled tissue than on equivalent ungalled samples (Figure 6). 
Gall tissue had more veins directed into it, with galls having an average of 15.84 veins directed 
toward them and ungalled areas an average of 13.94 veins (paired t-test, n = 49, df = 48, t = 4.66, 
p = 2.46×10-5). The region outside of galled tissue also showed an increased area occupied by 
veins, with 3.11×105 px2 covered by veins on average in microscope images of galled tissue and 
2.59×105 px2 covered on average in ungalled images (paired t-test, n = 49, df = 48, t = 3.74, p = 
4.93×10-4). 
 

Figure 4: Leaf characteristics by leaf group. Each of the above plots corresponds to one of the 
measured leaf characteristics, with the distribution for more galled leaves appearing on the left, 
and the distribution for less galled leaves on the right. Paired t-tests revealed significant 
differences in surface area, wet mass, and dry mass between the groups, but not in toughness or 
dry mass ratio. 
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Figure 6: Vein characteristics by leaf 
group. The above box-and-whisker plots 
compare the distributions of vein 
characteristics between galled tissues (left on 
each plot) and ungalled tissues (right on each 
plot). In both cases, paired t-tests revealed 
that galled samples had significantly more 
venation (incoming veins and vein area) than 
their ungalled counterparts. 
 

Figure 5: Relationship between leaf 
characteristics and percent galled surface. 
Leaves were considered in aggregate to find a 
relationship between percent galled surface and 
various leaf characteristics. Each of the above 
scatter plots represents one characteristic, and 
the gray lines show the linear regression. The 
linear regressions performed found that 
changes in surface area, leaf wet mass, leaf dry 
mass, and dry mass ratio are explained by 
changes in percent galled surface; no trend was 
found with respect to toughness. 
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DISCUSSION 
 
 My results indicate that galling on M. guatemalensis is associated with smaller, lighter 
leaves. This suggests that on galled leaves resources are not being used to increase the leaf 
biomass, which is consistent with research showing that leaves are nutritionally depleted by galls 
(Larson and Whitham 1991). Galling is also associated with a lower ratio of dry mass to wet 
mass, meaning that more heavily galled leaves contain more water. The significance of this 
finding is unclear - perhaps galled tissue contains more moisture to better insulate the enclosed 
larvae from desiccation, or more water is maintained because of an increased concentration of 
ions in galls. Galled regions were also found to have a greater number of veins, as well as a 
greater area covered by those veins. This supports the idea that galls may benefit from a greater 
degree of vasculature, as predicted by patterns found in other tumors (Ullrich and Aloni 2000). 
 Unfortunately, the conclusions that can be drawn from this work are limited, because the 
design of the study does not shed light on causation. It may be that the identified leaf 
characteristics (reduced surface area and mass, and increased vascularity) are caused by the 
development of galls, or that the gall-forming mites choose leaf sites with these characteristics. 
In either case, it can be assumed that the characteristics identified here are beneficial to the gall-
former because the gall is an extended phenotype of the gall-former (Price et al. 1987). Whether 
the gall-former generates these characteristics or seeks them out, they are a benefit to the growth 
of the galls.  
 The results of this study may help to guide future research into the mechanisms of gall 
formation. If a causal relationship is established regarding these patterns, then future hypotheses 
about the mechanism of gall formation would have to account for them. This could help to 
narrow down the range of possible mechanisms and make identification of the true mechanism 
easier. Additionally, gall growth may be able to be controlled by halting the modification of 
plant vascular systems on a molecular level. Animal tumors have been treated with similar 
methods (Vaupel et al. 1989), and these data indicate that such a therapy may be possible for 
plant affected by galls. 
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ABSTRACT 
Tropical montane species face threats from climate change as local mist frequency decreases. Epiphylls, epiphytes 
that grow on the surface of leaves, will be especially threatened due to their inability to retain water and necessity 
for high humidity.  Due to these requirements, epiphylls can be used as bioindicators of climate change, especially 
for local drying. By measuring percent cover of all present epiphyll morphospecies, a better understanding of the 
relationship between different epiphyll types and elevation was developed. An elevational transect of epiphyll cover 
on palm leaves of Geonoma spp. was performed in the tropical montane cloud forest in Monteverde, Costa Rica. 
The liverwort and moss epiphyll cover increased significantly with elevation while lichen cover decreased 
significantly (1500-1800 m). At the lowest elevational section, there was less than 3% total epiphyll cover, while at 
the highest elevational section, cover was over 17%. Lichen cover decreased from 2.45% to 0.7% over the gradient. 
Conversely, liverwort cover increased from 0.23% to 6.76% and moss cover increased from 0.08% to 10.11% over 
the elevational transect. My data suggest that as climate change decreases mist frequency, epiphyll communities on 
Cloud Forest leaves will alter, as well. This will likely cause lichen to increase at lower elevations while mosses and 
liverworts will be forced into higher altitudes.  
 
RESUMEN 
Las especies montañosas enfrentan peligros como la reducción de la frecuencia de la neblina debido al cambio 
climático.  Epífilos, epífitas que crecen en la superficie de las hojas, seran especialmente afectadas debido a la 
inabilidad de retener agua y la necesidad de una gran humedad.  Debido a estos requerimentos, los epífilos pueden 
ser usados como bioindicadores de cambio climático, especialmete por el secado local.  Al medir el porcentaje de 
cobertura de todas las morfoespecies presentes de epífilos, un mejor entendimiento de la relación entre los diferentes 
tipos de epífilos y la elevación fue desarrollada.  Un transecto altitudinal de la cobertura de epífilos en las hojas de la 
palma Geonoma spp se llevó a cabo en el bosque nuboso tropical montano en Monteverde, Costa Rica.  La cobertura 
de epífilos en la forma de musgos y hepaticas aumenta significativamente con la elevación, mientras que la 
cobertura de líquenes disminuye significativamente (1500-1800 m).  En la sección de menor elevación, hubo una 
cobertura total de epífilos menor al 3%, mientras que en la sección de mayor elevación, la cobertura fue de más del 
17%.  La cobertura de líquenes dismunye en el gradiente de un 2.45% a 0.7%. A la inversa, la cobertura de hepaticas 
aumenta de un 0.23% a 6.76% y la cobertura de musgo aumenta de un 0.08% a un 10.11% a lo largo del transecto 
altitudinal. Mis datos sugieren que al disminuir la frecuencia de la neblina debido al cambio climático, las 
comunidades de epífilos en las hojas del bosque nuboso se verán también alteradas.  Esto puede causar un aumento 
de líquenes a menores elevaciones mientras que los musgos y hepaticas se veran forzados a las mayores altitudes. 
 
INTRODUCTION  
The response of species to past and current climate change suggests that anthropogenic climate 
change could be a major source of species extinction in the next 50 years (Root et al. 2003). 
Already, over the last 30 years, climate change has created many shifts in species distribution 
and abundance (Thomas et al. 2004). In tropical montane cloud forests, rising sea surface 
temperatures (SSTs) lower mist frequency and raise temperatures are higher elevations (Pounds 
et al. 1999). Adiabatic cooling causes higher cloud formation, resulting in upward migration of 
many, but not all, species (Pounds et al. 1999) as they follow preferred mist levels.  
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 Epiphylls colonize leaves of other plants, and because they depend on ambient humidity 
and leaf surface moisture, they are subject to changing abiotic factors. (Coley et al. 1993; Gignac 
2001; Drake 2005). Epiphyll species are likely to differ in their response to changing mist 
frequency because of differences in water storage and photosynthetic requirements. Liverworts 
and mosses store water in vacuoles of large cells. Water loss in these types of epiphylls leads to 
loss of turgor and a drop in photosynthesis. Liverworts and mosses are restricted to wetter sites 
because of the energy and nutrient costs associated with rehydration. Thus, liverworts thrive in 
environments like cloud forests where there is a higher frequency of rainfall or mist and slow 
drying due to high humidity. The opposite is true for lichens, which absorb water through cell 
walls and intracellular spaces. This allows lichen to survive long periods of desiccation. 
Additionally, some species of lichen can take up water vapor from the environment. However, 
photosynthetic rates are lower in lichens compared to liverworts and mosses (Coley & Kursar 
1993). Lichens may also experience depression of photosynthesis in areas of high precipitation 
and are thus favored in drier sites.  

Epiphyll colonization can impact host plant fitness. There is evidence to suggest that the 
presence of epiphylls could increase host plant susceptibility to pathogens (Coley & Kursar 
1996). Since they keep the host leaf surface wet for longer periods, epiphylls may increase the 
probability of infection. They also may increase the potential for trapping spores, by providing a 
rougher or bumpier surface than the host leaf surface (Coley & Kursar 1996). Additionally, 
lichens often damage the cuticle of the leaves which could increase the occurrence of pathogens, 
while liverworts do not penetrate the host cuticle (Coley & Kursar 1996). Yet, successful 
infection of plants, especially in rainforests, is often dependent on leaf damage by herbivores 
(Coley & Kursar 1996). Liverworts and lichens have been shown to offer protection from 
herbivores. Liverworts contain high concentrations of terpenoids and penolic compounds. 
Lichens also contain a variety of plant secondary metabolites with antiherbivory properties 
(Coley & Kursar 1996). One study found that removal of epiphylls from leaves of understory 
cyclanth increased the palatability of leaves to leaf cutter ants by two to three times (Mueller & 
Wolf-Mueller 1991). The most apparent effect of epiphylls is light interception. In the rainforest 
understory, light intensity is already very low. Epiphylls have been shown to reduce light 
intensity by 55-85%, leading to a reduction in host leaf photosynthesis of 20-30% (Coley et al 
1993).  

How epiphyll community composition changes with elevation has not yet been explored. 
This study investigates whether changes in elevation have an impact on the relative abundance of 
epiphyll species growing on a single species of palm. If a difference exists, predictions can be 
made about the reasons, such as abiotic factors, which cause this difference. Identifying 
relationships between epiphyll species and elevation will allow a fuller understanding of how 
epiphyllous community composition and structure are likely to respond to climate change 
 
METHODS  
 
Study Sites 
Twenty Geonoma spp. plants were chosen from 1500 to 1800 m, totaling 120 plants. Plants were 
chosen along the principal trail at the Estación Biológica in Monteverde, Puntarenas, Costa Rica 
(10˚18’ N, 84˚48’ W). From 1500 to 1600 m this site is classified as Lower Montane Wet Forest 
and from 1600 to 1800 as Lower Montane Rain Forest. Lower Montane Wet Forest is 
characterized by 1850-4000 mm of annual rainfall and a canopy height of 25-35 m. Lower 

 16 

 16 

 16 

 16 

 16 

 16 

 16 

 16 



Montane Rain Forest is characterized by 3600-8000 mm of annual rainfall and a canopy height 
of 20-30 m. Both have a mean annual temperature of 12-17˚C and a zero to three-month dry 
season (Haber 2000). Data were collected from July 15th to July 29th, 2016.  
 
Study Organisms 
This study focuses on common species of three different types of epiphylls: lichens, liverworts, 
and mosses, growing on the leaves of Geonoma spp., an understory palm. 
 
Elevational Transect of Epiphyll Cover on Geonoma spp. leaves 
As one moves from higher to lower on the palm, leaf age increases. Since leaf age is positively 
correlated to epiphyll cover (Sonnleitner et al. 2009), age and height was controlled for. Plants of 
one to two meters in height were selected and the leaf that best represented intermediate epiphyll 
cover was chosen on each plant. Epiphyll type was determined using a 20x hand lens and 
detailed descriptions of morphospecies were recorded. A transparent grid was placed over a 12 
cm x 12 cm area of the leaf. The grid was composed of 576 0.25x0.25 cm squares. The number 
of squares that were at least half full of a certain type of epiphyll was recorded for each 
individual morphospecies. To determine epiphyll cover for each type, the number of squares 
recorded was divided by the total number of squares and multiplied by 100. Elevation of each 
plant was also recorded using an altimeter. 
 
RESULTS 
 
Elevational Transect of Epiphyll Cover on Geonoma spp. leaves 
Percent epiphyll cover was determined for 120 Geonoma spp. plants. All examined plants 
harbored some epiphyll growth. Morphospecies of epiphylls were recorded as well as percent 
cover for each morphospecies. Four lichen morphospecies, one liverwort morphospecies, and 
two moss morphospecies were identified. The percent cover of these morphospecies, total lichen, 
liverwort, and moss percent cover, total epiphyll cover, and elevation were all compared pairwise 
(Table 1). Of these 55 pairs, 35 or 63.6% were found to be significant. Nineteen of those were 
positively correlated (54.3%) and 16 were negatively correlated (45.7%).  
 
Table 1. Pairwise correlations between epiphyll morphospecies cover, total epiphyll cover and 
elevation on Geonoma spp. leaves from 1500-1800 m in Monteverde Cloud Forest, Costa Rica. 
Significant positive correlations are in green and significant negative correlations are in red. All 
other pairs are not significantly correlated. 
 
Variable By Variable Correlation (r) Significant Probability (p) 
Total Epiphyll Cover Elevation 0.6825 <0.0001 
Lichen A Elevation -0.3045 0.0007 
Lichen A Total Epiphyll Cover -0.1504 0.101 
Lichen B Elevation -0.2781 0.0021 
Lichen B Total Epiphyll Cover -0.0762 0.4078 
Lichen B Lichen A -0.026 0.778 
Lichen C Elevation -0.2008 0.0278 
Lichen C Total Epiphyll Cover 0.1979 0.0303 
Lichen C Lichen A 0.027 0.798 
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Lichen C Lichen B 0.0465 0.6144 
Lichen D  Elevation -0.2327 0.0105 
Lichen D  Total Epiphyll Cover -0.1389 0.1303 
Lichen D  Lichen A 0.0634 0.4912 
Lichen D  Lichen B -0.0472 0.6087 
Lichen D  Lichen C -0.106 0.2491 
Moss A Elevation 0.5117 <0.0001 
Moss A Total Epiphyll Cover 0.8157 <0.0001 
Moss A Lichen A -0.1817 0.0471 
Moss A Lichen B -0.154 0.0931 
Moss A Lichen C -0.185 0.043 
Moss A Lichen D -0.0886 0.3357 
Moss B Elevation 0.258 0.0044 
Moss B Total Epiphyll Cover 0.5043 <0.0001 
Moss B Lichen A -0.1228 0.1815 
Moss B Lichen B -0.0627 0.4966 
Moss B Lichen C -0.0842 0.3603 
Moss B Lichen D -0.062 0.4083 
Moss B Moss A 0.3358 0.0002 
Total Lichen Elevation -0.4966 <0.0001 
Total Lichen Total Epiphyll Cover -0.2385 0.0087 
Total Lichen Lichen A 0.6168 <0.0001 
Total Lichen Lichen B 0.68 <0.0001 
Total Lichen Lichen C 0.3245 0.0003 
Total Lichen Lichen D 0.2189 0.0163 
Total Lichen Moss A -0.2953 0.0011 
Total Lichen Moss B 0.1626 0.061 
Total Liverwort Elevation 0.6751 <0.0001 
Total Liverwort Total Epiphyll Cover 0.6516 <0.0001 
Total Liverwort Lichen A -0.246 0.0068 
Total Liverwort Lichen B -0.2048 0.0249 
Total Liverwort Lichen C -0.2234 0.0142 
Total Liverwort Lichen D -0.1916 0.06 
Total Liverwort Moss A 0.2304 0.0113 
Total Liverwort Moss B 0.0635 0.4909 
Total Liverwort Total Lichen -0.4067 <0.0001 
Total Moss Elevation 0.5126 <0.0001 
Total Moss Total Epiphyll Cover 0.8504 <0.0001 
Total Moss Lichen A -0.1931 0.0346 
Total Moss Lichen B -0.1489 0.1045 
Total Moss Lichen C -0.1821 0.0465 
Total Moss Lichen D -0.1 0.2769 
Total Moss Moss A 0.9416 <0.0001 
Total Moss Moss B 0.6334 <0.0001 
Total Moss Total Lichen -0.3008 0.0008 
Total Moss Total Liverwort 0.212 0.0201 
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As elevation increased, total epiphyll cover on Geonoma spp. leaves increased 
significantly (Correlation coefficient = 0.6825, n=120, p < 0.0001). For example, average total 
percent epiphyll cover at 1500-1550 meters was 2.75% that increased linearly to over 17% at 
1750-1800 meters. The lowest percent cover was 0.52% covered, while the highest was 49.13% 
covered. The overall average epiphyll cover is 9.38%. The average epiphyll cover of each 
sampled section is 2.75% (1500-1545 m), 4.57% (1550-1595), 5.57% (1600-1645 m), 9.99% 
(1650-1695), 15.81% (1700-1745 m), and 17.60% (1750-1800 m). 

Total Lichen cover decreased significantly with elevation (correlation coefficient = -
0.4966, p < 0.0001; Fig. 1) from 2.45% to 0.7% cover. Furthermore, all lichen morphospecies 
showed significantly negative correlation with elevation (p < 0.05). Liverwort percent cover was 
significantly positively correlated with elevation (correlation coefficient = 0.6751, p < 0.0001) 
from 0.23% to 6.76% cover. Total moss percent cover was also significantly positively 
correlated with elevation (correlation coefficient = 0.5126, p < 0.0001) as were each moss 
morphospecies individually (p < 0.05; Fig. 2). Moss percent cover increased from 0.08% to 
10.11% over the elevational transect.  

Total lichen cover is negatively correlated with both total liverwort (correlation 
coefficient: -0.4067, p < 0.0001) and total moss cover (correlation coefficient: -0.3008, p < 0.05). 
Total moss cover is positively correlated with total liverwort cover (correlation coefficient: 
0.2120, p < 0.05). Additionally, total lichen cover is significantly negatively correlated with total 
epiphyll cover (correlation coefficient = -0.2385, p = 0.0087) while total liverwort cover, and 
total moss cover are significantly positively correlated with total epiphyll cover (p < 0.05).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Regression analysis of percent lichen cover on Geonoma spp. leaves to elevation in 
Monteverde cloud forest. (y = -0.0119x + 21.413, R² = 0.24657, n = 120, p < 0.0001). 
Correlation between lichen cover and elevation is significant (p < 0.0001, Table 1). !
 

Since total liverwort and total moss cover both had significant positive correlations with 
elevation, an analysis of covariance was performed to determine if there was a significant 
difference between the two type (Fig. 2). The overall regression was found to be statistically 
significant (p < 0.0001). The effect of elevation was also found to be significant (p < 0.0001). 
Plant type and the difference between the slopes were not found to be significant.  
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Figure 2. Regression analysis of percent moss and liverwort cover on Geonoma spp., to elevation 
in Monteverde cloud forest. N = 240. Liverwort Cover (y = 0.0394x - 60.676, R² = 0.45577, n = 
120, p < 0.0001) and moss cover (y = 0.0413x - 64.681, R² = 0.26279, n = 120, p < 0.0001) both 
have a significant positive correlation with elevation (Table 1). Overall regression is statistically 
significant (ANCOVA, R2 = 0.333081, F = 39.28, df = 1, p < 0.0001). Effect of elevation is also 
significant (ANCOVA, F: 115.7420, df = 1, p < 0.0001). Effect of plant type is not significant 
(ANCOVA, F = 2.0256, df = 1, p = 0.1560). and difference between slopes is not significant 
(ANCOVA, F = 0.0650, df = 1, p = 0.7990). 
 
DISCUSSION 
As previously found by Spaur (2015), this study found that total percent epiphyll cover is 
significantly positively correlated with elevation in Lower Montane Wet and Rain Forests. At 
intermediate elevation (1650 m), Spaur found approximately 9% epiphyll cover, while I found 
10% epiphyll cover. Spaur found epiphyll cover ranging from 0% to 81%, while I found epiphyll 
cover from 0.5% to 49% cover. This is increase in epiphyll cover is consistent with increased 
rainfall and lower canopy height as elevation increases at this site (Haber 2000).  

Total lichen cover decreased significantly with elevation, while total moss and liverwort 
cover increased significantly. This could be because lichens are outcompeted by liverworts in 
wetter conditions (Coley & Kursar 1996) and therefore lichens usually colonize in drier, lower 
elevation areas where liverworts cannot survive. However, since leaves were never more than 
50% covered by epiphylls, this suggests that space, and therefore competition, was likely not the 

=10

0

10

20

30

40

50

1500 1550 1600 1650 1700 1750 1800

%
*E
pi
ph

yl
l*C
ov

er

Elevation*(meters)
Liverwort!Cover Moss!Cover Linear!!(Liverwort!Cover) Linear!!(Moss!Cover)

 20 

 20 

 20 

 20 

 20 

 20 

 20 

 20 



cause of these trends. Instead, it could be due to differing abiotic requirements. This is supported 
by a study that examined liverwort and lichen cover before and after irrigation of leaves. They 
found that lichen cover significantly decreased after irrigation, while liverwort cover increased 
from less than two to more than 20 percent cover (Coley et al. 1993). Also unlike liverwort 
cover, lichen cover does not change significantly in wetter or drier environments (Coley et al. 
1993). The ability of lichens to tolerate drier environments allows them to endure lower 
elevations, where rainfall is not as constant. On the other hand, bryophytes are unable to store 
water, requiring them to inhabit areas with more consistent precipitation or higher mist 
frequency. In the future, lower elevations will also experience decreases in mist frequency. This 
will not have adverse effects of lichen, but will be detrimental for bryophytes. All lichen 
morphospecies followed the same negative trend with elevation and both moss morphospecies 
exhibited positive correlations with elevation. 
 Total lichen cover is also negatively correlated with both total liverwort cover and total 
moss cover, but total liverwort cover and total moss cover are positively correlated with each 
other. These results further support the different abiotic requirement of lichen and bryophytes. It 
also suggests that liverworts and mosses require similar environments to colonize. A previous 
study found that there were similarities between their water storage systems and photosynthetic 
requirements. Since both types store water in vacuoles of large cells, they require a lot of water 
(Coley & Kursar 1996) and thrive in consistently wet environments that occur at higher 
elevations in the Monteverde cloud forest (Haber 2000).  
 It is also interesting to look at the correlation of different types of epiphylls with total 
epiphyll cover. Total lichen cover has a significant negative correlation, while liverworts and 
mosses have significant positive correlations. At most, lichens covered 2.45% of the host plant, 
while liverworts and mosses covered 6.76% and 10.11%, respectively. As climate becomes drier, 
lichen will have the advantage, which will affect host plants in negative and positive ways. 
Plants at elevations where lichen can dominate will likely be more susceptible to pathogens, 
since lichens penetrate the cuticle and make plants more vulnerable. These host plants will 
benefit because, since lichen do not cover as much of the leaf as bryophytes, light intensity will 
not be as reduced and therefore photosynthetic rates will not be as reduced. Host plants may be 
more vulnerable to herbivory as a result of climate drying. Since lichens do not cover as much of 
the leaf, their antiherbivory properties cannot protect a lot of the leaf. As climate pushes 
bryophytes upwards in elevation, host plants at elevations that they once colonized will become 
more vulnerable to herbivory, as a result (Coley & Kursar 1996).  
 Future climate warming will likely have adverse affects on bryophyte cover at lower 
elevations. As supported by the lifting-cloud-base hypothesis, rising SSTs rise will decrease dry 
season mist frequency, which will be detrimental to bryophytes. liverworts and mosses. This 
study further supports the idea that epiphyll cover may serve as a good bioindicator for climate 
change. As climate continues to become drier in the tropics, liverworts and mosses will suffer. 
Since epiphylls are so sensitive to abiotic factors, especially water availability, observing where 
liverworts and mosses dominate and where lichens dominate can indicate this climate change.  
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ABSTRACT 
 
Global warming is causing Neotropical Cloud Forests to receive less mist. Because of this, epiphytic and 
bryophytic communities within these forests are being altered. This study explores epiphytic and 
bryophytic community organization on the trunks of 30 trees of a similar size within the elfin forest in the 
Monteverde Cloud Forest. Inventories of bryophytes and epiphytes growing on similar-sized tree trunks 
were compared. Overall community structure was largely random, with 7.14% of possible 28 pairwise 
comparisons being significant. Additionally, it is suggested that the growth of epiphyte abundance going 
from 0 to 50, richness going from 0 to 6 and diversity going from 0 to 1.64 increases with bryophyte 
coverage ranging from 39.4% to 97.9% but epiphytes can also grow in the absence of these mats. These 
findings suggest that these studied epiphytes and bryophytes are likely to respond independently to climate 
change with no obvious cascade of species interactions impacting the community.  
 
