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TRADUCCIÓN AL ESPAÑOL: NATHAN G. GIFFARD 
 



ii  

 
Dartmouth Studies in Tropical Ecology, Vol. 31 (2022) 
 
Dartmouth College runs an annual 9-10 week ecological field research program in Costa Rica and the Caribbean.  
Manuscripts from the research projects in this program have been published in the annual volume “Dartmouth Studies 
in Tropical Ecology” since 1989. Copies are available online and hardcopies are held in the Life Sciences Center at 
Dartmouth College and in the field stations that we visit. 
 
Dartmouth faculty from the Department of Biological Sciences, along with two Ph.D. students from Dartmouth’s 
Ecology and Evolutionary Biology graduate program, advise ca. 15 advanced undergraduate students on this program.  
 
The order of authorship on papers is usually alphabetical or haphazard, because all authors contribute equally on 
projects. For each paper there is a faculty editor (indicated after the author listing), who takes responsibility for 
defining the revisions, and decides on the acceptability of manuscripts for publication. Graduate student Teaching 
Assistants are also heavily involved as mentors at every stage, from project design to final manuscript.  
 
We thank the Costa Rican Ministry of the Environment and Energy (MINAE) for permission to conduct research in 
Costa Rica’s extraordinary national parks. The Organization for Tropical Studies (OTS/OET) has provided essential 
support for our program for over 40 years, taking care of countless logistical needs in Costa Rica, always to high 
standards of quality and reliability. Our program would not be possible were it not for the amazing support of the staff 
and naturalists at the field stations we were so fortunate to visit:  La Selva Biological Station, Campanario Field 
Station, Osa Conservation, and the Wilson Botanical Garden at Las Cruces. 
 
We are grateful for the generous financial support of the Biology Foreign Studies Program from Dorothy Hobbs 
Kroenlein. 
 
If you have questions about this volume or the program, contact the Biological Sciences Department at Dartmouth 
College, Hanover New Hampshire, USA.  Currently, the Biology Foreign Studies Program Director is Matthew Ayres 
at Matthew.P.Ayers@dartmouth.edu and the administrative assistant is Sherry L. Finnemore, 
Sherry.L.Finnemore@dartmouth.edu.  
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COSTA RICA 2022: MARINE SCHEDULE 
 

Date  Morning Afternoon Evening 
15 
Feb 
Tues  

Group Arrives at 
Costa Azul  

 
Unpack, get settled, and have 
dinner  

Introduction to the 
Caribbean coast of Costa 
Rica 
Discussion: schedule 
(tentative) and 
expectations for Cahuita 
segment.  

16 
Feb 
Wed  

Orientation and 
General natural 
history 
Take lunches  

Snorkel safety talk 
Snorkeling in Cahuita 
National Park (NP)  

Snorkeling in Cahuita 
National Park (NP)  
Lecture: Coral reefs and past 
FSP projects (CC, FQ)  

Creature Feature 
Lecture: Introduction to 
Costa Rican Caribbean 
culture and history (NG)  

17 
Feb 
Thur  

Orientation at 
field sites 
Take lunches  

Visit Punta Vargas side 
of Cahuita NP  

Snorkeling at Punta Vargas 
side of Cahuita  
Lecture: Intertidal ecology 
(beach and rocky intertidal 
(CC)  

Dinner in Cahuita 
Creature Feature  

18 
Feb 
Fri  

Orientation at 
field sites 
Take lunches  

Visit black beach and 
white beaches Sample 
macroinverts and sand 
grain size  

Visit black beach and white 
beaches 
Sample macroinverts and 
sand grain size  
Lecture: Marine 
macroinvertebrates (CC, FQ)  

Creature Feature 
Critique: Invertebrates, 
Katya Golubovsky  

19 
Feb 
Sat  

Orientation at 
field sites 
Take lunches  

Visit Playa Gandoca  
Boat trip in Laguna 
Gandoca  

Visit Playa Gandoca Do 
beach cleanup  
Lecture: Reef Nekton (CC, 
FQ)  

Creature Feature 
Critique: Herbivory, Eva 
Legge Film: Secret sex 
life of fish 
El Puente volunteering  

20 
Feb 
Sun  

Orientation at 
field sites  

Visit to Limón  
Lunch in Limón  

Boat trip to Isla Uvita  
Lecture: Agriculture and 
pollution (NG, CC)  

Creature Feature 
Critique: Coral-algae 
competition  
 

21 
Feb 
Mon  

Orientation at 
field sites 
Take lunches  

Manzanillo-Gandoca 
National Refuge  

Manzanillo-Gandoca National 
Refuge  

Creature Feature 
Critique: Sponges, 
William Hileman  

22 
Feb 
Tue  

Project 1  
Take lunches  

Visit Punta Uva reef 
sites 

Visit Punta Uva reef sites  Creature Feature 
Critique: Zooplankton, 
Michael Chan  

23 
Feb 
Wed  

Project 1  Group proposal 
discussions and 
revisions  

Project 1 Proposal due  
Project 1 data collection 
Lecture: Costa Rican streams 
(CC)  

Critique: Seagrass 
Ecology, Sophie Ragg 
Critique: Fish Biology, 
Mary Basilious  

24 
Feb 
Thur  

Project 1  Project 1 data 
collection  

Project 1 data collection Critique: Fish Larval 
Settlement, Adi Mini 

25 
Feb 
Fri  

Project 1  Project 1 data 
collection  

Project 1 – data analysis, 
write methods 
**Project 1 
PRESENTATIONS**  

Critique: Fish Ecology, 
Helen Laird  
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26 
Feb 
Sat 

Dia libre (OFF)   Beach outing  El Puente volunteering  
R&R: Karaoke  

27 
Feb 
Sun  

Scientist visit  
 

Juan José Alverado 
and Cindy Fernández  

Juan José Alverado and 
Cindy Fernández  

**Project 1 – 1st Draft 
due**  

28 
Feb 
Mon  

Project 2 begins  Visit to stream sites  
Visit to Bribri Village  

Project 2 Brainstorm and 
exploration 
Lecture: Animal sensory and 
movement (Elliott) Stats 
Chat  

Critique: Coral Structure 
and fish, Sophia 
Sulimirski  

1 Mar 
Tue  

Project 2  Finalize Project 2 idea, 
design, and group 
members 
Project 2 data 
collection  

Lecture: Coral Restoration in 
CR (José Andrés Marin 
Moraga) Project 2 proposal 
DUE Project 2 data collection  

Critique: Fish Behavior, 
Nandini Prasad 
Critique: Damselfish 
and Lionfish, Farrar 
Ransom  

2 Mar 
Wed  

Project 2  **Project 1 final 
draft Due** 
Project 2 – data 
collection  

Project 2–data collection 
Lecture: Climate Change and 
coral reefs (CC)  

Critique: Coral 
Calcification, Ian Hsu 
Film: Maug’s Caldera  

3 Mar 
Thur  

Project 2  Project 2 – data 
collection  

Lecture: Animal sensory 
(Ciara) 
Project 2 – data collection  

Critique: Reef 
Conservation, Maia 
Madison  

4 Mar 
Fri 

Project 2  Project 2 – data 
collection  

Project 2 –data analysis  Critique: Mangroves, 
Chloe Fugle Film: 
“Chasing Coral” 

5 Mar 
Sat  

Project 2  **Project 2 
PRESENTATION** 

Project 2 - writing Critique: Seagrass 
ecology, Michael 
Carlowicz  
El Puente volunteering 

6 Mar 
Sun  

Finish Project 2  Project 2 - writing  
 

**Project 2 1st draft DUE** 
Project 2 refine drafts 

 Discussion: Graduate 
School/Career  

7 Mar 
Mon  

Finish all project 
editing  

**Project 2 final 
draft DUE** Self-
Evaluations and 
Individual Meetings  

Revisions and copy editing of 
all projects Self Evaluations 
and Individual Meetings 
Faculty/TA evaluations/FSP 
survey  

Final Dinner  
R&R: Karaoke  

8 Mar 
Tue  

Clean up and pack  Clean up science 
equipment/field sites 
Individual meetings 
Get COVID tests  

Travel to San Jose  Dinner in San Jose  

9 Mar 
Wed 

Depart San Jose 
early AM  
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Basilious 

Fish biology  

 

Miller, G.M., S. Watson, S., J.M. Donelson, M.I. McCormick, P.L. Munday. 2012. 
Parental environment mediates impacts of increased carbon dioxide on a coral reef fish. 
Nature Climate Change 2: 858-861. 

Michael 
Carlowicz 

Seagrass 
Meadows 

Guerra-Vargas, Gillis, L.G., Mancera-Pineda, J.E. 2020. Stronger together: Do coral 
reefs enhance seagrass meadow "blue carbon" potential?. Front. Mar. Sci. 7: 628. doi: 
10.3389/fmars.2020.00628  

Michael 
Chan  

 

Zooplankton Smith, J.M., G. De’ath, C. Richter, A. Cornils, J.M. Hall-Spencer, K.E. Fabricius. 2016. 
Ocean acidification reduces demersal zooplankton that reside in tropical coral reefs. 
Nature Climate Change 6: 1124-1129. 

Chloe Fugle  Mangroves  Lovelock, C.E., D.R. Cahoon, D.A. Friess, G.R. Guntenspergen, K.W. Krauss, R. Reef, 
K. Rogers, M.S. Saunders, F. Sidik, A. Swales, N. Saintilan, L.X. Thuyen, T. Triet. 2015. 
The vulnerability of Indo-Pacific mangrove forests to sea-level rise. Nature 526: 559-
562.  

Katya 
Golubovsky  

Invertebrates  Williams, S. 2021. The reduction of harmful algae on Caribbean coral reefs through the 
reintroduction of a keystone herbivore, the long-spined sea urchin Diadema antillarum. 
Restoration Ecology doi: 10.1111/rec.13475.  

William 
Hileman  

Sponges  De Goeij, J.M., D. vab Oevelen, M.J.A. Verimeij, R. Osinga, J.J. Middelburg, A.F.P.M. 
de Goeij, W. Admiral. 2013. Surviving in a marine desert: the sponge loop retains 
resources within coral reefs. Science 342: 108-110.  

Ian Hsu  Coral 
calcification  

Albright, R., Y. Takeshita, D.A. Koweek, A. Ninodawa, K. Wolfe, T. Rivlin, Y. 
Nebuchina, J. Young, K. Caldeira. 2018. Carbon dioxide addition to coral reef waters 
suppresses net community calcification. Nature 555: 516-519.  

Helen Laird  Fish ecology  Seemann, J., Yingst, A. Stuart-Smith, R.D., Edgar, G.J., Altieri, A.H. 2018. The 
importance of sponges and mangroves in supporting fish communities on degraded coral 
reefs in Caribbean Panama. PeerJ 6:e4455; DOI 10.7717/peerj.4455.  

Eva Legge Herbivory Spadaro, A.J. and Butler, M.J. 2021. Herbivorous crabs reverse the seaweed dilemma on 
coral reefs. Current Biology 31, 853–859. 

Maia 
Madison 

Reef 
conservation 

Cinner, J.E., C. Huchery, M.A. MacNeil, N.A.J. Graham, T.R. McClanahan et al. 2016. 
Bright spots among the world’s coral reefs. Nature 535: 416-419.  

Adi Mini  

 

Fish larval 
settlement 

Chaput, R., Paris, C.B., Smith, S.G. 2019. Reef fish larvae visually discriminate coral 
diversity during settlement. Bulletin of Marine Science 95(3):449-458. 

Nandini 
Prasad  

Fish behavior  Gordon, T.A.C., Radford, A.N. Davidson, I.K., Barnes, K., McCloskey, K., Nedelec, S., 
Meekan, M.G., McCormick, M.I. Simpson, S.D. 2019. Acoustic enrichment can enhance 
fish community development on degraded coral reef habitat. Nature Comm. 10:5414.  

Sophie Ragg  Seagrass 
ecology  

Lamb, J.B., J.A.J.M. van de Water, D.G. Bourne, C. Altier, M.Y. Hein, E.A. Florenza, N. 
Abu, J. Jompa, C.D. Harvell. 2017. Seagrass ecosystems reduce exposures to bacterial 
pathogens, of humans, fishes, and invertebrates. Science 355: 731-733  

Farrar 
Ransom 

Damselfish 
and Lionfish 

Davis. A.C.D. 2018. Differential effects of native vs. invasive predators on a common 
Caribbean reef fish. Environ. Biol. Fish. 101:1537-1548 

Sophia 
Sulimirski  

Coral structure 
and fish  

Fontoura, L., Zawada, K.J.A., D'agata, S. Alvarez-Noriega, M., Baird, A.H. Boutros, N., 
Dornelas, M., Luiz, O.J., Madin, J.S., Maina, J.M., Pizarro, O., Torres-Pulliza, D., 
Woods, R.M., Madin, E.M.P. 2019. Climate- driven shift in coral morphological 
structure predicts decline of juvenile reef fishes. Global Change Biology DOI: 
10.1111/gcb.14911  
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MALE-MALE COMPETITION DRIVES SEXUAL SELECTION IN PYTHON MILLIPEDES 
 

WILL S.T. HILEMAN, IAN HSU, MAIA M. MADISON, NANDINI N. PRASAD, AND FARRAR R. RANSOM  
 

TAs: Ciara Kernan and Elliott Steele 
Faculty Editor: Mark Laidre  

 
Abstract: Sexual selection occurs through male-male competition, female choice, or both. The mechanism by which 
mate pairs form has significant implications for sexual selection. In this study, we sought to understand how python 
millipedes (Nyssodesmus python) pair. We hypothesized that sexual selection in this species is more reliant on male-
male competition than on female choice. We also hypothesized that mate-guarding would negatively impact females 
by hindering their mobility. We tested this hypothesis by surveying the masses of paired and unpaired millipedes 
and quantifying female millipede locomotion in the presence versus absence of a mate-guarding male. We found a 
high density of unpaired males compared to unpaired females, random pairing with respect to mass, and slower 
female speeds when paired versus alone. Together, our results indicate that male-male competition drives sexual 
selection in python millipedes, and that mate-guarding impedes female locomotion. 
 
Abstracto: La selección sexual ocurre a través de la competencia macho-macho, la elección de la hembra, o ambas. 
El mecanismo por el cual se forman las parejas reproductoras tiene implicaciones significativas para la selección 
sexual. En este estudio, buscamos comprender cómo se emparejan los milpiés de pitón (Nyssodesmus python). Se 
planteó la hipótesis de que la selección sexual en esta especie depende más de la competencia macho-macho que de 
la elección de la hembra. Además, se planteó la hipótesis de que la protección de los compañeros afectaría 
negativamente a las hembras al obstaculizar su movilidad. Se probó esta hipótesis mediante la inspección de las 
masas de los milpiés pareados y no pareados y la cuantificación de la locomoción de las milpiés en presencia versus 
la ausencia de un macho que la protege de otros machos. Encontramos una alta densidad de machos no emparejados 
en comparación con hembras no emparejadas, emparejamiento aleatorio con respecto a la masa, y velocidades de 
hembras más lentas cuando se emparejaron frente a solas. Juntos, nuestros resultados indican que la competencia 
macho-macho impulsa la selección sexual en el milpiés de pitón, y que la protección de compañeros impide la 
locomoción de la hembra. 
 
Key words: competition, Nyssodesmus python, mate-guarding, mate pair, millipedes, sexual selection 
 
Palabras claves: competencia, Nyssodesmus python, protección de compañeros, parejas reproductoras, milpiés, 
selección sexual 
 
INTRODUCTION 
Sexual selection arises because of differential 
access to partners, either through male-male 
competition (intra-sexual selection) or female 
choice (inter-sexual selection). These two 
pathways exist because females typically invest 
more energy in reproduction than males, making 
the females more selective partners. Due to 
female selectivity, male traits that win a 
female’s choice or that outcompete other males 
will be passed to more progeny, thus becoming 
more prevalent in the population (Darwin 1871).  

Although mating serves to pass on the 
genetic material of both sexes, sexual conflict 
arises when male and female interests do not 
align. Sexual conflict can favor traits that 
increase the reproductive fitness of one sex but 

decrease the fitness of the other. Females benefit 
from having a wide range of possible mates, 
because then they can choose the mate that 
maximizes their direct benefits (e.g., nuptial 
gifts) or their indirect benefits (e.g., genetic 
fitness of their offspring). In contrast, males 
benefit from mating with many females, which 
maximizes the number of offspring they can 
have. Interestingly, in some species, females 
have evolved the ability to store the sperm from 
multiple matings and choose which male’s 
sperm to use. Though as a counter-adaptation, 
males have in some cases evolved the ability to 
remove competitors’ sperm, thus increasing the 
likelihood that his own sperm is used. 

One behavior that is often an indicator of 
sexual conflict is mate-guarding, where males 
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remain with the female after mating to prevent 
other males from mating with that female. While 
this mate-guarding behavior decreases the 
number of females with which a male could 
mate, it increases the likelihood that a single 
female will pass down his genes. While mate-
guarding may be in the interest of males, it can 
potentially negatively affect females by 
constraining their choice of mates and restricting 
their movement. Restricted movement could 
impact the female’s ability to find food and 
avoid predators. For example, in the red 
damselfly mate-guarding can constrain females’ 
mate choice, restrict females’ movements, 
increase females’ energetic expenditure, or 
affect females’ ability to evade predators 
(Alcock 2013). Sexual conflict can even 
constrain female movement to the point of 
death, with males nevertheless continuing this 
behavior because it increases likelihood of 
passing on their genes. 

Python millipedes (Nyssodesmus python) are 
found along the Caribbean slope of Costa Rica 
and exhibit sexual selection and mate-guarding 
(Fig. S1). Python millipedes are an excellent 
study system for testing sexual selection 
hypotheses due to their year-round breeding, 
polygamy, and high population density (Heisler 
1983). Females store sperm, fertilizing their 
eggs immediately before oviposition, likely 
using sperm from their most recent mating. 
Males guard females by riding on the dorsal side 
of their mates for several days after copulation. 
If another male tries to mate with the female, the 
guarding male curls around the female, covering 
the vulvae and prohibiting the male rival from 
mating. Millipedes’ curling muscles are much 
stronger than their uncurling muscles, so the 
guarding male cannot be forced off by the 
female or the rival male (Heisler 1983).  

In this study, we investigated why males 
perform mate-guarding and the impact that 
mate-guarding has on females. Because we 
observed mate-guarding in this system, we 
hypothesized that sexual conflict would arise as 
a result of male-male competition, and that 
mate-guarding would hinder females’ 
movement. If male-male competition drives pair 
formation in this species, then there should be 
more unpaired males than unpaired females; and 
furthermore, males should mate with whichever 

female they find first, leading to random mating 
with respect to size. If females’ freedom of 
choice and movement is inhibited by males, then 
females should incur significant energetic costs 
from carrying around a mate-guarding male. 
Alternatively, if sexual selection in millipedes 
occurs through female choice, then at least as 
many unpaired females should be found as 
unpaired males (since the reproductive rate is 
limited by females). If mate-guarding 
significantly impedes females yet females have 
freedom of choice, then females might mate 
with the smallest males, which would reduce 
females’ carrying costs. In contrast, if mate-
guarding does not significantly impede females, 
then larger males may be chosen as mates, since 
such males presumably have better genes and 
are stronger, fitter, and better able to acquire 
resources. 

 
METHODS 
Millipede collection  
Millipedes (N = 93) were captured at night on 
four trails (Estacion del Rio, Sendero Oriental, 
Arboleda Holdridge, Sendero Tres Rios) near La 
Selva Biological Research Station. If found in 
pairs, millipedes were separated for individual 
size measurements. Juveniles (N = 4), identified 
by smaller mass and shiny exoskeleton, were 
excluded from data due to their inability to mate.  

 
Measuring size 
Following collection, millipedes were brushed 
gently with a paintbrush to remove mud, frass, 
and detritus. Subsequently, millipedes were 
placed on an OHAUS PS 251 digital scale to 
measure mass to the nearest 0.1 g.   

 
Re-pairing experiment  
Following size measurements, millipedes were 
haphazardly dispersed in an Action Packer 
(36.6cm x 50.3cm x 30.0cm) filled with a layer 
of substrate topsoil approximately 15 cm in 
depth. Substrate, intended to replicate the 
millipedes’ natural environment, consisted of 
rainforest topsoil, decaying leaves, and decaying 
branches collected from the forest. Millipedes 
were left overnight in Action Packers, and the 
millipede mass of each individual was measured 
the next day.  
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Measuring walking speed  
Millipedes that had formed new pairs overnight 
were removed from the Action Packer the next 
day and placed in front of a triangular cardboard 
tunnel 33.8 cm in length and 3 cm wide. The 
bottom of the tunnel was left open so millipedes 
could walk uninterrupted. A stopwatch was used 
to record time, starting from the head entering 
the tunnel and ending with the head exiting the 
tunnel. Time taken to cross the tunnel was 
recorded for females, first while carrying their 
mates on their backs, then by themselves after 
being gently separated. The second test was 
recorded once the male had been pulled off and 
the female had resumed walking, which took 
anywhere from one minute to two hours. 

 
Statistical analysis  
All data was analyzed using JMP Pro v15.1. To 
analyze the distribution of female and male 
millipede mass in the field, we compared overall 
(paired and unpaired) male and female mass 
using a t-test.  

To test the assortative, disassortative, or 
random nature of pairing with respect to size, we 
performed a linear regression of female to male 
mass within each pair. To compare individual 
female locomotion with and without a male pair, 
we conducted a paired t-test. 

 
RESULTS 
Fewer unpaired females (n = 2) existed than 
unpaired males (n = 21) in the sampled 
millipede population. Males (average mass: 4.18 
± 0.64 g) were lighter than females (average 
mass: 5.54 ±	0.69 g) (t = 9.76, P < 0.001, df = 
88). Notably, greater variation in mass was 
found in the female population (F1, 91 = 6.70, P = 
0.01, df = 88) (Fig. 1).   

While paired males were almost always 
smaller than their mate, there was no significant 
correlation between the mass of paired males 
and their mate (F2,22 = 0.25, P = 0.93) (Fig. 2). 
Likewise, when males and females were given 
the opportunity to re-pair in a box with a high 
density of millipedes, there was still no 
significant correlation between the mass of 
paired males and their mate (F1, 23 = 0.022, P = 
0.88, df = 24). Together, these results suggest 
that pairing based on mass is random (as 
opposed to assortative or disassortative).  

Finally, mate-guarding behavior appeared 
costly for females’ locomotion, with females 
being significantly slower when there was a 
male on their back (paired t-test: t = 2.42, P < 
0.04, df = 9) (Fig. 3). 

 

 
Figure 1. Mass distribution of each sex in the sampled 
python millipede population. 
 

 
Figure 2. Random mate pairing with respect to mass 
 

 
Figure 3. Paired females are slower than unpaired 
females. Lines connecting the single and paired time 
measurements are for the same female millipede 
(paired time was taken first and single time was taken 
second). 
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DISCUSSION 
Several pieces of evidence supported the 
hypothesis that male-male competition drives 
sexual selection in python millipedes and that 
strong sexual conflict exists in this species. First, 
the sampled python millipede population had 
more unpaired males than unpaired females, 
suggesting a higher demand for unpaired 
females than males, and giving males an 
incentive to mate-guard. Second, no correlation 
existed between male and female mass in a pair, 
indicating that females do not select for smaller 
males despite the potential energetic cost of 
carrying a larger male. This finding suggests that 
female choice is less relevant than male-male 
competition in this species. Third, our 
locomotion experiment provides strong evidence 
of a lack of pre-copulatory female choice. 
Indeed, females are significantly slower when 
carrying males, indicating that females incur 
significant energetic costs when males are mate-
guarding. Mate-guarding likely limits female 
choice, as it hinders female locomotion and 
actively constrains females from choosing other 
males. All these findings, including the high 
ratio of unpaired males to unpaired females, the 
random pairing with respect to mass, the slower 
speed of females when paired, and the mate-
guarding behavior of males suggest that it is not 
female choice, but male-male competition that 
drives sexual selection in python millipedes. 

We also found that males, on average, are 
smaller than females, and there is a smaller mass 
distribution in the male population compared to 
the female population. It is possible that being 
smaller is advantageous for males because of 
lower energy demands. Because millipedes’ 
curling muscles are stronger than their uncurling 
muscles, a small male could still control a larger 
female and resist being thrown off by larger 
rival males (Heisler, 1983). While we concluded 
that male size is not a major factor in pair 
formation, other characteristics that improve a 
male’s competitiveness for finding and retaining 
female mates may be under selection. One such 
male trait could be speed. If mating success is 
purely determined by a male’s ability to reach a 
female before competitors do, then it would be 
crucial for males to be as fast as possible. And if 
smaller males move faster, then small size might 
be advantageous. Additionally, smaller males 

might reach sexual maturity before larger males, 
allowing them to mate for a longer portion of 
their lifespan. Other characteristics that could 
improve the reproductive fitness of small males 
could be traits associated with being small but 
not small size itself, such as improved sensory 
acuity, toxicity to predators, or an ability to 
maintain more concentrated metabolic reserves 
that enable males to find and navigate to females 
more quickly. An interesting future direction of 
study would be to measure and longitudinally 
track such traits in the male millipede population 
to determine if they actually confer a selective 
advantage.   

Surprisingly, the mass of female millipedes 
has a suggestively bimodal distribution. This 
variation in female mass could be due to 
periodic fluctuations in mass during the 
ovulatory cycle (e.g., egg bearing females might 
weigh more). It is also possible that there is a 
population of females that lose mass after 
mating, because being mate-guarded and 
carrying a mate-guarding male is likely 
energetically costly and could also limit 
females’ ability to forage. No matter the reason, 
the variation in female mass does not seem to 
affect the formation of mating pairs.   

While mate-guarding is not affected by male 
size, it still impairs female movement and 
potentially hinders females’ ability to avoid 
predators or forage for food. The existence of 
this seemingly harmful behavior suggests that 
the increase in progeny for males that mate-
guard outweighs any associated decrease in 
progeny due to greater predation risks and 
energetic costs to the female. Perhaps any 
increase in exposure to predators caused by 
mate-guarding is negated by the millipedes’ 
toxic defense mechanism containing 
hydrocyanide and benzaldehyde.  

Another explanation for the persistence of 
mate-guarding behavior in the population is 
post-copulatory female choice. Since female 
python millipedes mate with multiple males and 
store sperm until oviposition, it is possible that 
they choose certain sperm with “good genes” for 
fertilizing their eggs. This cryptic female choice 
could help overcome mate choice restrictions 
imposed by mate-guarding and might also 
provide an alternate mechanism for choosing 
mates with compatible genes. For example, in 
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dung beetles, shorter sperm are indicative of 
high genetic quality and females tend to choose 
shorter sperm to fertilize their eggs. A similar 
mechanism might exist in python millipedes.  

Although our study was limited to pre-
copulatory choice, our findings suggest that (1) 
male-male competition likely influences pair 
formation more than female choice and (2) 
female locomotion is restricted during mate-
guarding. As mate-guarding appears to 
negatively influence female locomotion, an 
interesting future direction of study would be to 
examine mate-guarding’s long-term effects on 
females (e.g., changes in female mass over 
time). Finally, since python millipedes appear to 
be the only millipede species that demonstrates a 
post-copulatory mate-guarding behavior that is 
detrimental to females (Heisler, 1983), it would 
be interesting to investigate why this behavior 
has not evolved in other millipedes species.  
 
ACKNOWLEDGEMENTS 
Thank you to La Selva Biological Station and 
our guide Kenneth for their hospitality and 
expertise, as well as Professor Laidre and TA’s 
Ciara Kernan and Elliott Steele for their constant 
support and guidance.  
 
LITERATURE CITED  
Alcock, J. 2013. The Evolution of Reproductive  

Behavior. Pages 193-6 in Animal Behavior: 
An Evolutionary Approach. Sinauer 
Associates, Sunderland, MA. 

Darwin, C. 1871. The descent of man, and selection  
in relation to sex. John Murray, London. 

Heisler, I. L. 1983. Nyssodesmus python (Milpies,  
Large Forest-floor Millipede), pages 747-
748 in D.H. Janzen, editor. Costa Rican 
Natural History. University of Chicago 
Press, Chicago, IL. 
 

APPENDIX 
 

 
Figure S1. Mate-guarding exhibited by Python 
millipedes (female is on bottom and male is on top of 
female’s dorsum).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 
  



La Selva 

 6 
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Abstract: Eusocial species form highly cooperative societies, which are capable of coordinating group movement, 
warning conspecifics about predators, and maintaining their own micro-habitat. Leaf-cutter ants (Atta cephalotes) 
are a eusocial species that builds and maintains extensive trail networks to transport materials integral to colony 
survival. While unobstructed pathways are essential, little is known about how these ants respond to obstacles on 
their trail networks in nature. We studied how the flow of worker ants around an obstacle changed with differing ant 
abundancies in an old-growth forest and a lawn at La Selva Biological Station, Costa Rica. We hypothesized that if 
eusocial species are reliant on collective cooperation to navigate around obstacles in their trails, high abundances 
would provide more opportunities for this cooperation. Alternatively, if eusocial animals are reliant on an optimal 
number of cooperating individuals to navigate obstacles, then higher abundances may cause unnecessary traffic, 
hindering navigation of the obstacle. We observed that abundance differed by time of day, with significantly higher 
abundances at night in both locations. We found that there was no significant difference in the flow rate of leaf-
cutter ants between the night and day in the old-growth forest, but there was a significant difference between day 
and night on the lawn. This pattern may be due to environmental factors, such as temperature, contributing to 
fluctuation between locations. This study has implications for forest management, with species in disturbed habitats 
potentially being less resilient to novel changes.  
 
Abstracto: Las especies eusociales forman sociedades altamente cooperativas, que son capaces de coordinar el 
movimiento grupal, advertir a los conspecíficos sobre los depredadores y mantener su propio microhábitat. Las 
hormigas cortadoras de hojas (Atta cephalotes) son una especie eusocial que construye y mantiene extensas redes de 
senderos para transportar materiales integrales a la supervivencia de las colonias. Aunque los caminos sin 
obstrucciones son esenciales, poco se sabe sobre cómo estas hormigas responden a los obstáculos en sus redes de 
senderos en la naturaleza. Estudiamos cómo el flujo de hormigas obreras alrededor de un obstáculo cambió con 
diferentes abundancias de hormigas en un bosque de crecimiento antiguo y un césped en la Estación Biológica La 
Selva, Costa Rica. Nosotros hipotetizamos que, si las especies eusociales dependen de la cooperación colectiva para 
navegar alrededor de los obstáculos en sus senderos, las altas abundancias proporcionarían más oportunidades para 
esta cooperación. Alternativamente, si los animales eusociales dependen de un número óptimo de individuos 
cooperantes para navegar por los obstáculos, entonces las abundancias más altas pueden causar tráfico innecesario, 
obstaculizando la navegación del obstáculo. Observamos que la abundancia difería por hora del día, con 
abundancias significativamente más altas por la noche en ambos lugares. Encontramos que no había una diferencia 
significativa en el flujo de las hormigas cortadoras de hojas entre la noche y el día en el bosque de crecimiento 
antiguo, pero sí había una diferencia significativa entre la noche y el día en el césped. Este patrón puede deberse a 
factores ambientales, como la temperatura, que contribuyen a la fluctuación entre ubicaciones. Este estudio tiene 
implicaciones para la ordenación forestal, con especies en hábitats perturbados potencialmente menos resistentes a 
cambios novedosos. 
 
Keywords: Atta cephalotes, collective behavior, cooperation, eusociality, flow rate, La Selva Biological Station, 
leaf-cutter ants, navigation, obstacle, sociality 
 
Palabras claves: Atta cephalotes, comportamiento colectivo, cooperación, eusocialidad, flujo, Estación Biológica La 
Selva, las hormigas cortadoras de hojas, navegación, obstáculo, sociabilidad 

  
INTRODUCTION 
Sociality is defined by conspecifics living near 
one another. Often, highly social animals engage 
in interactions that can range from simple to  

incredibly complex. These interactions between 
individuals can be governed by simple rules that 
individuals follow in a variety of social contexts. 
When such simple rules generate emergent 
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patterns for a social group, then this is referred 
to as “collective behavior” (Sumpter 2010). 

The ability of numerous individuals to work 
together as a collective to overcome challenges 
is integral for many species. Some animal 
collectives, such as bird flocks, fish schools, 
mammal herds, and insect swarms are capable of 
highly synchronized maneuvers for efficient 
foraging or predator avoidance (Ballerini et al. 
2007). In these cases, collective behavior 
emerges from the actions of all the interacting 
individuals, typically without any centralized 
coordination. Here, the effect of one individual 
on another accumulates to an overall movement 
behavior, made more efficient through collective 
behavior. However, it is unclear whether there is 
a point at which there are too few or too many 
individuals present to achieve maximum 
efficiency in movement. If too few animals are 
present, it may be possible that cooperation in 
movement is not an option, lowering the 
efficiency of the group. Alternatively, if traffic 
pileups occur, in cases of too many animals, it 
may hinder group efficiency. 

Eusocial species represent a pinnacle of 
social evolution, in which collective behavior 
allows colonies to accomplish tasks that would 
be impossible with lone individuals. 
Furthermore, eusociality allows for highly 
specialized types of collective behavior (e.g., 
coordinating movement for optimal efficiency) 
based on task allocation and complex 
coordination. One of the most prominent 
examples of collective behavior among eusocial 
species is the building and maintaining of 
extensive transport structures. Leaf-cutter ants 
are a fascinating eusocial species, with much of 
their success stemming from their ability to 
work as a collective. One of their collective 
achievements is the construction of cleared trails 
for enhanced traffic flow while foraging 
(Bochynek et al. 2016). Ants of the genus Atta 
are a well-known trail-clearing species, 
removing debris and vegetation to create 
networks of trails that can extend more than 200 
meters (Howard 2001). A single colony may 
clear thousands of meters of trails in a single 
year. The trails connect leaf-cutter nests to 
feeding sites, where foragers retrieve plant 
material that is used to grow the symbiotic 
fungus that feed the colony (Hölldobler and 

Wilson 1990). By using cleared trails, ants 
expend less energy transporting leaves back to 
the colony, thus increasing the foraging capacity 
of the colony. 

Previous studies have tested the navigation 
abilities of ants when encountering novel 
obstacles in their path. In a different species of 
ant, Melophorus bagoti, researchers found that 
changing the positions of landmarks in ant paths 
increases the number of turns and meanders as 
ants travel around the obstacles, which can 
ultimately result in the formation of alternative 
paths (Wystrach et al. 2010). Another study on 
leaf-cutter ants found that the shapes and sizes 
of the leaves brought back to the nest changed 
when a constraint was placed on the trail 
(Dussutour et al. 2007). However, these studies 
were performed in laboratory settings, without 
information on how ant abundance in the field 
would affect ant flow in the presence of an 
obstacle. 

To determine how different abundancies 
impacted leaf-cutter ant ability to overcome 
obstacles, we measured the flow rate of workers 
in two leaf-cutter ant colonies navigating a leaf 
obstacle in their path. Flow rate was defined by 
number of ants exiting our monitoring system, 
divided by number of ants entering our 
monitoring system. We chose leaf-cutter ant 
colonies based on their habitat locations in an 
old growth forest and a lawn, where we 
observed different abundancies due to both 
temporal and environmental factors. Through 
qualitative observation, we found that the colony 
most actively retrieves leaves at night, while 
remaining mostly dormant during the day. We 
hypothesized that if eusocial species are reliant 
on large collectives to cooperatively navigate 
around obstacles in their trails, then high 
abundances of ants would provide more 
opportunities for this type of collective 
cooperation. Under this hypothesis, we predicted 
that worker flow rate would be greatest during 
the night. Alternatively, if eusocial animals are 
reliant on an optimal (intermediate) number of 
cooperating individuals to navigate obstacles, 
then higher abundances may cause unnecessary 
traffic, thereby hindering navigation around the 
obstacle. Under this latter hypothesis, we 
predicted that worker flow rate would be 
greatest during the day. Our experiments tested 
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worker ants’ ability to overcome obstacles in 
their path while they performed the essential 
task of carrying leaves back to their colony. 
 
METHODS 
Study site and system 
We studied the abundance and flow rate of leaf-
cutter ants (Atta cephalotes) at La Selva 
Biological Station, Costa Rica, on January 9-10, 
2022. We observed two ant colonies, one on a 
well-maintained lawn and the other in an old-
growth forest, three times per day between 0745 
and 0900, 1400 and 1600, and 2000 and 2200. 
During each observation period, we measured 
the temperature of the air, ground surface, and 
soil. 
 
Field observations 
We observed ant abundance and flow rate using 
a 30 x 30 cm quadrat (Fig. 1) positioned above a 
well-established pathway that was several 
meters from the ant colony. We selected this 
quadrat size because ant trails can be as wide as 
30 cm (Howard 2001). This quadrat was kept 
consistent for all trials and observations at each 
location and was in the same location for each 
trial. 
 

 
Figure 1. Experimental setup for measuring ant flow 
rate. Yellow lines indicate the edges of the quadrat, 
with ants entering from the left and exiting to the right 
towards the colony. Upper and lower edges of the 
quadrat are not drawn because we were only 
concerned with ants moving in the direction of the 
colony. If an ant moved out of the quadrat before 
crossing the right edge, this ant would count as a 
failed attempt because it abandoned the path to the 
colony. 
 

To measure leaf-cutter ant abundance, we 
counted the number of ants that moved into the 
quadrat towards the colony. In three 30-second 
trials each observation period, we counted the 
total number of ants moving through the 
quadrat. These three counts were averaged 
across trials to give the mean ant abundance 
during that observation period. 
 
Experimental flow rate 
To measure flow rate, we only counted leaf-
carrying worker ants, because they were more 
easily identified compared to ants that were not 
carrying leaves. We assumed that the number of 
leaf-carrying worker ants (hereafter referred to 
as “worker ants”) was a good proxy for total 
abundance, and we tested this assumption with a 
linear regression.  

In one 5-minute trial each observation 
period, a single large leaf (12.6 x 3.0 cm) was 
placed in the center of the quadrat perpendicular 
to the path of the ants. During the 5-minutes, we 
counted the number of times that ants would 
enter and exit the quadrat, reported every 15 
seconds. We counted the number of ant attempts 
to enter. Note that some ants would hit the 
obstacle, turn around, and come back later, and 
these individuals were then counted twice (for 
making two attempts to navigate past the 
obstacle). One person counted the number of 
attempts while a second person counted the 
number of successful exits. These two people 
always kept the same task to control for possible 
differences in count. The same leaf was used for 
each trial in every observation period. 

Since there was frequently a continuous 
flow of ants through the quadrat during each 
observation period, we controlled for the ants 
that were already in the quadrat prior to the 
beginning of our measurements. We measured 
the amount of time for three worker ants to 
traverse the unobstructed quadrat to obtain their 
average travel time. We assumed that no ants 
would be able to traverse the obstructed quadrat 
faster than the time to cross unobstructed. 
Therefore, in each time trial we started counting 
the ants that entered the quadrat before counting 
ants that exited, only counting exiting ants after 
the amount of time equal to the minimum 
amount of time to cross. Thus, the number of 
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successful attempts at the first-time step of every 
trial was asserted as 0. 

 
Statistical analyses 
To test our assumption that the number of leaf-
carrying worker ants was a good proxy for total 
abundance, we used a least-squares linear 
regression to determine the relationship between 
these two counts. To test whether location and 
time of day affected total ant abundance, we 
compared the differences in total abundances 
due to time of day and location by performing a 
two-way ANOVA, with a Tukey HSD that 
included an interaction term (crossing time of 
day with location). In this and all further 
analyses, measurements taken between 0745 and 
0900, as well as between 1400 and 1600 were 
binned together as “day.”  

To determine worker ant flow rate, we 
analyzed the success of the ants navigating the 
obstacle over the duration of each trial. We 
calculated the flow rate of the ants as the total 
number of worker ant exiting the quadrat 
divided by the total number of entry attempts. 
We then fit a smoothed line of best fit to the 
graph of flow rate over time to gauge the general 
pattern of flow rate over time. We assumed that 
flow rate would be greatest at the end of the 
obstacle trials and checked this assumption 
against the visual pattern. 

To test our prediction of ant abundance 
impact on final flow rate, we compared the 
differences in final flow rate due to time of day 
and location by performing a two-way ANOVA, 
with a Tukey HSD that included an interaction 
term (crossing time of day with location). 

All statistical analyses were performed using 
JMP 16.0.0 software (SAS Institute, Cary, NC). 

  
RESULTS 
Worker ant abundance was positively correlated 
with total ant abundance (F1, 34 = 327.14, P < 
0.0001, r2 = 0.91; Fig. S1), supporting our 
assumption that the number of leaf-carrying 
worker ants was a good proxy for total 
abundance. The average flow rate increased and 
then stabilized by the end of the obstacle trials 
(Fig. 2), regardless of time of day or location. 

 
Figure 2. Flow rate over time of leaf-carrying ants 
crossing the obstacle. Colored lines indicate 
smoothed line of best fit for each location and time of 
day. 
 

Total ant abundance was significantly 
greater during the night than during the day for 
both locations (orthogonal contrast F1, 32 = 
471.42, P < 0.0001; Fig. 3). Also, total ant 
abundance in the forest at night was significantly 
higher than the abundance on the lawn at night 
(orthogonal contrast F1, 32 = 145.21, P < 0.0001; 
Fig. 3). Final flow rate on the lawn was 
significantly different between night versus day 
(linear contrast F1, 26 = 5.23, P = 0.03; Fig. 4). 

 

 
Figure 3. Total ant abundance during the day and 
night on the lawn and in the old growth forest. 
Abundances were measured 12 times during the day 
and 6 times at night for both locations. 
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Figure 4. Final flow rate of leaf-cutter ants in both old 
growth forest and lawn across day and night. Flow 
rates were measured 9 times during the day and 6 
times at night for both locations. 
 
DISCUSSION 
We determined how different abundances 
impacted leaf-cutter ant ability to overcome 
obstacles. Specifically, we measured the flow 
rate of worker ants in two leaf-cutter ant 
colonies that navigated an obstacle in their path. 
We found significantly higher ant abundances at 
night in both locations. Additionally, the 
nighttime ant abundance in the forest was 
significantly higher than the abundance on the 
lawn. Despite the differences in ant abundance, 
we found that the only significant difference in 
ant flow rate occurred on the lawn between day 
and night. Our results are partially consistent 
with the hypothesis that worker ant flow would 
be higher during the day, though this result only 
held for the lawn. One major difference between 
the lawn and the forest was that the surface 
temperature over the course of the day fluctuated 
less in the forest compared to the lawn (Fig. 5). 
Ultimately, it appeared that in the lawn, 
abundance had an effect on worker ants’ 
efficiency in group movement and navigation. 
There are multiple possible explanations for why 
flow rate was significantly higher during the day 
in the lawn, while there was no significant 
difference between day and night in the forest. 
The greater surface temperature fluctuation in 
the lawn may have impacted behavior on a 
physiological level, causing ants to remain 
below the surface during the heat of the day,  

 
Figure 5. Surface temperature as a function of time of 
day for both old growth forest and lawn.  
 
thereby affecting abundancies and, in turn, flow 
rates. 

When organisms are exposed to extreme 
temperature changes, individual metabolic 
processes may be altered and behavior may 
change as a consequence. For eusocial species, 
such individual metabolic changes can generate 
larger consequences for the collective, as 
changes in individual activity level may 
decrease the efficiency and cooperation at a 
group level. For example, the timing of 
collective migrations in birds may be cued by 
temperature changes, with greater temperature 
fluctuations altering migratory patterns. Such 
temperature changes may likewise affect the 
abundance of birds in a migratory flock, which 
could potentially alter their ability to collectively 
maneuver around obstacles.  

