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Ectomycorrhizal fungi near oak roots contribute 
positively to soil carbon content in a tropical cloud 
forest 
Marina Kochuten 

School of Environmental and Forest Sciences, University of Washington Seattle 

 

 

ABSTRACT 
Increasing soil organic carbon (SOC) is crucial for mitigating climate change. Knowing what biotic and abiotic 
factors increase SOC can allow for more comprehensive conservation decisions. Previous controlled experiments 
suggest the possibility that mycorrhizal associations with roots play a large role in soil carbon sequestration. If this 
claim is generally true, a pattern of higher mycorrhizae cover yielding higher SOC should be common under natural 
conditions, but specific field studies are lacking. This study examined the relationship between ectomycorrhizae 
cover in roots surrounding Quercus trees in a tropical cloud forest and SOC directly surrounding these roots in both 
forested and open habitats. Soil core samples were taken from 12 Quercus trees (6 in open, 6 in forest) at increasing 
distances from the edge of the tree’s canopy (from 0 to 40 meters). From each sample, ectomycorrhizae percent 
cover on roots was quantified and SOC was measured as percent transmittance using a spectrophotometer. 
Transmittance, and therefore SOC, varied significantly with ectomycorrhizae abundance but not with habitat type.  
Distance from trees did not explain any variation in transmittance beyond what variation in ectomycorrhizae cover 
explains. For every ten percent increase in ectomycorrhizae cover, SOC increased 0.88 mg/mL suggesting that 
ectomycorrhizae abundance plays a larger role in carbon sequestration under natural conditions than previously 
estimated. 

 

RESUMEN 
El aumento en el carbono orgánico del suelo (SOC por sus siglas en inglés) es crucial para mitigar el cambio 
climático. Conocer los factores que aumentan el SOC puede permitir una mayor comprensión a la hora de tomar 
desiciones de conservación. Experimentos controlados previos sugieren la posibilidad que las asociaciones 
micorrizicas con raíces juegan un papel crucial en la secuestración de carbono. Si esto es generalmente cierto, un 
patron de mayor cobertura por micorrizas llevaría a un mayor SOC más común bajo condiciones naturales, pero 
estudios de campo específicos hacen falta. Este estudio examina la relación entre la cobertura de ectomicorrizas en 
las raíces alrededor de árboles del género Quercus en un bosque nuboso tropical y el SOC directamente alrededor de 
estas raíces tanto en bosque como hábitat abierto. Muestras de suelo se tomaron de 12 árboles de Quercus (6 en área 
abierta, 6 en el bosque) a distancias en aumento desde el borde del dosel del árbol (de 0 a 40 metros). De cada 
muestra, se midió el porcentaje de cobertura de ectomicorrizas en la raíz, y el SOC fue medido como el porcentaje 
de transmitancia usuando un espectrofotómetro. La transmitancia, y por lo tanto SOC, varía significativamente con 
la abundancia ectomicorrizica pero no con el tipo de hábitat. La distancia desde los árboles no explica ninguna 
variación en la transmitancia más allá de la variación explicada por la cobertura ectomicorrizica. Por cada diez por 
ciento de aumento en la cobertura ectomicorrizica, el SOC aumenta en un 0.88 mg/mL sugiriendo que la abundancia 
ectomicorrizica juega un papel mayor en la secuestración de carbono bajo condiciones naturales que lo estimado 
previamente. 
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INTRODUCTION  
Over 90 percent of plant species are associated with mycorrhizal fungi, a vastly diverse group of 
fungus (Bonfante & Genre 2010). Mycorrhizae associate with roots of plants, benefitting both 
host and fungi. Mycorrhizae increase crucial mineral absorption, water absorption, and pathogen 
resistance in plants while in turn, mycorrhizae depend on the host plant for uptake of organic 
carbon and sugars necessary for growth (Bonfante & Genre 2010). There are two broad 
categories of mycorrhizae, ectomycorrhizas and endomycorrhizas (Duponnois & Plenchette 
2003). Ectomycorrhizas surround root tip with a sheath and develop the Hardig net (a hyphal 
network that surrounds the cell walls within the cortex), while endomycorrhizas produce 
arbuscules (tree-like branched hyphae) within the cells of the host plant’s roots (Bonfante & 
Genre 2010; Smith et al. 1997). Though the role of mycorrhizae in nutrient cycling is well 
studied, their role in carbon flux is less defined (Bonfante & Genre 2010). 

It is unclear whether the contribution of mycorrhizal fungi to soil carbon pools is positive 
or negative (Verbruggen et al. 2015; Cheng et al. 2012). This is a pressing issue in conservation, 
as soils act as a sink for carbon in the global carbon cycle (Danuse et al. 2002). Changes in soil 
carbon content (SOC) can significantly affect atmospheric carbon concentrations and therefore 
global warming and climate change (Danuse et al. 2002). Knowing which factors are at play in 
carbon sequestration and increasing SOC are important tools for conservation policy to reduce 
carbon in the atmosphere. 

Most studies on the contribution of mycorrhizal fungi to soil carbon suggest a positive 
contribution, meaning that mycorrhizae increase the concentration of carbon in adjacent soil. A 
recent review study suggests that mycorrhizae contribute significantly positively to SOC in all 
biomes by reviewing global SOC data and matching the region studied with expected vegetation 
type by biome in order to assume mycorrhizae presence (Averill et al. 2014). This study did not, 
however, quantify the relationship between mycorrhizae and SOC directly. Other studies 
performed under controlled field and lab conditions have also found that mycorrhizae contribute 
positively to SOC, both directly and indirectly (Drigo et al. 2010; Godbold et al. 2006; Olsson & 
Johnson 2005; Verbruggen et al. 2015; Wang et al. 2016). On the other hand, a controlled lab 
experiment showed that, mycorrhizae contribute negatively to SOC by decomposing SOC rather 
than sequestering SOC (Cheng et al. 2012). Since the majority of studies claim that global 
mycorrhizae contribute positively to SOC, soil samples taken under natural conditions anywhere 
in the world should show this pattern of higher mycorrhizae abundance yielding higher SOC. To 
my knowledge, no study has evaluated whether there is a positive or negative relationship 
between SOC and mycorrhizae abundance in field samples. Additionally, no study to my 
knowledge, has examined whether the effect of mycorrhizae on SOC is significant enough for 
changes in abundance of mycorrhizae to noticeably influence the amount of SOC present in the 
field. Indirect independent studies have found an increase in mycorrhizae abundance from 
pasture to primary forest in the tropics (O’Connor 2011) and higher SOC in primary forest 
compared to pastures in the tropics (Danuse et al. 2002). If mycorrhizae are contributing 
positively to SOC in the tropics, then this pattern of increasing SOC from pasture to forest could 
be largely due to the increase in mycorrhizae abundance from pasture to forest. To evaluate 
whether mycorrhizae abundance is positively correlated with SOC in general, and not simply due 
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to differences in SOC due to deforestation (Danuse et al. 2002) the correlation between SOC and 
mycorrhizae abundance should be tested between and within habitats with different degrees of 
disturbance. 

For this field study, mycorrhizae cover and SOC were quantified at increasing distances 
from Quercus trees in two habitats with different levels of disturbance: open and forest. Quercus 
was chosen because it is a genus that associates highly with ectomycorrhizal fungi and has been 
previously studied in that regard (Morris et al. 2009). By collecting samples at different distances 
from the trees I attempted to generate a gradient of variation in mycorrhizae abundance per 
sample that could be compared with SOC in the same samples. Specifically, I evaluated 1) 
whether ectomycorrhizae abundance in the roots decreases with increasing distance from 
Quercus trees and whether this potential pattern of variation is related to SOC around the roots, 
and 2) whether the potential relationship between ectomycorrhizae abundance in roots and SOC 
around roots varies between forest and open areas. Finally, I evaluated whether variation in SOC 
is primarily explained by variation in mycorrhizae abundance rather than distance from a 
potential source of carbon (decomposing material produced by the tree). This study not only 
examined for the first time the potential relationship between ectomycorrhizae and SOC under 
natural conditions, but it also examined for the first time whether the effect of ectomycorrhizae 
on SOC is significant enough for changes in ectomycorrhizae abundance to influence the amount 
of SOC present.  

METHODS 

Study Site 

This study was conducted at the Monteverde Biological Station in the cloud forest of Costa Rica, 
a tropical lower montane wet forest at 1500 m above sea level. Samples were taken from inside 
the forest, at least 30 m away from the forest edge, and outside the forest, at least 30 m away 
from forest edge, starting at the edge of Quercus canopies. Canopy size can vary depending on 
the size of the tree and a study shows that Quercus roots extend four to seven times the diameter 
of the canopy (Stone & Kalisz 1991). Trees sampled were at least 30 cm diameter at breast 
height (DBH). 

General Approach 

Five total core samples per tree were taken using a 50 cm soil core sampler around six Quercus 
trees per habitat, for a total of 60 total samples (30 from each habitat type) The samples were 
taken every 10 m, from 0 m (the edge of the canopy) to 40 m along a transect that included the 
Quercus trees. Each sample consisted of the entire core sample obtained and was analyzed for 
SOC and ectomycorrhizae abundance as detailed below.  

SOC  

Using the methods outlined in Sutherlin (2018) one value of SOC was obtained from each core 
sample. The soil samples were dried overnight in a food dehydrator at 54  ̊C. The next day, the 
samples were ground with a clean mortar and pestle to crush any large pieces of dirt and sifted 
through a clean 0.15 mm soil sieve until 0.5 g of soil was attained. Then, the colorimeter method 
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was used to create suspensions to be analyzed using a spectrophotometer. The suspensions were 
made by adding 0.5 g soil, 2 mL distilled water, 10 mL of 5% dichromatic potassium and 5 mL 
of 98.08% sulfuric acid to an Erlenmeyer flask and heating solution to 150  ̊C in a water bath for 
30 minutes. The solution was then cooled to room temperature and 50 mL of 0.4 percent barium 
chloride was added and left to sit overnight. In addition to this solution, two identical blank 
solutions without the soil and heating were made and used for the entirety of the project (about 
one month). The next day, 2 mL of the supernatant produced was added to a colorimeter cuvette 
and put into spectrophotometer to measure percent transmittance at 600 nm as a measurement of 
SOC. SOC is inversely related to transmittance (as transmittance increases, SOC decreases). 
SOC (mg/mL) was calculated with the equation 𝑚𝑔 𝑆𝑂𝐶

𝑚𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 =  (2−log(%𝑇)−0.0124

0.053
)  where %T is 

percent transmittance (Mendoza 2016). 

Mycorrhizae abundance  

Following the methods outlined in Bach (2018), the roots were gently rinsed with tap water to 
remove remaining soil particles after separating out roots from the soil. Three roots from each 
soil core were chosen to stain, preferentially choosing roots that were thinner and paler for ease 
of staining. The roots were then bathed in 20 mL of 3% potassium hydroxide at 90  ̊C for 90 
minutes, being sure to keep samples separate. After 90 minutes, the roots were removed from the 
solution, placed in clean petri dishes, and submerged in alkaline hydrogen peroxide. The dishes 
were covered and left to sit for 30 minutes at room temperature. After 30 minutes, the roots were 
transferred to clean petri dishes and submerged in 1% hydrogen chloride, covered, and left to 
soak for one hour. The roots were then transferred to clean petri dishes and submerged in a room 
temperature solution of 5 parts acidic glycerol to 1 part 0.05% trypan blue dye by volume, 
covered, and left to soak overnight. The next day, the processed roots were placed on microscope 
slides and observed at 10x magnification, choosing an area with the highest observed quantity of 
ectomycorrhizae to photograph using a microscope digital camera adaptor. The areas with the 
highest percent cover of ectomycorrhizae appeared the bluest (Figure 1). These images were then 
uploaded to a computer and overlaid with a transparent 8x8 grid where each square represented 
an area of one cm2. To determine percent cover of mycorrhizae, the number of squares populated 
with ectomycorrhizae were counted and divided by 64 (Figure 2).  
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Statistical analysis 

A linear mixed model (LMM) was used to compare percent transmittance values between 
habitats and distances from the tree (i.e. these two variables and their interaction were included 
as fixed effects). The model acknowledged that the five samples taken from each individual tree 
were related to each other (i.e. Tree identify was included as a random effect). Transmittance 
was log transformed to meet the assumptions of normality and random distribution of residuals 
in LMM.  

A similar LMM was used to compare percent ectomycorrhizae per root between habitats 
and distance but in this case core sample and tree were included as random effects (core sample 
nested within tree) to acknowledge the dependence between the root samples obtained from each 
core sample, and the dependence between core samples collected from the same tree.  

Another LMM was used to test for a potential correlation between the average percent 
ectomycorrhizae per root across the three roots obtained from the same core sample with the 
corresponding unique transmittance value (log transformed) obtained from each core sample. 
The model included habitat, distance from tree, and average ectomycorrhizae cover per core 
sample, and their interactions, as fixed effects. Tree was included as a random effect. All 
interaction terms turned out to be non-significant and were removed from the model 
(sequentially removed one at the time choosing the one with the highest p-value until). An 
analysis of deviance with type II sums of squares was conducted on the model that only included 
main effects to determine the relative importance of each variable in the model. LMMs were 
implemented using the R package “nlme. Pairwise post-hoc comparisons of means were 
conducted using Tukey tests with the R package “emmeans”. Analysis of deviance was 
conducted using the function “Anova” of the “car” package. All analyses in this study were 
conducted in R 3.5.1. 

RESULTS  

SOC 

Transmittance increases at samples collected farther than 10 m from Quercus (Figure 3), 
signifying that SOC decreases with distance from the Quercus trees (LMM, Distance: F = 
167.13505, df = 5,40, p < 0.0001) and the pattern is similar in both open and forested habitats 
(LMM, Distance, Site interaction: F = 0.97542, df = 4,40, p = 0.4317). This trend does not show 
a consistent linear increase with increasing distance from the Quercus, with transmittance values 
staying about the same after 10 m (Figure 3).   
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Mycorrhizae cover  

As distance from the Quercus tree increases, there is a large decrease in percent cover of 
ectomycorrhizae (Figure 4) from 50 percent to 35 percent (LMM, Distance: F = 126.17695, df = 
5,40, p < 0.0001). This pattern is the same in both open and forested habitats (LMM, Site: F = 
0.05808, df = 1,11, p = 0.8140). After 10 m, there is a continuous decline in percent cover, which 
is not seen in SOC.  
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Relationship between SOC and ectomycorrhizae cover  

As ectomycorrhizae cover increases, transmittance decreases (LMM, cover: F = 453.2472, df = 
1,30, p < 0.0001), (Figure 5). The pattern is the same between habitats (LMM, habitat, cover 
interaction: F = 0.2428, df = 1,30, p = 0.6258). The analysis of deviance shows that most of the 
variation in SOC is due to the variation in average ectomycorrhizae cover (Ꭓ2 = 8.2669, df = 1, p 
= 0.004), rather than any effects caused by distance from the Quercus (Ꭓ2 = 0.0188, df = 1, p = 
0.89), or habitat type were the sample was collected (Ꭓ2 = 0.0343, df = 1, p = 0.85). Hence, 
variation in mycorrhizae cover per sample better explains variation in transmittance regardless of 
distance to trees and habitat.  
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The slope of this relationship is a decrease in 0.37 percent transmittance (derived from 
the previous model) for every 10 percent increase in average mycorrhizae cover. Using the 
equation 𝑚𝑔 𝑆𝑂𝐶

𝑚𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 = (2−log(%𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒)−0.0124

0.053
) (Mendoza 2016), I was able to calculate 

SOC (mg/mL) for each sample. There was a range of variation of SOC from1.9 mg/mL to 18.2 
mg/mL in my samples. For every ten percent increase in mycorrhizae cover, there is a 0.88 
mg/mL increase in SOC. 

DISCUSSION 

SOC increased consistently with ectomycorrhizal abundance in both forest and open habitats, 
independent of distance from each Quercus. This indicates that even without the distance effect 
of the Quercus, the abundance of ectomycorrhizae positively contributes to SOC. This 
contradicts the findings discussed in Cheng et al. (2012) that mycorrhizae contribute negatively 
to SOC, while reiterating findings from controlled experiments performed under natural 
conditions claiming that mycorrhizae contribute positively to SOC (Drigo et al. 2010; Godbold et 
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al. 2006; Olsson & Johnson 2005; Verbruggen et al. 2015; Wang et al. 2016). The study by 
Cheng et al. (2012) specifically examined endomycorrhizae rather than ectomycorrhizae as 
examined in this study, which could explain the discrepancies. However, many of the studies that 
previously found a positive contribution of mycorrhizae to SOC also studied endomycorrhizae 
fungi (Verbruggen et al. 2015; Wang et al. 2016), suggesting that there are other factors 
explaining the contradictory nature of the findings in Cheng et al. (2012). The results also give 
way to the notion that it is not only the presence of ectomycorrhizae that contribute to SOC 
(Drigo et al. 2010; Godbold et al. 2006; Olsson & Johnson 2005; Verbruggen et al. 2015; Wang 
et al. 2016), but that the ectomycorrhizae contribute significantly enough to see a difference in 
SOC that is congruent to variation in percent cover of ectomycorrhizae on the roots. To my 
knowledge, my study was the first to examine whether the effect of ectomycorrhizae on SOC is 
significant enough for changes in ectomycorrhizae abundance to influence the amount of SOC 
present.  

My results contradict the generally accepted fact that SOC is higher in forested areas than 
in open areas (Danuse et al. 2002; Neill & Davidson 2000; Veldkamp 1994), as there was no 
difference in SOC between forested and open areas. The lack of difference between habitats 
could be explained by a very large contribution of Quercus to SOC in open areas through leaf 
litter accumulation (González et al. 2012). If this lack of difference in SOC between sites is due 
to high leaf litter accumulation and decomposition directly around Quercus trees, then similar 
relationships should be found within other large tree species. Since Quercus associates highly 
with ectomycorrhizae (Morris et al. 2009), and my results show that ectomycorrhizae contribute 
positively to SOC, then there should be higher SOC around Quercus than around other tree 
species of similar biomass due to the contribution of ectomycorrhizae. The lack of difference 
between sites could also be explained by the possibility that the forested area sampled was too 
close to the forest edge to see a difference (Wei et al. 2015), as edge effects can be present up to 
60 m into forest interior (Laurance et al. 2002) and some of the Quercus trees I sampled fell 
within 60 m of the forest edge. One last possibility is that the ectomycorrhizae associated with 
the roots of Quercus contribute so strongly to SOC that there is no noticeable difference in SOC 
between forested and open areas directly around the roots. Again, there is no other study, to my 
knowledge, that has examined this. 

Knowing which mechanisms are controlling SOC and carbon sequestration is crucial for 
conservation and reducing greenhouse gases in the atmosphere. Therefore, the conclusion that 
under natural conditions, ectomycorrhizae contribute largely to SOC in the tropics gives way to a 
greater understanding of the key players in carbon sequestration. These findings can be 
incorporated into reforestation efforts by planting species that associate highly with mycorrhizae 
in order to retain SOC, and conservation efforts, by protecting areas with species that are known 
to associate highly with mycorrhizae. In this study, a ten percent increase in ectomycorrhizae 
yielded a 0.88 mg/mL increase in SOC in the soil directly surrounding the roots, which is 
significant enough to be noticed in natural environments. 
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Soil quality and understory plant diversity of native 
and non-native forests 
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Department of Biological Sciences, The George Washington University  
 
ABSTRACT 
 
Forests provide many ecosystem services. Many studies focus on forests in terms of ecosystem functions like carbon 
sequestration or erosion control. However, there are other types of ecosystem services, like biodiversity protection, 
that ought to be considered when evaluating forest health and reforestation projects. In this study, I compared two 
forests: an exotic site originally planted with Pinus sp. trees and a naturally regenerated site. Pinus sp. are commonly 
used for tropical reforestation, but they are known to alter soil chemistry. It is not clear how this may affect 
understory biodiversity. At each reforestation site, humus layer depth, soil pH, soil composition, canopy cover, and 
understory plant diversity were evaluated to assess possible effects of Pinus sp. on soil quality and the resulting 
species composition. No differences were found between humus layer depth or canopy cover. Soil pH and 
understory diversity were found to be different between the sites. The species abundance was very uneven in the 
exotic site compared to the natural site. Additionally, the exotic plot lacked notable neotropical plant families and 
species, such as Piperaceae and Chamaedorea pinnatifrons, suggesting a different presence of fauna as well. 
Ultimately, this study supported previous research regarding the effects of exotic species on soil quality and 
biodiversity. 
 
RESUMEN  
 
Los bosques proveen varios servicios al ecosistema. Muchos estudios se enfocan en los bosques en términos de la 
función del ecosistema como la secuestración de carbono y el control de la erosion.  Sin embargo, hay otros tios de 
servicios, como la protección a la biodiversidad, que debería ser considerado al evaluar la salud de los bosques y los 
proyectos de reforestación.  En este estudio, compare dos bosques: un sitio exótico plantado con árboles de Pinus sp 
y un sitio regenerado naturalmente.  Pinus sp es usado comúnmente para la reforestación tropical, pero es conocido 
de alterar la composición química del suelo.  No es claro como esto puede afectar la diversidad del sotobosque.  En 
cada sitio de reforestación, la capa de humus, pH del suelo, composición del suelo, cobertura del dosel, y diversidad 
de plantas del sotobosque se evaluaron para medir los posibles efectos de Pinus sp en la calidad del suelo y la 
composición de especies resultante.  No se encontraron diferencias entre la profundidad de las capas de humus o 
cobertura del dosel. El pH del suelo y la diversidad del sotobosque mostraron diferencias entre ambos sitios.  La 
abundancia de especies fue bastante disímil en el sitio exótico al compararlo con el sition natural. Adicionalmente, la 
parcela exotica carece de familias y especies de plantas neotropicales como Piperaceae y Chamaedorea pinnatifrons, 
sugiriendo también una presencia de fauna diferente.  Ultimadamente, este estudio soporta investigaciones previas 
en cuanto el efecto de especies exóticas en la calidad del suelo y la biodiversidad. 
 
INTRODUCTION 
 
Reforestation is an effective way to sequester carbon and improve ecosystem functioning (De 
Koning et al. 2003; Derhé et al. 2016). Forest plantations have been used for reforestation 
purposes for decades (Spears 1983; Rivera et al. 2016). Since carbon sequestration and 
ecosystem functioning have been a focal point for conservation efforts, many studies lump both 
native forests and forest plantations (often consisting of nonnative species) into estimates of 
forest cover (Sedjo 1989). However, the assumption that exotic forestry plantations support the 

13



 

 

same amount of biodiversity as natural forests means that these estimates may artificially inflate 
the land area that supports associated biodiversity (Barlow et al. 2007). Although these nonnative 
forests sequester carbon, often at higher rates than native forests, and improve ecosystem 
functioning, they may not support the same biodiversity as natural forests (Derhé et al. 2016; 
Hoffman 2016).  

Some concerns regarding the use of exotic species in forestry plantations include 
decreased biodiversity and soil quality (Rivera et al. 2016). Biodiversity is an important factor 
because more diverse communities increase the overall health of the forest by reducing the risk 
of disease and increasing important ecosystem functioning like nutrient cycling. (Townsend et al. 
2008; Haas et al. 2011). Secondly, soil quality is a major concern because it very directly 
interacts with plant community composition and diversity by filtering which plants can and 
cannot grow in the given conditions (Brussaard 2012).  

Exotic species often differ from native species in composition and morphology of plant 
parts. In the tropics, the genus Pinus is often used in reforestation projects because it grows 
quickly and out-competes other plants (Spears 1983; Carpenter et al. 2004). However, Pinus has 
been shown to increase soil acidity rapidly due to the chemical composition of its leaf needles 
(Islam et al. 1999; Richter et al. 2015). It is not known how the increased acidity in the soil 
affects understory biodiversity or growth. In addition, the leaf needles of Pinus trees differ from 
the thicker, broader leaf shape of most native canopy species. It is not known how these 
differences in leaf morphology affect canopy cover or accumulation of leaf litter and other 
organic matter (i.e. the humus layer accumulation). The humus layer is an important component 
of nutrient cycling as well as arthropod biodiversity (Bultman & Uetz 1984). Different plant 
morphologies and chemical compositions may greatly affect the diversity of understory plants in 
a regenerating forest by altering the canopy cover and soil quality.  

A study conducted in Monteverde, Costa Rica assessed the tree and understory richness 
of two forests: an exotic site containing Pinus sp. trees and a naturally regenerated site 
containing native trees. Both plots are regenerating from pasture and are approximately the same 
age and size (Hoffman 2016). Tree and understory diversity were higher in the natural plot than 
in the exotic plot (Hoffman 2016). The causation of the difference in biodiversity between the 
regenerating plots is unknown. However, there are several abiotic factors to consider that may be 
affecting understory diversity including soil quality and canopy cover as suggested by previous 
studies (Carpenter et al. 2004; Richter et al. 2015; Rivera et al. 2016). In this study, the two 
reforestation sites were evaluated for soil quality, canopy cover, and understory plant diversity to 
determine the effects of Pinus sp. use for reforestation on understory biodiversity.  
 
METHODS 
 
Study Site 
 
From 6 April to 1 May 2019, I compared three sites at 1300 m.a.s.l. in a premontane moist forest 
in Monteverde, Costa Rica. All sites are < 300 m from each other and were previously deforested 
to create pasture for livestock. One site remains pasture (pasture site), while the other two sites 
have been left to regenerate for approximately 40 years. However, one of these was planted with 
exotic Pinus trees (exotic site) while the other was left to regenerate with natural vegetation from 
open pasture without any human intervention (natural site). Each plot was inherently well 
delineated (e.g., with roads, fences, or end of pine plantation). Ten plots for soil quality were 
established at each of the sites. These plots were used for humus layer depths and soil samples. 
Twelve plots for understory plant diversity were established at the exotic and natural sites. These 
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plots were used for biodiversity data collection. Both types of plots were established at least 10 
m from the edge of the forest and equally spaced throughout each of the sites. 
 
Soil Quality 
 
I used three different variables to assess soil quality at each of the sites: humus layer depth, soil 
pH, and soil composition (i.e. percent sand, silt, and clay).  To determine humus layer depth, I 
placed the base of the main scale of a caliper on top of the leaf litter. The depth rod was slowly 
pushed through the leaf litter until it hit soil. To collect soil samples, I used 50 cm soil corer. I 
pushed the humus away to expose the soil. I then pushed the soil corer into the earth until the 
handles touched the soil as well. I slowly pulled the soil corer out and placed the soil sample in a 
plastic bag. This was repeated until half of a small plastic bag was filled.  

Soil samples were taken back to the lab where they were further analyzed. The soil pH 
was measured within 2 – 3 days after the collection date. Approximately 20 mL of soil was 
mixed with 20 mL of distilled water. The samples were stirred, allowed to sit for 10 seconds, and 
then a pH meter was used to determine the pH of the soil/distilled water mixture.  

The third component of soil quality assessed was soil composition. Percent sand, silt, and 
clay were determined using soil settling tests. Half of a small glass container was filled with soil 
and the remainder of the jar was filled with tap water. The jar was shaken until the soil and water 
were thoroughly mixed. After letting the soil settle for 40 seconds, the height of the soil 
suspended in the water was marked. The jars were then allowed to sit untouched for 2 days. 
After 2 days, the height of the soil, which had settled further, and the line of separation in soil 
type above the previous “40-second” line were marked. The heights of the lines were measured. 
The bottom section of the soil was sand, the middle section was silt, and the top was clay. The 
percent compositions of the soils were determined and the Textural Triangle was used to 
determine what kind of soil was present (Stamis 2012).   

 
Understory Diversity Collection and Canopy Cover 
 
Lastly, canopy cover and understory richness were assessed. Standing in the center of each 
understory diversity plot, a densiometer was used to determine the percent of canopy cover in 
four cardinal directions. Then, all plants below 1.5 m within the square were counted, recorded, 
and identified to a morphospecies and, where possible, to a family, genus, or species.  

 
Statistical Analysis 
 
Humus layer depth, soil pH, and soil percent compositions between the three sites were 
compared using an ANOVA test followed by post hoc analyses. Percent canopy cover was 
compared using a two-tailed, homoscedastic t-test. Lastly, the understory diversity was analyzed 
using Shannon-Weiner, a t-test of the Shannon-Weiner values, Margalef, and Morista similarity 
indices. 
 
RESULTS 
 
Soil Quality 
 
Ten humus layer depth samples were taken at each site, exotic, natural, and pasture, for a total of 
30 samples. The depth of the humus layer varied from 13.02 – 66.34 mm, 15.51 – 60 mm and 0 –
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25.46 mm at the exotic, natural, and pasture sites respectively. The means of humus layer depth 
were (mean ± se) 32.424 ± 18.850, 42.821 ± 16.993, and 14.213 ± 7.638 in the exotic, natural, 
and pasture sites respectively. There were differences between the mean humus layer depths 
(ANOVA, F=8.95532, d.f. = 2, p = 0.00104). Post hoc tests revealed that differences in humus 
layer depth were between the pasture site and both the exotic and the natural site (p<0.05). Post 
hoc tests showed the humus layer depths of the reforestation sites were not different (p>0.05).  
 

I analyzed 10 soil samples from each site for a total of 30 samples. The pH of the soils 
ranged from 5.4 – 6.3, 6.4 – 6.8, and 5.6 – 6.6 in the exotic, natural, and pasture sites 
respectively. The means of soil pH’s were (mean ± se) 5.75 ± 0.095, 6.55 ± 0.056, 6.15 ± 0.116 
in the exotic, natural, and pasture sites respectively (Fig. A). The pH was different between all 
the three sites (ANOVA, F = 18.82353, d.f. = 2, p = 0.00001). All post hoc tests comparing the 
three samples separately found differences between the soil pH’s at the different sites (p<0.05).  

 
Using the mean percent compositions for each of the samples, all the site soil types were 

categorized as sandy loam. An ANOVA test of the soil settling test revealed none of the soil 
samples were different from each other in percent sand or silt, but did show differences in 
percent clay (F=3.44446, d.f.=2, p=0.04652; Fig. A). A Fisher LSD test showed that the pasture 
and natural sites differed (p=0.02259) and the exotic and natural site differed (p=0.04386) in the 
mean percent composition of clay.  
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Canopy Cover 
 
Percent canopy cover varied from 91.9 – 97.1% in the exotic site and 91.7 – 98.4% in the natural 
site. There was no difference between the canopy cover between the exotic and natural plot 
(t=2.07387, d.f. = 22, p=0.94874).  
 
Understory Diversity 
 
Understory diversity assessment included a total of 1075 individuals with 823 and 252 
individuals coming from the exotic and natural sites respectively. Thirty families were identified. 
A total of 77 species or morphospecies were identified (Appendix A). The sites only shared 12 
species. At the exotic site, 48 species were identified, and 517 individuals were in the grass 
(Poaceae) family, as seen in largest slice of Fig B. Every plot in the exotic site contained Poaceae 

(a) 

 
(b) 

 
Figure A. The quality of soil between exotic regeneration, natural, regeneration, and pasture 
site. (a) The mean pH of soil samples from each of the sites. The exotic site had the lowest 
mean of 5.75 ± 0.095 while the natural site had the highest mean pH of 6.55 ± 0.056. An 
ANOVA test revealed all three sites were different from each other (F=18.82353, d.f. = 2, p = 
0.00001). (b) The mean percent composition of sand, silt, and clay of soil samples from each of 
the sites. Percent clay between pasture and natural sites differed (p=0.02259) and the exotic 
and natural site differed (p=0.04386). 
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resulting in a total relative abundance of 61% of individuals (Fig B). In comparison, 47 
individuals of Lauraceae Morphospecies A accounted for the largest abundance in the natural 
site (Fig B). The natural site contained 42 species including important tropical species in the 
Arecaceae and Piperaceae families that were not found on the exotic site. Additionally, the 
natural site did not have any individuals from the Poaceae family. The natural site was more 
even than the exotic site, with equitability values of 0.852 and 0.495 respectively (Table A; Fig 
B). With the exception of two Araceae species, the exotic site had almost no liana or vine 
growth. The natural site’s canopy and edges were covered in lianas and vines.  

 

 
 
The exotic and natural sites were analyzed using Shannon-Weiner indices and Morista 

indices. The exotic site had an H’=1.9153 and the natural site had an H’=3.1846 (Table A). 
These two values were compared, and the natural plot was determined to be more diverse (t = -
13.434, d.f. = 769.36, p = 4.09E-37). However, the exotic plot had considerably more individuals 
sampled. The Margalef index, which corrects for sample size, was referred to and supported the 
conclusion of the Shannon-Weiner index (Table A). The sites had a Morista value of 0.0384 or 
3.84% similarity (Table A).  

 

(a) (b)  
 
Figure B. Understory species richness and relative abundance in forest regeneration plots in 
a neotropical, premontane region. Each slice represents one species and its relative 
abundance. (a) The understory richness and relative abundance of a Pinus reforestation 
plot. The total sample size was 823 individuals. The largest slice represents grasses 
(Poaceae) and accounts for 61% of individuals. The Shannon-Weiner H’ value was 1.9153. 
The equitability was 0.495 (b) The understory richness and relative abundance of a natural 
forest regeneration plot. The total sample size was 252 individuals. The largest slice is a 
species in the Lauraceae family and accounts for 19% of individuals. The Shannon-Weiner 
H’ value was 3.1846. The equitability was 0.852. 

Exotic Site Understory Species 
Richness and Abundance

Natural Site Understory Species 
Richness and Abundace
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DISCUSSION 
 
My study showed that regenerating natural forests are more biodiverse than nonnative forestry 
plantations of similar ages. Previous studies have also found that using exotic species often 
results in less diverse flora and fauna communities (Bremer & Farley 2010; Chen et al. 2013). It 
appears to be driven by different soil characteristics that shape understory plant communities and 
thus other associated species. Considering the ultimate goal of reforestation is to restore an area 
to a well-functioning forested state that provides essential ecosystem services (Haas et al. 2011), 
nonnative forests are not sufficient. Natural forests can provide all of the ecosystem services of 
nonnative forests while including another vital ecosystem service, biodiversity protection. 

For example, the humus layer provides an important habitat for arthropods as well as 
contributes to nutrient cycling in an ecosystem (Bultman & Uetz 1984). As expected, the humus 
layer depth of the pasture was less than both the exotic and the natural sites. The pasture site was 
open with fewer than five trees throughout the entirety of the site. There was very little 
accumulation of organic matter. The humus layer depths in the reforestation sites were not 
statistically different despite varying phenology of leaf composition and morphology between 
Pinus and native trees. However, I observed differences in the density of the humus layers. 
Qualitatively, the thin, narrow pine leaf needles appeared to be more tightly packed together than 
the broad leaves of the native species. Studies have shown that Pinus leaf needles persist longer 
on the forest floor than other leaves (Cornforth 1970). This may allow more pine leaf needles to 
accumulate and be more densely packed together due to their morphology over time, resulting in 
the same depth of humus while possibly differing in actual biomass.  

Increased leaf biomass on the forest floor may indicate that the pine leaf needles are 
difficult for dentritivores to digest. This would impact the ability of dentritivores to survive and 
reproduce in the area given that they cannot consume the humus layer. Subsequently, nutrient 
cycling within the ecosystem would likely slow because the nutrients are stuck in the leaf litter 
rather than being recycled into the soil. A study in China showed that the use of exotic 
Eucalyptus in plantations greatly reduced the diversity of the soil microbial community, thus also 
reducing efficiency of nutrient cycling in the ecosystem (Chen et al. 2013). It has not yet been 
determined how the changes in the microbial community have affected the resulting forest; 
however, the inability to efficiently recycle the nutrients in the leaves would affect plant growth 
and reproduction. Plants that are able to survive in low nutrient soil, such as Poaceae (Schultz et 
al. 2001), would then have the opportunity to become monodominant in the exotic community as 
seen in this study.  

Table A. Results of Diversity Indices between an exotic 
and natural site. The exotic site had both more species and 
individuals sampled but was less even than the natural 
plot. The natural plot had a higher Shannon-Weiner (H’) 
and Margalef value.  