RESUMEN 
 
El calentamiento global está provocando que el Bosque Nuboso Neotropical reciba menos neblina. Debido 
a esto, las comunidades de epífitas y briófitos dentro de estos bosques están siendo alteradas. Este estudio 
explora la organización de las comunidades epifíticas y briofíticas en los troncos de 30 árboles de tamaño 
similar dentro del bosque enano en el Bosque Nuboso de Monteverde. Inventarios de briófitos y epífitas 
creciendo en troncos de árboles de tamaño similar se compararon. En general, la estructura de la 
comunidad fue altamente aleatoria, con 7.14% de los 28 pares posibles de comparaciones siendo 
significativos. Adicionalmente, se sugiere que el aumento en al abundancia de epífitas pasando de 0 a 50, la 
riqueza de especies pasando de 0 a 6 y la diversidad pasando de 0 a 1.64 aumenta con la cobertura de 
briófitas que van de 39.4% a 97.9%, pero las epífitas pueden también crecer en la ausencia de estos 
parches. Estos resultados sugieren que estas epífitas y briófitos estudiado probablemente responden 
independientemente al cambio climático con ninguna cascada de interacción de especies impactando la 
comunidad. 
 
INTRODUCTION 
 
Montane tropical forests are changing as mist frequency there declines (Goldsmith et al. 
2013; Pounds et al. 1999). These unique forests hold vast biodiversity, including many 
bryophyte and epiphytic species that rely on atmospheric moisture (Cating & Lefkovitch 
1989; Nadkarni 1984). Epiphytes make up approximately half of the individual plants in 
montane rain forests (Gentry & Dodson 1987a) and are also found in greatest abundance 
within neotropical and elfin forests (Nadkarni 1984). Moreover, the biomass of 
bryophytes and epiphytes account for approximately 45% of nutrients contained in these 
Neotropical forests (Gradstein et al. 2001, Nadkarni 1984). Given their richness and 
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abundance, how bryophytes and epiphytes respond to one another will inform our 
understanding of how Cloud Forest communities will respond to changing climate.  

Communities are composed of species drawn from a local source pool 
(Mittelbach & Schemske 2015). Abiotic factors may filter species (Mittelbach & 
Schemske 2015). In addition, biotic interactions can impact species composition in 
various ways (Mittelbach & Schemske 2015). Foundation species can set the stage for 
establishment and growth (Ellison et al. 2005), while competition, predation and 
mutualism may result in species compositions that are nonrandom (Ellison et al. 2005).  
In such highly biologically-organized communities, a change in one species can lead to 
cascading changes throughout (Ellison et al. 2005).  In Cloud Forests, bryophytes may act 
as foundation species while epiphytes may impact each other.  If bryophyte/epiphyte 
communities in Neotropical Cloud Forests are highly biotically organized, climate 
change may impact communities more greatly than if individual species in such 
communities respond independently to abiotic changes.   

It is known that Cloud Forest bryophytes and epiphytes live in close proximity, 
but how their communities are organized is not understood (Cating & Lefkovitch 1989). 
Bryophytes soak up water and nutrients from their environment (Gradstein 2001; Nichols 
2013) and may provide them to neighboring epiphytes (Heitler-Klevans 2016). In 
addition, bryophytes may trap epiphyte seeds and provide substrate for seedlings. 
However, epiphytes may also grow where there are no bryophytes (Zotz & Vollrath 
2002). Epiphyte species may also compete for space on trees, may prefer different hosts 
or might even enhance each others’ survival and reproduction as they collectively trap 
water and nutrients (Cating & Lefkovitch 1989).   

Documenting the relationships between different epiphyte species and epiphytes 
and bryophytes in montane rain forests will increase knowledge of the overall community 
structure of these areas. It will also help to better understand possible detrimental effects 
that recent climate warming conditions may have on these ecosystems.  

This study examines community organization of trunk epiphytes and bryophytes 
within the elfin forest in the Monteverde Cloud Forest. This new information will 
increase knowledge of species interactions and overall effects that recent climate change 
could have on the wellness of this ecosystem. 
 
METHODS 
 
Study Site  
This study was conducted from July 15th through July 29th 2016. Data were collected in 
the Elfin Forest of Monteverde, Costa Rica above the Estación Biológica. This Elfin 
forest is 1760 m above sea level on the Sendero División in the Tropical Lower Montane 
Rain Forest life zone along the upper ridges of the Cordillera de Tilarán in Monteverde. 
This zone has precipitation levels around 3.6-8 m annually (Haber 2000) and is within 
areas of the NE trade winds.  
 
Tree Trunk Inventories  
Within this region, thirty trees were chosen with a diameter at breast height (DBH) of 30 
cm - 35 cm within zone 1 of the tree (Fig. 1), the basal parts of the trunk up to 3m 
(Johannson 1974). Ten of the 30 sampled trees were sought out for a less than 80% 
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bryophyte cover because it was so challenging to find trees without great abundances of 
bryophytes. Trees with A 30 cm by 70 cm transparent grid was tacked onto the trunk at a 
height of ~180cm (Fig. 2). Two photos were taken of the entire grid including its 
epiphytes and bryophytes. The first picture was taken using the Snapchat phone 
application that allowed labeling of each epiphyte in the field (Fig. 2). A second identical 
picture was taken and later analyzed through ImageJ to quantify the area of bryophyte 
cover within the grid. A majority of epiphytes were identified but where not were 
designated morphospecies within known families. Past3 software was used to calculate 
total diversity between individuals and species richness. Any species of epiphyte that was 
not found on 5 or more trees was not included in correlation analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Vertical tree zonation according to Johansson (1975).  In this study, only Zone 
1 broyophytes and epiphytes were surveyed for 30 trees in Tropical Lower Montane 
Forest of Monteverde, Costa Rica.  
 
Additional observations 
During the study period, it was also observed if root systems of epiphytes seemed to be 
more embedded within bryophytes or more embedded into the bark directly. 
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Figure 2. Example of Zone 1 sample for a Tropical Lower Montane Rain Forest tree 
between 30-35 dbh. Quadrat size is 30 x 70 cm. Red dots denote separate epiphytes using 
their place of attachment to the bryophytes or trees as a guide.   
 
RESULTS 
Thirty trees were inventoried for epiphytes and bryophyte cover. In the area of trunk 
investigated, there were a total of 11 epiphyte species commonly found. Eight of these 
were identified to the genus and species level; Elaphoglossum eximium 
(Dryopteridaceae), Hymenophyllum spp (Hymenophyllaceae), Pilea dauciodora 
(Urticaceae), Anthurium sp (Araceae), Elaphoglossum caroliae (Dryopteridaceae), 
Columnea microcalyx (Gesneriaceae), Guzmania nicaraguensis (Bromeliaceae) and 
Peperomia hernandifolia (Piperaceae). The remaining three species were identified as 
unknown fern, morphospecies 1, and morphospecies 2 (Refer to appendix species 
identification).  

Out of these 11 species, E. eximium, Hymenophyllum spp, unknown fern, and P. 
dauciodora were found on at least 40% of the total number of trees sampled. The 
remaining seven species were found on less than 25% of the total trees. Morphospecies 1 
and 2 were found on less than 7% of the thirty trees (Table 1). E. eximium, 
Hymenophyllum spp, Unknown fern and P. dauciodora dominated ~70% of the total 
individual epiphytes found, leaving the remaining seven epiphyte species totaling only 
~30% (Fig. 3).  

Within the selected trunk area, there was a 39.4% - 99% range of total bryophyte 
cover found. Of the 30 sampled trees, 14 were greater than 82% covered and 4 of the 30 
trees had less than 50% bryophyte cover.  

As the percentage of bryophyte area cover increases the total species richness also 
increases (R2 = 0.225, p = 0.008, n = 30; Fig. 4). Also, as the percentage of bryophyte 
area cover increased, the total abundance of epiphyte individuals increased. (R2 = 0.147, 
p = 0.037, n = 30; Fig. 5). Lastly, as the percentage of bryophyte area covered increases, 
epiphyte diversity also increases (R2 = 0.182, p = 0.018, n = 30) (Fig. 6).  

According to the correlation matrix, two of 28, (7.14%), possible species 
interactions showed a significant correlation of abundances, both of which are positive, 
P. dauciodora and bryophyte (R2 = 0.3986, p = 0.029), and E. caroliae and unknown fern 
(R2 = 0.4544, p = 0.029). The remaining 26, (92.8%), possible relationships are non-
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significant, some of which lean toward a more negative relationship. The relationship 
between Anthurium sp and bryophyte shows a positive trend (p = 0.068), but not enough 
to be significant (Table 2).  
 
Additional observations  
There were bryophyte mats surrounding the epiphyte roots on more than 80% of sampled 
area. Only a few trees seemed as if they had a few epiphytes with roots directly 
embedded into the bark. 
 
Table 1. Percentage of epiphyte species found on the 30 sampled trees within the elfin 
forest in the Monteverde Cloud Forest.  
 

Species  
% of tree with 
species  

Elaphoglossum eximium  50 
Hymenophyllum spp  46.6 
Unknown fern  43.3 
Pilea dauciodora  40 
Anthurium sp  23.3 
Columnea microcalyx  16.6 
Elaphoglossum caroliae 16.6 
Guzmania nicaraguensis  16.6 
Peperomia hernandifolia  13.3 
Morphospecies 1 6.6 
Morphospecies 2 3.3 

 
 
Figure 3. Relative abundance of epiphytes on trunks of 30 trees within the elfin forest in 
Monteverde Cloud Forest. Total percent of individual epiphytes, 335, found within entire 
trunk community. 

Hymenophyllum	spp	
Unknown	fern	
Pilea	dauciodora	
Elaphoglossum	eximium	
Anthurium	sp	
Elaphoglossum	caroliae	
Perperomia	hernandifolia	
Guzmania	nicaraguensis		
Morphospecies	2	
Columnea	microcalyx	
Morphospecies	1	
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Figure 4. Epiphytic and bryophytic cover on trunk of 30 trees in elfin forest in 
Monteverde Cloud Forest. Total species of epiphytes is compared to total percent 
bryophyte cover showing significant correlation (R2= 0.23, p = 0.008, n = 30) 
 
 

 
 
Figure 5. Epiphytic and bryophytic cover on bark of 30 trees measured in elfin forest in 
Monteverde Cloud Forest. Total individual epiphytes is compared to percent bryophyte 
cover showing significant correlation (R2 = 0.14, p = 0.037, n = 30)  
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Figure 6.  Epiphytic and bryophytic cover on bark of 30 trees measured within elfin forest 
in Monteverde Cloud Forest. Total diversity of epiphytic individuals and species is 
compared to total percent bryophyte cover showing a positive correlation (R2 = 0.18, p = 
0.018, n = 30)   
 
 
 
 
Table 2.  Correlation Coefficients for all 28 possible pairs between common epiphyte and 
bryophyte species found in investigated areas of 30 trees within elfin forest in 
Monteverde Cloud Forest. Two significant relationships P. dauciodora and bryophyte ( = 
0.3986, p < .029) and E. caroliae and unknown fern (R2= 0.4544, p < .0116) in red. Other 
pair relationships not significantly correlated. 
Pairwise Correlation 
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Variable By Variable  Correlation(r) Signif Prob (p) 
Hymenophyllum spp Bryophyte  0.0775 0.6839 
Unknown fern Bryophyte  0.2544 0.175 
Unknown fern Hymenophyllum spp -0.0885 0.6419 
P. dauciodora Bryophyte  0.3986                   0.029* 
P. dauciodora Hymenophyllum spp -0.0142 0.9407 
P. dauciodora Unknown fern 0.0333 0.8615 
G. eximium Bryophyte  0.2236 0.235 
G. eximium Hymenophyllum spp -0.1659 0.3809 
G. eximium Unknown fern 0.0968 0.6109 
G. eximium P. dauciodora -0.0725 0.7033 
Anthurium sp Bryophyte  0.3478 0.0596 
Anthurium sp Hymenophyllum spp 0.0231 0.9035 
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DISCUSSION 
 
Tree trunk communities within the elfin forest in the Monteverde Cloud Forest are not 
highly organized by species interaction and appear largely randomly assembled. Of the 
twenty-eight possible pairs, only two interactions were found to have significant 
relationships: P. dauciodora and percent bryophyte cover, and E. caroliae and an 
unknown fern. Both of these relationships were positively correlated, suggesting that they 
do not compete against each other for resources, but instead may prefer similar hosts or 
microclimates. In regards to the relationship between P. dauciodora and bryophyte, P. 
dauciodora may prefer to grow within a bryophyte mat due to its ability to absorb water 
and nutrients, as well as hold roots for seedlings (Gradstein 2001, Nichols 2013, Zotz & 
Vollrath 2002). Seeing that E. caroliae and unknown fern are both ferns, they may seek 
the same living conditions; therefore, they would likely be found in the same substrate 
and since there seems to be adequate resources, this causing more competition is less 
likely. 
 There were twenty-six nonsignificant relationships suggesting that epiphytic 
communities are not highly biologically organized, but more randomly assembled.  Since 
there seemed to be no pattern within the distribution of these epiphyte species, the data 
also suggests that these species are drawn randomly from a local species pool. More than 
half of the overall relationships are positively correlated suggesting that there is little 
competition over resources as well. Although the majority of the relationships were 

Anthurium sp Unknown fern 0.0746 0.6951 
Anthurium sp P. dauciodora 0.1095 0.5645 
Anthurium sp G. eximium -0.227 0.2277 
E. caroliae Bryophyte  0.2278 0.226 
E. caroliae Hymenophyllum spp -0.146 0.4414 
E. caroliae Unknown fern 0.4544                 0.0116*  
E. caroliae P. dauciodora -0.0369 0.8464 
E. caroliae G. eximium 0.1373 0.4692 
E. caroliae Anthurium sp 0.0547 0.7741 
Guzmania 
nicaraguensis  Bryophyte  0.0735 0.6995 
Guzmania 
nicaraguensis  Hymenophyllum spp -0.0876 0.6451 
Guzmania 
nicaraguensis   Unknown fern -0.184 0.3304 
Guzmania 
nicaraguensis  P. dauciodora -0.0528 0.7816 
Guzmania 
nicaraguensis  G. eximium 0.1922 0.3089 
Guzmania 
nicaraguensis   Anthurium sp 0.053 0.781 
Guzmania 
nicaraguensis   E. caroliae 0.114 0.5487 
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positively correlated, the fact that there were some negative relationships suggests that 
there may be some levels of competition.  
 There was a positive correlation when comparing the overall epiphyte species and 
individuals to the percentage of the trunk covered by bryophytes. This suggests that the 
higher bryophyte covered areas tend to also be covered in a higher amount of epiphytes 
as shown in past studies (Clark 1998, Zotz & Vollrath 2002). These studies suggest that 
epiphytes tend to grow better in areas with more bryophyte mat coverage than those with 
less. However, additional observations have been made that at least a few epiphytes do 
not need bryophytes to grow. Additionally, there is enough evidence to support the idea 
that bryophytes are foundation species for these communities.    

This study has shown that epiphyte and bryophyte community structures within 
the elfin forest in the Monteverde Cloud Forest are loosely related. It also provides 
evidence that bryophytes are interacting strongly with epiphytes to increase abundance, 
richness and diversity.  Bryophytes are foundation species that allow an array of 
epiphytes to randomly assort there. Therefore, if climate change impacts bryophyte cover 
as found in previous studies (Heitler-Klevans 2016) then epiphytes will also suffer.  As 
epiphytes do not respond to each other, epiphyte responses to climate change are less 
important than bryophyte responses to climate change. Due to the loose community 
structure, it is suggested that these studied epiphytes and bryophytes are likely to respond 
independently to climate change with no obvious cascade of species interactions 
impacting the community.  
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ABSTRACT 
 
Fungal secondary compounds have poorly understood ecological roles, including Psilocybe spp. As in plants, most 
fungal secondary compounds are believed to be for defense. This study investigates the bioactivity of secondary 
compounds of Psilocybe cubensis using brine shrimp, E. coli, S. aureus, and soil culture bioassays. The results of 
the brine shrimp bioassay demonstrated near universal mortality of all brine shrimp three hours after the introduction 
of P. cubensis extract, having only a 0.0052 survival rate. These results were not seen in any control treatments, 
methanol having 0.3492 and seawater having 0.85 survival rates. Increasing concentrations of A. bisporus extract 
was found to cause increasing mortality with a survival rate of 0.5890 for the average of all concentrations. The 
results of the E. coli and S. aureus bioassays showed methanol, P. cubensis extracts, and A. bisporus extracts to have 
no antibiotic effects with either bacterium at any concentrations tested, producing 0mm zones of inhibition. The 
known antibiotic control produced an average zone of inhibition of 0.465mm for E. coli plates and 0.365mm for S. 
aureus plates. The results of the soil culture bioassay demonstrate that P. cubensis exhibits significant antimicrobial 
properties (22.9176 colonies/cm2) compared to untreated (63.8118 colonies/cm2) and methanol (47.5294 
colonies/cm2) controls but did not differ from commercial edible fungi (29.3647 colonies/cm2). Overall, the data 
suggest that these compounds may, at least in part, be produced for defense purposes due to their demonstrated 
toxicity in at least one microorganism and animal model. 
 
RESUMEN 
 
Los funciones ecológicas de compuestos secundarios fúngicos están mal entendidos, incluyendo Psilocybe spp. 
Como en las plantas, se cree que los compuestos secundarios fúngicos son para la 1defensa1. Este es1tudio investiga 
la bioactividad de compuestos secundarios de Psilocybe cubensis utilizando bioensayos de artemia, E. coli, S. 
aureus, y cultivos de tierra. Los resultados del bioensayo de artemia demostraron casi mortalidad total de las 
artemias tres horas después de la introducción del extracto de P. cubensis teniendo solo una tasa de sobrevivencia de 
0.0052. Estos resultados no se observaron en los tratamientos de control, teniendo el metanol 0.3492 y el agua salda 
0.85. El aumento en las concentraciones de los extractos de A. bisporus causa un aumento en la mortalidad con una 
tasa de sobrevivencia de 0.5890 en promedio para todas las concentraciones. Los resultados del bioensayo de E. coli 
y S. aureus mostraron que el extracto de metanol, P. cubensis y A. bisporus no tiene efectos antibióticos con ninguna 
bacteria a cualquier concentración probada, produciendo zonas de inhibición de 0mm. El antibiotico conocido usado 
como control produce en promedio una zona de inhibicion de 0.465mm. para E. coli y 0.365mm para S. aureus. Los 
resultados del bioensayo de cultivo de la tierra mostraron que P. cubensis exhibe propiedades antimicrobianas 
significativas (22.9176 colonias/cm2) en comparación con los controles, sin tratamiento (63.8118 colonias/cm2) y 
metanol (47.5294 colonias/cm2), pero no difieren de hongos comestibles comerciales (29.3647 colonias/cm2). En 
general, los datos sugieren que estos compuestos pueden, al menos en parte, ser producidos para defensa debido a su 
toxicidad demostrada en al menos un modelo de microorganismo y animal. 
 
INTRODUCTION 
 
The ecological role of most fungal secondary compounds is still unknown. Much like plants, 
fungi are subject to attack from predators and pathogens, including animals and microorganisms 
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(reviewed by Spiteller and Spiteller 2008). They can mediate these interactions with secondary 
compounds, often highly concentrated in their fruiting bodies. Fungi can produce a wide variety 
of chemicals that exhibit potent antimicrobial, antifungal, antinematode, and/or insect/vertebrate 
antifeedant properties. These chemicals can be highly poisonous, producing a pungent and 
displeasing taste, and/or producing dissociative/hallucinogenic effects.  

Mushrooms of the genus Psilocybe are widely distributed around the world and number 
between 277 and 300 species (Guzmán et al. 1998; Guzmán 2005; Kirk et al. 2008). Species of 
this genus contain the psychoactive alkaloids psilocybin, psilocin, and baeocystin, among others 
(Beug and Bigwood 1981; Koike et al. 1981; Ott 1993; Gartz 1994). The levels of these 
secondary compounds in any one species of mushroom can be highly variable (Beug and 
Bigwood 1981). Other genera within the fungal order Agaricales also contain these compounds 
(Stamets 1997; Wurst et al. 2002). While psilocybin is synapomorphic within Psilocybe, 
psilocybin has multiple origins within Agaricales (Stamets 1997; Guzmán et al. 1998; Kosentka 
et al. 2013). Due to psilocybin’s multiple origins and continued persistence, it is unlikely to 
simply be a byproduct and likely serves some ecological purpose. 

Among the most abundant alkaloids produced by species of the Psilocybe genus is the 
amine psilocybin. Psilocybin has been shown to produce strong psychedelic effects in 
mammalian models and closely resembles the structure of defense compounds produced by some 
toads (Spiteller and Spiteller 2008). In humans, common symptoms of psilocybin ingestion 
include hypertension, tachycardia, visual problems, nausea, anxiety, asthenia, vertigo, mydriasis, 
motor incoordination, disorientation, and hallucinations (Jo et al. 2014). Several other amines 
produced by the Psilocybe genus (e.g. psilocin, baeocystin, norbaeocystin) are structurally 
similar to psilocybin and exhibit similar properties. Although psilocybin is the alkaloid that 
typically occurs in the highest quantities within the fruiting bodies, physiological effects of 
mushroom extracts on mammals have been found to be much stronger (even at �th of the 
concentration) as compared to those of pure synthetic psilocybin, demonstrating that there are 
strong synergistic interactions amongst psychotropic compounds contained within the fruiting 
bodies (Zhuk et al. 2015). 

Given the current data on the subject, it is likely that Psilocybe cubensis, a species which 
grows from cattle feces (Ramírez-Cruz et al. 2013), produces its secondary compounds for 
defense. Despite the multitude of studies investigating the psychopharmacological effects of 
psilocybin on humans and higher mammals, no studies have investigated the potential ecological 
role of Psilocybe extracts containing this alkaloid on likely natural predators. Using a variety of 
bioassays, this study investigates the toxicity of P. cubensis extracts in an effort to determine the 
potential ecological advantage of this species producing its unique host of secondary compounds. 
 
 
METHODS 
 
Fruiting body collection 
A sample of 89.756g of fresh Psilocybe cubensis mushrooms was collected from pastureland in 
Santa Elena, Puntarenas, Costa Rica on July 18th, 2016. All mushrooms collected were accessible 
from the ground, conspicuous, and the majority of species were observed growing on or beside 
cattle dung. Taxonomic identification was determined by P. cubensis’ off-white coloration, 
distinctive blue bruising, and dark purple spores. Additionally, a 118.998g package of Agaricus 
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bisporus (White Button Mushroom) was purchased at a local grocery store to be used as a fungal 
control. 
 
Preparation of methanolic extracts of mushrooms 
The fruiting bodies were cleaned to remove any residual soil and dehydrated in a Weston (Model 
No. 75-0601-W) food dehydrator for 12 hours at 35ºC. Using a hand blender, dried specimens 
were ground to fine powder and added to a beaker. Final dry weights of P. cubensis and A. 
bisporus powders were 23g and 41g, respectively. Each beaker was then filled with 250mL of 
99% methanol and were then placed in an ultra-sonic bath, intermittently for 24 hours. After 24 
hours, solutions were strained through 125mm, 389-grade filter paper into new beakers. The 
extracts were allowed to evaporate until there were 200mL in each beaker. The yields of the 
fruiting body methanolic extracts were 115,000ppm for P. cubensis and 205,000ppm for A. 
bisporus. Using these stock solutions, methanolic dilutions of 10ppm, 100ppm, and 1,000ppm 
where made for each fungus. 
 
Brine Shrimp Bioassay 
Using a similar procedure to Meyer et al. (1982), a brine shrimp lethality screening was 
conducted as a model for studying arthropod toxicity. Brine shrimp (Artemia salina) eggs were 
hatched in a clear plastic container filled with 1L of artificial seawater which was prepared by 
adding 25g of sea-salt to tap water, midway between its ideal salinity range of 15-35g/L. Fifteen 
grams of eggs was sprinkled into the container and was illuminated by a 120W lamp. 
Additionally, a tube with an aquarium aerator was placed in the water. After 24 hours, brine 
shrimp were collected by glass pipette and transferred into small glass vials for trials. 
 Using a micropipette, 4mL of seawater and 1mL of treatment were added to 32 small 
glass vials. Treatments consisted of seawater, pure methanol, 10ppm of A. bisporus extract, 
100ppm of A. bisporus extract, 1,000ppm of A. bisporus extract, undiluted A. bisporus extract, 
10ppm of P. cubensis extract, 100ppm of P. cubensis extract, 1,000ppm of P. cubensis extract, 
and undiluted P. cubensis extract, with each treatment receiving three vials, with exception of 
methanol which received five vials.  