Leaf cutter ants’ capacity for collective 
behavior could also be affected by canopy cover. 
Variation in cover may explain why there was a 
higher fluctuation in flow rate in the lawn as 
compared to the forest. Higher canopy cover 
leads to more shade in the forest, whereas in the 
lawn, the ants’ path was more exposed to direct 
sunlight. The variation in sun exposure could 
affect the humidity and soil moisture for 
colonies in these different locations. 
Furthermore, even a rain event could cause a 
greater disturbance in the lawn than in the forest, 
with more ants on the lawn returning to their 
nest as they wait for their trail system to dry. In 
other eusocial species that seek shelter during 
unpredictable weather, such weather events 
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could catalyze shifts in task allocation away 
from foraging and towards rebuilding structures 
or repairing damage.  

Anthropogenic activity may also impact the 
collective behavior of leaf-cutter ants. Our lawn 
study site was only a few meters from a highly 
trafficked sidewalk that was subject to regular 
mowing. Higher human activity may have thus 
led to more regular disturbances for this colony, 
which could limit both activity and overall 
colony size, and therefore efficiency.  

Additionally, our study site in the forest was 
conducted on a concrete pathway, which the ants 
utilized for their trail. This use of human-made 
structures by eusocial species may become 
increasingly common with human population 
growth. Expanding human cities and 
infrastructure could result in a complex mixture 
of both navigational aids and obstacles for many 
animal species. Ants are not the only eusocial 
species whose capacity for collective behavior 
may be impaired in human-altered habitats. For 
example, fences create hazards for migratory 
mammals and powerlines create hazards for 
flocks of migratory birds. In general, human 
roads that cut across habitats likely increase the 
risk of death for animals while crossing. 

Future studies are needed to tease apart the 
effects of temperature, light, and human activity 
on the abundance and flow rate of leaf-carrying 
worker ants as well as other eusocial species. 
Long-term studies conducted across a range of 
habitat disturbance levels are needed to isolate 
the impact, if any, of different types of habitat 
disturbance on the ability of eusocial organisms 
to cooperate and collectively overcome 
challenges. As more natural spaces become 
fragmented across the globe, more eusocial 
species will have to conduct their lives in 
disturbed habitats. If collective behavior is 
altered due to such habitat disturbance, then 
there may even be a negative feedback loop, in 
which species in fragmented habitats are less 
resilient to both novel and typical challenges-- 
even challenges as small as a fallen leaf. 
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APPENDIX  
 

 

 
Figure S1. Leaf-carrying ant abundance correlates 
with total ant abundance. Black line indicates the least 
squares regression line. 
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TRADEOFFS BETWEEN TERRITORY VALUE AND DEFENSIVE EFFORT  
IN COSTA RICAN HUMMINGBIRDS 

 
MARY M. BASILIOUS, MICHAEL A. CHAN, HELEN S. LAIRD, LUCY A. MINI, SOPHIA R. SULIMIRSKI 

 
TAs: Ciara Kernan and Elliott Steele 

Faculty Editor: Mark Laidre 
 
Abstract: Territorial species use cost-benefit analyses to balance resource acquisition and defense. According to 
optimal foraging theory, many species must simultaneously maximize energetic benefits while minimizing energetic 
costs during foraging. However, another cost must be considered in territorial species: the cost of territory defense. 
Hummingbirds are one of many territorial animals that display defensive behavior. In this study, we investigated the 
effect of hummingbird territory resource value on the frequency of defensive behavior at the La Selva Biological 
Station in Costa Rica, using flower abundance as a proxy for territory value and using chasing and surveillance 
duration as measures of defensive behavior. We found that hummingbirds chase off more competitors from 
territories that have an intermediate abundance of resources, rather than from higher- or lower-value territories. This 
tradeoff between territory defense and resource abundance suggests that an additional variable must be incorporated 
within optimal foraging theory: extending the theory beyond the current energy balance to reveal how future 
foraging opportunities may hinge on optimal territory defense. 
 
Abstracto: Las especies territoriales usan el análisis de costo-beneficio para equilibrar la adquisición de recursos y la 
defensa. De acuerdo con la teoría óptima de forrajeo, muchas especies deben maximizar simultáneamente los 
beneficios energéticos mientras se minimizan los costos energéticos durante el forrajeo. Sin embargo, otro costo 
debe ser considerado en las especies territoriales: el costo de la defensa territorial. Los colibríes son uno de los 
varios animales territoriales que muestran un comportamiento defensivo. En este estudio se investigó el efecto del 
valor de los recursos del territorio de colibríes sobre la frecuencia del comportamiento defensivo en la Estación 
Biológica La Selva en Costa Rica, utilizando la abundancia de flores como proxy para el valor del territorio y 
utilizando la duración de la persecución y vigilancia como medidas de comportamiento defensivo. Encontramos que 
los colibríes persiguen a más competidores de territorios que tienen una abundancia intermedia de recursos, en lugar 
de territorios de mayor o menor valor. Esta compensación entre la defensa del territorio y la abundancia de recursos 
sugiere que una variable adicional debe ser incorporada dentro de la teoría óptima de forrajeo: Extender la teoría 
más allá del actual equilibrio energético para revelar cómo las oportunidades futuras de forrajeo pueden depender de 
la defensa óptima del territorio. 
 
Key words: Costa Rica, hummingbird, La Selva Biological Station, natural selection, optimal foraging theory, 
territorial defense 
 
Palabras claves: Costa Rica, colibríes, Estación Biológica La Selva, selección natural, la teoría ópima de forrajeo, la 
defensa del territorio 
 
INTRODUCTION 
Every behavior that an animal performs comes 
with certain costs and benefits, and individuals 
that behave in a way that maximizes the 
difference between costs and benefits (net 
benefit) will be the most successful. Since 
individuals of a species are not all genetically or 
phenotypically identical, they experience 
different net benefits from each action and thus 
exhibit nonidentical behavior. Therefore, 
individuals have differential success and fitness. 
As individuals with high fitness levels have 
greater reproductive success by definition,  

 
natural selection leads to certain traits becoming 
more prevalent within the population, namely 
those traits that maximize Darwinian fitness. 
Natural selection thus drives the evolution of a 
species’ distinct set of behaviors. Additionally, 
factors determining costs and benefits of a 
behavior can also change with time and place for 
an individual. For example, several birds have 
vastly different breeding and nonbreeding 
plumages. The benefit of brighter coloration in 
breeding plumages is only experienced during 
the mating season, while the cost of being more 
visible to predators is experienced year-round, 
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so these birds produce a less conspicuous non-
breeding plumage. As such, individuals need to 
weigh the tradeoffs of costs and benefits in 
every aspect of life.  

Cost-benefit analysis dominates the 
decisions made by territorial species when 
balancing resource acquisition and defense. For 
many species, an individual’s territory provides 
everything it needs to succeed, including food, 
shelter, and reproductive opportunities. If 
resources are scarce or there is heavy 
competition, individuals become territorial; they 
invest time and energy into excluding 
competitors to secure quality resources for 
themselves and improve their fitness (López‐
Sepulcre and Kokko 2005). Obtaining and 
defending a territory comes with varying costs 
and benefits depending on resource density, 
predatory threats, mating necessities, 
interspecies competition, and location dependent 
factors. Consequently, the tradeoffs between 
owning and defending a territory are intricate 
and nontrivial. Every individual must consider 
the aforementioned factors to determine when 
the costs of defending a larger or more resource-
rich territory negates the benefits of being able 
to access those resources.   

Resource-holding potential (RHP), defined 
as the ability to maintain a secured territory and 
exclude competitors, can vary between 
individuals, so the cost of defense for one 
individual may be significantly lower than 
another. While in theory cost-benefit analysis 
may reveal patterns in RHP and its relation to 
territory value, some individuals may simply 
have a greater competitive ability (Alcock 
2013). The time and energy investment in 
competitor exclusion made by socially dominant 
individuals should result in acquisition of the 
highest value territories, whether based on 
resources, lack of predators, or mating 
opportunities. In the context of territory value, 
the effort an individual puts into defense can 
reveal the tradeoff as well as the optimization 
point between resource value and defensive 
effort, which maximizes net benefits. 

Many bird species are territorial, with up to 
a third of North American bird species 
defending feeding areas against one or more 
competing species (Drury et al. 2020). 
Hummingbirds, despite their size, are highly 

territorial, defending their feeding areas from 
competitors regardless of species and sex (Skiles 
and Hutch 1989). They require a large supply of 
food and will defend their territories to secure 
the nectar-rich sources for which their bills are 
specialized (Rico-Guevara 2017). These 
prominent defensive behaviors include chasing 
or attacking other birds in the territory, 
vocalizing, and visual displays such as 
piloerection of breast feathers (Camfield 2006). 
Maintaining a territory also involves surveying 
the area for competitors, which comes at the cost 
of time spent feeding (González-Gómez et al. 
2011). Individual hummingbird territories are 
easily distinguishable, as they typically remain 
in garden areas, thus making them an ideal 
model system for examining the tradeoffs 
associated with territory maintenance and 
resource value.  

In this study, we investigated the effect of 
hummingbird territory resource value on the 
frequency of defensive behavior at the La Selva 
Biological Station in Costa Rica, using flower 
abundance as a proxy for territory value and 
using chasing and surveillance behaviors as 
measures of defensiveness. Several competing 
hypotheses (Fig. 1), based on theoretical 
mechanisms that encompass different types of 
cost-benefit variation, may exist in 
hummingbirds with increasingly valuable 
territories. (1) If resources and competitors are 
relatively evenly distributed, then the threat from 
competitors and the energetic cost of defending 
resources would be approximately proportional 
to territory size and therefore resource value. H1 
predicts that costs and benefits increase 
relatively consistently, and the most defended 
territories are those with a medium abundance of 
resources (Fig. 1a). (2) If resources and 
competitors are clustered, then the energetic cost 
of defense would be relatively constant within 
the cluster and increase dramatically outside the 
cluster (due to covering all flowers and 
breaching competitor’s territories). H2 predicts 
that the territories with the most resources 
(beneath the number needed to jump clusters) 
are defended the most (Fig. 1b). (3) If the 
abundance of resources (nectar) a hummingbird 
can use is relatively low, or many individuals 
have strong RHP, then the benefits should 
increase dramatically until a maximum is 
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reached, where benefits would stabilize. H3 
predicts that the smallest territories would be 
defended the most (Fig. 1c).  Observations of 
avian territorial behaviors can ultimately allow 
for a broader understanding of the complex 
tradeoffs between costs and benefits associated 
with resources and defensive behaviors.  
 

 
Figure 1. Left: hypothesized theoretical models of the 
relationship between costs and benefits to the 
hummingbird and its resource (i.e., territory) value. 
Right: the predicted relationship between resource 
value and effort exerted in defending the territory for 
each model. a. hypothesis 1, b. hypothesis 2, c. 
hypothesis 3. 
 
METHODS 
Study System and Site 
In this study, we observed seven hummingbirds’ 
holding territories in open areas and forest edges 
at La Selva Biological Station, Braulio Carrillo 
National Park, Costa Rica. Observations were 
conducted three times a day, once in the early 
morning, once in the late morning, and once in 
the mid-afternoon. Each time slot was made of 
two half-hour observations; and during the 
second time slot, the order of the birds observed 
was switched (Table S2). Each location was 
monitored by the same observer(s) (1-2) each 
time (Table S1). We minimized individual bias 
in identifying behaviors by having each observer 
work with a different observer for at least one 
other location. Three species were studied, with 
the Rufous-tailed hummingbird being the most 
common (Table S1).  
 

Sampling Methods 
We identified the boundaries of each 
hummingbird territory by walking through open 
areas and forest edges. The observer followed 
each hummingbird for 10-15 minutes to 
determine whether it had a defined territory 
within the study area and its general foraging 
and surveillance patterns (Fig. 2). Territory size 
and number of trees used by each bird was 
updated throughout the course of the study.  

Territory value was evaluated as the 
abundance of flower clusters on all trees 
observed to be used by the target bird. In 
particular, we counted the number of flower 
clusters on each tree. Defensiveness was 
evaluated through two metrics: (1) time spent 
surveilling the territory instead of feeding, 
defined as time spent perching while surveilling 
the area for competition or displaying and (2) 
the number of potential competitors 
(hummingbirds, other birds, and insects) the 
target bird chased during the 30-min observation 
period.  

We monitored each territory for 30 minutes 
in the early morning, late morning, and mid-
afternoon for two days, for a total of three hours 
of observation time for each individual 
hummingbird. We also measured the time the 
bird spent in the area during the observation 
period, the number of other birds present, 
display behaviors (territorial singing and 
piloerection of breast feathers), and time spent 
feeding. These latter measures were not used in 
analyses, as accuracy of the counts was biased 
toward birds with smaller territories, which we 
could monitor more closely. 
 
Analytical Methods 
We used the number of flower clusters per 
territory as a measure of territory quality and the 
number of chasing events per observation period 
as a measure of defensive behavior. To test the 
relationship between territory quality and 
defensive behavior we used JMP Pro 16 to run a 
second-degree polynomial regression of number 
of chases per observation period by number of 
flower clusters per territory. To further examine 
this relationship, we repeated the analysis for 
each observation period (morning, late morning, 
and mid-afternoon). Finally, to test the 
relationship between resource concentration and 
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Figure 2. Location of hummingbird territories. Each location is set as the most frequently used tree.
 
territoriality we used a bivariate ANOVA test to 
compare flower clusters per tree and chasing 
behavior. 
 
RESULTS 
While the territories were located close together 
(Fig. 2), they differed in several ways, including 
the number of trees visited, the diversity of these 
trees, and the abundance of flower clusters on 
these trees (Table 1). Hummingbirds chased off 
the most competitors in territories with an 
intermediate abundance of resources (second-
degree polynomial regression, linear P = 0.88, 
quadratic P = 0.008, r2  = 0.17; Fig. 3).  
 
Table 1. Territory descriptions. Total trees = number 
of trees used by the target bird for perching or feeding 
during the observation periods. Tree species = 
number of tree species included in total tree count. 
Total flowers = sum of all flower clusters on all trees 
used by the target bird for feeding during the 
observation periods.  

Location Total 
Trees 

Tree 
Species 

Total 
Flowers 

Dining hall A 8 4 158 
Dining hall B 8 4 344 
Solar panels 15 9 370 
Eufonia 14 8 283 
Lab 6 1 201 
Bridge 3 1 90 
Sticky trap 8 5 243 

 

 
Figure 3. The number of chases showed an 
optimization relationship to the abundance of flower 
clusters. The shaded area indicated standard error. 
 
In the morning, when hummingbirds were most 
active, the increase in defense was even more 
prominent (second-degree polynomial 
regression, linear P = 0.89, quadratic P = 
0.0008, r2 = 0.37; Fig. 4). 

Hummingbirds did not surveil territories of 
any resource abundance more than others 
(second-degree polynomial regression, linear P 
= 0.66, quadratic P = 0.18; Fig. S1). Finally, 
hummingbird defense (both surveillance and 
number of chases) was not related to the density 
of flower clusters (second-degree polynomial 
regression for surveillance: linear P = 0.44, 
quadratic = 0.70; for number of chases: linear P 
= 0.51, quadratic P = 0.99; Fig. S2).  
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Figure 4. The effect of territory defense being most 
abundant in territories with a medium abundance of 
resources is strongest in the morning (compared to 
the afternoon). 
 
DISCUSSION 
Our observations of defensive behavior in seven 
hummingbird territories shed light on the 
tradeoffs between the resource value of a 
territory and hummingbirds’ efforts to exclude 
competitors. Defensive effort is related to 
territory value: hummingbirds with 
intermediate-value territories exerted the most 
effort in defending their territories, compared 
with those with the highest or lowest value 
territories. The balance between the cost of 
defending the territory and the benefit of the 
territory also changed over the course of the day. 
While hummingbirds defended the intermediate-
value territories most strenuously in the first half 
of the day, they did not show any significant 
difference in defensive behavior between 
territory values in the afternoons. Ultimately, we 
found intermediate-sized territories to be the 
most actively defended overall, with all 
defensive behaviors most prevent in the morning 
hours.   

Interestingly, hummingbirds reduced 
defensive displays later in the day, suggesting 
that the cost-benefit ratio may fluctuate 
throughout the day, as seen in nocturnal species 
like bats, which forage at night to avoid visual 
predators. Cost-benefits ratios for territorial 
species may vary across multiple time scales, 
ranging from within a day or month, to a year or 
even throughout their lives. This variation could 
be driven by changes in the environment, such 
as temperature, length of day, humidity, and the 

availability of resources. Changes in the needs 
of the individual and their competitors over time 
could also impact cost-benefit ratios. For 
example, in hibernating species, competition for 
food increases immediately before the start of 
winter. 

In the same vein, resource-holding potential 
(RHP) changes the cost of defending a territory. 
For an individual with a high RHP, defending a 
territory of the same size should be less 
expensive relative to an individual with a low 
RHP. The temporal aspect may also suggest that 
RHP is a dynamic value rather than a fixed 
value. An individual in one species can also be 
affected by the temporal changes of another 
species. Understanding which factors contribute 
to this temporal exploration should be a focus of 
further studies. 

We observed that hummingbird territories 
had a relatively clumped resource distribution, 
with most trees having a large quantity of flower 
clusters on them. In areas with more randomly 
dispersed resources, only individuals with 
stronger RHP would have the competitive ability 
to defend such territories. In areas with more 
clumped resources, individuals with weaker 
RHP may still compete because their resources 
are spread over a smaller area. A prime example 
of this can be seen in male speckled wood 
butterflies, which defend light clustered in 
sunspots (Alcock 2013). 

Differences between resources is another 
factor that could alter the cost-benefit balance of 
territoriality. We observed territories with 
multiple different resource types. Such diversity 
of resource type could also affect the cost-
benefit analysis of territoriality. For example, in 
a generalist species, individuals may see a 
greater benefit in territory expansion into 
regions with new resources, while in specialist 
species, individuals would only benefit from 
expanding into areas that contain their 
specifically used nutrient type. Furthermore, the 
need for a constant source of nutrient could 
drive the need for diversity. Spatial and temporal 
foraging knowledge by individuals allows them 
to have access to the nutrients they need during 
all seasons. For example, polar bears are 
omnivores with massive territories, which allow 
them to access different resources throughout 
the year (for example, berries in the summer and 



La Selva 

 18 

fish in the winter). Across territorial species, 
diversity of nutrient sources may impact the 
tradeoff between defensive behavior costs and 
increased territory value.   

Another variable to consider is the 
differences in territorial behavior in breeding 
versus non-breeding seasons over an extended 
period of several seasons. Both the benefits and 
costs of larger territories change in the breeding 
season. For example, having a larger territory 
might make an individual more appealing to a 
potential mate, or even simply more likely to be 
found, a distinct benefit. This change in the cost-
benefits ratio extends beyond territory. Many 
male birds also change their plumage in the 
breeding season: the cost of bright plumage and 
being more visible to predators is offset by the 
benefit of attracting females to mate with. Once 
the breeding season ends, the cost remains the 
same while the benefit of bright plumage 
disappears, resulting in these birds molting into 
drab plumage. Determining if a similar 
“shedding” of extra territory occurs at the end of 
the breeding season should be the work of future 
study. In general, future studies defining the 
value of territories in different spatio-temporal 
conditions are needed to better understand how 
territory value might change over time and 
space.  
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APPENDIX 
 
Table S1. Location and observers of the hummingbirds 

 Territory Location Latitude / Longitude Observers Species 

A Lab 10°25.869’ N 
84°00.213’ W HL and SS Rufous-tailed Hummingbird 

B Bridge 10°25.874’ N 
84°00.332’ W AM and HL White-bellied Mountain Gem 

C Sticky Trap 10°25.854’ N 
84°00.354’ W SS Rufous-tailed Hummingbird 

D Dining Hall 10°25.869’ N 
84°00.213’ W MC and MB Rufous-tailed Hummingbird 

E Circle Tables 10°22.879’ N 
84°00.228’ W MC and MB Rufous-tailed Hummingbird 

F Solar Panels 10°25.875’ N 
84°00.184’ W MC and MB Rufous-tailed Hummingbird 

G Eufonia 10°25.898’ N 
84°00.347’ W AM Blue-chested Hummingbird 

 
Table S2. Schedule of hummingbird observations 

Time 9/1/22 10/1/22 11/1/22 

0545-0615 n/a A, B, C D, E, F, G 
0615-0645 n/a D, E, F, G A, B, C 
1030-1100 A, B, C D, E, F, G n/a 
1100-1130 D, E, F, G A, B, C n/a 
1530-1600 A, B, C D, E, F, G n/a 
1600-1630 D, E, F, G A, B, C n/a 

 
 

 
Figure S1. There is no relationship between 
surveillance behavior (% of time observed spent 
surveilling) and the abundance of flower clusters. 

 

  
Figure S2. There is no relationship between number 
of chases or surveillance behavior (% of time 
observed spent surveilling) and the density of flower 
clusters.
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GOING WITH THE FLOW: DISTRIBUTION ACROSS BEACHES IN OLIVE SNAILS 
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Faculty Editor: Mark Laidre 

 
Abstract: Environmental factors and individual movement are often intertwined in their effects on animal 
distribution. Understanding these biotic and abiotic factors on individuals provide insights into how different species 
are distributed on a larger scale. The tidal zones of beaches are fluctuating environments, where varying tide levels 
could impact the distribution of organisms along the shore. Olive snails (family Olividae) are in the intertidal zones 
of tropical waters. They dig themselves into the sand, create elaborate trails, and swim for short distances. It is 
unclear though what biotic and abiotic factors may impact their distribution across beaches. We studied individual 
movement in snail distribution on a beach at Campanario Biological Station at different tidal levels and in a 
laboratory setting that simulated wave action. If snails use locomotion (e.g., digging and swimming) to actively 
control their distribution in turbulent as well as still waters, then their distribution should differ significantly from 
that of passive objects, like rocks. Alternatively, if snails do not have control over their distribution, then they should 
be unable to use locomotion to determine where they go, particularly when faced with turbulent waters. Further, if 
snails do not have control over their distribution, then they should be distributed along beaches according to the 
movement of the waves and tide. Whereas if snails can control their dispersal, then there should be no correlation 
between environmental factors and their distribution. We found that snails and rocks did not have statistically 
different distributions in still or turbulent waters. Indeed, snail distribution was clustered across the beach according 
to where waves broke at different tidal levels and was most dense at low tide. Our study suggests that animal 
distributions can be strongly dictated by environmental flows even if animals are capable of their own directed 
movement.   
 
Abstracto: Los factores ambientales y el movimiento individual a menudo están entrelazados en sus efectos sobre la 
distribución animal. La comprensión de estos factores bióticos y abióticos en los individuos proporciona 
información sobre cómo se distribuyen las diferentes especies a mayor escala. Las zonas de marea de las playas son 
ambientes fluctuantes, donde los niveles de marea variables podrían afectar la distribución de organismos a lo largo 
de la costa. Los caracoles de oliva (familia Olividae) se encuentran en las zonas intermareales de aguas tropicales. 
Ellos se cavan en la arena, crean senderos elaborados, y nadan para distancias cortas. No está claro si los factores 
bióticos y abióticos pueden afectar su distribución entre las playas. Estudiamos el movimiento individual en la 
distribución de caracoles en una playa de la Estación Biológica Campanario a diferentes niveles de marea y en un 
entorno de laboratorio que simulaba la acción de las olas. Si los caracoles utilizan locomoción (por ejemplo, 
excavación y natación) para controlar activamente su distribución en aguas turbulentas y tranquilas, entonces su 
distribución debe diferir significativamente de la de objetos pasivos, como las rocas. Alternativamente, si los 
caracoles no tienen control sobre su distribución, entonces deberían ser incapaces de usar locomoción para 
determinar a dónde van, particularmente cuando se enfrentan con aguas turbulentas. Además, si los caracoles no 
tienen control sobre su distribución, entonces deben ser distribuidos a lo largo de las playas según el movimiento de 
las olas y la marea. Mientras que, si los caracoles pueden controlar su dispersión, no debe haber correlación entre los 
factores ambientales y su distribución. Encontramos que los caracoles y las rocas no tenían distribuciones 
estadísticamente diferentes en aguas tranquilas o turbulentas. De hecho, la distribución de caracoles se agrupó a 
través de la playa hasta donde las olas se rompieron en diferentes niveles de marea y fue más densa en marea baja. 
Nuestro estudio sugiere que las distribuciones de los animales pueden estar fuertemente dictadas por los flujos 
ambientales, incluso si los animales son capaces de su propio movimiento dirigido. 
 
Keywords: abiotic and biotic factors, beach, Campanario Biological Station, Costa Rica, distribution, locomotion, 
Olividae, Osa Peninsula, snails, sociality 
 
Palabras claves: factores abióticos y bióticos, playa, Estación Biológica Campanario, Costa Rica, distribución, 
locomoción, Olvidae, Península de Osa, caracoles, socialidad 
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INTRODUCTION 
The distribution and abundance of organisms are 
fundamental questions in ecology (Levin 1992). 
Both have significant implications for animal 
behavior and are in turn greatly affected by 
patterns and variations in animal behavior. 
Large-scale species distribution across various 
landscapes informs us about species’ natural 
history, evolution, and movement behavior. For 
example, studies have examined the distribution 
of emperor penguin colonies by analyzing 
visible scat stains from satellite imaging and 
have mapped how caddisfly larvae are 
distributed across a stony riverbed. Studying 
species’ movement over time allows us to infer 
several aspects of the species’ spatial niches, 
competition, commensalism, and intraspecies 
sociality.  

Individual movement is crucial to smaller-
scale distribution of organisms within a 
population. Depending on resource availability, 
organisms may aggregate in resource rich areas 
to monopolize nutritional, survival, or 
reproductive opportunities. The size and density 
of these clusters often depend on the layout of 
available resources, predator-prey dynamics, or 
sociality of the group. Animals may also 
actively disperse or avoid one another, to avoid 
competition, to maintain territories, or to 
diversify their genetic lineage (Alcock 2013). 
Organisms with a large degree of agency in their 
locomotion are often well adapted to navigate 
their immediate surroundings through walking, 
crawling, digging, swimming, or flying. For 
example, family groups of silver back gorillas 
walk together to establish new domains in the 
forest, entirely dependent on their own 
locomotion for their distribution in the habitat. 
Larger organisms and organisms with flight 
capabilities tend to have more agency in their 
distribution than smaller organisms or organisms 
without flight capabilities, the latter of which are 
more directly influenced by environmental 
factors. 

Often superseding individual movement, 
environmental forces exert a strong influence on 
population distribution. Abiotic forces can 
distribute organisms farther afield without large 
energy investments. It can be hard to distinguish 
the extent to which organisms are at the mercy 
of these abiotic forces and to what extent they 

rely on the forces to distribute them 
appropriately. Often, natural phenomena can be 
reliable enough to provide animals access to the 
resources they need. Populations harness wind, 
wave movement, and even electrical currents, in 
the case of spiders, to carry themselves or their 
progeny (Morley and Robert 2018). For 
example, coconuts float to new islands on ocean 
currents where they can establish new coconut 
groves if the conditions are right. While 
individual organisms have little agency over 
where the environmental forces take them, many 
species have evolved to rely on predictable 
environmental factors to shape their distribution 
(e.g., wind-dispersed seeds).  

It is unclear what factors determine the 
distribution of a species in the Olive shell family 
(Olividae). It is possible that this species uses 
both individual movement and environmental 
influences to determine their distribution. 
Located in the intertidal zone of tropical waters, 
these snails can dig themselves into the sand, 
crawl on the surface, and even swim for short 
distances using the broad extensions of the hind 
part of the foot (Rehder 1981). We observed that 
Olive snails are disturbed by ocean waves, 
which push snails further up the beach or wash 
them into deeper water as the tide rises. The 
degree of control snails have over their 
distribution is unclear, as they could simply be 
passively deposited on the shore by wave action 
or employ a degree of active movement to 
determine where on the beach they become 
situated. 

To determine snail distribution across a 
beach, we surveyed a population of snails on a 
beach at low, middle, and high tides. In our 
observations of field distribution, we 
hypothesized that if snails do not have agency in 
distribution, then they should be distributed 
along beaches according to the movement of the 
waves and tide. This hypothesis predicts the 
existence of one or more areas with many snails 
in concentrated locations along the transect, with 
these locations being where waves break upon 
the shore. Alternatively, if snails can control 
their dispersal, then we should find no 
correlation between environmental factors and 
their distribution. This hypothesis predicts that 
snails should be found along the transect in areas 
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that do not correlate with where waves break at 
different tidal levels.  

To determine the degree of agency snails 
have in their distribution across beaches through 
active movement control, we conducted a 
laboratory experiment. To test their behavior and 
locomotion, we compared their movement to 
that of snail-sized rocks when exposed to both 
constant waves and still waters. If snails use 
locomotion, such as digging and swimming, 
then they may be able to control their 
distribution in both turbulent and still waters. 
This hypothesis predicts that snail and rock 
distribution across the wave pool should differ in 
standing versus in turbulent waters. 
Alternatively, if snail distribution is primarily 
determined by environmental factors, then snails 
and rocks should be distributed in similar 
patterns across the pool after wave motion. 
Together, our field observations and laboratory 
experiments on snail behavior provide insight 
into how and why snail distribution is affected 
by environmental factors, like waves, and 
reveals the degree to which snails have agency 
in their distribution. 
 
METHODS 
Study site and system 
We studied the distribution of Olive snails at 
Campanario Biological Station, Costa Rica, on 
January 16-21, 2022. Olive snails are found 
along the waterline of low angle, fine-grained 
beaches. Their smooth shells are approximately 
7 to 20 mm long and 3 to 5 mm wide, tapered to 
a sharp point, and striped with dark brown to 
tan. They crawl along the surface of wet sand, 
leaving easily identifiable trails (Figure S-1). 
They feed by siphoning water as they crawl, or 
by partially burying themselves in shallow water 
and catching debris as it floats by. An extension 
of the foot can be flapped to swim short 
distances or deployed as a parachute to harness 
the transportation potential of waves.  
 
Field distribution  
We conducted field observations from January 
16 to 18, hereafter referred to as “Day One” to 
“Day Three” On each day, we observed the 
snails along one 38 m beach segment three times 
per day at low, mid, and high tides. The 38 m 
beach segment was parallel to the water and was 

measured along the longest stretch of beach 
uninterrupted by large rocks at low tide. Tide 
times, and in turn observation times, changed by 
day. Day one observations were taken at 0803, 
1100, and 1420. Day two observations were 
taken at 0843, 1130, and 1500. Day three 
observations were taken at 0920, 1230, and 
1539. During each observational period, we 
adjusted the transect width to encompass all 
observable snails on the beach at that time. All 
transects were 38 m in length (measured parallel 
to the shoreline), although transect width varied 
from 4 to 12 meters. 

To determine distribution along the beach, 
we used 1 x 1 m quadrats made of PVC pipe, 
flipping them over an edge to capture the entire 
length and width of the transect. To measure 
distribution as quickly as possible, 2 to 3 
observers worked simultaneously, each equipped 
with their own quadrat. We counted the number 
of snails in each quadrat by looking for visible 
bumps or trails, then using fingers to verify if 
any snails inhabited those tracks. This technique 
avoided significant habitat disturbance and 
allowed us to move quickly, covering the whole 
transect within 30 minutes. We explored an 
alternate survey technique by digging 20 cm 
deep throughout each quadrant and thoroughly 
sifting through the sand, but this method took 
much longer, greatly disturbed the habitat, and 
did not uncover any more snails than our chosen 
method. 
 
Experimental distribution 
To measure how wave action influenced snail 
distribution in a controlled environment, we 
filled one 65 cm long x 37 cm high x 44 cm 
wide Action Packer with sand and ocean water 
from a section of beach where we found 
spaghetti snails. We positioned one end of the 
Action Packer at a height of 11 cm to mimic the 
slope of the beach. Sand depth was a constant 6 
cm throughout the Action Packer. At its deepest 
end, the ocean water was 7 cm deep. Without 
wave action, half the sand was submerged and 
half was above water. For categorizing count 
data we defined three sections of the Action 
Packer: shallow, middle, and deep. Each section 
spanned the width of the container, and they 
measured 20, 25, and 20 cm long. 
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Figure 1. Diagram of beach sampling site overlaid by a heat map showing number of snails in each quadrat averaged 
over three days at all three tide levels. Number of snails at low tide is shown in blue, number of snails at mid tide is 
shown in red, and number of snails at high tide is shown in orange. 

 
First, we painted 10 approximately snail-

shaped and sized rocks yellow in order to easily 
identify them. We positioned these rocks evenly 
along the midpoint of the Action Packer. Then, 
we created constant wave motion for five 
minutes by passing a wood panel along the 
surface of the deep water, sending gentle waves 
across the exposed sand. After five minutes 
passed, we counted how many rocks were in 
each section of shallow, middle, and deep. This 
was repeated five times. The same person 

generated waves for all trials to ensure 
consistency in wave strength and frequency. 

The same experiment was repeated with 
snails instead of painted rocks. We also 
conducted this experiment with still water 
instead of simulated wave action, both with 
snails and painted rocks. A total of 52 snails 
were used during these experiments, collected 
from a different beach than where we conducted 
transects. When not undergoing 
experimentation, snails were kept in buckets 
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with sand and seawater from their native beach. 
Some snails were used for multiple experiments, 
but they were given at least 15 minutes of rest 
between trials. The water and sand in the 
experimental Action Packer were changed at 
least hourly to prevent tank conditions from 
varying too widely from true environmental 
conditions. 
 
Statistical Analyses 
To test whether snail distribution was affected 
by distance along the transect and by tide level, 
we used a linear regression with two fixed 
effects: distance and tide. We also crossed these 
two variables to test whether the  distance along 
the transect was impacted by the tide level. Snail 
density was calculated as total number of snails 
over square meters in the transect. To compare 
whether total density differed by tide level, we 
ran an ANOVA comparing all tide levels to one 
another.  

To test whether snail distribution in a 
laboratory setting with turbulent and still waters 
was different from that of rocks, we used 
likelihood ratio chi-squared tests. For each test, 
we compared the number of snails or rocks that 
ended up in each section of the beach (shallow, 
middle, deep) separately for turbulent and still 
waters. All statistical analyses were performed 
using JMP 16.0.0 software (SAS Institute, Cary, 
NC). 
 
RESULTS 
Field distribution 
Snail distribution varied significantly by tide 
level (F2, 228 = 60.00, P < 0.0001; Fig. 1). The 
most snails were found during low tide, and the 
fewest snails were found during high tide 
(Figure 2). We found that snail distribution 
varied significantly along the distance of the 
transect (F37, 228 = 8.28, P < 0.0001; Fig. 2). 
Furthermore, the effect of distance along the 
transect was impacted by the tide level (F74, 228 = 
3.53, P < 0.0001; Fig. 2). The highest total 
density was found at low tide, decreased during 
mid tide, and was lowest during high tide. The 
densities of these snail clusters were all 
significantly different from each other (F2, 6 = 
25.73, P < 0.0001; Fig. 3). 
 

 
Figure 2. Number of snails (mean) found at all 
distances along the transect by tide level. 
 

 
Figure 3. Total density (snails/m^2) at low tide, mid 
tide, and high tide. 
 
Experimental distribution 
We found that in both still and wavy water, 
rocks and snails did not have statistically 
different distributions in the deep, middle, or 
shallow sections of the wave pool (X2 = 1.50, 
3.28, 1.50, P = 0.22, 0.19, 0.22, df = 4; Fig. 4a), 
(X2 = 5.55, 6.23, 4.30, P = 0.35, 0.18, 0.12, df = 
4; Fig. 4b). When exposed to waves, more snails 
ended up in deep water (X2 = 11.090, P = 
0.0256) and fewer stayed in the middle (X2 = 
10.044, P = 0.0397) compared to snails that 
experienced still water (Fig. 5). 
 
DISCUSSION 
Our hypothesis that snails are unable to use 
locomotion to control their tidal zone 
distributions was supported by our experimental 
findings, as we found no significant difference 
between the distribution of rocks and snails after 
five minutes in still water and after five minutes 
in turbulent water. Notably, snails under wave 
action tended to displace towards deeper water, 
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Figures 4a and 4b. Rock and snail displacement after 
five minutes of still water and wave action, 
respectively. 
 

 
Figure 5. Comparison of snail displacement after five 
minutes in still water and after five minutes of wave 
action. 
 
while snails in still water showed no significant 
displacement. We found that snails were 
dispersed across the beach in a clustered 
distribution according to breakage of waves and 

tidal level. Additionally, we found the highest 
number and highest density of snails at low tide, 
both of which decreased as the tide rose. We 
also observed that snails were always found at a 
similar distance to the shoreline. We observed 
that this pattern often moved up the beach with 
the tide, though we did not determine if the same 
individuals were present during each tidal level.  

Snails control their distribution to varying 
degrees, depending on the scale examined. On 
each of the five beaches we examined, we 
observed that snails were either completely 
absent or highly abundant. This could be due to 
snails possessing a very narrow viable niche. On 
the scale of kilometers, snails do not have 
control over their distribution. It is likely that 
they do not choose which beaches to occupy; 
they may simply be constrained to the relatively 
few beaches that are not too steep or too coarse. 
Habitat suitability and environmental forces 
constrain the distribution of virtually all species. 
For example, the distribution of river-dwelling 
fish can be limited by the presence of waterfalls 
and the current’s strength. Aside from their 
larval dispersal stage, most snails lack the ability 
to disperse over large distances; they likely 
colonize new beaches through storm events or 
after being dropped by predators.  

Within a single beach, snails seem to exert 
minimal influence on their location. Our wave 
pool experiments suggest that snails distribute 
like rocks in both still and turbulent waters. 
Also, we observed that snail density is highest at 
the beach’s midpoint. This is where debris 
would naturally be deposited, since the adjacent 
rock formations cause waves to converge at this 
point. The cluster of snails also moved up the 
beach as the tide came, possibly because they 
were washed by waves. We could interpret these 
findings as evidence that wave action is the 
primary influencer of snail distribution on the 
beach-wide scale. Many other organisms’ 
distributions are affected by environmental 
factors, such as wind or ocean currents. For 
example, some plankton can be distributed 
across habitats by ocean currents. Additionally, 
the juveniles of some species of spiders are 
dispersed by electrical currents acting on their 
silk trails. Sociality could provide an alternative, 
and not exclusive, explanation for these 
dispersal patterns. Perhaps snails cluster together 
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to avoid predators, increase foraging efficiency, 
or for ease in mate-finding. Also, resources 
could be clumped in the middle of the beach, so 
snails could simply be clustering where they find 
the most food. Large-scale experiments in the 
wild are needed to systematically test these 
different explanations. 

On a small scale of centimeters to 
decameters, snails seem to have considerable 
agency in their dispersal. We observed snails 
crawling along the surface of the sand, leaving 
convoluted trails that often displayed no clear 
pattern or direction (Figure S-1). This crawling 
was primarily observed in fully saturated sand, 
which offers less resistance than dry or partially 
drained sand. This could mean that snails can 
only exert control of their dispersal in the 
narrow band of beach that is above the reach of 
powerful waves but still amply moist. When 
submerged, snails can flap their foot extension 
to swim short distances, although in moving 
water this technique may not be very effective. 
In such cases, snails can deploy their foot as a 
parachute, allowing movement by the waves. 
We also observed snails burying themselves up 
to 8 cm deep, which would place them out of the 
influence of waves. Perhaps this burying 
contributes to the different abundances observed 
at different tide levels. Maybe some of the snails 
found at low tide choose to bury themselves, 
while others move up shore. 

We consistently observed that snails were 
clustered at similar distances from the water 
level in relation to tide, which may be due to this 
area being an ideal habitat for snail locomotion. 
We observed that snails in drier sand were 
unable to turn and dig themselves into the sand 
or crawl along the surface; instead, they lay 
motionless above the sand at high risk of wave 
displacement. It appeared that the conditions 
most conducive to movement were at low tide, 
when there was high sand moisture and low 
wave frequency. We surmise that less frequent 
waves allowed the snails to crawl for longer 
periods of time without having to dig themselves 
into the sand to protect themselves from 
turbulent water; however, there were still 
enough waves to keep an ideal sand moisture for 
movement, leading to a more consistent 
conditions. In areas of increased environmental 
stability, organisms are more easily able to 

maintain homoeostasis, grow, and reproduce, 
thus reducing their energetic expenditure. This is 
observed in mass bird migrations, where birds 
flock to stable habitats in the south during winter 
where environmental and foraging conditions 
are more conducive for growth and 
reproduction. As seen in this case study, 
organisms undergo cost-benefit analysis and 
expend energy to redistribute themselves to 
better environments if they yield greater benefits 
in energy conservation.  

We found that snails were able to control 
their locomotion in still water but not in 
turbulent water, as they had similar spatial 
distributions to the rocks after simulated waves. 
However, it may be advantageous for the snails 
to allow the waves to move them up the beach as 
the tide comes in so they can remain at an ideal 
distance from the water’s edge. In a constantly 
shifting environment, using a small degree of 
local locomotion coupled with wave action may 
allow the snails to remain in an area where the 
habitat is most stable while expending minimal 
energy. Similarly, the aforementioned spider 
species alter the lengths of their silk trails to 
exercise control over how far they are 
distributed by electrical currents, maintaining a 
lower level of energy expenditure. By 
controlling appendages similar to the extension 
of this foot, organisms may be able to minimize 
or amplify the effects of environmental factors 
on their distribution.  

Future studies are needed to understand how 
other environmental factors, such as beach slope 
and grain size, could affect snail distribution on 
beaches. If beach slopes are too steep or grain 
size is too large, snails may not be able to move 
through these environments easily. More 
research should be conducted to determine if 
these variables play a part in movement agency 
and mechanics. One potential future study is 
visually mapping the trails of these organisms at 
low tide to study movement in relation to abiotic 
factors such as wave frequency and sand 
moisture. Another potential future study is a 
mark and recapture experiment to determine if 
snails found at each tidal level are composed of 
the same individuals. These studies would 
provide further insight on the movement of 
Olive snails, thus shedding light on how animals 
distribute themselves in response to key 
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environmental factors. Understanding what 
factors influence animal distributions is vital for 
predicting responses to anthropogenic 
disturbances, like deforestation and rising sea 
levels, which will dramatically alter abiotic 
factors. Through a better understanding of how 
organisms move and redistribute themselves in 
response to environmental forces, conservation 
of biodiversity can be performed with greater 
efficacy.  
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Abstract: An organism’s habitat can provide protection from predators, access to nutrients, and a temperature-
controlled environment. Within a broader habitat, organisms may also select microhabitats (e.g., burrows and other 
‘homes’) to occupy. How animals select, acquire, and keep these valuable microhabitats remains an open question. 
While some individuals may select homes that closely fit their size (to evade extraction by predators), others may 
prioritize close access to food and mates (to minimize time spent exposed to predators outside the home). To 
determine which factors influence individuals’ choice of home, we examined size matching and site fidelity in 
striped shore crabs on the rocky intertidal zone of Campanario Biological Field Station, Osa Peninsula. To test size 
matching, we compared crab size with hole size. To test site fidelity, we removed crabs from their homes and then 
observed their behavior, including which home they moved into next. Crab carapace size matched the width and 
length of their hole opening, but not the depth. Removal experiments suggested that, past a certain depth threshold, 
crabs are better able to evade predators. Finally, crabs did not display site fidelity after removal, instead immediately 
moving into whatever home they encountered next. Our study thus suggests that while animal-home size matching 
may occur and that while certain microhabitat architecture may be more favorable, following removal animals may 
not always be able to immediately reacquire the same or equally optimal architecture. 
 