Exotic Site Natural Site 
Number of Species  48 42 
Individuals  823 252 
Shannon-Weiner (H') 1.915 3.185 
Margalef 7.001 7.415 
Equitability 0.495 0.852 
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 All three sites, exotic, pasture, and natural, had different soil pH levels from lowest to 
highest, respectively. The pasture site represented the pre-reforestation state of the two reforested 
sites. The two methods of reforestation had opposite effects on the soil acidity. The exotic site 
had the lowest pH supporting previous studies that showed the chemical composition of Pinus 
leaf needles increases soil acidity (Islam et al. 1999; Richter et al. 2015). The soil pH at the 
natural site had increased to almost a neutral level (Islam et al. 1999). A study in Bangladesh, 
comparing the growth of indigenous and exotic tree species on highly degraded soil, found that 
several native tree species were able to compete with poor-soil tolerant plants as well as improve 
the overall soil quality through deacidification and nutrient fixture (Islam et al. 1999), as seen in 
this study. In addition, several exotic tree species studied increased soil acidity and did not 
improve the overall soil quality of the reforested plot, suggesting a trend in the ability of some 
native trees to improve soil quality while exotic trees may not have the same capabilities (Islam 
et al. 1999). 

Most plants grow well in neutral soils (Robson 2012). Acidity usually acts as a limiting 
factor and adds stress to plant communities by limiting the amount of available nitrogen in the 
soil (Robson 2012). While many plants can grow in acidic conditions with slower growth and 
reduced productivity and fitness, many plants cannot compete with others that are acid loving or 
more acid tolerant. As a result, increasing soil acidity where plants do not usually experience that 
as a limiting factor can result in monodominance, as seen in the number of grasses found on the 
exotic site in this study. As suggested by Bremer and Farley (2010), native trees offer the best 
outcome when considering a complete view of the resulting soil and forest, rather than just 
biomass.   
 The final component of soil quality assessed was soil composition. The natural site had a 
lower mean percent of clay in the soil compared to both the exotic and pasture sites. The 
decreased amount of clay could reduce soil moisture. However, clay is usually lower in nutrient 
value and contains higher amounts of toxic chemicals (Sanchez et al. 2003). The reduced amount 
of clay and, thus, possibly higher nutrient content and lower toxin levels could assist in 
supporting plant communities. As examined in a study by Islam et al. (1999) in Bangladesh, 
native trees can improve soil quality by increasing the nutrient capture and availability. Increased 
nutrient content, as seen in decreased clay content, supports a higher diversity of plants. Despite 
differences in mean percent clay, all three soils were categorized as sandy loam soils (Stamis 
2012).  
 The last abiotic factor evaluated was light. In tall, tropical forests, light in the understory 
is very limited (Clark et al. 1996). Canopy trees often capture or reflect the vast majority of solar 
energy available. The different morphology of pine leaf needles compared to broad canopy 
leaves was thought to potentially alter the amount of light available in the understory layer. 
However, this study did not find a difference between the canopy cover of the exotic site’s pine 
leaf needles and natural site’s thick, broad leaves. Despite having thinner, more narrow leaves, 
the pine trees limit the light reaching the understory to a similar extent as the native trees.  
 Finally, understory plant diversity was assessed in this study. High biodiversity allows for 
resilient and resistant communities (Schwartz et al. 2000; Haas et al. 2011). A forest with high 
diversity is not as likely to experience ecosystem collapse or decay because the system does not 
rely too heavily on one or two species. Though fewer species and individuals were found in the 
natural site, understory plant diversity was greater than in the exotic site. The greater diversity of 
the natural site, as determined by Shannon-Weiner and Margalef indices, was likely due to a 
more even abundance of the species. The species in the natural site had more similar relative 
abundances, supporting a potentially more stable community than the Poaceae-dominated exotic 
site.  
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In addition, not all species are equal when considering their importance to biodiversity. 
Some species can assist in supporting other species of plants or animals. For example, Poaceae, 
the family of grasses, was highly abundant and accounted for the majority of individuals in the 
exotic site. However, Poaceae is wind pollinated and dispersed by spores. It does not interact 
with fauna for reproductive purposes. While it is contributing to the overall biomass and 
structure of the forest, it is not necessarily contributing by increasing diversity due to its 
biological characteristics. However, Piperaceae, a common, tropical plant family, has many 
interactions with fauna including pollination by insects and dispersal by mammals, such as bats. 
The lack of Piperaceae in the exotic site suggests that the presence of important fauna in the site 
is limited (Freestone & Inouye 2006). If bats were frequently visiting the exotic site to roost or 
forage, then there would likely be Piperaceae present.  

Arecaceae, the palm family, is another common, tropical group of plants, and two 
understory genera were found at the sites. The exotic site had several individuals of Geonoma sp. 
However, the natural plot had more individuals from Geonoma and as well as individuals from 
Chamaedorea pinnatifrons. Similar to Piperaceae, palms are important indicators of forest health 
in tropical regions because of their mutualisms with local fauna (Marin-Spiotta 2007). They 
grow when the conditions are suitable and imply the presence of certain fauna because of their 
dispersal and pollination mutualisms. For example, Kwok and Corlett (2000) found that 
monocultures, such as tree plantations, are not ideal but do support bird recolonization of 
reforested areas. However, native reforested areas, which often contain families such as 
Piperaceae and Arecaceae, appear to support the recolonization of more species of birds faster 
(Catterall et al. 2012). As a result, when reviewing the list of species present or absent in the two 
sites, it is important to recognize that not all species are equal in the face of diversity, 
importance, or forest health.  

The light availability and soil quality can greatly affect the understory plant communities. 
However, there was no difference in canopy cover or humus layer depth between the two sites. 
Light availability and humus layer depth are not likely to be factors causing significant 
differences in plant composition and diversity between these two sites. However, the soils did 
differ between the two sites as well as the pasture site. Most notably, the exotic site had the 
highest acidity. Soil pH interacts directly with the diversity of species present in a community. 
Acidity usually acts as a limiting factor and adds stress to plant communities. While many plants 
can grow in acidic conditions with slower growth and reduced productivity and fitness, many 
plants cannot compete with others that are acid loving or more acid tolerant. As a result, 
increasing soil acidity where plants do not usually experience that as a limiting factor can result 
in monodominant or very uneven community, as seen in the Poaceae population in the exotic 
site. In addition, the exotic site did not contain any Piperaceae, Apocynaceae, or Chamaedorea 
pinnatifrons and contained very few individuals of Geonoma sp., Lauraceae, and Rubiaceae 
(Appendix A). All of these are important tropical understory plants that indicate the presence or 
absence of important mutualisms with fauna. 

Ultimately, this study supported previous research regarding the effects of exotic species 
on soil quality and biodiversity by showing a significant difference in understory plant diversity 
between a Pinus sp. reforestation site and natural regeneration site. 
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Appendix A. Complete list of species richness and abundance 
Family Species Exotic 

Site 
Natural Site 

Apocynaceae Morphospecies A 0 1 
Apocynaceae Morphospecies B 0 2 
Araceae Anthurium davidsoniae 1 4 
Araceae Monstera sp 11 1 
Araceae Syngonim hoffmannii 1 0 
Araceae Anthurium capertum 0 1 
Arecaceae Geonoma sp  6 15 
Arecaceae Chamaedorea pinnatifrons 0 10 
Asclepiadoiceae Morphospecies A 1 0 
Asteraceae Morphospecies A 5 0 
Asteraceae Morphospecies B 1 0 
Asteraceae Morphospecies C 16 15 
Asteraceae Morphospecies D 1 0 
Caprifoliaceae Morphospecies A 3 0 
Clusiaceae Clusia sp. 0 4 
Commelinaceae Floscopa robusta 17 0 
Commelinaceae Floscopa sp. 0 3 
Elaeocarpaceae Morphospecies A 0 1 
Euphorbiaceae Morphospecies A 0 13 
Fabaceae Desmodium purpusii 10 0 
Fabaceae Morphospecies A 0 1 
Fabaceae Inga ceriora 0 1 
Fagaceae Quercus inisignis 4 0 
Heliconiaceae Heliconia sp. 10 9 
Lauraceae Ocotea white 1 0 
Lauraceae Cinnamamum Sp C 1 0 
Lauraceae Persea sp.  3 7 
Lauraceae Morphospecies A 20 47 
Lauraceae Morphospecies B 3 0 
Lauraceae Morphospecies C 1 0 
Lauraceae Morphospecies D 2 0 
Lauraceae Ocotea sp. 0 3 
Melastomataceae Conestagia sp. 1 0 
Meliaceae Morphospecies A 1 0 
Moraceae Morphospecies A 16 0 
Myrsinaceae Mysines sp. 14 3 
Myrsinaceae Morphospecies A 1 0 
Myrtaceae Myrcia 0 4 
Myrtaceae Eugenia sp. 0 1 
Nyctaginaceae Morphospecies A 1 0 
Nyctaginaceae Neea sp.  4 3 
Nyctaginaceae Pisonia sp.  0 1 
Passifloraceae Passiflora sp. 1 5 
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Piperaceae Morphospecies A 0 8 
Piperaceae Piper amalago 0 12 
Poaceae Grasses 505 0 
Poaceae Grasses 8 0 
Poaceae Grasses 4 0 
Rubiaceae Psychotria sp A 1 0 
Rubiaceae Coffea arabica 0 3 
Rubiaceae Psychotria sp B 51 6 
Rubiaceae Palicourea sp.  1 2 
Rubiaceae Morphospecies A 4 0 
Rubiaceae Morphospecies B 4 0 
Rubiaceae Psychotria sp C 0 22 
Rubiaceae  Coffea arabica 0 1 
Salicaceae Morphospecies A 2 0 
Sapindaceae Morphospecies A 31 0 
Sapindaceae Morphospecies B 1 0 
Sapindaceae Matayba oppositifolia 0 1 
Sapindaceae Serjenia sp.  0 8 
Smilacaceae Smilax sp A 11 3 
Smilacaceae Smilax sp B 0 6 
Smilacaceae Smilax sp C 3 0 
Solanaceae Cestrum sp. 2 0 
Solanaceae Morphospecies A 9 0 
Urticaceae Morphospecies A 11 0 
Urticaceae Morphospecies B 13 0 
Unknown Morphospecies A 0 8 
Unknown Morphospecies B 1 0 
Unknown Morphospecies C 4 0 
Unknown Morphospecies D 0 1 
Unknown Morphospecies E 0 1 
Unknown Morphospecies F 0 1 
Unknown Morphospecies G 0 7 
Unknown Morphospecies H 0 4 
Unknown Morphospecies I 0 3 
Total Number of 
Individuals  

 
823 252 
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ABSTRACT, RESUMEN 

Agricultural land-change in the tropics has resulted in intense habitat fragmentation impacting habitats and foraging 
patterns of many ecologically and economically important species, calling for a pressing need to mitigate negative 
environmental effects through ecologically sensitive agricultural systems. Small coffee plantations are especially 
suitable models of agricultural systems that resemble and mimic natural ecosystems due to increased plant diversity 
with shade and windbreak species, potentially benefiting from provision of habitats for pest predators. Insectivorous 
birds have the potential of reducing arthropod herbivore damage of coffee plants, providing economic incentive for 
diversification of plant species on plantations. At Finca Life Monteverde, a small, sustainable sun coffee plantation 
in Cañitas Province, Costa Rica, the impact of bird exclusion and proximity to windbreak on arthropod herbivory of 
coffee plants was assessed by placing bird exclosures around plants nearby the windbreak and at the center of a sun 
coffee plot, and measuring the change in leaf herbivory and arthropod abundance over a period of 20 days. Birds 
were also censused at the coffee plot, and those found at windbreak locations were higher in diversity than observed 
in the center of the plot suggesting increased bird habitats if natural windbreaks are added. Moreover, the majority 
of the birds censused were insectivorous or omnivorous, providing strong implications for ecosystem services 
through pest management on the coffee plantation despite a lack of significant differences in change of leaf 
herbivory or arthropod abundance between excluded and non-excluded plants and between plants nearby 
windbreaks and at the center of the plot. Studies of herbivory change over a longer period of time have the potential 
to observe significant values in trends (preliminarily shown in this study) of increased herbivory in excluded plants 
and plants closer to the center of the plot. 

El cambio de uso de tierra agrícola en los trópicos ha resultado en una intensa fragmentación del hábitat impactando 
el hábitat y los patrones de forrajeo de muchas especies con importancia económica y ecológica, llamando a una 
necesidad de mitigar los efectos negativos en el ambiente por medio de sistemas ecológicos sensitivos con el 
ambiente.  Plantaciones pequeñas de café son modelos adecuados de sistemas agrícolas que mimetizan ecosistemas 
naturales debido a un aumento en la diversidad de plantas con especies de corta vientos y de sombra,  
potencialmente beneficiando al proveer hábitats para depredadores de las pestes.  Aves insectivoras tienen el 
potencial de reducir el daño causado por artrópodos herbívoros en plantas de café, proveyendo un incentive 
económico para la diversificación de las plantas y las plantaciones.  En la finca LIFE en Monteverde, una plantación 
pequeña y sostenible en el pueblo de Cañitas, Costa Rica, el impacto de la exclusión de aves y la proximidad a un 
corta vientos en la herbivoría por artropodos en las plantas de café fue medido al colocar jaulas alrededor de las 
plantas junto a un corta vientos y en el centro de una plantación de café al sol, y midiendo el cambio en la herbivoría 
y la abundancia de artropodos en un período de 20 días.  Se censaron también aves en la parcela de café, y aquellos 
encontrados en el cortavientos tuvieron una mayor diversidad que la observada en el centro de la parcela sugiriendo 
más hábitats para las aves si cortavientos naturales son añadidos. Además, la mayoría de las aves censadas fueron 
insectívoras u omnívoras, dando implicaciones fuertes de los servicios al ecosistema a través del manejo de pestes 
en plantaciones de café a pesar la falta de diferencias observadas en el cambio de herbivoría en las hojas o 
abundancia de artropodos.  Estudios en el cambio de herbivoría a lo largo de un period de tiempo mayor tiene el 
potencial de mostrar valores significativos en tendencias (preliminarmente mostradas en este estudio) del aumento 
de herbivoría en plantas excluídas y plantas más cercanas al centro de la parcela. 
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INTRODUCTION 

The conversion of natural ecosystems to agricultural plots is currently one of the greatest threats 
to the environment. (Fischer et al. 2008) As a consequence, solutions that balance environmental 
integrity while meeting our agricultural needs are paramount. Cash crop plantations encompass 
more than 8% of tropical arable soil (Nair 1984), and, despite higher yields compared to smaller 
polycultures, have increased ecological detriments, including fragmentation and soil degradation 
(Hartemink 2005). Tropical coffee production is often a mix of large plantations and small hold 
farms contributing significantly to developing country economies (FAO Coffee Pocketbook 
2015). In the montane region of Monteverde, smaller coffee plantations with a sustainable 
emphasis are in close proximity to high biodiversity ecosystems, providing an ideal setting to 
research ecosystem services biodiversity might provide to small scale agriculture. Coffee 
plantations are especially noted for their ability to support a diversity of forest migrant bird 
species, regarded as one of the most likely affected taxa by conversion of forest to farmland 
(Perfecto et al. 1996) and many of which can provide ecosystem services through biological pest 
control (Sekercioglu et al. 2004). Recent trends in Costa Rican coffee production have seen a 
conversion from ‘traditional’ plantations of trees grown underneath a tree canopy to the “higher-
yield” management systems where high amounts of fertilizer are used and shade crops are 
removed (Babbar and Zak 1995). Farms in Monteverde in particular have a potential to increase 
their yield by reduction of shade coverage in coffee plantations due to the region’s cloud 
coverage and precipitation levels and resulting increased risk of fungal pests (Staver et al. 2001, 
Guswa et al. 2007) but may unknowingly be relinquishing something in economic sustainability 
through loss of a more resilient natural pest control system (Lewis et al. 1997). Reduction in 
natural habitats on coffee plantations not only has potentially negative ecological ramifications 
on migrant and resident birds, but on plant protection and yield through reduction of natural pest 
predators.  

From an ecological perspective, agriculture systems have high primary productivity and 
low species diversity compared to natural ecosystems. It is thus expected that top-down forces 
are an important factor in regulating herbivore populations and a reduction or removal of 
predator populations is expected to cause a trophic cascade and increase in herbivory damage to 
crops (Koh 2008). The “Enemies Hypothesis” postulates that farms with higher plant species 
richness have the opportunity to utilize the increased abundance and diversity of natural insect 
predators to minimize levels of pest colonization (Risch 1981). Multiple comparative studies 
have shown that traditional coffee plantations with higher plant diversity have reduced numbers 
of insect pests due to their increased ability to support predators (Perfecto et al. 1996). In four 
separate experiments, exclusion of insectivorous birds resulted in a significant increase in 
herbivory damage of coffee plants (Coffea arabica) and oil palms (Elais guineensis), a 
significant increase in large arthropods in coffee plants, and a ~35% increase in non-flying 
arthropod abundance on coffee plants (Johnson et al. 2010; Koh 2008; Greenberg et al. 2000; 
Karp et al. 2014). Additionally, Wong (2005) found a significant reduction in herbivory and 
higher instances of insectivorous “bird strikes” in shade coffee plots compared to sun coffee 
plots that have less plant diversity. The previous research shows the importance of the effects of 
natural top-down trophic control on plant pests in agroecosystems, implying increased ecosystem 
services to smaller farms with a higher percentage of agricultural land area in close proximity to 
insectivore animal habitats, such as natural windbreaks as habitats and perching spots for 
insectivorous birds. 
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Examining the impact of removal of insectivorous birds on rates of plant herbivory in 
coffee plantations has the potential to incentivize farming practices that conserve ecosystem 
habitats for the wide diversity of bird species present in the Monteverde region, and for similar 
biodiverse regions in the tropics. This study focuses on the impact of excluding insectivorous 
birds and proximity to windbreak by putting cages around coffee plants at differing distances 
from windbreaks on a sun coffee plot at Finca Life Monteverde, a small coffee plantation in 
Cañitas, Costa Rica. This study examined (1) if there is a notable increase in bird abundance and 
diversity in coffee plantations near potential bird habitats, (2) if excluding birds from coffee 
plants with cages significantly increases the rates of herbivorous insect abundance and herbivory 
damage, and (3) if there is a marked difference in herbivory and herbivorous insect abundance on 
coffee trees located farther away from potential bird perches. 

METHODS 

Study Site 

From 14 April to 4 May of 2019, bird richness, insect abundance, and herbivory was assessed at 
a 20-year-old, 6,000 m² sun coffee plot at Finca Life Monteverde, a sun coffee plantation in the 
town of Cañitas, Costa Rica at 1,280 m elevation in the Premontane Wet Forest Holdridge Life 
Zone (Holdridge 1967). The plot is surrounded on all sides by windbreak trees 20-30 m in 
height, with three of the four perimeters composed primarily of Mexican Cypress trees 
(Cupressus lusitanica) and understory shrubs. One border is a small, intra-plantation ‘forest’ 
composed of tree species including Colpachi (Croton nibeus), Jocote (Spondias purpurea), wild 
avocado tree (Persea americana var. Nubigena), and trees in the family Myrtaceae among other 
plant species (Figure 1). Coffee plants are of the Catuain variety, and are pruned during the dry 
season every 5-6 years. The plantation uses synthetic fungicides and fertilizers but relies on 
trophic insect pest control. Banana trees are interspersed throughout the plot to increase nitrogen 
fixation and soil humidity. The study was conducted during the transition from the dry season 
(February-April) to the wet season (May-October) in Monteverde and during Coffea arabica’s 
flowering season (April-May) (Guswa et al. 2007, www.cafebritt.com).  

Arthropod and Herbivory Assessment 

To assess the role of avian predation on insect herbivory, cage exclosures were constructed using 
chicken wire with 20 mm x 20 mm mesh to exclude all birds but not smaller predators (lizards, 
spiders, etc.).  Two plants, one control plant and one caged plant, were chosen nearby one 
another—not directly adjacent to each other to avoid visual deterrence from control plant—at 
five windbreak locations (≤ 7 m from windbreak), and at five center plot locations (> 25 m from 
windbreak). A total of 20 plants, 10 caged, similar in height (82-112 cm) and leaf number were 
used.  

Arthropod abundance and herbivory was measured on each plant before the exclosures 
were erected and 20 days later using a revised version of Karp et al.’s (2014) protocol. Arthropod 
abundance and diversity was assessed via a ten-minute observation of all insects across the entire 
plant. Herbivorous arthropods were classified by insect order or suborder containing largely 
herbivorous species: Coleoptera, Homoptera Hemiptera, Diptera, Lepidoptera, Orthoptera, or 
Hymenoptera; and size: large (≥ 5 mm) or small (< 5 mm). Hymenoptera that were not of the 
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Atta or Acromyrmex genera were not counted. Diversity and abundance between the treatments 
was analyzed using Shannon-Weiner Diversity Index and Chi Squared Test of Independence. 
Three large (>50 individuals) colonies of developing Homoptera were excluded from the data. A 
total of 16 leaves were used to assess changes in herbivory from each plant—eight leaves on one 
easily-accessible, mid-level branch regardless of level of leaf damage and eight easily accessible 
leaves with no leaf damage located on different branches of the plant. Each leaf was initially 
marked and a picture was taken and analyzed for percentage of insect herbivore damage using 
ImageJ, and final damage was compared to initial damage to assess percentage of change in 
herbivory, assessing significance with Mann-Whitney U Tests. 

 
 
Figure 1. Aerial photograph of the sun coffee plot at Finca Life Monteverde, Cañitas, Costa Rica. 
White circles are windbreak fixed points, yellow circles are center plot fixed points for point 
count observations. Cylinders represent excluded coffee plants and circles represent open plants. 
Green plants are near windbreak (≤ 7 m) and red plants are at center of plot (>25 m). 
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Bird Observations 

Birds were censused on seven separate days using fixed-point counts at eight locations on the 
plot from 5:40 to 8:20 in the morning, time of peak avian activity. Bird species were counted for 
15-minute intervals at four points located next to the center of each windbreak (<2 m from 
windbreak) and four corresponding points located in the center of the plot (30 m from 
windbreak) (Figure 1). Birds were categorized into feeding guilds (omnivore, insectivore, 
frugivore, granivore, nectivore, or carnivore), foraging preference (forest interior, forest edge, 
second growth, gardens, open areas, a combination, or all), rarity in the northern Pacific 
(common, fairly common, rare, and status uncertain), and migratory status (resident, breeding 
migrant, migrant, passage migrant, casual, or status unknown). The diversity of the insectivorous 
and omnivorous bird population and the total bird population between windbreak points and 
center plot points were compared using Shannon-Weiner Diversity Indexes. 

RESULTS 

Herbivory 

The leaves of all plants regardless of treatments (near vs. far from windbreak/with vs. without 
exclosures) generally showed very little change in herbivory, with only 18 of the 309 recovered 
leaves actually showing a visible change in insect herbivory damage and a majority (16 out of 
18) showing less than 1% damage.  Two apparent but non-significant trends (Mann-Whitney U 
Test, P > 0.05) show higher levels of herbivory in plants located in the center of the plot than 
those located near the windbreak and higher herbivory in plants excluded from insectivorous 
birds compared to control plants (Figure 2). 32 leaves (10%) showed signs of progressing fungal 

herbivory. Moreover, proximity to windbreak had a higher influence on differences in herbivory 
change when the two treatments were combined (Figure 3). 
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Figure 2. Differences in average percent change in insect herbivory of the two treatments: total 
plants near (< 7 m) the windbreak vs. plants in the center of the plot (> 25 m from windbreak), 
and plants with exclosures vs. control plants (no exclosure). No significant change was found 
between the two treatments (Mann-Whitney U Test, P > 0.05), however center and excluded 

plants show increased change in average herbivory. Error bars represented by standard error. 

 

 
 

Figure 3. Differences in average percent change in insect herbivory of plants categorized under 
both treatments combined: plants near (< 7 m) the windbreak with and without exclosures and 
plants in the center of the plot (> 25 m) with and without exclosures). No significant change was 

found between the four categories (Mann-Whitney U Test, z =0.397, -0.408 p  > 0.05; Kruskall-
Wallis Test, H= 0.477, p > 0.05, n = 320). However, trends show increase in arthropod herbivory 
percentage in excluded plants and center plot plants, with proximity to windbreak a greater 
influence on herbivory differences. Error bars represented by standard error. 

 
Arthropod Abundance 

When the three colonies of Homoptera (>50 individuals) were excluded, the overall herbivorous 

insect abundance on all plants before the trial (94 ind.) was similar to those found at the end of 
the trial (106 ind.). There was a highly significant difference between the number of large 
arthropods (≥ 5 mm) before (n = 20) and after (n = 49) the 20-day period (X2 = 12.188, df = 1, p 
< 0.001, n = 69), in contrast with the decrease in number of small insects between the before and 
after arthropod counts. Difference in arthropod numbers between the two arthropod counts when 

clumped into their respective categories of the two treatments showed trends of a decrease in 
insects on excluded plants and an increase in insects on control plants, with a higher variability 
of herbivorous arthropods on plants nearby the windbreak (fluctuation of 11-22 individuals) 
compared to plants at the center of the plot (fluctuation of 2-3 individuals) (Figure 4). 
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Figure 4. Differences in total arthropod abundance of the two arthropod counts between excluded 
and control plants near the windbreak and at the center of the plot. There is a significant increase 
in control plants near the windbreak (*X2=11.524, df=1, p<0.0005, n=42), and a higher 

fluctuation of plants nearby the windbreak. 

 
Avian Diversity and Distribution 

A total of 95 bird individuals (n) and 47 species (S) were found at the windbreak, of which 69 
individuals and 34 species were omnivorous or insectivorous. At the center of the coffee plot, a 
marked decrease in the total number of individuals (n = 26) and species (S = 11) were found, of 

which 18 individuals and 9 species were omnivorous or insectivorous. An average of 23.75 
individuals ranging from 21-27 were found at each windbreak fixed point, and a decreased 
average of 6.5 individuals and range of 6-11 individuals were found at each center plot fixed 
point. Species richness and abundance of insectivorous and omnivorous birds was significantly 
higher at windbreak fixed points (H’ = 3.27) compared to center plot fixed points (H’ = 1.61) (t = 
5.3255, df = 23.739, p < 0.0001) (Figure 5). Richness and abundance of total identified bird 

species along the windbreak (S = 46, H’ = 3.57, n = 81) was also significantly higher (t = 5.7583, 
df = 25.683, p< 0.0001) than at the center of the plot (S = 11, H’ = 1.844, n = 20) (Table 1). 
Differences in Shannon-Weiner diversity indices were due to both species richness and evenness 
(Table 1). Of the total bird population observed, a significant portion were insectivorous (51.5%) 
and omnivorous (33.7%) (Figure 6). Moreover, a significant percentage of rare (9.3%) and 
uncommon (15.9%) birds were observed, along with four endemic species to Costa Rica and 
neighboring areas: the Red-Fronted Parrotlet, Ochraceous Wren, Fiery-Throated Hummingbird, 

and Coppery-Headed Emerald (Table 2). 
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Figure 5. Significant differences in richness and abundance of insectivorous and omnivorous 
birds between the two locations for fixed counts: nearby windbreak and center of plot. (*X2 = 

0.07134.753, df = 1, p = 0.0005, n = 43; **X2 = 54.146, df = 1, p < 0.0001, n = 87) 

 

 

Table 1. Bird species richness (S), species abundance (N), evenness (E), and Shannon-Weiner 
Diversity Index (H’) was calculated for total population and population of insectivorous and 
omnivorous birds at the windbreak and at the center of the plot. The windbreak had significantly 

higher species diversity in both populations (t = 5.3255, df = 23.739, p < 0.0001; t = 5.7583, df = 
25.683, p< 0.0001). 

 

 

Bird Population Location S (richness) N (individuals) Evenness H’ 

Total Windbreak 46 81 0.9325 3.57 

Center of 
plot 

11 20 0.7692 1.84 

Insectivorous and 
omnivorous  

Windbreak 34 69 0.7580 3.28 

Center of 
plot 

9 18 0.5565 1.61 
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Figure 6. Bird community composition of a sun coffee plot at Finca Life Monteverde, Cañitas, 
Costa Rica organized by rarity, foraging preference, and feeding guild. Most birds were 
insectivorous or omnivorous (85%) and foraged in forest interior or forest edge (81%), and a 
significant portion of the birds were rare or uncommon (25%). 

DISCUSSION 

Despite lack of significance, trends in herbivory change indicate a potential increase in insect 
herbivory of plants located further away from potential bird perching areas, as well as in plants 
excluded completely from insectivorous birds. Coffee plants contain pesticidal alkaloids and 
phenolics and are thus relatively protected from herbivorous insects, suggesting a reason why it 
might take longer than anticipated to develop clear trends in insect herbivory damage 
(Magalhães et al. 2010). Nevertheless, insect herbivory has the potential to be positively 

correlated with exclusion of insectivorous birds and distance from natural windbreaks in coffee 
plantations adjacent to the lower and premontane wet forests in Monteverde as consistent with 
past studies on coffee plantations adjacent to other tropical ecosystems (Johnson et al. 2010; 
Greenberg et al. 2000; Karp et al. 2014). This study also gives evidence that coffee plants are 
generally more prone to herbivorous fungi than insect herbivory. Insects are known vectors for 
plant pathogenic fungi (Harris & Maramorosch 1980), and thus excluding insectivorous birds has 
the potential to indirectly reduce spread of common coffee fungal pests. Future exclusion studies 
can reduce confounding variables by controlling for seasonal fluctuations and bats (Karp et al. 
2014) as well as measure rates of fungal colonization in excluded and control plants. 

Interestingly, a trend contrary to initial predictions found a general decrease in arthropod 
abundance on excluded plants and increase on open plants, pointing to the importance of a range 

of natural predators and Coffea arabica host plant defenses in determining herbivorous arthropod 
abundance. Furthermore, higher variability of arthropod abundance on plants near the windbreak 
contradict past research that correlates a reduction of arthropod abundance variability with 
increase in floral diversity (Bennett & Gratton 2013). Significant differences in insect abundance 
between the two dates of arthropod counts point to conflicting effects of seasonal fluctuation and 
avian exclusion. The increase in abundance of large arthropods between June 14 and May 4 is 
consistent with expected insect abundance increases accompanying the onset of the rainy season 

and Coffea arabica flowering season (Buskirk & Buskirk 1976, Mesa et al. 2013), and the 
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decreased smaller arthropod abundance might also be an indirect result of trophic cascades 
resulting from an increase in larger arthropod abundance or smaller vertebrate predators.  

Despite inconclusive effects of bird exclusion on herbivorous insect damage, it is evident 
that a large majority of the bird community on the farm (those that are insectivorous and 

omnivorous) (Figure 6) have the potential to reduce herbivory in plantations through free-of-
charge arthropod pest control. Moreover, a large majority of the bird community use forests to 
forage (Figure 6), thus providing evidence that small coffee plantations with natural windbreaks 
can be habitats for forest-dependent species likely to be disproportionately affected by land-use 
change (Brooks et al. 1999). This coffee plot also had the capacity to provide foraging grounds 
and habitats for a large amount of bird species ranging from many different habitats, foraging 

patterns, and migratory statuses (Table 2). Bird populations are declining faster than extinction-
rates imply, and forest insectivores benefiting from adjacent plantations in the tropics are the 
most extinction-prone than any other feeding guild due to their high ecological specialization, 
making it unlikely that other taxa would be able to adequately replace their ecosystem services 
(Sekercioglu et al. 2004).  

The act of adding agroforestry components like diversified natural windbreaks and shade 
trees along with reduction in plantation size not only protects a wide avian diversity including 

vulnerable endemic and specialized species, but allows for a form of pest management that 
circumvents modern issues with pesticide resistance and environmental regulation setbacks. 
Ecologically and economically sustainable practices do not have to be mutually exclusive, 
especially when harnessing the strength of trophic control provided by tropical biodiversity. 
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APPENDIX 

Table 2. Table of observed bird species with feeding guild, rarity, migratory status, foraging 
preference, forage level, endemism, and area found at a sun coffee plot at Finca Life 
Monteverde, Cañitas, Costa Rica. 
 

Common Name Feeding Guild Rarity 
Migratory 
Status Foraging Preference 

Foraging 
Level Endemism 

Number in 
Windbreak 

Number in 
Center 

Turkey Vulture Carnivorous common resident all lower  1  

Black Vulture Carnivorous common resident all lower  1  

Green Toucanet Frugivorous 
fairly 
common resident 

forest interior, 
gardens, and second 
growth middle  1  

Grayish Saltator Granivorous 
fairly 
common resident 

gardens and open 
areas lower  1  

Swainson's Thrush Insectivorous common 
passage 
migrant all all  4  

Red-Eyed Vireo Insectivorous common 
passage 
migrant all unknown  1 1 

lower and middle Insectivorous common 
passage 
migrant all all  1 1 

Plain Xenops Insectivorous rare resident all all    1 
Golden-Crowned 
Warbler Insectivorous 

fairly 
common resident 

forest and second 
growth 

lower, 
middle  1  

Prothonotary 
Warbler Insectivorous 

fairly 
common migrant forest edge lower  2  

Mourning Warbler Insectivorous 
fairly 
common migrant forest edge lower  1  

Tennessee 
Warbler Insectivorous common migrant 

forest edge and 
gardens   1 1 

Northern 
Waterthrush Insectivorous common migrant 

forest edges 
(terrestrial) lower  10  

Louisiana 
Waterthrush Insectivorous uncommon 

passage 
migrant 

forest edges 
(terrestrial) lower  1  

Rufous-and-White 
Wren Insectivorous common resident forest interior 

lower, 
middle  1  

https://doi.org/10.2307/1312989
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Ochraceous Wren Insectivorous common resident 
forest interior and 
gardens middle endemic 1 1 

Mountain Thrush Insectivorous 
fairly 
common resident 

forest interior, edge, 
and adjacent gardens all  2  

Slaty Antwren Insectivorous 
fairly 
common resident forest, second growth lower   1  

Chestnut-Capped 
Brush Finch Insectivorous common resident 

forest, second growth, 
and forest edge lower  1  

Cabanis's Wren Insectivorous common resident gardens lower  1  
Common 
Yellowthroat Insectivorous uncommon migrant 

gardens (marshes and 
wet thickets) lower  1  

Gray-Crowned 
Yellowthroat Insectivorous common resident open areas lower   1 

Torrent Tyrannulet Insectivorous common resident open areas lower  1  

House Wren Insectivorous uncommon resident open areas lower  4  
Tropical 
Mockingbird Insectivorous uncommon resident open areas lower  1  

Pine Warbler  Insectivorous unknown 
casual 
migrant 

second growth and 
gardens 

middle, 
upper  1 1 

Yellow-Throated 
Warbler Insectivorous rare migrant 

second growth and 
gardens 

lower, 
middle  3  

Lawrence's 
Warbler Insectivorous rare migrant 

second growth and 
gardens middle  1  

Blackburnian 
Warbler Insectivorous common 

passage 
migrant 

second growth and 
gardens 

middle, 
upper  2  

Brown-Capped 
Vireo Insectivorous 

fairly 
common resident 

second growth, forest 
edge, and gardens 

middle, 
upper  2  

Fiery-Throated 
Hummingbird Nectivorous common resident all all endemic 1  

Canivet's Emerald Nectivorous common resident 
forest edge and 
gardens lower  1 1 

Blue-Tailed 
Hummingbird Nectivorous 

status 
uncertain resident 

forest edge and 
gardens 

lower, 
middle  2  

Green-Crowned 
Brilliant Nectivorous common resident 

forest interior and 
forest edge all  2 1 

Green Hermit Nectivorous common resident 
forest interior and 
forest edge lower  1  

Coppery-Headed 
Emerald Nectivorous 

fairly 
common resident 

forest interior and 
forest edge all endemic 1  

Rufous-Tailed 
Hummingbird Nectivorous common resident open areas lower  1  

Swainson's Thrush Omnivorous common 
passage 
migrant forest edge middle  1  

Brown Jay Omnivorous common resident forest edge upper  5 1 
Blue-Crowned 
Motmot Omnivorous common resident 

forest edge and 
gardens lower  2  

Red-Fronted 
Parrotlet Omnivorous rare resident forest interior upper endemic 1  
Brown-Hooded 
Parrot Omnivorous 

fairly 
common resident 

forest interior and 
forest edge upper  2  

Montezuma 
Oropendula Omnivorous 

fairly 
common resident 

forest, forest edge, 
and gardens all  1  

White-Eared 
Ground Sparrow Omnivorous 

fairly 
common resident 

forest, gardens (coffee 
plantations) lower  3 10 

Slaty-Backed 
Nightingale Thrush Omnivorous common resident 

forest, second growth, 
and forest edge lower  1  
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Palm Tanager Omnivorous common resident gardens lower  2  

Orange-Billed 
Nightingale Thrush Omnivorous 

fairly 
common resident 

second growth, 
gardens (coffee 
plantations) lower  4  

Dove Omnivorous unknown unknown unknown unknown unknown 1  
 

 

Figure 7. Differences in arthropod abundance between the two arthropod counts between small 
(<5 mm) vs. large (≥5 mm) insects, and between plants with exclosures vs. plants without. 
Change in large insects between the two arthropod counts (* X2 = 12.188, df = 1, p < 0.001, n = 
69) was significant. 
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Memory and habituation to harmful and non harmful 
stimuli in the sensitive plant, Mimosa pudica 
Ella Serpell 
CIEE Ecology Program   
 
ABSTRACT 
Behavior is often thought of as a primarily animal trait and the complexities of behaviors possible in plants are often 
overlooked. Mimosa pudica is a terrestrial weedy legume that has a very fast and visible reaction to touch 
stimulation. Habituation to non-harmful stimuli and memory of past events have been demonstrated in this species, 
but the latter only under laboratory conditions. In addition, it is unknown whether M. pudica does not show 
habituation to harmful stimulus simulation herbivory, a predicted ecologically relevant-behavior. I tested whether 
memory occurs in wild plants and whether habituation does not occur under two harmful stimuli: simulated 
herbivory and the laying of herbivore eggs on the leaflets. The degree of the closing of the leaflets and the time until 
reopening was examined in response to harmful and non-harmful stimuli, for comparison. The results confirmed 
habituation to repeated non-harmful stimuli but did not find habituation to harmful stimuli. Most responses that 
habituated decreased significantly by the fourth stimulus, with non harmful decreasing log of opening time from 
2.77 ± 0.028 to 2.63 ± 0.028. However harmful log of opening times ranged from 3.33 ± 0.035 to 3.44 ± 0.035.  
The pattern of response to the repeated egg mimicking stimuli appeared to most resemble that of a non-harmful 
stimuli. The wild plants also showed faster re-habituation to repeated non harmful stimuli when they had previously 
been exposed to the stimuli, showing memory. These results show presence in the wild of memory in plants, and 
suggest the evolutionary benefits habituation in Mimosa pudica.  
 