Between ten and twenty living brine shrimp were transferred into each vial and placed in 
front of the florescent light. After three hours, the vials were reexamined under a dissecting 
scope and the number of living individuals was recorded. The final living brine shrimp count was 
divided by the initial count to produce the survival rate of each trial. 
 
E. coli & S. aureus Bioassay 
A modified version of the antimicrobial screening procedure by Apu et al. (2010) was conducted 
using Escherichia coli and Staphylococcus aureus as model gram positive and gram negative 
bacteria. Agar plates were evenly coated with cultures of either E. coli or S. aureus, each bacteria 
receiving 10 plates. E. coli was grown on MacConkey plates and S. aureus was grown on 
mannitol salt agar (MSA) plates provided by the University of Costa Rica Microbiology 
Department. Each plate was then divided into 8 pie-slices and labeled, one for each treatment. 

Filter paper discs (85g/m2, 3-5µm, 0.6mm diameter) were saturated with the three 
dilutions of each fungal extract and dried to evaporate the residual solvent (methanol). Filter 
paper discs saturated with a solution of dexamethasone phosphate (1mg/mL) and neomycin 3.5 
(mg/mL) were used as a positive control to ensure the effectiveness of a known antibiotic agent 
against the bacteria. The fungal extract discs, antibiotic discs, and dried blank discs saturated 
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with methanol (negative control) were placed onto their denoted areas on the pre-inoculated agar 
plates. The plates were then incubated at 35ºC for 24 hours. 
 After incubation was complete, growth inhibition was assessed measuring the size of the 
ring surrounding the discs in which no bacteria grew, known as the zone of inhibition. The 
distance between the edge of the disc and the end of the zone of inhibition was measured in 
millimeters. 
 
Soil Culture Bioassay 
Soil samples from the Estación Biológica de Monteverde compost pile were collected for the 
purpose of using a substrate rich in microorganisms. The soil samples were saturated with water 
and centrifuged. The liquid supernatant was then used to swab mannitol salt agar (MSA) plates. 
MSA plates are useful in inhibiting the growth of gram negative bacteria while promoting the 
growth of gram positive bacteria due to the plates’ high salinity. 
 A total of 35 MSA plates were used, 10 dedicated to undiluted P. cubensis extract, 10 to 
undiluted A. bisporus extract, 10 to pure methanol, and 5 were left untreated. The liquid 
treatments were applied by flooding the surface of the pre-inoculated plates. The plates were 
then incubated at room temperature for 48 hours. 
 After incubation, the plates were photographed from a fixed distance. The photos were 
then analyzed by counting the number of bacterial colonies occupying a representative 2.125cm2 
area. 
 
 
RESULTS 
 
Brine Shrimp Bioassay 
Results of the brine shrimp lethality screening are shown in Table 1. The average survival rates 
after three hours with the extract and their standard errors for each treatment were calculated in 
StatPlus and are displayed in Figure 1. 
 The mean survival rates of two control groups of seawater (0.85 ± 0.0347) and methanol 
(0.3492 ± 0.1944) demonstrated variable levels of toxicity. Seawater demonstrated a high mean 
survival rate with little variance whereas methanol demonstrated a low mean survival rate with 
large variance. 

Within A. bisporus extracts, there is a clear trend of higher concentrations causing higher 
brine shrimp mortality. The average survival rate of the 10ppm A. bisporus extract (1 ± 0) was 
slightly greater than that of the 100ppm A. bisporus extract (0.8447 ± 0.1129), which was greater 
than that of the 1000ppm A. bisporus extract (0.5111 ± 0.2563), which was far greater than that 
of the undiluted A. bisporus extract (0 ± 0). 

Results show a high toxicity of P. cubensis extract at all concentrations against brine 
shrimp. All concentrations of P. cubensis extracts, with exception of one vial at 100ppm with 
just one live brine shrimp, experienced 100% mortality after three hours. Due to this outlier, the 
average survival rate of the 100ppm P. cubensis extract was 0.0208 with a standard error of 
0.0208. 

It should also be noted that, with exception of the artificial seawater controls, all brine 
shrimp within treatment vials were dead after 24 hours. 
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Overall, P. cubensis extracts demonstrated the lowest survival rates (0.0052), followed by 
methanol (0.3492), then A. bisporus extracts (0.5890), with the highest overall survival rates 
being contained within the seawater control (0.85).  
 
Table 1. Brine shrimp survival rates three hours after introduction of treatments of artificial 
seawater, methanol, or methanolic extracts of A. bisporus or P. cubensis at varying 
concentrations. 
Vial Start End Survival Rate 
H2O 12 10 0.833333333 
H2O 10 8 0.8 
H2O 12 11 0.916666667 
MeOH 10 1 0.1 
MeOH 11 0 0 
MeOH 10 8 0.8 
MeOH 16 0 0 
MeOH 13 11 0.846153846 
A. bisporus (10ppm) 17 17 1 
A. bisporus (10ppm) 10 10 1 
A. bisporus (10ppm) 10 10 1 
A. bisporus (100ppm) 11 10 0.909090909 
A. bisporus (100ppm) 16 10 0.625 
A. bisporus (100ppm) 13 13 1 
A. bisporus (1000ppm) 15 12 0.8 
A. bisporus (1000ppm) 14 0 0 
A. bisporus (1000ppm) 15 11 0.733333333 
A. bisporus (Undiluted) 15 0 0 
A. bisporus (Undiluted) 10 0 0 
A. bisporus (Undiluted) 11 0 0 
P. cubensis (10ppm) 10 0 0 
P. cubensis (10ppm) 10 0 0 
P. cubensis (10ppm) 10 0 0 
P. cubensis (100ppm) 16 1 0.0625 
P. cubensis (100ppm) 12 0 0 
P. cubensis (100ppm) 10 0 0 
P. cubensis (1000ppm) 10 0 0 
P. cubensis (1000ppm) 11 0 0 
P. cubensis (1000ppm) 18 0 0 
P. cubensis (Undiluted) 11 0 0 
P. cubensis (Undiluted) 10 0 0 
P. cubensis (Undiluted) 12 0 0 
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Figure 1. Average brine shrimp survival rates for treatments of artificial seawater, methanol, or 
methanolic extracts of A. bisporus or P. cubensis at varying concentrations three hours after 
introduction (±1 SE) 
 
E. coli & S. aureus Bioassay 
Zone of inhibition results are shown in Table 2. The results for all 10 plates of both bacteria were 
extremely consistent. All treatment discs, with exception of the antibacterial discs, failed to 
produce a zone of inhibition. Only one disc treated with P. cubensis (100ppm) produced a zone 
of inhibition (0.15mm) on an E. coli plate. On E. coli plates, the antibacterial disc’s average zone 
of inhibition was 0.465mm. On S. aureus plates, the antibacterial disc’s average zone of 
inhibition was 0.365mm. 
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Table 2. Area of inhibition surrounding filter-paper discs treated with methanol, dexamethasone 
phosphate and neomycin, or methanolic extracts of A. bisporus or P. cubensis at varying 
concentrations on E. coli and S. aureus lawns 

Plate 

P. cubensis 
(10ppm

) 

P. cubensis 
(100ppm

) 

P. cubensis 
(1,000ppm

) 

D
exam

ethasone 
phosphate &

 
N

eom
ycin 

A
. bisporus 
(10ppm

) 

A
. bisporus 

(100ppm
) 

A
. bisporus 

(1,000ppm
) 

M
eO

H
 

E. coli 0 0 0 0.45 0 0 0 0 
E. coli 0 0 0 0.5 0 0 0 0 
E. coli 0 0 0 0.5 0 0 0 0 
E. coli 0 0 0 0.5 0 0 0 0 
E. coli 0 0 0 0.4 0 0 0 0 
E. coli 0 0.15 0 0.5 0 0 0 0 
E. coli 0 0 0 0.5 0 0 0 0 
E. coli 0 0 0 0.45 0 0 0 0 
E. coli 0 0 0 0.45 0 0 0 0 
E. coli 0 0 0 0.4 0 0 0 0 
S. aureus 0 0 0 0.4 0 0 0 0 
S. aureus 0 0 0 0.3 0 0 0 0 
S. aureus 0 0 0 0.3 0 0 0 0 
S. aureus 0 0 0 0.35 0 0 0 0 
S. aureus 0 0 0 0.4 0 0 0 0 
S. aureus 0 0 0 0.4 0 0 0 0 
S. aureus 0 0 0 0.4 0 0 0 0 
S. aureus 0 0 0 0.35 0 0 0 0 
S. aureus 0 0 0 0.4 0 0 0 0 
S. aureus 0 0 0 0.35 0 0 0 0 
 
 
Soil Culture Bioassay 
Colonial counts and densities of each plate are shown in Figure 2. Using the number of bacterial 
colonies counted in a 2.125cm2 area, a plate’s colonial density was extrapolated in colonies/cm2. 
The average colonial density was highest in the untreated plates (63.8118 ± 15.9789 
colonies/cm2), followed by the plates treated with methanol (47.5294 ± 3.1591 colonies/cm2), 
then by the A. bisporus extract plates (29.3647 ± 1.6574 colonies/cm2), with the lowest average 
colonial density found in the P. cubensis extract plates (22.9176 ± 1.5593 colonies/cm2). 

The average density for each treatment was calculated and these averages were used to 
run a one-way ANOVA. There was a statistically significant difference between groups as 
determined by one-way ANOVA (F(3,31) = 11.58578, p = 0.00003). A Fisher Post-Hoc test was 
then used to compare differences between groups. There was not found to be a significant 
difference in average colonial density between untreated plates and those treated with methanol. 
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The differences between average colonial densities of A. bisporus extract plates as compared to 
the untreated plates and the methanol treated plates were both significant. The differences 
between average colonial densities of P. cubensis extract plates as compared to the untreated 
plates and the methanol treated plates were both significant. There was no significant difference 
in the average colonial density between A. bisporus extract treated plates and those treated with 
P. cubensis extract. 
 

 
Figure 2. Mean bacteria colonial densities on MSA plates inoculated with centrifuged soil water 
supernatant on untreated plates and plates given treatments of methanol or methanolic extracts of 
A. bisporus or P. cubensis 48 hours after application (±1 SE) 
  
 
DISCUSSION 
 
Brine Shrimp Bioassay 
The results of this bioassay clearly demonstrate the toxicity of P. cubensis extract in comparison 
to all controls. The median lethal dose (LD50) was unable to be calculated because, even at the 
lowest concentration (10ppm), there were no living individuals after three hours. Although in 
one vial of the P. cubensis (100ppm) extract there was a single living individual after three 
hours, zero living individuals is within the margin of error for the mean of this treatment. 
 Typically, results of brine shrimp lethality screenings are taken 24 hours after 
introduction of treatment. In this study, results were taken three hours after treatment 
introduction because all vials, except those with pure artificial seawater, saw 100% mortality, 
including the methanol controls. Normally, brine shrimp prefer salt concentrations between 
15g/L and 35g/L. Because the median concentration of 25g/L was used for ⅘th of the total 
solution in each vial, with the final 5th consisting of a solution of mostly methanol, it is possible 
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that the salinity of the brine shrimp’s environment was diluted and fell below optimal conditions. 
This in turn may have been the cause of mortality after 24 hours. This may also explain why the 
methanol control treatments unexpectedly yielded higher mortality rates than those of A. 
bisporus extracts. It is possible that some of the compounds within the A. bisporus extract 
actually increased the salinity of the water, therefore increasing the brine shrimp survival rate. 
Using the high end of the ideal salt concentration may have produced more accurate results for 
the toxicity of the actual introduced treatments. Increasing the number of treatment 
concentrations used for the P. cubensis extract, especially those lower than 10ppm, and using the 
high end of the ideal salt concentration for artificial seawater (35g/L) would result in a more 
accurate determination of the LD50 for each treatment. 
 
E. coli & S. aureus Bioassay 
The results of this bioassay strongly suggest that secondary compounds found within the fruiting 
bodies of P. cubensis mushrooms have negligible to no antibacterial properties against either E. 
coli or S. aureus. The one trial in which a P. cubensis (100ppm) extract did cause a zone of 
inhibition on an E. coli plate can most likely be explained by experimental error. It is likely that 
the very small bacteria-free ring surrounding the disc was caused by readjustment of the disc 
after initial placement, potentially scraping off the surrounding bacteria. Ultimately, these 
bioassays may have little relevance to the ecological advantage of P. cubensis secondary 
compounds because, while at least E. coli is found in cattle feces (Dowd et al. 2008), there are no 
studies suggesting that the bacteria are in competition with P. cubensis. 
 
Soil Culture Bioassay 
Although the difference was not significant, the slight difference observed between methanol 
treated plates and untreated plates was to be expected because methanol is recognized as a 
disinfectant when used in concentrations from 60-90% (Centers for Disease Control and 
Prevention 2008). Comparison of the treatments using a one-way ANOVA did show significant 
overall differences in growth patterns between fungal extract treatments and controls indicating 
that fungal secondary compounds do have an effect on the extent to which these bacteria grow. 
The goal of this study was not to identify which species of bacteria P. cubensis secondary 
compounds are effective against; rather, it was to emphasize the general antimicrobial potential 
of these secondary compounds against microorganisms they may encounter in their natural 
environment. These results are not entirely unsurprising because it is estimated that 30-80% of 
fungi should exhibit antimicrobial properties (Peláez 2006). 

Because the two undiluted fungal cultures used had different concentrations, the A. 
bisporus having nearly double the concentration of the P. cubensis extract, the results cannot be 
truly compared. It is possible that, if the concentrations were controlled between the two fungal 
extracts, the difference in growth inhibition between A. bisporus and P. cubensis may have been 
significant. Controlling for fungal extract concentration and having a greater number of 
replicates within each treatment type would provide a more dependable mean for colonial 
density as well as aid in identifying outliers, resulting in reduced overall variation and more 
reliable measures of significance. 
 
Further Study 
Ayahuasca, a psychedelic brew used by Aboriginal Peoples of Central and South America, 
consisting of isoquinoline and tryptamine-related alkaloids, also exhibits antimicrobial and 
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anthelmintic properties (Levin and York 1978). The psychoactive indole and isoquinoline 
alkaloids are effective antagonists of the neurotransmitters of the neuromuscular system of 
helminths and inhibit protozoan parasites. Within helminths, they can kill or paralyze the worms 
by interfering with crucial biochemical and physiological processes (Rodriguez et al. 1982). A 
helminth’s muscular system, carbohydrate metabolism, and adenylate cyclase regulation are all 
controlled by the neurotransmitters acetylcholine and serotonin (Mansour 1979). The 
psychedelic compound d-LSD, a structurally similar molecule to psilocybin, has been shown to 
antagonize the stimulant action of serotonin and depress the activity of adenylate cyclase 
(Mansour 1979). The authors suggest that other hallucinogenic indoles and isoquinolines may 
exhibit anthelmintic properties as well. Because nematodes (a helminth) are known to consume 
half of the fungal biomass in soil (Spiteller and Spiteller 2008) and to be vulnerable to 
compounds which interfere with serotonin receptors, it is likely that Psilocybe species produce 
their secondary compounds to combat the fungivorous nematodes. Further investigation into the 
toxicity of secondary compounds of Psilocybe species against nematodes would greatly aid in 
determining the ecological advantage of producing these unique compounds.  
 
Conclusions 
In this study, the secondary compounds contained within P. cubensis have been shown to have 
significant toxic effects in both a microorganism and animal model. These data provide insight 
into the potential ecological role of secondary compounds produced by P. cubensis, suggesting 
that these compounds are, at least in part, produced for defense purposes. 
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ABSTRACT  
Differences in the ratio of nitrogen in plants has shown to affect the growth, health and reproduction of 
arthropod herbivores that feed on them. In general, higher levels of nitrogen are beneficial for these 
herbivores and as a consequence, it would be predicted that these herbivores would seek out the most 
nutritious options when feeding. A unique symbiosis exists in the highlands of Central America with the 
genus Gunnera and cyanobacteria. As part of this symbiosis, the cyanobacteria provides Gunnera with 
nitrogen. However, not all Gunnera have cyanobacteria and those that do, vary in the amount they 
possess. If it can be assumed that cyanobacteria means more nitrogen in the Gunnera, this could serve 
as a good model to test herbivores choices. This study tested to see if the amount of cyanobacteria 
present in the petiole of a Gunnera had any effect on the level of herbivory on its leaf. Both a linear 
regression and a paired t-test were used to analyze the results of the data. It was determined that was no 
significance between the amount of cyanobacteria in the Gunnera and the total herbivory on its leaf. 
 
RESUMEN 
Diferencias en las proporciones de nitrogeno en las plantas han mostrado que afectan el crecimiento, la salud y 
reproducción de los herbívoros que se alimentan de ellas. En general, altos niveles de nigrogeno son beneficiosos 
para estos herbívoros y por consecuente, es predecible que estos herbívoros buquen las opciones más nutritivas al 
alimentarse. Una simbiosis única existe en las tierras altas de Centroamérica con el género Gunnera y 
cianobacterias. Como parte de esta simbiosis, la cianobacteria provee Gunnera de nitrogeno. Sin embargo, no todas 
las Gunnera tienen cianobacterias y esas que las tienen, varian en la cantidad que poseen. Se puede asumir que las 
cianobacterias significan más nitrogeno para Gunnera y esto puede servir como un buen modelo para provar las 
preferencias de los herbívoros. Este estudio prueba si la cantidad de cianobacterias presentes en los peciolos de 
Gunnera tienen un efecto en los niveles de herbivoría en sus hojas. Se determinó que no hay diferencia significativa 
entre la cantidad de cianobacterias en Gunnera y la herbivoría total en sus hojas. 
 
INTRODUCTION 
 The nitrogen content of a leaf is a crucial characteristic in the diet of a arthropod herbivore. 
Nitrogen plays a central role in all metabolic processes and is a vital element in the growth of all 
organisms. Herbivores that are deprived of this nutrient are subject to hindered growth, health 
and reproduction (Mattson 1980). It has been determined that there is a positive correlation 
between leaf nitrogen concentration, and the level of herbivory on the leaf. This is caused by the 
higher level of nutrition that the herbivores receive when eating leaves with a high nitrogen-
density (Cassoti and Bradley 1991). Therefore, herbivores seek out leaves with higher nitrogen-
dense food sources as opposed to nitrogen-poor food sources.  

Gunnera insignis (Gunneracea) is a wide-ranging, terrestrial plant which has large leaves 
which experience high levels of herbivory. It is found from Nicaragua to Panama. G. insignis is 
generally found in disturbed areas from about 500 m to 3400 m (Palkovic 1978). Members of 
this genus are the only known angiosperms to establish a symbiosis with the cyanobacteria genus 
Nostoc (Rai et al. 2002). The particular species that forms a facultative symbiosis with G. 
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insignis, is Nostoc punctiforme. N. punctiforme enters the G. insignis through specialized gland 
organs in the stem of the host. These specialized glands are proposed to be formed when there is 
a shortage of nitrogen in the surrounding soil (Chiu et al. 2005). Once absorbed through the 
specialized glands, cyanobacteria travels to the petioles of the plant where it is found 
microscopically and macroscopically (Dodds et al. 1995). To identify cyanobacteria the petiole 
can be cut to reveal dark-blue or green colonies (Gentry 1993). 
  The Nostoc punctiforme-Gunnera insignis symbiosis is summarized as: (1) N. 
punctiforme fixes, or reduces nitrogen to be used by the G. insignis, (2) the G. insignis donates 
carbohydrates to the N. punctiforme, and (3) G. insignis gives habitation to the N. punctiforme in 
the petioles of the plant. This facultative symbiosis is a unique process which is very beneficial 
to the Gunnera in areas that are nitrogen deficient.  

The nitrogen-fixing cyanobacteria, which is present in many of the individual petioles of 
G. insignis, fixes nitrogen in the petiole and therefore should raise the nitrogen content of the 
corresponding leaf (Bergman et al. 1992). Thus there should be an increased rate of herbivory on 
these leaves with a higher nitrogen-density. This study explores the question: does herbivory on 
specific leaves of a plant increase with increasing N. punctiforme levels in the petiole? The 
expected results were that petioles containing more cyanobacteria will have a higher amount of 
herbivory on their respective leaves, and that there will be a positive correlation between the 
percent of N. punctiforme present in a petiole and the percent herbivory on the leaf which is 
attached to the petiole.  
 
METHODS 
From the 15th-29th of July, 2016 , I sampled Gunnera plants from 1445 m to 1842 m, in a lower 
montane rainforest in the Tilaran Mountains of Costa Rica. Specifically, plants were harvested 
from the top of Cerro Amigos. 

G. insignis petioles were selected for removal based on the following criteria: they were 
the oldest leaves on the plant (lowest on the stem), were fully open, and were in overall good 
health (did not show signs of desiccation or dead areas). This criteria assured that there was an 
accurate sample taken from the population. Older petioles are more likely to contain 
cyanobacteria because they have had longer to absorb cyanobacteria, since cyanobacteria is not 
stored in the stem. At most, two petioles were taken from each plant. There were many plants 
where only one leaf was removed due to the lack of viable leaves. Leaves were collected by 
cutting the petiole where it joins the stem. Enough petioles were collected until there was a 
sample size of 40 petioles and leafs. 

A 3-cm cross-section was taken halfway down the length of the petiole to quantify the 
amount of Nostoc present. In order to determine the amount of N. punctiforme, pictures were 
taken of the dissected section (Fig 1). The percent Nostoc in each sample was quantified using 
ImageJ software. Additionally, each leaf was measured and also analyzed using ImageJ. Results 
were recorded in a Microsoft Excel spreadsheet. 

RESULTS 
Forty leaves and cross-sections of cyanobacteria were analyzed. At most 2 petioles were sampled 
from each plant. Some plants only offered one viable leaf which fit the criteria so it is likely that 
between 20-30 plants were sampled. The average percent herbivory was 2.52%, the standard 
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deviation was 5.73%, and the range was from 0%-35.64%. The average percent of cyanobacteria 
was 4.01%, the standard deviation was 6.68%, and the range was from 0%-34.24%.  

The results from the linear regression revealed that there was no relationship between the 
percent Nostoc present in the petiole and the level of herbivory in the corresponding leaf (N=40, 
R2=0.0013, P=0.8695, Fig. 2). Given that there were many samples that did not contain Nostoc, I 
performed an additional analysis, to see if the leaves associated with the presence of Nostoc 
experienced on average a higher rate of herbivory than those which contained no Nostoc. The 
results of this additional test showed that there was no difference in the level of herbivory 
experienced in both Nostoc present and Nostoc absent leaves (N= 40,df=39, t=0.13653, 
p=0.8921, Fig. 3). 

 
DISCUSSION 
The cyanobacteria percent in the G. insignis petioles was found to have no impact on the amount 
of herbivory of on their respective leaves. A possible explanation for the lack of correlation 
could be the effect that altitude takes on insect herbivores. It has been shown that generalist 
species of insects tend to decrease with increasing elevation (Sheidel et al. 2003). Since plants 
were collected from high and differing altitudes, it is possible that this factor could have given a 
skewed representation of the true effect of cyanobacteria on the level of herbivory.  
 Another explanation of the nonsignificant findings could lie in the relationship between 
the cyanobacteria and G. insignis. Future studies are necessary that analyze the true relationship 
between nitrogen-fixation found in a plant’s petiole and its impact on not just its leaf, but its 
impact on the entire plant. It is possible that if cyanobacteria is present in one petiole on the plant 
it may affect the nitrogen level in the whole plant. If there is cyanobacteria in one petiole of the 
plant, it could alter the levels of reduced nitrogen in a leaf connected to a different petiole of the 
same plant. This could cause other leaves to become just as attractive to herbivores, and 
misrepresent the effects of the cyanobacteria in a specific petiole.  
 Also it is possible that although herbivores prefer leaves with higher levels of nitrogen, 
they will eat whichever leaf is most available to them at the time. There is the hypothesis that the 
level of herbivory could increase with decreasing amount of nitrogen in the leaves, especially in 
times of reduced food options, like the dry season (Casotti and Bradley 1991). Herbivores may 
increase their food consumption to make up for the decreased nutritional value of individual 
leaves, which results in a greater level of herbivory on a plant. 
 There is also the concept that there may be a baseline nitrogen content that once reached, 
will not make a difference on the level of herbivory. It could be that once a certain percent of 
nitrogen is present in a leaf, it will not matter to the herbivore another leaf has a higher nitrogen 
content. The herbivore will receive all the nutrients that it requires to survive. Additionally, 
many herbivores prefer young leaves, which are less likely to contain the cyanobacteria. Both of 
these could misrepresent a potential trend.   