Abstracto: El hábitat de un organismo puede proporcionar protección contra los depredadores, acceso a nutrientes y 
un ambiente controlado por la temperatura. Dentro de un hábitat más amplio, los organismos también pueden 
seleccionar microhábitats (por ejemplo, madrigueras y otros “hogares”) para ocupar. La forma en que los animales 
seleccionan, adquieren y mantienen estos valiosos microhábitats sigue siendo una pregunta abierta. Mientras que 
algunos individuos pueden seleccionar hogares que se ajusten a su tamaño (para evitar la extracción por parte de los 
depredadores), otros pueden priorizar el acceso cercano a los alimentos y a los compañeros (para minimizar el 
tiempo que pasan expuestos a los depredadores fuera del hogar). Para determinar qué factores influyen en la 
elección del hogar de los individuos, examinamos la correspondencia de tamaños y la fidelidad del sitio en cangrejos 
costeros rayados en la zona intermareal rocosa de la Estación de Campo Biológico Campanario en la Península de 
Osa. Para probar la coincidencia de tamaño, se comparó el tamaño de cangrejo con el tamaño del agujero. Para 
probar la fidelidad del sitio, sacamos cangrejos de sus hogares y luego observamos su comportamiento, incluyendo a 
qué hogar se mudaron a continuación. El tamaño del caparazón de cangrejo coincidía con el ancho y la longitud de 
su abertura del agujero, pero no con la profundidad. Los experimentos de extracción sugirieron que, más allá de un 
cierto umbral de profundidad, los cangrejos son más capaces de evadir a los depredadores. Por último, los cangrejos 
no mostraron la fidelidad del sitio después de la extracción, sino se mudaron inmediatamente a cualquier agujero 
que encontraron. Nuestro estudio sugiere, por tanto, que si bien puede ocurrir una coincidencia de tamaño animal-
hogar y que si bien cierta arquitectura de microhábitat puede ser más favorable, después de la extracción los 
animales no siempre pueden ser capaces de readquirir inmediatamente la misma, o igualmente óptima, arquitectura. 
 
Key words: Habitat selection, intertidal zone, microhabitat, home, architecture, site fidelity, striped shore crab 
 
Palabras claves: selección del hábitat, zona intermareal, microhábitat, hogar, arquitectura, fidelidad del sitio, 
cangrejo costero rayado 
  
INTRODUCTION 
Selecting an ideal habitat is essential for some 
animals to maximize their survival and 
reproductive success (Rosenzweig 1981). 
Individual habitat selection can range from 

seeking out large, forested areas to inhabiting 
small, pre-existing crevices or modified burrows, 
each dependent on the organism’s needs. From 
arboreal regions to rocky intertidal zones (Bertness 
et al. 2013), a good habitat can confer a selective 
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advantage by providing protection against 
predators or extreme weather conditions and 
access to food sources. Individuals that select the 
best shelters are more likely to survive to reach a 
reproductive age or achieve maximum fecundity.  
 Within a habitat, individuals may seek out 
a microhabitat, which is an element of the broader 
habitat that provides vital abiotic or biotic 
conditions for a particular organism. While some 
animals build their own homes, many utilize 
abandoned structures or coexist with the original 
architects (Laidre 2021). Some animals might 
have ample time to assess the costs and benefits of 
each home; however, others may face speed-
accuracy tradeoffs and need to sacrifice value to 
avoid imminent predation or allocate energy 
elsewhere. For animals that must quickly select a 
home in a densely populated area, competition 
with conspecifics or individuals of other species 
may considerably affect home selection, 
acquisition, and defense. Animals with traits that 
enable them to obtain a high-quality microhabitat 
are more likely to survive, while worse 
competitors may perish without access to the ideal 
microhabitat.   

Microhabitats are necessary to the survival of 
many organisms, though not all organisms display 
site fidelity by continuously returning to and 
defending a specific location. While some 
organisms may remain loyal to a selected home 
and defend it vigorously, others may rely on a 
network of microhabitats for predator avoidance. 
Under stressful situations, an organism may need 
to abandon its current home for another nearby 
structure. Displaying site fidelity implies that an 
organism has some degree of spatial awareness 
and memory to recognize and return to its same 
microhabitat, while selecting a habitat with a 
network of microhabitats may eliminate the need 
to develop these abilities. 
 The rocky intertidal zone is a model 
system for studying microhabitat selection and site 
fidelity. A diverse array of organisms compete for 
real estate on rocky intertidal structures, making 
microhabitat selection and site fidelity key factors 
influencing the survival of resident organisms. 
One such organism is the tropical striped shore 
crab (Fig. S1), which resides in sand structures of 
varying sizes created by marine polychaetes 
known as sandcastle worms. In general, shore crab 
species avoid the dangers of low tide by seeking 

refuge in moist microhabitats, such as crevices and 
burrows. In these microhabitats, algae on the 
surface of rocks maintains moisture, protecting 
crabs from periods of water loss during high tide 
(Kappelle 2016), and serves as a food source. To 
graze on this algae, striped shore crabs emerge 
from their holes; however, in doing so, they 
increase their risk of predation and the risk that 
conspecifics will steal their hole. The opposing 
needs of foraging and protection from predators 
and theft by conspecifics may simultaneously 
influence a crab’s selection of and fidelity to a 
specific microhabitat.  

To investigate shore crabs’ selection of and 
fidelity to their microhabitats, we tested if crabs 
select and return to optimally sized holes, which 
provide a favorable balance between protection 
and food access. We hypothesized that if 
individuals cannot modify their holes, then they 
may size-match to holes within their microhabitat 
that best prevent predators from extracting 
individuals of their size. If crabs select optimally-
sized holes, then there should be a strong 
relationship between a resident crab’s size and its 
hole size. Furthermore, if crabs display fidelity to 
specific holes, then they should return to their 
original hole when removed. Alternatively, if 
microhabitats provide escape routes for feeding 
crabs to evade predators, then individuals under 
stress may instead prioritize a nearby hole, even if 
it is not their original hole. If crabs use such 
alternate selection heuristics under stress, then 
when removed from their original holes they 
should pick whatever hole is nearest to them, 
rather than returning to the original hole. 
 
METHODS 
Study site and system 
We collected striped shore crabs from a rock 
within Intertidal Zone 3 of Campanario Biological 
Station (Fig. 1A). This rock was oriented 
perpendicular to the waves and was six meters 
long. Sand formations encircled almost the entire 
rock from ground level to approximately a meter 
high (Fig. 1B). The sand formations were created 
by Sabellariidae sandcastle worms and consisted 
of many protruding tubes of a narrow diameter in 
a honeycomb-like arrangement. Some tubes were 
partially dismantled, presumably to create 
openings that could accommodate adult crabs. We 
observed many striped shore crabs living in these 
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Figure 1. A) Map of Campanario’s intertidal zone, with highlighted study site. B) Depiction of the collection method 
which used 10 cm transects along 6 meters of the selected rock. C) Striped shore crab grazing on sand holes. 
Measurements are not to scale.

holes and thus chose to fully survey this specific 
rock (Fig. 1C). Between January 17th and January 
19th 2022, we collected striped shore crabs during 
the four-hour window around low tide (two hours 
before and after). Low tide was at 08:43 on 
January 17th, 09:20 on January 18th, and 09:57 on 
January 19th. 
 
Crab collection methods 
At the beginning of each collection period, we 
placed measuring tape on the surface of the rock, 

aligning it with white-out marks we made to 
ensure consistency over several days. To get a 
complete survey of crab activity along the rock, 
we took one data point from each 10 cm interval 
across the rock, stretching string down from the 
measuring tape to ensure accurate boundaries (Fig. 
1B).   

For each 10 cm transect, we identified the first 
crab spotted in the area and spent a maximum of 
10 minutes trying to catch it with 10 cm long 
forceps. If we caught the crab, we noted the time it 
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was caught and then uniquely marked it and its 
sand hole with white-out (both were labelled with 
the same number and letter, e.g., 01A). We used 
calipers to measure to the nearest millimeter the 
length and width of the crab’s carapace, as well as 
the length, width, and depth of the sand hole the 
crab was extracted from (Fig. 4). If we failed to 
catch the crab within 10 minutes, only the 
dimensions of its hole were measured. For all 
samples, we noted the number of holes within a 10 
cm radius of the crab’s original hole and the 
distance between that hole and the nearest other 
hole.  
 
Crab release methods 
Once each crab and its associated sand hole were 
measured, we selected a random point 10 cm away 
from the hole and released the crab. One observer 
tracked the crab and its response for up to 10 
minutes, noting each new hole it entered, each 
time it was chased out of a hole by a resident crab, 
and the final hole it entered. If the crab’s final hole 
was not its original hole, we measured the length, 
width, and depth of this new hole. Otherwise, the 
time the crab returned to its original hole was 
noted. 
 

Analytical methods 
To examine the relationship between the 
dimensions of the crabs’ sand holes (length, width, 
and depth), linear regressions were performed for 
each pair of measures. To analyze the relationship 
between crab catching success and hole 
dimensions, we performed a logistic regression, 
both for the entire data collection period and the 
first day of data collection, since our crab catching 
capability improved after the first day. To test 
hypotheses about the relationship between crab 
size and hole size, we performed linear regressions 
for each of the crab’s body dimensions (carapace 
length and width) against each of the sand hole 
dimensions. To approximate the ‘fit’ of a crab in 
its hole, we calculated the gap between the top of 
the crab’s carapace and the top of the hole (top gap 
= hole width – carapace length), and the gap 
between the front of the crab and the hole opening 
(front gap = hole depth – carapace width). We then 
plotted a histogram to determine the distribution of 
these gaps. To test site fidelity, we compared 
whether crabs returned to their original hole or 
entered a new hole more frequently. Lastly, we 
performed a linear regression for the change in 
hole size for crabs that entered new holes. All data 
was analyzed using JMP Pro v15.1.  

  

 
Figure 4. Frequency of top gap and front gap sizes (mm).   
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RESULTS 
Crab size and hole size were significantly 
correlated (linear regression for carapace length 
and hole opening length: F1,27 = 6.82, P = 0.0146, 
r2 = 0.202; for crab carapace length and hole 
opening width: F1,27 = 19.24, P = 0.0002, r2 = 
0.416; Fig. 2). The dimensions of crab holes 
influenced our ability to catch crabs on the first 
collection day: crabs that evaded capture resided 
in significantly deeper holes than crabs that were 
caught (logistic regression: chi-square = 5.11, P = 
0.02, df = 1; Fig. 3). Comparing the crab top gap 
to the front gap, there was greater variation in the 
front gap (Fig. 4). Furthermore, the size of the top 
gap was significantly correlated with the size of 
the front gap (linear regression: F1,28 = 14.80, P = 
0.0006, r2 = 0.35). 
 

 

 
Figure 2. Crab carapace length is correlated with hole 
opening width (A) and length (B) 
 

Crabs removed from the hole in which they 
were caught and placed 10 cm away almost always 
chose a new hole rather than returning to their 
original hole (Fig. 5). No significant correlation 
existed between the length, width, or depth of the 
old versus new holes. Interestingly, as crabs tested 
more holes (from 1 up to 4), there was a trend 
towards subsequent holes being smaller in width 

and length, as well as greater in depth than the 
original hole (Fig. 6).  
 

   
Figure 3. Crabs that evaded capture on first day of data 
collection resided in deeper holes.  
 

 
Figure 5. Crabs that were caught entered a new hole 

more often than returning to their original hole. 
 
 

 
Figure 6. Difference in dimensions between old home 
and new home for crabs that tested different numbers of 
new homes. 
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DISCUSSION 
To determine how animals select their 
microhabitat and whether they display site fidelity, 
we measured striped shore crabs, their holes’ 
dimensions, and the crabs’ response to 
displacement. While hole dimensions did not 
impact our crab-catching ability over the course of 
the experiment, crabs that evaded capture on the 
first field day had significantly deeper holes. 
Additionally, the crabs were found in holes that 
closely matched their size. Given the narrow 
distribution in top gaps observed, crabs appear to 
prioritize size-matching with the hole opening 
over size-matching with their depth. Finally, we 
found that upon release, most crabs chose a new 
hole rather than return to their original hole, with 
no relationship observed between the dimensions 
of the original and new hole. Ultimately, when 
crabs are under threat of predation, they appear to 
choose a hole based on criteria other than hole 
dimensions. 

Our results suggest that crabs may select their 
hole based on the fit between their body size and 
the hole opening. By size-matching to their hole 
opening, burrow-dwelling species may be able to 
close any potential gaps that could allow a 
predator’s grasp (e.g., a bird’s prying beak). 
Beyond this hole-opening selection technique, 
size-matching may be a valuable strategy 
employed by various species to avoid predation. 
Be it through specific burrow choice criteria or 
modification of burrows, there are numerous 
strategies employed by animals to evade burrow 
invasion and capture. For example, when a 
coconut crab spots a potential predator, it will 
raise its body, wedging itself in the burrow and 
making it almost impossible to be pried out 
(Laidre 2018b). In an alternative modification 
tactic, stomatopods such as mantis shrimp collect 
rocks to plug up their entrances during molting 
(Laidre 2018a). Further studies, especially 
experiments, could help test the effectiveness of 
various predator-evasion tactics employed by 
burrow-dwelling animals, including the 
effectiveness of size-matching versus active 
modification of the burrow. 

While depth of a crab’s hole was the only 
determining factor for catching success on the first 
day of collection, our results also indicate that 
crabs do not size-match based on depth. This 
suggests that a deeper hole may be desirable for 

reasons other than solely predator avoidance. 
Burrows provide an important place for meeting 
nutritional needs, protection from the elements, 
and microclimate regulation. For grazing species, 
a deeper hole may increase the surface area on 
which algae and bacteria can grow. Burrows also 
protect intertidal species from being swept away 
by waves. Finally, burrowing animals may benefit 
from a deeper hole that can maintain moderate 
temperature and humidity levels. A side project 
conducted during Bio FSP 2022 at La Selva 
Biological Station, Costa Rica revealed that 
temperature fluctuated much less inside an old 
motmot burrow versus outside it (Laidre et al., 
unpublished). For intertidal creatures, keeping 
temperatures and solar radiation low could be 
critical for those that require a constant source of 
moisture for survival, such as the shore crabs. 
Determining whether this pattern exists in other 
species, or if there is a threshold where burrow 
depth is no longer advantageous for an animal, is 
an avenue for further exploration. 

We observed that crabs foamed at the mouth 
when removed from their burrows and quickly 
entered burrows that were closest to them, which 
we interpreted as a display of stress. However, 
some that were possibly less stressed were able to 
“shop” around. Stress may be a potential factor 
when animals select burrows; when crabs are more 
stressed, they may select a new hole based on a 
different set of criteria, most notably proximity, 
while crabs that are not stressed may prioritize fit. 
The sand holes occupied by crabs may provide an 
optimal habitat for both sets of heuristics, given 
the variety of sizes and density of holes present. 
Other species may also select microhabitats that 
minimize the danger of being removed from their 
home. For example, ghost crabs never venture far 
from their burrow, so they can re-enter the hole 
immediately after any sign of danger. Further 
studies are needed to see how external danger 
levels affect the heuristics of burrow-dwelling 
animals, and how environmental stressors may 
impact how far an animal is willing to venture 
from its burrow.  

Future studies on burrow-dwelling organisms 
may become even more pressing as one considers 
the potential impacts of anthropogenic climate 
change on marine and intertidal species. Warming, 
acidifying, and rising seas may compromise the 
integrity of the sand-holes occupied by crabs and 
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those with similar habitats. As human impacts 
rapidly alter marine burrows, the landscape of 
competition and survival strategies for burrow-
dwelling species may accordingly shift. One 
example is Christmas-tree worms, which rely on 
burrows in carbonate-based coral reefs. Ocean 
acidification may weaken or destroy these 
burrows, initiating a cascading effect on creatures 
whose burrows are integral for their survival. 
Perhaps, creatures that rely on pre-existing 
burrows will need to construct their own instead or 
modify damaged ones if the options for suitable 
burrows become scarcer. The methods by which 
marine creatures modify and adapt to their 
burrows may come under strong selection with 
continued climate change. 
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Abstract: Organisms employ several strategies to communicate in acoustically noisy environments, including 
waiting for gaps in noise and signaling during the silence. If multiple organisms are affected by the same noise, they 
may have to compete for time during the silence. We investigated competition for limited resources as an 
explanation of how birds exploit noise gaps in cicada choruses. We counted bird calls in the beginning, middle, and 
end of gaps in cicada choruses in a lowland tropical rainforest at Campanario Biological Station, Osa Peninsula, 
Costa Rica. We found that while the number of bird calls did not differ, the diversity of species was spread over 
these time intervals. This suggests the use of temporal niches by birds to mitigate competition for acoustic niches.  
 
Abstracto: Los organismos emplean varias estrategias para comunicarse en ambientes acústicamente ruidosos, 
incluida la espera de brechas en el ruido y la señalización durante el silencio. Si varios organismos se ven afectados 
por el mismo ruido, es posible que se compitan por el tiempo durante el silencio. Investigamos la competencia por 
recursos limitados como una explicación de cómo las aves explotan las brechas de ruido en los coros de las cigarras. 
Se contaron las llamadas de aves al principio, medio y final de las brechas en coros de cigarras en un bosque tropical 
de baja altitud en la Estación Biológica Campanario en la Península de Osa de Costa Rica. Encontramos que 
mientras que el número de las llamadas de aves no difería, la diversidad de especies se difundió durante estos 
tiempos en intervalos. Esto sugiere el uso de nichos temporales por las aves para mitigar la competencia por nichos 
acústicos. 
 
Keywords: acoustic niches, bioacoustics, birds, competition, Costa Rica, noise, Osa Peninsula, tropical rainforest 
 
Palabras claves: nichos acústicos, bio-acústico, aves, competencia, Costa Rica, ruido, Península de Osa, bosque 
tropical 
 
INTRODUCTION 
Communication is the transfer of information 
from a sender to a recipient to elicit a change in 
behavior. Information is the reduction of 
uncertainty in the recipient, meaning that the 
recipient knows more about its surroundings or 
more about the internal state of the sender 
because of the signal (Seyfarth et al. 2010). 
Animals gain information by receiving and 
interpreting signals, which are behaviors or 
structures that have evolved specifically to 
convey information and elicit responses (Laidre 
and Johnstone 2013). For example, if a horsefly 
exhibits aposematic coloration, that insect is 
likely unpleasant to eat and thus deters potential 
predators (cited in Seyfarth et al. 2010). When 
animals communicate, both the sender and 
receiver can benefit from the exchange. In the 
case of the horsefly, the signal sender, the 
horsefly, benefits by protecting itself from 
predation, while the signal recipient, any  

potential predator, benefits by avoiding 
something unpleasant. By reducing uncertainty 
in the recipient, the sender can improve the 
fitness of both organisms. Therefore, it is crucial 
that the sender can successfully produce a signal 
that is detectable and interpretable by the 
receiver. 

Despite its importance, communication can 
be difficult because elements of the environment 
can partially or fully degrade a signal. The 
collection of biotic and abiotic factors that 
degrade animal signals is broadly called “noise” 
(Wiley 2015). Noise degrades animal signals by 
“masking,” or making signals less 
distinguishable from the natural background. For 
example, visual noise from windblown 
vegetation can mask the elaborate sequences of 
movements that some families of lizards use to 
defend their territory, potentially resulting in 
costly fights or other territory disruptions (Ord et 
al. 2021). Similarly, acoustic noise from frog 
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choruses can obscure individual calls, making it 
more difficult for an individual frog to attract a 
mate (Vélez et al. 2017). Since signals must be 
detectable to be effective, noise masking can 
decrease fitness. 

Given that masking affects fitness, animal 
signals and signaling behaviors have evolved to 
overcome noise. In acoustic communication, 
animals overcome noise by increasing the 
amplitude of sounds, changing the frequency of 
signals, altering the duration of signals, 
changing call rates, signaling via other 
modalities, and waiting until the noise stops 
(reviewed in Dunlop 2016). Among animals that 
wait for gaps in noise to communicate, silence is 
a valuable but limited resource. Normally, 
competition leads species to partition acoustic 
niches in space, time, and frequency (Coss et al. 
2021). If the same noise affects multiple species, 
those species might occupy similar acoustic 
niches in terms of spatial distribution and 
frequency, leaving partitioning over time as the 
only option. Thus, noise can increase 
competition because there are fewer acoustic 
niches available. 

Tropical rainforests offer unique 
opportunities to study competition for acoustic 
resources. While anthropogenic noise is 
relatively well-studied, natural soundscapes in 
rainforests are not yet well understood, raising 
questions about the natural noise conditions that 
have prompted animal adaptations (Slabbekorn 
2019, Scarpelli et al. 2019). Given that there are 
many natural sources of noise, it is reasonable to 
assume that animals that communicate 
acoustically in the rainforest have adapted to 
overcome noise (Tyack 2008). In the lowland 
rainforests of Costa Rica, some species of 
cicadas produce very loud, long-lasting choruses 
that cover broad frequency bands. Cicada 
choruses have the potential to mask the signals 
of other animals, especially birds, which rely 
heavily on acoustic communication (Ladich and 
Winkler 2017). Birds that wait for noise gaps to 
communicate may compete for limited acoustic 
niches. 

We investigated how birds exploit noise 
gaps to communicate by counting bird calls 
during gaps in cicada choruses. Recognizing that 
individuals may each use different strategies, we 

developed three different hypotheses to address 
bird calling behavior in noise gaps:  

§ H1 Front-loading: If an individual 
detects that a new noise gap is about to 
become available, it will try to 
competitively dominate the beginning of 
the gap. H1 predicts a greater rate and 
diversity of bird calls in the beginning of 
the sound gap.  

§ H2 Temporal sound niches: If an 
individual detects that there is 
competition for a noise gap, it will wait 
to signal during a time that minimizes 
competition with other individuals. H2 
predicts the rate of bird calls should be 
relatively constant over noise gaps, and 
bird diversity in each section would be 
less than the total diversity across the 
entire gap.  

§ H3 Buzzer-beater: If an individual 
detects that a noise gap is ending, it will 
try to competitively dominate the end of 
the gap. H3 predicts a greater rate and 
diversity of bird calls at the end of the 
noise gap. 

 
METHODS 
Study site and system 
We studied bird calling behavior at Campanario 
Biological Station, on the Osa peninsula of 
Costa Rica, during January 16-18, 2022. We 
made preliminary walking surveys of the Kiosko 
Loop and the Bauhinia trail with the goal of 
locating two separate clusters of cicadas (Fig. 1). 
Cicadas appeared to be concentrated in natural 
gaps in the old growth canopy caused by fallen 
trees. Our preliminary survey revealed that 
choruses produced by cicadas could be heard 
across 8-hectares of forest, establishing cicadas 
as a major source of noise in the rainforest. 

At least two distinct species of cicadas were 
identified by the properties of their calls. We 
chose to focus on one species, which we 
identified as broad-band cicadas, because their 
choruses are exceptionally loud, cover a wide 
frequency range, and are relatively long in 
duration.  
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Figure 1. Map of recording locations in Campanario, 
Osa Peninsula. 
 
Field observations 
Twice per day in the morning (0900 – 1000) and 
afternoon (1400 – 1500), two separate groups 
walked the Kiosko Loop and Bauhinia trail to 
choose recording sites for the day. We chose 
each morning location by walking the trail until 
cicada calls sounded the loudest, and we 
returned to the same location for the afternoon 
recording (Fig. 1). 

We used two TASCAM DR-40 linear PCM 
v2.40 0139 recorders to record sound at each 
location for 1 hour. If the hour ended during a 
noise gap, we continued recording until the next 

cicada chorus grew to its maximum volume. The 
microphone of each sound recorder was 
positioned outward, placed 3.2 m above the trail, 
and set to stereo recording with an input level of 
60. Recordings were written continuously to the 
same sound file (.wav) and were later analyzed 
for bird calling behavior. 
 
Scoring sound recordings 
We defined a gap as the section(s) of a recording 
where the frequency of the cicada call dropped 
below 20 kHz (Fig. 2). Each gap was divided 
into 6 sections: 1 minute before the beginning of 
the call, 1 minute after the beginning, 1 minute 
before the middle, 1 minute after the middle, 1 
minute before the end, and 1 minute after the 
end of the gap. This allowed us to score bird 
calls from the ramp-down period of the cicada 
call, the quietest part of the gap, and the ramp-up 
period of the cicada call. Using Raven v1.6.1 
Pro (Cornell Lab of Ornithology, Ithaca, NY, 
USA), we counted bird calls from each of these 
six sections, recording (a) call duration, (b) peak 
frequency in kHz, and (c) call type. This allowed 
us to measure the total number of calls and the 
total number of bird species in each gap. To 
score the calls we viewed the recording 
spectrogram, with brightness set to 60 and 
contrast set to 1000.

 

 
Figure 2. Example gap in cicada chorus on spectrogram with sections marked out. Black vertical lines represent start, 
midpoint, and finish of gap, red vertical lines represent sections of call analyzed grouped into two sections of 
beginning, middle, and end. Dashed vertical lines mark where sound files were stitched together by Raven Pro and 
should be ignored. Warm colors on spectrogram represent louder noise. 
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Analytical methods 
To confirm our assumptions, we examined the 
frequency range of the bird calls and compared 
it to the frequency range of the cicada choruses. 
We also used a histogram and Shapiro-Wilk 
goodness-of-fit test to compare the distribution 
of gap lengths to a normal distribution. The 
distribution and mean length of gaps by time of 
day (AM or PM) was also analyzed. 

We examined the relationship between the 
number of calls and the time of the call (in the 
gap) in two ways. A histogram of the call times 
(in minutes since the beginning of the gap) 
showed a high number of calls near the 
beginning of the gap. However, this peak was 
also centered near the mean gap length. The 
skew might therefore be due to having few gaps 
which extend beyond this time causing few calls 
to be recorded then. Because of this, we then ran 
a generalized linear model, for the Poisson 
distribution, on the number of calls and the time 
interval (beginning, middle, or end). We also ran 
a generalized linear multimodal model testing 
the effects of time interval, time of day, and their 
cross effect. 

To examine how the diversity of calls varies 
across time, we ran a generalized linear model, 
again for the Poisson distribution, on the number 
of species calling in each time interval as well as 
the total number of species calling. To further 
examine this, we examined the percent of the 
total number of birds heard during each gap 
(both by time interval and overall). We also ran 
a generalized linear multimodal model testing 
the effects of time interval, time of day, and their 
cross effect. 

Finally, we examined the effect of time 
interval on the frequencies of bird calls using an 
ANOVA (the distribution was normal). Calls 
recorded by MC and AM on January 17 were 
not analyzed because two birds (likely 
manakins) were calling back and forth for the 
entire duration of both gaps, interrupted by a 
chorus. 

All statistical tests were performed using 
JMP Pro 16.0.0. 

 
RESULTS 
Cicada call durations 
The cicada chorus frequency ranged from 1.1 
kHz to 24 kHz, which includes the entire range 

of bird call peak frequencies (1.5-15.56 kHz). 
Further, the gaps in the cicada choruses did not 
show a normal distribution (goodness-of-fit, W 
= 0.90, P = 0.09; Fig. S1). This was also true 
when the morning and afternoon were examined 
separately (Fig. S2). The mean length of gaps 
was greater (by about 2x) in the afternoon than 
in the morning (µafternoon = 19.6, µmorning = 9.24, t 
= 2.14, P = 0.03; Fig. 3). 
 

           
Figure 3. The mean ± SE gap length in the morning 
versus afternoon. 
 

a)  

b)  
Figure 4: (a) Most calls occur before or at the mean 
gap length. (b) Time interval does not affect the mean 
number of calls ± 1 SE. 
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Number of bird calls 
The number of calls was skewed to have the 
highest quantity closer to the beginning of the 
gap (Fig. 4a). When split categorically into the 
beginning, middle, and end of a gap, there was 
no relationship between the number of calls and 
the time interval of the calls (GLM, X2 = 2.21, P 
= 0.33; Fig. 4b). The time of day had both a 
direct effect on the number of bird calls 
(GLMM, X2 = 14.8, P = 0.0001) and a cross 
effect with the time interval (GLMM: X2 = 28.0, 
P < 0.0001; Fig. 5). 
 

 
Figure 5. The effect of time interval on the mean 
number of calls ±  1 SE is different in the morning 
than in the afternoon. 
 
Diversity of bird calls 
The number of species calling at each time 
interval did not vary within intervals but was 
always less than the total number of species 
which called at any point in the gap (GLM, X2 = 
19.3, P = 0.0002; Fig. 6). The percent of overall 
diversity in each time interval was on average 
0.43 and was confirmed to be different from 1 
(student’s t-test, t = -9.57, P < 0.0001; Fig. S3). 
The diversity of species calling was greater in 
the morning than in the afternoon (GLM, X2 = 
12.5, P = 0.0004; Fig. S4). There was no cross 
effect between time of day and time interval on 
either the number of species calling (GLMM, X2 
= 0.04, P = 0.83) or the percent of overall 
diversity (GLMM, X2 = 0.05, P = 0.97). 

  
Figure 6. The mean number of species calling (± 1 
SE) in each time interval is less than the total number 
of species calling in all intervals.  
 
Frequency of bird calls 
The peak frequency of bird calls was higher in 
the middle time interval than in the end time 
interval, neither of which differed from the 
beginning interval (ANOVA, F = 4.84, P = 
0.0084 with post-hoc Tukey-HSD, middle-end, 
P = 0.006; Fig. S5). 
 
DISCUSSION 
We measured the distribution of bird calls 
during gaps in cicada choruses in a lowland 
tropical rainforest and found that while the total 
number of bird calls did not change over the 
duration of a gap, bird call types appeared to be 
spread over the gap. This pattern of call diversity 
suggests that birds temporally partition gaps in 
cicada choruses by species. The beginning and 
end of the cicada choruses were characterized by 
a noticeable increase and decrease in sound 
spread over several minutes. This ramp-up and 
ramp-down effect may allow species to choose 
which part of the gap to vocalize in, fitting into 
different temporal niches within a gap in a 
cicada chorus. If different species use different 
portions of the gap, they reduce competition for 
sound space and increase the chance they will be 
heard. The presence of this pattern suggests that 
there is strong competition for acoustic niches in 
the rainforest ecosystem. Other taxa may use 
reduction in ambient noise as an opportunity to 
communicate; some insects call at overlapping 
frequencies to these cicadas, and it is not yet 
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known how they navigate competition for this 
resource.  

Birds may occupy acoustic niches across 
broader time scales. Gap length appears to affect 
the distribution of bird calls; there were more 
bird calls in the middle of longer-than-average 
gaps and no difference in bird calls across 
shorter-than-average gaps. Additionally, the 
time of day may affect the duration of gaps, as 
all longer-than-average gaps were in the 
afternoon. One possible explanation for the 
increase in calls in the middle of long gaps is 
that calls prompt vocal responses. If the initial 
signaler intends to elicit a vocal response from 
the recipient, short gaps may not allow enough 
time for the recipient to respond.  If a signal 
cannot evoke a change in behavior the 
communication pathway would break down, 
making gaps of shorter lengths a barrier to 
communication. Alternatively, time of day may 
be more important than gap length. Birds call 
more in the early morning, especially during the 
dawn chorus (Bradbury and Vehrencamp 2011), 
and the decrease in overall communication in the 
afternoons could affect calling behavior during 
the longer gaps. Observing birds under 
controlled environmental noise conditions could 
tease apart the possible interaction between 
calling behavior, noise gap length, and time of 
day.  

Regardless of gap length, the middle of a 
noise gap seems to be the most important part 
for communication. We observed that peak call 
frequency was generally higher in the middle of 
gaps in cicada choruses, which could be an 
example of behavioral plasticity, or the ability 
for individuals to change their behavior in 
response to short-term environmental cues. 
Behavioral plasticity has been observed in 
individual North Atlantic right whales which 
modify call volume based on noise from ships 
(Parks et al. 2011), and in birds which increase 
the amplitude of their calls to communicate 
through urban background noise (Ladich and 
Winkler 2017). Individuals may shift their call 
frequencies to respond to the immediate volume 
and peak frequency of environmental noise. In 
this case, however, individuals would be 
changing their frequency during silence, which 
has not been seen in other species, nor has a 
change in frequency instead of amplitude. 

Alternatively, species with higher frequency 
calls may be calling more in the middle of gaps 
as they are less likely to overlap with cicada 
choruses. Call frequency plasticity should be 
tested while controlling for species to tease apart 
whether individuals can change the frequency of 
their calls or if temporal niches result in high 
frequency calling species calling in the middle. 
It is also unknown whether birds understand the 
passage of time in a noise gap, or if they react to 
moment-by-moment changes in their 
environment. 

Beyond the frequency and amplitude of 
auditory noise, the location of the noise relative 
to the signal sender and receiver can affect 
signal transmission. The anecdotal evidence of 
the continuously calling manakins suggests that 
individuals can sort themselves by physical 
location to be able to signal to each other 
without interference from noise. Sound travels 
differently through a rainforest based on 
vegetation thickness and the location of the 
source of the sound. It is currently unknown how 
individuals exploit height from the forest floor 
or gaps in the canopy to communicate.  

Research into the impacts of urban 
soundscapes on ecosystems shows that birds and 
other species that communicate using sound can 
acclimate to human noise (Lampe et al. 2012; 
Parks et al. 2011). Less is known about how 
human activities are changing natural sources of 
noise, and the impact this has on animal 
communication. Anthropogenic climate change 
is causing greater seasonal fluctuations and mass 
extinctions (or functional extinctions) of insect, 
bird, and amphibian populations. It is currently 
not known how the resulting decline in 
biodiversity could change the tropical 
soundscape, but it might decrease biotic sources 
of noise. One consequence could be that 
decreasing the overwhelming biotic noise could 
improve the effectiveness of auditory 
communication for remaining species, 
potentially increasing the fitness of species that 
can best exploit the changed soundscape. On the 
other hand, environmental noise may provide 
unseen benefits such as protection from 
predators, making declines in noise detrimental. 
It is important to understand the interactions 
between and within species in the current 
rainforest soundscape to provide a baseline for 
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understanding the future impacts of changes in 
biotic noise.  
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APPENDIX 
 

 
Figure S1. The gap lengths were not normally 
distributed. 

 
Figure S2. The distribution of gap lengths is not 
normal for either the morning or the afternoon. 
 
 

 
Figure S3. The percentages of total species calling in 
each time interval (± 1 SE) are not different but are all 
under one. 
 
 
 
 

 
 

 
Figure S4. The number of species calling (± 1 SE) 
was higher in the morning than the afternoon. 
 

 
Figure S5. The mean peak frequency (± 1 SE) was 
higher in the middle than the end of the gaps, 
although neither was different than the beginning 
(connecting letters report from ANOVA with post-hoc 
Tukey-HSD test). 
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Abstract: Ghost crab burrows are extended phenotypes whose morphology can be used to study their adaptive 
function. The existence of burrows, despite the costs of construction, argue for fitness advantages to the architect. To 
understand the evolutionary function of ghost crab (Ocypode occidentalis) burrows, we examined the dispersion and 
architecture of burrows in the Osa Peninsula, Costa Rica. All burrows opened towards the south and extended 
towards the north, with the highest density of burrows in the center of the beach. At the same time, temperature 
inside the burrows was up to 30 °C cooler than the beach surface at the hottest part of the day, suggesting that the 
primary function of these burrows is to provide protection from the intense heat of the tropical sun. 
 
Abstracto: Las madrigueras de cangrejo fantasma son fenotipos extendidos cuya morfología se puede utilizar para 
estudiar su función adaptativa. La existencia de madrigueras, a pesar de los costos energéticos de la construcción, 
argumentan para las ventajas de la aptitud del arquitecto. Para entender la función evolutiva de las madrigueras de 
cangrejo fantasma (Ocypode occidentalis), examinamos la dispersión y arquitectura de las madrigueras en la 
Península de Osa, Costa Rica. Todas las madrigueras se abrieron hacia el sur y se extendieron hacia el norte, con la 
mayor densidad de madrigueras en el centro de la playa. Al mismo tiempo, la temperatura dentro de las madrigueras 
era hasta 30 °C más fría que la superficie de la playa durante la parte más calurosa del día, sugiriendo que la función 
primaria de estas madrigueras es proporcionar protección frente al calor intenso del sol tropical. 
 
Key words: animal architecture, burrow, Decapoda: Brachyura, extended phenotype, Osa Peninsula, sun protection 
 
Palabras claves: arquitectura animal, madriguera, Decápodo: Brachyura, fenotipo extendido, Península de Osa, 
Protección solar 
  
INTRODUCTION 
Numerous organisms construct structures or 
microhabitats for purposes of protection from 
predation (e.g., hermit crab shells), mating (e.g., 
male bowerbirds), thermoregulation (e.g., caves 
used by hibernating bears), and food acquisition 
(e.g., ant-lion traps). These structures can be 
regarded as extended phenotypes of the animal. 
Presumably, the morphology of the architecture is 
shaped by natural selection based on the 
associated costs and benefits. For example, a sand 
pit dug by an antlion may be effective for trapping 
prey, but less tailored to finding mates. Or, in the 
case of tent-making bats, large leaves engineered 
into tents can improve mating success as well as 
provide protection from inclement weather and 
predation (Kunz 1994). The morphology of 
extended phenotypes can provide insight into the 
evolutionary pressures that led to their creation 
(Laidre 2021). 

One common version of the extended 
phenotype is the construction of an enclosed 
structure such as a burrow. Burrows have evolved 
independently in many different clades of 
crustaceans, reptiles, birds, and mammals. The 
features of a burrow, including their dispersion 
(clustered or widely spaced), orientation (where it 
opens and where it extends), and depth (deep or 
shallow), can provide insight into its function. 
Clustered burrows would suggest that there is 
some advantage to being near conspecifics, such 
as access to mates or a food source. Orientation 
can inform if the burrow is used for 
thermoregulation: does it open towards the sun to 
gain solar radiation, or is it positioned to create the 
maximum amount of shade? Depth could reflect 
the cost of creating the burrow: a deeper burrow 
may provide more protection from predators or 
abiotic factors, but also be more costly to construct 
and maintain. 
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Tropical and temperate shorelines around the 
world are home to several species of burrowing 
crabs in the family Ocypodidae. This clade 
includes ghost crabs, fiddler crabs, and mangrove 
crabs, most of which dig burrows along the shore. 
Ghost crabs are nocturnal, generalist scavengers, 
and predators of small animals. Ghost crabs live in 
high densities on open beaches and dig large 
burrows that are visible from the surface, making 
them a good system for studying the functional 
morphology of burrows. 

We studied the morphology and dispersion of 
ghost crab (Ocypode occidentalis) burrows on Piro 
Beach, Osa Peninsula, Costa Rica. We 
hypothesized that if ghost crabs create burrows 
primarily for protection from predation (H1), there 
should be one ideal depth (below which predators 
cannot reach), and there need be no pattern in the 
dispersion or orientation of burrows. If burrows 
are primarily for sun protection (H2), then burrows 
should tend to be oriented in the same direction 
(along a North-South axis rather than an East-
West axis to avoid direct sunlight), and there need 
be no pattern in the dispersion of burrows. If ghost 
crabs create burrows for mating purposes (H3), 
they could be expected to be clustered on the 
beach, and there need be no pattern with respect to 
orientation or depth. Finally, if ghost crabs create 
burrows for resource acquisition (H4), one could 
expect uniformly dispersed burrows. Resolving 
among these hypotheses can clarify the 
evolutionary pressures that lead crabs to burrow. 
 
METHODS 
Study site and system 
Studies were conducted at Piro Beach, Costa Rica, 
which is an exposed sandy beach on the Pacific 
coast of the Osa Peninsula, southeast of 
Corcovado National Park. Piro is a tropical locale 
with semidiurnal tides.  
 
Burrow dispersion and foam casting 
On 28 January 2022 at low tide, we marked the 
location of every ghost crab burrow in a quadrat of 
30 x 50 m using a GPS (Garmin GPSmap 78s). 
The quadrat spanned the beach from tree line to 
approximately 5 m above the low tide line (50 m 
total). Burrow location coordinates were later used 
to analyze burrow dispersion across the beach. 

On 29-30 January 2022 at low tide, we 
sampled ghost crab burrows in three 30-m 

transects running parallel to the tide line. We 
observed that most of the crab burrows were 
concentrated in the middle of the beach, so we 
positioned the transects at 12.5 m, 25 m, and 37.5 
m from the tree line (hereafter “forest,” “center,” 
and “ocean” transects, respectively; Fig. S4). We 
marked the first 10 burrows within 50 cm on either 
side of each transect line and measured the 
dimensions of each burrow entrance with calipers. 
Each marked burrow was filled with expandable 
insulation foam, which was later excavated as a 
solid cast. After excavation, we measured the 
depth of the burrow from the surface to the 
deepest point. Additionally, a line was marked on 
each cast perpendicular to the tree line and tide 
line to preserve orientation. Other features of the 
foam casts were measured (see below). Note that 
not every burrow could be filled due to limited 
foam supply and no measurements were possible 
for burrows that could not be filled. 

Note that different, non-overlapping regions of 
Piro Beach were studied on each day. 
 
Sediment sampling 
To measure sediment composition, we collected 
50 mL of sand from each foam-excavated burrow 
using a graduated cylinder (100 ± 0.5 mL). Each 
sand sample was dried for 24 hours, weighed 
using an FZ-200 electronic scale (200 ± 0.005 g; 
Fuzion, Duivendrecht, Netherlands), and sifted 
into three different grain sizes: larger than 2000 
μm (“pebble”), smaller than 2000 μm and larger 
than 500 μm (“medium”), and smaller than 500 
μm (“fine”). We weighed each sifted sub-sample 
and calculated the percent composition by grain 
size of the sediment in each burrow.  

 
Burrow temperature measurements 
To measure daily temperature fluctuations in 
burrows, we deployed HOBO Pendant temperature 
loggers in ghost crab burrows for 24 hours from 
29-30 January 2022. One burrow from each 
transect was studied – the first burrow in each 
transect that was not filled with foam. Two loggers 
were placed in each burrow, one 3 cm deep 
(“entrance”) and one 18 cm deep (“interior”) in the 
burrow. One additional logger was placed on the 
surface of the beach. All loggers, both in burrows 
and on the surface, were shaded from the sun and 
programmed to record ambient temperature every 
hour. Loggers in the middle and ocean transects
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Figure 1. Example of measurements for (a) straight and (b) double-headed burrow casts. Cast length was measured 
as the distance (including curve) between 10 mm from the burrow entrance and 10 mm from the bottom of the 
burrow. 
 
were lost to high tide. 

Additionally, we used a Fluke 51II handheld 
thermocouple (Fluke Corporation, Everett, WA) to 
measure instantaneous temperatures at the beach 
surface and 15 cm deep in burrows. Burrow 
temperatures were sampled (N = 20) haphazardly 
across all lengths of the beach at 0930 on 30 
January 2022. 
 
Burrow cast measurements 
Burrow casts were visually categorized into four 
groups of shapes (Fig. 1): double-headed, 
branched, J-shaped, and straight. Double-headed 
burrows and branched burrows both had (at least) 
two tunnels; double-headed burrows had two 
entrances whereas branched burrows only had one 
entrance. J-shaped burrows curved at the deeper 
end into a flat tunnel or chamber. 