RESUMEN 
Se piensa normalmente que el comportamiento es un rasgo primariamente animal, y la complejidad de 
comportamientos en plantas es comúnmente ignorado. Mimosa pudica es una hierba terrestre que tiene una reacción 
rápida y visible a estímulos táctiles. La habituación a estímulos no dañinos y la memoria de eventos previos se han 
demostrado en esta especie, pero la última solo bajo condiciones de laboratorio. Además, no se sabe si M. pudica 
muestra o no habituación a estímulos dañinos que simulan herbivoría, un comportamiento que se predice importante. 
Probé si la memoria ocurre en plantas silvestres y si la habituación no ocurre bajo dos estímulos dañinos: herbivoría 
simulada y la puesta de huevos de herbívoros en las hojuelas. El grado de cierre de las hojuelas y el tiempo para 
reabrirlas se estudió en respuesta a estímulos dañinos y no dañinos, para compararlos. Los resultados confirman la 
habitaución a estímulos no dañinos repetidos, pero no hay habituación para los estímulos dañinos. La mayoría de las 
respuestas de habituación decrecen significativamente al cuarto estímulo, con una disminución de los no dañinos del 
logaritmo del tiempo de aperture de 2.77 ± 0.028 a 2.63 ± 0.028. Sin embargo, el logaritmo de apertura para el 
estímulo dañino varía de 3.33 ± 0.035 to 3.44 ± 0.035. Los patrones de respuesta a los estímulos repetidos que 
mimetizan los huevos parecen ser los más similares a un estímulo no dañino. Las plantas silvestres también 
muestran una re-habituación más rápida a estímulos no dañinos repetidos cuando han sido previamente expuestos a 
este estímulo, demostrando memoria. Estos resultados muestran la presencia de memoria en las plantas silvestres, y 
sugiere beneficios evolucionarios para la habituación de Mimosa pudica. 
 
INTRODUCTION  
Most definitions of behavior agree that it involves a living organism’s response to stimuli 
(Karban 2008, Levitis et al.2009). Because of their vastly different biology, the behavior of 
plants has often been seen as more simple from that of animals, when it is accepted as true 
behavior at all (Karban 2008). Recent studies in plants have challenged this view and begun to 
find more complex behavioral patterns (Thellier et al.1982, Baldwin & Schmelz 1996, Ton et al. 
2007, Amador-Vargas et al.2014, Gagliano et al. 2014, Iwasaki & Paszkowski 2014, Simon et 
al. 2016, Reimer-Michalski & Conrath 2016, Reed-Guy et al. 2017), that are classically thought 
of as only possible in animals in possession of a central nervous system (Karban 2008). 

40



 

Examining plant’s behavior in this way could improve understanding of the larger shared 
evolutionary pressures behind these behaviors by examining them in a more diverse range of 
organisms.   
One reason plant behavior had previously been considered simple in comparison to animals is 
that it is often slower, but there are many plants that can exhibit rapid responses (Karban 2008). 
One such organism is Mimosa pudica, a terrestrial weedy legume that has a very fast and visible 
reaction to touch stimulation (Martone et al. 2010, Amador-Vargas et al.2014, Chaudhary et al. 
2018). It can move its leaflets to a closed position in a matter of seconds when stimulated 
(Martone et al.  2010, Chaudhary et al. 2018) presumably as an adaptation to avoid herbivory 
(Eisner et al.1981, Chaudhary et al. 2018). Because the closing of the leaflets requires energy 
input (Hoddinott 1977)and closed leaves cannot photosynthesize well(Fleurat-Lessard et al. 
1997), the use of this activity must be balanced with its energy costs (Amador-Vargas et 
al.2014).  
This rapid response makes it ideal to study complex ‘animal like’ behaviors, and M. pudica has 
been shown to exhibit several, including habituation and memory (Amador-Vargas et al.2014, 
Gagliano et al. 2014, Simon et al.2016, Reed-Guy et al.2017). Habituation occurs when a 
reaction to a stimuli decreases, and is not from fatigue (Rankin et al.2009). When a repeated non 
harmful stimuli is applied in both natural and lab settings, the plants adjust behavior to reduce 
closing and maximize photosynthesis (Amador-Vargas et al.2014, Gagliano et al.2014). When a 
new stimulus is applied, the plant reacts fully again, demonstrating that reduced closing is not 
due to fatigue and is in fact habituation. (Amador-Vargas et al. 2014, Gagliano et al.2014). 
Habituation (as defined by Rankin et al. (2009)) appears to have only been found and studies in 
the M. pudica. Memory on the other hand, has been found in several plants. Plants including corn 
and tobacco have been shown to have immunological memory in response to repeated pathogens 
(Baldwin & Schmelz 1996, Reimer-Michalski & Conrath 2016), forms of priming (Ton et 
al.2007), and also the ‘cellular memory’ associated with epigenetic changes (Iwasaki & 
Paszkowski 2014).  In the case of M. pudica, plants in a lab that had already showed habituation 
continued to have a reduced reaction to a non harmful stimuli 28 days after the last time the 
stimulus was applied (Gagliano et al. 2014). There have been molecular mechanisms proposed 
as possible explanations for memory in Mimosa pudica (Volkov et al. 2011, Volkov et al. 2013) 
 
There are limitations on the studies conducted on the habituation and memory in M. pudica that 
reduces the generality of their findings. The tests of memory were done in a lab and on plants 
that were not stimulated at all in the interim time, which is unlike a natural condition that this 
plant may grow in. Mimosa pudica can react to stimuli such as wind and rain, in addition to 
herbivores like insects or larger vertebrates (Azmi et al. 2011, Dean & Smith 1978, Eisner et 
al.1981). 
 
Additionally, the habituation in M. pudica is hypothesized to be beneficial, and likely is in the 
context of non harmful stimuli (Amador-Vargas et al.2014). However, habituation to a harmful 
stimuli would most likely reduce its fitness by leaving it vulnerable. To confirm that the plant is 
able to distinguish stimuli and retain only the benefits of habituation, it should be determined if 
similar habituation patterns are seen when the plant is exposed to a harmful stimuli.  
 

In this study, I tested whether memory occurs in wild plants and whether habituation does 
not occur under harmful stimuli. I examined two possible harmful ecologically relevant stimuli: 
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herbivory and the laying of herbivore eggs on the leaflets. The latter would not be immediately 
harmful, but would result in the hatching of herbivorous animals on their leaves, and ultimately 
negatively affect the plant. The butterfly Eurema lisa does lay its eggs on M. pudica, and the leaf 
movement helps to discourage this (Abrahamson et al. 2009). However, it is unknown whether 
the plant would recognize this as a harmful stimuli and whether this would affect the presence or 
degree of habituation. In addition to the examining the habituation of these two harmful stimuli, I 
also repeated the studies of habituation to non harmful stimuli done by Amador-Vargas et al. 
(2014) in order to be able to compare all stimuli within the same population. Finally, I looked at 
the non harmful habituation across time scales not yet looked at in wild M. pudica to detect any 
presence of long term memory. In order to do this, I repeatedly stimulated individuals with a non 
harmful stimuli, mimicking of egg laying, and mimicking of herbivory to see how the response 
changed. 
 
MATERIALS AND METHODS  
 
Selecting plants and leaflets  
Eighty eight plants were measured at two locations in the Monteverde region of Costa Rica. Each 
separate data set had plants from both locations so that the location would not affect results. 
Various studies have found that light affects the responses of M. pudica (Jensen et al. 2011, 
Simon et al. 2016) so I only used plants that were in high sun conditions. Also, different ages of 
leaves have slightly different responses (Amador-Vargas et al 2014), so the second fully formed 
leaf was always chosen consistently across plants, and one of the terminal pinnas was chosen to 
be tested (Fig. 1). All leaves were labeled to make sure that no plants were unintentionally tested 
twice.  

 
Figure 1: The parts of a Mimosa pudica leaf: A) The entire compound leaf; B) one of the 
terminal pinnas of the leaf; C) a single leaflet 
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Measuring reaction 
 All measurements were taken between 7:30am and 10:30am. Two measurements were 
taken to establish the degree of reaction to the stimuli. The first was a qualitative measurement of 
the degree of closing that was then categorized into numbers one through five (Table 1). This 
was more detailed than the scale used in Amador-Vargas et al. (2014) to better reflect the wide 
variation in extent of movement expressed by this plant. The other variable measured was the 
time to reopen (or opening time). This was determined by measuring the time from the moment 
the leaflet finished moving towards closing, to the moment when the leaflet appeared to be fully 
open as compared to the leaflets and pinnas surrounding them.  
 
Table 1: Description of the Classifications of Degree of Closing for Mimosa pudica.  
Numerical degree of closing Plant reaction 
1 Leaflets moved towards closed position but did not fully close 

2 The leaflets that were touched were fully closed but other 
leaflets on the pinna remained open 

3 The entire pinna was in a fully closed position  
4 The pulvinus at the base of the petiole was triggered and the 

entire leaf droops 
5 Other leaves on the same stem droop at petiole 
 
 
 
Various Stimuli Methods  
 The repeated non harmful stimuli (henceforth referred to as Non-Harmful) and the 
repeated non harmful stimuli followed by a harmful stimuli (henceforth referred to as Non-
Harmful/Harmful) were both modified versions of methods performed by Amador-Vargas et al 
(2014). These were repeated to collect data with the more detailed classification of degree of 
closing and to have directly comparable data from the same locations as the other conditions. For 
these experiments, a grain of rice was dropped from 3 mm above the appropriate leaflet six times 
and the degree of closing and opening time were measured for each stimulus. Each stimulus was 
administered directly after the leaflet was deemed fully open again. For Non-Harmful/Harmful 
these were followed by a harmful stimuli that involved cutting the very tip of the leaflet with 
scissors and the degree of closing was measured.  
 To test repeated harmful stimuli that mimicked herbivory (henceforth referred to as 
Harmful), the leaflet was cut with the scissors. Each time, a very small amount of the leaflet was 
removed. This was repeated four times and each time, both degree of closing and opening time 
were measured.  

To test the plants reaction to the laying of a herbivorous species egg, styrofoam balls of 
about 0.2 mg, were used to simulate the eggs of Eurema lisa. This is likely slightly heavier than 
the true eggs of E. lisa but is a reasonable weight for a the eggs of a similar small butterfly 
(Svärd & Wiklund 1988, García-Barros 2000, Fischer et al. 2002). Eurema lisa most often lays 
an egg on the top side of the leaflet and the leaflets close around it (Dethier,1940), so for each 
stimuli the small styrofoam ball was placed on the top of the leaflet, and this was repeated six 
times. For the repeated placement of an artificial egg (henceforth referred to as Egg), degree of 
closing and opening time were measured for each stimulus.  
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 For testing memory, the methods for Non-Harmful were repeated, but the stimulus was 
applied nine times rather that six. Both degree of closing and opening time were measured for 
each stimuli. The leaflets were then marked and recorded, and 15 days later the Non-Harmful 
test was repeated on them with the original six stimuli and measured in the same way (referred to 
as Follow Up).  
 
Analysis  
 The data for each experiment were analyzed using either linear mixed models (LMMs) 
for time and generalized linear mixed models (GLMMs) with Poisson distribution for opening. 
Opening time was log transmformed to meet the assumptions of normality and random 
distribution of residuals. From here on ‘opening time’ refers to the log of opening time unless 
otherwise specified. For the analysis of Non-Harmful responses, the Non-Harmful data were 
combined with the first six stimuli of the Non-Harmful/Harmful experiment.  
 

LMMs were fitted using the R package nlme, which approximates p-values using the F 
distribution. GLMMs were fitted using the R package lme4. P-values in this case were obtained 
using the Anova function from the R package car, which approximates p-values using the Chi-
square distribution. Post-hoc pairwise comparisons of levels within treatments were conducted 
using the R package emmeans. Specific contrats were calculated between the first and last 
stimulus at least, depedencing upon the sample size avaible for each experiment. When the 
sample size allowed the calculation of multiple meaningful post-hoc comparisons, al contrats 
between the first to last stimulus were calculated. All analyses were conducted in R 3.5.1. 
 
 
RESULTS  
A total of 88 plants were measured for the five different conditions across two location in the 
Monteverde region of Costa Rica.  
 
Repeated Non Harmful Stimuli 
The combined Non-Harmful data set included 34 individuals. They showed habituation through 
decreasing opening time across stimuli (LMM: df=6,165; F=3134.542; p<.0001). Significant 
decline occurred by the fourth stimuli (Fig.2). When the means of the unmodified opening time 
were plotted, there is still a visible decline. The degree of closing also decreased (GLMM: 
X2=85.82, df=6, p=2.233e-16). Significant decline in degree of closing was seen by the fifth 
stimuli (Fig. 3).  
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Repeated Non Harmful Stimuli with Final Harmful Stimuli 

Seventeen plants were included in the Non-Harmful/Harmful experiment. There was 
again reduction in opening time across stimuli (df=6, 80; F=1690.663; p=<.0001) and degree of 
closing (X2=259.28, df=7, p=2.2e-16) which showed habituation in the first six stimuli. 
Significant reduction was seen by the fourth stimuli in opening time and degree of closing. The 
habituation was shown to be stimuli specific when the final harmful stimuli had a much higher 
degree of closing than all previous stimuli (Fig. 4)  
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Figure 2: The reduction in opening time for Mimosa pudica leaflets after repeated non harmful 
stimuli. The log of the time it took for the leaflets to reopen after a stimulus was compared across 
each of six stimuli. Bars that do not share letters were significantly different from each other 
based on Tukey post-hoc tests. Significant reduction from the initial reaction was first seen at the 
fourth stimulus(p=0.0001), and then continued to reduce until the sixth stimulus was significantly 
lower than the fourth(p=0.0493). The bars represent means (± SE) of 34 plants ranging from 466 
seconds to 307 seconds in unmodified opening time.  
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Figure 3: Reduction in degree of closing across repeated non-harmful stimuli in Mimosa 
pudica leaflet. Bars that do not share letters were significantly different from each other 
based on Tukey post-hoc tests. Significant reduction can be seen by the fifth stimuli  
(p=0.0130). The bars represent means (± SE) of 34 plants.  
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Repeated Egg Mimicking Stimuli 
Twenty six plants were included in the Egg data set. Their responses showed comparable 

declines to the non-harmful experiment (Figures 2-3) suggesting habituation. Opening time 
decreased (df=6,125; F=1736.35; p=<.0001)(Fig. 5). There was a reduction in degree of closing 
(X2=42.722,  df=6, p=1.324e-07) with means and standard errors as follows: [first=0.67  ±0.140; 
second=0.48 ± 0.154  ; third= 0.38 ± 0.162; fourth= 0.27 ± 0.171; fifth= 0.21 ± 0.177 ; sixth= 
0.14±0.183] 

 

0
0.5
1

1.5
2

2.5
3

3.5
4

4.5
5

1 2 3 4 5 6 7Av
er
ag
e�
De

gr
ee
�o
f�C

lo
sin

g

Stimulus

C

Figure 4: Changes in degree of closing of Mimosa pudica leaflet in response to repeated non 
harmful stimuli and a final harmful stimulus. Bars that do not share letters were significantly 
different from each other based on Tukey post-hoc tests. There was a reduction in the reaction to 
the non harmful stimuli, but the final reaction to the harmful stimuli was significantly higher than 
all previous stimuli. The bars represent means (± SE) of 17 plants.
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Figure 5: The reduction in opening time for Mimosa pudica leaflets after repeated egg mimicking 
stimuli. The log of the time it took for the leaflets to reopen after a stimulus was compared across 
each of six stimuli. Bars that do not share letters were significantly different from each other 
based on Tukey post-hoc tests. Significant reduction from the initial reaction was first seen at the 
fourth stimulus(p=0.0045 ). The bars represent means (± SE) of 34 plants ranging from 466 
seconds to 307 seconds in unmodified opening time.  
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Repeated Herbivory Mimicking Stimuli 

The Harmful experiment consisted of 11 plants. It did not appear to show a similar trend 
as the Non-harmful and Egg data sets. There was a difference in opening time (df= 4, 30; 
F=9062.473;p=<.0001)(Fig.5b.) but it did not appear to show a steady decrease, which suggests 
that it was not habituating. Specific contrasts only found significant difference in the increase in 
opening time between the first and second stimuli. Likely because of a small sample size, there 
was no meaningful post-hoc significance in degree of closing. 

 
Figure 6: The changes in opening time of Mimosa pudica leaflets in response to both repeated 
harmful and repeated non-harmful stimuli. Bars that do not share letters were significantly different 
from each other based on Tukey post-hoc tests. Both showed significant changes, however for non 
harmful, (a.) the final stimuli was significantly reduced from the first (p=0.0418) but for harmful (b.) 
the second stimuli was significantly higher than all the others (p=0.0347). The bars represent means 
(± SE) of 11 plants ranging from a.) 737 seconds to 540 seconds and b.) 2155 seconds to 2780 
seconds in unmodified opening time.   

 
To compare Harmful to the Non-Harmful habituation, a comparable data set of Non-

Harmful was made by selecting 11 plants, and only analyzing the first four stimuli. In this data 
set, opening time was still found to decrease (df=30, F=1722.241, p=<.0001) with significant 
decline by the fourth stimuli (Fig. 5a). The smaller Non-Harmful data set also found did not find 
significant change in degree of closing. However, when the Harmful and modified Non-Harmful 
data sets were compared, both opening time (df= 2, 20; F=23467.607; p=<.0001)(Fig. 5) and 
degree of opening (X2=157.9506, df= 2, p=<2e-16) were higher for Harmful. 
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Memory  
Seventeen plants were measured for memory. They showed decline in both opening times 

(df=9, 126; F=1405.124; p=<.0001) and degree of closing (X2=36.853, df=9, p=2.795e-05) 
across the first nine stimuli(Fig. 7 a). Again, similar to that of the Non Harmful stimuli (Fig. 2), 
significant reduction in opening time occurred by the fourth stimuli. When the first six stimuli 
were compared to the Follow Up, the overall opening time was actually longer for the follow up 
(df=6, 79; F=5229.038; p=<.0001)(Fig.7). However, significant reduction in opening time was 
found faster. The second stimuli already showed significant reduction from the first (Fig. 7 b). 
The degree of closing was also different between stimuli (X2=33.0051, df= 2, p=6.808e-08) but 
the low sample size did not allow the calculation of meaningful post hoc comparisons.   

 
 
 
DISCUSSION  
 
Plants of M. Pudica showed habituation to non-harmful stimuli in its natural environment during 
this study. The habituation is evident through the declines in reaction seen in both the degree of 
closing and the opening time. The decrease could be seen by the fourth stimuli for opening time 
and the fifth for degree of closing, slightly faster than could be detected with the sample in 
Amador-Vargas et al.(2014). It is also clear that this is habituation because it is not due to 
exhaustion or fatigue, determined by its increased reaction to a different stimuli in Non-
Harmful/Harmful experiment. This confirmed the findings of Amador-Vargas et al. (2014) and 
Gagliano et al.(2014) that M. pudica can habituate to a non harmful stimuli.  
           M. pudica did not however show steady decline in reaction in opening time or degree of 
closing to the harmful stimuli. This confirms that the plant is able to distinguish between these 
two type of stimuli. Because of this ability, habituation is likely more beneficial for the plant by 
its only habituating to appropriate stimuli. The pattern that was seen in the harmful experiments 
was more difficult to explain. The opening time after the second stimuli was higher than any of 
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Figure 7: Reduction in opening time after repeated non harmful stimuli in Mimosa pudica
leaflets before and after a 15 day period. The original reaction to stimuli (a.) showed 
significant reduction by the fourth stimuli (p=0.0027 ) but the repeated experiment (b.) 
showed significant reduction by the second stimuli (p=0.0348). The bars represent means (±
SE) of 17 plants ranging from a.) 515 seconds to 317 seconds and b.) 625 seconds to 359 
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A A
AB

AB

B B
B

B B
B B

B

48



 

the others. One possible explanation for this may be that the plant was initially increasing its 
reaction because the stimuli was harmful, but that after a certain amount of damage had been 
dealt to the leaf, it decreased its response. This could be the direct result of the physical damage 
somehow hindering the plants ability to respond. Further research related to this experiment be 
able to improve understanding of the behavioral response to harmful stimuli.  
           The stimuli mimicking the laying of an egg on the leaf showed very similar results to that 
of the non harmful stimuli, with significant reduction in each variable seen by the same stimuli 
number. This suggests that the egg stimuli is not being recognized as harmful by the plant. This 
may mean that, though they have the complexity of behavior to habituate and distinguish 
immediate harm from a lack thereof, they do not have complex enough pathways to recognize 
harm that is not immediate or that they have not experienced previously. It is also possible that 
the plant’s recognition of the butterfly’s landing (Dethier,1940), something that was not 
mimicked in this study, is important for recognizing the egg that follows.  
           The plants did have some form of memory. This is evident because they reacted 
differently to a follow up implementation of stimuli than to the original. However, it was not the 
clear reduction in reaction seen in Gagliano et al.(2014). The plants did seem to habituate faster 
to the stimuli in the follow up experiment, but the overall means were actually higher for 
opening time. One possible explanation could be related to the weather. Unfortunately, the onset 
of the rainy season took place during the period of data collection and therefore the weather 
conditions were different between the first collection and the second. Research suggests that hard 
rain would have caused closing (Dean & Smith 1978). However, there was only a very light 
drizzle during the rainy-misty season that left the plants open and reactive, and no research could 
be located about what effects this kind of environment might have had on the plants reactions. 
Despite the lack of a reduced reaction, the more rapid re-habituation still suggests an influence of 
the prior experience and therefore some form of memory for at least 15 days.  
           Overall, these experiments were able to confirm certain complex behavioral patterns in 
Mimosa pudica. They are not only able to habituate, but able to distinguish stimuli type and 
avoid habituation when there would be fitness costs. The suggested fitness benefits may have 
selected for the evolution of this behavior. If this is the case, it suggests that it may be found in 
other plant species in addition to what has been found in M. pudica. This study also shows that 
wild M. pudica has the capability of memory in the form of more rapid habituation.  
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Personality types at disturbed and undisturbed habitats of 
the colonial spider Metabus gravidus (Araneae: Araneidae)  
Abby Daniel 
Department of Fisheries, Wildlife, and Conservation Biology, University of Minnesota 
ABSTRACT 
Differences between individuals that remain constant over time and through different contexts are defined as 
personalities, and the personality type of an individual may determine whether or not they persist in a disturbed 
habitat. Studies with birds and crabs suggest that bolder and more aggressive individuals are more likely to persist in 
disturbed areas, but a recent study with a different taxonomic group (mice) found the opposite. This study examined 
the personality types of a taxa not considered before, the colonial spider Metabus gravidus, in a disturbed and 
undisturbed habitat for the first time. In the cloud forest of Costa Rica, standard aggressiveness and boldness 
behavioral tests were administered to 16 different colonies at each site. Reactions to the behavioral test varied 
between individuals and ranked variation remained consistent over time, showing that these spiders exhibit 
personalities across time. The population of spiders at the undisturbed site was more aggressive and bolder on 
average when compared to the disturbed site. The mean rank of aggressiveness for the population at the undisturbed 
site was 2.0±0.11with moderate aggressiveness, compared to 1.4±0.11 with little aggressiveness at the disturbed 
site. The mean boldness score was a bolder score of 0.60±0.03 at the undisturbed site and a shyer score of 0.45±0.03 
at disturbed. Colonies were also more aggressive at the undisturbed site, but there was no difference in boldness at 
the colony-level between the two sites. These results suggest that the type of personality in individuals and colonies 
that colonize disturbed habitats is species-specific and selective-pressure specific, meaning that sometimes shyer or 
less aggressive individuals are better equipped to inhabit a disturbed environment rather than bold or aggressive 
ones.  

RESUMEN 
Las diferencias entre individuos que se mantienen constants con el tiempo y a través de diferentes contextos son 
definidos como personalidades, y el tipo de personalidad de un individuo puede ser determinado ya sea si persisten o 
no en un hábitat perturbado.  Estudios con aves y cangrejos sugieren que individuos más audaces y agresivos son 
más probables de persistir en áreas perturbadas, pero un estudio reciente con un grupo taxonómico diferente 
(ratones) encontró lo opuesto. Este estudio examiná los tipos de personalidad de un taxon no considerado 
anteriormente, la araña colonial Metabus gravidus, en un hábitat perturbado y otro sin perturbar por primera vez. En 
el bosque nuboso de Costa Rica, pruebas stándar de comportamiento audaz y agresivo se administraron a 16 
colonias diferentes en cada sitio.  Las reacciones a las pruebas de comportamiento variaron entre los individuos y los 
rangos de variación permanecen consistentes a lo largo del tiempo, mostrando que estas arañas exhiben 
personalidades a lo largo del tiempo.  La población de arañas en el sitio no perturbado fue más agrasiva y audaz en 
promedio al compararlas con el sitio perturbado.  El rango promedio de agresividad de la población en el área no 
perturbada fue de 2.0±0.11 con moderada agrasividad, comparada con 1.4±0.11 con poca agresividad en el sitio 
perturbado.  El promedio de audacidad fue de un audaz 0.60±0.03 en el área no perturbada y un más tímido 
0.45±0.03 en el sitio perturbado.  Las colonias además fueron más agresivas en el sitio sin disturbio, pero no hubo 
diferencias en la audacia al nivel de colonia en los dos sitios.  Estos resultados sugieren que el tipo de personalidad 
en los individuos y colonias qeu colonizan habitats perturbados es específico tanto a nivel de especie y de presiones 
selectivas, significando esto que algunas veces que individuos tímidos o menos agresivos están major equipados 
para habitar un ambiente perturbado más que organismos audaces y agresivos.  
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INTRODUCTION 

Individuals in populations throughout all animal taxa often differ consistently in behavior. For 
instance, some individuals in a population are relatively more aggressive that others just as some 
people are relatively more assertive, bolder, more friendly, or more deceptive than others (Bell 
2006, Sih et al. 2004). When relative differences in behavior between individuals are consistent 
across time, such consistent behavioral types are described as personalities or behavioral 
syndromes; the latter when the consistency of behavior occurs across contexts (Reale et al. 
2007). Personality types have a heritable genetic component (Drent et al. 2003; Sinn et al. 2006) 
and affect fitness (Smith & Blumstein 2008). Behavioral ecologists and psychologists have 
documented consistent differences between individuals in traits such as activity, aggressiveness, 
risk taking, exploration, fearfulness and emotional reactivity in multiple taxa (Michelena et al. 
2008; Sih et al. 2004). The ability of individuals to alter their behavior in response to a change is 
known as behavioral plasticity (Sih et al. 2004). The existence of between-individual consistency 
need not imply limited plasticity but behavioral consistency may result in limited plasticity (Sih 
et al. 2004).  

As anthropogenic activity continues to alter natural habitat structure and complexity, an 
animal’s ability to cope with environmental change may be linked to its personality (Delarue et 
al. 2015) and plasticity (Halpin & Johnson 2014). Populations of animals can show shifts in the 
average behavior response to habitat disturbance, either because they become accustomed to it or 
because individuals with certain personality types are more likely to colonize and persist in 
disturbed habitats (Hewes & Chaves-Campo 2018). Recent studies with birds and crabs show 
that individuals in more disturbed habitats are often bolder (Evans et al. 2010; Hewes & Chaves-
Campos 2018) and more aggressive (Hardman & Dalesman 2018). This suggests that the 
presence of humans possibly favors more bold or aggressive phenotypes. At least one study, 
however, found the opposite trend, where bolder individuals were found in the undisturbed 
habitat and more shy individuals in the adjacent disturbed habitat (Hewes et al. 2017). This result 
indicates that bolder individuals do not necessarily do better in disturbed habitats across all taxa, 
and that alternative personality types may be benefitted in different disturbed habitats depending 
upon site-specific selective pressures (Hewes et al. 2017). Studying different taxa in habitats 
with different degrees of disturbance may help elucidate common selective pressures in taxa with 
similar natural histories. In addition, individual variation in plasticity and the degree of 
consistency of boldness between individuals have not been found to be different between 
disturbed and undisturbed habitats but very few studies have compared these aspects of behavior 
between habitats with different degrees of disturbance (Hewes & Chaves-Campos 2018).  

Colonial spiders have emerged as a model in the study of animal personalities (Pruitt et 
al. 2013; Wright et al. 2016) but have not been studied in gradients of disturbance. In colonies of 
social spiders, differences in the mixture of individual behavioral types within colonies are 
predicted to have large impacts on colony-level behavior (Pruitt et al. 2013). The ratios of 
different personality types within groups are often major determinants of group survival, 
reproductive output, and behavioral responses in various contexts (Pruitt et al. 2013; Wright et 
al. 2016). Hence, the composition of personality types in colonies may determine whether 
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colonial spiders can colonize and persist in human-altered environments. To our knowledge no 
study has compared personality types at the individual or colony level in colonial spiders 
between disturbed and undisturbed areas. 

In this study, I compared personality types in disturbed and undisturbed habitats of the 
colonial orb-weaving spider species Metabus gravidus. In this Neotropical forest species, each 
spider spins its own web but individual webs are attached to a communal scaffolding, so that 
multiple individuals can share support lines and have the ability to stretch their webs across a 
stream to catch a large number of prey (Buskirk 1975b). While fighting is minimal, spiders 
defend their feeding area and exclude conspecific individuals with a set of aggressive 
movements that usually maintain inter-individual distance (Buskirk 1975a). Generally, the 
largest M. gravidus individuals are the most aggressive and construct their orbs in the center of a 
colony, with the smaller spiders forced to the periphery (Reardon 2016). Though there is a clear 
trend of larger spiders being more aggressive towards conspecifics, this doesn’t mean that none 
of the small spiders are aggressive as well (Buskirk 1975a). To my knowledge, no study has 
studied personality types in M. gravidus in any habitat. Different individual, colony, and 
population personality types might also determine whether or not they are able to colonize and 
endure in a new environment, especially one habited or disturbed by humans. I specifically tested 
whether M. gravidus individuals and colonies differ in boldness and aggression between a human 
disturbed habitat versus in an undisturbed one. I also evaluated whether behavioral consistency 
and individual plasticity differed between sites.  

METHODS  

Study Sites 

The study took place at two separate sites that are 1.1 km apart from each other with semi-
continuous forest connecting them (minimal amount of human development); one site that has 
experienced human disturbance and one that has remained undisturbed. The first human-
disturbed site was located in a public stream that ran through a tropical premontane wet forest 
(Holdridge Life Zone) at an elevation of 1300 m in Cerro Plano, Costa Rica. This stream comes 
down from a forested area into the town, where it runs between a horse ranch and a few houses, 
and eventually narrows and becomes extremely polluted as there is human development on either 
side that significantly impacts it. No colonies were found in the very polluted part of the creek, 
only farther up where there was less development. The second site was at an undisturbed stream 
located at a higher elevation near the Monteverde Biological Research Station in Monteverde, 
Costa Rica. This privately owned and protected area is classified as a tropical lower montane wet 
forest at an elevation of 1500 m according to the Holdridge Life Zone classification system and 
is commonly known as a cloud forest. The two sites differ in that the undisturbed stream has 
remained relatively untouched and is still in its natural state with little human traffic. The 
disturbed site however has human-made structures within and surrounding the stream and 
receives a relatively high amount of human, horse, and dog traffic.  

 At each site 16 different colonies of M. gravidus were chosen with about 100 individual 
spiders per site (214 total). The colonies chosen had to have at least 2 spiders. The area of each 
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colony was measured based on the length of web between the attachment points of the colony’s 
web to substrate. The same behavioral tests and procedures were used at each site. Two separate 
behavioral tests (aggressiveness and boldness) were performed on each spider in each colony and 
were repeated twice, with a space of 3-5 days between each replicate. Each spider was marked 
on the underside of its abdomen (M. gravidus position themselves on the underside of their web) 
with a unique color or combination of colors to differentiate between individuals. This allowed 
identification of each individual spider during the second replicate conducted a few days later. 
Marking was done with Sharpie Paint Pens. 

Aggressiveness Test 

Following Pruitt et al. (2013) aggressiveness was measured using a prod stimulus. A dissecting 
needle was used to touch the anterior legs of the focal spider to simulate a touch from a 
conspecific spider. The reaction of the focal spider was recorded using the following scale: 

(0) a running response, where the animal quickly ran away from the prod, (1) a walking 
response, where the animal turned away from the prod and walked away, (2) a turn response, 
where the animal turned away from the stimulus but did not run away, (3) a lurch, where the 
animal shifted forward but did not reposition its legs, (4) no reaction, where the animal showed 
no movement, and (5) a leg raise, where the animal lifted one or more of its anterior legs, which 
is a common threatening posture in spiders. These reactions were ranked on a scale of relative 
aggressiveness (0-5).  

After giving the spider 15-20 minutes to relax, the boldness test was conducted. 