Recently Nostoc commune, another species of cyanobacteria, was found to contain 
certain ultraviolet pigments which protects it from ultraviolet radiation (Scherer et al. 1988). N. 
punctiforme may hold future practical uses similar to the findings of N. commune. It is known 
that N. punctiforme helps the plant reduce nitrogen, which is especially useful in areas with low 
levels of available nitrogen. In the future N. punctiforme may be used as a type of fertilizer. With 
future technology there may be ways of extracting the enzymes that are responsible for reducing 
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nitrogen and introducing them into a new system, or directly introducing the cyanobacteria into 
agricultural crops. Without an increase of herbivory, this would be beneficial as it would 
facilitate the growth and development of crops.   

Although it is known that herbivores prefer leaves with a higher nitrogen contents, it does 
not appear that the cyanobacteria has an impact on a herbivore’s leaf preference. It can be 
concluded that there is not a relationship between the amount of N. punctiforme in a G. insignis 
petiole, and the amount of herbivory on its corresponding leaf.  
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Fig 1. A cross-section of a petiole with cyanobacteria (left) and its corresponding leaf (right). 
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Fig 2. The percent of N. punctiforme present in the 40 G. insignis sample compared to the 

percent herbivory on their leaves (N=40, R2=0.0013, R=0.0361, P=0.89365).  

y = -0.0414x + 4.1117
R² = 0.0013
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Fig 3. The difference between the average percent herbivory in plants with and without 

cyanobacteria present in their petioles (df=39, t=0.13653, p=0.8921). 
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Chemical Defense of Mating and Non-mating                         
Nyssodesmus python Millipedes. 
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ABSTRACT  
Millipedes have the ability to release a potentially toxic chemical (hydrogen cyanide) as a 
secondary defense against possible predators. In the wild, millipedes can be found in small groups 
or alone on the forest floor. The amount of hydrogen cyanide (HCN) may vary between mating 
and non-mating pairs if self-defense is more important than reproduction when threatened. This 
experiment was to determine if there was a difference in the production of HCN in single, mating, 
and non-mating pairs of Nyssodesmus python, and if mating pairs have a statistically different 
HCN production than non-mating pairs. 53 N. python millipedes were tested in plastic bags with 
a 1x5 cm strip of paper that had been soaked in sodium picrate. Color change of sodium picrate 
signaled the presence of HCN within the bag. The paper was dipped in deionized water 30 times 
then put through a spectrophotometer at wavelength 540 nm. The percent transmitted light was 
converted to milligrams of HCN and the amounts were compared to each other. The means of 
single, mating, and non-mating millipedes were 0.3049 ± 0.0151, 0.1663 ± 0.0094, and 0.1420 ± 
0.0022 respectively. There was a significant difference between single millipedes and pairs of 
millipedes while the difference between mating and non-mating pairs was not significantly 
different. Therefore, this experiment shows that though mating does not seem to interfere with the 
HCN secretion, there is some benefit in being in groups for N. python due to the smaller amount 
of HCN when it pairs. 
 

RESUMEN 
Los milpies tienen la habilidad de liberar químicos potencialmente tóxicos (cianuro de hidrógeno) como 
un compuesto secundario en contra de posibles depredadores.  En la naturaleza, los milpies pueden ser 
encontrados en grupos pequeños o solitarios en el suelo del bosque.  La cantidad de cianuro de hidrógeno 
(HCN) puede variar entre grupos reproductivos y no reproductivos si la auto-defensa es más importante 
que la reproducción cuando se ven amenazados.  Este experimento busca determinar si existe una 
diferencia en la producción de HCN en indiviuos solitarios, y parejas reproductivas y no reproductivas en 
Nyssodesmus python, y si los pares reproductivos y no reproductivos tienen diferencias estadísticas en la 
producción de HCN. 53 individuos de N. python se trataron en bolsas plásticas con tiras de papel de 
1x5cm que fueron empapadas en picrato de sodio.  El cambio en el color del picrato de sodio es una señal 
de la presencia de cianuro de hidrógeno en la bolsa.  El papel se sumergió en agua destilada 30 veces y 
luego se colocó en un espectrofotómetro a una longitud de onda de 540 nm.  El porcentaje transmitido se 
convirtió a miligramos de HCN y las cantidades se compararon entre ellas.  Los promedios de milpies 
solitarios, en pareja reproductiva y pareja no reproductiva fueron 0.3049 ± 0.0151, 0.1663 ± 0.0094, y 
0.1420 ± 0.0022 respectivamente.  Existe una diferencia significativa entre los milpies individuales y las 
parejas, mientras que no hay diferencia entre las parejas reproductivas y las no reproductivas.  Por lo 
tanto, este experimento muestra que mientras el apareamiento no parece interferir con la producción de 

 52 

 52 

 52 

 52 

 52 

 52 

 52 

 52 



HCN, hay cierto beneficio en agruparse para N. python debido a la poca cantidad de HCN secretada al 
encontrarse en parejas. 
 

INTRODUCTION 
Every living plant and animal has to live with either being the predator or prey of another animal. 
Because of this, most animals have developed some kind of personal defense throughout the 
generations. Some have sharp teeth that can fight back when threatened, some are very fast and 
can run or fly away from any predator. Some animals have a hard exoskeleton to make their bodies 
less appetizing to predators and to make themselves harder to eat. Some, particularly invertebrates 
and amphibians, have developed a chemical defense or poison to harm anything that attacks them, 
or make the predator very sick when it eats the defended animal. Some of these defenses can be 
costly to the animal that uses them. For example, chemical defenses in invertebrates, millipedes 
specifically, can take several weeks to a month to replenish its stores of chemicals, or a porcupine 
will have to re-grow its quills when they get broken off while protecting itself from a threat. During 
mating, many animals are left vulnerable to attack by predators, and this is a very dangerous time 
for them. Because of this, it may be beneficial to individuals to live in groups to help cover each 
other in the event of a predator attack. 

Millipedes are one kind of animal that has both a hard exoskeleton and a chemical defense 
to protect against predators. While scientists have identified more than 10,000 species of 
millipedes worldwide, there are generally more species of millipedes found in tropical areas than 
in temperate areas, and there have been no observed species of millipedes living in arctic areas 
(Salzman 2010). The giant forest floor millipede (Nyssodesmus python) is one of the more common 
species of millipede found in the tropics, and are frequently found on the moist and wet forest of 
Costa Rica. They are a tan color with two black stripes along either side and can grow up to 10 cm 
long, generally the females being larger than males reaching a body mass of 7g at the most (Borrell 
2005). N. python are often studied due to their mate guarding behavior and their ability to release 
a moderately toxic Cyanide based secretion when threatened. N. python are commonly preyed 
upon by other invertebrates, such as ants and beetles, along with larger hunting animals like birds 
and mammals. 

When a threat is detected, the millipede’s first reaction is to stop moving, and tuck its head 
under its body as I experienced when collecting them. If the threat gets closer or the millipede is 
touched, then the millipede will roll up into a spiral to protect the more delicate undercarriage of 
the animal, and they remain in this tight ball until the perceived threat is gone. If a predator tries 
to uncurl them or pick them up, many species of millipedes will release a toxic substance to deter 
the predator. In millipedes and centipedes (Jones et al. 1976), the toxic substance is hydrogen 
cyanide (HCN) which can be potentially lethal to small animals due to the inhibition of cell 
respiration caused by the presence of cyanide (Dixon and Elliott 1929). The chemical is stored in 
their bodies as mandelonitrile and exposed to an unknown catalyst, dissociating into benzaldehyde 
and hydrogen cyanide (Conner et al. 1977, Kuwahara et al). Benzaldehyde is a clear liquid that 
smells strongly of almonds, and is very pungent in large quantities. Hydrogen cyanide and 
benzaldehyde are sprayed at a predator using small muscles within each gland, shooting the liquid 
up to 30 cm away from the millipede. This is characteristic of the N. python species because most 
other Polydesmids discharge their defense chemicals more slowly. It has not been greatly studied 
whether or not being in groups effects the amount of HCN present when a threat is nearby, or if 
the HCN is used to bring millipedes together. 
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The social behavior of these millipedes, apart from their distinctive mate-guarding 
behavior, are relatively unknown. Millipedes have been observed to aggregate naturally, though 
the main cause of this is ultimately unknown. The release of defense chemicals has been observed 
to cause groups to scatter, though a small concentration of the chemicals seems to have no effect 
on the group (Shear 2015). Other than these social behaviors, very little is known about how they 
communicate with each other, or if they do at all. To look into how millipedes act when they are 
together, 53 N. python millipedes were tested to understand how they react to a threat while being 
solitary or in a pair. This study also attempts to determine if self-defense is more important to the 
millipede than mating. If self-defense were more important than mating, then mating pairs would 
produce the same or a higher amount of HCN than non-mating pairs. 
 
METHODS 
To determine the amount of HCN millipedes produce when alone, mating, or in non-mating pairs, 
53 millipedes were collected in the trail system around the Monteverde Biological Station, Costa 
Rica from July 15th. They were kept in an aquarium with enough soil, leaf litter, and decaying 
branches from the area to minimize the stress put on the millipedes while in captivity. A few 
millipedes were collected almost every day for the duration of the two weeks it took to complete 
data collection. Because of this, there were no more than 20 millipedes in the aquarium at any 
given time. 
In the lab, sodium picrate was made by dissolving 12.5 g of sodium carbonate and 2.4 g of moist 
picric acid in 500 mL of deionized water (Tava and Annicchiarico, 2000). The chemical was kept 
in a brown bottle and stored in a dark place. To prepare for each trial, a 1x5 cm piece of filter paper 
was placed in the sodium picrate, dabbed on a paper towel, and put to the side until I had prepared 
the millipedes for testing, which involved separating them out into small Tupperware containers. 
For the trials, the millipede that were to be tested were placed in a new sandwich sized Ziploc bag 
that was 16.5x14.9 cm large. Four pieces of picrate paper were also placed inside the bag, and the 
millipedes were manipulated by shaking them until they curled up (Larson, 1996), then using my 
hands through the bag to try and uncurl it, in an attempt to simulate a bird or mammal predator. 
The presence of defensive secretion was determined by a strong almond-like smell, clear liquid on 
the inside of the bag, and a color change of the picrate paper from yellow to orange. Occasionally 
the millipede defecated during manipulation, and these instances were documented for each trial 
and I removed as much as possible before further testing The presence of fecal matter did not seem 
to have any effect on the amount of HCN was absorbed by the sodium picrate paper, therefore this 
was left as merely an observation. Once the HCN was released, the millipede was allowed to run 
around the bag for one minute to finish releasing and HCN it had left and to get the HCN on its 
body to either evaporate or rub off on the bag, then released while being careful to keep as much 
air in the bag as possible. The papers were left in the bag and shaken vigorously for 2 minutes in 
order to absorb all HCN in the bag. When this is completed, the millipede was placed in a separate 
aquarium filled with soil and leaves to avoid re-testing on the same individual. No millipedes were 
harmed during my trials, though they were under a lot of stress from the manipulations. The only 
casualties were some that got out of the post-test millipede tank and were stepped on by other 
students in the laboratory. 
After each trial, the 4 papers were taken out of the bag and dipped in 5 ml of deionized water 30 
times to transfer all sodium picrate-cyanide compound into the liquid to be tested. The water was 
allowed to sit for several minutes to allow any fecal matter or dirt that may have gotten on the 
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paper from the millipedes’ feet to settle at the bottom of the test tube. Then the liquid was poured 
into a spectrophotometer cuvette and the percent transmittance was documented at 540 nm 
wavelength and converted to absorbance using the equation A=2-log(x) where A is absorbance 
and x is percent light transmitted through the cuvette. The absorbance was then converted to 
milligrams of HCN using the equation y=.2476(x)+.009 where y= milligrams of HCN and x= 
absorbance (Brito et al. 2009). This was repeated 11 times with individual millipedes, 12 times 
with millipedes while they were mating, and 9 times with two millipedes that were not mating. 
Once all the trials had been completed, all the millipedes were released into the forest surrounding 
the Biological Station. 
 

RESULTS 
During the trials, I noticed that 
when the mating millipedes were 
placed into the plastic bag and the 
female was being handled, the N. 
python millipedes would separate 
and run around the bag rapidly. 
They would usually go back 
together after being left alone in the 
bag for more than 5 minutes. In all 
3 types of trials the millipede that 
was being handled would often curl 
and uncurl quickly as if it were 
trying to wiggle free of the 
predator’s grasp. As far as amount 
of HCN produced per trial, the 
average for single millipedes was 
0.3049 mg of HCN secreted, mating 
millipedes secreted an average of 
0.1663 mg, and non-mating pairs 
secreted an average of 0.1421 mg of 
HCN. An ANOVA test was 
conducted to see how the secretions 
of each group of millipedes related 
to each other in regards to HCN 
production. A Scheffe test was 
conducted to see if there were any 
differences between each pair of groups, and it was determined that there was a significant 
difference between single millipedes and mating/non-mating pairs (p=0.00731 and 0.00336 
respectively) (Fig. 1). There was not a significant difference between mating and non-mating pairs 
in regards to amount of HCN produced (p=0.852). This means that single millipedes produce a 
significantly higher amount of HCN than the millipedes that were in pairs, and that the relationship 
of the pairs of millipedes had no apparent effect on their HCN secretions. 

 

Fig. 1.  

A comparison of the HCN secreted by single, mating, and non-
mating groups of millipedes. The top bar is the highest amount of 
HCN per group, the top box is 75% of the data, the bottom box is 
25%, and the bottom bar is the lowest amount of HCN per group. 
The X is the mean and the line between the boxes is the median. 
This shows that individuals produced much more HCN than trials 
with 2 millipedes. There were 11 single trials, 12 mating trials, and 
9 non-mating trials. 
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DISCUSSION 
Due to a significant difference in the amount of HCN produced by individual millipedes 

versus pairs signifies that the millipedes can tell when they are with others of the same species 
and that chemical defense is context-specific in these millipedes, and since mating pairs 
separated during testing, I can conclude that the action of mating does not appear to matter to the 
millipedes when they’re being threatened, and should be considered the same as non-mating 
millipedes. Though the millipedes tested were not necessarily found in groups of more than one, 
there may be some benefits to being in groups in nature. If both millipedes in the paired trials 
were threatened, then they both would release some millipedes. The one that was manipulated 
released half of the HCN than the single millipedes. If both millipedes released half their stored 
HCN, then there would be a normal amount of HCN in the air around the predator, while each 
individual only having to release half of its chemical supply. This would be beneficial to both 
millipedes because if there were a second threat in a short period of time, they could again 
produce enough HCN together to dissuade the predator from attacking. It can be concluded that 
when faced with mating and a threat, defending themselves against the threat is more important 
to the millipede, made apparent by the fact that there was about the same amount of HCN 
produced between mating and non-mating pairs of N. python.  

The decreased HCN production when around another of the species is does not quite fall 
under the definition of selfish-herd or reciprocal altruism. During testing, the millipedes did not 
aggregate together but instead ran around the bag looking for a way to escape. If they were to be 
acting with a selfish herd mentality, they would aggregate closely together, and each individual 
trying to get into a center position in that group to reduce its predation risk (Viscido et al. 2002). 
This behavior cannot be described as altruism, either. The definition of reciprocal altruism is 
when one individual helps another who is not closely related, at a possibly detrimental risk to 
itself (Trivers 1971). A single millipede only produces half the possible HCN when in pairs, 
which could mean that it expects the other millipede to also release HCN. Therefor another 
model of animal behavior that explains why the millipedes work together to defend themselves 
against an attacker are needed to better understand why the N. python millipedes act the way 
they do.  

Continuing this experiment with groups of 3, 5, and 10 millipedes would help determine 
if this conclusion holds up with larger groups of millipedes. Given that they are usually found as 
individuals or in pairs, I predict that if this experiment was done with more individuals, then they 
would produce as much HCN as the pairs of millipedes in this experiment. Manipulating more 
than one millipede in these trials could help prove that both millipedes contribute to group 
chemical defense when accompanied by other millipedes. 
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ABSTRACT 

Millipedes are known to have a variety of physical and chemical defenses to deter predators. Some species of 
tropical millipedes have considerably reduced primary defenses when compared to other tropical millipedes, but do 
contain chemical defense mechanisms. This study uses the tarantula, Megaphobema mesomelas to test the 
effectiveness of a secondary defense mechanism, cyanide, from a species lacking a robust primary defense.  Five 
tarantulas were found and collected around Monteverde, Costa Rica and brought into the Monteverde Biological 
Station. They were housed in tanks to allow for controlled feeding trials. Two treatment groups were created; 
millipedes with and without cyanide. Tarantulas were randomly assigned a treatment each night for 12 nights and 
fed a millipede from their corresponding treatment group. It was recorded whether or not the tarantula ate the 
millipede. It was found that tarantulas had no preference for millipedes with or without cyanide. Tarantulas pounced 
and began to inject venom into millipedes in less than one second, where as it took millipedes almost 12 seconds to 
release cyanide. It seems as though M. mesomelas are able to attack faster than the millipedes were able to release 
cyanide and thus are not exposed to cyanide. For this reason these millipedes’ chemical defense mechanism was not 
effective in deterring M. mesomelas. 

RESUMEN 
 
Los milpies son conocidos por tener una variedad de defensas químicas y físicas para disuadir depredadores.  
Algunas especies de milpies tropicales tienen defensas primarias considerablemente reducidas al compararlas con 
otros milpies tropicales, pero contienen mecánismos de defensas químicas.  Este estudio usa la tarantulas, 
Megaphobema mesomelas para probar la efectividad del cianuro como mecánismo de defensa secundario, de una 
especie carente de una defense primaria robusta.  Cinco tarántulas se colectaron  alrededor de Monteverde, Costa 
Rica y se llevaron a la Estación Biológica de Monteverde.  Se colocaron en pesceras para realizar tratamientos de 
alimentación controlada.  Se crearon dos grupos de tratamiento; milpies con y sin cianuro.  Se asignó a las tarántulas 
un tratamiento aleatorio cada noche durante 12 noches y se alimentaron con milipies con el tratamiento 
correspondiente.  Se anotó se la tarántula se comió el milpies.  Se encontró que las tarántulas no tienen preferencia 
por los milpies con o sin cianuro. Las tarántulas saltaron e inyectaron veneno a los milpies en menos de un segundo, 
mientras que a los milpies les toma casi 12 segundos para liberar el cianuro.  Al parecer M. mesomelas son capaces 
de atacar más rápidamente que los milpies fueron capaces de liberar cianuro y por lo tanto no se ven expuestos al 
cianuro.  Por esta razón los mecánismos de defensa química de los milpies no son efectivos para disuadir M. 
Mesomelas 
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INTRODUCTION 

Organisms have developed a myriad of defenses to escape predation. In arthropods there are 
many categories of defense mechanisms. These categories include passive means of defense, use 
of shelters, camouflage and chemical defense (Borror et al. 1989). Passive defense, such as speed 
or tough exoskeletons, shelters and camouflage are primary defense mechanisms, while chemical 
defense are secondary mechanisms.  

The class diplopoda contains millipedes that have evolved multiple and varying defense 
mechanisms. There are over 12,000 described species of millipedes in the world (Golovatch & 
Kime 2009; Sierwald & Bond 2007). These creatures are generally detritivores that live on forest 
floors. They are relatively slow moving and lack venom (Brusca & Brusca 1990). Many species 
have a variety of primary defenses. These include a thick exoskeleton and the ability to roll into a 
tight ball (Heisler 1983). Many also have secondary defenses such as the ability to secrete toxic 
and volatile compounds. Millipedes contain a non-muscular gland that ooze or secrete these 
irritating or toxic compounds. These compounds are made in vitro, released all at once, and take 
up to four months to “re-charge.” They deter predators in varying ways ranging from irritating 
the eyes of mammalian predators to burning arthropods’ exoskeletons (Shear 2015).  

Most of these 12,000 species are endemic to the tropics, including Costa Rica (Golovatch 
& Kime 2009). In Costa Rica one of the most well studied species of millipede is Nyssodesmus 
python. They possess a very thick, calcified exoskeleton and the ability to roll up into a tight ball. 
In addition to these primary defenses, N. python have the ability to spew hydrogen cyanide and 
benzaldehyde up to 30 cm to ward off predators. When these defenses are combined, the result is 
almost no predation. The only common causes of mortality for adult N. python are parasites, 
desiccation or injury in the delicate post-molting stage (Heisler 1983; Sierwald & Bond 2007). 
However, other species of millipedes’ common predators are ants, beetles, predatory arthropods, 
spiders, slugs, and some visually hunting vertebrates (Shear 2015; Sierwald & Bond 2007). 
 One species of millipede found in Costa Rica, lacks the primary defense mechanisms, 
found in N. python, such as a thick exoskeleton and the ability to curl into a ball. Although this 
species appears to have reduced primary defense mechanisms, they appear to expel a similar 
secondary compound.  

With a reduction of primary defenses, this smaller millipede species may be more reliant 
on secondary defenses. Tarantulas (Family: Theraphosidae) are opportunistic sit and wait 
predators that could potentially prey on millipedes. Additionally, tarantulas have regions on their 
pedipalps, pairs of secondary appendages used in feeding, and in some cases front legs, that are 
capable of chemical sensation or taste (Perez-Miles 2005). They rely on this taste mechanism for 
hunting which could make a chemical defense effective.  

Tarantulas, thus, are a good predator to test the effectiveness of a millipede’s secondary 
defense mechanism. To address this, a common tarantula species, M. mesomelas was captured 
and housed in a controlled environment to study their reactions to a millipede’s secondary 
defense strategy. In particular, tarantulas were repeatedly fed millipedes with their chemical 
defense in-tact or not in-tact and their feeding choices were recorded.  
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MATERIALS AND METHODS 

Study Site and Organisms  
This study took place from July 15th to July 29th, 2016 between 1300-1500 meters in the 
premontane wet forest of Monteverde, Costa Rica. Approximately 120 millipedes were collected 
both in the Monteverde Cloud Forest and around the town of Monteverde. After millipedes were 
collected they were brought into the lab and placed in an aquarium with dirt, leaf litter and 
rotting logs to allow them to eat.  

Five Costa Rican Red-Legged Tarantulas, Megaphobema mesomelas, were collected 
along dirt road embankments around Monteverde, Costa Rica. The tarantulas are from the same 
life zone as the millipedes and have been observed sharing the same microhabitat. These 
tarantulas were initially found by locating holes after the sunset on steep, dirt embankments 
along roads. After dark, tarantulas can be seen easily as they are at the edge of their holes, 
waiting for prey. After a tarantula was located, a small stick was used to simulate an insect by 
lightly tickling one of the tarantula’s legs. When the tarantulas felt the stick, they lunged 
forward. As the tarantulas lunged forward, a spoon was slid behind to simultaneously block their 
hole and lure them out into a plastic container for transport. They were then transported to the lab 
in order to control their environment. In the lab the tarantulas were placed in separate aquariums 
approximately three times the size of their leg span. The aquariums were filled with dirt and each 
contained a small amount of PVC piping to simulate a hole for the tarantulas (Marshall 2001). 
Additionally, each tarantula was given a name for the duration of the study. 
 
Quantifying Millipede Defense 
To quantify a primary defense, size, mass, length and width of the 25 millipedes were recoded. 
In addition, millipedes were tested to see if they engaged in another primary defense, ball rolling.  
To test for secondary defenses, five millipedes were tested for cyanide using a sodium picrate 
test strips. Strips were prepared by creating a solution with 2.5 g of Sodium Carbonate, 1 g of 
moist 0.5% wt. vol. picric acid and 100 mL water (Yeh 2014). 8 cm x 1.5 cm filter paper strips 
were cut and saturated in the sodium picrate solution and excess liquid was allowed to evaporate. 
A millipede was then placed in a plastic bag with a sodium picrate test strip and manipulated 
until millipede released the chemical and the test strip changed from bright yellow to orange/red. 
The test strip was dunked 30 times in 5.0 mL of deionized water and this diluted solution was 
transferred to a cuvette. A blank solution was created by dunking a sodium picrate test strip in 
5.0 mL of deionized water 30 times. The cuvette was measured in a spectrophotometer against a 
blank sample at a wavelength of 540 nm to determine the percent transmittance of the sample 
(Lian & Hamir 1981).  