Burrow length was measured from the surface 
to the terminal end of the burrow along the longest 
length using a flexible measuring tape. Double-
headed burrows were measured uniquely; each 
fork (the tunnel leading from an entrance) was 
measured from the surface to the intersection of 
both forks, and the unifying tunnel was measured 
from that intersection to the terminal end of the 
burrow.  

Burrow diameter was measured in three 
places: 10 mm from the surface (“top”), 10 mm 
from the terminal end (“bottom”), and at half the 
measured length of the burrow (“middle”). 

Burrow orientation was measured by 
photographing the ventral side of each cast and 
measuring the angle between the entrance and the 
terminal end of the burrow in the horizontal plane 
(Fig. S5). Casts were consistently aligned 
according to the line perpendicular to the tide line, 
drawn on the casts during excavation (see above). 
Photographs were taken using a Nikon COOLPIX 
A1000 35x digital camera (Nikon Corporation, 
Tokyo, Japan) and were analyzed using ImageJ 
1.53k (National Institutes of Health, USA). 

Burrow volume was measured by submerging 
each cast in water and measuring the change in 
water level using a graduated cylinder (1000 ± 5 
mL). Note that casts were cut into smaller pieces 
to fit into the cylinder, and the pieces were 
completely submerged. We assumed the foam did 
not absorb water. 

 
Analytical methods 
To examine the difference in temperature inside 
and outside burrows, we compared the maximum 
temperatures recorded by the HOBO loggers in the 
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entrance and interior of the burrows. Additionally, 
we used student’s paired t-test to compare the 
mean temperatures inside and outside of burrows 
as measured with the handheld thermocouple.  
      We used one-way ANOVAs, one for each 
grain size, to compare the mean sediment 
composition among transects. 
      To determine how crab size was related to 
burrow dispersion, we performed a one-way 
ANOVA comparing minimum burrow diameter 
among transects. We considered the minimum 
diameter of each burrow as a proxy for crab size, 
as the minimum burrow diameter would be equal 
to (or slightly larger than) the size of the crab. 
Minimum diameter was the smallest value from 
among the top, middle, and bottom diameter 
measures of each cast. We also performed 
Levene’s test for unequal variances in crab size 
among transects. 
      We used least-squares linear regression slope 
to test for a relationship between crab size 
(minimum diameter) and burrow depth, length, 
and volume. All statistical analyses were 
performed using JMP 16.0.0. 
 
RESULTS 
Temperature 
There was a 20 °C difference in maximum 
temperature between the beach surface (57.9 °C at 
15:00) and the entrance to the burrow (37.3 °C at 
15:00) as measured by the 24-hour logger (Fig. 2). 
Temperature in the interior of the burrow had a 
range of 7.0 °C, temperature at the burrow 
entrance had a range of 12.2 °C, and beach 
temperature had a range of 31.9 °C.  
 

 
Figure 2. Temperatures over 24 hours (29-30 January) 
on the beach surface, 3 cm within a burrow (entrance), 
and 18 cm within the same burrow (interior). 
 
The mean surface temperature of the beach 
(measured with a handheld thermocouple between 

09:00 and 09:15 on 30 January) ranged from 32 – 
39 ºC while the temperature within adjacent 
burrows was cooler and very stable at 27 – 28 ºC 
(Fig. S1). Beach surface temperatures averaged 
8.2 ºC warmer than burrow temperatures (paired-t 
= 17.90, P < 0.0001, df = 19). 
 
Burrow orientation 
All burrows opened facing the ocean and extended 
towards the forest. More burrows pointed towards 
the north side of the beach than towards the south 
(Fig. 3).  
 

       
Figure 3. Polar plot of burrow orientations. A burrow that 
went straight down would have appeared in center 
(coordinates 0,0). Each point represents one burrow 
(from forest, center, or ocean transects). There were no 
burrows oriented toward the ocean. 
 
Burrow dispersion 
Burrows were clustered on the center of the beach 
(Fig. 4). Mean ± SD distance of each burrow from 
the forest edge was 21.2 ± 7.6 m (N = 109).  
 
Burrow shape 
The forest and ocean transects contained only 
straight burrows, with one J-shaped burrow in 
each transect (Fig. 5). The transects at the center 
of the beach contained 50% straight burrows (N = 
10) along with branched (N = 4), curved (N = 1), 
and double-headed burrows (N = 5).  
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Figure 4. Burrow dispersion in a 30 x 50 m quadrat 
along the beach.  
 

 
Figure 5. Proportion of each type of burrow shape in 
each transect (labelled with sample size). Forest = 
transect closest to forest, Center = transect in the center 
of beach, and Ocean = transect closest to ocean. 
 
Sand composition 
The proportion fine grained sand decreased from 
forest to ocean (Fig. 6; F2,16 = 10.88, P = 0.0014), 
while the proportion of medium grain sand 
increased from forest to ocean (F2,16 = 8.22, P = 
0.0044). 
 
Burrow diameter and depth 
There was no difference in crab size (defined as 
minimum burrow diameter) among transects (Fig. 
S2, F2, 37 = 0.21, P = 0.81), but variance in crab 

size was higher in forest transects compared to the 
center or ocean transects (Levene’s test: F2, 37 = 
3.77, P = 0.032). Crab size did not correlate with 
burrow depth, length, or volume (Fig. S3, P > 
0.15).  

 
Figure 6. Percent composition (mean ± SE) of each 
sand grain size from crab burrows on parallel transects 
from nearer the forest to nearer the ocean.   
 
DISCUSSION 
We explored ghost crab burrows by examining 
their dispersion, architecture, and thermal 
environments. Burrows were clustered in the 
center of the beach, and all burrows opened facing 
the ocean and tunneled towards the forest. Crab 
size was unrelated to the size of the burrow, either 
in burrow length, diameter, or volume, and the 
burrow shape appeared to be related to the sand 
composition. These relationships confirm our 
initial assumption that the architecture of the 
burrows is not determined by the dimensions of 
the crab, but rather by external factors such as 
protection from predators (H1), protection from 
sun (H2), access to mates (H3), or resource 
acquisition (H4). 

While several different burrow shape types 
were identified over the course of this study, the 
middle section had the greatest diversity in burrow 
shapes out of the study system, with branched 
burrows only found in the middle region. This 
seemingly optimal region with the highest crab 
density might yield high competition, and these 
double-headed and branching shapes could 
provide an extra entrance to not only escape 
predators and conspecifics but also access more 
mates. Alternatively, the sand composition in the 
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middle transect could provide an explanation for 
the diversity of burrows shapes. The sand in this 
part of the beach contained the most even mix of 
fine, medium, and pebble-like sand grains, which 
may reduce the costs of digging and enable the 
crab to construct more complex shapes. 
Additionally, this sand composition might be a 
more stable construction material that can hold 
intricate burrow shapes, as opposed to the sand 
composition in the forest or ocean transects, which 
had a higher percentage of fine grain and medium 
grain sand, respectively. Future studies could 
quantify the stability of burrows and energetic 
costs of sand excavation with different 
composition of sand size. One could also test if 
crab habitat preferences are related to sand 
composition. 

Another key finding was that all burrows 
tunneled towards the forest. Entrances opening 
only to the south suggests that these ghost crab 
burrows function to protect them from the intense 
heat of the tropical sun (H2). Moreover, the lack of 
any relationship between burrow size and crab size 
suggests that beyond a certain depth, all burrows 
provide sufficient sun protection to crabs. 
Similarly, varying burrow shapes, specifically 
branching shapes, might provide increased sun 
protection since such burrows would not receive 
direct sunlight within these branches. 
Alternatively, the burrows’ orientation towards the 
forest might help reduce burrow excavation and 
maintenance costs, given that the beach slopes 
towards the ocean. Future investigations could 
study more ghost crab burrows across different 
beach systems to test the generality of these 
findings.  

The normally distributed burrow depths 
suggests that there may be one optimal burrow 
depth, which provides some support for the 
predation hypothesis (H1). Despite this finding, the 
depths were quite variable across the study system. 
Stronger support for the predation hypothesis 
would be one ideal depth threshold at which a 
predator cannot extract a crab from its burrow. 
Most burrows were clustered in the center of the 
beach, which suggests that there is some 
advantage to (1) burrowing in that part of the 
beach or (2) being close to conspecifics, possibly 
for easier access to mates (H3). As more ghost 
crabs are located closer together, an individual 
might reduce the costs in distance of finding a 

mate. Results of this study did not suggest any 
support for the resource acquisition hypothesis 
(H4).  

Avoiding unhabitable abiotic conditions is a 
plausible driver for the creation of burrows in 
other species, not only shore crabs (Kappelle 
2016). Apparently, the ghost crab burrows have 
evolved as an extended phenotype by creation of a 
microhabitat. Future studies could further evaluate 
the biotic and abiotic benefits that have favored 
the evolution of burrows in ghost crabs.  

Manipulation of animal architecture can 
permit tests of some hypotheses regarding their 
evolution: e.g., creating artificial burrows that face 
the ocean instead of the forest and comparing 
temperatures and stability. Likewise, creating 
branched (double-headed) burrows in the forest 
and ocean transects may provide an explanation as 
to why branched burrows are concentrated in the 
middle of the beach. There remains much to be 
learned about why crabs burrow as they do.  
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APPENDIX 
 

 
 
Figure S1. Temperature inside burrow compared with 
temperature outside of burrow.  
 

 
Figure S2. Minimum diameter of burrow (proxy for crab 
size) in the forest, center, and ocean transects.  
  

Figure S3. The depth, length, and volume of burrows vs. 
crab size (inferred from minimum diameter of burrows). 
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Figure S4. Locations of forest, center, and ocean 
transects on the beach. The forest transect was 12.5 m 
from forest edge, the center transect was 27.5 m from 
forest edge, and the ocean transect 40 m from forest 
edge.  
 

  
Figure S5. Burrow orientation measurement. The 
burrow cast was marked with the directions of the forest 
and ocean before it was removed from the sand, and 
those markings were lined up with a taught string to 
provide the forest–ocean axis. The burrow cast was 
then pictured and analyzed in ImageJ. 
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Abstract: Conservation of forested areas is necessary to support threatened wildlife as deforestation causes habitat 
fragmentation, thus reducing the home ranges of animal populations and impacting biodiversity. The creation of 
biological corridors across habitat fragments can promote the maintenance of biodiversity and productivity. One 
strategy for corridor creation involves converting farmland to regenerated secondary forests, although different 
regeneration strategies may result in different species interactions and rates of regrowth. For instance, the use of 
fast-growing, poorly defended trees to facilitate rapid biomass increase could affect the herbivory and survivorship 
of neighboring, slow-growing trees. An experimental study at Piro Biological Station, Osa Peninsula, Costa Rica 
was used to evaluate the relationship between herbivory and survivorship. We measured herbivory and insect taxa 
richness in three regeneration treatments that varied in their proportion of fast-growing balsa trees to slower-growing 
trees. Tree mortality data from previous surveys between 2019 and 2021 were analyzed to assess plot survivorship. 
While there was no difference in herbivory, insect richness, or mortality across treatments, plots varied in herbivory 
and mortality independent of treatments, suggesting that the future forests are affected by features beyond balsa 
concentration.  
 
Abstracto: La conservación de las áreas boscosas es necesaria para apoyar la vida silvestre amenazada, ya que la 
deforestación causa la fragmentación del hábitat, reduciendo así los rangos de las poblaciones animales y afectando 
la biodiversidad. La creación de corredores biológicos a través de fragmentos de hábitat puede promover el 
mantenimiento de la biodiversidad y la productividad. Una estrategia para la creación de corredores implica la 
conversión de tierras agrícolas en bosques secundarios regenerados, aunque diferentes estrategias de regeneración 
pueden resultar en diferentes interacciones entre especies y tasas de crecimiento. Por ejemplo, el uso de árboles de 
crecimiento rápido y poco defendidos para facilitar un rápido aumento de la biomasa podría afectar la herbívora y la 
supervivencia de árboles vecinos de crecimiento lento. Se utilizó un estudio experimental en la Estación Biológica 
Piro, Península de Osa, Costa Rica, para evaluar la relación entre los herbívoros y la supervivencia de los árboles. Se 
midió la riqueza de taxones herbívoros e insectos en tres tratamientos de regeneración que variaron en su proporción 
de árboles de balsa de crecimiento rápido a árboles de crecimiento más lento. Se analizaron los datos de mortalidad 
de árboles de encuestas anteriores realizadas entre 2019 y 2021 para evaluar la supervivencia de la parcela. Si bien 
no hubo diferencia en herbívoros, riqueza de insectos o mortalidad entre tratamientos, las parcelas variaron en 
herbívoros y mortalidad independientemente de los tratamientos, lo que sugiere que los bosques futuros se ven 
afectados por características más allá de la concentración de balsa.  
 
Key words: Balsa tree, forest regeneration, rewilding, insect herbivory 
 
Palabras claves: árbol de balsa, regeneración forestal, reconstrucción, herbívoro de insectos 
 
INTRODUCTION 
Habitat fragmentation threatens the species 
richness and genetic diversity of many forest 
ecosystems. Connecting preexisting conservation 
areas can help to reverse some effects of habitat 
fragmentation, as protected corridors can allow for 
movement between conserved areas (Brodie et al. 
2012). One prominent challenge to connecting 
conservation areas is that there is little undisturbed 
land left to protect (Pringle 2017), increasing the 
need for forest restoration efforts. Development of 

biological corridors frequently requires 
transforming disturbed land back into forest. 
Forest regeneration (secondary succession) is the 
gradual process in which plants and animals return 
to an area and develop into a new forest 
ecosystem. This process can take decades or 
longer, but conservationists hope to accelerate the 
process so that animals begin using biological 
corridors as soon as possible. 

The study of regeneration is fundamental to 
efficiently converting land that was previously 
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used for monoculture or livestock farming into 
biodiverse secondary forest. Often these areas are 
nutrient poor and have been taken over by grasses 
that thrive in open areas and can suppress the 
establishment of woody plants. Potential 
techniques include planting a high diversity of 
species, attracting seed dispersers, and planting 
fast-growing pioneer species to suppress 
graminoids. In 65 experimental plots in India, 
planting diverse native species and controlling 
invasives benefited rainforest recovery in 
degraded rainforest fragments (Osuri et al., 2021). 
An experimental project in north-eastern Australia 
was partially successful in regenerating rainforest 
adjacent to old-growth forest by attracting seed 
dispersing birds with water sources and perches 
(Freeman et al., 2021). Another experiment in 
Mexico used fast-growing pioneer species to shade 
out grass and allow slower growing trees to 
develop in the understory (Douterlungne et al. 
2010). Determining the success of different 
regeneration techniques will allow future 
regeneration efforts to be more effective. 

Herbivory is one of many factors that impacts 
the success of a forest regeneration project. 
Although herbivory is a natural feature of tropical 
food webs, excessive herbivore damage can 
reduce plant growth rate, introduce plant 
pathogens, and increase plant mortality. Most 
herbivore damage in the tropics is caused by 
insects feeding on young, understory leaves, 
making saplings particularly vulnerable (Coley 
and Barone 1996). Many factors influence the 
amount of insect herbivory and its impact on plant 
fitness (Strauss and Agrawal 1999). The 
community composition of plants and herbivores 
influence damage risks for individual plants 
(Agrawal and Hambäck 2006). The presence of 
fast-growing plants can be important because 
faster growth tends to correlate with decreased 
anti-herbivore defenses (Züst and Agrawal 2017). 
Thus, the concentration of fast-growing pioneer 
species in a regeneration plot could affect the 
growth of neighboring trees. However, there are 
several possibilities: 

I. Associational resistance: The presence of 
faster-growing trees decreases herbivory on 
slower-growing species because fast-growing trees 
invest less in herbivore defenses and therefore  
receive the majority of the herbivory.  

II. Collateral damage: The presence of faster-
growing trees increases herbivory on slower-
growing species because fast-growing trees with 
less herbivore defenses attract a greater number of 
generalist herbivores to the area which will also 
feed on slow-growing trees.  

III. Nonlinear relationship: At lower 
concentrations, the presence of faster-growing 
trees decreases herbivory on slower-growing 
species through associational resistance, but at 
higher concentrations, slow-growing trees 
experience increased herbivory as collateral 
damage.  

Balsa trees (Malvaceae: Ochroma pyramidale) 
are a candidate for reforestation efforts due to their 
fast growth and ability to thrive in infertile and 
disturbed soils (Douterlungne et al. 2010). Their 
rapid growth can shade out grasses, reducing the 
competition faced by slower-growing trees. The 
Lancadon Maya of Chiapas, Mexico recognized 
these traits and planted balsa to limit spread of the 
invasive Pteridium aquilinium fern (Douterlungne 
et al. 2010). Consistent with their rapid growth, 
balsa trees have high foliar nitrogen, low anti-
herbivore defenses, and experience high herbivory 
(Coley and Barone 1996). 

This study evaluated how variable densities of 
balsa trees impact herbivory on slower-growing 
non-balsa rainforest trees by comparing 
regeneration plots planted with 0%, 33%, and 75% 
balsa. Under the hypothesis of associational 
resistance, expected herbivory on non-balsa would 
be less in plots with the highest proportion of balsa 
planted. Alternatively, under the hypothesis of 
collateral damage, expected herbivory would be 
greatest in balsa-rich plots. It could also be that 
plots with intermediate balsa density would 
experience the lowest herbivory. 

 
METHODS  
Study site and system 
We utilized an ongoing study of three forest 
regeneration treatments at Piro Biological Station 
in the Osa Peninsula, Costa Rica.  Each of 30 half-
hectare treatment plots was planted in 2016 with 
644 trees in which the proportion of balsa trees 
was 0, 33, or 75%. The remainder of the 644 trees 
was a mix of 30 slow-growing tree species. The 
full experiment had 10 replicate plots per 
treatment. We collected measurements in 3 plots 
of each treatment (Fig. 1). 
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Figure 1. Map containing locations of surveyed plots. All 9 colored plots were surveyed, 3 from each treatment: 0%, 
33%, and 75% balsa.   
 
Field and historical data collection 
Within each study plot, we examined 10 non-balsa 
trees by randomly selecting a middle row and 
walking down it, surveying all human-planted 
non-balsa trees whose leaves could be reached 
with a meter-long stick. For each tree examined, at 
least 2 observers took an initial survey of insects 
by noting the number of identifiable herbivorous 
taxa present. In total we identified 9 taxa: 
caterpillars, cicadas, katydids, leaf hoppers, leaf 
miners (identified by characteristic damage), scale 
insects, stink bugs, termites, and “other 
herbivorous Hemiptera”. After insect taxa were 
recorded, we chose a random sample of 10 leaves 
from each tree and scored each for herbivory on a 
scale of 1 to 4 where each value represented a 
range of leaf damage: 1 = 0-10%, 2 = 11-25%, 3 = 
26-50%, and 4 = 50%.  

The Osa Conservation team from Piro 
Biological Station generously provided us with 
previously gathered data on tree mortality within 
the 9 studied balsa plots. We analyzed the 
proportion of trees that died between 2019 and 
2021. 

 
Analytical methods 
For each plot we tallied the number of leaves in 
each of the four herbivory scores. We calculated a 
mean herbivory score for each tree by averaging 

the herbivory scores (1-4) of its 10 leaves. These 
average scores were used to compare herbivory 
levels among balsa treatments using an ANOVA, 
with tree nested within replicate plots, which was 
nested within balsa treatment. 

For each plot, we summed the total number of 
herbivorous insect taxa on each tree, and the mean 
number of herbivorous taxa for each balsa 
treatment. We used a one-way ANOVA to 
compare the taxonomic richness of herbivorous 
taxa among treatments.  

For the tree survival analysis, we calculated 
the average percent survival of balsa and non-
balsa trees between 2019 and 2021 in each of the 
plots that we surveyed. We used a one-way 
ANOVA to compare the survival of (1) balsa trees 
and (2) non-balsa trees across treatments (n = 3 
plots/treatment). We also used a linear regression 
to compare the percent survival of non-balsa trees 
between plots. For the 9 plots where we measured 
herbivory, we tested for a correlation between 
herbivore damage and percent survival. All 
analyses were performed with JMP Pro 16. 
 
RESULTS 
The average herbivory of leaves within a plot was 
strikingly similar across balsa treatments (F2, 87 = 
1.20, P = 0.31), ranging between 10 and 20% leaf 
area loss (corresponding to an average herbivory 
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score of between 1 and 1.5, Fig. 2). However, we 
found significant variation in herbivory among 
plots of the same treatment (F8, 81 = 3.28, P = 
0.002). Nonetheless, all plots showed the same 
general herbivory pattern, where most leaves 
exhibited low herbivory and fewer leaves 
exhibited high herbivory (Fig. 3). Through our 
insect surveys we found an average of three 
herbivorous insect taxa in each plot, which did not 
vary among treatments (F2, 6 = 1.50, P = 0.29, Fig. 
4).  

Balsa trees in the 75% and 33% plots had very 
similar percent survival between 2019 and 2021, at 
61.4% and 60.9%, respectively. Non-balsa trees in 
the 33% balsa treatment had the highest percent 
survival (70.2%) while the 75% and 0% plots had 
nearly identical percent survival, at 55.6% and 
55.7%, respectively (Fig. 5). The survival did not 
vary significantly for either balsa trees (F1, 4 = 
0.004, P = 0.95) or non-balsa trees (F2, 6 = 1.13, P 
= 0.38). However, the survival of non-balsa trees 
and their herbivory appeared to vary by location of 
the plots, independent of treatment level (Fig. 6). 
The central cluster of plots (L7, H6, H7, M5, L8) 
showed low herbivory and low survival, while 
outer plots (L6, M7, H6) showed high herbivory 
and high survival. The bottom-most plot, M6, 
showed low herbivory and high survival (Fig. 6). 
Across plots there was highly significant variation 
in the mortality of non-balsa trees (X2 = 370.74, P 
< 0.0001, df = 8). Average herbivory was 
unrelated to the survival of non-balsa trees in the 
plot (Fig. 7, regression slope ± SE = 0.35 ± 0.20; t 
= 1.77, df = 7, p = 0.12). 

 

        
Figure 2. Herbivory scores (mean ± SE) of plots planted 
with varying proportions of balsa. N = 3 plots per balsa 
treatment, 10 trees per plot, and 10 leaves per tree. 

 
Figure 3. Distributions of herbivory damage on leaves of 
slow-growing non-balsa trees in 9 half-hectare plots at 
Piro Biological Station, Osa Peninsula, Costa Rica. 
Plots were planted with 0, 33, or 75 percent balsa, with 
the remainder being non-balsa trees.  
 

 
Figure 4. Total number of herbivorous insect taxa 
recorded in each of 3 plots in each of 3 balsa treatment 
levels. 
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Figure 5. Percent survival (mean ± SE) of balsa and 
non-balsa trees in each balsa treatment. Trees were 
planted in 2016 (with some replacement plantings in 
2019). Percent survival compares 2019 and 2021.  
 

 

                  
Figure 6. Average herbivory and percent survival of non-
balsa trees in plots by location.  
 

 
Figure 7. Percent survival of non-balsa trees against 
average herbivory by plot. 75% balsa plots shown in 
orange and consist of plots H6, H7 and H8. 33% balsa 
plots shown in yellow and consist of plots M5, M6 and 
M7. 0% balsa plots shown in blue and consist of plots 
 L6, L7 and L8.  

DISCUSSION 
Our results supported the simple hypothesis that 
balsa density has no effect on the herbivory or 
survival of neighboring non-balsa trees. However, 
both herbivory and survival of non-balsa trees 
varied among plots independent of balsa density. 
Apparently, there are factors that influence 
herbivorous insects beyond the prevalence of fast-
growing trees. Furthermore, non-balsa trees were 
no more likely to die in plots with high herbivory, 
suggesting that sapling survival is largely 
determined by factors other than herbivory.   

It is possible that the study plots were too 
young (approximately six years old) to exhibit any 
substantial differences in insect community 
composition. While insects are typically the first 
species to inhabit rewilded areas, differences 
among plots and their proximity to existing 
vegetation may influence the time it takes for 
insects to establish. Plots on the edges of existing 
forests or that contained trees prior to restoration 
may develop herbivore populations faster than in 
plots that begin with no vegetation. Differences in 
land use history (e.g., pastureland versus cropland) 
may impact the speed at which regrowth occurs 
and herbivorous insect populations are re-
established. Further investigation is required to 
better understand the factors that impact herbivore 
damage and the relationship between herbivory 
and tree survival.  

Forest communities are complex, and factors 
other than tree composition could influence 
herbivory. Some of the regeneration plots at the 
Piro Biological Station were re-wilded with bird 
houses, bat houses, and piles of dead organic 
matter. These treatments could attract organisms 
from higher trophic levels, which otherwise might 
take longer than insects to move into newly 
available habitat (Vega-Hidalgo et al. 2021). The 
increased abundance of predators could decrease 
the abundance of insects, resulting in lower levels 
of herbivory in re-wilded plots. Nevertheless, 
birds, bats, and mammals often have ranges that 
are much larger than a half-hectare plot (Vega-
Hidalgo et al. 2021), so the effects of re-wilding 
are likely felt by neighboring plots that were not 
re-wilded. Therefore, larger regenerating areas that 
are closer to established forests may acquire 
communities of predators faster than smaller, more 
isolated plots. 
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Given the similarities in herbivory across 
regeneration treatments, future studies can explore 
factors beyond insect presence that contribute to 
effective regrowth strategies. For example, our 
study could be expanded to account for variance in 
land use history and incorporate rewilding factors. 
The balsa experiment at Piro Biological Station 
provides an opportunity to better understand how 
restoration tactics influence tree survival, biomass 
accretion, and understory growth. The balsa 
experiment also provides a positive example of 
conservation biologists learning from indigenous 
peoples and local communities to improve 
regeneration plans using traditional practices.  
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Abstract: Niche theory states no two organisms will share the same niche in an ecosystem. To specialize in this way, 
plants have been characterized as displaying three axes of life history strategies: competitive, stress-tolerant, and 
ruderal. Mangrove trees, which survive fluctuating salinity from tidal movements, face a more difficult challenge 
than most. In our study, we tested the hypothesis that mangroves are stress-tolerant osmoregulators that are 
outcompeted in freshwater environments against the hypothesis that they are specialized ruderals that require high 
salinity (or something else) brought by oceanwater. We compared the distribution of smaller and larger mangrove 
trees and non-mangrove trees across a salinity gradient to test whether mangroves are stress-tolerant but poor 
competitors. We also measured the response of mangrove roots to different salinities. Mangroves were found to 
extend beyond the length of the lagoon, suggesting mangrove range is determined not by mean salinity penetration, 
but by the maximum annual salinity penetration. Further, we found the roots were able to preferentially absorb 
freshwater over saltwater, but only to a certain salinity. Thus, mangroves are osmoregulators, but cannot regulate 
water at the highest (ocean-level) salinities. Our results shed light on mangrove ability to proliferate and thus the 
unique biodiversity they harbor, a particularly pressing question in an age of global anthropogenic changes such as 
rising sea levels and the expansion of brackish environments.  
 
Abstracto: La teoría del nicho afirma que no hay dos organismos que compartan el mismo nicho en un ecosistema. 
Para especializarse de esta manera, las plantas han sido caracterizadas como mostrando tres ejes de estrategias de 
historia de vida: la competencia, ser tolerante al estrés y ser ruderal. Los manglares, que sobreviven a la salinidad 
fluctuante de los movimientos de las mareas, se enfrentan a un desafío más difícil que la mayoría. En nuestro 
estudio, probamos la hipótesis de que los manglares son osmorreguladores tolerantes al estrés que son superados en 
ambientes de agua dulce contra la hipótesis de que son ruderales especializados que requieren alta salinidad (o algo 
más) traídos por el agua del océano. Comparamos la distribución de los manglares más pequeños y grandes y los no 
manglares a través de un gradiente de salinidad para probar si los manglares son tolerantes al estrés, pero 
competidores pobres. También se midió la respuesta de las raíces de los manglares a las diferentes salinidades. Se 
encontró que los manglares se extendían más allá de la longitud de la laguna, lo que sugiere que el rango de 
manglares no está determinado por la penetración media de salinidad, sino por la penetración anual máxima de 
salinidad. Además, encontramos que las raíces eran capaces de absorber preferentemente agua dulce sobre agua 
salada, pero sólo a una cierta salinidad. Por lo tanto, los manglares son osmorreguladores, pero no pueden regular el 
agua en las salinidades más altas (a nivel del océano). Nuestros resultados sacan a la luz la capacidad de los 
manglares para proliferar y, por lo tanto, sobre la diversidad biológica única que albergan, una cuestión 
particularmente apremiante en una era de cambios antropogénicos globales como el aumento de los niveles del mar 
y la expansión de los ambientes salobres. 
 
Key words: Costa Rica, brackish, mangroves, Rio Piro, salinity, variable environment 
 
Palabras claves: Costa Rica, agua salobre, manglares, Río Piro, salinidad, ambiente variable 
  
INTRODUCTION 
An ecological niche describes the role that a 
species plays in its community. It includes both 
abiotic conditions and biotic interactions. Niches 
can be broad or narrow; for example, there are 
fungi that only exist within the nests of leaf cutter 
ants, while the niche of a blue whale can span 
oceans. The competitive exclusion principle from 

niche theory states that the coexistence of species 
within a community requires niche differentiation, 
such that species diversify to fill every niche 
possible to maximize their resources while 
minimizing competition. For example, while birds 
may use the same tree, they do so for different 
purposes and often forage in different ways. 
Through the combined forces of competition and 
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natural selection, organisms can maximize overall 
fitness.  

Organisms face trade-offs in allocation of 
resources to growth, maintenance, or reproduction. 
In plants, three dominant functional types have 
been recognized that are characterized by different 
patterns of allocation: competitive, stress-tolerant, 
or ruderals (Grime 1988). Competitive plants 
maximize resource acquisition in stable, 
productive environments. Stress-tolerant plants 
can survive in extreme stressful environments. 
Finally, ruderals act as early colonizers to exploit 
environments with frequent disturbances. These 
three strategies allow plant species to succeed in 
different niches, filling the world with plants. 

One important aspect of plant abiotic 
environment is the osmolarity of its water source. 
Osmolarity refers to the amount of salt found in 
the water, so it is a measure of water salinity. 
Osmosis (the flow of water from one source to 
another to balance the concentration of solutes 
such as salt) drives many crucial physiological 
processes. Individuals balance their internal 
osmolarity with that of the environment. Two 
broad strategies are that of osmoconformers and 
osmoregulators. Osmoconformers allow internal 
osmolarity to match their external environment, 
while osmoregulators use active processes to 
maintain the desired osmolarity regardless of 
environmental conditions. The trade-off between 
these strategies is maintaining the ideal internal 
osmolarity or having more energy to devote to 
other endeavors. The strategy, then, depends on 
the ease with which an organism can survive in its 
environment. For example, extreme environment 
plants (such as desert or ocean plants) frequently 
rely on osmoregulation. On the other hand, 
temperate woody plants (such as oaks) instead rely 
on being osmoconformers, as their environmental 
water source is generally plentiful and of 
appropriate osmolarity. Whether osmoregulators 
or osmoconformers, most plants are adapted to 
respond to a relatively narrow set of conditions. 
Due to this, most plants are found in environments 
with constant saline. For the few plants that exist 
in environments of variable salinities, such as 
intertidal zones or estuaries, the optimal strategy is 
less clear. While being an osmoconformer 
sometimes means having high internal salinity, 
being an osmoregulator oftentimes requires greater 

energy (compared to other species) to constantly 
adjusted to changing environmental conditions. 

The functional type and osmotic strategy of a 
plant is tied to its niche. The fundamental niche 
describes the environment where a species can 
occur, whereas the realized niche consists of the 
subset of its fundamental niche where it does 
occur. The difference between these two niches 
can be driven by the trade-offs discussed between 
the dominant functional types. For example, a 
plant found only in energetically difficult 
environments could have a realized niche 
encompassing the entire fundamental niche if it 
specially adapts to outcompete all other plants in 
that niche; alternatively, the realized niche may be 
only a portion of the fundamental niche if it is 
outcompeted in less difficult environments. The 
former would likely be a ruderal species, adapted 
for the disturbances. The latter would likely be 
stress-tolerant, devoting energy to being able to 
handle variable environments, including more 
favorable ones; however, by devoting this energy 
away from growth and instead towards 
maintenance, they are not as successful as the 
competitive plants in the more benign 
environments. 

One such type of plant are mangroves. 
Mangroves form a polyphyletic group of plants 
found in estuaries formed where freshwater rivers 
meet the highly saline water of oceans. Thus, a 
defining characteristic of mangroves is their ability 
to fill niches with fluctuating salinity, which can 
occur as small changes from daily tidal 
movements or as large changes from varying tidal 
heights caused by the moon or river height from 
wet and dry seasons. Understanding why 
mangroves are found only in these variable 
environments can shed light on their fundamental 
and realized niche, their functional type, as well as 
their osmotic strategy. This information is also 
broadly applicable to understanding the 
relationship between functional type and osmotic 
strategy for many species. 

In this study, we examined a mangrove forest 
at the outlet of Rio Piro, at the Piro Biological 
Station in Costa Rica. The mangrove forest 
borders a relatively still body of water (lagoon) 
that is formed from a stream off Rio Piro that is 
often flooded with oceanwater during the high 
tide. We performed transects along this lagoon, 
from closest to the ocean up toward the river, 
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Figure 1. Structure of mangrove forest and lagoon, and setup of transects. 
 
counting all mangroves and non-mangroves and 
classifying their size. By examining the spread of 
various age classes, we examined both the overall 
spread of the mangrove forest as well as where 
new saplings were growing. If mangroves are 
stress-tolerant species that are outcompeted in 
more consistent freshwater environments, saplings 
would extend further upriver than the rest of the 
mangroves. The upriver freshwater area would be 
part of the fundamental niche, but mangroves 
would need to outcompete other plants for which 
this is there realized niche. Alternatively, if 
mangroves are ruderals, uniquely adapted to high 
salinity (or something else the oceanwater 
provides), saplings would be unable to grow 
beyond some minimum distance upriver.  

In addition, to study the osmotic strategy of 
mangroves, we monitored the response of 
mangrove roots to varying salinities. By 
measuring the change in salinity of the water that 
mangrove roots were placed into (consisting of 
freshwater, brackish water, and oceanwater), we 
were able to observe their strategy when faced 
with each condition. If the mangroves are 
osmoconformers, there would be no change in the 
salinity of the water. However, if the mangroves 
are osmoregulators, the salinity of the water would 
increase (in the brackish water and oceanwater) as 
the mangroves would preferentially take up water 
without taking up salt.  
 
METHODS 
Study Site and System 
The mangrove forest, studied January 28-19, 2022, 
was near “The Rocks” of Piro Biological Station 
in Osa Peninsula. The lagoon was predicted to 

show a salinity gradient as it is formed from a 
stream off Rio Piro and oceanwater from high 
tides (Fig. 1). There were two species of 
mangroves present: red mangroves 
(Rhizophoraceae: Rhizophora mangle) and white 
mangroves (Combretaceae: Laguncularia 
racemose). The two non-mangrove taxa that were 
present were palms (Aracaceae) and manchineel 
trees (Euphorbiaceae: Hippomane mancinella).   
 
Salinity Transects of Mangrove Forest 
Starting from the edge of the brackish lagoon, we 
measured out two distances (5 m and 15 m) from 
which to do transects parallel to the water’s edge 
(Fig. 1). At each of these distances, we created 
transects 6 m wide and walked for 120 m away 
from the ocean, until the lagoon surface water was 
no longer visible. Within the transects, we noted 
the distance from our starting point, the height of 
each tree encountered, and whether the tree was a 
mangrove. Tight clusters of sapling-height (less 
than 2 m) and midstory-height (2 m to 6 m) 
mangroves were approximated as 10 saplings per 
meter, and 1 midstory per meter. We measured 
salinity using a YSI salinity probe (YSI Inc., 
Yellow Springs, Ohio) every 10 m at the lagoon’s 
edge, parallel to the transects. Salinity 
measurements were done at high tide 
(approximately 11am) on January 29, 2022.  
 
Root Experiments 
Red mangrove roots were examined, as they were 
highly abundant, had visible roots, and had roots 
actively in the water. Three distances from the 
water (approximately 15, 10, and 5 m) with 
different apparent ground moisture were 
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designated wet, medium, and dry zones. Three 
roots from two different red mangrove trees per 
zone were collected. Each of the three root tips 
were cut to be 12 cm in length, then each root tip 
was suspended in a cup at a depth of 
approximately 1cm into water, using duct tape for 
suspension and sealing to limit evaporation. Each 
of the three cups contained approximately 100 ml 
of water at different salinities (saltwater from the 
coast, freshwater from the Piro River, and a 50-50 
cocktail of the saltwater and freshwater). After 
approximately 48 hours, the osmolarity of water in 
which the roots were submerged in (the root 
water) was measured using a YSI for each root 
and treatment. 
 
Analytical Methods 
We analyzed the relationship between salinity and 
distance from the ocean using a linear regression. 
Mangrove tree height was grouped into three size 
classes: sapling (0 m to 2 m), midstory (2 m to 6 
m), and canopy (over 6 m). To examine the 
relationship between number of trees (mangrove, 
non-mangrove, and by each size class), we used a 
series of linear regression, as well as an overall 
visual analysis. Finally, to examine the effect of 
starting salinity on the root water salinity, we used 
an ANOVA followed by a t-test to compare any 
increase to zero. All analyses were performed 
using JMP Pro 16.0.0. 
 
RESULTS 
The osmolarity ranged from approximately 29.1 
mS (18.6 ppt) nearest the ocean to 4.35 mS (2.78 
ppt) farthest from the ocean (slope = – 0.206 ± 
0.07 mS, R2 = 0.46, P = 0.011; Fig. 2). There was 
no relationship between the abundance (overall or 
for each age class) and the distance from the 
ocean, either for mangroves or non-mangroves 
(Fig. 3). There was an increase in osmolarity of 
the brackish root water (t-test, t = 43.94, P < 
0.0001), but not the others (ANOVA, F = 1156.07, 
P < 0.0001; Fig. 4). 
 

      
Figure 2. The salinity of the lagoon water, measured 
through conductivity, with increasing distance from the 
ocean. 

 

     
Figure 3. The number of mangroves and non-
mangroves by age class and transect with increasing 
distance from the ocean. The scale for the number of 
mangroves is ten times that of the non-mangroves. 
 

 
Figure 4. Salinity increase, measured through 
conductivity, (mean ± SE) of water surrounding root by 
water treatment. 
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DISCUSSION 
From our measurements of salinity along the river, 
we determined the blending of freshwater with 
intermittent tidal saltwater creates a salinity 
gradient that decreases as one moves upriver. 
Thus, the distance upriver is a proxy for salinity. 
Young mangrove sapling abundance remained 
relatively constant as we moved up the river, 
supporting the hypothesis of mangroves being 
stress-tolerant organisms instead of a saline-
adapted organisms. Notably, however, the salinity 
gradient did not show any significant correlation 
with the total abundance of mangroves, which we 
initially assumed would decline as we moved up 
the river (either due to being outcompeted from 
specialized freshwater plants, or from diminishing 
salt). This is likely due to the range of the 
mangrove forest extending beyond the 120 meters 
we chose for our transect length. A future study 
could utilize a smaller width transect and extend 
farther with similar sampling effort.  

Because we performed the study during the 
dry season, water levels were likely to be less than 
the yearly maxima, so it is possible that mangrove 
ranges could extend farther. The influx of 
rainwater in rainy season may decrease the overall 
salinity of the lagoon but would also expand the 
lagoon’s maximum annual surface water reach. If 
the brackish water can extend to a higher level 
than we observed, this would restrict other plants, 
which would extend the range of the mangrove 
forest. Future studies examining mangrove 
systems in environments with more variable 
precipitation across wet and dry seasons, and 
comparing them against environments with more 
constant precipitation, could clarify this 
hypothesis.  

Our measurements of red mangrove roots 
suggested that red mangroves filter the water 
absorbed through their roots and disfavor the 
uptake of salt. This supports the hypothesis that 
mangroves are osmoregulators, and supports the 
hypothesis that mangroves are stress-tolerant 
organisms, as osmoregulators can survive a much 
larger range of environments than 
osmoconformers. Similar experiments with a 
tighter gradient of salinity, as well as controls both 
with non-mangrove roots and no roots, could 
extend these findings.  

Our results also indicated red mangroves 
cannot filter out salt from ocean water (which was 

at a higher salinity than the brackish water that the 
red mangroves are normally found in), thus 
indicating they are unlikely to survive in highly 
saline environments. This has implications for 
their reproduction. Red mangroves have two 
methods of seed dispersal: 1) they can drop seeds 
attached to roots from their branches, which fall 
straight down and germinate directly beneath the 
parent tree; or 2) they can produce seed pods that 
float on water and thereby disperse to other 
locations (much like a coconut). Because any 
seeds dispersed via the first method might face the 
challenge of growing in a high-salinity 
environment, mangroves may produce more seed 
pods (those that disperse via the second method). 
Future studies comparing the dispersal methods of 
red mangroves in still water (where salinity would 
accumulate) with moving water could shed 
additional light on this strategy. The inability of 
red mangroves to filter water at high salinities 
suggests that they could be challenged by tidal 
surges or diminishing precipitation.  

Saline variable environments exist in many 
places without the presence of mangroves, and a 
comparison of these systems with mangroves has 
implications in mangrove conservation. For 
example, salt marshes on the east coast of the 
United States are also found in estuaries with 
variable tidal influxes of ocean water. Here, cord 
grasses (Spartina alterniflora) and ribbed mussels 
(Geukensia demissa) form a symbiotic relationship 
to withstand these stressful environmental 
conditions (Bilkovic et al. 2017). Unlike that of 
the mangrove, this process is dependent on the 
presence of both species, so it is more easily 
disrupted. Comparing the stress-tolerance of 
mangroves to that of salt marshes could help 
conservationists plan ahead for increasing 
temperatures and overall extreme weather events. 

Our study has shed light on the niche 
competition strategy used by mangroves, as well 
as on the ability of mangrove trees to survive in 
different salinities. As temperatures increase, the 
fundamental niche of mangroves also increases, 
and the mangroves range is currently expanding to 
fill these locations. However, anthropogenic 
changes are resulting in a greater loss of 
mangroves due to rising sea levels and altered 
ocean circulation pattern (Feller et al. 2017). 
Furthermore, shrimp farming has resulted in 
mangrove habitat destruction worldwide due to 
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changes in water dynamics, excess nutrient inputs, 
and fringe erosion (de Lacerda et al. 2021). 
Mangroves are polyphyletic and have evolved 
multiple times to withstand the stress of varying 
salinity, so it is possible new mangroves may 
evolve even if the current species of mangroves 
become extinct. However, the destruction of 
mangroves has significant short-term impacts on 
many other aquatic organisms. Mangrove forests 
act as nurseries for a wide variety of freshwater 
and saltwater fish species, and thus the destruction 
of these mangrove forests could lead to significant 
detrimental impacts on ecosystems around the 
world. Further studies on the proliferation of 
mangrove trees could shed light on how to better-
protect these important ecosystems and thus 
improve global biodiversity.  
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Abstract: Despite their social, ecological, and economic values, tropical rainforests, are being lost at an alarming 
rate. In Costa Rica, forests are fragmented due to historical agriculture. Despite increased recognition of the 
importance of intact forests for sustaining ecological and agricultural interests, little is known about the most 
effective methods of reforestation in degraded forests. We investigated the effects of variable planting densities of a 
tropical pioneer plant – Ochroma pyramidale – on plant productivity at an experimental reforestation plot at Piro 
Biological Station, Osa Peninsula, Costa Rica. If a pioneer plant’s rapid growth and high nutrient concentration 
would best support productivity, planting a higher density of pioneer species would yield the highest woody biomass 
production in a regenerating plot. Alternatively, a lower proportion of pioneer species, coupled with a high 
proportion of other native species, would yield a higher woody biomass productivity due to the benefits of 
biodiversity in maintaining a forest ecosystem. There was no difference in above-ground woody biomass of either 
balsa or non-balsa species among treatments. However, survival was higher for non-balsa trees in plots with 
intermediate rather than higher balsa planting densities. This may indicate that reforestation methods that balance 
planting pioneer plants and other biodiverse species are most effective in tropical forests. Future studies are needed 
to explore the effects of covariates such as soil, herbaceous cover, and geographic location on long-term 
regeneration of forest health.  
 