Boldness Test 

Following Wright et al. (2016), boldness was measured as the response to a simulated attack 
from a flying predator. An empty turkey baster was held 10 cm away from the spider and used to 
puff two quick and successive jets of air onto the spider. Given that orb-weaving spiders 
generally have poor vision, they rely mainly on vibrational cues and air currents to detect the 
approach of predators (Wright et al. 2016). The reaction of the spider to this stimulus was 
recorded using the following scale: (0) movement, where the animal moved in any general 
direction away from the jets of air (shyness), and (1) no movement, where the animal did not 
move at all in response to the predator stimulus (boldness).  

Statistical Analysis 

A Bayesian Generalized Linear Mixed Model (GLMM) assuming a Poisson distribution was 
used to compare aggressiveness ranks between sites (population level differences in behavior) 
and between replicates (population-level plasticity). The model included random intercepts 
and/or slopes (for individual spiders) to estimate all the necessary variance components to 
compare the magnitude of variation between individuals across replicates (personality) and the 
magnitude of individual variation between replicates (individual plasticity). Consistency of 
between-individual variation in behavior across replicates was calculated as the proportion of 
phenotypic variation between replicates that can be attributed to variation between individuals 
(i.e. repeatability; Dingemanse & Dochtermann 2013; Nakagawa & Schielzeth 2010). 
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Significance of repeatability was determined using the R package rptR. A similar analysis was 
conducted for boldness by fitting a Bayesian GLMM assuming a Binomial distribution. 

 Three Bayesian models were fit using the R package brms for each variable 
(aggressiveness or boldness), for comparison. A model with random slopes and intercepts, a 
model with only random intercepts, and a model with no random effects were fit for comparison. 
Models were run using 1000 iterations and 4 chains. The models were compared using the loo 
function in the brms package. All models were visually inspected for convergence, mixing and 
fit. The R2 of the final model was calculated using the brms function bays R2. 

 In both cases the model that best explained the data (i.e. the model with the smallest loo 
value) was the one that included random intercepts only, so this model was used for all 
comparisons presented below. The fact that the model that included random slopes and intercepts 
did not explain more variation than the model that included only random intercepts automatically 
implies lack of significant differences between the sites in the magnitude of variation in 
individual plasticity. 

 Differences between sites and replicates on the overall magnitude of behavior and on the 
magnitude of between-individual differences in behavior were conducted using the function 
hypothesis in brms. 

 Finally, a model was fit for each variable using the R package lme4 with colonies 
identified as random effect and site as fixed effect. This model was used to test for differences 
between sites when individuals from the same colony are considered dependent samples. All 
analyses were conducted in R 3.5.1. 

RESULTS 

General results  

The area of a colony’s web and the number of spiders in each colony were correlated at the 
disturbed site (r=0.92, t=8.32, d.f.=14, p<0.0001) as well as at the undisturbed site (r=0.62, 
t=2.92, d.f.=14, p<0.0111). The mean area of the colony webs was similar between the disturbed 
(12584.9±2706.6 cm2) and undisturbed (17036.1±3787.7 cm2) sites (t-rest: t=-1.01, d.f.=27, 
p=0.32). There was also no difference in the mean number of spiders per colony at the disturbed 
(6.75±1.5) and the undisturbed (6.94±1.2) site (t-test: t=-0.115, d.f.=30.0, p=0.91). 

Model fit 

The GLMM with random intercepts and Poisson distribution explained most of the variation 
observed in aggressiveness (R2=0.56). The GLMM with random intercepts and Binomial 
distribution explained about a third of the variation observed in the boldness variable (R2=0.32). 
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Aggressiveness Test 

Population-level variation, individual level 

The mean rank of aggressiveness was higher for the population in the undisturbed site compared 
to the population in the human-disturbed site (Fig. 1; GLMM: p=0.001, n=214).  

 

Figure 1. Mean ranks of aggressiveness (± 1 standard error) between two populations of colonial 
Metabus gravidus spiders at a human-disturbed site and an undisturbed site in Costa Rica. 
Individual spiders from 16 colonies at each site were ranked on their level of aggressiveness 
based on their reaction to a prod stimulus to an anterior leg. Spider reactions were ranked from 0 
(least aggressive) to 5 (most aggressive).  

  For the populations of spiders at both of the sites, the mean rank of aggressiveness was 
found to be consistent between the two replicates (Fig. 2; GLMM: p=0.22 and p=0.45 for 
disturbed and undisturbed, respectively).  
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Figure 2. Mean rank of aggressiveness for two replicates (± 1 standard error) on 16 colonies of 
Metabus gravidus spiders at A) an undisturbed site and B) a human-disturbed site in Costa Rica. 
Individual spiders from 16 colonies at each of the two sites were ranked on their level of 
aggressiveness based on their reaction to a prod stimulus to an anterior leg. Spider reactions were 
ranked from 0 (least aggressive) to 5 (most aggressive). This was repeated twice with a time 
lapse of 3-5 days between replicates. 

Population-level variation, colony level 

The undisturbed site had significantly more aggressive colonies than the disturbed site (Fig. 4; 
GLMM: p=0.007, Figure 3) 

 

Figure 3. The variation in colony-level aggressiveness (± 1 standard error) of colonies of 
Metabus gravidus spiders at a disturbed and undisturbed site in Costa Rica. Individual spiders 
from 16 colonies at each of the two sites were ranked on their level of aggressiveness based on 
their reaction to a prod stimulus to an anterior leg. Spider reactions were ranked from 0 (least 
aggressive) to 5 (most aggressive).  

Individual-level variation 

Between-individual variation in the ranks of aggressiveness tended to be higher at the disturbed 
site when compared to the undisturbed habitat (Fig. 4), but this apparent difference was 
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marginally non-significant (GLMM: p=0.07). Aggressive behavior was repeatable between 
replicates in both populations of spiders (p=0.001 in both cases). Repeatability at the disturbed 
site (R=0.68±0.075, p=0.001) appears to be higher than repeatability at the undisturbed site 
(R=0.58±0.072, p=0.001), but the 95% Confidence Intervals and standard errors around the 
mean estimate did overlap, so the difference cannot be regarded as significant. Altogether, the 
higher variation between individuals of repeatable aggressiveness types indicates more 
personality types at the disturbed site for aggressiveness. However, as indicated above, overall 
individuals at the disturbed site are less aggressive compared to the undisturbed site (Fig.1). 

 

 

Figure 4. Variation in rank of aggressiveness for individual Metabus gravidus spiders between a 
human-disturbed site and an undisturbed site in Costa Rica. Individual spiders from 16 colonies 
at each of the two sites were ranked on their level of aggressiveness based on their reaction to a 
prod stimulus to an anterior leg. Spider reactions were ranked from 0 (least aggressive) to 5 
(most aggressive).  

Boldness Test 

Population-level variation, individual level 

The mean score for boldness was found to be significantly higher for the population at the 
undisturbed site when compared to the disturbed site (Fig. 5; GLMM: p=0.0015). There was no 
difference in individual spider flexibility of bold/shy behavior between the two sites (GLMM: 
p=0.07). There was no difference in colony-level boldness between the disturbed and 
undisturbed sites (p = 0.15). 
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Figure 5. Comparison of mean boldness scores between a human-disturbed site and an 
undisturbed site in Costa Rica. The consistency of the personality traits of boldness/shyness was 
examined in the colonial spider Metabus gravidus. At each site, 16 colonies of spiders were 
tested for boldness with a simulation of a predator attack. Their reaction was ranked as either (0) 
to signify shyness where the spider moved, or (1) in which the spider did not move and thus 
exhibited boldness. 

 For the populations at both of the sites, the mean score of boldness was found to have no 
difference between the two replicates (Fig. 6; GLMM: p=0.77 and p=0.73 for disturbed and 
undisturbed, respectively).  

 

Figure 6. Mean boldness score for two replicates (± 0.05 SEM) of the Boldness Test at A) a 
disturbed site and B) an undisturbed site in Costa Rica. The consistency of the personality traits 
of boldness/shyness was examined in the colonial spider Metabus gravidus. At each site, 16 
colonies of spiders were tested for boldness with a simulation of a predator attack. Their reaction 
was ranked as either (0) to signify shyness where the spider moved, or (1) in which the spider did 
not move and thus exhibited boldness. 

Individual-level variation 

Between-individual variation in the two scores of boldness tended to be higher at the undisturbed 
site when compared to disturbed (Fig. 7), but this apparent difference was marginally non-
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significant (Fig. 7; GLMM: p=0.09). Boldness behavior was repeatable between replicates at 
both sites, with repeatability being slightly higher at the undisturbed site (R=0.383±0.122, 
p=0.001) when compared to the disturbed site (R=0.112±0.067, p=0.033). The 95% Confidence 
Intervals and standard errors around the mean estimates did overlap, so the difference cannot be 
considered significant. Higher variation between individuals of repeatable boldness or shyness 
indicates more personality types at the undisturbed site. 

 

Figure 7. Variation in boldness scores for colonial Metabus gravidus spiders at a disturbed and 
undisturbed site in Costa Rica. The consistency of the personality traits of boldness/shyness was 
examined in the colonial spider M. gravidus. At each site, 16 colonies of spiders were tested for 
boldness with a simulation of a predator attack. Their reaction was ranked as either (0) to signify 
shyness where the spider moved, or (1) in which the spider did not move and thus exhibited 
boldness. 

DISCUSSION 

The main finding of this study was that the population of individuals of M. gravidus at the 
undisturbed site was more aggressive and bolder when compared to the population at the 
disturbed site. This trend could be seen on the individual/population level and colony level for 
aggressiveness, but only at the individual/population level for boldness. This finding that less 
aggressive and shy individuals can colonize a disturbed habitat contradicts a lot of recent 
literature that claims that bolder or more aggressive individuals are most likely the ones to 
colonize and persist in a human-disturbed habitat (Evans et al. 2010; Hardman & Dalesman 
2018; Hewes & Chaves-Campo 2018). Habitat complexity is thought to drive selection for 
bolder individuals that are likely to explore new environments and take risks accessing resources, 
which may suggest that bold individuals respond positively to environmental change and 
disturbance and exploit novel resources (Delarue et al. 2015). As in the case of the naked-footed 
mouse (Hewes et al. 2017), the M. gravidus spiders disproved that only bold individuals are 
likely to colonize and survive in a human-disturbed habitat.  

This possibly suggests that in a disturbed habitat it is not advantageous to be as 
aggressive towards conspecifics as in an undisturbed one. The test of aggressiveness conducted 
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in this study simulated the intrusion of a colony member into another spider’s web, and M. 
gravidus individuals defend their webs from conspecific invasions (Buskirk 1975a), therefore, to 
persist in suboptimal conditions it might be more beneficial to be tolerant of other spiders. This 
tolerance could stem from the fact that cannibalism is relatively rare for these spiders (Buskirk 
1975a). There are very few cases of cannibalism in M. gravidus compared to other species of 
spiders, which suggests that these spiders have some pre-social characteristics, in terms of 
communication and tolerance, that are not seen in other communal but non-co-operative spider 
species (Buskirk 1975a). Additionally, while these spiders defend their webs from others, 
displacement and web takeover is common, allowing individuals to catch food in a web spun by 
another (Buskirk 1975a). So from this study, it could be suggested that spiders in the colonies in 
disturbed areas are more tolerant of each other, possibly because prey is patchy both spatially 
and temporally, so catching prey in another conspecific’s web and tolerating others in their own 
web is necessary. Prey abundance might be more stable at the undisturbed site, so being less 
tolerant would be more favorable there. Furthermore, there was no difference in the area of 
colonies and number of spiders per colony between both sites, and spiders will use less 
aggressive behaviors to space each other out while constructing webs (Buskirk 1975a). Thus, the 
pattern of behaviors found in this study can’t be attributed to a difference in colony web size or 
number of spiders per colony between the two sites. 

The tendency of the spiders in this study to be more aggressive and bolder in an 
undisturbed habitat could also be explained by the fact that bolder and more aggressive 
individuals are expected to dominate and outcompete shyer and less aggressive individuals in a 
stable environment (Sih et al. 2004). It could be possible that the bolder and more aggressive 
spiders at the undisturbed and stable site had pushed out the less aggressive individuals, who 
then were forced to colonize a less than ideal human-disturbed habitat to avoid intraspecific 
competition. Further research would have to be conducted to determine if the substrate for web-
building, prey amount/type, or something else is preferable at the undisturbed site compared to 
the disturbed site, resulting in competition for the stable environment. It is also possible that 
shyer and less aggressive individuals are overall better equipped to survive in a habitat that has 
dangers not previously found in a pristine habitat (e.g. humans, dogs, horses). In general, shyer 
individuals appear to respond better to changing environments as they seem to pay careful 
attention to external stimuli and adjust cautiously to changes (Sih et al. 2004). Thus, it could be 
natural selection in a human-disturbed habitat that favors the persistence of spiders with this type 
of personality even if all personality types present in an undisturbed forest colonize disturbed 
areas. 

Colonies at the undisturbed site were on average more aggressive than colonies at the 
disturbed site but were not bolder. Colonies between the two sites were similar in composition of 
boldness behavior. This could suggest that levels of aggression may play a bigger role than 
boldness for these spiders at the colony-level when it comes to remaining in an untouched habitat 
or colonizing a human-disturbed one. Differences in the behavioral tendencies of individuals of a 
group can help generate behavioral variation at the colony level (Pruitt et al. 2013). So more 
aggressive individuals within a colony could make the colony overall act more aggressively. A 
colony’s personality composition can determine how they respond to an experience (Wright et 
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al. 2016), thus for M. gravidus, having a more or less aggressive colony may determine if the 
colony persists or not in a disturbed habitat. 

M. gravidus showed personalities that persisted through time, at least between 3 to 5 
days. For aggressiveness, personality types tended to be more variable in the disturbed habitat. 
The opposite trend was found for boldness, where individuals in the undisturbed habitat 
exhibited more variation. Since these trends were not significant though, an assertive biological 
statement cannot be made regarding the variations in personality types. Aggressiveness and 
boldness were on average higher at the undisturbed site. Hence, there are more types of shy 
individuals predicted by the model at the undisturbed site, whereas the model predicts more 
types of aggressive individuals at the undisturbed site.  

Populations at both sites, however, exhibited similar levels of consistency and plasticity 
of behavior. The lack of difference between the average ranks of aggressiveness and boldness 
between both replicates at both sites suggests a potential lack of population-level plasticity or a 
lack of habituation to the stimuli that were applied twice over a period of 3-5 days. In addition, 
there was no difference in individual flexibility of boldness or aggressiveness between both sites, 
indicating that differences in individual behavioral plasticity does not play a major role in 
colonizing new environments for them. With other species, such as the European blackbird, it 
has been shown that personality traits have a genetic component, and variation in behavioral 
responses to a disturbed versus undisturbed habitat may result from genetic adaptation instead of 
plasticity (Miranda et al. 2013), which offers a possibility as to why M. gravidus spiders did not 
show plasticity. In contrast, black widow spiders were found to be characterized by context-
specific behavioral plasticity regardless of habitat (Halpin & Johnson 2014), making it unclear as 
to how much plasticity matters to different species when it comes to colonizing human-disturbed 
habitats. 

In conclusion, the type of personality that colonizes new and disturbed habitats is species-
specific. In this study and in others it has been demonstrated that less aggressive and shy 
individuals of a species may have an advantage when it comes to living in an area affected by 
humans. This directly contradicts the common assumption that more aggressive or bolder 
individuals will explore and exploit a new environment. A spider colony’s overall personality 
type may also affect how likely they are to dominate an ideal habitat or if they can tolerate each 
other in a suboptimal one. M. gravidus spiders demonstrate that personality type does matter 
when it comes to surviving in a human-dominated habitat, and that different types work best for 
different species in a constantly changing environment. 
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ABSTRACT 
The spittlebug (Family Cercopidae) is an insect that feeds on plant xylem secretions and has been shown to express 
preferences during the nymph stages in where it will settle based on biotic and abiotic factors. While pest species of 
spittlebugs in grassland and agricultural environments have been well-studied, those in tropical forests, have not. 
This study was conducted on spittlebugs along the continental divide of Monteverde, Costa Rica and aimed to 
determine spittle mass location and factors that may affect spittle mass placement by measuring wind speed, food 
abundance, host tree diameter at breast height (DBH), spittle mass size, and spittlebug nymph size and 
morphospecies. I found that wind did not affect spittle mass location during the study period and that there was no 
difference in spittle mass sizes on the NE and SW sides of trees, although wind speed was lower on the SW sides of 
trees. There was also no difference in food abundance between the NE and SW sides of trees, but spittle masses 
were observed on Araceae vines whenever they were present, indicating a possible preference for Araceae food 
sources. Spittle mass size significantly correlated with nymph size, in agreement with what has been found in other 
studies. As wind and food abundance did not affect spittle mass placement, other biotic and abiotic factors such as 
moisture amounts or the impact of raindrops may explain spittle mass placement. 
 
Resumen 
El salivazo (Familia Cercopidae) es un insecto que se alimenta de secreciones del xilema de plantas y ha sido 
mostrado expresa preferencias  en dónde se establece por factores bióticos y abióticos durante la etapa de ninfa. 
Mientras especies de plagas en ambientes pastizales y agrícolas han sido estudiadas muy bien, las especies en 
bosques tropicales no han sido estudiadas mucho. Este estudio fue realizado sobre salivazos en la división 
continental de Mondeverde, Costa Rica. El objetivo de este estudio fue definir la ubicación de las masas de saliva de 
los salivazos y descubrir los factores que podrían influir esa ubicación por la medida de la velocidad del viento, la 
abundancia de comida, diámetro a la altura del pecho del árbol hospedero (DBH), tamaño de la masa de saliva, 
tamaño de la ninfa de salivazo y morfoespecies de la ninfa de salivazo. Encontré que el viento no afecta la 
ubicuación de las masas de saliva durante el periodo de estudio. No había una diferencia entre el numero de masas 
de saliva entre los lados de NE y SW en los árboles, aunque la velocidad del viento era menos rápido en el lado de 
SW que el lado NE. También no había diferencia entre la abundancia de comida entre los lados NE y SW, pero 
cuando había una enredadera de Araceae, las masas de saliva estaban encima de la enredadera, indicando una 
preferencia posible para enredaderas de araceae. El tamaño de las masas de saliva se correlacionan 
significativamente con el tamaño de la ninfa de salivazo, de acuerdo con los hallazgos de estudios previos. Porque el 
viento y la abundancia de comida no afectaban el ubicuación de las masas de saliva, otros factores bióticos y 
abióticas, como cantidades de humedad y el impacto de las gotas de lluvia, probablemente explican la ubicación de 
las masas de saliva. 
 
MANY ANIMALS HAVE BEEN SHOWN TO EXPRESS NESTING AND LONG-TERM 
residence site preference for locations that reduce abiotic and biotic stressors (Young et al. 1990, 
Djomo Nana et al. 2014). For instance, many bird species have been shown to select nesting 
location to reduce nesting predation (Young et al. 1990, Brightsmith 2005), while a species of 
ground-nesting bee has been shown to select nest site based on soil particle composition, slope, 
hardness, and humidity in order to maintain the structural integrity of their nest while minimizing 
digging energy input (Potts & Wilmer 2003). 
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The spittlebug (Family Cercopidae) is an insect that feeds on plant xylem secretions and 
has been shown to express preferences during the nymph stages in where it will settle based on 
biotic and abiotic factors (Pires et al. 2000). Spittlebug nymphs go through five instars, are 
relatively sedentary, and are highly vulnerable to desiccation and predation (Peck 1998). As a 
solution to those threats, they produce a mass of foam bubbles from excess xylem, called a spittle 
mass, that surrounds them to protect them from drying out and from potential predators (Peck 
1998). The spittle masses have been shown to maintain a constant temperature despite external 
temperature fluctuations, allowing spittlebugs to have evolved from their underground ancestors 
and colonize the aboveground environment, by functioning as an extension of the soil (Tonellii 
et al. 2018). Larger spittlebug nymphs have been shown to have proportionally larger spittle 
masses (Peck 1998). Although relatively sedentary, spittlebug nymphs have been shown to move 
to more favorable food and foraging locations before establishing their spittle masses (Pires et al. 
2000, Peck 1998). Factors affecting the selection of spittle mass location may also include 
abiotic conditions such as moisture, wind and sunlight exposure. Though their spittle masses are 
designed to buffer the nymph from the external environment, extreme environmental variables 
like strong wind and rain can limit the efficacy of their spittle masses. As a result, nymphs may 
move to places where the spittle mass is buttered from extremes. For instance, a study on 
spittlebugs in Japan found that spittle masses were often found on the ventral surface of rolled 
leaves and that the spittlebug nymph likely induced the leaves to roll around themselves. The 
rolled leaves provided them protection from wind, reducing the rate of evaporation of their 
spittle mass and reducing the likelihood that they would be dislodged from the host plant by the 
leaf trembling in the wind (Sugiura & Yamazaki 2003).  

While pest species of spittlebugs in grassland and agricultural environments have been 
well-studied, those in forests have not. It is not well understood if spittlebugs in tropical lower 
montane rainforests, like those along the top of the continental divide in Monteverde, Costa Rica, 
express habitat preferences based on certain abiotic or biotic conditions. Monteverde is 
characterized by a strong Northeast (NE) wind filled with mist that blows over the mountains 
from the Caribbean to the Pacific side of the country (Nadkarni & Wheelwright 2000). A study 
in the elfin forest along the continental divide in the area (Adam Stein, unpublished data, 2019) 
found that spittlebug nymphs were located significantly more often on the Southwest (SW) sides 
of trees, protected from wind, and that spittle masses located on the NE sides of trees, exposed to 
the wind, were larger in size than those located on the SW sides. Those results indicate that 
spittlebugs may preferentially locate their spittle masses in locations that protect them from the 
elements and that spittlebug nymphs directly exposed to the elements may create larger spittle 
masses to protect themselves from possible desiccation. As Monteverde experiences more and 
more dry days every year due to climate change and the wind becomes less filled with mist, 
seeking protection from the wind in order to prevent desiccation may explain the spittlebugs 
behavior (Foster 2001).   

However, the results of the study by Stein (unpublished data, 2019) may have been 
affected by other unaccounted for factors, such as spittlebug nymph size, spittlebug species, 
small sample size, location of food sources, and size of the vine on which the spittlebug was 
feeding. Thus the purpose of this study is to determine whether the trend that spittle masses are 
located more often on the SW sides of trees and that the spittle masses located on the NE side of 
trees are larger, remains the same while controlling for those confounding factors and sampling a 
larger portion of the population of spittlebugs in the area. Another aim of this study is to 
determine factors that may explain those patterns, including the location of food sources, 
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spittlebug nymph size, spittlebug morphospecies, and abiotic factors such as wind and host tree 
diameter at breast height (DBH). 
 
METHODS 
 
Study Site - This study was conducted from 6 April 2019 to 1 May 2019 during the transition 
between windy-misty and rainy seasons in a tropical lower montane rainforest along the 
continental divide of Monteverde, Costa Rica. All data were collected at a single altitudinal level 
to eliminate effects of elevation on spittlebug species composition or behavior. Spittle masses 
sampled were located within 10 m of the trail and were visible by circling the host tree. The 
entire circumference of trees was searched for spittle masses and all trees with visible spittle 
masses were sampled up to 1.5 m up the tree trunk, for a total of 52 spittle masses on 30 
individual trees. All measurements on spittle masses were recorded before removing spittle to 
locate, measure, and identify morphospecies of resident spittlebug nymph. In order to eliminate 
the effect of morphospecies on results, only data on spittle masses containing the most common 
morphospecies (White Abdomen) were considered. 
 
Cardinal Direction on Location and Size of Spittle Masses - To determine the effect of 
cardinal direction on the location and size of spittle masses, data on each spittle mass’s cardinal 
direction on the tree and the spittle mass’s length, width, and depth were recorded. A chi-square 
test was run to determine differences in the number of spittle masses located on the NE and SW 
sides of trees. An independent t-test was run to determine differences in the volumes of spittle 
masses on the NE and SW sides of trees. 
 
Cardinal Direction and Food Source Location - To determine if there was a difference in 
potential food sources on the NE and SW sides of trees that may influence spittle mass location, 
vine abundance was quantified on the NE and SW sides of trees sampled for spittle masses. As 
spittle bugs were often observed to be feeding on Araceae vines, as well as on many other types 
of vines which could not be identified, data on Araceae vine feeding area and total vine feeding 
area were collected. On a total of 14 trees, Araceae vine length, average Araceae vine diameter, 
total vine length, and average total vine diameter were measured on the NE and SW sides of 
trees from 0 - 1.5 m up the tree trunk. To determine if there was a difference in abundance of 
potential food sources on the NE and SW sides of trees, an independent t-test was run on each 
type of vine measurement. 
 
Cardinal Direction and Wind Speed - On a windy day (resembling the winds typical of the 
windy-misty season), wind velocity was measured on the NE and SW sides of trees to determine 
if differences in abiotic conditions due to the strong NE wind, existed on either side of the tree. 
Wind was measured on all of the trees sampled for spittle masses, but one tree was excluded 
from data calculations as it had fallen over and was lying partially over the trail, making it 
impossible to accurately determine cardinal direction. Thus wind speed was measured for a total 
of 29 individual trees. An independent t-test was run to determine differences in wind speed on 
the NE and SW sides of trees. 
 
Tree DBH on Wind Speed and Spittle Mass Location - To determine if trees of larger DBH 
provide better protection from wind than trees of smaller DBH, data on tree DBH and wind 
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speed on the SW sides of trees were measured and compared. DBH and wind speed were 
measured on a total of 29 individual trees. A Pearson’s correlation analysis of tree diameter and 
wind speed on the SW side of trees was run to determine if there was a relationship. To further 
determine if spittle masses were located more often on the SW side of trees with a larger DBH, 
data on tree DBH were compared to the percent of spittle masses located on the SW side of each 
tree and a Pearson’s correlation analysis was run on the data to determine if a relationship 
existed.  
 
Cardinal Direction Relocation and Spittle Mass Size - To determine if a change in cardinal 
direction affects spittle mass size, an experiment was conducted that relocated pairs of spittlebug 
nymphs to the NE and SW sides of trees. To prevent effects of differences in morphospecies and 
nymph size, spittlebug nymphs were taken from within the same spittle mass and were of the 
same morphospecies and general size. As only three spittle masses sampled contained multiple 
spittlebug nymphs, this limited the relocation experiment to three spittlebug nymph pairs. Each 
pair of spittlebug nymphs was transported using the method of Peter McEvoy (1986) by scraping 
the spittle mass and spittlebug nymph off the tree and into a jar with a small spoon. After 
locating three trees with vines of the same family, diameter, and height above the ground on both 
the NE and SW sides of the tree, I placed one nymph from each pair on the NE vine and the 
other nymph on the SW vine of each of the three trees. After placement on vine, nymphs were 
left to reconstruct their spittle masses. Nymphs that remained on the same side of the tree from 
where they originated were the control group, while the nymphs that were transplanted to the 
other side of the tree from where they originated were the experimental group. For each nymph, I 
measured spittle mass length, width, and depth for 12 days following relocation. 
 
Nymph Size and Spittle Mass Size - To determine relationship between nymph size and spittle 
mass size, the size of each nymph was measured after measuring the length, width, and depth of 
each spittle mass. A Pearson’s correlation analysis was run to examine the relationship. 
 
RESULTS 
 
In total, I found 47 nymphs of three different spittlebug nymph morphospecies—the white 
abdomen morphospecies, red abdomen morphospecies, and red striped abdomen morphospecies. 
The white abdomen morphospecies was the most common of the morphospecies with 43 
individuals compared to three red abdomen individuals and one red striped abdomen individual 
(Fig. 1).  
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FIGURE 1. Number of each spittlebug morphospecies identified within spittle masses on trees 
along the continental divide of Costa Rica. The most common morphospecies was white 
abdomen with 43 nymphs out of a total of 47 nymphs identified. 
 
Cardinal Direction on Location and Size of Spittle Masses - Cardinal direction did not impact 
location of spittle masses significantly (Chi-square, x2 = 0.154, df = 1, p = 0.695, n = 52). The 
spittle masses were found almost evenly on each side of sampled trees with 28 located on the NE 
side of trees and 24 located on the SW side (Fig. 2).  
 

 
FIGURE 2. Number of spittle masses located on the NE and SW sides of trees in a tropical lower 
montane rainforest along the continental divide of Costa Rica. Spittle masses sampled were 
located within 10 m of the trail. All trees with visible spittle masses were sampled for a total of 
52 spittle masses. Cardinal direction did not significantly impact location of spittle masses (Chi-
square, x2 = 0.154, df = 1, p = 0.695, n = 52). 
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Cardinal direction also did not impact size of spittle masses significantly (independent t-
test, t = 0.365, df = 50, p = 0.717, n = 52). Although spittle masses on the SW had a slightly 
larger mean volume, masses varied greatly in size on both the NE and SW sides of trees. Spittle 
masses located on the NE side had a mean volume of 18,134.53 +/- 15,187.91 mm3 while spittle 
masses located on the SW side had a mean volume of 20,690.86 +/- 33,310.94 mm3 (Fig. 3). 
 

 
FIGURE 3. Volume of spittle masses on the NE and SW sides of trees in a tropical lower 
montane rainforest along the continental divide of Costa Rica. Spittle masses sampled were 
located within 10 m of the trail. All trees with visible spittle masses were sampled for a total of 
52 spittle masses. Cardinal direction did not significantly impact size of spittle masses as spittle 
mass volume did not differ between the NE and SW (independent t-test, t = 0.365, df = 50, p = 
0.717, n = 52). 
 
Cardinal Direction and Food Source Location - Cardinal direction did not impact food source 
location significantly for any vine category sampled. Araceae vine length did not differ between 
the NE and SW (independent t-test, t = 1.157, df = 26, p = 0.258, n = 14) with a mean length of 
108.07 +/- 133.16 cm on the NE compared to 59.07 +/-85.95 cm on the SW. Araceae vine 
diameter also did not differ between the NE and SW (independent t-test, t = 0.723, df = 26, p = 
0.476, n = 14), with a mean diameter of 3.721 +/- 3.654 mm on the NE compared to 2.852 +/- 
2.622 mm on the SW. The same result was found for total vine length (independent t-test, t = 
1.553, df = 26, p = 0.132, n = 14), with a mean length of 571.500 +/- 256.623 cm on the NE 
compared to 421.036 +/- 255.927 cm on the SW (Fig. 4). Total vine diameter also did not differ 
between the NE and SW (independent t-test, t = 1.854, df = 26, p = 0.075, n = 14) with a mean 
diameter of 4.338 +/- 1.344 mm on the NE compared to 3.559 +/- 0.816 mm on the SW. 
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FIGURE 4. Cardinal direction and total vine length on trees in a tropical lower montane 
rainforest along the continental divide of Costa Rica. Total vine length was measured up to 1.5 m 
up tree trunks on the NE and SW sides of 14 trees previously sampled for spittle masses. 
Cardinal direction did not significantly impact total vine length (independent t-test, t = 1.553, df 
= 26, p = 0.132, n = 14). Similar results were found for Araceae vine length (independent t-test, t 
= 1.157, df = 26, p = 0.258, n = 14), Araceae vine diameter (independent t-test, t = 0.723, df = 
26, p = 0.476, n = 14), and total vine diameter (independent t-test, t = 1.854, df = 26, p = 0.075, n 
= 14). 
 
Cardinal Direction and Wind Speed - Cardinal direction significantly impacted wind speed on 
the NE and SW sides of trees (independent t-test, t = 13.106, df = 56, p < 0.0001, n = 29). Wind 
speed was much lower or nonexistent on the SW side of trees with a mean of 0.072 +/- 0.191 m/s 
compared with a mean wind speed of 0.828 +/- 0.245 m/s on the NE side of trees (Fig. 5). 
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FIGURE 5. Wind speed on the NE and SW sides of 29 trees in a tropical lower montane 
rainforest along the continental divide of Costa Rica. Wind speed was measured on the NE and 
SW sides of all trees sampled for spittle masses, but one tree was excluded from these 
calculations as it had fallen over and was lying partially over the trail, making it impossible to 
determine cardinal direction accurately. Wind speed was significantly lower on the SW side of 
trees (independent t-test, t = 13.106, df = 56, p < 0.0001, n = 29). 
 
Tree DBH on Wind Speed and Spittle Mass Location - There was no correlation between tree 
DBH and wind speed, however there was a trend toward decreasing wind speed with increasing 
tree DBH (Pearson correlation coefficient = -0.281, p = 0.140, n = 29) (Fig. 6). There was also 
no correlation between tree DBH and the percent of spittle masses located on the SW side of 
trees (Pearson correlation coefficient = -0.103, p = 0.586, n = 29). The percent of spittle masses 
on the SW side of trees did not increase with increasing tree DBH (Fig. 7). 
 

 
FIGURE 6. Wind speed on the SW side of trees and tree DBH in a tropical lower montane 
rainforest along the continental divide of Costa Rica. Wind speed on the SW side of trees and 
tree DBH was measured on all but one tree previously sampled for spittle masses, for a total of 
29 trees measured. One tree was excluded from these calculations as it had fallen over and was 
lying partially over the trail, making it impossible to accurately determine cardinal direction. 
There was not a significant correlation between tree DBH and wind speed, however there was a 
trend toward decreasing wind speed with increasing tree DBH (Pearson correlation coefficient = 
-0.281, p = 0.140, n = 29). 
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FIGURE 7. Tree DBH and the percent of spittle masses located on the SW side of trees in a 
tropical lower montane rainforest along the continental divide of Costa Rica. Tree DBH and 
number of spittle masses located on the NE and SW sides of trees was measured for a total of 29 
trees and then compared with a Pearson’s correlation analysis. There was no correlation between 
tree DBH and the percent of spittle masses located on the SW side of trees (Pearson correlation 
coefficient = -0.103, p = 0.586, n = 29). 
 
Cardinal Direction Relocation and Spittle Mass Size - It remains unknown if cardinal 
direction relocation effects spittle mass size because in all three nymph pairs, at least one of the 
nymphs moved to a different location. Two nymphs from separate nymph pairs on the SW side 
of trees completely disappeared. I suspect that at least one of those nymphs moved to the NE side 
of the tree onto the same Araceae root on which its nymph pair was placed. All three nymphs 
placed on the NE side of trees stayed on the NE side of the trees although two nymphs moved to 
different vines higher and lower on the tree trunks. Spittle mass volumes of nymphs who 
remained in the same location, fluctuated daily, but appeared to increase in size during the final 
days of observation when it was raining. 
 
Nymph Size and Spittle Mass Size - There was a significant correlation between nymph size 
and spittle mass size (Pearson correlation coefficient = 0.508, p = 0.001, n = 38). Nymphs ranged 
in size from 3 to 13.5 mm while spittle mass volumes ranged from 337.9 to 164,320.2 mm3. The 
smallest spittle mass was made by an nymph of 3.1 mm while the largest spittle mass was made 
by an nymph of 11.7 mm (Fig. 8). 
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FIGURE 8. Nymph size and spittle mass size in a tropical lower montane rainforest along the 
continental divide of Costa Rica. Only nymphs of the white abdomen morphospecies and spittle 
masses containing a single white abdomen nymph were considered for a total of 38 nymph in 
their respective spittle masses. There was a significant correlation between nymph size and 
spittle mass size (Pearson correlation coefficient = 0.508, p = 0.001, n = 38) with spittle mass 
size increasing with nymph size. 
 