 
 

Feeding Trials 
Class diplopoda have a gland that secretes cyanide. However, their cyanide is released all at once 
and after cyanide is released it takes at least two weeks for the gland to produce more cyanide 
(Shear 2015). Knowing this, two millipede treatments were created. In one treatment the 
millipede’s cyanide was exhausted. This was done by putting the millipede in a plastic bag with 
a cyanide test strip and manipulated until the test strip changed from bright yellow to orange/red. 
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The amount of time it took for the millipede to release cyanide was recorded. In the second 
treatment the millipedes retained their cyanide. Each night at 18:00 the tarantulas were fed a 
millipede from one of the two treatments. Both the tarantula’s reaction and whether or not they 
ate the millipede were recorded. During the study each individual tarantula was offered 
millipedes both with and without cyanide multiple times. If the tarantula did not eat the 
millipede, they were offered a second meal of a cockroach in order to determine if the tarantula 
was not hungry, or did not want the millipede. It was recorded if the tarantula ate the second 
meal or not. During feeding trials additional anecdotal observations regarding millipede-tarantula 
interactions were recorded. On July 29th, 2016 the tarantulas were released back to their original 
holes. 
 

 
RESULTS 

Quantifying Millipede Defense 
The smaller millipede species is overall smaller in size and lacks the thick exoskeleton of N. 
python (Fig. 1b). A total of 25 millipedes were measured ranging from 0.311 to 0.881 g, 32.41 to 
49.03 mm in length and 3.90 to 7.57 mm in width (Table 1). In addition the smaller millipede 
species did not exhibit the curling defense mechanism that N. python show (Fig. 1c). The sodium 
picrate test for cyanide had a positive result for all five of the millipedes tested, experimentally 
confirming that the species of millipede used in the study have a secondary defense mechanism 
(Fig. 1a). The solution had an average percent transmittance of 39.8%, with a 6.02% standard 
error, at 540 nm in the spectrophotometer. Using the equation Absorbance = 2-(% 
Transmittance) to determine absorbance and y = -1.0110 + 371.4679x + 167.4901x2, where y 
equals the amount of cyanide in μg and x equals the absorbance, the average amount of cyanide 
per millipede was found to be 187.25 μg ± 31.94 μg (Lian & Hamir 1981).  
 
 

 
 
Figure 1. Similarities and differences in primary and secondary defense mechanisms between N. 
python and the species of millipede used in this study. (a) Sodium Picrate cyanide test result 
showing the difference between a control strip (bright yellow) and a test strip after being exposed 
to cyanide released from a millipede (brick orange). (b) Size difference and presence of 
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exoskeleton between the two species of millipedes. (c) Example of ball curling as a primary 
defense in N. python. 

Table 1. Average mass in grams, length in millimeters and width in millimeters of the millipedes, 
class diplopoda, used in this study.  

Mass Length Width 
0.5597 ± 0.0400 g 38.5809 ± 1.1448 mm 6.0819 ± 0.2069 mm 
 

Feeding Trials 
A total 58 millipedes were offered to the tarantulas, 29 millipedes with cyanide defense and 29 
without cyanide defense.  In total, 21 of those containing cyanide were consumed (72%) and 20 
without cyanide were consumed (69%) (Fig. 2). When looking at individual tarantulas, Kurt was 
offered five millipedes with cyanide and seven without. She consumed three with cyanide and 
seven without cyanide (Fig. 3). Zachary was offered seven millipedes with cyanide and five 
without. He consumed six with cyanide and three without (Fig. 3). Katti was offered seven 
millipedes with cyanide and five without. She consumed three with cyanide and two without 
(Fig. 3). Demi was offered five millipedes with cyanide and five without. She consumed all five 
millipedes both with and without cyanide (Fig. 3). Darryl was offered four millipedes with 
cyanide and six without. She consumed two millipedes with cyanide and three without (Fig. 3).  

 

Figure 2. Percent of 118 millipedes consumed by seven M. mesomelas with and without cyanide 
in the study.  

A Wilcoxon paired-sample test was conducted to compare individual tarantula feeding 
preferences for the five tarantulas fed daily during the study. The tarantulas showed no aversion 
against millipedes with cyanide (N=5, T=3 Z=0 P=1)(Fig. 3). 
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Figure 3. Percent of millipedes with and without cyanide eaten by each individual M. mesomelas 
in the study. 12 millipedes were fed to Kurt, Zachary and Katti over 12 days and 10 millipedes 
were fed to Demi and Darryl over 10 days.  

Tarantulas rejected the millipedes 19 out the 58 feeding trials. Furthermore, 50% of the time 
tarantulas ate the second meal after rejecting the initial millipede with and 50% of the time did 
not eat the second meal after rejecting the initial millipede with cyanide (Fig. 4). Additionally, 
11% of the time tarantulas ate the second meal after rejecting the initial millipede without 
cyanide and 89% of the time did not eat the second meal after rejecting the initial millipede 
without cyanide (Fig. 4).  

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

Kurt Zachary Katti Demi Darryl 

M
ill

ip
ed

es
 e

at
en

  

Individual Tarantula 

With Cyanide 

Without 
Cyanide 

 63 

 63 

 63 

 63 

 63 

 63 

 63 

 63 



 

Figure 4. Second meal consumption by M. mesomelas after millipede with or without cyanide 
was rejected.  

If a tarantula pounced on a millipede, it occurred in less than one second (Fig. 5). On average it 
took millipedes between 1.4 and 79.2 seconds to release cyanide (11.67 ± 2.60 sec)(Fig. 5). If the 
tarantula did not pounce and attack upon the initial touch of the millipede, it did not consume the 
millipede. When this happened the tarantula either had no reaction or backed away from the 
millipede. 

 

Figure 5. Time of attack by M. mesomelas compared to average time millipedes 
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took to release cyanide. Error bar represents one standard error.  

Additional Observations 
On 25/7/2016 the millipede fed to Zachary was able to release cyanide, which appeared to injure 
him. He did not move for many hours, even when prodded. The following day, when the 
millipede was presented to him he pounced and then immediately retracted, which was abnormal 
behavior for him. The millipede was presented one more time to him on 26/7/2016, and he once 
again pounced and retracted. When presented with a second food option, a cockroach, he 
immediately pounced and consumed the cockroach. In addition it should be noted that Katti is a 
brooding female who had her egg sac in the tank with her for the study.  
 
DISCUSSION  

The results of this study show that the reduced primary defense mechanisms such as a thick 
exoskeleton or the ability to roll into a ball make them vulnerable to predators. In addition, 
although possessing secondary defenses, the millipedes are unable to expel cyanide quick 
enough to deter sit-and-wait predators such as M. mesomelas tarantulas. It appears as though 
these tarantulas are able to pounce, attack and inject their venom into the millipedes before the 
millipedes are able to react. Tarantulas are sit-and-wait predators who pounce quickly to deliver 
a lethal dose of venom to their prey. Prey items are then liquefied, sucked and digested (Kosiba 
et al. 2014). Spiders, including M. mesomelas do have the ability to sense chemicals using 
patches on their pedipalps (Perez-Miles 2005). This suggests that tarantulas have the ability to 
detect chemicals such as cyanide if they are present. However the tarantulas ate 72% of 
millipedes with cyanide and 69% of millipedes without cyanide. Additionally, the tarantulas 
often did not eat the millipedes from either treatment simply because they were not hungry. M. 
mesomelas were able to pounce and begin injecting their venom in less than one second. 
However, the millipedes took on average 11.67 seconds to release cyanide. Logistically this 
explains why the tarantulas seemed to be relatively un-phased by the cyanide; millipedes did not 
have enough time to expel it. 

The millipedes used in this study were found to contain approximately 187.25 μg of 
cyanide. This is slightly less than six times the lethal dose for a 300 g pigeon and approximately 
just enough to be lethal to a 25 g mouse (Shear 2015). Most likely the millipedes used in this 
study also produce benzaldehyde. The gland that produces cyanide has two chambers; one 
chamber contains Mandelonitrile, which is catalyzed to produce benzaldehyde and hydrogen 
cyanide in the second chamber (Shear 2015). These two chemicals combined are known to be an 
almost perfect pair in defending millipedes. Hydrogen cyanide does not appear to repel many 
arthropods, such as ants, where as benzaldehyde does. Cyanide appears to be an effective 
deterrent of vertebrates, but not of arthropods (Shear 2015). However, these chemicals are 
essentially useless if there is not enough time between threat arrival and paralysis/death to 
release them, such as with M. mesomelas.  
 Millipede secretions are known to irritate vertebrate eyes, or even cause blindness in 
some cases, and burn arthropod exoskeletons (Shear 2015). However tarantulas have a chitin 
layer covering their eyes that could potentially protect them from these chemical irritations 
(Pérez-Miles 2005). It is possible that tarantulas are less affected by these toxic chemicals due to 
their own mechanisms. However, this seems to be unlikely when the response of one spider 
when exposed to is taken into account. Although it only occurred once, it was interesting to note 
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that, when cyanide was released while Zachary was consuming a millipede, he dropped the 
millipede, did not move for multiple hours even when poked, and appeared to be afraid of the 
next millipede offered to him. This seems to indicate that if millipedes did have enough time to 
release chemicals, they would have an effect on M. mesomelas.  
 A similar study conducted on M. mesomelas found that they did not have an apparent 
aversion to a toxic stick bug species. These bugs also spray a toxin, limonene, which can be fatal 
to insects in as little as 15 minutes (Koranda 2013). This study hypothesized that this was due to 
the overall larger size of M. mesomelas (Koranda 2013), however this could also be due to the 
quickness of attack.  
 Five nights were spent at the beginning of this study finding and capturing tarantulas in 
Monteverde, Costa Rica. During this period only five M. mesomelas were discovered. This 
indicates that there does not appear to be many M. mesomelas in the area. Although these 
millipedes and tarantulas share the same habitat, it is logical to believe that these millipedes do 
not come into contact with M. mesomelas often. If this is true, there have most likely not been 
significant evolutionary pressures for these millipedes to evolve a mechanism to evade 
tarantulas.  
 
Conclusions 
The incredibly reduced primary defense mechanisms in this species of tropical millipede 
combined with a chemical secondary defense mechanism does not appear to be efficient in 
deterring M. mesomelas predation. However, it is hypothesized that this is due to the incredibly 
fast attack time of M. mesomelas rather than the chemicals not being effective. It is likely that if 
the millipedes were presented to a slower predator, their chemical defense would be effective, as 
it is with other animals of similar or larger sizes than M. mesomelas (Shear 2015).  
 
 
ACKNOWLEDGMENTS  

Thank you to my advisors Adam Stein and Katy Gonzalez for all of their help throughout this study. I would also 
like to thank Emily Taylor for her help with the cyanide test procedure. I would not have been able to do this project 
without the immense emotional support and help with my project from Squad. An additional shout out to Zach 
Smith and Courtney King for helping me catch tarantulas. Also a huge thanks to Moncho for catching the majority 
of my millipedes. A final thank you to the Estación Biológica for the space and resources to complete this project.  

 

LITERATURE CITED  

BORROR, D. J., C.A. TRIPLEHORH, AND N.F. JOHNSON. 1989. An Introduction to the Study of Insects, ed. 
Saunders College Publishing: 78-79. 

 
BRUSCA, R. C., AND G.J., BRUSCA. 1990. Invertebrates. Sunderland, MA: Sinauer Associates: 544-591 
 
GOLOVATCH, S. I., AND R.D., KIME. 2009. Millipede (Diplopoda) distributions: a review. Soil Organisms, 81: 

565-597. 
 
HEISLER, I. L. 1983. Nyssodesmus Python (Milipies, Large Forest-floor Millipede). In: Costa Rican Natural 

History, D.H. Janzen, ed. The University of Chicago Press: 747-749. 
 

 66 

 66 

 66 

 66 

 66 

 66 

 66 

 66 



KORANDA, K. W. 2013. Behavioral and Feeding Responses of the Tropical Tarantula Megaphobema mesomelas 
(Theraphosidae) to the Toxic Stick Insect anthericonia anketeschkei (Pesudophasmatidae). CIEE: Tropical 
Ecology and Conservation. Summer 2013: 94-100. 

 
KOSIBA, S., P. ALLEN, AND G. BARRANTES. 2014. Feeding effectiveness of Megaphobema mesomelas 

(Araneae, Theraphosidae) on two prey types. Arachnology. 15:228-230. 
 
LIAN, T. S., AND N.A. HAMIR. 1981. Spectrophotometric quantification of Guignard's sodium picrate 

test. MARDI Research Bulletin. 1:35-41. 
 
MARSHALL, S. D. 2001. Tarantulas and other arachnids: Everything about purchase, care, nutrition, behavior, and 

housing. Hauppauge, NY: Barron's Educational Series.  
 
PÉREZ-MILES, F.,  F.G., COSTA, C., TOSCANO-GADEA, AND A., MIGONE. 2005. Ecology and behaviour of 

the ‘road tarantulas’ Eupalaestrus weijenberghi and Acanthoscurria suina (Araneae, Theraphosidae) from 
Uruguay. Journal of Natural History. 39: 483-498. 

 
SHEAR, W. A. 2015. The chemical defenses of millipedes (Diplopoda): biochemistry, physiology and 

ecology. Biochemical Systematics and Ecology. 61:78-117. 
 
SIERWALD, P., AND J.E., Bond. 2007. Current status of the myriapod class Diplopoda (millipedes): taxonomic 

diversity and phylogeny. Annual Review of entomology. 52:401-420. 
 
YEH, A. 2014. Within plant Cyanide allocation in Passiflora spp. CIEE: Tropical Ecology and Conservation. 

Summer 2014: 86-94 
 
 
 
 
!

 67 

 67 

 67 

 67 

 67 

 67 

 67 

 67 



Antioxidant levels in known medicinal, 
pioneer and understory tropical plants 
 
Greta Garland 
 
Department of Biology, Denison University 
 
 
ABSTRACT 
 
Many plant defense compounds have human pharmaceutical applications. Antioxidants protect plants from 
intense light and UV radiation while taking up toxic free radicals in humans. This study measures 
antioxidant activity in three groups of Neotropical plants: known medicinal, pioneer or gap species, and 
forest understory. DPPH spectrophotometric assays revealed Medicinal plants tended to have the highest 
levels of antioxidants, followed by gap species and understory species, though these differences were not 
statistically significant. Gap species may have higher levels of antioxidants because they are exposed to 
more light and UV radiation. That certain categories of plants tend to have higher levels of antioxidants 
could increase the speed of bioprospecting and help lead to medicinal plant discoveries at a faster pace. 
 
RESUMEN 
 
Varios compuestos de defensa de las plantas tienen aplicaciones farmaceúticas para los humanos.  
Los antioxidantes protegen las plantas de intensa radiación ultravioleta mientras toman radicales 
libres de los humanos.  Este estudio mide la actividad antioxidante en tres grupos de plantas: 
plantas medicinales conocidas, especies pioneras o de aberturas de bosque y especies de 
sotobosque.  Ensayos de espectrofotometría con DPPH revelan la tendencia de plantas 
medicinales a tener mayores niveles de antioxidantes, seguido por lase especies de áreas abiertas 
y por las especies de sotobosque, aunque estas diferencias no fueron estadísticamente 
significativas.  Las especies de áreas abiertas pueden tener mayorres niveles de antioxidantes 
debido a que están expuestas a mayor luz y radiación ultravioleta. Ciertas categorías de plantas 
tienden a tener mayores niveles de antioxidantes y esto puede aumentar la velocidad de la 
bioprospección  y ayudar al descubrimiento de plantas medicinales a un ritmo mayor. !
 
 
INTRODUCTION 
 
Antioxidants are substances that benefit the human body but also have important defenses 
for plants in their natural environment. Plants adapted for higher light environments, like 
tropical pioneer species, may be more likely to contain antioxidants. If so, pioneer species 
may be better candidates for bioprospecting pharmaceuticals from rainforest plants 
compared to other groups, like those that grow in the shady forest understory. 

Antioxidants help humans by preventing toxic chemicals called free radicals from 
oxidizing (Cai et al. 2003).  Free radicals are very harmful because they cause oxidation 
reactions in DNA, which can cause mutations that harm the carbohydrates, proteins, 
lipids, and nucleic acids in the human body (Hangun-Balkir & Mckenny 2012). 
Antioxidants can stop or slow down the damage that free radicals do to the body by 
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quenching singlet oxygen (Hangun-Balkir & Mckenny 2012). Consumption of natural 
antioxidants has been found to reduce the risk of many diseases for humans and improve 
general health (Cai et al. 2003). 

Plants produce antioxidants for their own benefit to survive oxidative stress. 
Antioxidants protect plants from UV radiation damage. UV radiation causes an increase 
in reactive oxygen species (ROS) and antioxidants protect plants by capturing singlet 
oxygen and preventing it from reacting and causing damage (Frankel & Berenbaum 
1999). Plants use antioxidants to turn toxic forms of oxygen into neutral H2O or O2 
(Jaleel et al. 2009). Studies have found that antioxidant levels increased in plant species 
that are exposed to higher light intensity (Farhan et al. 2012). This is probably an 
adaptation to protect them from UV damage from increased light exposure (Frankel & 
Berenbaum 1999).  
 There are many known medicinal plants that have been consumed by humans 
throughout history and new ones are continuously being discovered and developed into 
medicine (Balunas & Kinghorn 2005). Medicinal plants can take the form of herbal 
remedies or isolated compounds for pharmaceutics. Bioprospecting is the process of 
searching for plants with medicinal properties for human health. Often times it is a long 
process that can be expensive (Balunas & Kinghorn 2005). One in 10,000 plants have 
medicinal potential (Fernanda et al. 2012).  

Narrowing down the range of medicinal plant possibilities into certain categories 
related to growth form could speed up the process of searching for these important plants. 
Growth forms such as pioneer species and understory species are likely to differ in 
antioxidants because of their access to light. Pioneer species receive very high levels of 
light such and grow on forest edges or in forest gaps and may have higher levels of 
antioxidants because of this (Rundel and Gibson 1996). Understory species receive low 
levels of light (Rundel and Gibson 1996). It could be beneficial to search through pioneer 
species for new medicinal plants.  
 This study measures the antioxidant levels of 15 different species, five gap 
species exposed to intense sunlight, five understory species, and five known medicinal 
species. Known medicinal species are included because they are expected to have high 
antioxidants and will act as a comparison for pioneer species, which are predicted to have 
high antioxidant levels. The goal of this study is to compare antioxidant levels of 
different plant categories and discover if any category tends to have higher levels of 
antioxidants. If pioneer species tend to have high antioxidant levels then bioprospecting 
should focus on these species.  
  
METHODS 
 
Study Site and Organisms 
This study was conducted from July 15th to July 29th in Monteverde, Costa Rica. Leaves 
of 15 different plant species were collected in the garden near the Cloud Forest 
(Premontane Wet Forest) or at the opening of the forest. Leaves were collected from 
either gap species, understory species, or known medicinal species. The gap species were 
Piper sp. (Piperaceae), Cecropia obtusifolia (Uritacaceae), Bocconia frutescens 
(Papaveracae), Solanum sp. (Solanaceae), and Senecio arborescens (Asteracae). The 
understory species were Piper aequale (Piperaceae), Besleria Formosa (Gesnericaceae), 
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Begonia involucrate (Begoniaceae), Hoffmannia congesta (Runiacea), and 
Poikilocanthus micranthus (Acanthaceae). The known medicinal species were Hamelia 
patens (Rubiaceae), Lantana camara (Verbenaceae), Piper auritum (Piperaceae), 
Satureja viminea (Lamiaceae), and Psidium guajava (Myrtaceae) (Refer to Appendix A 
for identification of species) (Bernhardt 2008). Leaves were collected from three different 
individual plants of each species. Spinach leaves were used as a positive control and 
ascorbic acid from a vitamin C tablet was also used as a positive control because they are 
known to have high antioxidant levels (Halvorsen et al. 2002). 
 
Drying Methods and Creation of Dilutions 
Laboratory protocol was derived from that of Hangun-Balkir and Mckenny with minor 
changes (2012). Leaves were dried for 48 hours at room temperature or in a food 
dehydrator.  Once dried, leaves from the three individual plants were ground into a fine 
powder using a food processor. To make the stock solution, 1 gram of powder was added 
to 50ml of methanol and placed in an ultrasonic waterbath for 16 minutes. The original 
solution was diluted to 30% and 5 dilutions were made from that in small test tubes. The 
dilutions were 20%, 40%, 60%, 80%, or 100% of the 30% leaf extract solution. Spinach 
was treated the same as samples. 

To make the ascorbic acid solution, a Vitamin C tablet containing 500mg of 
ascorbic acid was ground into a fine powder using a mortar and pestle. The stock solution 
with a concentration of 21.2µg/mL was created with ascorbic acid powder and methanol. 
The same dilutions as the samples were made with this stock solution. 
 
DPPH Radical Scavenging Assay 
Five hundred µL of each dilution was combined with 3mL of a 25mg/liter solution of 2,2-
diphenyl-1-picrylhydrazyl (DPPH). This was combined in complete darkness with test 
tubes covered (Fig. 1). These were incubated at 30 degrees Celsius for 30 minutes in 
darkness. 3ml of just DPPH was used as a control. A spectrophotometer was used to 
measure the absorbance. Pure methanol was used to blank the spectrophotometer.  The 
absorbance of each dilution was measured at 517nm (Fig. 2). 

 
Figure 1. Test tubes were covered in aluminum when DPPH was added to keep solutions 
in complete darkness to assess antioxidant activity from different types of Neotropical 
Cloud Forest plants.  DPPH was added in a dark closet by the light of a lantern. 
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Figure 2. Photograph of DPPH solutions in the radical scavenging assay. Dilutions turn 
from purple to yellow with the highest concentration being yellow and the lowest being 
purple. Photograph from Hangun-Balkir and Mckenny 2012. 

 
The inhibition percentage was calculated using the following equation for each 

dilution of each species. 

!"ℎ!"!#!$%% = !!"#$%"& − !!"#$%&
!!"#$%"&

×100% 

Acontrol is the absorbance of the DPPH control and Asample is the absorbance of the sample 
measured. This data points for each dilution created a plot for each species that allowed 
us to calculate the IC50 from the regression equation. The IC50 is the concentration of 
antioxidant needed for DPPH to be present at 50% concentration of the standard. The 
lower the IC50 value, the higher level of antioxidant activity. This protocol was derived 
from Hangun-Balkir and Mckenny with minor changes (2011). 
 
 
 
RESULTS 
 
The regression equations and R2 values (Table 1) from dilution absorbance data were 
used to calculate the IC50 values. The IC50 values within each category of species were 
variable (Table 2).  The mean IC50 values and standard error of understory, gap, and 
medicinal species were 77.679 +/- 28.3896, 48.395 +/- 16.1515, and 40.534 +/- 53.1185 
respectively. Medicinal and gap species had lower IC50 values than understory species 
but this difference was not statistically significant (Kruskal-Wallace, p=0.61263, h=0.98, 
df=2.)  

Piper auritum is a medicinal plant that was an outlier and had a much higher IC50 
value than the rest of the medicinal species. Poikilocanthus micranthus is an understory 
plant that was an outlier and had a much higher IC50 value than the rest of the understory 
species. Hoffmannia congesta is an understory plant that had a very low IC50 value 
compared to other understory plants. Psidium guajava had the lowest IC50 value and thus 
the highest antioxidant activity. Poikilocanthus micranthus had the highest IC50 value and 
thus the lowest antioxidant activity. 

There was great variation within the three species tested in the genus Piper 
indicating that phylogeny is not a good indicator of antioxidant activity. 
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Table 1. Five understory, five gap, and five medicinal species were tested for their 
absorbance values at different dilutions. Regression equations and r2 values are based on 
the inhibition percentage equation for absorbance values. 
Plant Regression equation R2 Value 
Understory:   
Poikilocanthus 
micranthus 

Y=0.1131x+17.568 0.88545 

Hoffmannia 
congesta 

Y=10.113ln(x)+46.689 0.96438 

Besleria formosa Y=0.4244x+26.915 0.7646 
Begonia involucrata Y=0.3707x+36.519 0.8874 
Piper aequale Y=0.3947x+46.253 0.93101 
Gap:   
Piper spp. Y=0.462x+8.997 0.92318 
Cecropia obtusifolia Y=18.022ln(x)+10.19 0.96851 
Bocconia frutescens Y=0.4887x+37.747 0.81671 
Solanum spp. Y=0.3345x+21.715 0.93548 
Senecio arborescens Y=0.6446x+27.771 0.94013 
Medicinal:   
Hamelia patens Y=0.5391x+41.794 0.78706 
Lantana camara Y=15.606ln(x)+19.971 0.85903 
Piper auritum Y=0.2267x+15.406 0.9675 
Satureja viminea Y=0.5335x+35.201 0.93465 
Psidium guajava Y=6.513ln(x)+58.729 0.81212 
Controls:   
Spinach Y=15.426ln(x)+18.679 0.96438 
Ascorbic acid Y=0.7201x+17.394 0.95926 
 
 
Table 2. Five of each understory, gap, and known medicinal plants were tested for their 
antioxidant activity. IC50 values represent the concentration (µg/mL) at which 50% of 
DPPH was reacted using absorbance values from a spectrophotometer.  
 