Abstracto: A pesar de sus valores sociales, ecológicos y económicos, las selvas tropicales se están perdiendo a un 
ritmo alarmante. En Costa Rica, los bosques están fragmentados debido a la agricultura histórica. A pesar de un 
mayor reconocimiento de la importancia de los bosques intactos para mantener los intereses ecológicos y agrícolas, 
se sabe poco acerca de los métodos más eficaces de reforestación en los bosques degradados. Se investigaron los 
efectos de las densidades de siembra variables de una planta pionera tropical, Ochromma pyramidale, sobre la 
productividad de la planta en una parcela experimental de reforestación en la Estación Biológica Piro, Península de 
Osa, Costa Rica. Si el rápido crecimiento y la alta concentración de nutrientes de una planta pionera apoyaran mejor 
la productividad, plantar una mayor densidad de especies pioneras produciría la mayor producción de biomasa 
leñosa en una parcela regeneradora. Alternativamente, una proporción más baja de especies pioneras, junto con una 
proporción alta de otras especies nativas, produciría una mayor productividad de biomasa leñosa debido a los 
beneficios de la diversidad biológica en el mantenimiento de un ecosistema forestal. No hubo diferencia entre los 
tratamientos en la biomasa leñosa sobre el suelo de especies de balsa o no balsa. Sin embargo, la supervivencia fue 
mayor para los árboles no balsa en parcelas con densidades de siembra de balsa intermedias en lugar de mayores. 
Esto puede indicar que los métodos de reforestación que equilibran la plantación de plantas pioneras y otras especies 
biodiversas son más eficaces en los bosques tropicales. Se necesitan estudios futuros para explorar los efectos de 
covariables como el suelo, la cubierta herbácea y la ubicación geográfica en la regeneración a largo plazo de la salud 
forestal. 
 
Keywords: biodiversity ecosystem function, Costa Rica, deforestation, niche complementarity, Ochroma 
pyramidale, Osa Peninsula, pastureland, pioneer plants, productivity, reforestation 
 
Palabras claves: la función de la biodiversidad del ecosistema, Costa Rica, deforestación, complementariedad del 
nicho, Ochroma pyramidale, Península de Osa, los pastos, plantas pioneras, productividad, reforestación 
 
INTRODUCTION 
Forest fragmentation, the process by which 
large, contiguous pieces of forests are broken 
into small, irregular sections, may be one of the  
most pressing threats to tropical forests in the 

 
 
Anthropocene. Fragmented forests decrease 
animal population sizes, inhibit animal 
migrations and block pathways to climate 
refugia. The driving cause of forest 
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fragmentation is deforestation. As logging 
increases, so does the chance that one section of 
forest becomes separated from the next. 
Additionally, as forest fragments become 
smaller, they are less resilient to future change 
(Hubert 2020). Thus, deforestation and 
fragmentation are deeply intertwined, and their 
destructive forces do not appear to be 
decreasing. Half of the world’s tropical forests 
have been destroyed since 1960; today, one 
hectare of tropical forest is lost every second due 
to the demands of commercial and local 
agriculture (IUCN 2021). 

Thus, there is value in understanding the 
speed and efficiency at which forests can 
recover following deforestation. Strategies for 
restoring deforested areas aim to encourage 
natural regrowth, known as secondary 
succession. When disturbed tropical ecosystems 
are protected from further degradation, 
herbaceous cover can develop quite quickly 
from dormant seeds (seed bank) and dispersing 
seeds. These plants may modify the soil into a 
form that better supports the growth of trees. 
Then, herbaceous pioneers are supplanted by 
pioneer tree species that tend to be shade-
intolerant and fast-growing. This further alters 
both the soil and light environment. A 
regenerating tropical forest may eventually reach 
a steady state climax community that tends to 
host high species biodiversity and more soil 
carbon (Capellesso et al. 2021). The recovery of 
deforested areas to mature forests is a frequent 
objective of reforestation ecology in tropical 
ecosystems.  

Human intervention such as replanting 
woody species in degraded forests might 
accelerate the recovery of tropical forests. 
Natural secondary succession can take three 
hundred years or more to produce mature 
forests, and even then the above-ground woody 
biomass may less than that of undisturbed 
forests (Leibsch 2008). Some restoration 
programs have begun planting primary 
successional tree species in forest gaps to 
accelerate secondary succession. One strategy is 
to plant a matrix of native species along with 
fast-growing pioneer species to achieve the dual 
benefits of rapid growth and early establishment 
of species typical of mature forests (Sacco 
2021). A study in Kibale National Park in 

Uganda found that planting of five native tree 
species favored reforestation by promoting the 
natural establishment of 39 native tree species 
(Omeja 2010).  

However, there could be a tradeoff between 
planting pioneer species and promoting 
subsequent tree diversity. For example, woody-
plant density after 10-15 years was lower in 
plots dominated by one pioneer species than in 
more diverse plots (Vleut 2013). This was partly 
because the higher canopy openness of pioneer 
species increased the density of understory 
shrubs, which constrained the establishment of 
late successional tree species (Vleut 2013). This 
example emphasizes the importance of striking a 
balance between successional diversity and the 
establishment of fast-growing pioneer trees, and 
the need for case-specific studies in ecosystems 
of interest. 

One native pioneer species that has been 
used in tropical reforestation practices is the 
balsa tree, Ochroma pyramidale (Malvaceae), 
which is native to the tropical Americas and 
characterized by its thin crown, large leaves, and 
light wood. Balsa trees can reach a height of 
about four meters and a diameter of six 
centimeters in one year (Fletcher 1949). The 
mature height of a balsa tree can be up to 40 
meters (Zea-Camaño et al. 2020). Balsa is 
valued as a primary successional tree due to its 
fast growth rate and high foliar nitrogen. 
However, a high concentration of balsa could 
also constrain long-term system diversity if their 
rapid growth allows them to outcompete other 
tree species.  

We investigated how the productivity of a 
reforesting ecosystem in the Pacific lowlands of 
Costa Rica varied in response to planting 
different densities of balsa trees. If the rapid 
growth and high nutrient concentration of 
pioneer species promotes reforestation, then 
planting a higher density of balsa trees would 
yield the highest ecosystem productivity and the 
above-ground biomass of both balsa and non-
balsa species would be greatest in the plots with 
the highest density of balsa. Alternatively, it 
could be that planting a lower density of balsa 
trees yields the highest ecosystem productivity 
due to the benefits of increased biodiversity in 
forest ecosystems.  
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METHODS 
Study site and system 
We studied the productivity of tree reforestation 
plots at Osa Verde Farm at Piro Biological 
Station, Costa Rica, on January 28-30, 2022. 
The reforested areas were planted between 2014 
and 2018 with four densities of balsa tree: 0%, 
33%, 75%, and natural regeneration. All plots 
besides the natural regeneration had the same 
original number of planted trees and the same 
species richness – the difference lay in the 
number of balsa trees planted per plot. No balsas 
were planted in the 0% plots; in the 33% plots, 
one out of every three trees planted was a balsa. 
For the 75% plots, three of every four trees 
planted was a balsa. We measured two plots 
each of the 0%, 33%, and 75% balsa treatments 
(L7, L10, M7, M9, H8, and H10), all of which 
were planted in 2016. Plots L10, M7, M9, and 
H8 were also part of a rewilding experiment that 
involved placing birdhouses, bat houses, and 
brush in the plots as an attempt to reintroduce 
species to these areas.  
 
Field measurements 
To quantify the above-ground biomass for both 
balsa and non-balsa tree species in our study 
sites, we established an 8 x 8 m quadrat in the 
approximate center of each plot. Next, we 
measured the diameter at breast height (1.3 m, 
DBH) of each balsa and non-balsa species. If the 
woody plant was shorter than 1.3 m, the 
diameter was measured at 0.5 m. If the woody 
plant was shorter than 1 m tall, it was excluded. 
To measure tree height, we used a rangefinder 
(Nikon Laser600) to measure the angle between 
the viewer’s eye level and the top of the tree. 
Then, we measured the distance between the 
viewer and the tree. We multiplied the distance 
(d) by the tangent of the angle (a) and added the 
measurer’s height (p) to find tree height (h) (h = 
dtan(a) + p). We estimated the volume of each 
tree assuming a cone (v = !"!h/3). 

We also measured soil moisture and organic 
layer depth in each plot, and measured grass 
height in a subsample of plots. We took soil 
cores of approximately 16 cm depth at two 
randomized points in each quadrat. We used a 
ruler to measure the depth of the visually 
apparent organic layer. We then measured soil 
mass before and after drying for 24 hours to 

estimate percent soil moisture. We measured the 
lengths of grass blades at three locations within 
the quadrat that were selected by closing our 
eyes and tossing the measuring tape in a 
haphazard direction.  

We also measured species richness by 
counting the number of unique non-balsa woody 
plant species in each 8 x 8 m quadrat. 

 
Mortality Data 
We were given access to survival data all trees 
planted in the thirty balsa restoration plots. This 
effort is led by María José Mata-Quirós, 
Lowlands Restoration Project Coordinator for 
Osa Conservation. Data included the exact 
location of each tree, the tree species, which 
year it was planted in, and whether the tree was 
dead or alive in 2021. We used these data to 
analyze tree survival.  

 
Statistical analyses 
We used ANOVAs to test whether tree was 
affected by balsa density. We first calculated the 
proportion survival of (1) balsa trees and (2) 
non-balsa trees for each of the 30 experimental 
plots and then performed one-way ANOVAs 
with balsa density as treatment levels and plots 
as replicates. Our measurements of tree height, 
diameter, volume, grass height, soil moisture, 
depth of organic layer, and species richness were 
visually evaluated but not statistically tested due 
to low sample sizes.  

All statistical analyses were performed using 
JMP 16.0.0 software (SAS Institute, Cary, NC). 

 
RESULTS 
Balsa tree heights ranged from 2-30 m while 
mean heights of non-balsa woody plants ranged 
from 2.5 to 4 m, with no apparent differences 
between the balsa planting density treatments. 
Mean diameter in balsa trees ranged from 5 to 
25 cm, and in non-balsa trees from 2 to 7 cm. 
Again, there were no apparent effects from balsa 
planting density. Mean balsa tree volume ranged 
from 0.025 to 0.45 m3. In non-balsa woody 
trees, mean volume ranged from just over 0 m3 
to 0.08 m3, with no observable difference 
between treatments. Low sample sizes may have 
caused an increase in this range in both height 
and volume of balsa trees due to outlier effects. 
Measurements for height, diameter, and volume 
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Figure 1. Height, diameter, and volume of non-balsa trees (left) and balsa trees (right) in plots, planted with low, 
medium, or high initial densities of balsa trees. All bars show means with error bars ± SE. (N = 10 trees per replicate 
plot per treatment). 
 
varied greatly by replicate for both balsa and 
non-balsa woody plants (Fig. 1). 

The survival of non-balsa woody plants 
(F2,27 = 2.68, P = 0.09; Fig. 2) ranged from 0.49 
to 0.65 in the 33% and 75% balsa planting 
density plots (Fig. 2). Though, there were no 
significant effects of balsa planting density on 
survival of balsa trees (F1,18 = 0.81, P = 0.38; 
Fig. 2). 

 
Figure 2. The proportion of survival (mean ± SE) of 
balsa and non-balsa woody plants by balsa planting 
density (N = 10 plots per planting density). 

Mean grass height ranged from 0.7 to 1.2 m 
in all treatments, with the tallest grass found in 
the 0% balsa planting density treatment. There 
was no difference between grass height in the 
33% and 75% balsa density plots (Fig. 3). 
Percent soil moisture ranged from 13-23% 
between all treatments. While there were no 
apparent effects from balsa planting density, soil 
moisture varied considerably between the two 
replicate blots with no balsa (Fig. 4). Depth of 
the soil organic layer ranged from 0 to 4 cm, 
with no apparent effect from balsa planting 
density and considerable variability between 
replicate plots (data not shown). Mean species 
richness of non-balsa trees was 4.5 species in the 
0% balsa planting density treatments, 5.5 species 
in the 33% balsa planting density treatments, 
and 2.5 species in the 75% balsa planting 
density, with considerable variability between 
replicates.  
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Figure 3. Height (mean ± SE) of grass in an 8 x 8 m 
quadrat by balsa planting density (N = 3 
measurements per planting density). 

 
Figure 4. Percent soil moisture (mean ± SE) by 
replicate balsa planting density (N = 4 measurements 
per replicate per planting density). 
 
DISCUSSION 
Our experimental findings did not support the 
hypothesis that planting a lower or higher 
proportion of pioneer species influences biomass 
productivity. However, survival was higher for 
all non-balsa trees in treatments with 
intermediate balsa planting densities than in 
treatments with high balsa planting densities. 
Percent soil moisture and depth of the organic 
layer did not differ between balsa planting 
density treatments, but non-balsa woody plant 
species richness was highest in the intermediate 
balsa planting treatments, while grass height was 
found to be greatest in plots where no balsa was 

planted. Thus, our findings suggest that planting 
intermediate densities of pioneer plants, coupled 
with planting a diverse number of native species, 
may be the most effective reforestation 
technique in the degraded forests of the Golfo 
Dulce region of the Osa Peninsula in Costa Rica. 

Mean grass height was lowest in plots where 
balsa trees were planted, perhaps accounting for 
the higher plant productivity and survival in 
these plots. One of the major drivers of 
deforestation in tropical forests is clearing land 
for agriculture, and many pastures have recently 
been abandoned. Manually replanting 
abandoned pastureland may be successful in 
some respects, as demonstrated by the efforts at 
Osa Verde Farm, but competition from 
herbaceous cover may impair the success of 
some reforestation efforts. A heavy cover of 
pasture grasses can limit forest regeneration by 
restricting conditions required for seed 
germination and may limit the amount of light, 
soil moisture or nutrients available to woody 
seedlings (Elgar et al. 2014). Planting a higher 
density of pioneers could lead to a higher 
survival probability by outcompeting herbaceous 
cover with their high growth rate and the 
resultant shading. In addition to planting pioneer 
plants in reforesting pastures, some studies 
suggest implementing above-ground 
management methods such as clearing grass 
around seedlings and burning grass before 
planting to decrease the growth-limiting ability 
of herbaceous cover (Holl 1998). 

Six years after they were initially planted, 
the species richness of woody plants was highest 
in plots with intermediate balsa planting density. 
Substantial evidence points to the positive 
influence of biodiversity on ecosystem function, 
which typically includes above-ground biomass 
production. Increasing biodiversity of plants can 
increase net primary productivity. This, in turn, 
enhances belowground plant and microbial 
biomass, which has positive effects on 
decomposition (Balvanera et al. 2006). Further, 
the larger root and mycorrhizal networks may 
reduce soil erosion and increase storage of 
nutrients for the plants, which are desirable 
effects in the restoration of forests. Increasing 
the biodiversity of a reforested site has the 
potential to cause a positive feedback at the 
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plant-soil interface that enhances forest 
maturation and the accretion of biomass. 

Higher diversity in intermediate balsa 
density plots may also increase seedling success 
via the principle of niche complementarity. 
Niche complementarity is the process by which 
diverse species in a community benefit from 
different forms of a resource (Ashton 2010). 
This resource can biotic or abiotic and can be 
partitioned in multiple ways. Abiotic facilitation 
and resource partitioning are two components of 
niche complementarity that may enhance the 
positive effects of biodiversity on ecosystem 
function. For example, abiotic facilitation may 
occur when one tree species creates a 
microclimate that is favorable for another. 
Further, resource partitioning can manifest in a 
diverse tree community when different tree 
species have differing phenologies of growth 
and nutrient uptake (Barry 2019). As such, 
recent studies have found that planting one 
dominant plant that can outcompete others may 
lead to lower success for all in reforestation 
efforts (Loreau and Hector 2001). Planting an 
intermediate density of one pioneer species amid 
a diverse matrix of other woody species may 
lead to not only higher overall biodiversity, but 
higher productivity. 

Future studies are needed to understand the 
roles of other environmental factors, such as soil 
characteristics, in tropical reforestation efforts. 
We found no correlation between soil moisture 
or depth of the organic layer and balsa planting 
density, which may suggest that soil moisture, or 
other specific soil attributes, do not respond to 
various reforestation efforts or affect the 
productivity of reforested areas. However, past 
studies have found otherwise. Liu et al. 2012 
found that increases in carbon storage remained 
low over the 20-year soil recovery period, 
suggesting that soil carbon restoration is a long 
and slow process. This demonstrates the 
importance of long-term monitoring in 
reforestation efforts. For example, studying the 
effects of agriculture on soil degradation, and 
thus its effect on reforestation in tropical pasture 
lands, could provide important insights into 
future forestry methods. Insights gained from 
evaluation of tropical reforestation methods is 
integral to preserving both biodiversity and the 

livelihoods of many rural communities in the 
tropics. 
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Abstract: The abundance and diversity of food influences the number of niches available in a habitat. While species 
adapt to habitats over millennia, humans can change habitats dramatically within years. To investigate how niche 
diversity changes between natural and human-modified habitats, we studied bird species diversity and foraging 
behavior at Las Cruces Biological Station. We observed birds and their foraging behaviors in three habitats: forest, 
garden, and forest edge. We observed the greatest number of birds (107) and species (29) in the garden, and 
relatively few birds (20) and species (13) in the forest. Bird species diversity was equivalently high in the forest and 
the garden, while diversity of foraging maneuvers was higher in the garden than the forest. We conclude that 
human-modified habitats, such as gardens, have the potential to increase the already high niche diversity of the 
tropics by providing valuable food resources. 
 
Abstracto: La abundancia y diversidad de alimentos influye en el número de nichos disponibles en un hábitat. 
Mientras que las especies se adaptan a los hábitats durante milenios, los humanos pueden cambiar los hábitats 
dramáticamente en años. Para investigar cómo cambia la diversidad de nichos entre los hábitats naturales y los 
modificados por el hombre, estudiamos la diversidad de especies de aves y el comportamiento de forrajeo en la 
Estación Biológica Las Cruces. Observamos aves y sus comportamientos de forrajeo en tres hábitats: Bosque, jardín 
y borde forestal. Se observó el mayor número de aves (107) y especies (29) en el jardín, y relativamente pocas aves 
(20) y especies (13) en el bosque. La diversidad de especies de aves fue alta también en el bosque y en el jardín, 
mientras que la diversidad de maniobras de forrajeo fue mayor en el jardín que en el bosque. Concluimos que los 
hábitats modificados por el hombre, como los jardines, tienen el potencial de aumentar la ya alta diversidad de nicho 
de los trópicos al proporcionar valiosos recursos alimentarios. 
 
Key words: birds, diversity, foraging, human-modified habitats, Las Cruces, niche specialization 
 
Palabras claves: aves, diversidad, forrajeo, los hábitats modificados por el hombre, Las Cruces, especialización del 
nicho 
  
INTRODUCTION 
Over evolutionary time, natural selection leads to 
the diversification of species and niche 
specialization. Niche specialization is the process 
by which a species evolves to occupy a specific 
niche, or ecological role, in an ecosystem. 
Competition is a common driver for niche 
specialization because it reduces the quantity of 
resources available per individual; if two species 
compete equally for the same resource, then each 
species gets only half of the resources. If one 
species is less effective at acquiring the resource, 
then that species would get less than half of the 
resources. It is beneficial, then, for the less 
competitive species to adapt to use a different 
resource and minimize its competition, and for the 
better species to become even better at using that 
resource. The result is that species specialize in 

using particular resources. Therefore, the diversity 
of species in a habitat depends on the diversity of 
niches available for different species to fill. 

The abundance and diversity of food in an 
ecosystem influences the number of available 
niches. Ecosystems with many different food 
sources can support greater numbers of species 
because there are more ways for species to evolve 
to minimize interspecific competition. While niche 
specialization does not eliminate competition – 
resources are always limited – diversification of 
foraging behavior can allow the coexistence of 
species. Foraging behavior can include food 
preference and maneuvers to obtain food, both of 
which are closely linked with morphology. The 
diversification of foraging behaviors is one of the 
earliest-described examples of niche 
specialization: Charles Darwin observed the 
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adaptive radiation of finches on the Galápagos 
islands, which evolved to feed on different foods. 
Over the course of evolutionary time, species 
evolve foraging behaviors and specialized 
morphologies to take advantage of the natural 
resources available in habitats. 

While species adapt to habitats over millennia, 
humans can change habitats dramatically within 
years. These changes are often detrimental to 
ecosystem diversity, such as when humans pave 
over coastal wetlands to build hotels. Other times, 
it is unclear whether human modifications to 
habitats are beneficial or harmful to species 
diversity. For example, the construction of a 
garden in the middle of a rainforest may be a 
sanctuary for seed- and nectar-eating birds, and 
open grasslands may improve the ability of 
insectivorous birds to find prey. Human-modified 
habitats might increase species diversity by 
artificially increasing food abundance and 
diversity, or they might decimate species diversity 
because species adapted to the forest lose 
advantages in their foraging behavior. Thus, there 
is value in better understanding how species 
diversity changes between natural and human-
modified habitats. 

The Las Cruces Biological Station offers an 
excellent opportunity to study changes in species 
diversity due to human-modifications. Las Cruces 
is an ecological research station encompassing 
primary forest, secondary forest, abandoned 
pastures, and an actively cultivated botanical 
garden. Las Cruces is home to over 2000 native 
plant species, 3000 plant species from all over the 
world, and over 400 species of birds 
(TropicalStudies.org). Given the great abundance 
and diversity of birds at Las Cruces and the vast 
body of literature regarding bird foraging, birds 
are an ideal study system to explore the effects of 
human-modifications on species diversity. 
Similarly, the proximity of human-modified and 
natural habitats—the botanical garden next to the 
rainforest—makes Las Cruces an optimal study 
site. 

To investigate how niche diversity changes 
between natural and human-modified habitats, we 
studied bird species diversity and foraging 
behavior at Las Cruces Biological Station, testing 
three alternative hypotheses. The “Garden of 
Eden” hypothesis suggests that natural habitats 
experience intense competition for limited 

resources while human-cultivated habitats offer a 
bonanza of different resources, allowing for 
greater niche diversity. This hypothesis predicts 
that the garden has the greatest diversity of species 
and foraging behaviors. Alternatively, the “nature 
is best” hypothesis suggests that natural habitats 
already have a great abundance and diversity of 
resources while human-cultivated habitats reduce 
resource diversity because humans prioritize 
aesthetics rather than niche diversity. This 
hypothesis predicts that the forest has the greatest 
diversity of species and foraging behaviors. 
Finally, the “best of both worlds'' hypothesis 
suggests that human-cultivated habitats and 
natural habitats offer different resources, so the 
boundary between these habitats would offer the 
greatest niche diversity. This hypothesis predicts 
that the forest edge has the greatest diversity of 
species and foraging behaviors.  
 
METHODS 
Study site and system 
We studied bird species diversity and foraging 
behavior at Las Cruces Biological Station, San 
Vito, Costa Rica, on 6-10 February 2022. Las 
Cruces is located 1200 m above sea level and 300 
km southeast of San José in Coto Brus county 
(Organization for Tropical Studies). Contained 
within the biological station is the Wilson 
Botanical Garden, a 12-hectare cultivated garden, 
and about 350 hectares of primary and secondary 
forest. Las Cruces is a premontane tropical 
environment with a dry season (January to April) 
and rainy season (May to November). 
Temperatures range from 21 – 27 °C during the 
day and 15 – 21 °C at night, and the annual rainfall 
is approximately 4000 mm. We observed birds in 
three non-overlapping regions of Las Cruces: the 
secondary forest, the forest edge, and the botanical 
garden (Figure S-1).  
 
Bird Observations 
We observed birds in each habitat (forest, edge, 
garden) between 0600 and 1000 twice per day on 
6-9 February 2022 (Table S-1). We sampled at 
these times because birds were mostly inactive 
before dawn, and activity substantially diminished 
after 1000. Each observation period lasted 15 
minutes, and we changed the order that each site 
was sampled across the entire time range. Both 
MJC and MAC observed birds during 8 
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observation periods, and MAC observed alone for 
the 9th period. Each site was sampled for a total of 
2 hours and 15 minutes.  
  We audio recorded our observations during 
each 15-minute period and transposed those notes 
to assist in identification. Birds were identified 
both in the field and from notes using Garrigues 
and Dean’s field guide (2014). In addition to 
distinguishing characteristics, we recorded any 
foraging behavior performed by each bird using 
terms based on Remsen and Robinson’s 
classification scheme (1990): glean, hammer, 
hang, hover, peck, reach, and sally (Table S-2). 
 
Analytical methods 
Bird count and species richness were calculated by 
counting the number of birds and species 
(respectively) observed in each habitat across all 
observation periods.  

To quantify species diversity in each habitat, 
we used the Simpson’s Diversity Index (SDI), 
which considers relative abundance of each 
species in addition to species richness (Begon et 
al. 1996).  

We calculated “observed foraging diversity” 
using SDI for the number of species in each 
habitat that performed each observed foraging 
maneuver.  

In addition to our own observations of bird 
foraging behavior, we interpreted the natural 
history descriptions by Stiles and Skutch (1989) to 
provide literature-based foraging maneuvers for 
each species (Table S-2). These maneuvers could 
not be interpreted from the literature as clearly as 
from observations, so we used only the following 
foraging terms: glean, hang, hover, peck, sally. 
The natural history guide did not contain 
information on the crested oropendola, so these 
data were replaced with information about the 
chestnut-headed oropendola, a closely related 

species. We calculated “literature foraging 
diversity” using SDI for the number of species in 
each habitat that performed a group of foraging 
maneuvers (for example: glean, sally, or both) 
cited from the literature. 
 
RESULTS 
Across all observation periods, a total of 220 
individual birds were observed, including 44 
species across 18 families in 7 orders (Table 1). 

We observed the greatest number of birds 
(107) and species (29) in the garden, and slightly 
fewer birds and species at the forest edge (Table 
2). We observed relatively few birds (20) and thus 
few species (13) in the forest. 

The diversity of birds was similarly high in the 
forest and garden, and notably lower at the forest 
edge (Table 2). All three of these values were 
relatively high, indicating high overall species 
diversity at Las Cruces. 

The diversity of bird foraging maneuvers was 
greatest in the garden, followed by the edge, and 
was notably lower in the forest (Table 2). The 
literature indicated a much greater diversity of 
foraging behavior in the forest than our 
observations indicated, but the trend in foraging 
diversity remained the same.  
 
DISCUSSION 
No one hypothesis was clearly supported due to 
differences between trends in species diversity and 
foraging diversity. The differences in species 
diversity among the habitats were very low (less 
than 10% difference) and may not be biologically 
relevant. Each habitat exhibited relatively high 
species diversity, indicating that each habitat, and 
thus the entire region, is highly diverse. This 
observation is unsurprising given the great 
diversity of the tropics in general and the Las 
Cruces region in particular. 

 
Table 2. Comparison among three habitats of numbers of birds observed, species richness, and Simpson’s diversity 
index for species and foraging behaviors. 

 
Table 1. Number of observations of each species across all three habitats.  
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It is worth noting that the greatest species diversity 
was found in the forest despite the forest having 
the fewest total number of observations. Since SDI 
accounts for evenness along with species richness, 
the forest had the greatest species diversity 
because the same species was rarely seen 
repeatedly compared to the garden and the forest 
edge. Interestingly, the differences in foraging 
diversity among the habitats were more 
pronounced, especially between the garden and the 
forest.There was a greater foraging diversity in the 
garden than in the forest, meaning that birds use 
more foraging maneuvers in the garden. These 
data support the “Garden of Eden” hypothesis, 
suggesting that the garden is an oasis with many 
available food niches. 

The forest displayed fewer food niches but 
equivalent species diversity as the garden, 
implying that there is greater interspecific 
competition for food in the forest. One possible 
explanation for why some species are willing to 
tolerate high competition in the forest is 
neophobia; even though it would be advantageous 
for poor competitors in the forest to move to the 
garden, some species struggle to inhabit new 
locations. Thus, the garden may be an oasis, but 
only for species that perceive it as habitat. 
Alternatively, the forest may offer resources other 
than food that support niche diversity, such as 
roosting sites. It is possible that the garden offers 
more foraging niches while the forest offers more 
spatial niches, resulting in equivalent species 
diversity but different foraging diversity. 
Recognizing that tropical rainforests offer a great 
diversity of niches, it is impressive that a human-
modified habitat could also exhibit such high 
diversities of species and foraging behaviors. 
Repeating this study in temperate regions could 
reveal whether human-modified habitats can 
generally be oases or if the diversity of the garden 
was simply due to the high biodiversity of the 
tropics. 

Our results suggest that human-modified 
habitats are not universally detrimental to species 
diversity. The garden at Las Cruces provides a 
plethora of fruits and flowers that occur in higher 
densities than in the forest. The botanical garden 
has many native and non-native plants, so 
generalists and specialists may experience less 
interspecific competition compared to their natural 
habitats if the generalists recognize and exploit 

non-native food sources. Additionally, the open 
space provided by the garden has the potential of 
improving foraging opportunities. Birds may find 
it easier to locate clumps of berries or have greater 
maneuverability for catching insects. Further, the 
garden is in close enough proximity to the forest 
that most birds can easily fly between and use both 
habitats. It is possible that in the early morning, 
when we conducted all our observation sessions, 
birds move to the garden to forage, and return to 
their preferred roosting or perching sites in the 
forest or forest edge for the remainder of the day. 
Future studies could explore how and why species 
move between habitats. 

While our findings suggest that human-
modified habitats can be more diverse than natural 
habitats, it is likely that we underestimated the 
bird abundance and species richness in the forest 
for several reasons. One reason is that dense 
vegetation obstructs views and reduces light 
levels, making it difficult to locate birds, 
especially birds that perch and forage high in the 
canopy. Another reason is that the forest has high 
β-diversity, or different species diversity at local 
and regional levels. It is possible that birds in the 
forest have large home ranges, so there are lower 
probabilities of encountering them in any given 
observation bout compared to birds that occupy a 
much smaller garden. Thus, if our study ran 
longer, we would likely observe new species in the 
forest at a higher rate than in the garden, where we 
would more frequently encounter the same 
species. Therefore, longer-term studies, perhaps 
including acoustic monitoring, could more 
accurately resolve patterns in diversity between 
habitats with potentially different β-diversity. 

The seasonality of the tropics is another factor 
that could confound diversity comparisons 
between the garden and the forest. For one, the 
observability of birds could result in differences in 
apparent diversity; birds call more during the wet 
season for courtship, making them easier for 
observers to locate, especially in low-visibility 
locations like the forest. Beyond observed 
diversity, the true diversity of birds may change 
due to migrations. During the wet season, many 
species of migratory birds fly north to breeding 
grounds while resident species remain, decreasing 
the overall diversity of the region. It is unclear 
from our data whether this decrease in diversity 
would be more pronounced in the garden or the 
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forest because we did not observe many migratory 
species, but it is possible that one habitat could be 
more affected than the other if migratory species 
are unevenly distributed across habitats. Similarly, 
the seasonal cycles of plants could affect foraging 
diversity, especially in the garden because non-
native plants may have different life cycles than 
native plants. Future studies could explore how 
seasonality might affect diversity in natural versus 
human-modified habitats, and whether temperate 
regions exhibit similar patterns as the tropics. 

The great diversity of species and foraging 
behaviors at Las Cruces suggests that many 
species can survive and even thrive in human-
modified habitats. More research is needed to 
clarify how different taxa make use of modified 
habitats, and how modified habitats affect 
community interactions in the surrounding 
environment. Further research on niche diversity 
in human-modified habitats may have important 
implications for conservation, ecotourism, and 
ecology in the Anthropocene. 
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APPENDIX 
 

 
Figure S-1. Map of Las Cruces Biological Station. 
Habitats are broadly indicated by colored fields: forest is 
yellow, edge is grey, and garden is blue. 
 
 
Table S-1. Dates and times of each observation period by habitat. Dates are expressed as DD/MM/YY. 
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Table S-2. Foraging maneuvers of each species, both observed and interpreted from the literature. 
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Abstract: Streams receive inputs from their surrounding terrestrial environment, making them susceptible to changes 
in human land use. Stream benthic macroinvertebrates differ in their responses to changes in nutrient concentration, 
sunlight availability, and contamination levels, making them good indicators of ecosystem disturbance. Human land 
use could affect stream macroinvertebrates in two ways. If human land use disturbs a stream ecosystem, then the 
macroinvertebrate diversity will decrease. Alternatively, if human land use increases a stream’s nutrient and sunlight 
availability with agricultural runoff and reduced canopy cover, then the diversity of the macroinvertebrate 
community will increase. To investigate the effects of human land use on benthic macroinvertebrate communities, 
we sampled one stream running through a cleared pasture and one running through a protected primary forest. 
Although family richness, diversity, and functional group richness did not differ between the streams, these metrics 
did differ between habitats within the streams (pool versus riffle). Pools in the pasture stream had lower family 
richness and diversity when compared to all other habitats, indicating that pools may be especially vulnerable to 
anthropogenic disturbance. Further research is needed to investigate how riparian vegetation, algal growth, and flow 
rate may structure macroinvertebrate communities and minimize the effects of anthropogenic disturbance.  
 
Abstracto: Los arroyos reciben insumos de su entorno terrestre circundante, haciéndolos susceptibles a cambios en 
el uso de la tierra humana. Los macroinvertebrados bentónicos de corrientes difieren en sus respuestas a los cambios 
en la concentración de nutrientes, la disponibilidad de luz solar y los niveles de contaminación, lo que los convierte 
en buenos indicadores de la perturbación del ecosistema. El uso de la tierra humana podría afectar a los 
macroinvertebrados corrientes de dos maneras. Si el uso de la tierra humana perturba un ecosistema de corrientes, la 
diversidad de macroinvertebrados disminuirá. Alternativamente, si el uso de la tierra humana aumenta la 
disponibilidad de nutrientes y luz solar de un arroyo con escorrentía agrícola y cubierta de dosel reducida, entonces 
la diversidad de la comunidad de macroinvertebrados aumentará. Para investigar los efectos del uso de la tierra 
humana en las comunidades de macroinvertebrados bentónicos, muestreamos un arroyo que atraviesa un pasto 
despejado y otro que atraviesa un bosque primario protegido. Aunque la riqueza familiar, la diversidad y la riqueza 
funcional de los grupos no difirieron entre los arroyos, estas métricas sí diferían entre los hábitats dentro de los 
arroyos (piscina versus rifa). Las piscinas en la corriente de pastos tenían menor riqueza familiar y diversidad 
cuando se las comparaba con todos los otros hábitats, lo que indica que las piscinas pueden ser especialmente 
vulnerables a la perturbación antropogénica. Se necesita más investigación para investigar cómo la vegetación 
ribereña, el crecimiento de algas y la tasa de flujo pueden estructurar las comunidades de macroinvertebrados y 
minimizar los efectos de la perturbación antropogénica. 

 
Key words: cattle pasture, Las Cruces Biological Station, macroinvertebrates, stream ecology, water quality 
 
Palabras claves: pastos para ganado, Estación Biológica Las Cruces, macroinvertebrados, ecología del arroyo, 
calidad de agua 
 
INTRODUCTION 
Human alterations to the landscape can have an 
outsized impact on the ecology of an area, even in 
areas relatively distant to the disturbance. The 
transformation of forests to agricultural land can 
alter surface albedo and carbon sequestration rates, 
changing climate at a global scale (Lambin et al 
2003). Changes in surface cover and plant 
community composition can affect 
evapotranspiration rates, altering regional water 

cycles as well as localized soil moisture levels. 
Nutrient cycles, soil organic matter, and erosion 
rates can change with land use, affecting plant 
species richness and growth rates, which in turn 
affect higher trophic levels by determining the 
availability of food and habitat types (Celik 2005). 
Land use changes also have the potential to lower 
biodiversity in streams, making them less resilient 
to pollution, sediment input, or changes in nutrient 
levels. Maintaining resilient stream ecosystems is 
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especially important when human land use has the 
potential to introduce contaminants to the 
ecosystem, given that species-rich areas are more 
likely to be harmed by land use change (Newbold 
et al. 2015). It is imperative that we develop an 
understanding of land use effects in biodiverse 
regions such as Costa Rica.  

Streams are essential habitats for a wide 
variety of taxa, including fish, mollusks, 
amphibians, algae, and the larval stages of many 
terrestrial insects. These communities of benthic 
macroinvertebrates make up the base of the stream 
food web and can provide vital information on the 
ecosystem function of streams. Macroinvertebrates 
are useful bioindicators because most of them are 
relatively long-lived (some more than a year) and 
are osmoconformers, meaning that they are unable 
to regulate the amount of solutes in their systems. 
Some orders, families, or functional groups are 
more sensitive to ecosystem changes than others, 
so the proportion of these sensitive taxa can be 
used to estimate levels of organic pollutants in 
streams.  

Benthic macroinvertebrates comprise a wide 
variety of taxa that include larval stages of 
terrestrial species (e.g., Trichoptera, or caddisflies) 
as well as larval and adult aquatic insects (e.g., 
Elmidae, or riffle beetles). Each of these taxa has a 
high diversity of morphologies and behaviors for 
living underwater, and are an important part of 
nutrient cycling, including as a food source 
(Lehmkuhl 1979). These different strategies are 
called functional groups, which describe broad 
feeding strategies such as filter-feeding or grazing 
on periphyton. Therefore, their community 
structures and abundances greatly affect other 
benthic and terrestrial species.  

The southern Pacific highlands region of 
Costa Rica is characterized by high biodiversity 
and a mixture of pasture and primary forest, which 
makes it an ideal location to study the impacts of 
different land uses on stream communities. One of 
the larger areas of primary rainforest is within the 
Las Cruces Biological Station, which contains 365 
ha of protected primary forest surrounded by 
agricultural land, pastures, and towns. Within this 
area are several separate watersheds, including one 
that consists mainly of primary forest and one that 
consists mainly of pastureland mixed with forest 
patches. The primary forest watershed has 
minimal drainage from pastureland or human 

settlements. Meanwhile, the pasture watershed is 
close to a metal-working shop, several homes, and 
active pastures for cow grazing. These elements 
amplify anthropogenic drainage into the pasture 
watershed, perhaps heightening the differences 
among macroinvertebrate composition between 
the pasture and forest watersheds.  

We compared macroinvertebrate communities 
from streams in each of these watersheds to 
evaluate how pasture drainage affects the stream 
ecosystem. If anthropogenic disturbance is 
important in determining macroinvertebrate 
distribution, then family richness and diversity 
will be highest in the primary forest stream, and 
there will be a higher number of families and a 
higher number of individuals within each family. 
Alternatively, if tropical primary forest streams are 
limited by light and nutrients as is famously true 
for primary tropical forests, then family richness 
and diversity could be highest in the pasture 
stream, because of less canopy cover and more 
nutrients due to runoff from the surrounding 
agricultural land. 

 
METHODS 
Study system  
We studied two watersheds with different land 
uses near Las Cruces Biological Station (8° 47′ 7” 
N, 82° 57′ 32” W), Costa Rica. The “forest” 
watershed was 63.0 ha of mostly primary forest, 
while the “pasture” watershed was 9.7 ha of 
mostly pasture with some forest patches, roads, 
houses, and a machine shop. Samples from a 
stream in the forest watershed were taken 1253 m 
from the nearest upstream road and 1283 m from 
the nearest active cow pasture (Fig. 1). Samples 
from a stream in the pasture watershed were taken 
immediately adjacent to a road, 111 m from a 
house, and 217 m from an active cow pasture. 
Since at least 2000, the pasture-dominated 
watershed has had a consistently lower red-edge 
chlorophyll vegetation index (RECI) than the 
forest-dominated watershed (Fig. 2), verifying that 
forest cover has been substantially higher in the 
forested watershed for several decades. 
 
Sampling  
We collected six kick samples at each stream, 
including three from pools (sections of the stream 
characterized by deep depths and slow currents) 
and three from riffles (shallower and faster 
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Figure 1. Watersheds and distances from sampled streams to sites with varying human land uses. All distances 
measured in Google Earth.  
 
moving sections of streams, usually where rocks 
break the water surface). Each kick sample was 
taken approximately 3 m upstream from the last.   
For each kick sample, we used a 0.5 x 0.5 m 
quadrat and positioned it over the pool or riffle we 
were sampling. We aligned a 500-micron D-net 
with the downstream side of the quadrat. We 
brushed off the rocks and vegetation to dislodge 
any attached invertebrates and gently disturbed the 
sediment at the bottom of the stream, with any 
invertebrates washing into the net. After 
scrubbing, the contents of the D-net were emptied 
into a container filled with a diluted ethanol 
mixture. Invertebrates were later sorted out of the 
samples and identified in the laboratory. 
 

     
Figure 2. Red-edge chlorophyl vegetation index (RECI, 
an indicator of canopy cover) in the forest and pasture 
watersheds from 2000 to 2021. 
Benthic invertebrate identification  

We identified macroinvertebrates from the 
samples under a dissecting microscope at 25x 
magnification. To identify each individual to 
family level, we used a taxonomic key (Haney et 
al. 2013) and two identification guides 
(Department of West Virginia Guide to 
Macroinvertebrates and Lehmkuhl 1979).  
 
Diversity metrics    
Analyses of diversity were broken down by 
sample (riffle 1, riffle 2, pool 1… etc.), habitat 
(riffle vs. pool) and watershed (forest vs. pasture).   

We report family richness (f) as the total 
number of distinct families identified in a sample. 
To calculate average family richness, the count 
from each individual sample was averaged by 
habitat and watershed.   

The Shannon’s diversity index represents the 
number of families identified in a sample (family 
richness) and their relative abundance (evenness) 
within the community. A higher diversity index 
indicates a community with a higher number of 
families and a more even distribution of 
individuals among those families. To calculate the 
Shannon’s diversity index we used the equation:   

! = −1 ∗&'!(ln '!)
"

!#$
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Where pi is the proportionality constant 
representing n/N, the total number of individuals 
in a family identified in a sample divided by the 
total number of individuals in the sample. The 
Shannon’s index was calculated for each sample, 
habitat, and watershed. The average Shannon’s 
index was calculated using the values from each 
sample.   

A measure of β-diversity was calculated as the 
difference between the number of families found 
in 3 samples and the mean number of families 
found in 1 sample for each combination of 
watershed and habitat type.  
 
Hilsenhoff biotic index (HBI) for organic pollution 
The Hilsenhoff biotic index (HBI) is a metric for 
the sensitivity of benthic invertebrates to organic 
pollution, specifically to an increase in dissolved 
organic matter and a decrease in dissolved oxygen. 
Each species and family of benthic invertebrate is 
assigned a value from 0-5 which represents its 
ability to survive in anoxic conditions, with 5 
being the best able to survive and 0 being the most 
sensitive (Table 1). To calculate the cumulative 
HBI for each stream and habitat we used the 
following formula, where i = HBI indicator value 
for each family, n = number of individuals in the 
family, and N = total number of individuals in the 
stream or habitat: 

∑(i × n)
N  

 
For families with a range of values, we used the 
highest (more conservative) indicator value to 
calculate the cumulative HBI. 
 