DISCUSSION 
 
In contrast with the study by Stein (unpublished data, 2019) earlier this year, I did not find that 
spittle masses were located more often on the SW sides of trees, despite there being a difference 
in wind on the NE and SW sides of trees with lower wind speeds on the SW side of trees. One 
reason for this could be that wind is not a factor that affects spittlebug nymph spittle mass 
placement. Another possible explanation for this finding is that I conducted my study during the 
time in between the windy-misty season and the rainy season in Monteverde, Costa Rica. The 
month of April is the true dry season in Monteverde when the wind calms down before the rainy 
season begins (Nadkarni & Wheelwright 2000). Since there was not much wind during my study 
period, wind may not have been a factor affecting the placement of spittle masses during that 
specific time period. Furthermore, as spittlebugs are known to be able to move location on a tree 
to reach better conditions, in the absence of high winds, they may have moved location to 
preferable vines on the other side of trees, creating the even distribution on the NE and SW sides 
of trees that I observed. I also found that spittle masses were not found more often on the SW 
side of trees with a larger DBH, as would be expected if wind was a significant factor in spittle 
mass placement because trees with larger DBHs would provide better protection from the wind. 
However, this could be explained by the aforementioned reasons and by the finding that 
increasing tree DBH did not correlate with decreased wind speed. 
 I also found that there was no difference in food abundance on the NE and SW sides of 
trees meaning food abundance was not a factor that affected spittle mass placement. Both sides 
of trees did not differ in Araceae vine length, Araceae vine diameter, total vine length, or total 
vine diameter. However, it is interesting to note that whenever there was a large Araceae vine 
growing on a tree, the spittlebug nymphs were almost always feeding on it, regardless of if the 
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Araceae vine was on the NE or SW side of a tree. This could provide another possible 
explanation for why spittle masses were observed evenly on both the NE and SW sides of trees 
as spittlebug nymphs appear to like to feed on Araceae vines and there was no difference in 
Araceae vine abundance on the NE and SW sides of trees. 
 Also in conflict with the findings in the study by Stein (unpublished data, 2019), I found 
no difference in spittle mass size between the NE and SW sides of trees. This result could also be 
explained by the absence of wind during my study period if wind is a factor that causes spittle 
masses to dry out and thus leads spittlebug nymphs to create larger spittle masses. The 
experiment with relocated pairs of spittlebug nymphs was aimed at determining if a change in 
cardinal direction, and thus if location on the NE or SW sides of trees, would cause a change in 
spittle mass size. However, as no pair of spittlebug nymphs remained in the same location as 
where they were placed, that effect of cardinal direction on spittle mass size remains unknown. 
Yet it is interesting to note that two of the three nymphs placed on the SW side of trees, 
abandoned that location and that one of them moved to the NE side where a large Araceae vine 
was located. This indicates that during the period between the windy-misty season and rainy 
season in Monteverde when wind speed is reduced, spittlebug nymphs may move to the NE side 
of trees if there is a preferred food source in that location. It is also interesting to note that the 
spittle mass volume of all nymphs that remained in their placed location, increased on rainy 
days. This may indicate that other factors such as moisture amounts or the impact of raindrops 
may affect spittle mass size. The additional finding that nymph size significantly correlates to 
spittle mass size is an example of another factor that affects spittle mass size and agrees with 
what has been found before in other studies (Peck 1998). 

In conclusion, I did not find a difference in number or size of spittle masses between the 
NE and SW sides of trees. There was a significant difference in wind speed on the NE and SW 
sides of trees with lower wind speeds on the SW side, but wind speed was uncorrelated with tree 
DBH. Wind did not affect the placement of spittle masses, at least during the time period 
between the windy-misty and rainy seasons. There was also no difference in food abundance 
between the NE and SW sides of trees, but spittle masses were observed on Araceae vines 
whenever they were present, indicating a possible preference for Araceae food sources. Given 
that wind and food abundance did not affecting spittle mass placement, some other biotic or 
abiotic factors must be affecting the selection of spittle mass site. In the bigger picture, as climate 
change is starting to dramatically affect weather patterns in Monteverde and around the globe, it 
is important to determine that factors that affect residence site selection of animals and how 
changes in those factors are affecting animal populations. 
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ABSTRACT 
 
Social insects such as leaf-cutter ants exhibit complex foraging patterns with decision making occurring 
on both individual and colonial levels. Under laboratory conditioned Atta ants doubled the number of 
foragers to increase foraging performance and cut smaller, rounder fragments in response to a low 
overhead obstruction on their foraging trails. However, experiments measuring potential adjustment in the 
field are lacking. I investigate whether wild A. cephalotes colonies adjust their foraging behavior in 
response to a height constraint. Leaf fragment shape and size, traffic levels, and ant speeds were measured 
over four consecutive days on four separate ant colonies in Monteverde, Costa Rica. Fragments became 
more elongated and narrower over time in the presence of a height constraint. The mean ratio went from 
1.13 +/- 0.04 to 1.62 +/- 0.06 after three days of low treatment (height constraint). Speed tended to 
increase with time under the height constraint despite no significant temporal changes in ant size. This 
lack of size change suggests that problem solving was primarily done on an individual level with 
individuals cutting narrow, more elongated fragments in order to travel under the overhead obstruction in 
a timely manner. Colony level responses could be seen in traffic and ant size decisions. This study 
demonstrates that wild leaf cutter ant colonies respond at the individual and collective levels to height 
constraints that reduce foraging efficiency.  
 
RESUMEN 
 
Los insectos sociales como las hormigas zompopas exhiben patrones complejos de forrajeo con tomas de 
desiciones ocurriendo tanto a nivel individual como colonial. Bajo condiciones de laboratorio hormigas 
del género Atta doblaron el número de forrajeadores para aumentar el forrajeo y cortan fragmentos más 
pequeños y redondeados en respuesta a obstrucciones sobre la cabeza en sus senderos de forrajeo. Sin 
embargo, experimentos que midan el potencial ajuste en el campo son ausentes. Investigué si las colonias 
silvestres de A. cephalotes ajustan su comportamiento de forrajeo en respuesta a restricciones en la altura. 
El tamaño y forma de los fragmentos de hojas, los niveles de tráfico, y la velocidad de las hormigas se 
midieron en cuatro días consecutives en cuatro colonias diferentes en Monteverde, Costa Rica. Los 
fragmentos se volvieron más elongados y angostos a tráves del tiempo en presencia de los obstaculos de 
altura. La proporción promedio fue de 1.13 +/- 0.04 a 1.62 +/- 0.06 después de tres días del tratamiento 
bajo (obstaculo de altura). La velocidad tiende a aumentar con el tiempo bajo el obstáculo de altura a 
pesar de que no hay cambios temporales en el tamaño de las hormigas. Esta falta de cambio en el tamaño 
sugiere que la solución del problema se da primariamente a nivel individual con los individuos cortando 
fragmentos más delgados y elongados para poder atravesar las obstrucciones sobre la cabeza en un major 
tiempo. Las respuestas a nivel de colonia pueden verse en las desiciones de tráfico y tamaño de hormiga. 
Este estudio demuestra que las hormigas zompopas en el campo responden de manera individual y 
colectiva a los niveles de obstaculos de altura que reducen la eficiencia de forrajeo. 
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INTRODUCTION 
 
Social insects have foraging patterns of various levels of complexity including solitary work, 
group collections and a mix of both (Burd 2000). A relationship between individual and 
collective levels in foraging and problem solving has been shown, allowing social insects to 
respond to changes or conditions impacting colony efficiency in a timely and effective manner 
(Traniello 1983; Franks 1999; Burd 2000; Dussutour et al. 2008). Collective decisions are made 
by sharing partial information through direct and indirect communication (Bonabeau et al. 1997; 
Dussutour et al. 2008). Individuals make decisions through cognitive processes and may base 
their decisions on information sampling by observing what other individuals are doing and 
changing behavior in response (Detrain et al. 1999; Franks 1999).  

In the social leaf-cutter, foraging occurs with individual scouts, mass recruitment and 
highly trafficked trails (Burd 2000). Trails are well maintained for colony efficiency unless 
investment becomes energetically unprofitable (Burd 2000; Bruce et al. 2017). Small litter items 
are carried off trails, while larger ones are cut up before removal (Howard 2000). Atta ants 
specifically maintain long-lasting trails, each as wide as 30 cm and clear leaf litter to the bare 
ground (Howard 2000). This energy investment results in a high reduction of travel time for 
foraging ants (Howard 2000). Foraging ants cut and transport leaf fragments on these cleared 
trails. Multiple studies show that leaf cutter ants follow the “reach hypothesis”, in which 
fragment radius is dependent on ant body size because workers anchor themselves to a leaf edge 
with their legs and cut arcs across the leaf (Burd 1995). Due to this, larger ants are capable of 
transporting larger leaf fragments (Lewis et al. 2008). Foraging activity has also been observed 
to decrease in areas with high temperature and low humidity, such as highland regions (Freeman 
& Chaves-Campos 2016). 

Ant individuals are expected to carry leaf fragments maximizing leaf tissue transport per 
unit of time (Lewis et al. 2008). However, fragment size in relation to ant size is typically 
smaller than would be expected by optimal foraging, suggesting that below optimal individual 
performance could be beneficial for the colony as a whole (Burd 1996; Lewis et al. 2008). Other 
conditions besides individual and collective efficiency have been observed to impact leaf 
fragment size, such as external factors like wind, trail gradient and length (Wetterer 1990; Lewis 
et al. 2008; Alma et al. 2016). A previous study by Alma et al. (2016) has shown that ants cut 
small, light and rectangular loads in windy conditions compared to heavy, square loads in 
windless conditions. Trail gradient serves as another factor that influences fragment shape. 
Foraging ants were observed to adjust to uphill gradients by carrying smaller loads relative to 
their mass and carrying larger load ratios when on vertically downhill gradients (Lewis et al. 
2008). Distance from the nest however does not appear to influence fragment size (Wetterer 
1990). These show independent fragment shape decisions based on other external factors.  

Trail obstructions can also serve as one of these external factors. In the case of overhead 
obstructions, under restricted and controlled laboratory conditions Atta ants cut smaller and 
rounder fragments at the food source when they were forced to pass under an overhead obstacle 
(Dussutour et al. 2008). The colony also doubled the number of foragers to increase performance 
due to the fragment change (Dussutour et al. 2008). However, it is unknown whether leaf cutter 
ants make this individual and/or collective adjustment in the field when faced with an overhead 
obstacle. A recent study (Bruce et al. 2017) simulated height constraints in the field but focused 
on clearing behavior rather than individual or colony level adjustments to the obstacle.  

78



According to Bruce et al. (2017) it is more efficient for the colony to remove a height 
constraint than it is to adjust foraging. Hence, it is unclear whether leaf cutter ants would show 
adjusting behavior to an overhead obstacle in the field. Preliminary observations at the 
uppermost limit of the geographic distribution of Atta cephalotes suggests ants might abandon 
foraging on a trail that includes an overhead obstacle impeding foraging (personal observation).  

In this study I tested whether A. cephalotes colonies in the field respond to an overhead 
obstruction. Specifically, I put height constraints on natural trails and measured ant traffic, ant 
size and leaf fragment size and shape over several consecutive days in order to determine 1) 
whether individual ants adjusted their fragment shape over time and 2) whether colonies 
increased the size of foragers or the number of foragers to increase foraging rates in the presence 
of the obstacle over time. Natural trails without height constraints were simultaneously sampled 
for comparison. Traffic speed was also measured to confirm the obstruction slowed down forager 
ants and to observe effects of possible adjustments such as fragment size changes.  
 
METHODS 
 
Study Site  
  
The study site was Finca San Francisco de Asís located in Santa Elena in Puntarenas Province, 
Costa Rica. It is a private forest reserve in the Holdridge Life Zone tropical premontane wet 
forest at approximately 1300 m above sea level, which corresponds to the uppermost elevation 
limit of A. cephalotes in the area (Longino 2000). The forest is a young secondary growth. 
Colonies of leaf cutter ants were found along human made trails through the forest.  
 
Obstruction Construction  
 
I sampled four colonies for four consecutive days each. After locating a colony, I selected two 
inward bound trails that were active. I modified the method of Bruce et al. (2017, Fig 2) to 
simulate overhead obstructions in the field using three metal wires per trail placed three 
centimeters apart from each other in a row across the entirety of the trail. There were two types 
of overhead obstructions, one that imposed a height constraint to forager ants (low treatment) 
and one that did not (high treatment, which served as control). Following Bruce et al. (2017) and 
Dussutour et al. (2009), the low obstruction was 1 cm off the ground and the high (control) group 
was 3 cm off the ground. The high obstructions should not impede the flow of most forager ants 
whereas the low treatment should delay the passing of most (Bruce et al. 2017). 
 
Daily Collection 
 
The following methods were conducted daily for four consecutive days on each colony. Traffic 
levels were measured by counting total number of ants passing an imaginary fixed line on the 
trail in one minute. Ant speed was measured by recording the time it took a foraging ant to travel 
20 centimeters both before the obstruction and how long it took a foraging ant to travel 20 
centimeters through the overhead obstruction. Traffic levels were recorded twice per day, once 
upon arrival and once more before leaving the study site. One ant was measured for speed at the 
same time as traffic recordings.  Thirty ants were haphazardly collected from the trail and their 
head widths were measured using a caliper as a proxy for ant size (Wilson 1980). The width and 
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length of leaf fragments were also measured and recorded for the corresponding ants. These 
measurements were done on both the high and low treatment trails. I then returned for four total 
consecutive days of data collection, following the same methods each day. Length and width 
were determined based on the position of the leaf in relation to the body of the ant. The length of 
the fragment corresponds to the side of the fragment that was roughly parallel to the body the ant 
carrying it, whereas the width corresponds to the side of the fragment that was roughly 
perpendicular to the ant body.  
 
Statistical analysis 
 
Dividing the length by the width of the fragment approximated the shape of the fragment. Ratios 
closer to 1 indicate round/squared fragments, ratios above one indicate elongated narrow shapes 
and ratios below one indicate tall but short fragments. Ratios were compared between the four 
days between treatments to evaluate the potential existence of changes in shape over the days 
using a Linear Mixed Model (LMM) that considered dependence of data collected on the same 
colony and on the same day. Technically, colony identity and day were included as random 
effects in the model to account for the pairwise nature of the experiment in the low vs high daily 
bridge comparison, and to account for day and colony variation. Treatment (high vs low bride) 
and replicate (days 1 to 4) and their interaction were considered as fixed effects in the model.  
Similar LMMs were conducted to compare head width, traffic and speed.  Speed was calculated 
as the difference between speed measured during the experiment and the speed measured right 
before the experiment (during minus before), so that positive values indicate an increase in speed 
during the experiment. Shape and head width were log transformed to meet the assumptions of 
normality and random distribution of residuals of LMM.  
 
LMM were implemented using the R package “nlme. Pairwise post-hoc comparisons of means 
were conducted using Tukey tests with the R package “emmeans”. All analyses in this study 
were conducted in R 3.5.1. 
 
RESULTS 
 
Fragment Shape 
 
In general, fragment ratios were higher on low treatment trails (LMM, Treatment: F = 48.12, df 
= 2, p < 0.0001). The reason for this overall difference is that fragment shape changed differently 
between treatments over the course of the four days of sampling (LMM interaction between 
Treatment and Replicate: F = 10.78, df = 3, p < 0.0001)). Specifically, the ratio increased on low 
treatment trails by the second day and remained similarly high after that day (Fig 1). Mean ratio 
for day one of low treatment was 1.13 ± 0.04 and rose to 1.40 ± 0.05 on the second day and 
remained within that range for the third and fourth days. This pattern was not seeing on high 
trails, where the ratio actually decreased slightly on the second day and came back to the levels 
observed on the first day for the last two days (Fig 2). The mean ratio for the first day was 1.20 ± 
0.05 and decreased to 0.97 ± 0.04 on the second day of high treatment. 
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Figure 1. Mean length to width ratio of leaf fragments cut by A. cephalotes on natural trails 
with low overhead obstacle acting as a height constraint over four days. Higher ratio indicated 
elongated, more narrow fragments. Means with different letters are significantly different 
(Tukey’s HSD, p < 0.05) Standard error bars represent one standard error.  
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Figure 2. Mean length to width ratio of leaf fragments cut by A. cephalotes on natural trails 
with high overhead obstacle acting as a control over four days. Ratios above one indicate 
elongated narrow shapes and ratios below one indicate tall, short fragments. Means with 
different letters are significantly different (Tukey’s HSD, p < 0.05) Standard error bars 
represent one standard error.  
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Head Width 
 
Head width did not change with increasing days of low treatment and there was no significant 
difference between head width on high and low trails (ANOVA, F = 1.09, df = 3, p = 0.34).  
There was a significant difference in head width found between the high trails and the low trails 
(ANOVA, F = 593.90, df = 2, p < 0.0001) however the overall difference in head width between 
high and low treatments is not biologically meaningful (0.001 mm difference).   
 

 
 
Traffic  
 
Traffic levels on low treatment trails had a mean of 62.1 +/- 3.9 while high treatment trails had 
mean traffic levels of 51.2 +/- 3.6. There was significantly higher traffic on the trails with low 
treatment than high treatment from day one (ANOVA, F = 39.9, df = 2, p < 0.0001). Over the 
four days, traffic levels did not change significantly with either treatment (ANOVA, F = 0.26, df 
= 3, p > 0.05). 
 
 
 
 

 
Figure 3. Head width of foraging ants carrying fragments over four days on both low 
treatment trails and high treatment trails. Sample size was thirty ants per trail, per day for a 
total of 960 ants. There was no difference between head width on different days of treatment. 
There was a difference in head width between the two treatments, high and low (p < 0.05). 
Standard error bars represent one standard error.  
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Figure 4. Mean traffic levels recorded in number of ants per minute on the low treatment trail 
over the course of four days. There was no difference in traffic levels across the days (Tukey’s 
HSD, p > 0.05). Standard error bars represent one standard error.  
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Figure 5. Mean traffic levels recorded in number of ants per minute on the high treatment 
trail over the course of four days. There was no difference in traffic levels across the days 
(Tukey’s HSD, p > 0.05). Standard error bars represent one standard error.  
 

0

10

20

30

40

50

60

70

1 2 3 4

M
EA

N
 T

RA
FF

IC
 L

EV
EL

S

DAYS WITH HIGH TREATMENT

High Treatment

83



 
 
Forager Ant Speed  
 
The general comparison is highly significant. Overall ants were faster in the low treatment. There 
was a non-significant trend in increasing ant speed on low treatment trails from differences close 
to zero on the first two days of the experiment to values well above zero after day two; speeds on 
the high treatment remained close to zero across the four days (LMM, Treatment and Replicate 
interaction: F = 2.67, df = 3, p = 0.06). Mean values for day two were 0.08 +/- 0.12 and increased 
to 0.48 +/- 0.22 on day three of low treatment but not for the high treatment. 
 
 

 
Figure 6. Mean traffic levels recorded in ants passing per minute on both high and low 
treatment trails. Low treatment trails had significantly higher traffic than high treatment 
trails (ANOVA, F = 39.9, df = 2, p > 0.0001) Standard error bars represent one standard 
error. 3 
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Additional observations 
 
Upon initial placement of overhead obstacles, multiple clearing attacks were preformed but did 
nothing to the metal obstructions. These attacks were only observed on the first day of 
placement. Ants carrying fragments on the first day of low treatment had to change the angle of 
the fragment to go under the bridge. Many ants struggled multiple times as the fragment hit the 
overhead obstruction. Ants carrying more elongated, narrow fragments fit under the obstruction 
with more ease, and appeared to move faster than ants with taller fragments. More elongated 
fragments were seen on the second day with the low treatment. Wind conditions varied per 
colony location, but both trails seemed to experience the same wind contact.  
 
DISCUSSION  
 
The leaf fragment ratio increased on the low treatment trail, but not on the high treatment trail. 
Forager ants in the field changed their fragment shapes; after one day of encountering the 
overhead obstruction forager ants cut leaf fragments that were longer and had smaller widths, 
rather than circular fragments as seen by Dussutour et al (2008). This change possibly made it 
easier for the ants to proceed under the obstruction in an efficient amount of time as was 
observed in my observations. When ants carried fragments with smaller widths, they did not get 
caught or slowed by the overhead obstruction. The fragment ratio continued to increase until 
after the third day, where the ratio decreased slightly on the fourth day. This could be because 
the ants were finding the optimal fragment size for navigating under the overhead obstruction. 
On the high trail, the fragment ratio got significantly smaller between the first and second day of 
the treatments. A smaller ratio indicates taller and shorter fragments. This increase in width 

Figure 7. Mean speed of forager ants as the difference before and during crossing the 
overhead obstacle. Speeds were taken across four days of treatment on both high and low 
treatments by recorded the time to travel 20 cm. Speeds were different between the two 
treatments (Tukey’s HSD, p < 0.05). There was a trend of higher speed in the low treatment 
trail (LMM, p = 0.06).  
 
 

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1 2 3 4

M
EA

N
 S

PE
ED

 (C
M

/S
)

DAYS WITH TREATMENT

High

Low

85



could have been a compensation for the strong decrease in length to width ratio that occurred on 
the low treatment trail. These modified fragments were most likely a result of individual 
problem-solving done by forager ants independently changing fragments to a more optimal size 
after experiencing the bridge at least once. However, ants are also capable of gaining information 
from other ants and making decisions based on that information (Bruce et al. 2016). 

Fragment size can also impact the speed of forager ants (Shutler and Mullie 1991; Lewis 
2008) and they can adjust size and shape in order to travel at an optimal speed (Alma et al. 2016; 
Bruce et al. 2016). Initially, speed did not change on the low treatment, meaning that ants were 
not slowed down on the first day by the overhead obstruction despite personal observations of 
ants struggling to pass the obstruction. Speed was not significantly different between days within 
the low treatment, however there is a trend of increasing speed on the third and fourth day. This 
increased speed could be due to the fact that the forager ants already adjusted their fragments to 
be elongated and to fit under the overhead obstruction by the third day. On trails with high 
treatments, there was no change in speed before and during the overhead obstruction.  

Head width across both treatments did not significantly change. Studies show that ant 
size correlates with the ability of the ant to carry larger fragment sizes (Burd 1995; 2000). In this 
study, the forager ants each individually carried modified fragment shapes rather than changing 
the workers of the colony in order to carry larger leaf fragments. Larger ants are also usually 
stronger and could possibly struggle passing through an overhead obstruction (Lewis et al 2008). 
This data showed that colonies did not make a collective decision to delegate foraging to larger 
ants. 

Traffic levels were significantly higher on the low treatment trails than the high treatment 
trails. This traffic difference however was seen even before trail treatments were placed and 
could be a natural traffic level difference between haphazardly chosen trails. There was no 
significant change in traffic levels on the low obstruction trail over the four days. It has been 
shown that leaf-cutter ants generally prefer to maintain trails than construct new ones, showing 
fidelity to their trails (Caldato 2016). Ants were not abandoning the trail with the overhead 
obstruction, further suggesting that they were problem solving by adjusting the fragment shapes 
to more efficiently travel under the obstruction in a timely manner. This is also supported by the 
mean ant speeds, which increase between the second and third day following an increase in leaf 
fragment ratio. As the leaf fragments become more elongated, there was a trend in faster ant 
speed.  Even the high treatment experienced differences in speed and fragment ratio within the 
first two days as the colony modified foraging, possibly in order to remain efficient. 

Initial observations showed a few clearing attacks preformed on the overhead 
obstructions; however, these attacks were only observed on the first day. This could be because 
the ants quickly learned the energy to remove the obstruction was too costly and opted to adjust 
fragment size instead. This observation is not what Bruce et al. (2016) saw in the lowlands, 
where ants preformed many clearing attacks. However, Monteverde is at the top range of A. 
cephalotes and has drier conditions that are not optimal for ant efficiency. Thus, it could have 
been an energy saving decision to adjust fragments instead of spending time attempting to 
remove the obstruction.  

It is important to take into consideration other potential abiotic factors that can affect 
fragment size. Trail length was not measured in this study but has been found to cause no 
significant changes in fragment size (Wetterer 1990). Trail gradient is a known possible cause of 
leaf fragment adjustments and was not determined for the trails used in this study (Lewis et al. 
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2008). Different levels of wind were observed across the colonies and can affect fragment size as 
well according to a recent study done by Alma et al. (2016). 

Ultimately, this data supports the individual problem-solving decisions found by 
Dussutour et al. (2016) in the lab in which fragment size was adjusted. In the field, fragment 
length to width ratio significantly increased over the course of four days on the low treatment 
trials. Colony decisions were made in the absence of any ant size adjustment and traffic level 
changes. The number of foraging ants was not increased, contradicting what was seen in the lab. 
The leaf fragment adjustments appeared to be the main source of response to the overhead 
obstruction.   
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ABSTRACT 
The Optimal Foraging Theory predicts that animals forage with the strategy that maximizes net intake of energy. 
Evaluation of the predictions of the theory on bees and ants have revealed apparent sub-optimal strategies that 
deviate from the predictions of the theory. Deviations can be due to the effect of abiotic factors such as wind. 
Studies on the leaf-cutter ant Acromyrmex lobicornis suggest that in response to wind 1) leaf cuter ants cut elongated 
leaf fragments and 2) colonies send out larger ants. I tested these general predictions in a cloud forest population of 
the leaf-cutter ant Atta cephalotes. I collected information on leaf fragment size and shape and ant size under 
varying wind velocities, both natural and artificially simulated. Fragment shapes were found to become more 
elongated with the presence of wind and the effect of width was stronger than the effect of length in determining 
changes in shape. In addition, colonies respond collectively by sending larger ants to forage. I also offered artificial 
leaf fragments of different shapes under artificially simulated wind conditions and found that ants chose smaller 
elongated fragments than larger square fragments under windy conditions. This study illustrates that leaf-cutter ants 
generally respond both individually and collectively to mitigate the effects of wind. 

RESUMEN 
La teoría de forrageo óptimo predice que los animals forrajean con una estrategia que maximiza la toma neta de 
energía. Evaluaciones de las predicciones de la teoría en abejas y hormigas han revelado una aparente estrategia 
sub-óptima que se desvía de las predicciones de la teoría. Las desviaciones se pueden deber al efecto de factores 
abióticos como el viento. Estudios en las hormigas cortadoras Acromyrmex lobicornis, sugieren que en respuesta al 
viento 1) las hormigas cortadoras cortan fragmentos de hojas elongados y 2) las colonias envían hormigas más 
grandes. Probé las predicciones generals en una población en el bosque nuboso en la hormiga zompopa Atta 
cephalotes. Recolecté información en el tamaño y la forma de los fragmentos de las hojas y el tamaño de la hormiga 
bajo varias velocidades de viento, tanto natural como artificialmente simulados. Las formas de los fragmentos 
demostraon ser más elongados con la presencia del viento y el efecto del ancho fue más fuerte que el efecto del largo 
al determinar los cambios en la forma. Además, las colonias responden colectivamente al enviar hormigas más 
grandes a forrajear. También ofrecí fragmentos de hojas artificiales de diferentes formas bajo condiciones de viento 
artificialmente simuladas y encontré que las hormigas eligen fragmentos más pequeños y elongados que largos 
fragmentos cuadrados bajo condiciones ventosas. Este estudio ilustra que las hormigas zompopas responden 
generalmente tanto individual como colectivamente para mitigar los efectos del viento.  
 
INTRODUCTION 

The Optimal Foraging Theory predicts that animals forage with the strategy that maximizes the 
net intake of energy (Perry and Planka 1997). A great challenge in this foraging theory is how to 
explain the behavior of a large and complex systems such as eusocial animals that emerge as a 
function of the properties of its individual components (Traniello 1989). The theory was 
extended to encompass social insects that carry food items back to a central place where the food 
is consumed (Wetterer 1989). Evaluation of the predictions of the theory on bees and ants have 
revealed apparent sub-optimal strategies that suggest that trade-off individual efficacy of food 
retrieval and information transfer to nestmates is through recruitment (Detrain et al. 2000). 
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Atta and Acromymex, commonly known as leaf-cutter ants have emerged as model 
systems in the study of optimal foraging (Alma et al. 2016b; Alma et al. 2017). Leaf-cutter ants 
are conspicuous consumers of foliage in the tropical forests of the New World. They use leaf 
materials that they cut to culture fungi which is then harvested and fed to the larvae and lesser 
extent, the adult ants (Rudolph and Loudon 1986). Colonies may consist of up to several million 
individuals whose caste/job is to cut and carry fresh leaf fragments from trees along a single trail 
to the nest (Wilson 1980). Although, foragers usually cut and carry fresh leaf fragments, they can 
also pick up leaf fragments that were left on the trail by other ants (Littledyle and Cherrett 1975; 
Wetterer 1990). Foragers may spend twenty minutes to seven hours round trip from the tree to 
the nest and are exposed to the environment in that time (Hodgson 1955).  

Optimal Foraging Theory predicts that leaf-cutter ants should pick the loads that 
maximize the net rate of leaf fragment delivery to the nest (Hodgson 1955). The size of leaf 
fragment chosen by the worker ant influences the ant’s speed on the trail (Traniello et al. 1984). 
Selecting a large leaf fragment may contain more energy for the farmed fungus, but will take 
disproportionately longer to transport (Rodriguez 2011). Fragment size is also directly related to 
ant size, larger ants also walk faster and can carry larger fragments while smaller ants tend to 
carry smaller loads (Alma et al. 2016a). Leaf-cutter ants usually cut and transport smaller leaf 
fragments for their body size than predicted by the Optimal Foraging Theory to maximize leaf 
tissue harvested (Kacelnik 1993). Biotic and abiotic factors may influence the cost-benefit ratio 
of the leaf fragments chosen in comparison to distance from the nest (Alma et al. 2017). 
Predation, competition, and leaf processing time inside the colony are biotic factors that may 
make small fragments more optimal than predicted (Alma et al. 2016b). Trail characteristics may 
impose physical constraints for the ants that could make smaller than predicted fragments more 
optimal (Dussurtour et al. 2009). In this study, the focus was on abiotic factors potentially 
affecting fragment shape selection. Previous studies have looked at the effect of temperature on 
foraging behavior and its influence on activity periods (Jayatilaka et al. 2011) on fragment size, 
temperature largely influenced the walking speed which impacted the limit on the size of 
fragment being cut (Bollazzi and Roces 2011). Distance posed another environmental factor that 
impacted fragment size, ants closer to the nest cut larger fragments than ants that were further 
away (Roces 1990). In response to trail gradients, leaf-cutter ants chose smaller loads relative to 
mass on uphill gradients and higher loading ratios when on downhill gradients allowing to 
maintain foraging efficiency (Lewis et al. 2008). 

Another abiotic factor that may affect fragment size selection in leaf-cutter ants is wind 
(Alma et al. 2017). In Acromyrmex lobicornis, individual workers response to increased wind 
velocity was to select smaller, lighter, and elongated loads (Alma et al. 2016b). In addition, 
colonies responded by sending larger workers to reduce the negative effect of wind, because 
under windy conditions mobility and walking speed of small ants were more reduced than that of 
larger ants (Alma et al. 2016a). This colony-level response illustrates how social organisms can 
collectively mitigate the adverse effects of the abiotic conditions in an environment (Alma et al. 
2016a) and the results illustrate how wind velocity can affect the predictions of the optimal 
foraging theory (Alma et al. 2017). Altogether, the studies by Alma et al. (2016b) and Alma et 
al. (2016a) on A. lobicornis in temperate zones allow three general predictions for leaf-cutter 
ants. First, ants cut elongated leaf fragments in response to wind to decrease wind velocity 
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interception and therefore increase transportation rates. Second, colonies send out larger, 
therefore stronger and faster, ants to increase leaf transport rates in response to wind. Third, 
individual and colony adjustments should be quick in response to changes in wind condition, 
both between and within days (Alma et al. 2016b). 

In this study, I tested the three general predictions presented above on the leaf-cuter ant 
Atta cephalotes in a tropical site with large daily changes in wind velocity. Specifically, I tested 
whether 1) wild ants carry smaller and longer leaf fragments on days when wind is naturally 
higher, 2) ants quickly adjust the size and shape of the fragments they carry, from large round to 
short elongated, when wind is artificially increased in the field, 3) colonies quickly send out 
larger ants when wind is artificially increased in the field, and 4) ants preferentially pick up from 
the trail small elongated leaf fragments over other shapes when wind is artificially increased in 
the field.  

METHODS  

STUDY SITE 

All experiments and measurements were conducted on two leaf-cutter ant colonies, one in an 
open, exposed site where there was exposure to wind factors and another colony in a forested site 
to test the effects of artificial wind during non-windy conditions. Both sites were located on 
Caballeriza El Rodeo property in the Santa Elena/Monteverde region in Costa Rica where there 
is exposure to high winds during the year. In the Santa Elena/ Monteverde region, wind varies 
throughout the year from the windy dry season to the windless rainy season. This study was done 
during the transition from the dry season to the rainy season, so that the leaf-cutter ants 
experienced very windy days, windless days, and days with intermediate wind velocities (Clark 
et al. 2000). Field work was performed during April 6 to April 29, 2019. The ants are both 
diurnal and nocturnal but were observed and measured during mid-morning.  

NATURAL WIND 

To test the shapes of leaf fragments in comparison to natural wind velocities, leaf fragments 
being carried by ants were measured. Leaf fragment samples were only collected from trails 
located in the open, exposed colony of the site. Each day, ground wind velocity was measured 
using an anemometer (m/s) and leaf fragments were collected from 30 ants similar in size (2 mm 
in head width behind the eyes) because the size of the ant is directly related to the size of the load 
(Burd 2000, Alma et al. 2016a). The width and length of the leaf fragment was measured (mm) 
using a caliper in the field. Length and width were determined based on the position of the leaf in 
relation to the body of the ant. The length of the fragment corresponds to the side of the fragment 
that was roughly parallel to the body of the ant carrying it, whereas the width corresponds to the 
side of the fragment that was roughly perpendicular to the ant body. Length to width ratio was 
used to approximate the shape of the fragment. Ratios closer to one correspond to 
rounder/squarer shapes, whereas ratios above one corresponds to elongated shapes. This portion 
of samples were conducted for nine days, sampling at least one trail per day. Simple linear 
regressions were used to assess the potential relationship between wind velocity and 1) fragment 
shape, 2) fragment length and 3) fragment width. An individual regression was conducted for 
each variable to avoid multicollinearity and that the three variables are significantly correlated to 
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each other. Fragment shape values were averaged per day to match the unique value of wind 
velocity measured per day. Wind velocities were log transformed to meet the assumption of 
normality and random distribution of residuals, and to linearize the relationship. 

ARTIFICIAL WIND  

In this experiment, leaf-cutter ants were experimentally exposed to artificial wind generated by 
portable fans. The experiment was conducted in the forested site that had less exposure to natural 
wind to increase the effect of artificial wind on foraging ants. A short trail was chosen to ensure 
that most forager ants traveling to and from the nest would be in contact with artificial wind in a 
short period of time. Each day, before the portable fans were set up, fifteen laden ants of any size 
were collected to measure head width (behind the eyes) and fragment length and width (mm) 
under less windy conditions. Two portable fans were then set up of the main length of the same 
trail and were left to blow wind for two hours. The fans used produced air flow with a speed of 
2.1 m/s on the trail. After the two hours, fifteen ants and fragments were collected and examined 
using the same method for the no fan treatment. This experiment was conducted for nine days 
with only one trail being sampled per day.  

Linear Mixed Models (LMMs) were used to compare fragment shape (length to width 
ratio) and ant size (head width) before and after the fan was on (one model per variable). Day 
was included as a random effect in the models to account for variability in colony activity 
between days. Fragment shape and ant size were log transformed to meet the assumption of 
normality and random distribution of residuals. Similar LMMs were used to compare fragment 
length and fragment width between treatments (fan, no fan) but in this case, ant size was 
included as a covariate (fixed effect) to account for the relationship between ant size and 
fragment size. 

 
ARTIFICIAL FRAGMENTS  

To test if leaf-cutter ants prefer a certain shape of leaf fragment in response to experimentally 
increased wind conditions, leaf fragments of varying shapes were offered to the ants. A trail was 
chosen in the wooded area of the site to ensure no additional wind was present beside the added 
wind from portable fans. Experimental leaf fragments were made from young leaves in the 
Lauraceae family that the leaf-cutter ants were observed harvesting. Following Alma et al. 
(2016b), the leaves were cut into four different shapes: large square, small square, large 
elongated, and small elongated (Table 1). These shapes were chosen based off common trends in 
length and width measurements over the nine days of the natural wind variation experiment, the 
extremes were chosen to determine what was small and large and to ensure that the shapes did 
not have the same load area. 
 