Plant IC50 Values 
Understory:  
Poikilocanthus micranthus 286.755 
Hoffmannia congesta 1.387 
Begonia involucrata 36.366 
Besleria Formosa 54.394 
Piper aequale 9.4932 
Gap:   
Piper spp. 88.751 
Cecropia obtusifolia 9.106 
Bocconia frutescens 25.073 
Solanum spp. 84.559 
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Senecio arborescens 34.485 
Medicinal:  
Hamelia patens 15.222 
Lantana camara 6.850 
Piper auritum 152.598 
Satureja viminea 27.739 
Psidium guajava 0.262 

Controls:  
Spinach 7.617 
Ascorbic acid 45.280 
 
DISCUSSION 
Known medicinal plants had the highest levels of antioxidants, then gap species, and last, 
understory species. The antioxidant levels in gap species were closer to that of known 
medicinal plants. Piper auritum was an outlier in the medicinal species that may have 
skewed the data. Although many known medicinal plants have high levels of 
antioxidants, antioxidants are not the only compound that gives plants medicinal 
properties. Piper auritum contains high levels of alkaloids, flavonols, and saponins. 
Alkaloids act as local anesthetics and have anti-hypertension effects. Flavonols have 
antimicrobial and anti-inflammatory effects. Saponins have antiviral and antifungal 
effects (Maylahn 2014). 

Pioneer species had lower IC50 values than understory species. This may be 
because pioneer species are exposed to higher intensities of light and need to produce 
antioxidants to protect them from free radicals that are created in the presence of high UV 
radiation. Exposure to intense light causes reactive forms of oxygen to form in plant cells 
and these can damage plant tissue so many plants have complicated antioxidant defense 
systems to protect them from this damage (Kandaswami & Middleton 1994). This aligns 
with previous studies that have found that when species are systematically placed in areas 
with intense light for experimentation, they will produce more antioxidants (Farhan et al. 
2012). This means pioneer or gap species that are naturally in high light environments 
may have more antioxidants than understory species. 

Antioxidants are an important aspect of many medicinal plants that have great 
impacts on human health including acting as anti-inflammatories, antimicrobials, 
antiviral, ant-carcinogenic, and the prevention of many diseases (Kandaswami & 
Middleton 1994). They also help plants survive oxidative stress that comes with high 
levels of UV radiation (Frankel & Berenbaum 1999). This study gives insight into the 
levels of antioxidants found in categories of common tropical plant species. This study 
found variation of antioxidant levels within different categories of plants but a slight 
trend suggesting pioneer species may be a beneficial category for bioprospecting. The 
data from this study are important in the process of bioprospecting and could increase the 
efficiency of this process although more studies would be of great benefit. Selecting 
certain plant growth forms such as pioneer plants for bioprospecting could increase the 
“hit rate” and reduce costs and time spent on this process.  
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pond-breeding frog, Isthmohyla pseudopuma 
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ABSTRACT  
 
Amphibians, such as frogs are tied to aquatic environments for their reproductive and developmental stages. A 
characteristic of frogs is that they start life as tadpoles in bodies of water then later go through a metamorphosis into 
an adult and often terrestrial stage. Some species take advantage of ephemeral ponds because they are often devoid 
of many aquatic predators, but run the risk of being in a temporary body of water. Frogs that breed in ephemeral, or 
temporary, ponds must be able to adapt to a changing environment by regulating their rate of development to escape 
their aquatic environment if it becomes inhospitable or is at risk of disappearing. Isthmhoyla pseudopuma are an 
example of explosive breeders in these ephemeral ponds. Studies have shown that these species can regulate their 
rate of development. Although, it is still largely unknown what environmental cues the tadpoles are sensing. In an 
attempt to elucidate what environmental cues tadpoles are using, I. pseudopuma were split into two treatment 
groups, 30 in fresh water that was replaced every day and another 30 in stagnant pond water that remained 
untouched for 13 days. Weight, length, and stage of development were recorded for each individual daily as well as 
the water quality for each treatment such as total dissolved solids (TDS), pH, and temperature were recorded for 
each group. After 13 days, the tadpoles growing in the stagnant water went through more stages of development and 
showed a greater weight loss. This suggests a connection between abiotic conditions and developmental rates in I. 
pseudopuma. 
 
RESUMEN 
 
Los anfibios, como las ranas, son dependientes de los ambientes acuáticos para su reproducción y los estadíos de 
desarrollo. Una característica de las ranas es que empiezan su vida como renacuajos en cuerpos de agua y luego 
pasan por una metamorfosis en un estadío adulto terrestre.  Algunas especies toman ventaja de charcos efímeros ya 
que estos están libres de depredadores acuáticos, pero corren el riesgo de estar en cuerpos temporalis de agua.  Las 
ranas que se reproducen en charcos efímeros o temporales deben ser capaces de adaptarse al ambiente cambiante 
regulando su tasa de desarrollo para escapar del ambiente acuático si se vuelve inhospito o con riesgo de 
desaparecer.  Istmohyla pseudopuma es un ejemplo de especies que se reproducen masivamente en estos charcos 
efímeros.  Estudios han mostrado que estas especies pueden regular su estado de desarrollo. Aunque, es aún 
desconocido que claves ambientales están sientiendo los renacuajos.  En un intent para conocer que factores 
ambientales están usando los renacuajos, individuos de I. pseudopuma se colocaron en dos grupos de tratamiento, 30 
en agua fresca que se cambió cada día y otros 30 en agua estancada de un charco que se mantuvo sin tocar por 13 
días.  El peso, tamaño, y estado de desarrollo se tomó para cada individuo diariamente así como la cálidad del agua 
para como la cantidad de solidos disueltos totales (TDS por sus siglas en ingles), pH, y temperatura para cada 
tratamiento.  Después de 13 días, los renacuajos desarrollandose en el agua estancada pasaron por más estadíos de 
desarrollo y mostraron una mayor pérdida de peso.  Esto sugiere una conección entre las condiciones abióticas y la 
tasa de desarrollo en I. pseudopuma. 
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INTRODUCTION  
 
Frog development is closely related to a change in habitat, often from aquatic to terrestrial. 
Tadpole metamorphosis is a complex process that results in transformation into a frog. This 
process involves the change from a fish-like structure with a tail and gills to a terrestrial body 
structure that can no longer survive in the water. Tadpoles will grow hind legs, and eventually 
front legs to initiate metamorphosis. Next, tadpoles will begin to absorb their tails and stop 
eating since they are able to reabsorb nutrients from their tail. As tails are absorbed tadpoles lose 
mass, leading to a smaller weight at the final stage of development. Once the tail is absorbed, 
transformation will be complete (Duellman & Trueb 1986).  

Anuran species that breed in ephemeral, or temporary, pools must be able to exercise 
phenotypic plasticity in growth to avoid a loss of habitat during development (Wilbur 1980). 
Indeed, studies have shown that some species of tadpoles can control their rate of development 
(Crump 1989; Laurila & Kujasalo 1999). Balancing the need to escape aquatic environments to 
avoid predation or desiccation and opportunities for nutrient-rich growth at early stages of 
development can explain these results (Werner 1986). A reduced development time will result in 
a smaller size after metamorphosis (Berven & Gill 1983). This could ultimately affect their 
mating success in the future (Berven 1981; Smith 1987). Given the benefits that could result 
from growing slow and large, it is intuitive that tadpoles will attempt to prolong their 
development in suitable environments. But if these conditions become unfavorable, the tadpoles 
will need to respond accordingly. 

However, little is known as to how these tadpoles use signals to sense that their 
environment is becoming unstable. Ephemeral pond species have been shown to develop at faster 
rates when exposed to decreasing water volume (Crump 1989). The same has been found in 
those that grow in high temperatures (Smith-Gill & Berven 1979). In addition, it is possible that 
tadpoles can sense changes in water quality that would result from drops in water levels and lack 
of fresh input. For example, oxygen in the water will eventually be used up and tadpoles will be 
left bathing in large amounts of fecal matter if there is no input of fresh water (Hoffman 2012). 
Additionally, ammonium, the primary form of waste excreted by tadpoles, would increase 
(Tattersall & Wright 1996). The ammonium will be converted by freshwater bacteria to nitrate 
which will make it less harmful, but these compounds can still cause problems at high 
concentrations. (Jensen 1995, 2003; Rouse et al. 1999). Although, these freshwater bacteria 
become much less efficient at lower levels of dissolved oxygen (Goreau et. al. 1980).  

The combination of decreased levels of oxygen and increased nitrogenous compounds 
would leave the tadpoles without many nutrients to support further growth, pressuring them to 
develop legs to escape their environment (Hoffman 2012). Becoming terrestrial by growing 
forelimbs could allow them to move to a habitat more conducive to survival. These conditions 
could affect food availability and cause them to leave. To see if tadpoles only focused on water 
quality, an experiment was designed to control for water volume and food availability while 
water quality was allowed to drop. The experiment looked to see if measured differences in 
weight, length, and development were evident between treatments. If abiotic factors of water 
quality can be acted upon by maturing tadpoles, I. pseudopuma should develop at quicker rates 
and therefore grow to a smaller size. 
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METHODS 
 
Sixty wild tadpoles of I. pseudopuma were collected from the Curi Canch Wildlife Refuge in 
Monteverde, Costa Rica on July 17 to July 29, 2016. This area lies in the lower montane wet 
forest (Haber 2000). Length, from nose to end of the tail, weight, and stage of development, 
according to Gosner’s stages of anuran development (Gosner 1960), were recorded for each 
tadpole. Most tadpole development occurs before stage 40 until forelimbs emerge at stage 42, 
when metamorphosis begins. The majority of tadpoles were assigned a treatment around stage 30 
of development. 

Tadpoles were placed into a pre-weighed test tube with water and put back on the scale 
(Fig. 1A). Wet mass of the tadpole was then recorded. Length of the tadpole was measured by 
rotating the test tube horizontally and putting a ruler up against the test tube (Fig. 1B). 
Measurements were taken to the nearest millimeter once the tadpole remained still. 
Developmental stage was also observed at this time. This procedure was repeated every day for 
each tadpole. Thirty tadpoles were placed into plastic cups with 110 ml of water directly from 
the pond where they were found and the other 30 tadpoles were placed into plastic cups with 110 
ml of fresh water from the sink. The treatment containing pond water was considered stagnant 
because water remained still and became stale over time.  

Cups in the fresh water treatment were replaced with 110 ml of new water from the sink 
daily. Extra pond water was used to keep volume constant in the stagnant water treatment to 
avoid effects of decreasing water volume from evaporation. Once water was replaced, 
measurements of abiotic factors related to water quality were taken for both treatment groups. 
Specifically, I measured pH, total dissolved solids, and temperature. Water quality was measured 
from one cup of each treatment each day over 12 days. On the last day, the dissolved oxygen was 
measured from 5 cups within each treatment. In addition, the last day I sampled the water quality 
of three nearby ponds known to hold I. pseudopuma tadpoles. Tadpoles in both groups were fed 
a small pinch of fish feed at about 3 pm every day. After the experiment was completed, the 
froglets were returned to Curi Cancha Wildlife Preserve. 

 

 
 
Figure 1. A) Wet tadpole placed into pre-weighed test tube for massing. B) Tadpole rotated to 
measure length from nose to tail. 

A B 

 80 

 80 

 80 

 80 

 80 

 80 

 80 

 80 



RESULTS 
 
Water Quality 
The most notable difference in water quality between the two treatments was in the total 
dissolved solids (TDS; Fig. 2) and dissolved oxygen (DO; Fig. 3). For TDS, the fresh water 
group had measurements close to the average found in ponds nearby, but levels found in stagnant 
water continued to rise over the course of the study (Fig. 2). There was a significant average DO 
content between the two treatment groups, (t=2.306, df=8, p=.00002), but both groups were 
within range of measurements recorded in the natural ponds (Fig. 3). Water temperature and pH 
did not differ much from within treatments or from nearby ponds. Measurements for pH were 
constant and relatively similar throughout the study (Fig. 4). Temperature fluctuated throughout 
the study for both treatments and remained close to the average natural temperature of ponds in 
the wild (Fig. 5).  
 
 

 

Figure 2. Total dissolved solids (TDS) measured in fresh water and stagnant water over 12 day 
period. These values are compared to data measured in nearby ponds known to contain H. 
pseudopuma. The dotted line represents the average TDS (19.3) of three natural ponds. Lines 
above and below the average represent maximum (27) and minimum (15) values respectively. 
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Figure 3. Comparison of average Dissolved Oxygen (DO) content between five random cups 
each within the fresh water and stagnant water treatment groups to one standard error. Dotted 
line represents average DO content recorded for three natural ponds (4.43). Above the dotted line 
is maximum DO content recorded (5.9) and below is minimum content recorded (3.2) for natural 
ponds. 
 

Figure 4. Comparison of pH levels in both treatment groups over a 12 day period. Solid 
horizontal line shows average pH of the three natural ponds tested (6.26). Lines above and below 
represent maximum (6.76) and minimum (5.47) pH levels in these ponds. 
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Figure 5. Comparison of temperature in both treatment groups over a 12 day period. Solid 
horizontal line shows average temperature of three natural ponds measured (18.3). Lines above 
and below the average represent maximum (18.4) and minimum (18.2) temperature 
measurements in these ponds. 

 
Tadpole Development 
Inconsistent data was found within both treatment groups. In some cases, tadpoles appeared to be 
shorter than the previous day, even before metamorphosis had begun. Other times, measurements 
appeared to fluctuate over several days (Fig. 6). The results of change in length over the course 
of the study were inconclusive due to extensive variation in measurements. 

 

  

Figure 6. Inconsistent measurements of length throughout the study. A) Represents one tadpole 
in fresh water treatment. B) Represents one tadpole in stagnant water treatment.   
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Average weight loss was found to be greater for tadpoles in stagnant water treatment 
group. The difference was not statistically significant (t=2.004, df=55, p=.2153), but a trend was 
still evident (Fig. 7). Tadpoles in the stagnant water treatment were, on average, found to go 
through more stages of development than those in the other treatment group (Fig. 8). Although 
averages are different, developmental rate was not statistically significant (t=2.004, df=55, 
p=.1013). It is interesting to notice that results for number of stages of development was more 
strongly related to development rate than was average percent change in weight. However, there 
was a clear tendency for I. pseudopuma to develop at a faster rate and grow to a smaller mass in 
stagnant water by day 13 of the experiment. 
 

 

Figure 7. On average, all tadpoles weighed less by the end of the study but tadpoles in the 
stagnant water treatment lost more weight overall. Although there seems to be a trend, the 
difference was not statistically significant. Error bars represent one standard error. (t=2.004, 
df=55, p=.2153) 
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Figure 8. I. pseudopuma in the stagnant water treatment group went through more stages of 
development through 13 days but the difference was not statistically significant. Error bar 
represent one standard error. (t=2.004, df=55, p=.1013) 

DISCUSSION 
 
There was a difference between the two treatments in weight change and development. The 
greater loss of weight and number of developmental stages shown in the stagnant water group 
suggests a faster rate of development in those tadpoles. Results agree with others that focused on 
rate of development. Tadpoles that developed at faster rates were shown to exhibit the same 
differences between treatments. For instance, tadpoles exposed to an environment with 
decreasing water volume took the shortest time to initiate metamorphosis and were also 
measured at smaller final masses (Crump 1989). Frogs that grow in higher temperatures also 
showed an increase in rate of development (Smith-Gill & Berven 1979). In both studies, tadpoles 
showed a significantly greater response in stages of development than they did in growth rate. 
 However, these data do not agree with results found by Hoffman (2012). He found that 
Leptodactylus melanonotus tadpoles exposed to a stagnant environment developed slightly 
quicker, yet grew to a larger mass in comparison to fresh water when raised in solitary. In his 
study, only 75% of fresh water was exchanged twice weekly. Also, trials of tadpoles living alone 
in different water treatments were never repeated. For these reasons, differences in results could 
be explained by altered methodology. Since past studies suggest that tadpoles will have a greater 
response to these environmental cues in rate of development, differences found for change in 
weight could vary between ephemeral frog species. 

The only abiotic factors that showed large differences between fresh and stagnant water 
treatment groups were TDS and DO. This suggests that increased rate of development is related 
to TDS and DO content. As oxygen content decreases, the ability of bacteria to breakdown 
ammonium also decreases, leading to accumulation of unwanted compounds. With decreasing 
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oxygen and rising dissolved solids content, I. pseudopuma tadpoles were shown to respond by 
increasing rate of development. Measurements of length were highly variable, most likely due to 
inaccuracy of methodology. I. pseudopuma tadpoles were still able to swim and turn around 
within the tube, which created difficulties in measurements. 
 There seems to be several environmental cues that ephemeral pond breeders use, but 
water quality was the main focus of this study. Food availability and water volume were 
controlled in this experiment. Also, temperature was found to be relatively similar between 
treatments throughout the study. Therefore, any changes in rate of development could only be 
attributed to water quality. Water quality might be one of many cues that these tadpoles use of 
the course of development, or perhaps it is not as tightly related to development as other 
environmental cues. If this study were done over the entire course of development in I. 
pseudopuma, results could be significantly different. 

Ephemeral pond species have been able to survive over time because of their ability to 
quickly respond to changing conditions in their environment. To enhance this behavior, these 
species might be using multiple signals to determine rate of development. Because I. 
pseudopuma show physiological responses to their changing environment that enhance rates of 
survival, increased rate of development could be considered adaptive for this species (Smith-Gill 
1983). Dissolved oxygen and total dissolved solids content could be specific signals used to 
activate physiological responses in I. pseudopuma. Water quality has been shown to be an 
environmental cue that I. pseudopuma use to regulate their rate of development. Responses to 
changing water quality conditions could improve chances of survival of these species by 
inducing faster rates of development.  
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ABSTRACT 
 
Morpho butterflies may be able to detect the presence of predators through a tympanum on the forewing, 
called the Vogel’s Organ, which potentially allows auditory signals to be heard. Previous studies show that 
this tympanum is most sensitive to frequencies between 2 – 4 kHz within a range of approximately three 
meters. The current study observes the response of Morpho peleides to the call of an avian predator, the 
Rufous-tailed Jacamar (Galbula ruficauda), which emits a similar frequency range. In a large flight 
enclosure resembling open and edge habitats with few obstacles or other butterflies, M. peleides 
demonstrated longer flight times with tones and Jacamar calls than with no sound (Mean flight time for no 
sound, 12.21 seconds (±1.25); for tone, 36.29 s (±8.55); and birdcall, 27.56 s (±4.56)). M. peleides in a 
more complex enclosure resembling understory and sub-canopy habitats showed no difference in flight 
time for any sound (Mean flight time for no sound, 16.07 seconds (±1.48); tone, 18.71 s (±2.03); and 
birdcall, 17.29 s (±2.60)). Resting butterflies showed no response, while feeding butterflies demonstrated 
some change in behavior. Thus, Morphos show hearing and response to birdcalls, but only within open 
habitats. The most efficient strategy within simple environments may be to display erratic flight to escape 
predation. However, at rest and within more complex environments, M. peleides may best avoid predators 
by relying on cryptic coloration while wings are closed.  
	
RESUMEN 
 
Las mariposas Morfo son capaces de detectar la presencia de depredadores a través de un timpano en el ala 
delantera, llamado el órgano de Vogel, el cual potencialmente permite señales auditivas que pueden ser 
escuchadas.  Estudios previos muestran que este timpano es más sensible a frecuencias entre los 2 – 4 KHz 
en un rango de apróximadamente tres metros.  El siguiente estudio observa la respuesta de Morpho peleides 
al llamado de un ave depredadora, el Jacamar (Galbula ruficauda), el cual emite una frecuencia en un 
rango similar.  En una jaula de vuelo grande que simula hábitats abiertos y de borde con pocos obstáculos u 
otras mariposas, M. peleides muestra mayores tiempos de vuelo con solo el tono y el llamado del Jacamar 
que sin sonido (tiempo promedio de vuelo  sin sonido, 12.21 segundos (±1.25); para tono 36.29 s (±8.55); y 
el sonido del ave, 27.56 s (±4.56)).  M. peleides en una jaula más compleja simulando el sotobosque y con 
hábitats de subdosel no muestra diferencias en el tiempo de vuelo para ningún sonido (tiempo promedio de 
vuelo sin sonido, 16.07 segundos (±1.48); tono, 18.71 s (±2.03); y sonido de ave, 17.29 s (±2.60)).  Las 
mariposas en descanso no mostraron respuesta, mientras que las que se estaban alimentando mostraron 
algún cambio en el comportamiento. Así, las Morfo muestran respuestas auditivas a los llamados de la 
saves, pero solo en hábitats abiertos.  La estrategia más efectiva dentro de ambientes simples puede ser 
mostrar vuelos erráticos para escapar la depredación.  Sin embargo, en descanso y en ambientes más 
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complejos, M. peleides puede ser mejor evadiendo depredadores al depender en la coloración críptica 
mientras sus alas están cerradas. 
	
INTRODUCTION 
 
Butterflies have many predators that exert strong evolutionary selection on their 
coloration, morphology, and flight behavior. Morpho species are highly palatable 
butterflies with many natural avian predators (Chai 1986) that, as a result, have 
developed such behaviors as wing iridescence, eyespot mimicry, and evasive flight 
maneuvers. It is suggested that these butterflies use a tympanic membrane present on the 
forewing called the Vogel’s Organ to hear auditory signals produced by predators. The 
unusual dome-shape of this organ is a variation found only in Nymphalidae that is 
believed to provide a selective advantage in predator detection (Lucas et al. 2009). It has 
been shown to be most sensitive to frequencies within the 2-4 kHz range, similar to 
functional insect ears (Lane et al. 2008), and includes many bird calls like the Rufous-
tailed Jacamar (Galbula ruficauda); a common predator of Morpho butterflies in Costa 
Rica forests (Chai 1986). Observing behavioral response of Morpho species to signals 
generated by predators will provide a better understanding of hearing development in 
these butterflies and the degree of evolutionary pressure created through predator-prey 
relationships. Previous studies have demonstrated longer flight times for disturbed 
individuals within a flight cage when tones of specific frequencies are played (Chase 
2012), however no behavior changes in response to avian calls have been observed. The 
current study tests Morpho peleides responses to 3 kHz tones and a Rufous-tailed 
Jacamar call within the same range. How M. peleides respond to tones and calls with 
changes in predation risk as determined by structural complexity of habitat will also be 
assessed.  
	
METHODS 
	
Study Organisms 
 
M. peleides are common within all habitat types in Neotropical zones, ranging from sea 
level to 1,800 meters. These butterflies are especially common along rivers, forest edges, 
and plantations (DeVries, 1987) within Lower Montane Wet Forest (Holdridge 1967). 
They have iridescent blue wings that are believed to serve as an effective defense against 
predatory birds (Henderson 2010). During sunny weather, their wings will often be in 
open position due to microscopic scales that reflect light (Figure 1) and may enable long-
range conspecific communication (Vukusic et al. 1999). During regular flight patterns, 
M. peleides exhibit a ‘floppy’, zig-zag motion (DeVries, 1987), but will display fast, 
irregular flight as an escape strategy that makes them difficult to capture (Henderson 
2010). It is also suggested that M. peleides demonstrates a form of ‘mobbing’ behavior, 
in that they fly in groups when threatened as a method of deterring predators (Milford 
2015). When not in flight, M. peleides usually have closed wings with cryptic coloration 
(Figure 2) that allow them to blend in with a variety substrates (McCray 2007). M. 
peleides have been suggested to have a sensitivity to frequencies up to three meters away 
(Hall 2014).  
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Figure 1 & 2: (1) M. peleides in open wing resting position displaying their 
iridescence achieved through microscopic scales that reflect light. (2) M. peleides 
during feeding behavior exhibiting their cryptic coloration that allows them to 
blend in to substrates and avoid predation 

	
Study Sites 
 
Two locations were used to conduct experiments on the behavioral response of M. 
peleides to sound. Study sites were both present in Monteverde, Costa Rica within Cerro 
Plano and Santa Elena between the elevations of 1400-1600 meters.  
 