Functional groups  
To gain insight on the structure of stream food 
webs and the availability of food, we quantified 
the diversity of macroinvertebrate functional 
groups (feeding strategies). We tallied the number 
of organisms in each functional group using 
Lehmkuhl’s classifications to categorize each 
organism as a collector, gatherer, scraper, 
shredder, filterer, or gatherer (1979). When an 
organism fell into multiple functional groups, we 
split it equally between those groups. For instance, 
Elmidae was classified as a scraper and shredder, 
so each Elmidae was counted as 0.5 for both 
groups. 
 
Statistical Analysis  
All analyses were performed with JMP Pro 16. We 
analyzed the effects of watershed (forest vs 
pasture), habitat type (pool vs riffle), functional 
group, and their interactions using a 3-way 
ANOVA (Table 2). 

 
Table 1. Summary table showing number of individual benthic macroinvertebrates (identified to order and family) 
found in each stream separated by riffle and pool. Samples with ≥ 1 individual are highlighted, and samples with ≥ 2 
individuals are highlighted bright yellow. 



Las Cruces Biological Station  

 82 

RESULTS 
Streams in both land use regimes contained a 
similar diversity of macroinvertebrate families, as 
indicated by Shannon’s diversity indices of 4.60 in 
the primary forest watershed and 3.26 in the 
pasture watershed (Table 3). The difference in the 
Shannon index indicates greater community 
evenness in the primary forest stream compared to 
the pasture stream (Fig. 3). Overall family richness 
and β-diversity were also similar between streams. 
45 families were found in the forest watershed 
while 38 were found in the pasture. Beta diversity 
was 12.3 in the forest and 9.7 in the pasture (Table 
2). The lowest diversity, family richness, and β-
diversity were found in the pools of the pasture 
stream (Fig. 3).   
 
Table 2. Results from 3-way ANOVA of 
macroinvertebrate captures in two watersheds (W = 
pasture or forest), two habitats (H = pool or riffle), and 
six functional groups (FG).

 

Table 3. Indices of diversity, community composition, 
and organic stream pollution for primary forest and 
pasture in riffles and pools. Family richnes = number of 
families / sample; Shannon index = measure of family 
richness and evenness; and operational measure of 
beta diversity = number of new families found with each 
subsequent sample. Hilsenhoff Biotic Index = indicator 
of resilience to organic pollutants on a scale of 0 
(extremely sensitive) to 5 (not sensitive) 

 
 

 
Figure 3. (a) Family richness (number of families / 
sample) and (b) Shannon’s Diversity Index in primary 
forest and pasture riffles (grey) and pools (black) 
(means ± SE).  

The overall trophic composition of 
invertebrates was not affected by land use, as 
evidenced by the similar number and proportion of 
organisms in each functional group between the 
streams (F = 0.40, P = 0.85, df = 1; Fig. 4). 
However, the distribution of organisms between 
pools and riffles was different in the two streams 
(F = 7.39, P = 0.0091, df = 1; Fig. 5), with no 
scrapers or filterers found in pasture pools. 

 

   
Figure 4. Number of benthic macroinvertebrates (mean 
± SE) of each functional group found in a primary forest 
stream and a stream surrounded by pasture.
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Figure 5. Number of benthic macroinvertebrates (mean ± SE) in pools and riffles in forest-dominated and pasture 
dominated watersheds.

DISCUSSION 
We found little overall difference in the family 
richness and diversity of benthic invertebrates 
between the primary forest stream and the stream 
running through pastureland. However, when 
comparing the pools and riffles of each stream, 
pools in the pasture stream had lower family 
richness and diversity. There were no scrapers or 
filterers in this habitat type, though other 
functional groups did not change among habitats. 
The pasture stream scored higher on the HBI, 
indicating a macroinvertebrate community with 
greater pollution tolerance, and thus suggesting 
greater organic pollution in the stream. Our 
findings imply that while there are few stream-
scale differences in water quality between the 
studied streams in forested and anthropogenically 
disturbed landscapes, pool habitats may be more 
negatively affected by human land use than riffles.  

The similarity in benthic invertebrate diversity 
between the streams may have been due to a 10-20 
m section of wooded land surrounding the edge of 
the pasture stream, replicating the effects of the 
forest stream’s riparian zone. The main functions 
of riparian zones, often called riparian buffers, are 
sediment removal and erosion control, shade and 
moderation of water temperature, maintenance of 
biodiversity, improvement of landscape quality, 
and protection of water quality (Broadmeadow and 
Nisbet 2004). Because the removal of riparian 
vegetation negatively impacts benthic invertebrate 
communities, leaving a riparian buffer on 
anthropogenically disturbed streams may mitigate 
the negative effects of human land use (Reid et al. 

2010). In fact, forestry agencies recommend 
protecting the physical characteristics and 
ecological diversities of streams by maintaining a 
riparian buffer, even if it is as little as 10 meters 
wide (Broadmeadow and Nisbet 2004).  

Although the riparian zone appeared to buffer 
some of the anthropogenic influences on the 
pasture stream ecosystem, it did not buffer all 
habitats within the stream equally. Pools in the 
pasture stream had lower diversity than the riffles 
and were dominated by invertebrates with higher 
tolerance to organic pollutants. While there were 
filterers and scrapers in the riffles of the pasture 
stream, there were none in the pools (Fig. 2). As 
scrapers generally show a low tolerance to organic 
pollutants, their absence in the pasture stream 
pools may indicate that pools concentrate organic 
pollutants. Stagnant pools may be more affected 
by human land use and deforestation because they 
accumulate more organic pollutants and become 
anoxic. On the other hand, riffles may be less 
affected by this anthropogenic disturbance because 
their turbulence disperses contaminants and 
increases oxygenation.   

It is also possible that the difference in 
diversity in pools and riffles was due to changes to 
the stream ecosystem caused by the deforestation 
of the surrounding watershed. For example, the 
source of carbon in an ecosystem is often 
allochthonous, but in cases of streams surrounded 
by agriculture, algal productivity may become the 
primary source of carbon for aquatic consumers 
(Hagen et al. 2010). Likewise, when canopy cover 
over a stream is reduced, the amount of light 
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entering the stream increases, which can decrease 
the oxygen availability by increasing gross 
primary production, or by increasing water 
temperature, thus decreasing oxygen solubility. 
These two pathways for reducing the oxygen 
availability could decrease the habitability of the 
stream for benthic invertebrates (Gjerløv and 
Richardson 2010). It is possible that these 
anthropogenic changes to the carbon input and 
oxygen availability in the water are exacerbated in 
pools because of reduced circulation.   

Future studies are needed to understand how 
various environmental factors, such as riparian 
zones, algal growth, and flow rates impact 
macroinvertebrate communities and water quality 
of anthropogenically disturbed streams. When 
forests surrounding streams are cleared, 
environmental factors that are interconnected with 
stream ecology change. These effects can be as 
detrimental to stream communities as the effects 
of organic pollutants draining from agricultural 
runoff. Thus, it is vital to maintain a riparian 
buffer in streams flowing through land affected by 
human use. It is clear that anthropogenic 
disturbance can alter river ecosystems in negative 
ways, calling for more research in forestry 
methods that protect the ecological integrity of 
disturbed streams. 
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APPENDIX 

 
Figure S1. An example of a riffle (primary forest stream, 
riffle 2) and sampling technique using a D-net and a 
0.5x0.5m quadrat.  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
  

 
Figure S2. Canopy cover in pasture stream. 
 

 
Figure S3. An example of cow pasture in the field  
draining into the pasture stream.  
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Abstract: Competition can lead to niche partitioning. Therefore, an abundance of resources may alter or eliminate 
competition. In this study, we examined the partitioning of resources by birds in areas of high nutrient resource 
abundance. At the Las Cruces Biological Station in Costa Rica, we monitored the number of birds visiting two trees 
(garden and forest) throughout the day, marking the zone of the tree they visited. We observed 28 species overall 
and found evidence of both spatial and temporal partitioning, despite the abundance of resources. Overall, the effects 
of competition were present in these trees, despite this abundance, shows other driving forces behind competition 
and niche partitioning. Access to non-nutrient and nearby resources, as well as the interplay between various taxa, 
all combine to create the niche partitioning we observe. 
 
Abstracto: La competencia puede conducir a la partición de nicho. Por lo tanto, la abundancia de recursos puede 
alterar o eliminar la competencia. En este estudio, examinamos la partición de recursos por aves en áreas de alta 
abundancia de recursos nutritivos. En la Estación Biológica Las Cruces en Costa Rica, se monitoreó el número de 
aves que visitaban dos árboles (jardín y bosque) a lo largo del día, marcando la zona del árbol que visitaron. Se 
observaron 28 especies en general y se encontraron evidencias de particionamiento espacial y temporal, a pesar de la 
abundancia de recursos. En general, los efectos de la competencia estaban presentes en estos árboles, a pesar de esta 
abundancia, muestra otras fuerzas impulsoras detrás de la competencia y la división de nicho. El acceso a los 
recursos no nutrientes y cercanos, así como la interacción entre varios taxones, todos se combinan para crear la 
partición de nicho que observamos. 
 
Key words: birds, competition, Las Cruces, niche, niche partitioning, spatial partitioning, species composition, 
temporal partitioning 
 
Palabras claves: aves, competencia, Las Cruces, nicho, partición de nicho, particionamiento espacial, composición 
de especies, particionamiento temporal 
 
INTRODUCTION 
Niche theory states that a community consists of a 
limited number of niches, each occupied by a 
single species, similar to how individuals of 
territorial species will each occupy only one 
territory (Deines et al. 2020). Communities can 
range in size from The Great Barrier Reef to a 
singular rock, depending on the species being 
studied. The number of niches in a community 
also varies, both with the needs of the species 
present and the abundance of resources available. 
Niche theory can be used to explain the reasons 
behind the coexistence and competition among 
species, where niche width and overlap shed light 
on the status, role, and interspecific relationships 
in a community (Alley 1982). 

Competition can change when resources 
changes, and organisms can position themselves 
differently in a niche across time and space, 

modifying species composition in these niches. 
Competition for these limited resources can 
produce complex intra- and interspecific 
relationships, resulting in dominance hierarchies, 
resource partitioning, and differing energetic 
efficiency gained from different parts of the same 
shared resource (Moreno-Opo et al. 2020). To 
cope with the pressures of high competition, 
species might temporally partition themselves 
(using resources at different times in the day) or 
spatially partition themselves (use resources in 
different areas). In highly abundant areas, 
however, there may be no need for competition. 
With enough resources for all individuals and 
species, there may be a possible breakdown of 
niche partitioning. 

Morphological differences, not only among 
individuals but also among species, play an 
important role in resource partitioning. For 
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Figure 1. A) Map of Las Cruces Biological Station, with highlighted study sites. B) Forest-edge tree C) Garden-edge 
tree. 

 
example, bird beaks have morphological diversity, 
reflecting the evolutionary specialization to 
overcome biomechanical challenges associated 
with different food types. While some 
hummingbirds have long beaks, others have short, 
curved beaks to access different flowers. These 
morphological differences might also be a result of 
the abundance of other species competing for the 
similar resource. In addition to foraging behavior, 
size also plays an important role in niche 
partitioning. Dominance among birds is linked to 
body size, with larger species tending to be more 
dominant than smaller species. However, even 
smaller species, like hummingbirds, can be highly 
aggressive and territorial. Interactions between 
competing species can thus shape their 
distributions and the range of their niche overlap.  

To examine how animals partition themselves 
in high resource environments, we studied bird 
species location in two trees at different times of 
the day at Las Cruces Biological Station, Costa 
Rica. This region has both protected forests and 
gardens and is home to over 400 species of 
montane and lowland birds, making it an attractive 
study site (Organization for Tropical Studies). If 
the abundance of resources leads to a lack of 
competition, there would be a breakdown of order 
and no pattern would be displayed between 
species and what time and part of the tree they 
used. Alternatively, if the abundance of food 
allows species to prioritize access to other, time-
sensitive resources, temporal partitioning would 
lead to differences in the species visiting during 
each time of day. The persistence of niche 
differentiation could be expressed as spatial 
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partitioning in which species use different parts of 
the tree. 
 
METHODS 
Study System and Site 
We studied bird species and the locations and 
times of bird visitations to two trees at the Las 
Cruces Biological Station, Costa Rica from 
February 7-9, 2022. We observed two trees in our 
study: a fruiting fig tree (Moraceae: Ficus 
jimenezii), located at the edge of a garden near a 
road, and a flowering tree (Lauraceae: Ocotea sp.), 
located at a forest edge close to the cabins (Fig. 1). 
Ficus jimenezii are evergreen trees that grow up to 
20 m and produce synconia (fig fruits) in 
February, April-May, July-August (Flora de Costa 
Rica; CRBio). Their synconia are attractive 
sources of nutrients for many frugivorous birds in 
the area. Ocotea fruits are usually small and seeds 
are distributed by frugivorous birds (although only 
flowers were present at the time of this study) (van 
der Werff 2002). Ocotea leaves also often produce 
oils, which are used by animals for a multitude of 
things. 
 
Data Collection 
To study bird diversity across time and space, we 
observed the two trees for three days between 
05:50-08:45 in the morning, 11:20-13:05 in the 
afternoon, and 16:25-17:55 in the late afternoon. 
During these durations, each tree was observed for 
30 minutes. Every 5 minutes, the entire tree was 
scanned, noting the total number of individuals of 
each species that were present on the tree, in 
addition to their individual location on the tree: 
top, middle, or bottom. Trees were treated as 2-D 
structures to simplify data collection and analyses. 
We positioned ourselves on either side of the tree, 
whenever possible, to cover as many locations as 
possible.  
 
Analytical Methods 
To test hypotheses about spatial and temporal 
partitioning, for each tree, we conducted chi-
square tests for homogeneity by location in tree 
and time of day, respectively. Analyses were 
restricted to species with at least 10 overall 
visitations (see species highlights in grey in Table 
1 and Table 2). All analyses were performed 
manually using Microsoft Excel. 
 

RESULTS 
Species Diversity 
We recorded 28 species of birds, from 4 orders 
and 13 families visiting the garden tree (Table 1). 
We recorded 12 species, from 3 orders and 8 
families visiting the forest tree (Table 2).  
 
Spatial Partitioning 
At the garden tree, Grey-headed Chachalacas 
dominated the bottom and middle, with Chestnut-
sided Warblers and Spot-crowned Euphonias 
remained at the top (X2 = 33.55, P < 0.0001, df = 
8). The tanagers showed no spatial preference. At 
the forest tree, rufous-tailed hummingbirds 
dominated the bottom of the tree, Blue-throated 
Goldentails and Scaly-breasted Hummingbirds 
were restricted to the top, and Snowy-bellied 
Hummingbirds made use of both middle and top 
(X2 = 238.19, P < 0.0001, df = 6).  
 
Temporal Partitioning 
At the garden tree, the mornings consisted 
primarily of Cherrie’s Tanagers, Chestnut-sided 
Warblers, and Spot-crowned Euphonias, while the 
early afternoon was dominated by Grey-headed 
Chachalacas, which share the late afternoon with 
Blue-grey Tanagers. (X2 = 162.84, P < 0.0001, df 
= 8). Hummingbird species at the forest tree did 
not show different time-preferences (X2 = 4.78, P 
= 0.19, df = 3), although none were present in the 
late afternoon. 
 
DISCUSSION 
We recorded species visitation across space and 
time at two trees with high nutrient resource 
abundance. There was clear evidence for niche 
partitioning (spatial and temporal). While niche 
theory states partitioning occurs due to 
competition for limited resources, there were more 
complex driving factors observed. Larger birds, 
such as chachalacas, motmots, and grackles, were 
able to dominate the entire tree, restricting other 
birds from visiting. None of these species are 
predatory, and so social dominance is likely a 
factor in the niche partitioning. In the garden tree, 
spatial partitioning in the early afternoon was 
driven mostly by territorial hummingbirds, chasing 
off competitors of any other (similarly sized) 
species, none of which fed on the flowers 
throughout the study. Here, the impact of highly 
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Table 1. Number of observations of each species visiting the garden tree by location within tree and time of day.  

Species 
Location within tree 

Total 
Time of day 

Bottom Middle Top Morning 
Early 
Afternoon 

Late 
Afternoon 

Grey-headed 
Chachalaca 30 59 6 95 0 88 7 

Chestnut-sided 
Warbler 3 2 6 11 9 1 1 

Cherrie's Tanager 9 11 4 24 19 0 3 

Blue-grey Tanager 4 9 6 19 6 0 13 
Spot-crowned 
Euphonia 2 3 6 11 7 3 1 

Snowy-bellied 
Hummingbird 0 1 0 1 1 0 0 

Blue-throated 
Goldentail 0 0 1 1 0 0 1 

Chesnut-mandibled 
Toucan 0 3 1 4 0 4 0 

Red-fronted 
Woodpecker 1 1 0 2 2 0 0 

Common Tody-
flycatcher 0 0 1 1 1 0 0 

Yellow-bellied 
Flycatcher 0 5 0 5 5 0 0 

Streaked Flycatcher 0 3 0 3 3 0 0 

Tropical Kingbird 0 1 0 1 1 0 0 

Rufous Piha 1 0 0 1 1 0 0 
Rufous-breasted 
wren 0 0 1 1 0 0 1 

Tropical Gnatcatcher 0 2 1 3 2 0 1 

Clay-colored Thrush 1 1 0 2 2 0 0 
Golden-winged 
Warbler 0 0 1 1 1 0 0 

Tennessee Warbler 0 2 1 3 3 0 0 
Grey-headed 
Tanager 0 1 0 1 1 0 0 

Silver-throated 
Tanager 0 0 2 2 2 0 0 

Green Honeycreeper 0 1 3 4 3 0 1 

Bananaquit 0 4 3 7 2 2 3 

Streaked Saltator 0 0 1 1 1 0 0 

Buff-throated Saltator 0 1 0 1 0 1 0 
Common 
Chlorospingus 0 2 5 7 0 6 1 

Thick-billed Euphonia 1 0 0 1 0 0 1 
Yellow-throated 
Euphonia 0 0 2 2 1 0 1 
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Table 2. Number of observations of each species visiting the forest tree by location within tree and time of day.  

Species 
Location within tree 

Total 
Time of day 

Bottom Middle Top Morning 
Early 
Afternoon 

Late 
Afternoon 

Scaly-breasted 
Hummingbird 0 25 58 83 21 62 0 
Snowy-bellied 
Hummingbird 8 105 13 126 50 76 0 
Rufous-tailed 
Hummingbird 30 12 8 50 17 33 0 
Blue-throated 
Goldentail 0 8 37 45 14 31 0 
Charming 
Hummingbird 0 0 2 2 0 2 0 

Blue-crowned motmot 0 1 0 1 1 0 0 

Tropical Gnatcatcher 0 1 0 1 0 0 1 
Golden winged 
Warbler 1 0 0 1 0 0 1 
Chestnut-sided 
Warbler 0 2 4 6 0 1 5 
Silver-throated 
Tanager 0 1 0 1 0 0 1 
Common 
Chlorospingus 5 1 0 6 0 0 6 

Great-tailed Grackle 0 1 0 1 0 0 1 
Yellow-throated 
Euphonia 0 1 0 1 0 0 1 
 
competitive species is seen. In the garden, while 
the chachalacas were occasionally seen eating, 
very few of the other birds showed interest in the 
fig fruits. Due to this, the ideal location for each 
foraging behavior would not dictate location in the 
tree, as most foraging occurred elsewhere. Similar 
patterns were seen in the forest, where only 
hummingbirds foraged in the tree itself. 
Understanding the weights of these factors in this 
inter-specific competition should be the focus of 
future studies.  

These trees may also grant access granted to 
other, nearby resources. Fruits and flowers of 
other trees, as well as insects in and around the 
tree, may all provide hidden nutrient resources. 
The availabilities of these nearby resources, and 
the different species that rely on them, complicates 
the competitive forces at play. Quantifying and 
analyzing the effects of various nearby resources 
can determine which areas provide access to 
limited versus abundant resources. 

In addition to nutrients, trees can provide other 
resources. Controlling a territory is often 
fundamental in mate selection. Monitoring the 
changes in niche partitioning and competitive 

behavior between the breeding and non-breeding 
seasons can examine this force. Leaves, flowers, 
and fruits can also provide cover and protection 
from predators. Branches can also be valuable as a 
place to sit and observe, for predators, mates, or 
prey. This, again, adds layers to the competition at 
play in trees. 

The presence of a range of taxa further 
complicates the situation, especially in the face of 
these hidden resources. The niche requirements of 
animals will vary with size, diet, and phenology. 
Studying taxon in isolation can pick apart the 
competitive forces among species. The intricacies 
of intra-taxon competition, which cannot explain 
the complicated reality of niche partitioning, can 
being to unveil the forces at play. The same can be 
said of resources in isolation. And, as more and 
more taxa and resources are included, we can 
begin to understand the driving factors 
competition and converge on reality. 
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Abstract: Organisms process a large amount of sensory information to avoid predators, find prey, and locate 
resources in their environment. Some species specialize on different senses for various types of foraging activity, 
while others depend on combinations of senses to locate resources. In addition to foraging for food sources, male 
orchid bees (Euglossines) forage for volatile scents to attract mates. There is still much to learn about orchid bees, 
including which cues are used by orchid bees to locate these scent-producing flowers. This experiment tested orchid 
bees’ preference of color, volatile scent elution rate, and presence of other bees for determining where they forage. 
We found that bees prefer high elution rate and are indifferent to color and the presence of other bees in their 
foraging choices. Our results suggest that male orchid bees primarily use olfactory cues to guide their foraging 
strategies. 
 
Abstracto: Los organismos procesan una gran cantidad de información sensorial para evitar depredadores, encontrar 
presas y localizar recursos en su medio ambiente. Algunas especies se especializan en diferentes sentidos para 
diversos tipos de actividad forrajera, mientras que otras dependen de combinaciones de sentidos para localizar 
recursos. Además de forrajear para fuentes de alimentos, las abejas de orquídeas masculinas (Euglossines) forrajean 
para olores volátiles para atraer a los compañeros. Todavía hay mucho que aprender sobre las abejas de orquídeas, 
incluyendo qué señales son usadas por las abejas de orquídeas para localizar estas flores que producen olor. Este 
experimento probó la preferencia de color de las abejas de orquídeas, la tasa de elución volátil del olor y la presencia 
de otras abejas para determinar dónde se forrajean. Encontramos que las abejas prefieren un alto índice de elución y 
son indiferentes al color y a la presencia de otras abejas en sus opciones de forrajeo. Nuestros resultados sugieren 
que las abejas orquídeas macho utilizan principalmente señales olfativas para guiar sus estrategias de forrajeo. 

 
Key words: Euglossine, foraging, orchid bee, sexual selection, volatiles 

  
Palabras claves: Euglossine, forrajeo, abejas orquídeas, selección sexual, volátiles 
 
INTRODUCTION 
Organisms must process environmental cues 
(patterns of stimuli that can be precepted by an 
individual) to identify threats and resources. 
Individuals can use visual, auditory, olfactory, 
gustatory, and tactile cues to locate nutritional 
resources and conspecifics, avoid predation, and 
mate. Some organisms rely on individual senses 
more heavily than others when searching for 
certain environmental resources and have become 
specialized in a particular sense. For example, 
primates have evolved acute red color vision that 
allows them to isolate fruit from the background of 
green leaves. Similarly, robins can use auditory 
cues to locate worms digging through the dirt 
below them (Montgomerie & Weatherhead, 1997). 
More commonly, animals combine multiple senses 
to locate resources more easily. Bumblebees use 
sight and smell to locate new flower patches but 

encounter olfactory cues more often when 
searching for smaller flowers, and visual cues 
more often when searching for larger flowers 
(Sprayberry, 2018). The alternative strategies of 
heavily weighting one sense or combing multiple 
senses are effective ways to optimize survival in 
an environment.  

In addition to these environmental cues, some 
organisms use social cues, such as the presence of 
other individuals, to locate abundant resources 
more efficiently. For example, antbirds eavesdrop 
on the calls of obligate antbirds to locate an army 
ant swarm and aggregate around the swarm to 
predate fleeing arthropods. This suggests that 
foraging success can be improved by the ability to 
interact with and accrue information from other 
conspecifics. Different social and sensory 
information may be weighted differently 
depending on an individual’s specific needs. For 
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example, the female túngara frog relies primarily 
on visual cues to hunt but locates males by 
listening to their whining and chuck calls (Gridi-
Papp et al., 2006). Thus, organisms may attend 
some cues over others depending on if they are 
foraging for food, avoiding predators, or 
attempting to improve mating success.  

For some species that engage in courtship 
behavior, attending to sensory cues that indicate 
resources critical for mate attraction is important 
for reproductive fitness. When mate choice is 
predominantly driven by females, males will 
compete for these resources to increase their 
mating success. Often, the ability to find rare or 
striking commodities can indicate greater fitness to 
a potential mate. Some birds show extreme 
examples of male courtship displays such as 
bowerbirds, who construct elaborate bowers from 
small twigs, leaves, and brightly colored stones 
(Borgia 1985). Bowerbirds who find higher-value 
items have higher mating success. Effective 
perceptive weighting could play a key role in an 
individual's ability to find appropriate resources 
and increase reproductive success.  

Male orchid bees (Euglossines) are another 
example of species that may use environmental 
and social cues to forage for resources vital to 
their reproductive success. Male orchid bees 
collect volatile scent compounds in storage 
chambers on their hind legs, which are presented 
to females during courtship. Males with a more 
elaborate perfume array are preferred by females, 
perhaps because it indicates greater fitness with a 
capacity to resist infections and parasites (Arriaga-
Osnaya et al. 2017). Male orchid bees may also 
use visual cues such as color to locate flowers that 
produce scents. Some female orchid bees exhibit 
social behavior, but the extent to which male 
orchid bees use social cues is unclear. It is still 
unknown how the male bees choose which flowers 
to visit, and whether they combine social 
information with sensory and visual information to 
optimize their foraging. 

In this study, we tested male orchid bee 
perceptual weighting during scent foraging 
behavior. Visual, olfactory, and social perception 
were tested by manipulating color, volatile elution 
rate, and sociality in several garden and forest 
locations. We observed bee visitations in an 
experimental set-up with two colors and two 

elution rates (high and low). To evaluate several 
competing hypotheses: 

I. If orchid bees rely primarily on one sensory 
cue (either visual or olfactory), bees 
would have more interactions with either 
high elution rate treatments or color 
treatments of the same color. 

II. If orchid bees rely on both visual and 
olfactory cues, there would be more 
interactions with the white color, high 
elution rate treatment. This is because 
white is a natural flower color while green 
is a rare flower color. A high visitation at 
white elution treatments would indicate 
that the bees are able to differentiate the 
white elution rate treatment from the green 
high elution rate treatment. 

We conducted a second experiment to evaluate 
whether sociality affects foraging decisions. This 
involved a similar experimental set up with elution 
devices with and without the presence of another 
bee.  From this, further hypotheses were produced: 

III. If orchid bees rely on social cues above 
sensory cues, there would be more 
interaction with the elution with bees 
present or strong avoidance of treatments 
with bees present.  

IV. If orchid bees rely on sensory cues above 
social cues, there would be more 
interaction with the elution treatments and 
presence of other bees would have no 
effect.  

Through this suite of experiments, we 
experimentally tested the degree to which the 
perception of different sensory cues are weighted.  
 
METHODS 
Study site and system 
We studied orchid bees found in the garden and 
forest areas of the Wilson Botanical Garden at Las 
Cruces Biological Station, Costa Rica. This 
protected botanical garden and forest area is a rich 
and diverse home to thousands of tropical 
organisms. Orchid bees are one member of this 
biodiverse system. Male orchid bees can be seen 
collecting an array of volatile scents to attract 
female mates. While this may vary by species, 
some volatile scents these organisms are attracted 
to include eucalyptus, clove, wintergreen, benzyl 
acetate, and methyl eugenol (Roubik and Hanson 
2004). 
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Flower survey 
On February 6, 2022, we conducted a preliminary 
flower survey around the Wilson Botanical 
Garden. Every new flower species was recorded. 
Additionally, the time, flower color, flower size, 
orchid or non-orchid, and presence of orchid bees 
were recorded. In total, 72 flowers were observed, 
and we found orchid bees in the presence of six 
flowers (Fig 1).  
 
Experimental presentations and sampling methods 
The experimental setup included four wooden 
stakes, placed in a square shape 1 meter apart from 
each other. Each of the four stakes had a different 
experimental treatment including a filter paper 
cone and an elution device (treatment). Two cones 
were constructed with clear filter paper, known as 
the white light treatment. The remaining two were 
constructed with green filter paper, known as the 
non-color light treatment. Four elution devices 
were made to be placed below the four cones. 
These devices were made by soaking a Kim Wipe 
in eucalyptus essential oil for five seconds and 
placing them in a clear 11.5 x 7.5 cm polyethylene 
plastic bag. To alter the rate of elution, two of the 
four plastic bags were folded in half and pinned 
with a paperclip. The full plastic bags were 
marked as “high elution rate”, whereas the folded 
bags were marked as “low elution rate”. To 
account for the paper clip, one was placed in the 
midsection of every plastic bag regardless of 
elution rate.  

The color-scent experiments were run on 
February 7 and February 8, 2022. Each trial was 
conducted for one hour at a new, haphazardly 
selected location in either the garden or forest. 
Every fifteen minutes the experimental display 
(combinations of elution devices and filter cones) 
was randomized to control for confounding 
variables. We sought to minimize bias by having 
three observers from different angles for each trial. 
Bee visitation was scored on a scale of 0 to 3. A 
score of 0 indicated an orchid bee hovering in the 
region surrounding the experimental setup, 1 
indicated an orchid bee within 10 cm of an 
experimental stake, 2 indicated an orchid bee 
touching or closely interacting with an elution 
device, and a 3 indicated an orchid bee fully 
landed on an elution device. The time of day and 

morphotype of the visiting orchid bees were also 
recorded.  

The social experiment was conducted on 
February 9, 2022 at two new sites in the 
garden.  We maintained the same set up with four 
stakes in a square formation, with each stake 1 
meter apart. Before conducting this experiment, 
we caught two orchid bees for each trial. These 
bees were caught with a net and placed into a 
plastic bag of the same size as the elution devices 
with oxygen holes poked throughout. One bee was 
placed next to an elution device on a stake, and the 
other bee was placed alone on a stake. On the 
other two stakes a high elution rate elution device 
and an empty plastic bag (null) were used, 
respectively. One of the bees caught for the first 
trial stung a researcher (indicating that it was a 
female orchid bee). Unfortunately, over the course 
of the one-hour experiment, this female orchid bee 
died inside the polyethylene bag. For the second 
experiment, <1ml of diluted sugar water was 
placed in the bee bags to provide them with 
sustenance over the course of the one-hour period. 
3 out of 4 experimental bees survived. The same 
bee visitation score used in the color-scent 
experiments was used in this experimental set.  
 
Analytical Methods 
For the color-scent experiment, we performed a 
three-way ANOVA for mean visitation score 
comparing two locations (forest vs. garden), colors 
(green vs. white), and volatile elution rate (high 
vs. low). For the sociality experiment, we 
performed a two-way ANOVA for mean visitation  
score during the sociality experiment comparing 
bee presence (bee vs. no bee) and volatile presence 
(volatile vs. no volatile). All analyses were 
performed in JMP Pro 16. 
 
RESULTS 
Of the 72 flowers surveyed, bees were found at six 
flowers, three of these were white, two were 
purple and one was red (Fig. 1; Table 1). 
Throughout our experiments, we observed seven 
different morphotypes of orchid bees. We 
observed four morphotypes in the garden, and 
three morphotypes in the forest during our color 
preference experiment. Six of these seven 
morphotypes were observed in the sociality 
experiment (Table 2). 
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Figure 1. Flowers where orchid bees were observed at Las Cruces Biological Station on February 6, 2022 included 
four genera: a) Zingiberaceae, b) Amaryllidaceae, c) Araceae, d) and e) Verbenaceae. 

Table 1. Flowers surveyed on February 6, 2022. The 
color of the flower, whether the flower was an orchid, 
and the presence of orchid bees was recorded. 

  Flower Color 
 White Purple  Red  Pink Yellow Orange 

Total 
Flowers 13 14 19 16 7 3 

Orchid 2 1 0 0 1 1 
Orchid 
Bees 3 2 1 0 0 0 

 
Table 2. Orchid bee morphologies identified in the 
garden and forest during the color experiment and 
during the sociality experiment. 

 
Color-Scent 
Experiment 

Sociality Experiment 
(garden) 

Morphotype Garden Forest   
Green  X X X  
Yellow X 

 
  

Red X 
 

X  
Blue 

 
X X  

Yellow/Green  X X X  
Red/Green 

  
X  

Blue/Green 
  

X  
 

The higher mean visitation score at the high 
elution rate devices (Table 3; Fig. 2) indicates that 
the orchid bees interacted more closely with these 
elution devices. Orchid bees visited the garden  
experimental sites more than the forest 
experimental sites.  They did not show a 

preference for green or white colored elution 
devices (Fig. 2). Orchid bees also significantly 
preferred high elution rate devices over low 
elution rate devices during the sociality 
experiment (Table 4; Fig. 3). Presence of the 
capture bee did not influence visiting behavior by 
other bees (Fig. 3).  

During our observations, we noted interactions 
between orchid bees at the high elution rate 
experimental sites. While two bees would both 
land on an elution device at the same time, they 
sometimes briefly interacted, but subsequently 
segregated to opposite sides of the volatile. 

 
Table 3. Three-way ANOVA for mean visitation score 
during the color experiment comparing the interaction 
between locations (forest vs garden), colors (green vs 
white), and volatile elution rate (high vs low). 

Source df MS F p 
Location 1 3 4.91 0.029 
Color 1 1 2.21 0.14 
Volatile 1 12 11.57 <0.0001 
L x C 1 0 0.24 0.62 
L x V 1 0 0 0.98 
C x V 1 0 0.14 0.6 
L x C x V 1 0 0.18 0.55 
Error 112 58   
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Figure 2. Visitation score (mean ± SE) for color-scent 
experiment in the forest and garden locations. 
Treatment color indicates the color of light that is visible 
under the filter cone.  

 
Figure 3. Visitation score (mean ± SE) for each sociality 
treatment. Bee presence indicates whether there was a 
captured bee at the elution device. Volatile presence 
indicates whether there was an elution device present. 
 
Table 4. Two-way ANOVA interactions for mean 
visitation score during the sociality experiment 
comparing the interactions between bee presence (bee 
vs no bee) and volatile presence (volatile vs no volatile). 

Source df MS F p 

Bee 1 0 0.07 0.79 

Volatile 1 10 29.56 <0.0001 

B x V 1 0 0.09 0.61 

Error 89 31   
 
If a third bee approached the bag, it would not 
land if there were already two bees on the bag, but 
instead hovered nearby. Occasionally, a bee would 
knock the other bee off the volatile and they would 
both dive to the ground, then return to hover at the 
elution device. This behavior could occur several 

times between the same pair over a short period of 
time.  
 
DISCUSSION 
Across all experiments, bees attended exclusively 
to scent cues by primarily interacting with high 
volatile elution devices. This supports the 
hypothesis that orchid bees rely chiefly on 
olfactory cues during scent foraging. Similarly, in 
the sociality experiment, orchid bees did not use 
the presence of other bees as a foraging cue. 
Apparently, orchid bees do not factor the presence 
of bees into their scent foraging choices. 
Surprisingly, orchid bees interacted more with the 
elution devices in the garden than in the forest. 
Overall, the orchid bees did not attend to color or 
social cues and solely relied upon scent cues to 
forage for volatiles. 

We observed that orchid bees did not approach 
the experimental setup until the volatiles had 
diffused far enough that they could be smelled 
from our observation points. There is insufficient 
research on how orchid bees follow the 
concentration gradient of volatiles to their source, 
but it is likely that many factors affect the orchid 
bees’ ability to locate volatiles. These include but 
are not limited to: wind speed, wind direction, 
humidity, and volatile diffusion rate. Additionally, 
the increased density of vegetation in the forest 
could impact the distance volatiles could diffuse as 
well as decreasing the wind speed. Organisms that 
depend on scent to forage must locate resources in 
a variety of environmental conditions. They must 
use behavioral and physiological adaptations to 
sense low concentrations of volatiles and follow 
them to their source when conditions are poor. 
Future studies could examine how perceptual 
weighting and foraging behavior change in high 
wind speed, high humidity, or low diffusion 
volatiles. 

There were often multiple species of bees or 
multiple individuals of the same species 
cohabitating the experimental site. Little is known 
about differences in interaction between 
conspecifics and heterospecifics in orchid bees. 
For most organisms, male-male competition for 
mates is species specific, while competition for 
resources can encompass several species. 
Aggression levels between con- and 
heterospecifics may vary based on the meeting 
context; heterospecific aggression could be higher 
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during encounters related to sexual reproduction, 
while aggression could extend to more species 
during food foraging. It is unknown if this pattern 
applies to orchid bees. Male orchid bees at a novel 
scent may only defend the scent from males of the 
same species, or may not distinguish between 
species and defend the valuable scent from all 
other orchid bees. Further studies could investigate 
how the level of aggression differs between con- 
and heterospecific interactions. 

Orchid bees at the forest site interacted less 
closely with the experimental scent bags relative 
to those in the garden sites. This may be due to the 
lower number of visits to the forest experimental 
site compared to the garden site because of the 
lower volatile diffusion. Alternatively, other 
environmental factors such greater predation 
pressure in the forest may influence orchid bee 
behavior (e.g., the orchid bees in the forest were 
not foraging for scent). For species that inhabit 
multiple habitat types, individual behavior can 
vary greatly between habitats. Individuals could 
change how they weight environmental cues in 
response to the differences in resources and risks. 
Orchid bees in the forest could have been 
weighting predator cues more heavily than 
foraging cues and therefore did not react as 
strongly to the novel scents. Comparing foraging 
strategies of male orchid bees across different 
environments could provide further insight on how 
biotic and abiotic factors affect this sensory 
weighting behavior.  

The volatile (eucalyptus) used in the 
experiment was novel to orchid bees in the region 
and at a much higher concentration than would be 
found naturally. Female orchid bees prefer male 
mates with an array of different scents, and 
novelty is especially valued (Pokorny et al., 2013). 
The strength and novelty of the volatile may have 
overpowered other factors orchid bees usually 
consider when selecting scents. If the reproductive 
pressure is strong enough, certain cues could be so 
highly weighted that they overwhelm survival 
instincts. Predators could take advantage of 
overpowering cues to more easily lure in prey. For 
example, orchid bee predators may wait for their 
prey on flowers with high volatiles. It would be 
dangerous for the orchid bee if the scent cue is so 
highly weighted that the bee doesn’t react to the 
presence of a predator. Future studies could 
investigate if reproductive pressure in orchid bees 

could overweight volatile cues at the expense of 
survival. 
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APPENDIX 
 

 
Figure S-1. Conceptual diagram of the A) color and 
scent experiment in the forest and garden and B) bee 
social experiment in the garden at Las Cruces Biological 
Station.   
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PATTERNS OF NEOTROPICAL TADPOLE MORPHOLOGY IN STREAM AND POND HABITATS 
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Abstract: Animal morphology can influence survival and reproduction. While the template for morphology is 
determined by genotype, it can also be modified by the environment. Tadpoles are an ideal study system to 
investigate the effects of environment on morphological plasticity because tadpoles can inhabit both streams and 
ponds, which can differ in predator abundance, food availability, conspecific population density, and various abiotic 
conditions. We studied tadpoles in two habitats of Las Cruces Biological Station, Costa Rica to compare the 
morphology of tadpoles in streams versus ponds. Within the ponds, where food resources and predator abundance 
were greater, tadpoles were larger and possessed wider tails relative to other body measurements. This finding has 
implications for frog ecology and for the broader field of adaptive phenotypic plasticity.   
 
Abstracto: La morfología animal puede influir en la supervivencia y la reproducción. Aunque la plantilla para 
morfología está determinada por genotipo, también puede ser modificada por el entorno. Los renacuajos son un 
sistema de estudio ideal para investigar los efectos del medio ambiente sobre la plasticidad morfológica porque los 
renacuajos pueden habitar tanto arroyos como estanques, que pueden diferir en abundancia de depredadores, 
disponibilidad de alimentos, densidad poblacional conespecífica y diversas condiciones abióticas. Estudiamos los 
renacuajos en dos hábitats de la Estación Biológica Las Cruces, Costa Rica, para comparar la morfología de los 
renacuajos en arroyos versus estanques. Dentro de los estanques, donde los recursos alimentarios y la abundancia de 
depredadores eran mayores, los renacuajos eran más grandes y poseían colas más anchas en relación con otras 
mediciones corporales. Este hallazgo tiene implicaciones para la ecología de la rana y para el campo más amplio de 
la plasticidad fenotípica adaptativa. 
 
Key words: tadpoles, morphology, phenotypic plasticity, physiological ecology 
 
Palabras claves: renacuajos, morfología, plasticidad de fenotipos, ecología fisiológica  
 
INTRODUCTION 
Animals have evolved morphologies that fit their 
biotic and abiotic environment. For example, 
monkeys have evolved a prehensile tail, which 
allows them to retrieve food more efficiently as an 
arboreal species and thus improves their fitness 
(Xu and Gray 2017). Similarly, desert foxes have 
ears with exceptionally large surface areas, which 
dissipate heat more efficiently and improve their 
fitness in the desert (Geffen and Gerard 2003). 
Morphological features such as these may reduce a 
species’ energy expenditure, allowing it to 
outcompete other species in the same 
environment.  

Morphology is influenced by both genotype 
and the environment (Baye, Abebe, and Wilke 
2011). While genotype dictates the fundamental 
ground plan for an organism's morphology, 
organisms also display phenotypic plasticity, some 
of which may represent adaptive adjustments to 
environmental variation in factors such as 

predation, food availability, competition with 
other organisms, and abiotic factors (Lafuente and 
Beldade 2019). For example, in areas with high 
levels of predation, organisms with greater ability 
for adaptive plasticity may be able to adjust their 
morphology to improve predator avoidance (such 
as a more streamlined form to run from predators, 
or a smaller form to hide from predators). To 
better understand phenotypic plasticity in response 
to environmental variation, the morphology of a 
single species can be studied in multiple habitats 
in close proximity to each other.  

Tadpoles are an attractive study system to 
explore the ways in which environmental factors 
determine animal morphology, as they can be 
found in a wide variety of aquatic habitats. Even 
aquatic habitats near one another may differ in 
predation and food availability, as well as abiotic 
factors such as water current. When these habitats 
are experienced by the same population of 
tadpoles, morphological differences in these 
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tadpoles can be interpreted as phenotypic plasticity 
in response to environmental conditions. For 
example, growth rate of tadpoles can be influenced 
by water temperature, food availability, available 
space per individual, and presence of predators 
(Marques 2018). Additionally, tadpole tail length 
and width can vary with factors such as predator 
rate (Van Buskirk and McCollum 2000). Ponds 
and streams are two habitats with different abiotic 
and biotic factors that could result in the 
expression of phenotypic plasticity in tadpole 
morphology. A comparison of tadpole morphology 
in these habitats could shed light on how 
environmental variance influences adaptive 
phenotypic plasticity.  