TABLE 1: Dimensions of the four artificial leaf fragments offered to a leaf-cutter ant trail in 
Santa Elena/ Monteverde, Costa Rica. The lengths, widths, area, and length: width ratio 
dimensions are shown for each shape. 
Fragment Shape Length (mm) Width (mm) Area (mm) Length: Width Ratio 
Large Elongated 19.75 10.14 200.26 1.9 
Large Square 17.53 17.02 298.36 1.02 
Small Elongated 14.59 6.33 92.35 2.3 
Small Square 11.30 10.35 116.95 1.09 
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One fragment of each of the four fragment shapes were then placed on both sides of the 
foraging trail, spaced out evenly on a 20 cm section for a total of eight fragments present on the 
trails simultaneously. The trail was than observed to record what fragments shapes were removed 
from the 20 cm trail section. Fragments were immediately replaced by the same fragment shape 
every time they were removed. After ten fragments were removed, one portable fan was placed 
on one side of the 20 cm trail section, the other portable fan was placed on the opposite side of 
the 20 cm trail section to ensure that there was wind exposure to both out going and in coming 
ants on this portion of the trail. The fans were left to blow for five minutes before data collection 
began. Once again, the four created leaf fragment shapes were placed on each side of the trail as 
before and observed until ten fragments were once again picked up. The number of leaf 
fragments removed for each fragment shape was then recorded to see what shape of fragment 
was preferred during the no fan treatment and the fan treatment. The experiment was repeated for 
eight days and was conducted on at least one trail per day. 

A LMM was used to compare the count of fragments removed per shape type between 
treatments (fan, no fan). Hence, shape type, treatment and their interaction were included as 
fixed effects. Colony and trail (nested within colonies) were included as random effects to 
account for potential variations in colony activity/behavior between trails and days. The counts 
variable was log transformed to meet the assumption of normality and random distribution of 
residuals. Pairwise post-hoc comparisons of means were conducted using Tukey tests with the R 
package “emmeans”. All analyses in this study were conducted in R 3.5.1 

RESULTS 
NATURAL WIND 

Mean leaf fragment shape (length/width ratio) increased when there was a higher velocity of 
natural wind (Simple linear regression; F = 22.86, d.f. = 1, 15, p-value = 0.0002, R2 = 0.603, n = 
17). The positive increase in shape ratio with increasing wind velocity (Figure 1) indicates a 
change from more square to more elongated fragments with increasing wind velocities. 
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FIGURE 1: Daily mean leaf fragment shape seen on leaf-cutter ant trails exposed to natural wind 
velocity variations in Santa Elena/Monteverde, Costa Rica. Fragment shape was calculated as the 
length to width ratio so that ratios closer to one represent more square fragments while higher 
values represent more elongated shapes. The mean leaf fragment shape increased with higher 
velocity (Simple linear regression: p-value = 0.0002, n = 17). 

Fragment length also tended to be positively correlated with wind velocities although the 
trend was marginally non-significant (Simple linear regression: F = 3.12, d.f. = 1, 15, p-value = 
0.097, R2 = 0.172, n = 17; Figure 2). On the other hand, fragment width decreased significantly 
with increasing wind velocities (Simple linear regression: F = 5.39, d.f. = 1, 15, p-value = 0.034, 
R2 = 0.264, n = 17; Figure 3). Altogether, these results show that the change in leaf shape with 
increasing wind velocity is mostly due to a reduction in width more than an increase in length. 

 

 

 

 

 

 

FIGURE 2: Daily mean leaf fragment length seen on leaf-cutter ant trails exposed to natural 
wind velocity variations in Santa Elena/Monteverde, Costa Rica. The wind velocities were log 
transformed to linearize the relationship. The difference in leaf fragment lengths compared to 
natural wind velocities were not significant (Simple linear regression: p-value = 0.097, n = 17). 
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FIGURE 3: Daily mean leaf fragment width seen on leaf-cutter ant trails exposed to natural wind 
velocity variations in Santa Elena/Monteverde, Costa Rica. The wind velocities were log 
transformed to linearize the relationship. Fragment width decreased significantly with increasing 
wind velocities (Simple linear regression; p-value = 0.034, n = 17) 

ARTIFICIAL WIND  

The fan treatment leaf fragment shapes were more elongated than the no fan treatment fragments 
(LMM; F = 173.66, d.f. = 2, 260, p-value < 0.0001, n = 210 ants). The average no fan treatment 
leaf fragment shape was closer to one (mean ± SE = 1.18 ± 0.033) while the average leaf 
fragment shape seen during the fan treatment was closer to two (1.86 ± 0.067) (Figure 4). 
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FIGURE 4: Mean leaf fragment shapes seen during the fan treatment and the no fan treatment in 
Santa Elena/Monteverde, Costa Rica. Fragment shape was calculated as the length to width ratio 
so that ratios closer to one represents a squarer fragment while higher values represent a more 
elongated fragment shape. The mean leaf fragment shape increased with the presence of wind 
(LMM; p-value < 0.000,1 n = 210 ants). Lines over bars are the standard errors for each 
treatment. 

Ant head widths were larger during the fan treatment (LMM; F = 429.47, d.f. = 2, 202, p-
value < 0.0001, n = 210). The distribution in average ant size was skewed towards larger ants 
carrying leaf fragments during the windy conditions (2.08 mm ± 0.04) when compared to the 
ants in the no wind conditions (1.89 mm ± 0.03) (Figure 5). Leaf-cutter ants seen during the fan 
treatment were 9.2% larger than the no fan treatment. 

  
FIGURE 5: Mean ant size seen during the fan and no fan treatment in Santa Elena/Monteverde, 
Costa Rica. Larger ant head width correlate with larger ant size. The mean ant size increased 
with the presence of wind (LMM; p-value < 0.0001, n = 210 ants). Lines over bars are the 
standard errors for each treatment. 

Overall, larger ants carried longer fragments in both treatments (LMM, ant size; F = 
46.41, d.f. = 1, 200, p-value < 0.0001, n = 210). The slope of the relationship was similar 
between treatments (LMM, interaction ant size and treatment; F = 0.019, d.f. = 1, 200, p-value = 
0.88) but ants of a given size carried longer fragments during the fan treatment in comparison 
with the no fan treatment (LMM, treatment; F = 1546.07, d.f. = 2, 200, p-value < 0.0001; Figure 
6). 

1.7

1.75

1.8

1.85

1.9

1.95

2

2.05

2.1

2.15

M
ea

n 
A

nt
 H

ea
d 

W
id

th
 (m

m
)

No Fan                     Fan

96



 
FIGURE 6: Leaf fragment lengths in comparison to ant size (head width) during fan and no fan 
treatments on a leaf-cutter ant trail in the Santa Elena/Monteverde, Costa Rica. Larger ants 
carried longer fragments in both treatments (LMM, ant size; p-value < 0.0001, n = 210) and ants 
of a given size carried longer fragments during the fan treatment in comparison with the no fan 
treatment (LMM, treatment; p-value < 0.0001, n = 210). 

Larger ants also carried wider fragments in both treatments (LMM, ant size; F = 58.35, 
d.f. = 1, 200, p-value < 0.0001, n = 210). The slope of the relationship was similar between both 
treatments (LMM, interaction ant size and treatment; F = 2.41, d.f. = 1, 200, p-value = 0.12) but 
ants of a given size carried fragments with decreased widths during the fan treatment in 
comparison with the no fan treatment (LMM, treatment; F = 859.76, d.f. = 2, 200, p-value < 
0.0001; Figure 7). 

 

0

5

10

15

20

25

30

35

0 0.1 0.2 0.3 0.4 0.5

Fr
ag

m
en

t L
en

gt
h 

(m
m

)

Log Ant Head Width

Series1 Series2 Linear (Series1) Linear (Series2) Linear (Series2)Fan No Fan Fan

0
2
4
6
8

10
12
14
16
18
20

0 0.1 0.2 0.3 0.4 0.5

Fr
ag

m
en

t W
id

th
 (m

m
)

Log Ant Head Width

Series1 Series2 Linear (Series1) Linear (Series2)No Fan No FanFan Fan

No Fan 
 

97



FIGURE 7: Leaf fragment widths in comparison to ant size (head width) during fan and no fan 
treatments on a leaf-cutter ant trail in the Santa Elena/Monteverde, Costa Rica. Larger ants 
carried wider fragments in both treatments (LMM, ant size; p-value < 0.0001, n = 210) and ants 
of a given size carried fragments with decreased widths during the fan treatment in comparison 
with the no fan treatment (LMM, treatment; p-value < 0.0001, n = 210). 

ARTIFICIAL FRAGMENTS  

There was a difference in the selection of fragment shapes offered during the fan and no fan 
treatments (LMM; F = 40.27, d.f. = 3, 84, p-value < 0.0001, n = 260). During the no fan 
treatment, the artificial fragment that was chosen the most, on average, was the large square 
fragment (3.38 ± 0.42) while the fragment removed the least was the small elongated fragment 
(1.07 ± 0.18) (Figure 8). There was a difference during the no fan treatment between the large 
square and the small elongated fragments removed. During the fan treatment, the fragment that 
was removed the most was the small elongated fragment (4.31 ± 0.21) and the fragment removed 
the least was the large square fragment (0.76 ± 0.20) (Figure 8). This relationship between the 
small elongated fragment and the large square fragment during the fan treatment proved to be 
different. 

 
FIGURE 8: Mean number of leaf fragments removed during the no fan and fan treatment when 
ants were offered four different shaped artificial leaf fragments; Large Elongated (L.E.), Large 
Square (L.S.), Small Elongated (S.E.), and Small Square (S.S.). There was difference in the 
selection of fragment shapes during the fan and no fan treatments (LMM; p < 0.0001, n = 260). 
The fan and no fan treatments are independent from each other and all the post-hoc comparisons 
were different except for Large Square and Small Square (no fan treatment) and the Large 
Elongated and Small Square (fan treatment). The lines above the bar show the standard error for 
each mean. 

GENERAL OBSERVATIONS 

The wind produced from the portable fans (2.1 m/s) was higher than any of the natural wind 
velocities (0-1.7 m/s) that were measured. It was observed that not only do the ants cut more 
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elongated fragment shapes when there was higher wind velocity present, but when the artificial 
leaf fragments were offered, ants that were passing by are making the same decisions that the 
ants are when cutting the leaf fragments. The forager ants that were on the trail pick up the leaf 
fragment offered and assessed it with the current wind, then either put it back down and grab 
another, more suitable fragment or take the leaf fragment back to the nest. Many ants would pick 
up the large square fragment offered then abandoned it once faced with wind and then would 
grab a smaller fragment. 

DISCUSSION 
This study demonstrates that the leaf-cutter ant A. cephalotes, can mitigate the abiotic factor of 
wind to maximize maneuverability by creating more elongated leaf fragment load shapes and by 
sending out larger ants. The ants in this study selected more elongated leaf fragment shapes when 
natural wind velocities increased. This adjusted load characteristics to reduce the negative effects 
of wind (Alma et al. 2016b). Surprisingly, the ants did not increase the length of the fragment as 
much as the fragment width. Decreasing the overall height of the leaf fragment reduces the blow 
over and therefore the delay that would come with a fragment with a large width (Alma et al. 
2016b). Increasing just the length of the leaf fragment without compromising height would 
increase the total area and load size, thus making the leaf fragment larger allowing more wind 
interception creating greater delay (Roschard and Roces 2002; Alma et al. 2016b).  

Since the ants showed behaviors that reduced the negative affect of naturally occurring 
wind, the same would be expected for the artificial wind. Once again, in the presence of 
increased wind, the fragment shapes were quickly made more elongated, but in this case both 
length and width were significantly modified. The significant increase of length seen during the 
fan experiment may be due to the portable fans having a higher velocity than any of the natural 
wind velocity days creating a greater need to elongate the fragment shape more. This may be 
because leaf-cutter ants have the ability to detect wind intensities to accurately adjust their load 
size to maintain a similar rate of food intake (Alma et al. 2017). So, when faced with greater 
intensities of wind, the fragment shape needed to be more modified to maintain food intake rate. 
These overall results correspond to Dussurtour et al. (2009) and Alma et al (2016b) that found 
individual level responses that ants cut reduced leaf fragments following the changes in physical 
abiotic properties of their environment that produce constraints and for the purpose of this study 
and Alma et al (2016b), the constraint was wind. Optimal foraging theory also predicts that leaf-
cutter ants should pick the loads that maximize the net rate of leaf fragment delivery to the nest 
(Hodgson 1955), therefore the elongated fragments likely allowed more maneuverability 
allowing increased speed and maximizing delivery during the presence of wind. The results of 
the fan experiment indicate that the occurrence of leaf fragment shape adjustments within two 
hours suggest that the behavioral response in leaf-cutter ants is flexible and immediate when 
wind is experienced (Alma et al. 2016b). Immediate behavior response is not only seen in the 
ants cutting the leaves, but there was also a quick response to the ants that were picking up 
fragments on the trail to choose more elongated loads and assessing leaf fragments that would be 
most optimal when faced with wind. 

The shape of leaf fragment chosen by the worker ant influences the ant’s speed and 
movement and may compromise maximizing the load size and speed when faced with wind 
(Traniello et al. 1984). Once again, Atta cephalotes ants chose more elongated fragments when 
faced with wind, while large square fragments were chosen the most in the absence of wind. The 
large, more square fragments seen in the absence of wind may be due to the absence of the 
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constraints imposed by wind, so leaf-cutter ants can optimize their foraging trips by transporting 
larger shaped loads (Rudolph and Loudon 1986). This preference would be optimal because the 
large square fragment had the largest mass load when compared to the other smaller or more 
elongated fragments that had lesser areas, therefore reduced fragment mass loads that would 
compromise maximum leaf tissue. Suggesting that when there is no wind present, the ants will 
choose against elongated loads that decrease maneuverability, stability, speed, mass load and 
transport rate (Roschard and Roces 2002). This result shows that when no wind is present, the 
optimal leaf shape for a leaf-cutter ant may be a large square to increase the amount of leaf tissue 
to the nest (Roschard and Roces 2002; Alma et al 2016b). The small elongated fragment reduced 
the area of wind interception and allowed the most maneuverability between the four fragments 
when in wind (Moll et al. 2012; Alma et al. 2016b). The large square was removed the least due 
to the greater area to have more wind interception, delay, and blow over which would reduce the 
net intake of transportation to the colony which goes against the Optimal Foraging Theory 
(Rodriguez 2014). It may be optimal to choose smaller and more elongated fragments when the 
negative effect of wind is high. When there is not wind it seems optimal to transport large square 
fragments. 

The study also revealed a collective response from the ant colony. There were larger 
recorded ant sizes on the trail when the fans were blowing than before. The larger ants were also 
associated with larger lengths and larger widths because ant size is directly correlated to 
fragment size (Burd 2000; Alma et al. 2016b). This type of shift in ant sizes in response to wind 
indicates that there is communication present from the ant trail to the main colony to send out 
larger ants to withstand the exposure to wind. The results correspond to Alma et al. (2016a) that 
larger ants were less affected by wind than smaller ants with respect to speed and frequency of 
displacement from the trail. A possible communication interaction may occur in leaf-cutter ants 
when harvesting ants regulate the activation of waiting foragers and the number and sizes of 
foragers available to be activated through interaction near the nest entrance (Pless et al. 2015; 
Alma et al. 2016a). This added social dynamic may be a behavioral response to maximize leaf 
tissue transport under wind constraints since larger ants can carry larger fragments at a higher 
speed compared with smaller ants (Alma et al. 2016a). In areas characterized by strong and 
constant wind, leaf-cutter ants spend more time bringing resources to their nests, decreasing 
maximum intake, as wind speed increased, the load sizes and shapes decreased and larger ant 
presence increased, highlighting the relevance of considering abiotic factors to predict optimal 
foraging behavior and influence of social foraging (Alma et al. 2017). 

This study reveals novel evidence that leaf-cutter ants modify the width of the fragments 
more than the length with increased wind velocities. Following the three general predictions 
presented in Alma et al. (2016a) and Alma et al. (2016b) with Acromyrmex lobicornis, this study 
that used Atta cephalotes ran consistent and found that 1) leaf-cutter ants carry smaller and 
longer leaf fragments when wind was increased, 2) ants quickly adjusted to the size and shape of 
the fragments they carry, from large round to short elongated, when wind was artificially 
increased in the field, 3) there was a collective response to send out larger ants when wind was 
artificially increased, and 4) ants preferred the offered small elongated leaf fragments when wind 
was artificially increased in the field. The similar results between the Alma et al. (2016a; 2016b; 
2017) suggest that leaf-cutter ants in general, no matter genera differences or location, respond 
similarly to the effect of wind at both the individual and colonial level. 
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ABSTRACT 
 
Hummingbirds and the tubular, red flowers they pollinate are a prime example of a highly coevolved mutualism. 
Heliconia species with long, curved corollas produce high sucrose concentrations that attract long-billed 
hummingbirds, while short, straight corollas offer low concentrations and are visited more often by short-billed 
hummingbirds. A recent experiment with artificial flowers showed that long-billed hummingbirds preferred long 
over short artificial flowers only when the latter offered higher nectar concentrations than the former, suggesting that 
increased nectar rewards may be a general factor in the evolution of the preference for long, curved flowers by 
long-billed hummingbirds. The previous experiment, however, did not offer high and low concentrations in all 
flower morphologies simultaneously, limiting the strength of its results. My study conducted this simultaneous 
comparison by offering different cloud forest hummingbirds every possible combination of flower length and nectar 
concentration in an artificial setting. I found that, overall, hummingbirds of varying beak lengths and natural feeding 
niches preferred short, curved corollas and high nectar concentrations (mean number of visits = 11.7 ± 2.1 for 
short-curved-high, 0.6 ± 0.3 for long-straight-low). This suggests that the high concentration of nectar found in some 
long flowers in nature is indeed to entice long-billed hummingbirds to pollinate those flowers over more easily 
accessible—but low-concentration—short flowers.  
 

RESUMEN 
 
Los colibríes y las flores tubulares rojas que ellos polinizan, son un buen ejemplo de una coevolución mutualista. 
Las especies de Heliconia con corolas largas y curvas producen altas concentraciones de azúcar que atraen a los 
colibríes de pico largo, mientras las especies con corolas cortas y rectas que ofrecen bajas concentraciones son 
visitadas comúnmente por colibríes de pico corto. Un experimento reciente con flores artificiales demostró que los 
colibríes de pico largo sólo preferían las flores artificiales largas sobre las cortas cuando las largas ofrecían mayores 
concentraciones de néctar que las cortas, sugiriendo que el incremento en la recompensa de néctar puede ser un 
factor general en la evolución de la preferencia de los colobríes de pico largo por flores largas y curvas. Sin 
embargo, este estudio previo, no ofreció simultáneamente altas y bajas concentraciones de néctar en todos los tipos 
de morfología floral, limitando la fuerza de sus resultados. Mi estudio condujo una comparación simultánea al 
ofrecer a diferentes colibríes del bosque nuboso, cualquier combinación posible entre el largo de la flor y la 
concentración de nectar en un entorno artificial. Encontré que en general, colibríes de diferentes longitudes de pico y 
nichos naturales de alimentación prefieren corolas cortas y curvas con altas concentraciones de nectar (promedio del 
número de visitas = 11.7 ± 2.1 para corto-curvo-alto; 0.6 ± 0.3 para largo-recto-bajo). Esto sugiere que las altas 
concentraciones de néctar encontradas en algunas flores largas en la naturaleza atraen más a los colibríes de pico 
largo para que las polinizen que las flores cortas, que aunque son más accesibles tienen bajas concentraciones de 
néctar. 
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INTRODUCTION 
 

Flowers employ combinations of nectar rewards, scents, colors, and flowering patterns 
that determine which pollinators are attracted to the plant, and how the coevolution between the 
two organisms will occur (Hoballah et al.  2007). Hummingbirds at large prefer red, tubular 
flowers, but not all equally (Araujo & Sazima 2003). Flowers of different plants—even 
closely-related species—offer differing levels of nectar concentration as a reward for the 
hummingbirds, and have different flower morphologies (Feinsinger & Colwell 1978). Likewise, 
different species of hummingbirds have differently shaped bills, each adapted to forage from a 
specific type of flower (Stiles 1975). Over time, coevolution has created environmental niches 
wherein hummingbirds with similar beak morphologies habitually visit similar types of flowers 
(Stiles 1975). This has allowed plants’ flowering patterns and hummingbirds’ beak morphologies 
to evolve to best fit each other—long-billed hummingbirds visit long flowers, while short-billed 
hummingbirds visit short flowers (Stiles 1975). 

In addition to matching beak and flower shape, flower preference is at least partially 
related to foraging behavior in hummingbirds (Stiles 1975; Feinsinger & Colwell 1978; 
Henderson 2015; Maglianesi et al.  2015). Long and short-billed hummingbirds segregate into 
“traplining” and “territorial” feeding guilds, respectively (Stiles 1975). Traplining species visit 
the same set of dispersed flowers each day, while territorial hummingbirds guard dense patches 
of flowers (Stiles 1975; Feinsinger & Colwell 1978). Stiles (1975; 1993) found that Heliconia 
species offering higher sucrose concentrations were significantly more visited by traplining 
hummingbirds, while flowers offering lower concentrations were visited more often by territorial 
hummingbirds. The highly-concentrated flowers were long (33-48 mm) and curved, mirroring 
the beak shape of their pollinators, while the lower-concentrated ones were short (21-32 mm) 
and straight, catering to their short-billed pollinators (Stiles 1975).  

The finding that long Heliconia  flowers offer highly-concentrated nectar to attract 
long-billed hummingbirds may reflect a general pattern in flower preference by these 
hummingbirds. Henderson (2015) showed that long-billed cloud forest hummingbirds prefer 
long over short artificial flowers (straight or curved) only when the latter were filled with more 
highly-concentrated (30% m/v) nectar, mirroring the high concentration found in nature by Stiles 
(1975). When nectar concentration was the same (10% m/v) in all flower morphologies, 
long-billed species had no preference for any flower type (Henderson 2015). As expected, 
short-billed species were excluded from long flowers because they could not reach the nectar 
(Henderson 2015). These results suggested that increased nectar rewards may be a key factor in 
the evolution of the preference for long, curved flowers by long-billed hummingbirds. This 
conclusion, however, should be looked at with caution due to limitations in experimental design.  

An important limitation of the study by Henderson (2015) is that hummingbirds were not 
exposed to both high and low nectar concentrations in all flower morphologies simultaneously. 
Without this comparison, it is impossible to evaluate whether long-billed hummingbirds would 
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change their lack of preference for long corollas (the tubular parts of the flowers that the birds 
feed from) only when those produce highly-concentrated nectar, or whether they would still 
segregate to that natural niche if short, highly-concentrated flowers were offered. In this study, I 
evaluate the conclusions of Henderson (2015) by offering hummingbirds the same 
concentrations of nectar provided by Henderson (2015) in short, long, straight, and curved 
artificial flowers simultaneously. This experiment aims to elucidate whether offering higher 
nectar concentrations in longer flowers was a necessary step in the evolutionary specialization of 
long flowers alongside long-billed hummingbirds.  
 
METHODS 
 
Study Site 
 
I carried out the experiment at the Curi-Cancha Reserve in the lower montane wet forest life 
zone of Monteverde, Costa Rica (coordinates: 10° 18’ 23” N 84° 48’ 07” W, elevation: 1450 m), 
from 9 April - 6 May 2019. Roughly 20 m from the edge of the forest—the same place where 
Henderson (2015) conducted her study—the reserve has a display of hummingbird feeders set up 
year round, so the hummingbirds know that this is a feeding site. I removed the reserve’s feeders 
each morning and hung my feeders in the same location.  
 
Study Organisms 
 
I studied seven common species of hummingbird found in Monteverde—the same ones as 
Henderson (2015). Four were short-billed, one medium, and two long (Henderson, 2015). They 
were the Coppery-Headed Emerald ( Elvira cupreiceps ), the Stripe-Tailed Hummingbird 
( Eupherusa eximia ), the Magenta-Throated Woodstar ( Calliphlox bryantae ), the Purple-Throated 
Mountain-Gem ( Lampornis calolaemus ), the Green Violetear ( Colibri thalassinus ), the 
Green-Crowned Brilliant ( Heliodoxa jacula ), and the Violet Sabrewing ( Campylopterus 

hemileucurus ), listed in order of beak-length classification. For information on beak lengths, see 
Henderson (2015). 
 
General Procedure 
 
I set up ten feeders as follows: five low concentration feeders, with 10 percent m/v sugar water, 
and five high concentration feeders, with 30 percent m/v sugar water. I made the nectar by 
measuring out the mass and volume of sugar and water for each concentration (10 percent m/v 
and 30 percent m/v) and mixing the ingredients in plastic bottles. The nectar in each feeder was 
changed every other day to prevent fermentation. The five feeder types matched those used by 
Henderson (2015): a control (0 mm), a short (10 mm) straight, a short curved (30º), a long (30 
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mm) straight, and a long curved (30º) feeder (Fig. 1). Following Henderson’s (2015) design, I 
built the artificial flowers on the feeders using plastic straws cut into 10 mm and 30 mm lengths. 
Additionally, curved flowers were bent at an angle of 30º. I wrapped the straws in red electrical 
tape and constructed petals out of yellow electrical tape to simulate the hummingbirds’ natural 
flower preferences. The artificial petals were placed around the opening at the end of each straw. 
I then attached the straws to the feeders with hot glue. The controls had no straws, and simply 
had the yellow simulation petals around the openings in the feeders. Following Henderson’s 
(2015) experimental design, I observed the feeders between 0830 and 1100 for 14 days, with 15 
minutes spent at each. I recorded every visit a hummingbird made to the feeder—as opposed to 
every individual that visited—because it was difficult to keep track of each individual without 
tagging them. I rotated the feeder positions each day to control for location preference. 

 
Figure 1: Feeders of different flower morphologies. A = Control, B = Short straight, C = Short 
curved, D = Long straight, E = Long curved.  

 
 
Statistical Analysis 
 
The number of visits by each species was compared across each flower type and nectar 
concentration using a linear mixed model (LMM) where feeder type was included as a fixed 
effect, and observation day was included as a random effect. This statistical model tested for 
differences in flower morphology while controlling for differences between hummingbird 
activity on different observation days, and lack of independence between observations made on 
the same day. The number of visits was log-transformed to meet assumptions of normality and 
random distribution of residuals. Models were fitted using the R package nlme. Post-hoc 
pairwise comparisons of levels within treatments were conducted using the R package emmeans. 
All analyses were conducted in R 3.5.1.  
 
RESULTS 
 
All hummingbirds showed a preference (noted by visits per day) for high nectar concentration 
over low when offered five different feeder morphologies (control with no corolla, short straight 
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(10 mm), short curved (30º), long straight (30 mm), and long curved (30º)) and two different 
nectar concentrations (10 percent m/v and 30 percent m/v) (Table 1, Figs. 2-4). Short-billed 
species all avoided long corollas, preferring short or control-length flowers (Table 1, Fig. 2). 
Medium-billed Green Violetears also preferred short or control-length corollas (Table 1, Fig. 3). 
Long-billed Green-Crowned Brilliants overall preferred short corollas, but frequented 
long-straight-high flowers as well (Fig. 4A). The other long-billed species, Violet Sabrewings, 
showed no preference for flower morphology, as long as the nectar concentration was high 
(Table 1, Fig. 4B).  
 
 
Table 1: Results of linear mixed models on hummingbird feeding preferences for five different 
flower morphologies (control with no corolla, short straight (10 mm), short curved (30º), long 
straight (30 mm), long curved (30º)), and two different nectar concentrations (10 percent m/v and 
30 percent m/v) in the cloud forest of Monteverde, Costa Rica. Ten feeders were offered 
simultaneously, one of each morphology and nectar concentration. Preference was measured in 
visits per day. O = Total number of observations over 14 days, T = Treatment (corolla 
morphology), N = Nectar Concentration. Df for all T = 4, df for all N = 1, df for all T x N = 4. 
Species abbreviations are as follows: CH = Coppery-Headed Emerald , ST = Stripe-tailed 

Hummingbird, MW = Magenta-Throated Woodstar , PM = Purple-Throated Mountain-Gem , GV 
= Green Violetear , GC = Green-Crowned Brilliant, VS = Violet Sabrewing . Abbreviations 
within parenthesis denote beak length: S = short, M = medium, L = long.  

 CH (S) ST (S) MW (S) PM (S) GV (M) GC (L) VS (L) 

O 2124 273 944 1585 4194 630 272 

F-values        

T 43.1 6.3 14.1 37.0 34.2 3.9 .6 

N 24.8 4.4 26.5 25.5 118.5 48.3 24.5 

T x N 2.7 1.8 1.7 5.0 2.2 2.0 .4 

p-values        

T <.0001 .0001 <.0001 <.0001 <.0001 .01 .67 

N <.0001 .04 <.0001 <.0001 <.0001 <.0001 <.0001 

T x N .03 .1 .1 .0001 .07 .10 .83 
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Figure 2: Number of visits to feeders of different flower morphologies (control = 0 cm, short = 
10 cm, long = 30 cm, curved = 30º curvature) and nectar concentrations (low (blue bars) = 10 
percent m/v, high (orange bars) = 30 percent m/v) by four short-billed hummingbird species 
observed over 14 days in the Monteverde cloud forest at 1450 m. Means with different letters are 
significantly different within graphs (post-hoc comparison, p < .05). Error bars represent one 
standard error. Feeder treatment abbreviations are as follows: CH) control high, CL) control low, 
SSH) short straight high, SSL) short straight low, SCH) short curved high, SCL) short curved 
low, LSH) long straight high, LSL) long straight low, LCH) long curved high, LCL) long curved 
low. A) Coppery-Headed Emerald, B) Stripe-Tailed Hummingbird, C) Magenta-Throated 
Woodstar, D) Purple-Throated Mountain-Gem.  
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Figure 3: Mean number of visits to feeders of different flower morphologies (control = 0 cm, 
short = 10 cm, long = 30 cm, curved = 30º curvature) and nectar concentrations (low = 10 
percent m/v, high = 30 percent m/v) by medium-billed Green Violetear hummingbirds observed 
over 14 days in the Monteverde cloud forest at 1450 m. Means with different letters are 
significantly different (post-hoc comparison, p < .05). Error bars represent one standard error. 
Feeder treatment abbreviations are as follows: CH) control high, CL) control low, SSH) short 
straight high, SSL) short straight low, SCH) short curved high, SCL) short curved low, LSH) 
long straight high, LSL) long straight low, LCH) long curved high, LCL) long curved low.  
 

 
Figure 4: Mean number of visits to feeders of different flower morphologies (control = 0 cm, 
short = 10 cm, long = 30 cm, curved = 30º curvature) and nectar concentrations (low = 10 
percent m/v, high = 30 percent m/v) by two long-billed hummingbird species observed over 14 
days in the Monteverde cloud forest at 1450 m. Means with different letters are significantly 
different within graphs (post-hoc comparison, p < .05). Error bars represent one standard error. 
Feeder treatment abbreviations are as follows: CH) control high, CL) control low, SSH) short 
straight high, SSL) short straight low, SCH) short curved high, SCL) short curved low, LSH) 
long straight high, LSL) long straight low, LCH) long curved high, LCL) long curved low. A) 
Green-Crowned Brilliant, B) Violet Sabrewing.  
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Treatment x Nectar was nonsignificant for all species except Coppery-Headed Emeralds 

and Purple-Throated Mountain-Gems (Table 1). This trend shows that, while all species 
preferred high concentration over low, most of the hummingbirds preferred short corollas over 
long in both high and low nectar concentrations. Significance, in this instance, shows a 
difference between the ratio of visits to different flower morphologies for the two different nectar 
concentrations. Coppery-Headed Emeralds and Purple-Throated Mountain-Gems, while showing 
an overall preference for high nectar concentration and short corollas (Table 1), preferentially 
visited the short-curved-high over the short-curved-low (Fig. 2A, Fig. 2D).  
 
Additional Observations 
 
I observed that multiple species often fed together, especially the smaller Coppery-Headed 
Emeralds and Magenta-Throated Woodstars. Green Violetears were the most abundant and were 
very aggressive towards other species, often chasing them away from the feeders. 
Purple-Throated Mountain-Gem males were also extremely aggressive toward each other. Violet 
Sabrewings were not particularly aggressive towards other species, but any other hummingbird 
using the feeder would leave when a Violet Sabrewing approached, and they therefore had their 
pick of whichever feeder they wanted. Wasps were also present throughout the experiment and 
on every feeder. When a hummingbird would encounter a wasp, the bird would usually fly away 
or feed from a different flower on the feeder. Since the wasps were present and interfered with 
all of the birds and all of the feeders, I do not believe they had an impact on my data collection.  
 
DISCUSSION 
 
All seven species of hummingbirds showed a preference for high nectar concentration over low, 
suggesting that, when given the option, they will go for the highest nectar reward regardless of 
their natural feeding niche. This suggests that the mutualism described by Stiles (1975), wherein 
short and long-billed hummingbirds segregate to their morphologically-respective flowers is not 
so highly evolved as to keep long-billed hummingbirds from visiting short flowers, and 
short-billed hummingbirds from exploiting highly-concentrated flowers if they can get to the 
nectar. However, in natural settings where highly-concentrated nectar is only found in long 
flowers, the hummingbirds segregate. This supports Maglianesi et al. ’s (2015) findings that 
unlimited nectar causes a breakdown in natural niche partitioning. They concluded that nectar 
limitation is key in preventing niche overlap in nature, but that once nectar is unlimited and 
competition is not an issue (as in Henderson’s (2015) and my studies), even long-billed 
hummingbirds will utilize short flowers (Maglianesi et al.  2015).  

All of the short and medium-billed species showed a preference for short or 
control-length flowers. These hummingbirds are naturally territorial, feeding on clumped, 
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low-concentration flowers (Stiles 1975). Their beaks are too short to effectively reach the nectar 
in long corollas, and therefore their preference for the short and control feeders supports 
Henderson’s (2015) data. Of the short flowers, the curved ones were preferred by all short and 
medium-billed species except the Magenta-Throated Woodstar, which visited the control feeder 
most frequently. The preference of curved over straight by all the hummingbirds could be a 
result of the placement and shape of the artificial flowers, which, being made of plastic, are 
fundamentally more rigid than natural flowers and therefore in a straight configuration may have 
impeded nectar removal. Magenta-Throated Woodstars have short, straight beaks, so the curved 
flowers may have been difficult for them to remove nectar from, hence the preference for the 
control feeder.  

The long-billed species showed less marked preference for short flowers than the rest of 
the species studied, presumably because they could access the nectar in all of the feeders. Violet 
Sabrewings and Green-Crowned Brilliants both have long bills, and in nature would feed from 
long flowers (Stiles 1975; Betts  et al.  2015). Even though they did utilize the long-straight-high 
feeder, Green-Crowned Brilliants still showed a preference for short and control feeders. This 
matches Henderson’s (2015) and Temeles et al. ’s (2002) results, and upholds their hypotheses 
that it is easier for hummingbirds of all bill lengths to draw nectar from shorter flowers. The 
Violet Sabrewing’s lack of preference for any flower morphology suggests it has no trouble 
accessing nectar in any flower shape, which could be because it has a curved bill, while the 
Green-Crowned Brilliant has a straight bill (Temeles et al.  2009). Supporting this hypothesis, the 
long flower most frequently visited by Green-Crowned Brilliants was straight, while the long 
flower most visited by Violet Sabrewings was curved.  

The test of the relationship between nectar concentration and flower morphology looked 
at whether or not the patterns of feeding at each flower morphology differed between high and 
low nectar concentrations. The patterns were found not to differ for all species except the 
Coppery-Headed Emerald and the Purple-Throated Mountain-Gem. These two species both 
visited the short-curved-high the most, but also frequented the short-straight-low and control-low 
feeders, while not visiting the short-curved-low feeder. This is particularly interesting because 
Coppery-Headed Emeralds have a curved beak, so it would be expected—using Stiles’ (1975) 
hypothesis—that they would prefer the short-curved feeders across both nectar concentrations. 
This hypothesis presumes that the relationship of various species of Heliconia  and the 
hummingbirds that pollinate them is closely coevolved in the parameters of flower shape to beak 
shape and nectar reward to nectar necessity (Stiles 1975). In a later study, Stiles (1993) looked at 
distribution of hummingbirds and a wider range of flower species, and found that these small 
hummingbirds occur alongside small flowers with low nectar rewards, upholding his initial 
results. This study also found that the nectar reward pattern that Stiles (1975) looked at is present 
in taxa other than Heliconia  (Stiles 1993).  