Open Habitat 
 
Ranario’s butterfly garden (Figure 3) was composed of four enclosures that housed 
several groupings of butterflies. Approximately 15 individuals of M. peleides and 5 
individuals of Calico spp. butterflies were held in the same area. The enclosure was 
simple with a larger area above vegetation level for open flight. Lower diversity and 
abundance of plant species were present, with vegetation ranging from 0.5-1.5 meters in 
height; resembling an example of an open habitat for M. peleides, such as plantations, 
disturbed areas, and river and forest edges.  
 

	
Figure 3: Study site within butterfly enclosure at Ranario. The enclosure represents an 
open habitat for M. peleides with less vegetation and smaller diversity of butterflies. The 
experiment for flight comparison within varying habitats was carried out at this location, 
measuring M. peleides response to electronic tones and birdcalls at 3 kHz.  
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Closed Habitat 
   
The second location occurred within Mariposario’s Lower Montane Wet Forest butterfly 
garden (Figure 4). Approximately 40-60 M. peleides were housed with at least six other 
species of butterflies and moths: exact count of total individuals was unknown. The 
enclosure was smaller and mimicked a forest sub-canopy and understory where M. 
peleides are also commonly found. There was significantly larger plant abundance and 
richness with a higher congestion of vegetation, ranging from 0.3-2.7 meters in height.  
 

	
Figure 4: Study site at Mariposario Lower Montane Wet Forest Butterfly Garden. 
The enclosure represents a closed habitat for M. peleides, such as forest 
subcanopy and understory. Higher plant diversity and abundance was present with 
a significantly higher number and diversity of butterfly species. Tests measuring 
flight and non-flight behavior were carried out at this location comparing the 
effect of a 3 kHz electronic tone and a Rufous-tailed Jacamar birdcall.  

Experiments for Observing Flight Behavior in M. peleides 
 
Flight Measurements 
 
M. peleides were tested while displaying feeding and resting behavior. Feeding behavior 
occurred on a raised plate or small wooden platform that contained fermented fruit, often 
in the presence of several other butterflies. Resting behavior occurred in both exposed 
and covered locations on enclosure siding, vegetation, or ground level. M. peleides were 
disturbed by rustling vegetation or siding where butterfly was perched to induce flight. 
Once flight began, a stopwatch was used to time flight from takeoff to landing. Flight that 
experienced interference by other butterflies was not recorded. Butterfly wings 
completely stopped moving to be considered a landing. M. peleides that ‘bounced’ 
between substrates were required to land completely for timing to stop. Individuals were 
tested by walking in a circular pattern around the enclosure and inducing flight as 
butterflies were encountered, being careful not to test the same butterfly more than 
others. Flight was observed with no sound as a control. Sound tests were introduced by 
playing two types of sounds that represent the sensitivity range of M. peleides (Lane et al. 
2008): a 3 kHz electronic tone through the Apple Tone Generator Application and a 
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Rufous-tailed Jacamar call (Boseman 2010) played through IPod’s Music Application 
immediately after takeoff until landing. The frequency range of the Jacamar can be seen 
in Figure 5. Both sound tests used an HMDX Bluetooth Jam XT Extremo Wireless 
Speaker and was positioned in a high, central location to remain within the 3-4 meter 
sensitivity range of M. peleides. Using the dB Decibel Meter application through an 
Apple IPad, decibel measurements of each sound were monitored to ensure equal volume 
levels. The wireless speaker was played at maximum volume with frequencies ranging 
from 70-80 decibels. Order of sound trials were varied. 
 

 
Figure 5: Rufous-tailed Jacamar sonogram of birdcall. Average frequency occurs around 
3 kHz, with spikes in the 7 kHz range. The diagram spans the time range of 14 seconds. 
Peter Boesman. 2010. Esquinas Lodge, Piedras Blancas NP, Puntarenas, Costa Rica. 
March 3rd, 2010. 
 
Variables Impacting Flight Time  
 
Two preliminary trials were carried out to observe the potential effect of external 
variables impacting overall flight time. Flight was measured at different times of day 
divided into three periods with a sample of 25 individuals: morning (7:00-9:00 am), 
midday (11:00 am–1:00 pm), and afternoon (3:00-5:00 pm). M. peleides were measured 
during the morning and afternoon periods when mean flight time was lowest for all other 
tests to avoid variation caused by time of day. Tests were not carried out during periods 
of inclement weather, such as thunderstorms or heavy rains. Wing health was also 
measured to determine impact on flight time. A sample of 50 butterflies was assessed 
based on healthy or unhealthy wings. Unhealthy wings had heavily torn edges and/or 
portions missing from the overall structure. Healthy wings had smooth edges with no 
portions missing from the structure. If significant damage was present in wings, 
butterflies were more likely to land soon after disturbance or experience a staggered 
flight path. Those that immediately dropped to the ground or a substrate after disturbance 
were not considered in the study. Therefore, only butterflies with healthy wing shape that 
allowed strong flight were used during tests.  
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Flight, Sound, and Habitats 
 
M. peleides behavior was measured in both open habitat and closed habitat enclosures to 
observe the impact of plant diversity and abundance on flight time, as well as presence of 
other butterflies. Tests consisted of response to no sound, tone, and birdcall during 
disturbed flight. Three consecutive days were spent within each habitat, conducting	one	
set	of	each	sound	test	per	day.	For	each	sound	test,	25	M.	peleides	were	observed	
totaling	75	butterflies	per	day,	225	total	per	location.		
 
Flight Time from Feeding and Resting Behavior 
 
Flight time of M. peleides was observed based on whether the butterfly was disturbed 
while displaying feeding or resting behavior. Butterflies in feeding position were 
disturbed by tapping on the food plate or platform. Those resting in both open and closed 
wing positions were disturbed by rustling nearby vegetation to induce flight. A sample of 
20 M. peleides were used to test no sound, tone, and birdcall within the closed habitat 
enclosure.  
 
Experiment for Observing Non-flight Behavior in M. peleides 
 
The effect of sound on M. peleides was observed for both feeding and resting behaviors 
without inducing flight. A sample of 30 M. peleides were used to compare feeding and 
resting behaviors in response to sound tests. Both exposed and covered locations were 
compared for butterflies in resting position. An exposed location was determined to be an 
area visible from many angles with no overhanging vegetation. Covered locations were 
determined to be areas hidden within vegetation and/or included overhanging of leaves. 
M. peleides was first observed without sound, and then both tone and birdcall were 
played to detect changes in behavior; leaving a brief period without sound in between 
tests. Behavior was categorized as response or no response to sound, including shifting 
position, wings opening or closing, wing flapping, or non-induced flight.  
 
 
RESULTS 
 
Trials for Determining Time of Day and Butterfly Selection 
 
Flight and Time of Day 
 
Shorter disturbed flight times occurred during morning and afternoon periods (One-way 
ANOVA test, F = 1.61, n = 75, p = 0.21). Mean flight time for morning was 10.64 
seconds (±1.58) and 11.22 seconds (±1.33) for afternoon. While differences between 
each group were not statistically significant, morning and afternoon periods demonstrated 
the lowest average flight time. Midday demonstrated the highest average flight time 
(Figure 6), with a mean of 15.52 seconds (±3.00). All other flight times were measured in 
morning or afternoon to avoid variation in flight caused by time of day.   
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Figure 6: Comparison of time of day and M. peleides flight time in seconds. Flight was 
induced by rustling leaves or tapping the side of the enclosure. Observations were 
conducted in an open, exposed habitat with limited vegetation and few butterflies; 
including one other species, Caligo eurilochus. A sample of 25 M. peleides were studied 
during three time periods: 7:00-9:00 am, 11:00 am-1:00 pm, and 3:00-5:00 pm. Error bars 
represent standard error (Mean flight times: Morning – 10.64 s (±1.58), Afternoon – 
15.52 s (±3.00), Evening – 11.22 s (±1.33)). 

Impact of Wing Health on Flight Time 
 
As seen in Figure 7, M. peleides with healthier wings exhibited greater disturbed flight 
time (Compared means t-test, t = 3.17, n = 50, p = 0.003). Mean flight time of unhealthy 
wings was 6.63 seconds (±0.81) and 15.91 seconds (±2.82) for healthy wings.  
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Figure	 7:	 Impact	 of	 wing	 health	 on	 flight	 time.	 A	 sample	 of	 50	 individuals	 was	
measured	within	an	open,	exposed	habitat	with limited vegetation and few butterflies; 
including one other species, Caligo eurilochus. Flight was induced by rustling leaves or 
tapping the side of the enclosure. Error bars represent standard error (Unhealthy = mean 
of 6.63 s (±0.81); Healthy = mean of 15.91 s (±2.82).  
 
Observations of Flight Time in M. peleides  
	
Induced Flight Time with Sound in Varying Habitats 
 
An increase in flight time to sound was observed in the open habitat, as seen in Figure 8. 
No significant difference occurred between tone and bird call (One-way ANOVA, F = 
4.67, n = 225, p = 0.01). In the closed habitat enclosure, flight time increased slightly 
with sound; however, results were not significant (One-way ANOVA, F = 0.40, n = 225, 
p = 0.67). Tone was suggested to have a higher impact on flight time than birdcall, most 
significantly within an open habitat. Though not quantified, sound tests at both locations 
had more erratic flight patterns and quick movement between substrates before finally 
landing. In the closed habitat enclosure, butterflies often flew into thick vegetation or on 
top of high leaves. More frequent interactions occurred with other M. peleides, as well as 
other species of butterflies; possibly indicating an example of mobbing behavior. Tests 
often needed to be started over as a result of interference during flight.  
 

 
Figure 8: Effect of sound on M. peleides within varying habitats. Flight was induced by 
rustling leaves or side of enclosure. Full range of flight was timed, using a sample of 450 
M. peleides: 225 within an open habitat and 225 within a closed habitat. No sound, a 
3000 Hz tone, and a Rufous-tailed Jacamar call were used to observe behavioral patterns 
during flight. Error bars represent standard error (Open Habitat Means: None = 12.21 s 
(±1.25), Tone – 36.29 s (±8.55), Bird – 27.56 s (±4.56); Closed Habitat Means: None – 
16.07 s (±1.48), Tone – 18.71 s (±2.03), Bird – 17.29 s (±2.60)). 
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Comparison of Flight Time Between Feeding and Resting Behavior 
 
As demonstrated in Figure 9, overall differences when comparing sound type and flight 
time to original behavior during disturbance were not significant. However, a birdcall 
was suggested to lead to shorter flight times in M. peleides during feeding behavior 
(Two-way ANOVA, F = 0.91, n = 60, p = 0.40). Playing sound after the butterfly was 
disturbed from a resting position led to shorter flight times, but results show there was no 
significant difference between tone and birdcall (Two-way ANOVA, F = 1.39, n = 60, p 
= 0.24). Overall, M. peleides expressed slightly higher flight times when no sound was 
played for both feeding and resting behaviors, while shortest flight times were in 
response to bird calls for both behaviors (Two-way ANOVA, F = 0.05, n = 120, p = 
0.95).  

	
	

Figure 9: Effect of sound on flight time when compared to starting behavior. Disturbed 
flight time was measured for butterflies exhibiting either feeding or resting behavior 
within the closed habitat enclosure. Flight was induced by rustling branches or enclosure 
siding, and then timing length of flight until landing. A sample of 120 butterflies were 
used to test no sound, a 3000 Hz tone, and a Rufous-tailed Jacamar call. Error bars 
represent standard error (Feeding Behavior: None – 16.97 s (±3.30), Tone – 15.22 s 
(±2.67), Bird – 13.13 s (±1.89); Resting Behavior: None – 14.50 s (±2.74), Tone – 11.95 
s (±2.10), Bird – 11.49 s (±2.40)). 
 
Observations of Non-flight Behavior in M. peleides 
 
Effect of Sound on Feeding Versus Resting Behavior 
 
Resting and feeding were observed in M. peleides without flight disturbance, while 
measuring the behaviors displayed during no sound, tone, and birdcall tests. Figure 10 
represents the number of individual butterflies that responded to sound with no 
movement. No significant difference was seen between locations of resting behavior  
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(Chi-square test, X^2 = 0.34, df = 4, p = 0.99). M. peleides were more likely to respond 
during feeding behavior, particularly when a birdcall was played. M. peleides typically 
remained still with wings closed in resting position, while movement came to a stop 
when sound was played around feeding butterflies.  
 

	
Figure 10: Count of M. peleides exhibiting no reaction to sound tests based on non-flight 
behavior. 30 individuals were sampled with 10 butterflies each for feeding, exposed 
resting, and covered resting behavior within the closed habitat enclosure. Bars represent 
number of individuals that remained in position with no movement in response to test.   

DISCUSSION 
 
Several major trends were observed involving butterfly response to sound. Flight time 
was significantly longer when sound was played in a simple, open habitat. Within a 
closed, complex habitat, flight time remained the same regardless of sound. When M. 
peleides was allowed to feed without inducing flight, less movement was observed when 
sound tests were played. These results led to the conclusion that M. peleides are most 
likely responding to sound. However, behavior appears to be highly correlated with many 
factors; including habitat type, vegetation level, and presence of other butterflies. 
Therefore, the best strategy to avoiding predation in Morpho species might depend highly 
on the context of the	situation.	For	example,	butterflies	appear	to	be	more	susceptible	
to	predation	during	flight;	especially	with	blue,	iridescent	wings	that	make	visibility	
easy	for	avian	predators.	If	a	butterfly	is	being	pursued	by	a	bird,	the	method	of	
escape	would	depend	on	the	type	of	habitat.	In	edge,	river,	or	field	habitats,	sporadic	
flight	may	be	the	best	method	of	avoiding	escape	by	confusing	the	bird	into	losing	
sight	of	the	butterfly	before	it	is	able	to	land.	In	more	complex	habitats,	like	
understory	and	sub-canopy,	the	most	efficient	method	of	escape	might	be	to	quickly	
land	in	thick	vegetation.	This	allows	M.	peleides	to	display	their	cryptic	coloration	
that	is	difficult	to	detect	for	predators.	It	is	beneficial	for	many	butterflies	with	this	
type	of	coloration	to	remain	in	a	closed	perch	as	they	are	more	recognized	as	prey	
though	movement	(Chai	1986).	As	soon	as	nearby	leaves	are	rustled	or	their	wings	
are	touched,	flight	would	once	again	be	the	best	option	for	M.	peleides.	Detecting	
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auditory	signals	is	essential	in	Morpho	species	as	their	bright	coloration	can	make	
them	more	susceptible	to	predation	during	specific	behaviors.	While	erratic	flight	
maneuvers	may	confuse	predators,	Morpho	species	are	highly	vulnerable	when	
perched	on	a	leave	with	wings	open	to	absorb	light	through	their	microscopic	scales	
(Vukusic	et	al.	1999).	Possessing	the	ability	to	hear	birdcalls	or	other	sounds	would	
provide	Morpho	species	the	opportunity	to	react	in	time	through	other	anti-
predatory	behaviors.		
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ABSTRACT 
 
Predation on hummingbirds has previously been considered an unimportant factor in controlling behavior, 
but recent studies have challenged this notion. To determine the effect of predation risk on hummingbird 
behavior, I set -up four feeders with predator (snake and mantis) and non-predator (leaf and novel object) 
models to see how six different hummingbird species would respond. Every species showed a statistically 
significant avoidance of the snake model, and some avoided the leaf, possibly because of its size. These 
results suggest that predation does play a role in controlling the behavior of hummingbirds and that it is an 
important consideration in energetics and trade-off discussions. 
 
RESUMEN 
 
Los colibríes no tienen muchos depredadores, entonces muchas personas piensan que los depredadores no 
afectan el comportamiento de ellos, pero experimentos recientes dicen algo diferente. Para determinar el 
efecto del riesgo de depredadores en el comportamiento de los colibrís, yo puse cuatro comederos con 
modelos de depredadores (una serpiente y una mantis religiosa) y modelos que no son depredadores (una 
hoja y un objeto nuevo) para ver como los colibríes de seis especies responderían. Cada especie evitó el 
modelo de serpiente y algunos evitaron el modelo de hoja, posiblemente a causa del tamaño de la hoja. 
Estos resultados sugirieren que los depredadores sí tienen un efecto en el comportamiento de los colibríes y 
que es una consideración importante en las discusiones de energía y los compromisos.  !
 
INTRODUCTION 
 
Every time a prey animal forages, it increases its chance of predation; animals must make 
decisions each time they experience hunger. There is a trade-off between foraging and 
predation risk, in that animals must decide if it is worth going to find food, knowing that 
they might expose themselves to a predator (Lima et al. 1985). Generally, there is a 
balance between hunger and risk. For example, food-deprived whirligig beetles were 
found to forage on the outskirts of the group, thereby accepting a higher predation risk, 
but also increasing their chance of finding more food (Romey 1995). Thus, animals often 
get a payoff in the form of more food with higher predation risk, but they have to weigh 
their options. Foraging may not be worth it if the predation risk is deemed too high. 
However, if food deprivation is more severe, the organism may choose to accept the 
increased risk. 
 Hummingbirds represent a unique case to explore. They have a high metabolic 
rate during both day and night and therefore must feed regularly to maintain their energy 
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and to escape predators (Lasiewski 1963). Bird predation risk tends to decrease with 
decreased body size, but it is still an important factor to consider, especially since risk 
increases when foraging (Bednekoff and Houston 1994). Predation on hummingbirds is 
rare, which suggests that either hummingbirds are not good meals or that they are good at 
evading predators. Since many opportunistic predators exist, the latter is more likely. 
Miller and Gass (1985) studied predation on hummingbirds and found only 13 recorded 
instances. While many were hunted by raptors, there was one instance of a praying 
mantis consuming a hummingbird (Lorenz 2007). Additionally, snakes have been 
documented eating hummingbirds (Baltosser 1986). It has been suggested that predation 
on adult hummingbirds is so low that it is often ignored in energetic considerations 
(Miller and Gass 1985), but increased anti-predator vigilance was seen when 
hummingbird vision was blocked. (Lima 1991). 
 Because of the diversity of hummingbirds that exists in the tropics, it is possible 
that predators are more adapted to eating hummingbirds. Miller and Gass (1985) suggest 
that predation of hummingbirds may be more prevalent in the Neotropics than in 
temperate areas because there are more predators. Therefore, I chose a reserve in 
Monteverde, Costa Rica, in which both hummingbirds and snakes are abundant. The 
reserve has had hummingbird feeders set up for about five years, and up to 10 species of 
hummingbirds regularly visit the feeders. I investigated how the six most common 
hummingbird species respond to the presence of potential predators near their feeding 
site. Specifically, I used two predator models—a praying mantis and a Bothriechis 
lateralis snake, a common opportunistic predator in the reserve (Savage 2002) placed 
onto the feeders to explore how multiple hummingbird species would respond to the two 
potential predators. 
 
METHODS 
 
Study Site 
 
Predator avoidance studies were conducted in Curi-Cancha Reserve in Monteverde, 
Costa Rica from July 17 - July 29. The Reserve encompasses open areas and 
encompasses both premontane wet forests and lower montane wet forests (Holdridge 
1967).  
 
Study organisms 
 
The six most abundant hummingbirds at the site were recorded. They differ in size 
between species. The largest recorded species were the Violet Sabrewing (Campylopterus 
hemileucurus; VSW; 15 cm) and Green Crowned Brilliant (Heliodaxa jacula; GCB; 13 
cm). The smaller species were: Green Violetear (Colibri thalassinus; GVE; 10.5 cm), 
Stripe-tailed Hummingbird (Eupherusa eximia; STH; 9.5 cm), and Steely-vented 
Hummingbird (Amazilia caucerrotei; STV; 9 cm). The smallest hummingbird recorded 
was the Coppery-headed Emerald (Elvira cupreiceps; CHE; 7.5 cm) (Stiles and Skutch 
1989). Hummingbirds have very acute vision, seeing near-ultraviolet light, and likely 
depend on their vision alone to sense the world around them, including potential 
predators (Goldsmith 1979). Thus, using visual cues of predators was relevant. 
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Data Collection 
 
Predator models were collected and created. The models included a clay leaf model and 
twisted cotton swabs, which was used as a novel object. The novel object was used as a 
control instead of no model to ensure that the effects were not due to neophobia. The 
predator representations were a praying mantis made of plastic and a Bothriechis lateralis 
snake model made of clay. Duplicate models were used and rotated to control for any 
individual model differences. 
 Four hummingbird feeders were filled with a 20% sugar-water solution. The 
feeders replaced the already existing feeders on the hummingbird tree in Curi-Cancha 
Reserve. The four models (leaf, cotton, snake, and mantis) were attached to the feeders 
using string (see figure 1), and the frequency of hummingbird visits and species were 
recorded. Visits were defined as any time a hummingbird went within 30 cm of the 
opening of the feeder and drank. If a hummingbird drank once and then paused and 
returned to drink again but remained within 30 cm, it was counted as the same visit. 
Visits were recorded for 20 minutes at each feeder. Between each trial, a standard waiting 
time of five minutes was observed. After each feeder was recorded once for 20 minutes, 
the order was changed because a position bias was noted during preliminary 
observations. When the order of the feeders was changed, the models were also replaced 
with duplicate models to control for model discrepancies. The same procedure was 
followed using only the leaf and cotton, without any predator models.  
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
FIGURE 1. Models on feeders used for the two experiments. From left to right: 
Bothriechis lateralis snake, praying mantis, leaf, and cotton. 
 
Additional Observations 
 
Additional irregular behaviors were noted, such as engaging with the models or hesitation 
at the feeders. Also, frequency of breaks during feeding bouts was qualitatively noted. 
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RESULTS 
 
The snake and mantis model both fit into the range of sizes found naturally. Data was 
collected for 160 minutes at each feeder. Overall, 1339 visits were observed. There were 
294 Violet Sabrewings observed, with 53 to the snake feeder, 95 visiting the mantis, 63 at 
the leaf, and 83 at the cotton. There were 339 Green-Crowned Brilliant visits observed, 
with 23 at the snake, 66 at the mantis, 93 at the leaf, and 157 visits at the cotton. The 
Stripe-Tailed Hummingbirds visited 228 times, with 16 visits to the snake feeder, 79 to 
the mantis, 51 to the leaf, and 82 to the cotton. The Green Violetear visited a total of 239 
times, with 17 visits to the snake, 75 visits to the mantis, 49 to the leaf, and 98 to the 
cotton. The Coppery-Headed Emeralds visited 154 times, with only 4 visits to the snake, 
62 to the mantis, 24 to the leaf, and 64 to the cotton. The Steely-Vented Hummingbird 
visited 85 times, with no visits to the snake, 17 visits to the mantis, 40 to the leaf, and 28 
to the cotton. The data revealed that hummingbirds show a strong avoidance of snakes. 
Every species significantly avoided the snake model more than any other feeder (Chi-
square test: VSW: x2 = 14.735, df = 3, p = 0.0021; GCB: x2 = 111.537, df = 3, p < 0.0001; 
STH: x2 = 49.579, df = 3, p < 0.0001; GVE: x2 = 60.900, df = 3, p < 0.0001; CHE: g = 
83.3359, df = 3, p < 0.001; STV: g = 58.4624, df = 3, p < 0.0001). The other three models 
had approximately equal rates of visitation, though the cotton had slightly more (see 
figure 2).  
 When the models were tested without any predators, most species showed a 
statistically significant preference for the cotton over the leaf (Chi-square test: GCB: x2 = 
6.126, df = 1, p = 0.0133; STH: x2 = 16.457, df = 1, p < 0.0001; GVE: x2 = 10.987, df = 1, 
p = 0.0009; STV: x2 = 6.721, df = 1, p = 0.0095). 
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FIGURE 2. Number of visits by each hummingbird species to each feeder with a 
model. A visit was defined as a single instance when a hummingbird went and remained 
within 30 cm of the opening of the feeder and took a drink. The models were placed on 
the hummingbird feeders, which were filled with 20% sugar-water solution. The recorded 
hummingbird species were: Violet Sabrewing (VSW), Green Crowned Brilliant (GCB), 
Green Violetear (GVE), Stripe-tailed Hummingbird (STH), Steely-vented Hummingbird 
(STV), and Coppery-headed Emerald (CHE). These data were collected in a private 
reserve in Monteverde, Costa Rica, which is a mix of open areas and forest. 
 