We tested for differences in tadpole 
morphology across two habitats. The hypothesis of 
adaptive phenotypic plasticity predicted 
differences in body shape that could be interpreted 
as producing a better match to the two 
environments than would be possible under the 
alternate hypothesis of fixed morphology. To 
study these hypotheses, body size measurements 
of tadpoles from pond and stream environments 
were measured at two locations within Las Cruces 
Biological Station, Costa Rica. These 
measurements were then compared to 
environmental conditions of the two environments,  
including population density, predator presence, 
food availability, and water current strength.  
 
METHODS 
Study System and Site 
The tadpoles we studied were likely masked tree 
frogs (Smilisca phaeota) based on distinctive spots 
on the tail (as corroborated using an identifying  

image by Hughey 2010) (Fig. 1A, 1B) and the 
conspicuous abundance of adult masked tree frogs 
in the surrounding area. These tadpoles were 
found pond and stream habitats at Las Cruces 
Research Station in Puntarenas, Costa Rica. The 
ponds surveyed were located west of the Guaco 
Cabin and the stream locations were located at the 
first major river intersection of the Rio Java trail. 
Two adjacent ponds and three stream locations 
(offsets of the main stream) were surveyed for 
masked tree frog tadpoles and predator presence 
(Fig. 1A and 1B).   
 
Tadpole density measurement 
To determine population abundance of tadpoles in 
each location, we first used a mark-and-recapture 
technique. We captured tadpoles using a standard 
D-net with five scoops taken one minute apart 
from each other. We also noted any potential 
invertebrate predators caught in the D-net. 
Subsequently, we marked all tadpoles with a small 
tail notch using spring scissors. The following day, 
we recaptured tadpoles in the same way and 
recorded the number of notched tadpoles that were 
recaptured. Tadpole abundance was approximated 
from the mark-and-recapture technique by 
multiplying the number of marked tadpoles by the 
total number of recaptured tadpoles and divided by 
the number of marked tadpoles recaptured.  

The volume of each habitat in the two 
locations was measured by determining the 
perimeter of each location and finding the average  
depth using three depth measurements across each 
location. We divided the abundance of tadpoles by 
the habitat volume to estimate population density. 
 
 

 

           
Figure 1. A) Tadpoles collected from the pond location. B) Tadpoles and damsel fly larvae collected from the stream 
location C) Schematic of study organisms from two positions, lateral and dorsal, and anatomic measurements taken, 
including body length (BL), tail width (TW), head height (HH), tail length (TL), and head width (HW). Mass (g) was 
also measured.
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Size measurements 
We measured the captured tadpoles by placing 
tadpoles in a water-filled container and 
using a digital caliper (accurate to 0.01mm) to 
measure full body length, tail length, tail width, 
head height, and head width (Fig. 1C). We also 
measured tadpole mass was measured using a 
pocket scale (accurate to 0.01 grams). We 
measured at least 15 tadpoles at each of the 5 
locations. Measurements of head height and head 
width were combined into one measure o cross-
sectional area because the un-skeletonized heads 
changed shape depending on position.  
 
Analytical Methods 
The mean and standard deviation was calculated 
for each morphology measurement. Where 
appropriate, t-tests were performed to compare 
mean values and F-tests were performed to 
compare variance. A correlation matrix of 
morphological measurements was the basis for a 
principal components analysis to compare the 
morphology of populations. ANOVAs were 
performed to compare principal components 1 and 
2 for stream and pond populations. All analyses 
were done using JMP Pro 16. 
 
RESULTS 
The abundance of predators and food varied 
between the stream and the pond. The stream 
contained a greater number and diversity of 
tadpole predators, including damselfly larvae and 
predacious diving beetles, while the pond 
contained no observable predators. Additionally, 
the pond contained more algae, the likely food 
source for tadpoles. The stream current was 
greater than that of the pond.  

We observed a greater number and density of 
tadpoles in the pond habitat than in the stream. 
From our mark-and-recapture experiment, only 
one notched tadpole was recovered from the two 
ponds surveyed, and no notched tadpoles were 
recovered from the three stream environments 
surveyed. Based on the number of marked 
tadpoles re-caught, we estimated the pond 
population to be at least 1,300 tadpoles (Table 1). 

 
 
Table 1. Counts of tadpoles marked, total recaptured, 
marked recaptures and related population 
approximations.  

Location 
type Marked 

Total 
recaptured 

Marked 
recapture 

 Population 
approximation 

Pond  34 40 1 1,360 

Stream  37 39 0 N/A 

     
  

 
Figure 2. A) Mean and standard deviation of tadpole 
mass by location type (pond or stream). B) Mass by 
location type (pond or stream). The middle line is the 
median, the box denotes the interquartile range, the 
whiskers denote the 1st quartile - 1.5*(interquartile 
range) and 3rd quartile + 1.5*(interquartile range), and 
outliers. 
 

Tadpoles collected from the ponds were 
significantly greater in mass than those collected 
from the stream (t = 10.75, P < 0.0001, df = 137; 
Fig. 2.), and the mass of tadpoles within the pond 
had a larger variance than those in the stream (F118, 

162 = 8.19, P < 0.00001). The body size 
measurements were highly correlated (Table 2), 
and the principal component analyses showed that 
all size measurements had similar loadings to PC1, 
making PC1 interpretable as body size (Table 3).  

 
 
 
Table 2. Correlation matrix for tadpole measurements.  

  

Body 
length 
(mm) 

Tail 
length 
(mm) 

Tail 
width 
(mm) 

Head 
cross-
section 
(mm2) 

Mass 
(g) 

Body length 
(mm) 1.00     
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Tail length 
(mm) 0.96 1.00    
Tail width 
(mm) 0.87 0.84 1.00   
Head cross-
section (mm2) 0.91 0.86 0.86 1.00  
Mass (g) 0.93 0.89 0.83 0.89 1.00 
 
Table 3. Eigenvectors from principal component 
analysis of body measurements.  

  Principle 1 Principle 2 

Body length (mm) 0.460 -0.228 

Tail length (mm) 0.449 -0.362 

Tail width (mm) 0.433 0.818 

Head cross-section (mm2) 0.445 0.159 

Mass (g) 0.448 -0.351 

Variance Explained 90.60% 3.90% 
 

 
Figure 3. Morphological comparison between stream 
and pond tadpoles with respect PC1 and PC2 of a 
principal components analysis.  
 
Secondly, we found that tadpoles in the stream 
generally had longer and thinner tails than 
tadpoles in the pond. This was expressed in PC2, 
which was interpretable as body shape (Table 3). 
Statistical comparison of PC2 was suggestive of a 
difference in body shape, but the p-value was 
greater than 0.05 (F1, 168 = 2.76, P = 0.099; Fig. 3).  
 
 
 
DISCUSSION 
Our study of tadpole morphology suggested that 
environmental conditions may affect body shape. 
Stream locations contained far more tadpole 
predators and less food. Pond tadpoles tended to 
have wider and shorter tails relative to other body 

measurements. Pond tadpoles were larger than 
stream tadpoles, perhaps due to the increased food 
availability and decreased predator presence, but it 
could also be that pond tadpoles hatched earlier.  

Tadpole populations contained at least 
hundreds of tadpoles. This is unsurprising, as 
Smilisca phaeota frogs are reported to lay clutches 
of thousands of eggs at a time. Denser populations 
may face higher risk for predation and 
intraspecific competition for food resources, which 
may in turn cause morphological changes as a 
result of phenotypic plasticity. Further 
investigation of this relationship could provide 
insight into potential effects of environmental 
change on future tadpole populations. For 
example, if species density affects morphology in 
a way that alters fitness, then populations may be 
impacted by decreasing habitat size and 
subsequent food and predation redistribution. 
Further analysis of animal morphology in areas 
where human land use has caused redistribution of 
animal populations would be informative.  

Pond tadpoles were larger than stream 
tadpoles. The increased food availability and 
fewer predators within the pond may explain this 
difference, as tadpoles are able to spend more time 
feeding and less time and energy evading 
predators. However, it is also possible that the 
tadpoles varied by age across locations; if the 
clutches of tadpoles in the pond were laid earlier 
than the clutches of tadpoles in the stream, then 
the pond tadpoles would likely be larger. A future 
study controlling for tadpole age by using tadpoles 
from the same clutch would yield more definitive 
conclusions regarding differences in size between 
stream and pond tadpoles.  

Pond tadpoles, compared to stream tadpoles, 
tended to have larger tail widths relative to other 
body measurements. Some explanations for this 
could include predation pressure and the strength 
of the water current. Stream tadpoles might 
possess thinner and longer tails to increase their 
burst swimming speed, which would allow them to 
more easily escape predators that are prevalent 
within stream environments. The variable currents 
within streams may favor tadpoles with tails better 
suited to combat currents and remain in the safety 
of low current areas. The morphological difference 
in tails suggests adaptive phenotypic plasticity. 
Species with developmental plasticity may have a 
better ability to tolerate small scale environmental 
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differences than those with canalized 
development.  

A better understanding of animal morphology 
in the face of habitat variation can provide 
information regarding the habitats needed to 
conserve biodiversity. By studying the extremes of 
the habitat ranges that phenotypically plastic 
animals can survive in, it is possible to determine 
the level of environmental change a species can 
endure. In an era where anthropogenic climate 
change is causing enormous adjustments in 
environmental conditions, this information has 
growing value for conservation biology.  
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Abstract: Density dependence is the tendency for per capita reproduction to change with population size. Flowering 
plants that rely on pollinators may have unique population dynamics due to their codependence on other species for 
successful reproduction. To test the effects of local population density on individual pollination success, we studied 
different densities of flowering Stachytarpheta jamaicensis in the Wilson Botanical Gardens at the Las Cruces 
Research Station, San Vito, Costa Rica in February 2022. We hypothesized that there could be a relationship 
between group size and individual seed production (fitness) of S. jamaicensis due to the potential effects of 
population density on attracting pollinators. Per capita reproduction, as measured by seed set, was notably higher in 
smaller groups, but visitor diversity increased with group size. This may indicate that smaller populations, with 
fewer flowers, will grow faster than larger groups where pollination success is limited. Despite increased per capita 
pollination in smaller groups, mechanical seed dispersal may result in larger than optimal populations sizes in the 
wild. 
 
Abstracto: La dependencia de la densidad es la tendencia de la reproducción per cápita a cambiar con el tamaño de 
la población. Las plantas en flor que dependen de polinizadores pueden experimentar una dinámica de población 
única debido a su codependencia de otras especies para una reproducción exitosa. Para probar los efectos de la 
densidad de población local sobre el éxito de la polinización individual, estudiamos diferentes densidades de 
Stachytarpheta jamaicensis florecida en el Jardín Botánico Wilson de la Estación Biológica Las Cruces, San Vito, 
Costa Rica en febrero 2022. Se planteó la hipótesis de que podría existir una relación entre el tamaño del grupo y la 
producción individual de semillas (aptitud) de S. jamaicensis debido a los efectos potenciales de la densidad de 
población sobre la atracción de polinizadores. La reproducción per cápita, medida por el conjunto de semillas, fue 
notablemente mayor en grupos más pequeños, pero la diversidad de visitantes aumentó con el tamaño del grupo. 
Esto puede indicar que las poblaciones más pequeñas, con menos flores, crecerán más rápido que los grupos más 
grandes donde el éxito de la polinización es limitado. A pesar del aumento de la polinización per cápita en grupos 
más pequeños, la dispersión mecánica de semillas puede resultar en tamaños de poblaciones más grandes que los 
óptimos en la naturaleza. 
 
Key words: density dependence, pollination, population ecology, reproductive fitness, Stachytarpheta jamaicensis, 
Verbenaceae 
 
Palabras claves: dependencia de la densidad, polinización, ecología de población, aptitud reproductiva, 
Stachytarpheta jamaicensis, Verbenaceae 
 
INTRODUCTION  
In a world with limited resources, an individual’s 
fitness, or ability to survive and reproduce, is often 
influenced by population density. The population 
size that maximizes average per capita 
reproductive success varies widely according to 
species and environmental conditions. In small 
populations, an individual may struggle to find a 
mate, but have more resources for growth and 
reproduction. An individual in large populations 
may have more mate choices and a lower 
likelihood of being preyed upon, yet may 
experience increased competition for resources, 

leading to decreased fitness. The feedbacks 
between abundance and population growth 
determine the properties of endogenous population 
dynamics.  Density dependence manifests 
uniquely in plants due to their stationary nature. 
As such, the density of local plant populations 
may have a particularly strong effect on an 
individual’s fitness. Plants may benefit from 
growing in a low density because it decreases 
intra-species competition for limiting resources 
such as water, light, or nutrients. On the other 
hand, growing among conspecifics might increase 
pollination. Flower structure and abundance tend 
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to be highly adapted for increasing pollination 
success. Some species produce flowers specialized 
for a specific group of pollinators. For example, 
orchids produce only a few flowers, but have a 
specialized reward system to suit the orchid bee’s 
desire to collect scents. Other species have 
evolved to produce a higher density of flowers or 
clusters of flowers (inflorescences). Some plants 
have flowers or inflorescences that are adapted to 
attract a high diversity of potential pollinators  
  Stachytarpheta jamaicensis (Verbenaceae) is a 
flowering woody plant species native to tropical 
America. Thriving in recently disturbed soil, S. 
jamaicensis is widespread across its home range 
and occurs in groups of varying sizes. Like other 
species in the Stachytarpheta genus, S. 
jamaicensis produces many long, thin 
inflorescences that produce sequential clusters of 
flowers over several weeks, progressing upwards 
from the base of the inflorescence. When 
inflorescences dry into a spike, pollination success 
can easily be measured by counting the number of 
seed pairs along the spike. 

To test the effect of local population density 
on individual pollination success, we identified 
four sites with different densities of flowering S. 
jamaicensis at the Las Cruces Research Station, 
San Vito, Costa Rica. If larger groups of plants 
with more total flowers attract more flower 
visitors to the area, average pollination success 
might be increased. Alternatively, if the increase 
in visitors to larger patches is less than the 
increase in flowers, visitation per flower could be 
less and per capita reproduction might decline in 
spite of their being more flower visitors to the area 
overall.  
 
METHODS 
Study system and site 
We studied pollination success in varying densities 
of Stachytarpheta jamaicensis at the Las Cruces 
Research Station, San Vito, Costa Rica between 
February 6th and 9th 2022.S. jamaicensis produces 
inflorescences (30 – 60 cm long) that have 3 – 9 
small flowers open at a time but produce on 
average of 166 flowers over the course of a month 
(Lakshmi and Raju 2011). The flowers range from 
light purple to blue and are bisexual, with each 
flower producing a pair of small seeds (4 mm 
long) as soon as it is fertilized. There is 
disagreement on what the main pollinators of S. 

jamacensis are, but collectively it seems that 
lepidoptera, hummingbirds, and perhaps to a lesser 
extent bees, are all pollinators of this species 
(Lakshmi and Raju 2011). Once an inflorescence 
has finished flowering, the spike dries and 
becomes brittle. 

Our study identified four different sites of 
planted S. jamaicensis in the Wilson Botanical 
Gardens. We quantified the number of flowering 
inflorescences present in each group. Site 1 was 
located in a partly shaded area near the forest 
edge; it had 4 shrubs and a total of 45 
inflorescences. Site 2 was located in a partly 
shaded clearing; it had 11 shrubs and 120 
inflorescences. Site 3 was located in a sunny area 
in front of guest cabins; it had 17 shrubs and 600 
inflorescences. Site 4 was located in the center of a 
planted pollinator garden; it had 9 shrubs and 340 
inflorescences. The S. jamaicensis at site 3 
appeared to be younger than the plants at the other 
three sites as they were about 1 meter tall while 
other sites had shrubs that were closer to 2 meters 
tall. 
 
Flower tracking 
We tracked the progression of flowers along two 
inflorescences at sites 1, 2, and 3. Four 
inflorescences were tracked at site 4. We counted 
the number of flowers in each cluster to calculate 
the average number of flowers open on an 
inflorescence. For four days we measured and 
compared the length of the inflorescence up to the 
base of the first flower in the cluster where it 
emerged from the spike (Fig. S1), and used these 
data to calculate the rate of flower progression up 
the inflorescence. We also measured the size of 
the flower cluster on the spike by measuring from 
the base of the first flower in the cluster to the top 
of the last flower in the cluster. We divided the 
average height of the flower cluster by the average 
rate of cluster progression to obtain percent 
turnover of the entire cluster per day. The number 
of days it took for 100 % turnover of the flower 
cluster represented the average life span of a single 
flower on the inflorescence.  
 
Spike and seed collecting 
We collected two dry inflorescence spikes from 
every tree in a site that had both dried spikes and 
flowering inflorescences. Dry spikes were chosen 
from two random locations on the plant. We 
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ignored spikes that were damaged by seed-eating 
birds or other forces. Several shrubs at site 3 only 
had one dried spike so only one was collected. We 
measured spike length from the start of the ovary 
sites at the base to the tip of the spike. For most 
spikes, only seed pairs in the first 5 – 15 cm from 
the base were removed and counted (Fig. S1b). 
For up to four spikes per site, seeds were counted 
in 5 cm segments starting at the base so seed 
distribution over the spike could be analyzed. The 
number of seeds in the first 5 – 15 cm of these 
spikes were still calculated. To quantify the 
number of successfully pollinated flowers per 
inflorescence spike, we calculated the average 
number of total seed pairs across the length of 
each spike. We also counted the number of 
possible seed pair sites by counting the number of 
ovary sites left behind by flowers in the 5-15cm 
area of the dried inflorescence.  
 
Pollinator Survey 
We observed each site for 20 minutes each on the 
morning and afternoon of February 8th, and the 

morning of February 9th for a total of 1 hour of 
observation at each site. During these observation 
times, any taxa that made contact with a flower on 
an inflorescence was noted. New taxa were 
assigned a number, and a description was written 
so that taxa that visited multiple sites or multiple 
times could be noted (Table 1). Multiple species of 
hummingbirds and skipper butterflies were 
observed but they were recorded in these broader 
taxa groups due to challenges distinguishing 
species across sites.  
 
Statistical Analysis 
To determine the effect of group size and 
taxonomic richness of flower visitors on seed 
quantity in each spike, we performed a linear 
regression group size and seed abundance. 
Analyses were performed using JMP 16.0.0 
software (SAS Institute, Cary, NC). We calculated 
an F-test comparing full versus reduced models, 
testing the null hypothesis that the intercepts and 
slopes of regressions were the same for all four 
clusters (Meter et al., 1988).

 
 
Table 1. Number of viewing periods (N = 3) at which pollinator was spotted, and taxonomic richness at each site. 
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RESULTS 
We measured an average of 6.7 flowers per cluster 
(N = 32) and cluster size averaged at 3.8 cm tall 
(N = 8). There was an average of 1.7 flowers per 
cm of inflorescence and inflorescence spike length 
averaged at 49 cm (N = 80). Additionally, each 
cluster progressed at a rate of about 1.3 cm per day 
(N = 22), and each flower lasts about three days on 
the inflorescence. There was an average of 37.5 
cavities in the 5-15cm section of the spike in 
which a seed pair could have been found (N = 2), 
although some seeds were found in the center of 
the spike as well. The seeds per 10 cm of 
inflorescence (measured from 5-15 cm from the 
base) decreased significantly and linearly with 
number of inflorescences in each group (Fig. 1, 
slope = -0.033 ± 0.006, t = 5.40, P < 0.0001). 
  

 
Figure 1. Seed count measured within a 10 cm length of 
inflorescence across different sites with different 
numbers of inflorescence. 
 

The taxonomic richness of flower visitors 
tended to increase in larger group sizes (Fig. 2, 
Table 1, t = 3.58, P = 0.07). Observational data 
also indicated a higher abundance of potential 
pollinators at larger group sizes. At least one 
hummingbird was observed at three of the groups, 
with higher frequencies of visits as group size 
increased (N = 1 for 45 inflorescences; N = 2 for 
340 inflorescences; N=3 for 600 inflorescences). 
Hummingbirds were frequently observed chasing 
away other potential pollinators (especially 
Bombus spp.) with variable degrees of success. 
Stingless bees at the largest cluster (600 
inflorescences) were an order of magnitude more 
abundant than any other taxa at any location and 

were frequently observed ‘stealing’ nectar from 
the bottom of the flower. 

 

 
Figure 2. Taxonomic richness of inflorescence visitors 
(number of taxa) by group size (N=4). 
 

Seed count per 5 cm along the length of the 
spike increased steeply from the bottom to the 
middle of the spike, then decreased towards the tip 
of the spike (Fig. 3, F6,131 = 7.51, P < 0.0001; H0 = 
slopes and intercepts are equal across 
subpopulations). Seed count for the 45 and 100 
inflorescence groups displayed a high and rapid 
peak in seed count from the base upwards (N = 32; 
N = 38). The 340-inflorescence group displayed a 
shallower and later peak across the spike (N = 46), 
and the 600-inflorescence displayed a distinctly 
later and higher peak than the 340-sized group (N 
= 23). Inflorescence spikes at all four locations 
displayed near-zero seed count values at either end 
of the inflorescence spike. A mean of 71.2 flowers 
were successfully pollinated across the length of 
the inflorescence (N = 14). 
 

 
Figure 3. Seed count per 5 cm along the length of dried 
inflorescence spike (0 cm indicates the bottom of the 
spike).  
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DISCUSSION 
The differences in seed count, and consequently 
fitness, across study sites indicate that S. 
jamacensis populations are density dependent. 
Smaller populations of this species have higher 
individual reproductive success, and thus may 
increase in size over time. Larger populations 
display a lower individual reproductive success, 
and may get smaller over time. While S. 
jamacensis fitness is maximized in small 
populations, a greater density of S. jamacensis 
with more inflorescences attracts a wider diversity 
of visitors. Additionally, we found that the two 
smallest plots reached a higher and earlier peak in 
seed density across the length of the inflorescence 
spikes while the two largest groups reached a 
shorter and later peak in seed density. Differences 
in seed distribution and concentration suggest that 
intraspecific competition in large groups may 
impact both the timing and ultimate success of 
pollination. 

Although our results support the density-
dependent model that smaller populations will 
grow over time, questions remain on how S. 
jamacensis distributes in the wild. Plant 
population growth and distribution is dependent 
upon mechanisms of seed dispersal. Species that 
disperse seeds through animal carriers may remain 
in smaller groups because they send seeds far 
away, improving fitness by limiting intraspecies 
competition for viable germination areas. 
Although we found that S. jamacensis has reduced 
individual fitness in larger groups, such species 
that disperse seeds by soil and water movement 
may continue to grow in larger groups of 
conspecifics because seeds land and germinate 
close to the group. Further studies on how the 
method of seed dispersal affects the density 
dependence of pollinator plants could inform 
management efforts for both endangered species 
and invasive plants.  

We also found that the distribution of seeds 
across an inflorescence varied by site, with spikes 
in larger groups of S. jamacensis achieving a later 
and lower peak in seed density. Larger groups 
provide many more flowers for a pollinator to 
choose from. Pollinators may choose to visit more 
conspicuous flowers higher up on the infloresence, 
as flowers near the bottom may be less accessible 
when closer to leaves. In smaller groups of S. 
jamacensis, a newly emerged flower may be more 

quickly noticed by pollinators due to the smaller 
pool of flowers to choose from, leading to an 
earlier peak in seed density and higher pollination 
success. While inflorescences may achieve a lower 
amount of pollination success per flower when in 
large groups, this characteristic inflorescence is an 
innovative trait that boosts the fitness of 
individuals in the Stachytarpheta genus. Producing 
small clusters of flowers at a time on a vertical 
inflorescence extends a plant’s flowering period 
and ensures that flowers on all inflorescences will 
be conspicuous at some point. Future research 
should explore the potential fitness benefits of 
vertical versus horizontal flower orientation.  

We noted over 20 taxa visiting S. jamacensis 
in our study with the most diversity observed 
where there were the most flowers. For generalist 
flowering plants like S. jamacensis, attracting a 
larger range of pollinators is advantageous. 
Different species of pollinators vary both in their 
visitation behavior and the distance they travel 
between plants, so attracting a diversity of 
pollinators can increase genetic diversity and 
pollination success (Lakshmi and Raju 2011). 
Intriguingly, site four in our study, which had 340 
flowers and was planted in the center of a large 
and diverse pollinator garden, had a lower visitor 
diversity than our study site that was outside of the 
garden but had 600 inflorescences. Although the 
pollinator garden as a whole may contain a greater 
visitor diversity, S. jamacensis visitation suggest 
that the diversity of surrounding plants may have 
little to no effect on individual visitation diversity. 
It appears that the number of conspecifics in a 
group has a substantial effect on visitor diversity. 
Further studies on the effect of conspecific group 
size on visitor diversity may inform pollinator 
garden design for visitor species that are 
endangered or in decline. 

Understanding the ways population density 
and flower abundance may influence plants’ 
reproductive success has implications for 
ecosystem management including the protection of 
rare or endangered species and the control and 
prevention of invasive species. Knowledge of how 
invasive plant populations grow and spread is vital 
when designing effective removal plans and 
guidelines for transporting and growing non-native 
species. The effects flowering plant density have 
on visitor diversity and abundance can inform how 
pollinator gardens are designed and managed to 
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support declining visitor populations.  Finally, 
conservationists can plant rare and endangered 
species according to their ideal population 
densities to support long-term growth and 
stability. Undoubtedly, density dependence in 
flowering plants has played a vital role in fostering 
the unique and diverse symbioses that have 
coevolved between pollinators and flowers over 
millions of years. The interaction between density 
dependence, plant physiology, and visitor diversity 
may help us understand both how such a striking 
diversity of life formed on our planet, and how we 
may conserve that diversity. 
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APPENDIX 

 

 
Figure S-1. a) an image of an average inflorescence of S. jamaicensis in the middle of its flowering period. The length 
from the base of the inflorescence to the base fo the flower cluster was used to calculate inflorescence progression 
rate up the spike. b) an image of the average inflorescence spike that forms after the flower cluster has progressed 
up the stem and once the spike has dried. Seed pairs are enclosed within small pockets up the length of the spike, 
with some seeds nested in the middle of the spike.  
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Abstract: Many animals accumulate materials from their environment for protection, mate attraction, and crypsis, 
but little is known about the criteria animals use to select their decorations. For instance, decorator crabs 
(Omalacantha bicornutus) use algae and other foreign materials to camouflage in intertidal regions. We examined 
how visual environment influences crabs’ decoration selection at Cocles beach in Limón, Costa Rica through in situ 
observations and laboratory experiments manipulating the light and color of crabs’ environments. Crabs decorated 
themselves with a variety of materials, and dark filamentous algae was the most used decoration in both 
observational and experimental studies, regardless of environmental conditions. Additionally, crabs were quick to 
accumulate new coverings after being stripped of decorations. These findings suggest that decoration selection is 
driven by a need to decorate quickly and easily, and crabs do not need to perfectly match their environment.   
 
Abstracto: Muchos animales acumulan materiales de su entorno para su protección, atracción de pareja y cripsis, 
pero poco se sabe sobre los criterios que los animales utilizan para seleccionar sus decoraciones. Por ejemplo, los 
cangrejos decoradores (Omalacantha bicornutus) usan algas y otros materiales extraños para camuflajear en 
regiones intermareales. Se examinó cómo el ambiente visual influye en la selección de la decoración de los 
cangrejos en la playa de Cocles en Limón, Costa Rica a través de observaciones in situ y experimentos de 
laboratorio que manipulan la luz y el color de los ambientes de los cangrejos. Los cangrejos se decoraron con una 
variedad de materiales, y las algas filamentosas oscuras fueron la decoración más utilizada en estudios 
observacionales y experimentales, independientemente de las condiciones ambientales. Además, los cangrejos 
fueron rápidos para acumular nuevos revestimientos después de ser despojado de decoraciones. Estos hallazgos 
sugieren que la selección de decoración es impulsada por la necesidad de decorar rápida y fácilmente, y los 
cangrejos no necesitan adaptarse perfectamente a su entorno. 
 
Key words: algae, camouflage, Cocles, crypsis, decorator crabs 
 
Abstracto: alga, camuflaje, Cocles, cripsis, cangrejos decoradores 
  
INTRODUCTION 
Some animals augment their natural exteriors by 
accumulating biotic and abiotic materials on their 
bodies. These behaviors are done to attract mates, 
avoid predators, improve foraging, deter parasites, 
and protect against harsh environmental 
conditions. For example, assassin bugs carry dead 
ants on their back to deter predators (Brandt and 
Mahsberg 2002), wild boar use mud for 
thermoregulation (Fernandez-Llario 2005), and 
male orchid bees collect volatile scents to attract 
mates (Roubik and Hanson 2004).  

Visual crypsis is one of the dominant reasons 
why animals attach things to themselves (Ruxton 
and Stevens 2015). Appended materials can help 
animals match their visual surroundings, reduce 
contrast with their environment, or disrupt their 
silhouette. Some species adopt this behavior to 
avoid predation, such as how juvenile green 

lacewings carry trash packages that conceal them 
from predatory birds (Nakahira and Arakawa 
2006). Some predators also use decorative 
camouflage: assassin bugs, for instance, coat 
themselves in dust to prevent ants from 
recognizing them as a threat (Brandt and 
Mahsberg 2002).  

The items used as camouflage depend on an 
animal’s morphology, environment, and agency in 
selection. Some animals have physical 
characteristics that promote the accumulation of 
foreign material, but they have little control over 
what objects get attached. For instance, some crab 
spiders have hairs on their cuticle that passively 
catch sand and dirt, decreasing the contrast with 
their surroundings (Gawryszewski 2014). Other 
animals can intentionally affix objects to 
themselves. Sometimes this agency comes with 
increased selectivity in what gets attached. For 
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example, some amphipods capture a live 
gastropod and attach it to their back (McClintock 
and Janssen 1990). The availability of affixable 
materials and the longevity of decorations can also 
influence the assortment of decorations on an 
animal, since animals might be forced to be less 
selective if potential decorations are scarce. 
Decoration selection could also be influenced by 
predation pressure, environmental stress, and 
weight constraints. 

The decorator crab (Omalacantha bicornutus) 
is an ideal study species to test how animals select 
decorations. Decorator crabs can be found in 
intertidal regions, and are known to attach pieces 
of algae, coral, sponges, anemone, and sand to 
their carapaces and legs via velcro-like setae 
(Ruxton and Stevens 2015). These foreign 
materials can help crabs hide from predators by 
camouflaging in the many visual backgrounds 
present in intertidal regions. Understanding how 
these organisms select their decorations can shed 
light on the pressures they face in their 
environment.   

We examined the factors influencing 
decoration selection in decorator crabs by 
observing crabs in their natural habitat and 
through a series of experiments in various visual 
environments. We tested 3 non-mutually exclusive 
hypotheses: (H1) animals select decorations to 
closely match the color and texture their visual 
environment; (H2) animals have an inherent 
preference for a specific type of decoration; and 
(H3) animals select decorations that allow them to 
achieve crypsis in the shortest amount of time. H1 
predicts that crabs wear the same algae types as 
are dominant in their natural habitats, and select 
decorations with low visual contrast to their 
experimental background. H2 predicts that crabs 
consistently favor one or more algae types 
regardless of visual background. H3 predicts that 
the consistently favored algae type is the type that 
allows them to decorate in the shortest time 
possible. 

 
METHODS 
Study site and system 
Studies were conducted at Cocles Beach on the 
Atlantic coast of Costa Rica during low tides on 
23-24 February 2022. The intertidal zone at Cocles 
Beach consists of firm foundations of dead coral 
and many loose sedimentary rocks and broken 

coral fragments on top of white coral sand. Near-
shore reefs protect the intertidal zone from strong 
wave action, fostering a biodiverse habitat.  
  
Crab collection and husbandry 
We haphazardly sampled the intertidal region and 
found 24 crabs. Most crabs were found in less than 
1 m of water within 10 m of the shore, usually 
clinging to rocks. We photographed the rock 
where each crab was found and bagged each crab 
individually. Crabs were brought to the laboratory 
and marked using unique string bands tied around 
either their left or right rearmost leg. Crabs were 
fed fish food once per day and tank water was 
periodically changed to minimize waste 
accumulation. Each aquarium was oxygenated and 
maintained at approximately 23 °C.  
 
Natural crab decorations and habitats 
To assess the natural decoration patterns of 
decorator crabs, we compared crab decorations to 
their background visual environment. We 
estimated each crab’s percent coverage by algae, 
characterizing the algae as dark-colored 
filamentous, light-colored filamentous, dark-
colored fleshy, and light-colored fleshy. The 
remainder of the carapace was covered by sand; no 
crabs were observed with sections of completely 
uncovered carapace. We also estimated each 
rock’s percent coverage by algae and sand across 
the entire rock surface, assuming that the 
remaining percent coverage was the surface of the 
rock. We analyzed the visual similarity of crab and 
rock pairs. 
 
Times of decoration 
To determine how quickly crabs decorate 
themselves, crabs were stripped of all visible 
decorations and then placed in one of four 
identical tanks. Each tank had six crabs, with large 
and small individuals being evenly distributed 
across tanks. We placed equal quantities of the 
four types of algae and sand in each tank as 
possible decoration materials, and tanks were 
illuminated with artificial light. All four tanks 
were surrounded with green paper to potentially 
promote decoration. We observed all study subject 
crabs at the same irregular intervals for 
approximately six hours and recorded estimates of 
percent carapace coverage by algae type for each 
crab. To estimate coverage, we gently removed 
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individual crabs from the tanks, observed them out 
of the water, and then placed them back in the 
tanks. 
 Over the course of experimentation, 4 crabs 
died due to unknown causes, 3 from the same 
tank. We suspected that these crabs were stressed 
from transportation and the stripping process. 
These crabs were not included in analyses because 
they were likely behaving abnormally due to 
stress.  
 
Environmental cues for decoration 
To determine how crabs choose decorations, we 
observed the decoration patterns of crabs in 
different visual environments. Each of the four 
treatments had five crabs, with large and small 
individuals evenly distributed across tanks. The 
treatment groups were defined by two factors with 
two levels each: background color (green or 
yellow) and illumination (bright or shaded). Tanks 
were colored using colored paper surrounding the 
outside, and either illuminated with an artificial 
light or shaded in near darkness with a covering. 
Equal quantities of sand and four types of algae 
were added to each tank as possible decoration 
materials. We stripped each crab of all decoration 
and placed them in their assigned tank. After 40 
hours, we estimated the percent carapace coverage 
by algae type of each crab. 
 At the end of this experiment, 3 crabs were 
found dead. These crabs were considered in 
analyses because they were alive at the beginning 
of the experiment, and we observed that crabs 
decorate very quickly after being stripped. 
 
Analytical methods 
To analyze the visual similarity of crabs to their 
natural environment, we determined the 
predominant algae type on each crab and its paired 
rock. Predominant algae type was defined as the 
algae type with the greatest percent coverage. If a 
crab and its rock exhibited the same predominant 
algae type, the pair matched. In the instances when 
two algae types covered equally high percentages 
of the crab (1 instance found) or the rock (3 
instances found), both algae types were considered 
predominant. Only 2 rocks did not exhibit any 
algae coverage. 
 Similarly, we determined whether each crab 
and each rock was predominantly covered by 
algae or sand. If the predominant surface material 

(algae or sand) was the same for both the crab and 
the rock, the pair matched. 
 In the first experiment, we analyzed the 
redecorated carapace cover of algae types at the 
first and last observations using one-way 
ANOVAs. The effects of light exposure and 
background color were analyzed with one and 
two-way ANOVAs.  
 We used JMP Pro 16.0.0 (SAS Institute Inc., 
Cary, NC) for all statistical analyses.  
 
RESULTS 
The predominant algae type on each crab matched 
the algae on its associated rock in 9 of 21 pairings. 
The types of algae present on both the rock and the 
crab perfectly matched in 6 of 21 pairings. The 
predominant surface material (algae or sand) on 
each crab matched the rock in 13 of 21 pairings. 
Dark filamentous algae was found on 18 of 21 
crabs and was the dominant algae type on 11 
crabs.  
 

 
Figure 1. Average percent carapace cover by algae type 
over time in stripped decorator crabs (N = 20 
individuals). 
 

Crabs stripped of their decoration were quick 
to redecorate, reaching an average of 20% 
carapace cover in under an hour and 38% cover in 
1.7 hours (Fig. 1). Decoration rate then began to 
level off, with crabs reaching 46% decoration at 
the end of the 6.2-hour experiment. Crabs had easy 
access to all four types of algae, but the algae 
types were not used in equal proportions, as dark 
filamentous algae was used significantly more 
than the three other types by the end of the 
experiment (F3, 76 = 7.69, P = 0.0001; Fig. 2). The 
overall pattern of algae use was similar at the first 
observation time (0.7 hours) and last observation 
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time (6.2 hours) (F7, 152 = 1.16, P = 0.33), with all 
algae types increasing in use over the course of the 
experiment (Fig. 2). 

 
Figure 2. Mean percent carapace cover (± SE) between 
first and last observation across all four algae types (N = 
20 individuals). 

Crabs redecorated with similar amounts and types 
of algae, regardless of their visual environment. 
Crabs in green and yellow tanks selected very 
similar decorations (F3, 96 = 0.007, P = 0.93; Fig. 
3). Decoration selection was also similar between 
crabs in bright versus shaded tanks, although 
compared to the yellow versus green treatments, 
there was slightly more variability across selected 
algae types (F3, 96 = 3.04, P = 0.08; Fig. 4). There 
was no effect due to the interaction between 
background color and light exposure, as crabs in 
all four treatments redecorated with similar 
amounts and types of algae (F3, 96 = 0.17, P = 
0.68; Fig. 5). Dark filamentous algae was the most 
used decoration type in all treatments when 
pooling all treatments (students t-test, dark fleshy: 
t = 1.97, P = 0.041; light fleshy: t = 1.9, P = 0.023; 
light filamentous: t = 1.97, P = 0.012 Figs. 3-5). 

      
Figure 3. Mean percent carapace cover (± SE) by algae 
type in tanks with green versus yellow backgrounds (N = 
10 per color condition). 

 

 
Figure 4. Mean percent carapace cover (± SE) by algae 
type in bright tanks versus shaded (N = 10 per condition 
 

  

 
Figure 5. Mean percent carapace cover by algae type (± SE) in tanks exposed to different light conditions and 
background colors (N = 5 per treatment).
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DISCUSSION 
Decorator crabs appear to decorate quickly and do 
not need to perfectly match the visual 
characteristics of their environment. Crabs were 
observed using all four algae types in their natural 
environments, and crabs were often decorated with 
algae types that were not found on their immediate 
surroundings. This suggests that there is not one 
ideal style of decoration, and that decoration does 
not need to perfectly match a crab’s environment. 
Crabs stripped of their decoration redecorated very 
quickly, suggesting that redecorating is a high 
priority, even under stressful conditions. All four 
algae types were found on crabs in all 
experiments, but dark filamentous algae was used 
more than other algae types. This suggests that 
there is some advantage to using dark filamentous 
algae other than its visual properties.  

Decoration might be selected based on the 
energetic costs incurred by the decorator, not the 
visual quality of the decoration itself. Dark 
filamentous algae, favored by the crabs in our 
experiment, might be especially well-suited for 
decoration. Perhaps the thin, low-profile nature of 
this type of algae makes it easier to collect or 
attach. The morphology of crabs’ claws and 
carapaces could also be best suited for cutting and 
securing filamentous, rather than fleshy, algae. It 
is possible that dark filamentous algae is 
lightweight, buoyant, or low-drag compared to 
other algae types, which would reduce the 
energetic costs of carrying it. Since decoration 
usually comes with energetic costs, it is likely that 
other species are also impacted by the size, weight, 
and environmental abundance of their decorations. 
Future research could examine how decorators of 
various taxa balance the visual quality of their 
decoration with the costs of procuring and 
carrying it.  

Crabs do not always match their large-scale 
backgrounds but instead may be specializing to 
camouflage in microhabitats. During the 
observational portion of this study, we quantified 
algae cover at the scale of entire rocks, which were 
much larger than crabs, so crabs that we 
considered as “mismatched with their 
surroundings” might have been matching their 
environment at a finer scale than we measured. 
For example, a crab covered in dark filamentous 
algae might hide in a small patch of dark 
filamentous algae on a rock predominantly 

covered by light fleshy algae. Specialization by 
visual microhabitat would be most beneficial for 
animals that spend most of their time in that one 
habitat; the crab covered in dark filamentous algae 
should remain hidden in the dark patch. Further 
studies could examine the mobility of species and 
background matching at small spatial scales to 
clarify the importance of microhabitats. 

Decoration selection could be driven by a need 
to decorate as quickly as possible. This is 
supported by the fact that crabs stripped of their 
decoration redecorated to nearly their initial level 
of carapace cover in only a few hours. It should be 
noted that crabs in the wild are extremely unlikely 
to be stripped of all their decoration at once, so 
this result could be an artifact of the experimental 
conditions. If animals must redecorate as fast as 
they can, then they might not be able to be as 
selective in their decorations, since the need to 
have some sort of decoration might be more 
important than the quality of the decoration. This 
could be another reason why dark filamentous 
algae was such a popular decoration. If dark 
filamentous algae could be attached more quickly 
than other algae types, then it might be chosen 
regardless of its visual properties. The ability to 
decorate quickly is likely more pressing in 
situations with a high turnover rate of decoration. 
Time is therefore a more pressing factor for 
animals in harsh, high-energy environments and 
animals that use short-lasting decorations that 
could be easily removed or degraded. This could 
be studied further by comparing the level of 
crypsis in species whose decorations last for 
various amounts of time.  

The purpose of decoration might be to simply 
alter the crab’s form. If predators are looking for 
something crab-shaped, then crabs only need to 
select decoration sufficient to change their outline, 
which would not require a perfect match with their 
visual environment. This means that animals could 
adequately camouflage with a wider variety of 
materials and arrangements. However, this looser 
decoration criteria might only apply to species 
whose predators hunt based on prey form. Further 
investigations could test if predator visual system 
corresponds with the form disruption of decorating 
animals. This study has implications for how 
crypsis is impacted by animals’ life histories, 
predation pressures, and environmental conditions.  
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Abstract: Animals require habitats that meet their environmental needs. Habitats with enough structural complexity 
may have small, localized refuges that provide protection from various abiotic or biotic factors. The species 
composition of these refuges can differ over a 24-hour period. Coral reefs have an especially intricate three-
dimensional structure that contains a plethora of refuges. Refuge selection is especially complex in intertidal 
remnant reef structures, as when fish rest or sleep, they may need to reside in a place that provides protection from 
strong wave action. Caves oriented parallel to incoming waves provide more protection from wave action than those 
oriented orthogonally. Fish may also only require a refuge during day or night depending on their life history. In this 
study, we examined the cave usage of fish with respect to wave action across day and night in the intertidal remnant 
reef structures at Punta Cocles, Limón, Costa Rica. There was no difference in the abundance, size, or diversity of 
fish in caves at different angles to wave action. However, there was a difference in the abundance and diversity of 
fish in the same caves across day and night, suggesting that there is a temporal element to habitat selection within 
the same refuges.  
 