Henderson’s (2015) results suggest that the adaptation of flowers of long corollas with 
high nectar concentrations is to specifically attract the hummingbirds that are able to pollinate 
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them, but may otherwise go to short flowers. My results support this hypothesis by suggesting 
that, if both short and long flowers in nature produced high nectar rewards, most hummingbirds 
would preferentially pollinate the short ones. Therefore, the evolution of traplining 
hummingbirds such as the Violet Sabrewing appears to have occurred in tandem with the 
evolution of highly concentrated nectar in long flowers (Stiles 1975). The high nectar 
concentration offered by longer flowers is hypothesized to allow trapliners to fly the long 
distances between their feeding spots, and reward them for their efforts (Stiles 1975). Clumped 
individuals were found to have lower sugar concentrations and amounts of nectar, because their 
preferred pollinators stay in the clump and therefore can be satiated by visiting the many flowers 
present there (Stiles 1975). My data suggest that, if short, clumped flowers produced the same 
nectar concentration as long, spread-out flowers, all hummingbirds would be territorial, and the 
longer flowers would  not get pollinated. This is further supported by my observation that Violet 
Sabrewings—natural trapliners—held sway over all the other species, suggesting that they could 
be effective at being territorial, but in nature prefer to go to the highly-concentrated, long, spread 
out flowers that promote their traplining behavior (Stiles 1975). I also noticed that Green 
Violetears—naturally part-time trapliners—were highly territorial over the feeders. Therefore, 
this study supports the hypothesis made by Stiles (1975) that hummingbird-flower coevolution 
has selected for long, spread out flowers to have high nectar concentrations, while short, 
clumped flowers can get by with low concentrations. This causes the hummingbirds that are 
morphologically adapted to each to segregate to their respective feeding grounds, pollinating the 
plants that, as Betts et al.  (2015) hypothesized, “prefer” them.  
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ABSTRACT 
Humans pose a threat to stream ecology through anthropogenic disturbances that can alter stream 
substrate and pollute the water. Macroinvertebrates are important indicator species for stream 
health by providing the base of a very complex ecosystem and they rely on substrates to harbor 
diverse communities. Changes in the macroinvertebrate community is often associated with 
water pollution while ignoring substrate diversity. This study looked into the affect stream 
substrate heterogeneity plays in a Premontane Wet Forest stream, Quebrada Sucia, in Cerro 
Plano, Costa Rica. To accomplish this, I created artificial substrates to observe if similar aquatic 
macroinvertebrates would colonize in similar heterogeneous substrate conditions in non-
disturbed forested areas versus anthropogenic disturbed areas. By doing so, there was an 
observed difference in substrate heterogeneity between the two regimes. However, the results 
from the artificial substrate cages of high and low heterogeneity suggest that macroinvertebrate 
colonization is driven mostly by water pollution and not substrate heterogeneity. Furthermore, 
this study found that the non-disturbed section of the stream is dominated by mostly somewhat 
pollution tolerant taxa, whereas the human disturbed section is dominated by mostly pollution 
tolerant taxa. 
 
RESUMEN 
Los humanos pueden ser una amenaza para la ecología de los ríos por medio de los disturbios 
antropogénicos que pueden alterar el substrato de los mismos y contaminar el agua.  Los 
macroinvertebrados son indicadores importantes de la salud de los ríos al ser la base de un 
ecosistema complejo y al depender ellos de sustratos para albergar comunidades diversas.  Los 
cambios en las comunidades de macroinvertebrados se asocian comúnmente a la contaminación 
del agua mientras se ignora la diversidad del sustrato. Este estudio mira el efecto de la 
heterogenidad en una quebrada de bosque premontano humedo. La quebrada Sucia, en Cerro 
Plano, Costa Rica. Para llegar a esto, cree sustratos artificiales para observer si 
macroinvertebrados acuáticos colonizarían en sustratos heterogeneos similares en un área 
boscosa no perturbada versus un área con disturbios antropogénicos. Al hacerlo, existe una 
diferencia en la heterogenidad de sustrato entre los dos regimenes. Sin embargo, los resultados 
de las jaulas con sustratos artificiales de heterogenidad alta y baja sugieren que la colonización 
de macroinvertebrados es impulsada mayoritariamente por la contaminación del agua y no la 
heterogeneidad de sustrato. Además, este estudio encontró que la sección sin disturbios de la 
quebrada es dominada mayoritariamente por taxones tolerantes a la contaminación. 
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INTRODUCTION 
Freshwater habitats, such as lakes, rivers, and streams, harbor more than 10% of all known 
animal species, playing a massive role in the Earth’s biodiversity (World Wildlife Fund 2019). 
However, less than 1% of water on Earth is freshwater, and it is becoming more and more 
polluted everyday through anthropogenic disturbances (World Wildlife Fund 2019). All life 
depends on water and it is crucial that freshwater ecosystems are protected and conserved (Erwin 
et al. 2002). Moreover, water and water ecosystems that aren’t directly used for human use may 
become degraded or polluted indirectly (Sharma et al. 2011) and it has been shown that water 
pollution in particular has been emphasized for degrading aquatic ecosystems (Carpenter et al. 
1998).  However, pollution in hydrologic watersheds is often difficult to assess, given the flow-
through topography of streams and rivers (Erwin et al. 2002). Pollutions can damage delicate 
components by entering a body of water and then flowing downstream, all before being directly 
detected in the water. As a consequence, water pollution is often studied by looking at the 
associated affects that occur as a result of the pollution. A well-defined methodology involves 
the sampling of aquatic macroinvertebrates (Chatzinikolaou et al. 2006; Chadde 2006). Aquatic 
macroinvertebrates are ideal for identifying water pollution because they have a wide range of 
sensitivity to both physical and chemical changes in their habitat by utilizing the organic and 
detritus matter, and they can help in restoring and maintaining the ecological integrity of 
freshwater (Sharma et al. 2011; Erwin et al. 2002; Resh et al. 1975; Chadde 2006). 

Given the ease and available information, macroinvertebrates are used to assess water 
quality in many parts of the world (Sharma et al. 2011; Resh et al. 1975). However, 
macroinvertebrate diversity and abundance is not only dependent on water quality. Stream 
substrate heterogeneity, or the availability of microhabitats in the stream bed, determines the 
physical conditions of the benthic environment, which affects how many and what kind of family 
can utilize a stream (Parker 1989). These microhabitats include minerals of varying sizes, such as 
sand, gravel, pebble, cobble, boulders, and organic materials like leaf packs (Ramírez et al. 
1998).  

Human dominated landscapes not only potentially add pollutants to water, but also may 
simply stream substrates. Reformation of channels through anthropogenic disturbances can 
revise flow velocity and water depth, greatly affecting habitat obtainability for many species, 
including aquatic insects (Brasher 2003). Sampling macroinvertebrates still provide a good 
indication of stream health, but a reduction in abundance and diversity may be good indicators of 
pollution and/or stream substrate simplification. Teasing apart these two variables could be 
invaluable when determining what type of mitigation would be required to restore stream health. 

In Monteverde, Costa Rica, there are several streams that flow from an undisturbed 
habitat at the continental divide into a human dominated landscape of the town. These streams 
have been rigorously sampled for several decades to see how these altered landscapes affect 
macroinvertebrates (Duan et al. 2008; Goldstein 2004; Guillozet 1993). In each of these studies, 
there is a precipitous drop in macroinvertebrate biodiversity as streams enter into 
anthropogenically dominated environments (Duan et al. 2008; Goldstein 2004; Guillozet 1993). 
Many of these studies look at aspects of water quality such as pH, temperature, and/or flow 
velocity, but few have looked at the simplification of stream substrates and the affect stream 
heterogeneity has on macroinvertebrate community diversity.  

Here, I examine one of these well-studied streams, Quebrada Sucia in Cerro Plano, Costa 
Rica, to see the effects of stream substrate simplification on the macroinvertebrate community. 
Specifically, this study was conducted in order to quantify and compare substrate heterogeneity 
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on two sections of a creek, one in a non-disturbed forest and one where anthropogenic 
disturbances are abundant; to gather substrate heterogeneity differences. Additionally, it tested 
aquatic macroinvertebrate differences in natural extremes of high and low substrate 
heterogeneity on both sections of the creek to understand patterns of macroinvertebrate 
colonization, stream variability, and health. Lastly, this study observed macroinvertebrate 
diversity and community formation through identically controlled artificial substrate 
environments in opposing sample sources to better understand stream geomorphology 
modification induced by anthropogenic disturbances and how it affects macroinvertebrate 
diversity.  

 
METHODS 
Study Site 
From April 6th to the 1st of May, 2019, I studied stream substrate and aquatic 
macroinvertebrates along a 200-m span of the stream, Quebrada Sucia, located in the 
Premontane Wet Forest in Cerro Plano, Costa Rica (Figure 1). The headwaters of the stream are 
located at the continental divide roughly two kilometers from the study site. The initial stretch of 
the creek flows through relatively undisturbed forest before entering into Cerro Plano. In Cerro 
Plano, the stream passes below the main road through the community and continues to flow 
through a human dominated landscape. This abrupt transition from a natural to a human 
dominated environment makes it an ideal creek to study anthropogenic influences and the effect 
on stream health. The 200 m transect that I studied was centered at this abrupt transition at the 
road with 100 meters upstream in the relatively undisturbed area and 100 meters downstream in 
the human dominated landscape.  

 
FIGURE 1. Quebrada Sucia in Cerro Plano, Costa Rica.  
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Sampling Stream Substrate Heterogeneity 
To determine if the stream substrate heterogeneity was different between the relatively 
undisturbed and the human dominated portion of the stream, I conducted a series of transects in 
both sections. Specifically, I walked the creek bank and quantified the substrate every five 
meters. To quantify the substrate, I visually surveyed what the stream bed was made up of. The 
substrate was ranked on mineral size (Table 1), classified as: sand, gravel, pebble, cobble, and 
boulder. Organic material was classified as decomposing leaves, dead/dry leaves, freshly fallen 
leaves, twigs/branches, and algae. Using this classification system, I was able to identify the 
percentage of each substrate type in the plots. For example, a highly heterogeneous plot was 
made up of 35% boulder, 25% cobble, 20% sand, 5% gravel, and 15% organic material such as 
decomposing leaves, dry leaves, and freshly fallen leaves. Alternatively, substrate plot of low 
heterogeneity was made up of 50% boulder and 50% organic material of only decomposing 
leaves.  

 
 
Sampling Aquatic Macroinvertebrates 
I sampled aquatic macroinvertebrates at six extremes of naturally high and low substrate 
heterogeneity plots both upstream and downstream, for a total of 12 samples. To sample for 
macroinvertebrates, a kick net was placed slightly downstream of where benthic material was 
kicked up for five minutes. Individual rocks were also scraped in order for macroinvertebrates 
and other stream material to be caught in the kick net. Specimens were collected in 75% ethanol 
and brought to the lab for identification. Macroinvertebrates were identified to family and ranked 
on pollution sensitivity. 
 
Creating Artificial Substrates 
To disentangle stream substrate simplification from water pollution as a driver for observed 
changes in the aquatic macroinvertebrate community, I created four artificial substrate cages. 
Two cages were created to mimic high substrate heterogeneity and two to mimic low substrate 
heterogeneity. The two cages with high substrate heterogeneity were filled with many rocks of 
differing sizes, such as gravel, pebbles, cobbles, boulders, and lots of leaves. The two cages with 
low substrate heterogeneity were filled with only pebbles of identical sizes and no organic 
material. One of each was placed in both sections of the river of similar width and stream flow 
velocity. The artificial substrate cages were left in the stream for two weeks to allow for 
macroinvertebrate colonization, after which the cages were collected and the corresponding 
substrates were removed to sample for macroinvertebrates. 
 
Statistical Analyses 
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I used an Independent T-test to compare differences in stream substrate heterogeneity between 
the undisturbed and human dominated sections of the stream. To compare aquatic 
macroinvertebrate communities between the two sections and differences between substrate 
traps, I performed a Shannon-Weiner diversity index. A Morisita Index was used to measure the 
relative abundance of macroinvertebrates between the undisturbed and human dominated 
sections of the stream. 
 
RESULTS 
Stream Substrate Heterogeneity   
There is a difference in substrate heterogeneity between the non-disturbed and human disturbed 
stream areas (independent t test, df = 38, t = 2.02, P = 0.04). The non-disturbed area of the 
stream was more abundant with sand, gravel, and pebble sized substrates and organic material, 
whereas the anthropogenic disturbed area had more plots with cobbles and boulders (Figure 2).  
 

 
Aquatic Macroinvertebrates 

In total, 263 individuals from 26 different families were collected from the two sections 
of the stream; 204 individuals spanning from 19 families were collected at the non-disturbed 
forested area of the stream, and 59 macroinvertebrates from 13 families were collected at the 
human disturbed area of the stream (Figure 3). There was no difference in diversity between the 
two sites (Shannon-Weiner, t = 0.1669, df = 118.03, P = 0.86773), with an evenness at each site 
being (E = 0.7397) and (E = 0.84) respectively. Despite having similar diversity indexes, the 
composition of the macroinvertebrates differed. Specifically, only six families are shared 
between the two sites and 22% of the species shared have the same relative abundance (Morisita 
= 0.2164).  

The data from macroinvertebrate sampling in both sections of the stream found 13 
families of macroinvertebrates in only the non-disturbed area (Table 2), whereas seven 
macroinvertebrate families were found in only the human disturbed area (Table 3). Six families 
were found in both the non-disturbed and disturbed areas of the stream (Table 4). 
Macroinvertebrates that were found only in the non-disturbed area of the stream were of the 
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orders: Trichoptera (Caddisflies), Coleoptera (Beetles), Odonta (Dragonflies), Isopoda 
(Crustaceans), Trombidiformes (Mites), Diptera (Flies), and Hemiptera (True Bugs) (Table 2). 
Out of all the families found in the non-disturbed area of the stream, nine families were 
somewhat pollution tolerant taxa (Hydropsychidae, Elmidae, Hydrophilidae, Leptoceridae, 
Isopoda, Glossosomatidae, Hydrachnidia, Carabidae, and Hydrobiosidae), two families were 
pollution sensitive taxa (Libellulidae and Coenagrionidae), and two families were pollution 
tolerant taxa (Belostomatidae and Tipulidae) (Table 2). The macroinvertebrates found in only the 
human disturbed section of the stream were of the orders: Arachnids (Mites and Fisher Spiders), 
Decapoda (Crabs), Haplotaxida (Worms), Diptera (Flies), Mollusca (Snails), and Gastropod 
Mollusca (Slugs) (Table 3). Out of all the macroinvertebrates found in the human disturbed 
section of the stream, six families were pollution tolerant taxa (Fisher Spider, 
Pseudothelphusidae, Oligochaeta, Physidae, Acari, and Slugs) and one family was somewhat 
pollution tolerant taxa (Chironomidae) (Table 3). The macroinvertebrates found in both the non-
disturbed and human disturbed sections of the stream were of the orders Blattodea 
(Cockroaches), Diptera (Flies), Hemiptera (True Bugs), Ephemeroptera (Mayflies), Odonta 
(Dragonflies), and Platyhelminthes (Flat Worms) (Table 4). Out of all the families found in both 
the human disturbed and the non-disturbed sections of the stream, three families were somewhat 
pollution tolerant taxa (Tabanidae, Calopterygidae, and Platyhelminthes), two families were 
pollution sensitive taxa (Blaberidae and Leptohyphidae), one was pollution tolerant (Veliidae) 
(Table 4).  
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Artificial Substrates 
The high artificial substrate in the non-disturbed area contained 56 individuals of nine families 
whereas the low artificial substrate in the same area contained 21 individuals of six families 
(Figure 4). Alternatively, the high artificial substrate in the human disturbed area contained 14 
individuals from three families and the low artificial substrate in the same area contained seven 
individuals from three families (Figure 5). When comparing the two traps of high and low 
substrate heterogeneity in the non-disturbed area, it was non-significant (Shannon-Weiner, t = 
1.019, df = 45. 225, P = 0.31365). Likewise, the artificial substrates of high and low 
heterogeneity in the human disturbed area showed no differences in the diversity index either 
(Shannon-Weiner, t = 0.41931, df = 14.838, P = 0.681). However, high artificial substrates 
between the non-disturbed and disturbed areas differed (Shannon-Weiner Index, t = 3.8949, df = 
30.246, P = 0.00050425; Figure 6).  
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DISCUSSION  
Although there was no difference in the biodiversity indices between the two sections of the 
stream with natural and human dominated landscapes, which was in contrast to the findings from 
Duan et al. (2008), Goldstein (2004) and Guillozet (1993), there was a difference in the 
composition and abundance of aquatic macroinvertebrate communities. In addition, there was a 
difference in substrate heterogeneity between the two regimes. Results from my artificial 
substrates, however, was still very different between the two regimes, suggesting that this 
difference in the macroinvertebrate communities is driven mainly by water pollution and not 
substrate simplification. This can further be explained by my experiences when comparing the 
two sections of the stream. The non-disturbed section of the stream was visibly cleaner, it was 
free of debris, and I was able to see the bottom of the streambed in most areas. Alternatively, the 
human dominated section was extremely polluted with trash, food scraps, and even a 
decomposing animal. I was unable to see the bottom of the stream in almost all cases, and in 
many parts of that area of the stream there was a thin layer of film on top of the water. 
Additionally, the human dominated section of the stream was surrounded by a foul smell that 
was overpowering during many instances. This lead me to believe at the beginning of the study 
that the water was indeed so polluted due to anthropogenic impacts that a very limited number of 
macroinvertebrates would be found. 

While there was not a significant difference in macroinvertebrate diversity colonization 
in the non-disturbed area of the stream versus the anthropogenic disturbed area, the data shows 
trends of overall more species abundance in the non-disturbed area (204 individuals from 19 
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families) and less abundance in the anthropogenic disturbed area (59 individuals from 13 
families). Sampling macroinvertebrates from ranges of high and low substrate diversity provided 
the study with stream variability data. The reason why the t-test was non-significant is because 
the Shannon-Weiner index (H) takes into account species richness and the proportion of species 
to community, which are not good indicators of diversity in this case because the evenness 
between the non-disturbed (E = 0.7397) and human disturbed (E = 0.84) areas are too similar. 
The Shannon-Weiner index does not account for the identity of the family either. Regardless of 
evenness, the richness is higher in the non-disturbed (M = 3.385) than the anthropogenic 
disturbed area (M = 2.943) indicated by the Margalef index, which corrects for differences in 
abundance. In other words, there were more families and more individuals in the non-disturbed 
section when looking at the data, although non-significant, which provides intel on trends and 
overall macroinvertebrate assemblages.  

These results indicate that the non-disturbed stream is mostly comprised of somewhat 
pollution tolerant taxa and just a few pollution tolerant and pollution sensitive taxa, which 
indicates that the stream is actually somewhat polluted but not enough to be dominated by 
pollution tolerant taxa (Maret 1988). In contrast, almost all but one, which was somewhat 
pollution tolerant, of the macroinvertebrate families found in the human disturbed section were 
pollution tolerant taxa (Maret 1988). This indicates that the water is extremely polluted, so much 
so that very few macroinvertebrates live in that area of the stream and the ones that do are 
adapted to polluted water. In terms of the six macroinvertebrate families that inhabit both the 
non-disturbed and human dominated sections of the stream, only 23% of the individuals have the 
same relative abundance.  

The artificial substrates harbored less macroinvertebrates in total and were noticeably 
smaller in size, most likely due to limited colonization time, than sampling from substrates 
directly produced by the stream. When comparing high and low substrate heterogeneity within 
the non-disturbed stream area, there was a noticeable difference in number of individuals and 
families, such that the cage with high substrate heterogeneity had more individuals and families 
than the cage with low substrate heterogeneity. The artificial substrates of high heterogeneity in 
the non-disturbed section contained three families that were somewhat pollution tolerant 
(Isopoda, Calopterygidae, and Chironomidae) and one family that was pollution tolerant (Slug) 
(Maret 1988). The artificial substrate of low heterogeneity in the non-disturbed section contained 
one pollution tolerant family (Acari) (Maret 1988). Both sections of the stream contained three 
families that were somewhat pollution tolerant (Platyhelminthes, Hydropsychidae, and Elmidae), 
one family that was pollution tolerant (Veliidae), and one family that was pollution sensitive 
(Leptohyphidae) (Maret 1988).  

Likewise, in comparing substrates of high and low heterogeneity in the anthropogenic 
disturbed area of the stream, the high artificial substrate cage had double the number of 
individuals than the low artificial substrate cage, but they both had the same number of families. 
The artificial substrates of high heterogeneity in the human disturbed section contained one 
family that was somewhat pollution tolerant (Platyhelminthes) and one family that was pollution 
tolerant (Veliidae) (Maret 1988). The artificial substrate with low heterogeneity in the same 
section of the stream contained only two families that were pollution tolerant (Slug and Acari) 
(Maret 1988). Both high and low substrates in the human disturbed section contained one family 
that was somewhat pollution tolerant (Chironomidae) (Maret 1988). This trend shows a notable 
variance in both sections of the stream; that, in general, there is more macroinvertebrate family 
diversity and abundance in the non-disturbed stream than the disturbed. This is important for 
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conservation efforts for polluted rivers, since unpolluted streams with increased substrate 
heterogeneity helps to foster more macroinvertebrates (Parker 1989). Additionally, it could be 
useful in trying to bring a polluted, human disturbed river back to health (Sharma et al. 2011; 
Erwin et al. 2002; Resh et al. 1975; Chadde 2006). In addition to the statistical findings, there 
were two families of macroinvertebrates, slugs and Chironomidae, that were found in the 
artificial cages in the non-disturbed areas that were not found previous to substrate 
macroinvertebrate sampling in that area. This is interesting because both slugs and Chironomidae 
(midges) were found in the initial sampling of the anthropogenic disturbed area, but not in the 
non-disturbed area. 

 The results indicate a difference between artificial substrates of high heterogeneity in 
non-disturbed and disturbed areas. The non-disturbed section contained four families that were 
somewhat pollution tolerant (Isopoda, Hydropsychidae, Calopterygidae, and Elmidae), one 
family that was pollution sensitive (Leptohyphidae) and one family that was pollution tolerant 
(Slug) (Maret 1988). Both the human disturbed and non-disturbed areas contained two families 
that were somewhat pollution tolerant (Platyhelminthes and Chironomidae) and one family that 
was pollution tolerant (Veliidae) (Maret 1988). The human disturbed section alone did not harbor 
any novel families that were absent from the non-disturbed area. This indicates that, regardless of 
stream substrates, macroinvertebrate diversity declines in polluted water.  

This study found a difference in substrate heterogeneity between the non-disturbed and 
disturbed sections of the stream, and it can be inferred from these findings that anthropogenic 
disturbances simplify stream substrate. However, the results from the artificial substrate cages of 
high and low heterogeneity suggest that macroinvertebrate colonization is driven mostly by 
water pollution and not substrate heterogeneity. Further, this study found that the non-disturbed 
section of the stream is dominated by mostly somewhat pollution tolerant taxa, whereas the 
human disturbed section is dominated by mostly pollution tolerant taxa. Ultimately, it is 
important to biodiversity and water ecosystems to maintain healthy freshwater streams by 
promoting conservation in the tropics.  
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ABSTRACT 
Mosquitos often develop in ephemeral pools, which are extremely vulnerable to environmental changes. 
Ephemeral pools are small collections of water that occur seasonally and are susceptible to large changes in 
water volume. Mosquitos have been known to have phenotypic plasticity to other environmental factors 
like temperature and salinity. However, it is unknown whether they have developmental plasticity to deal 
with water loss in their initial habitat. In this study, 60 mosquito larvae (Family: Culicidae) were extracted 
from ponds in Monteverde, Costa Rica and placed into separate containers with 20mL of water. 
Observations of their development were compared between larva in constant water volumes and those that 
decreased daily to a final volume of 3mL. Results showed extremely high mortality of 46% for the 
mosquitos living in the habitat with decreasing water volumes. All other developmental trends including 
days spent in pupa stage, days taken to become an adult, and adult abdomen lengths did not differ from the 
control group where water levels were constant. Overall, mosquitos did not exhibit developmental plasticity 
and therefore may indicate changes in climate as conditions become more extreme. 
 
RESUMEN 
Los mosquitos a menudo se desarrollan en charcho efímeros, los cuales son extremadamente vulnerables a 
cambios ambientales. Los charchos efímeros son pequeños pozas de agua que ocurren temporalmente y son 
susceptibles a largos cambios en el volumen de agua. Las larvas de mosquitos se conocen por tener 
plásticidad fenotípica a otros factores ambientales como temperatura y salinidad. Sin embargo, no se 
conoce se hay plásticidad del desarrollo para lidiar con la pérdida de agua en el hábitat inicial. En este 
studio, 60 larvas de mosquitos (Familia: Culicidae) se extregeron de charcos en Monteverde, Costa Rica y 
fueron colocadas en contenedores independientes de agua de 20 mL. Observaciones en el desarrollo se 
compararon entre larvas en un volumen constante de agua con aquellos con los que hubo una disminución 
del volume hasta llegar a 3 mL. Los resultados muestran una mortalidad extremadamente alta de 46% de 
los mosquitos que viven en el hábitat con volumen en disminución. Todas las otras tendencias del 
desarrollo incluyendo los días en estado de pupa, los días que toma en convertirse en adultos, y el tamaño 
del abdomen de los adultos no difieren entre los grupos control, donde el volume de agua permaneción 
constant. En general, los mosquitos no exhiben plasticidad en el desarrollo y por lo tanto puden indicar 
cambios en el clima al volverse las condiciones más extremas. 
 
INTRODUCTION 
Phenotypic plasticity is the ability of one genotype to produce more than one phenotype 
in an organism in response to the surrounding environment. Developmental plasticity 
describes phenotypic plasticity that results from environmental cues during an organism’s 
developmental stages. Organisms with this ability are often able to persist through 
changes in their environment. For example, early hatching in 	red-eyed	tree	frog,	
Agalychemis	callidryas, allows the frogs to escape predators that hunt eggs. However, 
this has been shown to increase vulnerability to aquatic predators (Gomez-Mestre et al. 
2008). Therefore, developmental plasticity involves trade-offs allowing the organism to 
survive changes in environmental factors, but at a cost to their fitness. 
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 Organisms that heavily rely on a widely varying environment during their 
developmental stages are often those that exhibit developmental plasticity as a strategy to 
deal with the stress of changing environmental factors (Buskurk 2017). An example of an 
environment with varying factors include ephemeral pools, which are small collections of 
water that occur seasonally and are susceptible to large changes in water volume. These 
types of water sources are extremely important because many different organisms use 
them as a nursery. Organisms that lay their eggs in ephemeral pools may also use larger, 
more permanent bodies of water like lakes. In fact, frog species that use both ephemeral 
pools and permanent bodies expressed the higher plasticity (Richter-Boix	et	al.	2006). 
However, lakes also contain many predators. Therefore, a trade-off exists in choosing a 
habitat for developing young. Ephemeral pools are the lesser of two evils, being free of 
lake-bound predators, but also being more susceptible to desiccation than larger bodies of 
water.  

Mosquitos (Family: Culicidae) are an example of an insect that develops from an 
egg to an adult in ephemeral pools and more permanent bodies of water like ponds 
(Borror et al. 1989). They have shown to exhibit developmental plasticity resulting from 
various environmental factors. The growth and development of mosquitos, like many 
other aquatic organisms, is affected by factors in their environment including salinity, 
food availability, temperature, size and shape of larval habitat (Clark et al. 2004; Nayar 
1968, 1969; Nayar & Sauerman 1970; Trpiš & Horsfall 1969). Aedus aegypt, a 
freshwater mosquito, exhibits developmental plasticity as a response to increasing 
salinity as it increases the duration of its larval stage, but results in a decrease in pupa 
mass (Clark et al. 2004). Cane Toads, Rhinella marina, are another example of an 
organism that develops in ephemeral pools and permanent bodies of water	(Zug et al. 
1979). Their tadpoles express developmental plasticity by accelerating metamorphosis as 
a result of detecting critically low water volumes. This ultimately results in a lower body 
weight as an adult (Taylor 2018). Both mosquitos and Cane Toads are born into these 
extremely varying environments and do not develop mechanisms, like wings or legs, to 
escape their initial water source until becoming an adult. Both mosquitos and Cane Toads 
are completely reliant on their initial water source and are susceptible to death as the 
ephemeral pool habitat loses water. Therefore, mosquitos have the same potential to 
exhibit developmental plasticity resulting from decreasing water volumes as seen in the 
Cane Toads. 

The goal of this study is to determine if mosquitos exhibit phenotypic plasticity 
during their developmental stages as a result of decreasing water in their habitat. 
Mosquito larvae of similar sizes were extracted from ephemeral pools in Monteverde, 
Costa Rica and placed into separate containers with the same water volume. As water 
volume was decreased over time, each individual was observed in terms of days between 
each molt, days to adulthood, and length as an adult. Deaths were also recorded. 
Differences in developmental changes in each of the regimes will indicate developmental 
plasticity in mosquitos. 
 
METHODS 
Mosquito larvae (Family: Culicidae) were collected from 2 small artificial ponds within 
two kilometers of each other in Monteverde, Costa Rica. Both ponds were found in 
tropical premontane wet forests according to the Holdrige Life Zone classification 
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system. Similar sized larvae were placed individually into 5cm x 1.5cm glass dishes. 
Each dish was filled with 20mL of spring water. Half of the individuals had 1.7mL of 
water removed once a day for 20 days to end at a total volume of 3mL and a final height 
of 5mm. This final volume corresponds to previous study that showed mosquitos develop 
differently within this low of volume (Trpis and Horsfall, 1969). The remaining 
individuals collected were placed into dishes that remained at a constant water volume of 
20 mL of water throughout the experiment. All larvae were fed fish food on the same day 
twice during the study 10 days apart.  
 Each day, all individuals were observed to record their current stage in 
development. With this information, data was compiled to determine how many days 
were spent between each molt, how many days were spent in the pupa stage, and when 
they died. Some mosquitos died at different stages of their development during the trial. 
Mosquitos that became adults were euthanized and then measured within 24 to 72 hours 
after death. To measure the mosquitos, a picture of each mosquito adult was taken using a 
microscope and a 0.5mm red line as a scale (Fig. 1). The picture was then inputted into 
the program ImageJ to more accurately determine the lengths of each adult abdomen. The 
yellow line in Figure 1 indicates the length of the abdomen measured.   

 Differences in the variables measured between the larva developing in decreasing 
water volumes and static water volumes were analyzed using independent T-tests. To 
determine if more larvae died in development between the two groups, I used a !! test 
with the percentage of that died within each group.  
 
 
 
RESULTS 

 
FIGURE 1: Image of a mosquito adult. The red line is 0.5mm long and was used as a 
scale to measure the length of the mosquito using ImageJ. Mosquito length equated to 
the length of the abdomen, as indicated by the yellow line.    
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60 mosquito larva individuals were collected. Over the course of the experiment, 21 
individuals died before reaching adulthood. The average amount of time spent between 
molts between the two test groups followed the same trend generally (Fig. 2). Amount of 
days spent in between the third and fourth molt ranged from 1.5 days to 16.5 days 
(Ave+/- SE = 5.560 +/- 0.4058).  For those that experienced a constant water volume, 
amount of days spent between the third and fourth molt ranged from 1.5 days to 16.5 
days (5.761 +/- 0.6585). For those that experienced water loss, amount of days spent 
between the third and fourth molt ranged from 2.5 days to 9.5 days (5.316 +/- 0.4261). 
Amount of days spent in the between the third and fourth molt did not differ between the 
two groups (t-test; df=40, p=0.591, t critical value= 2.021, control n=23, water loss 
n=19). 

 
Amount of days spent in the pupa stage ranged from 1.5 days to 4.5 days (2.905 

+/- 0.104). This includes all molts through the larvae stage into the pupa stage and the 
final molt to become an adult. For those that experienced a constant water volume, 
amount of days in the pupa stage ranged from 2 days to 4.5 days (2.957 +/- 0.1367). For 
those that experienced water loss, amount of days in the pupa stage ranged from 1.5 days 
to 4 days (2.842 +/- 0.1625). The average amount of days spent in the pupa stage did not 
differ between the two groups (Fig. 3; t-test, df=40, p=0.295, t critical value=2.021, 
control n=23, water loss n=19). 

 
FIGURE 2: Average amount of time spent between each molt observed. 0-1 indicates 
the amount of days spent between the first day of the trial and the first molt observed. 
1-2 indicates the amount of days spent between the first molt observed and the second 
molt observed. The fourth molt indicates the change from the last larval stage into the 
pupa stage. 
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A larger percent of the individuals in the test group died than the control group 

(Fig. 4). 23% of the individuals in the control group died, while 46% of the individuals in 
the test group died (!!=7.66, df=1, p=0.006, control n=30, water loss n=30). The 
individuals that died during the larval stages or pupa stage before becoming an adult were 
recorded in each of the test groups. 
 

 

FIGURE 3: Average amount of days spent in the pupa stage of the control group 
and the test group. Both groups averaged about 3 days in the pupa stage. 

FIGURE 4: Percentage of young mosquito individuals that died in either the larval 
stage or the pupa stage before becoming an adult. 46% of the individuals in the test 
group died. 23% of the individuals in the control group died (!!=7.66, df=1, p=0.006). 
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	 Larvae were observed to reach adulthood in 11.5 days to 23.5 days (Mean  +/- SE, 
14.846 +/- 0.462). For those that experienced a constant water volume, days before 
adulthood ranged from 11.5 days to 23.5 days (15.32  +/- 0.696). For those that 
experienced water loss, days before adulthood ranged from 11.5 days to 17.5 days (14.16 
+/- 0.493). The average number of days observed before adulthood did not differ between 
the two groups (Fig. 5; t-test; df=37, p=0.217, t critical value=2.026, control n= 23, water 
loss n=16). 

Adult larvae abdomen length ranged from 0.21mm to 0.347mm (0.273 +/- 
0.00518). For those that experienced a constant water volume, adult abdomen length 
ranged from 0.242mm to 0.328mm (0.276 +/- 0.00548). For those that experienced water 
loss, adult abdomen length ranged from 0.21mm to 0.347mm (0.270 +/- 0.00142).  The 
average adult larvae abdomen length did not differ between the two groups (Fig. 6; t-test; 
df=32, p=0.574, t critical value= 2.037, control n=19, water loss n=15). 

FIGURE 5: Average days observed from the beginning of the experiment to develop 
from larvae to adults. Mosquito individuals in both the control and the test group 
needed about an average of 15 days to become adults. 
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DISCUSSION 
Differences in the variables measured between the larvae in the control group and larvae 
that experienced water loss would indicate developmental plasticity resulting from loss of 
water in their surrounding habitat. However, much of the measured criteria showed 
negligible differences between the two groups. Both groups seemed to follow the same 
growth trend through development, resulting in the similar amount of days to reach 
adulthood and similar adult abdomen lengths. The average amount of days spent in the 
pupa stage was 3 days for individuals in both groups. The mosquitos needed an average 
of about 15 days to become adults. The average abdomen length of the mosquitos was 
about 0.273mm. The amount of water decreased over time was sufficient enough to stress 
the larvae experiencing water loss more than the control larvae that did not experience 
water loss. This is represented by the higher percent mortality in the water loss group 
than the control group. 23% of the individuals in the control group died, while 46% of the 
individuals in the water loss group died. However, evidence from this study does not 
support that mosquitos exhibit developmental plasticity as a response to decreasing water 
volumes in their habitat. 