Additional Observations 
 
Many hummingbirds were observed engaging with the models, especially the snake, in 
different ways. Some birds hovered in a circle around the feeder at the level of the snake 
before deciding to fly away. Some hummingbirds did decide to drink after investigating, 
and one VSW was seen poking at the snake model with its beak before deciding to take a 
drink. These behaviors were only observed frequently at the snake feeder and 
occasionally at the leaf feeder. Additionally, hummingbirds seemed to pause and scan the 
feeder more during feeding bouts at the snake feeder and sometimes the leaf feeder. 
When they took a break, they tended to hover slightly upward, to the level of the snake, 
rather than moving directly backwards, as was observed at control feeders. 
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DISCUSSION 
 
The data showed that every observed species of hummingbird made an effort to avoid the 
snake model. Additionally, the hummingbirds hovered around the snake, seemingly 
examining it for possible danger. A VSW was seen poking at the snake, possibly trying to 
determine the level of risk it posed. This suggests that the hummingbirds were able to 
recognize the snake as a potential predator and opted to stay away from it to stay safe. 
These results reflect similar results found by Lima (1991) in which hummingbirds 
increased their vigilance when their vision was blocked with a cone and they avoided 
feeders that increased their predation risk by terrestrial predators. Both the present study 
and Lima’s study show that hummingbirds engaged in predator avoidance behavior when 
they sensed an increased risk. Another study found no significant difference with the 
introduction of potential predators, including snakes and birds, but the researcher did note 
increased vigilance, similar to what was observed in this study (Lai 2010). The artificial 
predators in that study were not on the feeders, but rather above them, which may 
account for the differences in results. 

The fewer number of visits at the snake feeder also suggests that the desire for 
food did not outweigh the risk of eating from the snake feeder for most birds. It is 
possible that if the resources were more limited, more hummingbirds would have chosen 
to accept the risk of eating at the snake feeder, similarly to Romey’s (1995) study on 
beetles, in which food-deprived beetles accepted greater risks to get more food. If 
competitive exclusion… However, this is not the only study that shows organisms 
avoiding food resources due to the presence of predators. Dukas and Morse (2003) found 
that multiple species of bees avoided flower patches that had more crab spiders, a known 
bee predator. This suggests that when organisms deem the predation risk too high, they 
may choose to avoid the risk, even if that means losing a food source. 

Additionally, prey animals tend to evolve various strategies to evade their 
predators. Failures of predators shape prey evasion tactics (Vermeij 1982). If a predator 
fails to catch an animal, the prey will have a higher survival if they are genetically 
predisposed to avoid the predator. Thus, my data provide evidence of the end result of 
evolution of successful prey avoidance tactics. This could explain why predation on adult 
hummingbirds is so rare. Because the hummingbirds avoided the snake in the present 
study, it suggests that they have evolved to instinctually recognize snakes as a predator 
and to therefore avoid them whenever encountered. Though praying mantises are known 
predators of hummingbirds, especially smaller birds, none of the species appeared to 
avoid it. It could be that the high elevation and cooler temperatures in Monteverde limit 
the mantis abundance, and therefore, the birds here are less familiar with these predators. 
Thus, the hummingbirds do not avoid the mantises, even though they are a known 
predator.  
 The hummingbirds avoided the leaf slightly more than the mantis, and when their 
only options were the leaf and cotton, they avoided the leaf significantly more. This runs 
counter to what would be expected due to the predatory nature of mantises, but it is 
possible that size of the models was an important indicator. The leaf was larger than both 
the praying mantis model and the cotton (see Figure 1). Therefore, perhaps the size of the 
leaf model caused the hummingbirds to avoid that feeder. However, the extreme 
avoidance of the snake suggests that snakes are a more familiar predator to the 
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hummingbirds and that the hummingbirds know to avoid them. This idea is furthered by 
anecdotal evidence, which tells that the location of snakes in the forest is often revealed 
by distressed hummingbirds. The behavior that usually assists in locating snakes in the 
forest is similar to the behavior that was observed around the snake feeder. The similarity 
in behavior suggests that the hummingbirds recognized it as the same potential predator 
that they may have previously encountered. 
 This study showed that hummingbirds do make an effort to avoid predators, 
especially snakes, and it adds to the pool of data about the trade-offs of foraging and 
increased predation risk. Although hummingbirds were previously thought to ignore 
predation risk as a factor and thus this behavior was ignored in energetic considerations, 
we know now that this element must be acknowledged. Additionally, it does seem that 
they pay more attention to certain types of predators, like snakes, more than others, like 
mantises. Overall, statistically significant avoidance and awareness of predators was 
noted, suggesting that predation does shape hummingbird behavior in the field. Future 
studies should investigate whether the hummingbirds would avoid other local predators, 
such as raptors and other large birds. This study helps us to understand why predation on 
hummingbirds is so rare, suggesting that it could be due to vigilant behavior to avoid 
predators.  
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ABSTRACT 
 

In a rapidly urbanizing society, it is important to understand how urbanization will impact the natural world. Habitat 
changes from urbanization that can affect bats include loss of vegetation for shelter and cover and light and noise 
pollution. Notably, lights attract flying insects which then draw bats who target these unnaturally grouped prey 
items. Few studies have simultaneously investigated bat activity in natural, suburban, and urban areas. The present 
study attempted to fill this gap in understanding through the use of an acoustic recording device and asked the 
following questions: 1) does bat activity and/or diversity increase or decrease around suburban lights as compared to 
natural habitat and 2) how does that trend compare to bat activity and diversity around lights in urban areas. Both bat 
abundance and diversity were found to increase with distance from urban areas with implications for bat 
conservation and ecology. Slow-hawkers were found to be especially vulnerable to urbanization. As urbanization 
increases, it is likely that bats will be negatively affected by urban areas and avoid them. However, if cities are 
developed in a compact way that reduces sprawl, more habitat may be left intact or regenerating for bats. 
 
 
RESUMEN 
 

En una sociedad que se está urbanizando rápidamente, es importante entender como este proceso puede impactar el 
mundo natural. Los  cambios en el hábitat por la urbanización que pueden afectar a los murciélagos incluyen la 
perdida de vegetación para refugio y cobertura y la contaminación sónica y lumínica. Notablemente, la luz atrae 
insectos voladores que atren a los murciélagos de manera poco natural a estos grupos de presas. Pocos estudios han 
investigado simultaneamente la actividad en áreas naturles, urbanas y suburbanas. El presente estudio busca rellenar 
este vacío y entender como el uso de una grabadora acústica puede contestas las siguientes pregunats: 1) como 
cambia la actividad y/o diversidad de murciélagos alrededor de áreas con luz suburbanas al comparlo con hábitats 
naturales y 2) como se compara esta tendencia a la actividad y diversidad de los murciélagos alrededor de las luces 
en áreas urbanas. Tanto la abundancia y diversidad de murciélagos mostraron un aumento con la distancia de las 
áreas urbanas con implicaciones para la conservación y ecología de los murciélagos. Los murciélagos de forrajeo 
lento son los más vulnerables a la urbanización. Al aumentar la urbanización, es probable que los murciélagos se 
van a ver afectados por estas áreas urbanas y las van a evitar, si las ciudades se desarrollan de manera compacta para 
reducir la extención, más hábitat puede permanecer intacto o en regenración para los murciélagos. 

 
INTRODUCTION 
 
 Habitat destruction is the wholesale loss of the natural resources, structural components, 
and/or climate variables necessary for species to survive and reproduce. Examples of habitat 
destruction include the creation of monoculture agricultural fields, densely packed urban areas 
with little to no native vegetation, and deforested areas. Habitat degradation is the alteration of 
natural environment in a way that lowers ecosystem productivity. Degraded habitats potentially 
include suburban areas, agroforestry lands, and habitat fragments. Habitat destruction and 
degradation are the leading causes of the current increase in the rate of species extinctions above 
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geologically recent rates and before human influence, i.e. background extinction rates (Gurevitch 
& Padilla 2004, WWF 2014). Species extinction rates are predicted to climb to 10,000 times 
higher than background extinction rates (De Vos et al. 2014). 

Habitat destruction has primarily been driven by agricultural expansion, but in recent 
decades the rate of urbanization has increased dramatically (Millennium Ecosystem Assessment 
2005). As such, urbanization will continue to play a growing role in the loss and degradation of 
habitats while some agricultural lands may begin to return to their natural states (Rudel 2002). 
Unfortunately, the impacts of urbanization on ecosystems and species are poorly understood. 
Urbanization is expected to be detrimental to most groups of organisms, but impacts on some 
taxa, such as bats, remain less clear. Bats could theoretically benefit or be negatively impacted.  

Habitat changes from urbanization that may affect bats include edge effects, loss of 
vegetation for shelter and cover, and light and noise pollution. Notably, lights attract flying 
insects. These insects then draw insectivorous bats who target these unnaturally grouped prey. 
While urbanization affects bat species around the world, the present study focuses on bat species 
of Costa Rica. Bats comprise over 50% of all mammal species in Costa Rica which contains at 
least 11% of the 925 species of bats found throughout the world (LaVal 2002). Thus, the effect 
of urbanization on bats in Costa Rica offers a view into the possible future for bats in urban areas 
around the world. 

Bats provide services in the form of pollination, seed dispersal and forest regeneration 
(Muscarella & Fleming 2007, Lewanzik & Voigt 2014), and pest control (Boyles et al 2011) and 
all bats need protection from predators. Bats use vegetation, and the darkness and structural 
protection it provides, to avoid predation (Rodriguez-Duran & Lewis 1985, Speakman 1991, 
Schaub & Schnitzler 2007). In fact, predation success on bats is higher in more open and lighted 
areas (Rodriguez-Duran & Lewis 1985). Accordingly, many bats avoid lighted areas when 
commuting and foraging, including open areas lit by the moon (Schaub & Schnitzler 2007). Like 
lack of vegetation, light pollution can expose bats to increased predation and overcast night sky 
radiance in urban areas has been found to be as much as four orders of magnitude larger than in 
natural settings (Kyba et al. 2015). Artificial night lighting is highly heterogeneous on both 
landscape and local scales and may be different within just a few meters (Kyba et al. 2015). This 
can lead to altered spatial arrangements of bats. 

Bats can be divided into two echolocation and flight strategy groups. “Slow-hawkers” are 
bats that make short, broadband, high frequency echolocation calls for short range detection and 
use slow flight to capture prey. These bats are often highly maneuverable and typically forage in 
cluttered environments (Norberg & Rayner 1987). “Fast-hawkers” are bats that make long, 
narrowband, low frequency echolocation calls for long range detection and use fast flight to 
capture prey. These bats often have wide turning radii and typically forage in open areas 
(Norberg & Rayner 1987). The correlation between echolocation and flight strategies is strong 
enough that echolocation type can be used as a proxy for both (Norberg & Rayner 1987). Due to 
their different foraging strategies and habitat needs, these bat groups could be impacted 
differently by urbanization. 

Many studies have investigated the effects of light pollution or urbanization on bats 
(Walsh & Harris 1996, Stone et al. 2009, Berthinussen & Altringham 2011, Lewanzik & Voigt 
2014) but few have simultaneously investigated bat activity in natural, suburban, and urban 
areas. The present study attempts to fill this gap in understanding through the use of an acoustic 
recording device and asks the following questions: 1) does bat activity and/or diversity increase 
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or decrease around suburban lights as compared to natural habitat and 2) how does that trend 
compare to bat activity and diversity around lights in urban areas? 
 
MATERIALS AND METHODS 
 
Study Species 
 Bat species recorded in this study will be referred to by the abbreviations in Table 1. Bats 
were assigned to either the slow-hawking group or fast-hawking group based on their 
echolocation calls. Bats with an average frequency above 30 kHz and whose calls were wider 
than long were included in the slow-hawking group (Fig 1a). Bats with an average frequency of 
30 kHz or lower and whose calls were longer than wide were included in the slow-hawking 
group (Fig. 1b). The slow-hawking bats of the Monteverde area are of the family 
Vespertilionidae and the fast-hawking bats are of the family Molossidae.  
 

TABLE 1.     Species abbreviations used in this study.  
 

 
Species Abbreviation Species Abbreviation 
Eptesicus brasiliensis Eptbra Molossus sinaloae Molsin 
Eptesicus fuscus Eptfus Myotis keaysi Myokea 
Eumops auripendulus Eumaur Myotis nigricans Myonig 
Lasiurus blossevillii Lasblo Myotis oxyotus Moyoxy 
Lasiurus ega Lasega Myotis riparius Myorip 
Molossus molossus Molmol   

 
 
Study Sites  

This study took place throughout the three communities of the Monteverde area in 
Puntarenas, Costa Rica: Santa Elena, Cerro Plano, and Monteverde (Fig. 2). These three 
communities are connected by one continuous main roadway around which most human activity 
and urbanization are centered. All data were collected on the Pacific slope at about 1350 m in 
elevation in the Holdridge Life Zone of lower montane wet forest (Holdridge 1971). Recordings 
were made at three types of location: dark, suburban, and urban locations. Dark points were 
defined as points containing no artificial light, and containing more natural habitat and less 
human noise and activity than either suburban or urban points. Suburban points were defined as 
points containing an artificial light and intermediate levels of buildings, noise, and human 
activity. Urban points were defined as points on a main road, containing an artificial light, many 
buildings, and much noise and human activity.  
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Length of call (seconds) 

FIGURE 1.     Examples of foraging calls of bats from two echolocation and flight strategy 
groups: (a) slow-hawkers make short, broadband, high frequency echolocation calls for short 
range detection. Left to right, Eptbra, Myorip, and Myokea; (b) fast-hawkers make long, narrow 
band, low frequency echolocation calls for long range detection. Left to right, Eumaur and 
Molmol.  
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FIGURE 2.   Map of data recording sites throughout the Monteverde area. 
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Equipment, Data Collection, and Processing 
 Bat calls were recorded using an Echo Meter from Wildlife Acoustics and an iPad 

with an Echo Meter Touch app version 2.0.5. Bats are known to begin activity at or soon after 
sunset with many species peaking in activity about an hour after sunset (Reid 1997). Sunset is at 
approximately 6pm in July in Costa Rica. Therefore, each night, recording sessions began within 
5 minutes of 7pm. The following setting were used: trigger sensitivity was medium, audio 
division ratio was 1/20, noise files were saved, and real time ID was not used as it is not 
sufficiently accurate to use in field conditions (Richard LaVal pers. comm.). IPad screen 
brightness was at the lowest setting and brightness and contrast of Echo Meter Touch app were 
set to 20 to reduce the influence of light from the iPad on bat behavior. 

Each recording session contained a dark, suburban, and urban point. Thirty minute 
recordings were made at every point in each session. Therefore, a session lasted less than two 
hours once travel time between points was included. All sessions were completed in a single 
night to control for weather, moon phase, and stochastic variables. Points were recorded in a 
different order each night to control for changes in bat activity at different times after sunset. 

Data were not collected on excessively rainy or windy days as this weather could alter bat 
activity throughout or within a recording session (Belwood & Fullard 1984) likely due to the 
weather increasing bats energetic costs (Voigt et al. 2011). Recordings at suburban and urban 
sites were made under either LED or high-pressure sodium (HPS) streetlights as LED streetlights 
have been shown to repel several insectivorous bat species to a similar degree as HPS lights 
(Stone et al. 2012). Recordings were then uploaded to a computer and filtered using 
Kaleidoscope 3.1.7. Settings were as follows: time expansion factor of 1, division ratio of 8, 
signals of interest were 8-120 kHz and 2-500 ms with a minimum number of two calls. Noise 
files were kept and manually examined for bat calls. Echolocation calls were identified to species 
using a reference library of Monteverde bat calls (Richard LaVal unpubl. data). Beginning 
frequency, frequency breadth, and length, shape, and pattern of calls was considered when 
assigning identifications. Number of passes, or bat recordings made by the Echo Meter Touch 
app, was used as a proxy for bat abundance due to the inability to differentiate individuals. 

 
RESULTS 
 
 Data was collected at a total of 12 sites each containing three points: one dark, one 
suburban, and one urban. For each site, percent of passes that were recorded in each point type 
are reported in Fig. 3. Average number of species was highest at dark sites with an average of 2.8 
species per site and lowest at urban sites with an average of 1.4 species per site (Fig. 4). 
Suburban points had an intermediate average number of species at 1.8 per site. This difference 
was significant (repeated measures ANOVA: df = 2, F2,11 = 65.79, P <0.001; Fig. 4) and post-
hoc analysis revealed that the significance was driven by the difference between dark and urban 
points (paired t-test: N = 12, df = 11, T = 2.20, P < 0.01). Note, however, that there is a larger 
difference in average number of species between dark and suburban points than between 
suburban and urban points (Fig. 4): average number of species decreased by 1.0 species from 
dark to suburban points and decreased by only 0.4 species from suburban to urban points. 
Overall, average number of species decreased by 50% from dark to urban points. (Fig. 4).  

Likewise, overall bat abundance was significantly different between the point types 
(repeated measures ANOVA: df = 2, F = 15.05, P < 0.001; Fig. 5). A post-hoc analysis revealed 
that the significance was driven by the difference between dark and urban points (paired t-test: N 
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= 12, df = 2, T = 2.20, P < 0.05). Bats were most abundant in dark points with a 420 passes 
recorded. Bats were least abundant at urban points with 161 passes recorded. Bats had 
intermediate abundance at suburban points with 288 passes recorded. Average bat abundance 
decreased over 61% from dark to urban points. (Fig. 5).  

However, whether an individual species’ abundance was positively or negatively 
associated with distance from urban area was dependent on their foraging strategy. As distance 
from urban area increased, so did the percentage of bats from the slow-hawking group: (a) bats at 
dark points were on average composed of 78. 3% slow-hawkers and 21.7% fast-hawkers; (b) bats 
at suburban points were on average composed of 43.4% slow-hawkers and 56.6% fast-hawkers; 
(c) bats at urban points were on average composed of 14.3% slow-hawkers and 85.7% fast-
hawkers (Fig. 6). Most of the slow-hawking species increased in abundance with increasing 
distance from urban areas (Table 2a) and the opposite trend is seen for some, but not all, fast-
hawking species (Table 2b). Some slow-hawking species appeared only in dark point recordings 
and no species were found only in urban or suburban points (Table 2a). Further, most of the 
species recorded were from the slow-hawking group with eight slow-hawkers and only 3 fast 
hawkers (Table 2). 

  
 

 
Site 

 

 

FIGURE 3.   Percent of passes that were recorded in each point type by site. 
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Data collection point type 
 

FIGURE 4.     Average number of species was highest at dark sites with an average of 2.8 species 
per site and lowest at urban sites with an average of 1.4 species per site. Suburban sites had an 
intermediate number of average species at 1.8 per site. Note, also, that there is a larger difference 
in average number of species between dark and suburban points than between suburban and 
urban points: average number of species decreased by 1.0 species from dark to suburban points 
and decreased by only 0.4 species from suburban to urban points. Average number of species 
decreased by 50% from dark to urban points. 
 

       
 
 
 

 
 
 

Data collection point type 

FIGURE 5.   Total number of passes at each point type. Bats were most abundant in dark points 
with a 420 passes recorded. Bats were least abundant at urban points with 161 passes recorded. 
Bats had intermediate abundance at suburban points with 288 passes recorded. Average bat 
abundance decreased over 61% from dark to urban points. 
 

    

Av
er

ag
e 

nu
m

be
r o

f s
pe

ci
es

 
To

ta
l n

um
be

r o
f p

as
se

s 

 115 

 115 

 115 

 115 

 115 

 115 

 115 

 115 



 

 

 
 

 

FIGURE 6.    Percentage of bats from either hawking group at each point type. As distance from 
urban area increased, so did the percentage from bats of the slow-hawking group: (a) bats at dark 
points were on average composed of 78. 3% slow-hawkers and 21.7% fast-hawkers; (b) bats at 
suburban points were on average composed of 43.4% slow-hawkers and 56.6% fast-hawkers; (c) 
bats at urban points were on average composed of 14.3% slow-hawkers and 85.7% fast-hawkers. 
 

       
 

 

TABLE 2.    Total number of passes of each species recorded at each point type: (a) there were 
eight slow-hawking species and (b) only three fast-hawking species recorded. 
 

            
 
 
DISCUSSION  
 

On average, there was a larger number of species as well as greater abundance of bats in 
dark than urban points. This is in accordance with findings in other studies (Berthinussen & 
Altringham 2011). This suggests that few species can take advantage of urban areas. 
Additionally, that there is a larger difference between average number of species at dark and 
suburban points than there is between suburban and urban points, suggests that some species of 
bats are sensitive to habitat changes even at the suburban intensity. Further, all of the suburban 
points had nearby tree cover, and most had tree cover that was continuous with the Reserva 
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Biologica del Bosque Nuboso de Monteverde (RBBNM) and Bosque Eternal de los Niños 
(BEN) and thus there was not a shortage of bats to make use of suburban areas. Therefore, the 
nearly immediate decrease in bat species diversity in suburban areas suggests that these areas 
have minimal conservation value for some species of bats that prefer more natural habitat. 

With this in mind, it is suggested that future development focus on creating more 
compact areas of human habitation, reducing suburban sprawl, and thus converting smaller areas 
of land to more highly concentrated developments. This could leave as natural habitat, or allow 
to regenerate, what would have otherwise been turned into developed areas. There seems to be 
little advantage for bat conservation in dispersing the effects of urbanization into suburban areas 
in an attempt to lessen their intensity. 

Additionally, because both diversity and abundance dropped off quickly when moving 
from dark into suburban areas, this suggests that bats were not primarily deterred by the 
increased noise and human activity of the urban areas. More likely, they prefer to stay close to 
the protection from predators that darkness and vegetative cover offer. The relatively small 
decrease in diversity from suburban to urban could be attributed to either increased distance from 
protective cover, increasing levels of light and noise pollution and human activity, or both.  
 Based on the trends in Fig. 6 and Table 2, it appears that slow-hawkers are more sensitive 
to urbanization than fast-hawkers. These findings are in accordance with previous studies 
(Rydell 1992). A possible cause for the differential use of lights as foraging grounds by the two 
hawking types may be the ability of fast flying bat species to avoid predation in these lighter, 
more exposed conditions as well as their ability to catch the fast flying insects that are attracted 
to these lights (Rydell 1992). Therefore, it can be expected that as urbanization increases, and 
along with it the number lights, there will be a differential effect on the populations of these bats.  

Additionally, there is the possibility of diffuse exploitative competition (Arlettaz et al. 
2000) between slow-hawkers and fast-hawkers, to the further disadvantage of slow-hawkers. It is 
important to note that the majority of the species recorded in this study, and the Monteverde area 
in general, belong to the slow-hawking group. Therefore, these trends could have a large 
negative impact on bat diversity and overall bat populations in this area with subsequent 
increases in insect populations and consequent increased incidence of disease and crop damage. 
Further, artificial lighting may not actually increase fast-hawking bat populations but may simply 
reduce their evenness within their habitat as they cluster near lights.  

This study has specifically focused on insectivorous bats, but conclusions for frugivorous 
bats can logically be drawn as well. Insectivorous bats have something to gain by foraging near 
lights: a highly concentrated food source. The same cannot be said of frugivorous bats. If bats 
with something to gain by venturing into the light still avoid doing so, bats that have little or 
nothing to gain by exposing themselves to increased predation risk will almost certainly not do 
so. Therefore, it can be predicted that the trends seen here in insectivorous bats will only be more 
pointed in frugivorous bats with implications for seed dispersal and forest regeneration. This 
should be investigated in the future. 

Urbanization can greatly increase the number of habitat edges found in a given area and 
thus increase the area impacted by edge effects. Some species may benefit from edge effects, 
including generalists and pioneer species. However, this can be expected to depend on the degree 
of disturbance as well as the trophic level of the species in question. For example, plants in the 
genus Piper are pioneer species and are common on forest edges and in clearings. However, 
species of bats that feed on the fruits of Piper sp. are deterred by light pollution and Piper fruits 
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found under lights are less likely to be dispersed by bats than those Piper fruits found in darkness 
(Lewanzik &Voigt 2014).  
 Due to the many ecosystem services provided by bats, it is important to conserve them 
and maintain their ecological balance in order to avoid the monetary costs of replacing these 
services through human intervention. Bats comprise the majority of mammal species in Costa 
Rica, represent highly unique taxa, and have great intrinsic value. As we move toward a world 
whose night is a perpetual twilight, it is important to keep the creatures of darkness in mind. 
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APPENDIX 
 

 

APPENDIX A.     Number of species found in each site by point type. Darkest grey indicates 
dark points, medium grey indicates suburban points, and lightest grey indicates urban points. 
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