There are a few reasons as to why developmental plasticity was not seen in the 
mosquitos as water volumes decreased. The change of environment from the artificial 
ponds to the glass dishes with only 20mL of water could have been enough to stress all 
mosquito larvae in the experiment.  In both the control group larvae and the larvae that 
experienced water loss, there was a larger increase in time between molts 3 and 4. This 
could have been because the last larval stage of mosquitos is naturally longer than the 
previous stages. However, this stage usually lasts two to three days (Clements 2013), 
whereas both groups averaged about 5 to 6 days in this stage. This is double the amount 

FIGURE 6: Average abdomen length of adults from the control and water loss groups. 
The young mosquitos in the water loss test group experienced water loss over time 
during their development, while the young mosquitos in the control group lived in a 
habitat with a constant water volume. Adults were measured after the stress of water 
loss in the experiment.   
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of time expected in this stage and is similar to the trend was also seen in Aedus aegypt, 
which experienced an extended larval stage as a result of increasing salinity (Clark et al. 
2004). The extended larval stage observed in both groups could be indicative of the 
developmental plasticity used to persist in smaller water volumes because it was seen in 
both groups. Therefore, the change in environment from the artificial pond to the glass 
dish could have been too stressful and might consequently mask developmental plasticity 
resulting from decreasing water volumes.  
 Another reason why developmental plasticity might not have been seen in 
mosquitos is because there are many other consequences of decreasing water volumes. 
Decreasing water is linked to decreasing area and depth of habitat (Williams & Hogg 
1996), which leads to changes in dissolved oxygen, food availability, and temperature 
and is expected to lead to further impacts on mosquito development. All of these 
subsequent factors could be the environmental cue responsible for developmental 
plasticity as a response to decreasing water volumes. However, many of these factors 
were either controlled or not tested in the glass dish habitat. For example, food 
availability remained constant. Temperature may not have varied as much because the 
mosquitos were kept inside a lab with little direct sunlight. Dissolved oxygen in aquatic 
environments comes from winds as they aerate the water or from photosynthesis of 
aquatic plants. The habitats experienced no wind inside the laboratory and their dishes 
did not contain anything other than water and food. Therefore, these environmental cues 
may not have been strong enough to invoke changes in mosquito development to survive 
the decreasing water volumes. 

Detecting organisms that lack phenotypic plasticity, like developmental plasticity, 
is critical because environmental stresses might be becoming more extreme as a result of 
climate change. Although predicting climate change is still uncertain, it could cause 
major disruptions to temporary ponds like an increase in consecutive dry winters in the 
United Kingdom (Bailey-Watts et al. 2000). Specifically in the tropics, some areas like 
Costa Rica are experiencing longer dry spells. As a result, there is less water to supply 
ephemeral pools as they dry out. The population decline of organisms that lack 
phenotypic plasticity would therefore be indicators of major climate changes. As 
temperatures rise and desiccation of ephemeral pools occurs more rapidly, this could 
cause a decrease in mosquito populations, and therefore, would signal a climate change 
like increasing temperatures. Mosquitos are known for having phenotypic plasticity to 
many different factors of their developmental habitat (Clark et al. 2004). However, in 
terms of water loss, mosquitos did not show any developmental changes to overcome the 
resulting stress and often died. Therefore, if dramatic changes in climate or habitat loss 
were to occur, mosquito population decreases would be indicators of such changes. 
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ABSTRACT 
 
Forest fragmentation increases the ratio of forest edge to interior, making more habitats subject to altered 

microclimates and the synergistic impacts of increased sunlight and wind turbulence, known as “edge effects.” Edge 

effects have been shown to penetrate well into the forest interior, altering community composition and species 

richness. Impacts of edge effects have been studied extensively in birds and mammals, but far fewer studies have 

been done on how edge effects impact invertebrate groups such as arthropods. In this study conducted in a Costa 

Rican tropical premontane wet forest, leaf litter samples were collected at five distances (0 m, 25 m, 50 m, 100 m, 

and 180 m) from an anthropogenic forest edge created by a road, along a forest-edge-to-interior transect, and passed 

through Berlese funnels to separate arthropod individuals from the leaf litter. Arthropods were identified according 

to order and morphospecies, and Shannon-Weiner Diversity indices (H’) were calculated for each location along the 

forest-edge-to-interior transect to determine if there was any relationship between diversity and distance from forest 

edge. None of the locations differed significantly in H’ values. However, it is possible that climate may have a 

stronger effect on leaf litter arthropod species richness and abundance than does distance from forest edge during the 

dry season.  

 

RESUMEN 
 
La fragmentación del bosque aumenta la proporción de borde de bosque a interior, creando más hábitats sujetos a 

microclimas alterados y los impáctos sinergisticos del aumento de la luz solar y turbulencia del viento, conocido 

como efecto de borde. Los efectos de borde han mostrado penetrar bastante en el interior del bosque, alterando la 

composición de la comunidad y la riqueza de especies.  Los impactos del efecto de borde han sido estudiados 

ampliamente en aves y mamíferos, pero pocos estudios han mostrado el impacto del efecto de borde en grupos de 

invertebrados como los artrópodos.  En este estudio, conducido en un bosque humedo premontano de Costa Rica, 

muestras de hojarasca se recolectaron a cinco distancias (0 m, 25 m, 50 m, 100 m, and 180 m) de un borde 

antropogénico creado por un camino, a lo largo de un transecto desde el borde al interior del bosque, y se pasaron a 

través de embudos de Berlese para separar los individuos de artrópodos de la hojarasca.  Los artrópodos se 

indentificaron de acuerdo al orden y las morfoespecies, y el índice de Shannon-Weiner (H’) se calculó para cada 
sitio a lo largo del transecto del borde al interior de bosque para determinar si hay una relación entre la diversidad y 

la distancia del borde del bosque.  Ninguno de los sitios difiere significativamente en los valores de H’.  Sin 
embargo, es posible que el clima tenga un efecto fuerte en la riqueza y abundancia de especies de artrópodos de 

hojarasca que el efecto que tiene la distancia del borde del bosque durante la época seca. 

 
INTRODUCTION 
 

Deforestation in the tropics is continuing at the alarming rate of five million hectares per year, 

driven by development and infrastructural expansion, conversion of forest to agricultural land, 

and increasing demand for lumber and other natural resources (Barlow et al. 2018). Destruction 
and fragmentation of habitats are major global factors causing the decline of biodiversity, 
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alteration of native plant and animal community compositions, and the disruption of ecosystem 
processes (Bennett and Saunders 2010). A highly fragmented, anthropogenic mosaic of forest 
patches, cropland, and urban areas has become the predominant landscape in many tropical 
countries (Tabarelli and Peres 2008). Additionally, forest fragmentation inherently increases the 

ratio of forest edge to interior, and these forest edges have altered microclimates compared to the 

forest interior. This is due to the fact that forest edges are subject to a variety of synergistic 

abiotic factors such as greater wind turbulence and sunlight, which are cumulatively known as 

“edge effects” (Yahner 1988). Edge effects have been found to increase the abundance of 

generalist and forest edge specialist species, and to decrease the abundance of forest interior 

species (Malcolm 1994). It has also been found that edge effects can penetrate deep into the 

forest. One study on edge effects created by a road cutting through a eucalyptus forest in 

Southern Australia showed that vegetation was altered up to 50 meters from the road into the 

forest. Additionally, 9% of bird species were found exclusively at the edge, while 58% of species 

only occurred at distances of more than 150 meters away from the edge in the forest (Pocock and 

Lawrence 2005). This demonstrates that edge effects can penetrate deep into the forest, altering 

community composition at both forest edge and interior. 

 Many studies on edge effects have been done with plant species and charismatic tropical 

forest organisms such as mammals and birds. Far fewer studies have been conducted on how 

edge effects affect arthropods, specifically those that inhabit leaf litter on the forest floor 

(Didham et al. 1998). A diverse array of arthropods makes up the detritivore community on the 

forest floor, and plays integral roles in many ecosystem processes such as the decomposition of 

organic matter and nutrient cycling (Plowman, 2012). Because of the important ecological roles 

these organisms play in tropical forests, it is crucial to determine if and how certain 

anthropogenic factors such as edge effects impact them.  

 Past studies on forest floor invertebrates have found conflicting trends in terms of 

diversity and distance from forest edge. Didham et al. (1998) found that species richness of leaf 

litter beetles in fragmented Amazonian forest patches was actually highest near the forest edge, 

probably due to the overlap of forest and edge species present at edges. However, there were 

certain interior forest specialist species that were not found near the edge, and certain edge 

specialists that were not found in the forest (Didham et al. 1998). Conversely, Haskell (2000) 

found that diversity of soil macroinvertebrates decreased significantly with increasing proximity 

to an anthropogenic forest edge in a temperate Appalachian forest.  

 The purpose of this study was to determine how leaf litter arthropod diversity and 

community assemblages of a tropical premontane wet forest changed along a gradient from 

forest edge to interior, and to determine how far into the forest interior that edge effects 

continued to influence these factors. This study also aimed to add to the baseline knowledge of 

relative abundances of leaf litter arthropod orders in a Costa Rican tropical premontane wet 

forest, as recent studies have focused only on one or two specific orders. 

 

METHODS 
  

Study Sites 
 

From 6 April to 1 May 2019, I sampled leaf litter arthropods 1500 meters above sea level in a 

tropical premontane wet forest at the Monteverde Biological Station, Costa Rica. Arthropods 

were sampled at five locations along a transect running from forest edge (created by a road), to 
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interior (Fig. 1). Samples were collected at 0 m (forest edge), 25 m, 50 m, 100 m, and 180 m into 

the forest. Samples were collected as far as 180 m from the edge because many studies have 

shown that edge effects may penetrate up to 100 m or farther into the forest (Pocock and 

Lawrence 2005; Haskell 2000).  

 

 

Figure 1. Satellite image of study site within the Monteverde Biological Station, Costa Rica. 

Image is marked with the location of the forest-edge-to-interior transect along which leaf litter 

samples were collected at 5 different locations increasing in distance from edge: 0 m (edge), 25 

m, 50 m, 100 m, and 180 m. 

 

Leaf Litter Arthropod Sampling and Identification 
 
A total of three leaf litter samples were collected at each of the five locations along the forest-

edge-to-interior transect, 15 in total. Leaf litter samples were collected in one-liter plastic bags in 

order to standardize sample volume. On days of sample collection, one sample was collected 

from each of the five locations. Immediately following collection, each of the five leaf litter 

samples were placed in Berlese funnels made from 3-liter plastic bottles containing 70% ethyl 

alcohol solution at the bottom. These funnels were put under heat lamps for 24 hours to filter out 

arthropods from the leaf litter (Sakchoowong et al. 2007). The arthropods that were collected 

from the Berlese funnels were then identified to morphospecies, and when possible to taxonomic 

order. 

 

 

 

 

Statistical Analyses 

Anthropogenic    
forest edge created 
by a road 

Forest-edge-to-
interior transect  
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Arthropod diversity at each location along the forest-edge-to-interior transect was calculated 

using the Shannon-Weiner Diversity Index (H). An independent T-test was performed to 

determine if H’ indices of any of the five locations differed significantly. Morisita indices were 

also calculated to determine how similar the locations were in terms of species shared and their 

relative abundances. All ants of the same morphospecies were counted as a single individual due 

to their eusocial nature and the fact that they were always found together, which had the potential 

to skew the data. 

 

RESULTS 
 
A total of 1590 leaf litter arthropod individuals belonging to 20 different orders were found 

during this study. Of those 1590 individuals, 965 belonged to the order Acari. The mean percent 

Acari individuals out of total arthropod individuals was calculated from three samples for each of 

the five locations along the forest-edge-to-interior transect. Mean percent Acari abundance was 

lowest at forest edge (51.35 ± 21.80), and highest at 25 m away from the edge (66.69 ± 13.71) 

(Table 1). Due to the extremely high proportion of Acari individuals found at each location 

regardless of distance from forest edge, all Acari individuals were henceforth omitted when 

calculating species richness and abundance to give a better representation of changes in diversity 

and community composition of other arthropod orders with increasing distance from forest edge. 

 
Table 1. Mean percent Acari individuals out of total leaf litter arthropod individuals found at 

varying distances from an anthropogenic forest edge in a Costa Rican tropical premontane wet 

forest. Means and standard error were calculated from three samples for each of the five 

locations at increasing distances from forest edge. 

Distance from Forest Edge Mean Percent Acari 

Abundance ± SE 

Range 

Edge (0 m) 51.31 ± 21.80 10.53 – 85.08 

25 m 66.69 ± 13.71 39.39 – 82.55 

50 m 60.23 ± 4.83 54.84 – 71.26 

100 m 64.86 ± 5.34 58.41 – 75.46 

180 m 58.79 ± 13.64 31.58 – 74.14 

 

 Diptera and Collembola were the two most abundant arthropod orders (now excluding 

Acari) at each of the five locations except for 180 m, for which Collembola and Coleoptera were 

the two most abundant orders. Collembola and Diptera abundance followed opposite trends with 

increasing distance from forest edge. While the relative abundance of Collembola was lowest at 

the forest edge, and grew with increasing distance into the forest, Diptera had the highest relative 

abundance at forest edge, and showed a slight decreasing trend towards the forest interior (Fig. 

2). 
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Figure 2. Relative abundances of leaf litter arthropod orders at five locations increasing in 

distance away from an anthropogenic forest edge in a Costa Rican tropical premontane wet forest 

at 1500 m above sea level: A) Edge, B) 25 m, C) 50 m, D) 100 m, E) 180 m. Percentages were 

calculated for the number of individuals belonging to each order out of the total number of 

individuals found at each location (excluding Acari).  

 

 Leaf litter arthropod abundance showed a slight increasing trend with distance from 

forest edge. The number of individuals found at the edge, 25 m, 50 m, 100 m, and 180 m was 83, 

87, 114, 109, and 122, respectively (Fig. 3). A total of 108 morphospecies were also found 

during this study. Relative numbers of morphospecies at each of the five locations varied little 

however, with 180 m having a slightly larger number of morphospecies than the other four 

locations. The number of morphospecies found at the edge, 25 m, 50 m, 100 m, and 180 m, was 
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39, 37, 37, 38, and 45, respectively (Fig. 3). Leaf litter arthropod diversity did not differ 

significantly between any of the five locations (Shannon-Weiner Diversity Index, Independent T-
test, 180 m vs. 100 m: t = 1.03, df = 228.02, p = 0.30; 180 m vs. 50 m: t = 1.25, df = 235.81, p = 
0.21; 180 m vs 25 m: t = 0.71, df = 192.96, p = 0.48; 180 m vs. Edge: t = 0.95, df = 162.56, p = 
0.34; 100 m vs 50 m: t = 0.18, df = 221.37, p = 0.85; 100 m vs. 25 m: t = -0.27, df = 190.34, p = 
0.78; 100 m vs. Edge: t = 0.07, df = 165.84, p = 0.95; 50 m vs. 25 m: t = -0.4647, df = 188.39, p 
= 0.64; 50 m vs. Edge: t = -0.09, df = 160.17, p = 0.92; 25 m vs. Edge: t = 0.31, df = 161.77, p = 
0.76 (Table 2). Shannon-Weiner diversity (H’) values showed a slight positive but nonsignificant 
correlation with distance from forest edge (Pearson Correlation Coefficient, r = 0.774, p = 0.125, 
n = 5) (Fig. 4). Locations were between 67.73 and 87.47 percent similar in terms of species 

shared and relative abundances (Morisita Index).  

 

 
Figure 3. Leaf litter arthropod abundances and number of morphospecies at different distances 

from forest edge in a Costa Rican tropical premontane wet forest at 1500 m above sea level. The 

number of individuals and morphospecies found in three different samples collected at each 

location were added to obtain the total number of individuals (in orange) and morphospecies (in 

blue) for each distance.  
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Table 2. Shannon-Weiner Diversity Index and Equitability values for leaf litter arthropod 
communities at five locations increasing in distance from an anthropogenic forest edge in a Costa 
Rican tropical premontane wet forest. A total of 625 individuals belonging to 113 different 
morphospecies were found during this study between the months of April and May 2019. There 
was no significant difference in H’ values among any of the five locations (Modified T-test, p > 

0.05) 
Distance from Forest Edge Shannon-Weiner Diversity 

Index (H’) 
Equitability (J) 

Edge (0 m) 3.183 0.8688 

25 m 3.235 0.8959 

50 m 3.168 0.8774 

100 m 3.194 0.8780 

180 m 3.338 0.8769 

 
 

 
Figure 4. Shannon-Weiner Diversity Index (H’) values for leaf litter arthropod communities at 
five locations increasing in distance from forest edge in a Costa Rican tropical premontane wet 
forest at 1500 m above sea level. There was no significant correlation between H’ values and 
distance from forest edge (Pearson Correlation Coefficient, r = 0.774, p = 0.125, n = 5). 
 

DISCUSSION 
 

Overall, distance from an anthropogenic forest edge did not have a significant effect on leaf litter 

arthropod diversity and community composition. This contradicts the findings of Didham et al. 

(1998) that species richness of beetles in Amazonian forest fragments is highest at forest edge 

due to the overlap that occurs between forest edge and interior species. The results of my study 
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also do not support the opposite finding by Haskell (2000) that the abundance and species 

richness of soil macroinvertebrates was reduced significantly with proximity to forest edges 

created by roads, and that the edge effects created by these roads penetrated up to 100 m into the 

forest.  

 My findings do not necessarily refute the fact the edge effects impact leaf litter 

arthropods, as it is possible that regional weather has a more significant impact on leaf litter 

arthropod assemblages than does distance from forest edge during the dry season. In addition, it 

is possible that sample sizes were too small to determine any significant differences in species 

richness and abundance between locations. During the period of sample collection from April to 

May 2019, the weather for Monteverde was especially warm and dry, and very little rainfall 

occurred. The relatively low numbers of arthropods (excluding Acari) that were collected over 

the course of this study may suggest that the end of the dry season creates suboptimal conditions 

for leaf litter arthropods. Buskirk and Buskirk (1976) however, monitored arthropod populations 

in the understory of a lower montane wet forest near Monteverde over the course of 19 months, 

and found that both abundance and body size of arthropods peaked in April to May and was 

lowest during the cooler months of November through January. They surmised that this trend 

resulted from the inhospitable conditions created by low temperatures at high elevations during 

the rainy season. It is likely that in the 40 years since their study was conducted, climate change 

has affected average dry and wet season temperatures in Monteverde. As a result, the normally 

cool months of the rainy season may have become warmer, thus creating more favorable 

conditions for arthropods. Conversely, average temperatures during the dry season may have 

risen to the extent that it has made the leaf litter habitat too dry and thus inhospitable for many 

arthropod orders during certain months.  

 The only arthropod order that was consistently high in abundance at each location was 

Acari. Acari alone made up 60.7% of the 1590 total individuals sampled during this study. Since 

Acari made up the vast majority of individuals found at each location, and their abundance 

varied little between locations, they were omitted when calculating diversity indices and 

numbers of individuals and morphopsecies for each of the five locations, in order to more clearly 

see if other, less common arthropod orders showed any relationship between diversity and 

distance from forest edge. However, it is still important to acknowledge their extremely high 

relative abundance compared to other arthropod orders within leaf litter communities. One 

explanation for this is that Acari may be more resistant to the warm, dry conditions that may be 

decreasing hospitability of leaf litter habitats for other arthropods. Acari is a diverse order with 

free-living, parasitic, predatory, and herbivorous representatives. However, knowledge on 

individual species’ natural histories and even the existence of comprehensive identification 

guides is extremely lacking (Krantz and Walter 2009). It is therefore imperative to create better 

identification keys, and to compile and add to existing knowledge of the natural histories of these 

organisms in order to understand the ecological implications of Acari-dominated leaf litter 

communities. 
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ABSTRACT 
 
Ecotourism is a growing industry that aims to promote a sustainable form of traveling. Ecotourism can have both 
positive and negative impacts on the environment and culture of a given destination. Some of these negative impacts 
can be observed in changed behavior of animals. The Central American agouti (Dasyprocta punctata) is an 
important organism in Costa Rica and plays a vital role in its ecosystem. The high amount of ecotourism and 
henceforth human presence in Costa Rica may be affecting the behavior of the agouti. Foraging behavior of the 
agouti was analyzed in order to determine if increasing amounts of human presence is affecting agoutis. In order to 
measure the behavior of agoutis, baited camera traps were set up in three different locations with varying amounts of 
human presence. Different behaviors were scored, either by time or count, in order to determine any possible 
differences between the three sites. Foraging behavior was observed to be the same across all three locations, 
showing that increased human presence does not have an impact on the foraging behavior of the Central American 
agouti.  This conclusion offers hope that current preservation efforts are working, at least for this organism.  
 
RESUMEN 
 
El ecoturismo es una industria creciente que busca promover una forma sostenible de viajar.  El ecoturismo puede 
tener tanto un impacto positivo como negativo en el ambiente y la cultura de un destino dado.  Algunos de estos 
impactos negativos pueden ser observados en el cambio en el comportamiento de los animals.  La guatuza 
(Dasyprocta punctata) es un organismo importante en Costa Rica que juega un rol importante en el ecosistema.  La 
alta cantidad de ecoturismo y por lo tanto presencia humana en Costa Rica puede estar afectando el comportamiento 
de estas guatuzas.  El comportamiento de forrajeo de las guatuzas fue analizado para determiner si el aumento de la 
presencia humana está afectando a las guatuzas.  Para medir el comportamiento de las guatuzas, cámaras trampa con 
cebo se colocaron en diferentes localidades con cantidades diferentes de presencia humana.  Diferentes 
comportamientos se midieron, ya fuera por tiempo o conteo, en order de determinar posibles diferencias entre los 
tres sitios.  El comportamiento de forrajeo se observó ser el mismo entre las tres localidades, mostrando que el 
aumento de la presencia humana no tiene un impacto en el comportamiento de forrajeo de las guatuzas.  Esta 
conclusión ofrece una esperanza que los actuales esfuerzos de conservación están funcionando, al menos para este 
organismo. 
 
INTRODUCTION 
 
Ecotourism attempts to connect environmental responsibility with financial benefits by providing 
an incentive to protect pristine forests (Wunder, 2000).  Because of this, ecotourism has long 
been thought of as the savior of natural ecosystems. Even though ecotourism has sustainability 
and preservation in mind it doesn’t always reach those goals. While some of the impacts of 
ecotourism can be good for the community, such as increased infrastructure and improved 
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healthcare, ecotourism can have anywhere from positive to negative effects on the environment it 
is trying to promote.  

Komodo Dragons (Varanus komodoensis) in Komodo National Park in Eastern Indonesia 
exhibited significantly less wariness, larger body mass, better body condition, and higher 
survival in areas with high human activity (Ardiantiono et al. 2018). Spider monkeys (Ateles 
geoffroyi) have also exhibited behavioral differences in response to human presence, such as 
increases in antagonistic behavior and changes in their activity behavior (Pérez‐Galicia et al.  
2017). A study on Magellanic penguins (Spheniscus magellanicus) found that those penguins 
exposed to higher rates of humans in the form of ecotourism had diminished immune systems 
and declining populations when compared to penguins living in habitats with low rates of 
ecotourism (Palacios, D’Amico & Bertellotti, 2018). White sharks (Carcharodon carcharias) on 
the other hand where found to have negligible behavioral differences in response to medium 
levels of ecotourism, and ultimately ecotourism had no effect on behavior at the ecosystem level. 
As exemplified by Magellanic penguins, different levels of tourism can have widely different 
effects on the animals in a particular ecosystem. This demonstrates the importance of knowing 
how increased ecotourism effects different organisms. 

Ecotourism is a large part of the Costa Rican economy and the number of tourists in 
Costa Rica has been steadily increasing over the years (Davis 2007). In particular Monteverde 
serves as a tourist attraction, especially for those tourists who wish to have a more ecologically 
focused vacation. Monteverde is classified as a tropical lower montane wet forest and consists of 
many private nature reserves that promote conservation and that offer a protected area of forest. 
This makes Costa Rica, and more specifically Monteverde a great place to study the impacts that 
ecotourism has on the environment. It is important to understand the impacts that ecotourism is 
currently having as increased levels could start to effect wildlife if they are not already being 
affected, and understanding how ecotourism is currently effecting the ecosystem could help 
tailor conservation efforts to be more effective. 

There may be effects on ecoststems here in Monteverde that can be seen on some of the 
wildlife, such as the Central American agouti (Dasyprocta punctata). The Central American 
agouti is a medium sized rodent that is fairly common throughout Costa Rica. Agoutis account 
for a high percentage of biomass in tropical forests and therefore play a crucial role in the 
ecosystem (Aliaga-Rossel, Kays, & Fragoso 2008). Some of their important roles include the 
shaping of forest structure through cache placement, seed dispersers, and prey species (Wainright 
2007; Aliaga-Rossel, Kays, & Fragoso 2008). Agoutis forage in accordance with the risk 
allocation hypothesis, which provides a framework for how prey animals strike a balance 
between acquiring food and avoiding predation (Suselbeek et al. 2013). This essentially means 
that agoutis will spend more time foraging when they feel less threatened by predators. There is 
also evidence to suggest that the ocelot, the main predator of the agouti is deterred by human 
presence and restricts its activity to be more nocturnal (Massara 2018). The fact that agoutis are 
common in Monteverde, regularly come in contact with humans, and may have observable 
effects on their foraging behavior due to increased human presence makes them an ideal subject 
to see if varying amounts of ecotourism has an effect on behavior.  

The goal of this study was to determine if the presence of humans does in fact have an 
impact on the foraging behavior of agoutis. How the foraging behavior of agoutis is affected by 
human presence has yet to be directly studied, and therefore has the potential to offer important 
insights on how such an important prey and disperser species is effected by ecotourism. Camera 
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traps will be used at three different sites to record the foraging behavior of agoutis and to 
determine possible effects that ecotourism has on their foraging behavior. 
 
MATERIALS AND METHODS 
 
Study Sites 
 
This study took place at three different tropical lower montane wet forest sites in Monteverde, 
Costa Rica between April 6th and May 5th, 2019. The three sites were chosen because they have 
varying levels of tourist visitation annually; the Monteverde Biological Station (~100 visitors), 
Sanctuario Ecologico (~3,000 visitors), and Bajo del Tigre (~7,000 visitors) (Stein, pers. comm., 
Figure 1).  

 

 
Camera Traps 
 
The foraging behaviors of agoutis were captured with the use of camera traps. Five camera traps 
were placed on trails at each site that were observed to have high rates of agouti activity. Each 
camera trap was set approximately 250 meters apart, starting at last 50 meters into the reserve. 
The average home range of an agouti is 2.56 ha with male and female ranges overlapping 
(Aliaga-Rossel, Kays, & Fragoso 2008), so it was assumed that this spacing would record the 
foraging behavior of multiple individuals. Camera traps were then placed within 15 meters of the 
trail. This was far enough away that an agouti could still feed and approach without direct 

500 m0 m

Figure 1: Map of the Monteverde area that shows the three 
different sites used to test the impact of human presence on 
agouti behavior. The green point shows the Monteverde 
Biological Station, which represents the low impact condition. 
The blue point shows Sanctuario Ecologico which represents 
the medium impact condition, and finally the purple point 
shows Bajo del Tigre which represents the high impact 
condition.  
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physical contact with humans and so that the camera traps could not be seen by visitors. Each 
camera was set at about knee height, adjusting for the specific terrain and vegetation.  In order to 
ensure foraging behavior of the agoutis would be observed, the camera traps were baited with 
food. Approximately 3 cups of dried corn, which is known to attract local agoutis (Stein, pers. 
comm.), was placed a meter in front of each camera trap. The corn was then placed 
approximately 1 meter in from of the camera trap and was arranged so that it formed a pile, 
enough corn was poured so that the corn was visible above the leaf litter.  
 The camera traps were checked every other day for about one week and were checked by 
reading the videos on the SD card in the field. If an agouti was observed on the camera traps, any 
remaining corn was picked up from the site and the cameras were moved at least 1 meter away 
and a more dried corn was placed as a bait. The new location of the camera was close enough 
that proper spacing of the cameras and distance from the trail was retained, but moved enough to 
prevent the agouti from getting accustomed to finding and eating the food in that exact location.  
 
Scoring Videos 
 
All videos with agoutis eating on camera were scored, with the exception of 1) videos where an 
agouti did not eat or 2) where two or more individuals were present simultaneously.  A total of 9 
behaviors were measured in order to quantify the foraging behavior of the agoutis; 1) the time 
the agouti arrived and left the food source (total time). 2) The amount of time the agouti spent at 
the food source (time at food source). This time was counted as all the time the agouti spent in 
from of the camera and was visible. 3) The amount of time that agoutis spent eating with its head 
up (head up eating). This was counted as any time the agouti was seen eating with its front two 
paws up off the ground in a seated position. 4) The amount of time the agouti spent eating on all 
fours (all fours eating). This was determined to be any time the agouti was eating with at least 
one of their front paws on the ground. 5) The amount of time the agouti spent with its head up 
not eating (head up not eating). This was times when the agouti was on all fours, standing, or in 
the seated position and was not eating and staying in one place. 6) The amount of time that the 
agouti spent foraging (foraging). These were times when the agouti was walking around with its 
head close to the ground, moving leaf litter with its nose, or when the agouti was digging. 7) The 
amount of times the agouti left the feeding site, for less than 5 minutes, this was recorded as a 
break from the feeding source (break). 8) The number of looks both to the left and to the right 
(Figure 2). Any time an agouti left a site for more than five minutes the next feeding bout was 
recorded as a new individual. A one-way ANOVA was used for each behavior to determine any 
differences in foraging behavior. To standardize behaviors in relation to time spent at the site, I 
divided the raw values by the total time at the site. 
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RESULTS 
 
In total, there were 48 videos from all three sites; 12 videos came from the Monteverde 
Biological Station, 23 came from Sanctuario Ecologico, and 13 came from Bajo del Tigre. The 
average amount of time that the agoutis spent at a site, or the average time of a feeding bout, 
over all three locations was 705.5 seconds. The amount of time spent at Monteverde Biological 
ranged from 60 to 1,789 seconds (Mean +/- se = 576.3 +/- 176.4), from 10 to 4,092 (840.1 +/- 
214.1) at Sanctuario Ecologico, and 43 to 2,881 (700.2 +/- 299.2) at Bajo del Tigre (p-value = 
0.73363, Figure 3). On average agoutis spent 426.3 seconds at the actual food source, and 
behavior at all of the sites were reasonably similar. Agoutis at the Monteverde Biological Station 
ranged from 60 to 961 (343.9 +/- 94.7) seconds at the food source, agoutis at Sanctuario 
Ecologico ranged from 10 to 1,615 (440.9 +/- 104.2) seconds at the food source, and finally 
agoutis in Bajo del Tigre were at the food source from 43 to 2,853 (493.9 +/- 219.0) seconds (p-
value = 0.20, Figure 4).  
 The average amount of time agoutis spent with their head up eating was 118.9 seconds. 
Agoutis ranged from 0 to 316 (105.1 +/- 30.8) seconds eating with their head up at the 
Monteverde Biological Station, from 2 to 789 (132.7 +/- 43.2) seconds in Sanctuario Ecologico, 
and from 3 to 757 (118.8 +/- 59.5) in Bajo del Tigre (p-vale = 0.4387). Throughout the three 
different sites they spent an average of 20.1 seconds with their head up not eating. The agoutis at 
the Monteverde Biological Station exhibited this behavior anywhere from 0 to 39 (10 +/- 3.6) 
seconds, while agoutis at Sanctuario Ecologico ranged from 0 to 160 (30.9 +/- 8.8) seconds with 
their head up not eating, and those in Bajo del Tigre exhibited this behavior anywhere from 0 to 
117 (19.3 +/- 9.8) seconds (p-value = 0.23959). There was an overall average of 72.9 seconds 
spent eating on all fours. Individuals recorded at the Monteverde Biological Station ranged from 

Figure 2: Screen captures from video footage that exemplifies the different behaviors of 
agoutis. (A) represents a time than an agouti would be scored as head up not eating, (B) is 
an example of an agouti eating with its head up. (C) shows what an agouti looks like when it 
is foraging, and (D) shows an agouti that is eating on all fours. 
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0 to 181 (43.3 +/- 17.5) seconds eating on all fours, those at Sanctuario Ecologico did this from 0 
to 387 (71.7 +/- 23.9) seconds, and individuals at Bajo del Tigre ranged from 0 to 913 (103. 8 +/- 
69.1) seconds eating on all fours (p-vale = 0.6001). Finally, the amount of time foraging at all 
sites averaged 212.8 seconds. Agoutis at the Monteverde Biological Station ranged from 5 to 474 
(187.8 +/- 48.5) seconds foraging, 7 to 774 (201.9 +/- 43.3) seconds at Sanctuario Ecologico, and 
7 to 1,161 (248.4 +/- 93.9) seconds at Bajo del Tigre (p-value = 0.79557).  
 The average number of breaks that an agouti took from feeding was 4.6 times across all 
of the sites. Agoutis at the Monteverde Biological Station ranged from 0 to 27 (5.9 +/- 2.6) 
breaks from the food source, individuals at Sanctuario Ecologico range from 0 to 40 (6.3 +/-  
1.9) breaks, and those at Bajo del Tigre ranged from 0 to 8 (1.5 +/- 0.7) breaks form the food 
source (p-vale = 0.1854). The average number of looks between Monteverde Biological Station, 
Sanctuario Ecologico and Bajo del Tigre is 3.9. The number of looks at Monteverde Biological 
Station ranged from 0 to 12 (3.4 +/- 1.1), 0 to 19 (3.8 +/- 1.1) at Sanctuario Ecologico and, 0 to 
26 (4.7 +/-  2.1) at Bajo del Tigre (p-value = 0.181831). The individual number of looks right (p-
value = 0.4495) and left (p-value = 0.95452) were also not statistically significant. 
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DISCUSSION 
 
The results showed that there was no difference in the amount of time agoutis spent at the site 
nor did the agoutis exhibit different behaviors at each of the different sites. This indicates that the 
presence of humans does not alter the foraging behavior of agoutis. These results are similar to 
study that was carried out on the activity behavior of agoutis in relation to human presence. It 
determined that there was no significant difference in the behavior of agoutis with varying levels 
of human presence (Sabatke 2015). These results are also supported by a study done on white tip 
sharks that found negligible effects on behavior under medium levels of tourism (Laroche, 
2007). This goes against some previous research such as a study done by Ardiantino et al. (2018) 
that found Komodo dragons do exhibit behavioral differences in the presence of humans. This 
may be explained by the fact the agoutis and komodo dragons are very different organism and 
preform very different roles in the ecosystem, therefore, their behavior is likely entirely different 
in the first place. It has been shown that different mammals have different responses to human 
presence and human modified landscapes (Zhou et al. 2013). This indicates that humans effect 
different animals differently and in order to truly understand the effects that humans have on 
animals that specific organism will have to be studied. Furthermore, this study only looked at 
varying levels of human impact and was not a true no impact and impact study. Therefore, it 
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could be that increased human presence does affect agoutis as feeding behavior in the absence of 
humans has yet to be assessed.  
 The fact that there were no differences in the foraging behavior of agoutis is a good sign 
as tourism is increasing. This indicates that current conservation measures are working and that 
agoutis are still able to carry out their ecological roll in the ecosystem, especially seed dispersal. 
It is important to note that this study only looked at the foraging behavior of agoutis and 
therefore other behaviors of agoutis may still be affected by the presence of humans and human 
modified landscapes. Thing like density, caching behavior, and more are still avenues worth 
exploring and changes in these behaviors could still have big ramifications on the ecosystem. 
Agoutis make a great study subject for understanding the impact of ecotourism as they are 
common and have such a big impact on the ecosystem. Therefore, it is important to understand 
how they are being affected by ecotourism and the presence of humans in general. This study 
brings us one step closer to understand the impact that we have on nature. Ultimately more 
research will be needed to understand how we affect the world around us but for now it can be 
concluded that humans do not have a negative effect, or any effect, on the foraging behavior of 
Central America agoutis.     
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