Abstracto: Los animales necesitan hábitats que satisfagan sus necesidades ambientales. Los hábitats con suficiente 
complejidad estructural pueden tener refugios pequeños y localizados que brindan protección contra diversos 
factores abióticos o bióticos. La composición de las especies de estos refugios puede diferir en un período de 24 
horas. Los arrecifes de coral tienen una estructura tridimensional especialmente compleja que contiene una plétora 
de refugios. La selección de refugio es especialmente compleja en las estructuras de arrecifes remanentes 
intermareales, como cuando los peces descansan o duermen, pueden necesitar residir en un lugar que proporciona 
protección contra la acción de las olas fuertes. Cuevas orientadas en paralelo a las olas entrantes proporcionan más 
protección contra la acción de las olas que las orientadas ortogonalmente. Los peces también pueden requerir un 
refugio sólo durante el día o la noche dependiendo de su historia de vida. En este estudio, examinamos el uso de los 
peces en cuevas con respecto a la acción de las olas durante el día y la noche en las estructuras de arrecifes 
remanentes intermareales en Punta Cocles, Limón, Costa Rica. No hubo diferencia en la abundancia, tamaño, o 
diversidad de peces en cuevas en ángulos diferentes a la acción de las olas. Sin embargo, hubo una diferencia en la 
abundancia y diversidad de peces en las mismas cuevas durante el día y la noche, sugiriendo que hay un elemento 
temporal para la selección de hábitats dentro de los mismos refugios. 
 
Key words: caves, diurnal cycles, fish behavior, habitat selection, protection, refuge, wave action 
 
Palabras claves: cuevas, ciclos diurnos, comportamiento de los peces, selección de hábitat, protección, refugio, 
acción de las olas 
 
INTRODUCTION 
Animals are constrained by certain environmental 
needs that limit their distribution to that of their 
favorable habitats. Depending on the organism, a 
favorable habitat may mean a shelter from extreme 
weather conditions, a hiding place to ambush prey, 
or an ideal place to reproduce. Within a habitat, 
some species use refuges, which shield organisms 
from external abiotic or biotic conditions that are 
present in the surrounding larger habitat. Forces 
that influence refuge selection include biotic 
factors; animals may choose a refuge based on the 
presence or absence of another organism, and 

animals might have to push each other out for 
exclusive use of the best ones. 

Animals may have to compete for refuges if 
they are limited. This is niche competition which 
can take the form of both inter- and intra-specific 
competition. Larger, more aggressive species 
outcompete smaller, less aggressive species for 
refuges that present the greatest benefits. 
Interspecific competition is strongest between 
species with the most similar needs and habitats 
(Crombie 1947), and so it follows that competition 
between individuals of the same species would be 
even stronger (Adler et al. 2018). Within species, 
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differences in competitive ability means weaker 
individuals are excluded. Larger, older, or male 
individuals typically outcompete smaller, younger, 
or female conspecifics for the best resources. This 
intraspecific competition influences the diversity 
of niches that a species uses (Svanbäck et al. 
2008). As such, the community composition of a 
habitat is often reflected by the level of 
competition for the finite resources in the 
environment.  

Species composition of refuges can vary 
temporally within the span of a year, a season, or 
even a day. Animals using a habitat during the day 
may differ from animals using it at night. The 
difference in biotic and abiotic factors over a 
diurnal cycle changes the requirements an 
organism has of its habitat. For example, 
temperature and humidity differences over 24-
hour periods can account for changes in where an 
animal resides. Shore crabs hide in rock crevices 
during the day as they are a refuge from sunlight, 
which prevents desiccation. While diurnal and 
nocturnal species clearly have different needs of 
their daytime and nighttime habitats, this also 
applies to cathemeral species – those that are 
active during both day and night. In Kenya, lions 
require the camouflage provided by bushier habitat 
to hunt plains zebras during the day to successfully 
ambush their prey, whilst they can hunt in more 
open areas at night (Elliott et al. 1977). The milder 
conditions of refuges makes the variation in 
community composition over a 24-hour period 
particularly interesting. 

Coral reefs have a plethora of refuges due to 
their incredible structural complexity, making 
them a model system for studying the selection, 
competition, and temporal variation of organisms 
that inhabit reefs. In intertidal remnant reef 
structures, the selection of refuges is especially 
complex as when fish rest or sleep, they may need 
to reside in a place that provides a refuge from 
strong wave action. Specifically, the refuges 
present in remnant reef systems are caves. As cave 
openings can face any direction, the orientation of 
the cave’s opening relative to the incoming waves 
can also vary, potentially providing varying levels 
of protection. Reef fish may utilize these cave 
structures for several reasons, including protection 
from wave action, and this could change during 
the day and at night.  

To investigate how refuge selection changes 
with respect to wave action across day and night, 
we studied the distribution of fish in the caves of 
intertidal remnant reef structures during both time 
periods. Presuming that caves with openings 
oriented parallel to the wave action experience the 
mildest abiotic conditions, we hypothesized that if 
fish are influenced by wave action, then parallel-
oriented caves would have the highest abundance, 
greatest diversity, and smallest sizes of fish. This 
is because fewer individuals or species would 
tolerate strong wave action, especially the smallest 
fishes which are weaker swimmers. Alternatively, 
given that most reef fish are diurnal, if fish are not 
affected by wave action and only use caves as a 
place to rest, then caves at night would have a 
higher abundance, greater diversity, and larger 
sizes of fish than the same caves during the day. 
This is because most fish need to be actively 
foraging outside of a cave during the day. Larger 
fish may also need to swim out to the coral reefs to 
feed during the day and return to the remnant reef 
when its dark, and smaller fish may not be strong 
enough swimmers to make this daily migration.  

 
METHODS 
Study site and system 
We studied cave selection by fish in the intertidal 
remnant reef structures at Punta Cocles, Limón, 
Costa Rica, on 22-24 February 2022. Punta Cocles 
(Cocles Point) is located between Cahuita National 
Park and Sector Manzanillo of the Gandoca-
Manzanillo National Wildlife Refuge on the 
Caribbean coast of Costa Rica, approximately 
seven kilometers north of the border with Panama. 
Punta Cocles is a mixed black and white sandy 
beach that experiences a mixed semidiurnal tide. 
Data were collected during daytime and nighttime 
observation periods that were at around low tide 
and lasted one hour. Due to small changes in tide, 
there was some variation in the total number of 
caves measured per observation period; there was 
an average of 111 total caves: 68 parallel and 43 
orthogonal. 
 
Fish Observations 
We surveyed all caves, defined as cavities deeper 
than 10 cm and wider than 5 cm (as a fish needs to 
fit inside to consider living there), in sections of 
the intertidal remnant reef structure that were 
parallel or orthogonal (excluding caves with 
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intermediate angles). We recorded the number of 
caves without fish (noting the presence of 
invertebrates like urchins), number of caves with 
fish, and the size and species of each fish present. 
Both researchers observed once during the day and 
once at night. We used dive lights to examine 
caves during the day and at night, and used a 
GoPro Hero 9 and Hero 10 to record any fish of 
which we were unsure for identification purposes.  
 
Analytical methods 
To test the hypothesis that fish use caves as 
protection from wave action, three tests were run: 
t-tests for the effect of angle on number and size of 
fish, and a chi-squared test for differences in 
species composition by angle. The same three tests 
were run to compare the effects of day versus 
night, allowing us to distinguish between the 
hypotheses: the abundance, diversity, and size of 
fish in caves differ (1) depending on wave 
direction or (2) during day and night.  
 All chi-squared tests were run using species 
having all expected values greater than one (see 
grey section of Table 1 and Table S1). 
 
RESULTS 
There was no relationship between the angle of 
caves to wave action and the number of fish (t = –
0.66, P = 0.77, df = 5.08; Fig. S1), size of fish (t = 
–1.15, P = 0.25, df = 94.49; Fig. S2), or species of 
fish present (chi-square = 5.44, P = 0.49, df = 6; 
Table S1).  

There were more fish in caves at night than 
during the day (t = 1.98, P = 0.054, df = 4.72; Fig. 
1A). Fish in caves at night were also, on average, 
larger than those in the day (t = 4.68, P < 0.0001, 
df = 100.54; Fig. 1B). Finally, Flamefish, Sergeant 
Majors, Bigeye, and Pigfish were more abundant 
at night, with the latter three never appearing in 
caves during the day. Dusky Damselfish were the 
only fish which were more abundant in caves 
during the day (chi-square = 23.53, P = 0.0001, df 
= 4; Table 1). 

       
Figure 1. The average (mean ± SE) number of fish per 
cave (A) and fish size (B) found in caves during each 
sampling period, in the day vs. at night.

 
Table 1. Number of fish present (by species) in caves during the day vs. at night. 

 

Common Name Binomial Name Day Night
Dusky Damselfish Stegastes adustus 19 15 34
Sergeant Major Abudefduf saxatilis 0 22 22
Flamefish Apogon maculatus 7 11 18
Bigeye Priacanthus arenatus 0 4 4
Pigfish Orthopristis chrysoptera 0 4 4
Bluehead Thalassoma bifasciatum 3 0 3
Blue Chromis Chromis cyanea 0 3 3
Graysby Cephalopholis cruentata 1 1 2
Longfin Damselfish Stegastes diencaeus 1 1 2
Red Lionfish Pterois volitans 1 1 2
Dusky Squirrelfish Sargocentron vexillarium 0 2 2
Yellowtail Parrotfish Sparisoma rubripinne 0 2 2
French Angelfish Pomacanthus paru 1 0 1
Hairy Blenny Labrisomus nuchipinnis 1 0 1
Longspine Squirrelfish Holocentrus rufus 0 1 1
Spotted Soapfish Rypticus subbifrenatus 0 1 1
Twospot Cardinalfish Apogon pseudomaculatus 0 1 1

Total 34 69 103

Species Time of Day
Total
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DISCUSSION 
During the day and at night, the number, diversity, 
and sizes of fish did not differ in relation to the 
cave’s angle to wave action. However, there were 
differences in the number, diversity and size of 
fish in caves between day and night. While wave 
action may not have an impact on refuge selection, 
temporal elements across day and night have huge 
implications.  
 The angle to wave action had no impact on the 
fishes present in the cave. This result suggests that 
either the fish were not affected enough by wave 
action to require refuge from it, or that the caves 
do not provide as good refuge from wave action as 
previously envisioned. To distinguish between 
these hypotheses, future studies could quantify the 
difference in water flow between the interior and 
exterior of caves and the swimming ability of reef 
fish.  
 The caves in the intertidal remnant reef had 
more fish inside them at night, which were also 
larger and more diverse than the daytime fish. 
Predator evasion may be behind these trends. 
Based on the diurnal behavior of most smaller reef 
fish, it is probable that juvenile reef fish forage out 
on the reef during the day and use these cave 
structures to hide from nocturnal predators at 
night, since they would be resting and unable to 
detect an approaching predator. The largest fish 
we observed, a Yellowtail Parrotfish, which would 
have needed to leave the intertidal remnant reef 
during the day to feed on benthic algae and 
seagrasses, was only observed at night, supporting 
this theory. Additionally, there were nine species 
only observed in caves at night versus just three 
seen only during the day. Predator abundance 
changes across day and night in most 
environments, with many predators relying on the 
cover of darkness to ambush unsuspecting prey. 
Finding an adequate resting spot may be a key 
behavior necessary for survival in many 
ecosystems. Future studies could introduce 
predator cues inside or around refuges to test how 
their abundance and diversity changes across day 
and night.  

Tidal shifts are an additional temporal element 
that could affect the community composition of 
remnant reef caves. For safety reasons, all the 
observations for this study were conducted at or 
near low tide. As the tide rises and recedes, the 
height of submerged coral rubble varies, changing 

the number of available caves. The constant 
fluctuation in the number of available refuges 
could greatly affect the competition for this 
resource. Habitats that are less affected by 
changing environmental conditions may be of 
higher competitive value. Studies examining the 
dominance and diversity of species using habitats 
with different temporal availabilities could shed 
light on the complex competitive factors at play. 

Many fish were observed being near caves 
instead of being inside them, especially during the 
day. A possible explanation for this is that fish are 
using the entire rubble wall as a refuge from the 
current. Alternatively, this behavior may suggest 
that being near a cave can be sufficiently 
beneficial for predator protection. When animals 
are active and observing their surroundings, the 
safety of individuals while foraging, performing 
mating displays, and conducting other necessary 
activities may be provided by having a nearby 
protective hiding location, into which an 
individual can dart at the first sign of danger. 
Future studies could investigate if the presence of 
these fish near caves is due to protection from the 
current by the wall, the protection from predation, 
or other reasons. This could be accomplished by 
comparing the abundance of fish against the 
current strength and conducting behavioral 
experiments that measure fish response to predator 
introduction. 

Understanding the importance of shallow 
water refuges, such as coral rubble, is essential for 
structuring reef conservation. By determining the 
key factors that make a refuge most protective 
(such as distance from resources, structural 
elements, food availability, and temporal 
availability), sites that contain critical refuges for 
various species can become a focus for 
conservation efforts. Furthermore, understanding 
the intricacies of habitat selection will broaden our 
understanding of species interactions, the 
assembly of ecological communities, and the 
origin and maintenance of biodiversity (Morris 
2003). 
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APPENDIX 
 
Table S1. Number of fish found in caves (by species) orthogonal vs. parallel to wave action. 

 
 

 
 
Figure S1. The average (mean ± SE) number of fish per cave (A) and fish size (B) during each sampling period, in 
orthogonally- vs. parallelly-oriented caves (mean ± SE). 
  

Common Name Binomial Name Orthogonal Parallel
Dusky Damselfish Stegastes adustus 21 13 34
Sergeant Major Abudefduf saxatilis 13 9 22
Flamefish Apogon maculatus 10 8 18
Pigfish Orthopristis chrysoptera 3 1 4
Bigeye Priacanthus arenatus 1 3 4
Bluehead Thalassoma bifasciatum 3 0 3
Blue Chromis Chromis cyanea 1 2 3
Dusky Squirrelfish Sargocentron vexillarium 0 2 2
Graysby Cephalopholis cruentata 2 0 2
Longfin Damselfish Stegastes diencaeus 1 1 2
Red Lionfish Pterois volitans 1 1 2
Yellowtail Parrotfish Sparisoma rubripinne 1 1 2
French Angelfish Pomacanthus paru 0 1 1
Hairy Blenny Labrisomus nuchipinnis 0 1 1
Longspine Squirrelfish Holocentrus rufus 0 1 1
Spotted Soapfish Rypticus subbifrenatus 1 0 1
Twospot Cardinalfish Apogon pseudomaculatus 0 1 1

Total 58 45 103

Angle to Wave Action
Total

Species
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Abstract: Microhabitat selection, or the positioning of an organism within a larger habitat, can be influenced by 
biotic and abiotic factors. The structure of a desirable microhabitat depends on resource availability and shelter from 
environmental stressors. These factors can change across time, resulting in changes in dispersion patterns of 
individuals across a larger habitat. Variable environments, such as the intertidal zone, introduce an additional 
element of unpredictability to environmental stressors such as sun exposure, making microhabitat selection more 
important in these environments. We examined the distribution of chitons (Acanthopleura granulata), marine snails 
(genus Nerites), and rock-boring urchins (Echinometra lucunter) across the intertidal during the day and the night to 
test changes in microhabitat selection and interspecific competition. More chitons were found in wet crevices during 
the day, whereas more chitons were found in open areas, with no preference for wet or dry microhabitats during the 
night. These results suggest that abiotic stressors change between day and night and that wet crevices provide 
protection from these stressors. 
 
Abstracto: La selección del microhábitat, o la colocación de un organismo dentro de un hábitat más grande, puede 
verse influida por factores bióticos y abióticos. La estructura de un microhábitat deseable depende de la 
disponibilidad de recursos y del refugio de factores ambientales estresantes. Estos factores pueden cambiar a través 
del tiempo, resultando en cambios en los patrones de dispersión de individuos a través de un hábitat más grande. Los 
variables ambientales, como la zona intermareal, introducen un elemento adicional de imprevisibilidad a los factores 
estresantes ambientales como la exposición al sol, haciendo que la selección de microhábitat sea más importante en 
estos ambientes. Se examinó la distribución de quitones (Acanthopleura granulata), caracoles marinos (género 
Nerites) y erizos de roca (Echinometra lucunter) a través del intermareal durante el día y la noche para probar los 
cambios en la selección de microhábitat y la competencia interespecífica. Se encontraron más quitones en las grietas 
húmedas durante el día, mientras que más quitones se encontraron en áreas abiertas, sin preferencia por 
microhábitats húmedos o secos durante la noche. Estos resultados sugieren que los factores de estrés abióticos 
cambian entre el día y la noche y que las grietas húmedas proporcionan protección contra estos factores de estrés. 
 
Key words: chiton, competition, habitat selection, intertidal 
 
Palabras claves: quitón, competencia, selección del hábitat, intermareal 
 
INTRODUCTION 
Mobile animals can choose to position themselves 
within a habitat, which allows them to select the 
location that best balances costs (e.g., exposure to 
physical stressors or competition) with benefits 
(e.g., access to shelter or food resources). Abiotic 
factors affecting habitat selection include 
temperature, moisture, and available camouflage; 
biotic factors include food availability, access to 
mates, and inter-and-intraspecific competition. 
Variation in these factors within a larger habitat 
produces microhabitats, which can greatly affect 
the conditions surrounding an organism (Crow et 
al. 2010). At its extreme, microhabitat use can 
contribute to inter-species niche partitioning and 

possibly speciation across scales as small as a 
beach (Johannesson, 2016). 

Within a given environment, there will likely 
be several species that have similar needs in terms 
of tolerance to abiotic stressors or access to 
resources. Competition for both habitats and 
microhabitats can drive the development of 
temporal and spatial niches, and higher levels of 
competition leads to stricter niche partitioning. In 
the case of competition for food resources, 
temporal niche partitioning may not be sufficient 
to reduce competition if the resource does not 
renew in the span of a day. Instead, resource 
competition may result in interference behaviors, 
where one species pushes another into foraging in 
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a less desirable location or time period (Carothers 
et al., 1984).  

High environmental variability can change the 
abundance and composition of microhabitats 
across time. One of the most fundamental 
examples of environmental variability is the 
change in light availability and temperature 
between day and night. The reduction in 
temperature and light during the night drives the 
spatial distribution of many species and is an 
essential contributor to the existence of nocturnal 
and diurnal species. Temperature changes also 
drive microhabitat selection, most noticeably in 
ectotherms. For example, marine iguanas are able 
to maintain body temperatures >10*C lower than 
the air temperature by choosing locations with 
wind exposure and postures that minimize their 
sun exposure (Bartholomew, 1966).  

Intertidal areas combine the variability of 
wave and tide height with the pressure of high 
daily variation in temperature. The combination of 
drying and heat can lead to desiccation in intertidal 
organisms, and the rocky substrate provides a wide 
variety of microhabitats such as deep or shallow 
crevices, open areas, and pools (Jones & Boulding, 
1999). The addition of limited space and high 
nutrient availability in the intertidal leads to high 
competition, making this zone a model system for 
studying temporal and geographic microhabitats 
(Underwood, 1984). Common intertidal species 
include marine snail, limpets, chitons, and sea 
urchins, all of which occupy slightly different 
spatial and temporal niches (Dayton 1971, 
Underwood 1984). Chitons are a good study 
system to test how animals are dispersed across 
microhabitats when facing competition, abiotic 
stressors, and variability in the environment across 
day and night. Like snails, chitons are gastropods 
that graze on coralline and fleshy algae using a 
radula, and most chiton species are nocturnal. 
Additionally, several species in the genus 
Acanthopleura are able to follow their own trails 
and return to the same locations during the day 
after feeding, suggesting that there is an advantage 
to returning to that microhabitat (Chelazzi et al., 
1990). 

We examined the distribution of chitons 
(Acanthopleura granulata), marine snails (genus 
Nerites), and rock-boring urchins (Echinometra 
lucunter) across the intertidal to understand how 
these animals use microhabitats and whether 

microhabitat use changes between day and night. 
Our first hypothesis is that if some microhabitats 
provide protection from heat stress, and this 
stressor occurs only during the day, then the 
selection of those microhabitats should change 
between day and night. In this scenario, we predict 
that most chitons will be found in wet crevices 
during the day and in dry open areas during the 
night. Alternatively, if microhabitats are unable to 
prevent heat stress, then chitons would migrate to 
deeper waters during the day and return to the near 
shore for feeding during the night. This hypothesis 
predicts that most chitons will be found closer to 
the ocean during the day and closer to the shore 
during the night, when there is less risk of heat 
stress.  
 
METHODS 
Study site 
We studied chiton distribution at two nearby sites 
on remnant coral cobbles in the intertidal zone of 
Cocles Beach, Puerto Viejo, on the Caribbean 
coast of Costa Rica (9° 38.635'N, 82° 43.571'W). 
The beach is sheltered by a barrier reef and is 
composed mainly of sand above the intertidal with 
remnant coral in the intertidal zone and sand with 
small coral patches in the subtidal zone. The two 
sites were chosen by identifying areas with coral 
cobbles that had chitons present during the day 
and were separated by approximately 30 m.  
 

 
Figure 1. Schematic of transect and quadrat layout. 
Each square along the transect lines represents one 0.5 
x 0.5m quadrat. 
 
Invertebrate distribution 

At both sites we surveyed three 9m-long 
transects separated by 5m and extending from the 
beginning of the remnant coral towards the ocean. 
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Each transect was separated into eighteen 0.5 x 0.5 
m quadrats, which were examined during the 
morning (0900 – 1100) and evening (2000 – 2200) 
on February 23 (site 1) and 24 (site 2), 2022 (Fig 
1). For every chiton present in a transect we 
recorded its total length using calipers and 
classified its microhabitat as crevice (enclosed by 
coral on >2 sides) or open, and as wet (submerged 
when not washed by waves) or dry (not submerged 
for at least a portion of the wave cycle). We also 
counted the number of snails and rock-boring 
urchins in each quadrat, and estimated percent 
algal cover using photographs. The tidal cycle in 
this region is semidiurnal, with two tides per day; 
our morning samples were taken 2-4 hours before 
low tide, and our evening samples were taken 1-3 
hours before low tide, and the tide height ranged 
from -0.03 m to -0.09 m over the two days. 
 
Statistical Analysis 
We used a two-way ANOVA to test whether 
microhabitat structure, time of day, or an 
interaction between these factors influenced the 
number of chitons in crevices and open areas of 
the intertidal. A second two-way ANOVA was 
used to test whether microhabitat moisture (wet or 
dry), time of day, or an interaction between these 
factors impacted the number of chiton found in 
wet and dry areas of the intertidal. Physical 
microhabitat structure and microhabitat moisture 
were measured independently, the interaction 
between the two was not tested.  
 A linear regression was used to analyze the 
relationship between percent algal cover and 
distance from shore along the 9 meter transects. 
We fit 2nd degree polynomial regressions to test 
the influence of percent algal cover on chiton 
density for both day and night. Variation in chiton 
length (cm) at different percentages of algal cover 
was measured with separate linear regressions for 
day and night.   

To test the difference in abundance of chitons 
across day and night we performed a t-test 
comparing chiton density across time. For chitons, 
snails, and urchins, the interaction between 
organism density and distance from shore were 
tested with separate regressions for day and night. 
A linear regression was used to compare chiton 
density to location along transect in the morning 
while a 2nd degree polynomial regression was used 

to accurately assess this relationship during the 
night. Second degree polynomial regressions were 
used to compare snail density with location for day 
and night and two linear regressions were used for 
the same comparisons for urchins. Zeros were 
excluded from mean urchin location calculations 
as outliers but not from regressions. 

All analyses were performed using JMP Pro 
16.0.0. 
 
RESULTS 
The number of chitons found in each physical 
microhabitat structure (crevice or open) varied 
significantly across day and night (F3,23 = 8.21, P 
= 0.0009; Fig 2). More chitons were observed in 
crevices during the day while more were in the 
open at night (F3,23 = 10.57, P = 0.004). The 
moisture of the chiton microhabitat (wet or dry) 
did not vary significantly in the day or night (F3,23 
= 0.04, P = 0.84; Fig 3).  
 

    
Figure 2. Mean number of chitons per transect (± SE) in 
crevice and open microhabitats across day and night. 

 
Figure 3. Mean number of chitons in a (9 x 0.5 m) 
transect (± 1 SE) in dry and wet microhabitats across 
day and night.
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Figure 4. Comparison of (A) chiton density and (B) substrate cover (mean % cover of sand, algae, or coral, stacked 
bars) for every 0.5 m from shore. 
 

Algal cover had a strong correlation with 
distance from shore, with areas with 50% or more 
algal cover concentrated around 6.68 meters (1 SD 
= ± 1.66 m) from shore and areas with 90% or 
more algal cover concentrated around 7.12 meters 
(1 SD = ± 1.80 m) from shore (slope = 10.1, P < 
.0001; Fig 4B). While we did not quantify algae 
species over the quadrats, we observed a change at 
about 4-6 m from calcareous to filamentous algae 
and at about 7-8 m from filamentous to fleshy 
algae. Algal cover increased with increasing 
distance from shore, so the areas with high algal 
cover are mainly composed of fleshy algae, while 
areas with 40-60% algal cover were mainly 
calcareous algae. 

The concentration of chitons is dependent on 
percent algal cover in both day and night, with the 
greatest chiton density in areas with 40% algal 
cover at both times (P = 0.03; P < .0001; Fig 5A). 
The length of a chiton did not significantly impact 
what % algal cover it was found in during the 
night but may be influential in the day (P = 0.06; 
Fig 5B).  

We observed more chitons during the night, 
with 33 chitons recorded in the day and 238 at 
night. The density of chitons per 0.5 m2 was 
significantly higher at night compared to the day (t 
= 4.84, P < .0001, df = 116.6). Distance from 
shore accounted for 10% of chiton distribution 
with the highest density of chitons was observed 
on average 6.67 meters (1 SD = ± 1.66 m) from 
shore during the day and 5.17 meters (1 SD = ± 
2.10 m) from shore during the night (P = 0.005, r2 
= 0.098; Fig 4A, 6A, 6B).  

 

    
Figure 5. (A) Concentration of chitons in 0.5 square 
meter on percent algal cover in both day (orange) and 
night (purple). (B) Distribution of chiton length (cm) 
across percent algal cover during day and night.  

Distance from shore had a strong effect on 
snail distribution, with the highest density of snails 
around 4.75 (1 SD = ± 2.6 m) meters away from 
the shore in the day and night (P < .001; Fig 6A, 
6B). 
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Figure 6. Percent of individuals across distance from shore (N = 6 transects per condition).  Distribution of chitons 
(black), snails (blue), and urchins (orange). Y-axis: measure of individuals in quadrat as percentage of individuals in 
the entire transect. Distribution during day (AM) and night (PM) shown for comparison. 
 
Distance from shore had a lesser but still 
significant effect on urchin distribution with 
urchins found at an average of 7.44 meters from 
shore (1 SD = ± 1.13 m) in the day and 6.83 
meters (1 SD = ± 1.64 m) from shore at night (P = 
0.006; Fig 6A, 6B).  
 
DISCUSSION 
Chiton microhabitat selection appeared to change 
between night and day, with more chitons in wet 
and creviced habitats during the day and more in 
the open during the night. The distribution of 
chitons across different levels of algal cover also 
changed between day and night, with all sizes of 
chitons concentrated in mid-cover areas during the 
night but smaller chitons concentrated in higher 
algal cover areas during the day. Finally, there was 
a spatial separation in the ranges of snails, chitons, 
and urchins, which appears to be conserved 
between day and night. Snails tended to be most 
concentrated closer to shore, while urchins were 
never found closer than 6 m from shore. Chitons 
appeared to be most concentrated in areas that had 
the least amount of use by snails or urchins. 

The preference for wet crevices during the day 
and open areas during the night suggests that (1) 
the selected crevices are sufficient to provide 
protection from heat stress and (2) the factors 
determining microhabitat selection change 
between day and night. Most crevices found had 
little algal cover and chitons were found clustered 
into larger crevices, sometimes on top of 
conspecifics, which supports the idea that they are 
mainly foraging at night. The chiton species used 

in this study, A. granulata, has been observed to 
occasionally use homing strategies, while A. 
gemmate, a species in the same genus consistently 
returns to the same location after every night of 
feeding (Chelazzi et al., 1990). It is currently 
unclear if homing behavior relates to microhabitat 
selection, or if chitons that do not return to the 
same location after feeding still return to the same 
microhabitat. Further studies focusing on habitat 
selection could improve understanding of the 
influence microhabitats have on chiton homing 
behavior.  

Our preliminary results on chiton distribution 
by size suggest that body and/or age influences the 
suitability of microhabitats. One plausible 
explanation for smaller chitons appearing to prefer 
higher algal cover during the day is that the higher 
algal cover provides protection from desiccation or 
predators. Smaller organisms have a higher 
surface area to body ratio and are therefore more 
prone to water loss by evaporation and subsequent 
desiccation. The higher risk of desiccation for 
smaller organisms has been used to explain inter 
and intraspecific dispersal patterns of other 
intertidal organisms (Helmuth & Hofmann, 2001). 
Similarly, green shore crabs change color patterns 
between juvenile and adult morphs to better suit 
changes in camouflage needs that happen with 
changes in mobility (Nokelainen et al., 2019).  

Interspecific competition is another important 
factor affecting dispersion within the larger 
habitat. Although the nighttime ranges of chitons 
and urchins was somewhat closer to the beach than 
the daytime range, the overall zonation between 
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the ranges of snails, chitons, and urchins appears 
to be conserved across day and night. This 
consistency in spatial partitioning suggests that 
microhabitat selection is highly conserved across 
species, with snails better adapted to living in drier 
areas with less algae, urchins in deeper and high 
algal cover areas, and chitons with intermediate 
location and algal cover. Similar partitioning 
based on habitat complexity has been found in 
other species that live in high-stress environments, 
such as desert rodents (Rosenzweig & Winakur, 
1969). 

Understanding the biotic and abiotic factors 
affecting intertidal species, including the balance 
between resource availability, competition, and 
desiccation, is an important part of understanding 
how the intertidal can be affected by changes in 
the ocean and on land. Because the scale of these 
migrations and microhabitats is so small, equally 
minor changes in sea level could have widespread 
effects on the composition of the entire intertidal 
zone, altering habitat used by both marine 
organisms (e.g., juvenile reef fish) and terrestrial 
organisms (e.g., foraging shorebirds). More water 
covering the top of the coral cobbles could 
increase the range of organisms that are more 
vulnerable to desiccation such as urchins and 
chitons, which could in turn increase competitive 
pressure on snail populations. Due to 
anthropogenic climate change, organisms from the 
ridge of mountains to the reef will be experiencing 
range changes, making the protection of areas with 
a diverse selection of microhabitats essential for a 
biodiverse future.  
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Abstract: The structural complexity of an ecosystem defines niche availability and thus biodiversity. In coral reef 
habitats, the substrate diversity as well as geological and carbonate structures facilitate a large biomass of fish, 
making reefs the most diverse marine biome. While it is well understood that reef complexity increases fish 
diversity, less is known about the effect of substrate type on fish size and abundance. On the Caribbean Coast of 
Costa Rica, the structure and composition of coral reefs have undergone significant changes in the past few decades, 
due to stressors such as bleaching, disease, uplift, and agriculture. Recent conservation efforts have allowed the reef 
to begin recovery, however information regarding reef complexity and fish community composition can inform 
future conservation techniques. We hypothesize that areas with greater structural complexity, or greater rugosity, 
will have more complex fish community composition. Additionally, areas with more diverse substrate will also have 
more complex fish community composition. Fish abundance, size, and diversity were evaluated on patches of coral 
reef in Manzanillo, Limón, Costa Rica to compare fish community composition with reef rugosity and substrate 
type. No relationship was found between fish diversity or abundance and rugosity or substrate type. Areas with 
higher rugosity had a higher abundance of large fish, and areas with a higher percent cover of crustose coralline 
algae had a higher abundance of small fish. Understanding the effects of reef complexity on fish community 
composition is valuable to ensure conservation efforts are maximizing biodiversity within the coral reef ecosystem. 
As reefs come under increasing threat due to anthropogenic effects, it is important to understand the relationship 
between reef structure and fish community composition to make informed management decisions.  
 
Abstracto: La complejidad estructural de un ecosistema define la disponibilidad de nicho y, por lo tanto, la 
biodiversidad. En los hábitats de los arrecifes de coral, la diversidad de sustratos, así como las estructuras geológicas 
y carbonato facilitan una gran biomasa de peces, haciendo de los arrecifes el bioma marino más diverso. Aunque se 
entiende bien que la complejidad del arrecife aumenta la diversidad de los peces, se sabe menos acerca del efecto del 
tipo de sustrato sobre el tamaño y la abundancia de los peces. En la costa caribeña de Costa Rica, la estructura y 
composición de los arrecifes de coral han experimentado cambios significativos en las últimas décadas, debido a 
factores estresantes como el blanqueo, las enfermedades, el levantamiento y la agricultura. Los recientes esfuerzos 
de conservación han permitido que el arrecife comience la recuperación, sin embargo, la información sobre la 
complejidad del arrecife y la composición de la comunidad de peces puede informar técnicas de conservación 
futuras. Nosotros hipotetizamos que las áreas con mayor complejidad estructural, o mayor rugosidad, tendrán una 
composición más compleja de la comunidad de peces. Además, las áreas con substrato más diverso también tendrán 
una composición comunitaria de peces más compleja. Se evaluaron la abundancia, tamaño y diversidad de peces en 
parches de arrecifes de coral en Manzanillo, Limón, Costa Rica, para comparar la composición de la comunidad de 
peces con la rugosidad del arrecife y el tipo de sustrato. No se encontró ninguna relación entre la diversidad o 
abundancia de peces y la rugosidad o el tipo de sustrato. Las áreas con mayor rugosidad tenían una mayor 
abundancia de peces grandes, y las áreas con una mayor cobertura porcentual de algas coralinas crustosas tenían una 
mayor abundancia de peces pequeños. Entender los efectos de la complejidad de los arrecifes en la composición de 
las comunidades de peces es valioso para asegurar que los esfuerzos de conservación maximicen la biodiversidad 
dentro del ecosistema de los arrecifes de coral. A medida que los arrecifes se ven amenazados cada vez más debido a 
los efectos antropogénicos, es importante comprender la relación entre la estructura de los arrecifes y la composición 
de la comunidad de peces para tomar decisiones de gestión informadas. 
 
Key words: Caribbean reef, Coral reef, fish diversity, Manzanillo, reef structure, structural complexity 
 
Palabras claves: arrecife caribeño, arrecife coral, diversidad de peces, Manzanillo, estructura del arrecife, 
complejidad estructural 
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INTRODUCTION 
Structural complexity of an ecosystem is a 
predictor of biodiversity. Both the physical 
structure of an ecological space and the diversity 
in substrate composition facilitate greater species 
diversity and ecosystem productivity. For 
example, in primary rainforests, canopy 
complexity, or variability in arrangement of 
foliage and woody elements, is closely correlated 
with animal species diversity (Walter et al., 2021). 
Niches are created by physical complexity, 
resulting from differences in substrate type across 
ecosystems that structure the environment. These 
niches provide species with food, shelter, and 
other key resources. Thus, an increase in niche 
diversity allows these resources to be partitioned 
between a greater number of species (LaRue et al., 
2019). The life history strategy of each species 
may depend greatly on the composition of 
available niches in each structural environment. 
For example, the architectural structure of a tree 
may provide a habitat for large arboreal mammals, 
while its associated epiphytic plants provide 
further habitats for small amphibians and 
arthropods. Structural complexity can result in 
increased overall diversity by increasing overall 
niche availability.  

Coral reefs are the most biodiverse marine 
habitat on the planet. While coral reefs only 
occupy one percent of the ocean floor, they are 
home to more than 32% of all named marine 
species (Fisher et al., 2015). Coral reefs 
ecosystems include geological features and a 
carbonate matrix that is altered over time, resulting 
in structural complexity that facilitates a large 
biomass of fish (Tews et al., 2003). This increased 
biomass and abundance of fish can be attributed to 
several mechanisms related to niche partitioning. 
For example, structural complexity increases food 
availability, increases nesting sites and shelter, 
provides refuge from predators, and, importantly, 
mediates density-dependance by increasing space 
availability (González-Rivera et al., 2017). Coral 
reefs provide an ideal habitat to further explore the 
relationship between spatial complexity and fish 
community composition. 

In Limón province, on the Caribbean coast of 
Costa Rica, coral reefs have undergone significant 
changes over the past few decades. The presence 
of excess sediments produced by deforestation, 

coastal alteration, and agricultural runoff cause 
significant reef damage, resulting in decreased 
coral cover and increased algae cover (Cortés and 
Jimenez, 2003). Since the 1980s, coral cover has 
decreased significantly across the Caribbean coast. 
However, with recent management and 
conservation efforts, including the creation of 
protected areas and public education, coral cover 
is now increasing (Cortés et al. 2010). Today, the 
substrate of this reef area includes coral as well as 
sea grass, algae, and sponges, providing a variety 
of habitats for reef fish and the potential for 
further exploration of substrate type and fish 
community composition comparisons. 

Structural complexity and species richness is 
typically correlated; however, this relationship has 
not been studied within these specific reef 
systems. Furthermore, the effect of substrate 
composition on the abundance and size of fish 
requires further investigation. If the relationship 
between structural complexity and species 
diversity in terrestrial ecosystems is applicable to 
coral reef ecosystems and more rugose substrates 
offer fish more niches, then areas with greater 
structural complexity (i.e., rugosity) will have 
more diverse fish community composition. If 
substrate diversity follows the same logic, then 
areas with more diverse substrate types will also 
have more complex fish community composition. 
Additionally, areas with more rugosity and higher 
substrate complexity will have more crevices that 
can harbor larger fish. Therefore, it is predicted 
that more rugose areas of the coral reef and areas 
with more diverse substrate types will have a 
higher abundance of larger fish, as well as a higher 
abundance and diversity of fish species. It is also 
predicted that areas with smaller protective and 
structurally complex substrates, such as foliose 
coral, will have higher abundances of small fish. 
To test these predictions, we examined the effect 
of reef surface rugosity and substrate type on fish 
abundance, size, and diversity on patches of coral 
reef in Manzanillo, Limón, Costa Rica. 
 
METHODS 
Study Site and System 
We surveyed four patches of reef near and far 
from Manzanillo beach, north of Refugio  
Nacional Gandoca-Manzanillo in Talamanca, 
Costa Rica. We conducted field observations  
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Table 1. The number, size, and species of fish surveyed along the transects. 

Species Total Surveyed 
Small  

(<10 cm) 
Medium  

(10 - 20 cm) 
Large  

(>20 cm) 
Thalassoma bifasciatum (Blueheaded Wrasse) 102 95 16 1 
Stegastes adustus (Dusky Damselfish) 81 59 22 0 
Halichoeres bivittatus (Slippery Dick) 10 9 1 0 
Microspathodon chrysurus (Yellowtail Damselfish) 8 5 2 1 
Acanthurus chirurgus (Doctorfish) 6 0 3 3 
Bodianus rufus (Spanish Hogfish) 4 0 2 2 
Anisotremus virginicus (Porkfish) 3 0 0 3 
Acanthurus coeruleus (Blue Tang) 3 0 1 2 
Stegastes xanthurus (Cocoa Damselfish) 2 1 0 1 
Abudefduf saxatilis (Sergeant Major) 2 2 0 0 
Chaetodon striatus (Banded Butterfly) 1 1 0 0 
Haemulon macrostomum (Spanish Grunt) 1 0 0 1 
Halichoeres poeyi (Blackear Wrasse) 1 0 1 0 
Holocentrus adscensionis (Squirrelfish) 1 0 1 0 
Sparisoma rubripinne (Yellowtail Parrot) 0 0 0 0 
Total 225 172 49 14 

 
 
between 10:00 and 15:00 on February 23 to 25. 
 
Observational Methods 
We conducted 10m transects at ten randomly 
selected locations on the coral patches using a 
chain marked at 1m intervals. After laying the 
chain parallel to shore, we waited for 3 minutes to 
allow the site to return to normal levels of fish 
activity. We then swam along the transect with 
one researcher documenting the number of fish, 
the species and size within 2 meters of the chain. 
Size of fish was categorized into small (0-10cm) 
medium (11-20cm) and large (21-30cm). The 
other researcher filmed the transect with a GoPro7, 
keeping the camera centered on the chain to obtain 
footage for post-survey species verification.  

To measure percentage substrate type, we 
characterized the reef bed at each of the ten meter 
markers along the chain. The reef bed directly 
under each meter mark was observed and 
categorized into soft coral, brain coral, fire coral, 
lettuce coral, crustose coralline algae (CCA), 
macro-algae, and sand. Each observation was used 
as an estimate of 10% of the substrate composition 
of the transect – the observations were summed to 
calculate the percent composition of each substrate 
type along the transect. Reef rugosity was 
measured by slowly lowering a 10m chain along 

the line of the transect from the 0-meter mark, 
allowing it to lie directly on the reef surface (Fig. 
S1). We then measured the horizontal distance 
from one end of the chain to the other to obtain the 
surface length and calculated rugosity (see 
Equation 1).  
 
Equation 1: Rugosity = !"#$%	'(%)*"	(,)

./01#!(	'(%)*"	(,) 
 
Analytical Methods 
We performed a Spearman Rank correlation to 
compare rugosity, substrate composition, fish size, 
diversity, evenness (using Simpson’s Diversity 
Index, see Equation 2), and abundance. All 
analysis was performed on JMP Pro 16. 
 
Equation 2: Simpson’s Diversity Index = 
∑(*2*#'	1$."	21	.3(!$(.	./04(5(6	$%	*0#%.(!**2*#'	1$."	./04(5(6	$%	*0#%.(!* )7 
 
RESULTS 
We counted 225 individuals of 15 species across 
the 10 transects. The most abundant fish were 
Blueheaded Wrasse (N = 102) followed by Dusky 
Damselfish (N = 81). The majority (N = 172) of 
the fish surveyed were small (<10 cm) (Table 1). 
The structure of the reef had no effect on the 
diversity or abundance of fish surveyed in the reef. 
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We found no correlation between rugosity and the 
total abundance of fish and the Simpson’s 
Diversity Index of fish species (Table 2, Fig. 1). 
There were more large fish (>20 cm) surveyed in 
transects of higher rugosity (Table 2). The rugosity 
of the reef had no effect on small (<10 cm) or 
medium (10 – 20 cm) fish (Table S1, Fig. 2). 

Additionally, the abundance of coral and algae 
present on the reef had no effect on the diversity or 
abundance of fish surveyed (Table S1). There was 
no correlation between the substrate composition 
and the total abundance, species diversity, and 
species evenness of fish (Table S1). Similarly, the 
percent cover of algae, foliose coral, and all coral 
had no effect on the size of fish surveyed (Table 
S1). However, there were more small fish 
surveyed in transects with lower percent CCA 
cover (Table 2, Fig. 3). The percent of CCA had 
no effect on the number of medium or large fish 
surveyed (Table S1). 

 
Table 2. Spearman Rank correlation of fish and 
substrate variables. Non-significant correlations are 
reported in Table S1. 

Variable 1 
by 

Variable 2 
Spearmen'

s ρ 
Prob > 

|ρ| 

Percent CCA 
Percent 
Algae -0.8341 0.0027 

Percent 
Foliose 

Percent 
Algae -0.7423 0.0139 

SDI 
Species 
Richness -0.6359 0.0481 

Total Small 
Fish 

Total 
Organism
s 0.6464 0.0435 

Total Medium 
Fish 

Total 
Organism
s 0.7147 0.0202 

Total Large 
Fish Rugosity 0.8415 0.0023 
Total Large 
Fish 

Species 
Richness 0.6743 0.0325 

Total Large 
Fish SDI -0.6794 0.0307 

 
 

 

     
Figure 1. The total fish count and Simpson’s Diversity 
Index of transects with varying rugosity. 
 

 
Figure 2. The total large (>20 cm), medium (10 – 20 
cm), and small (>10 cm) total fish count of transects  
with varying rugosity. 
 

 
Figure 3. The total small fish count on transects with 
varying percent CCA (crustose coralline algae).  
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DISCUSSION 
The rugosity of the reef had no effect on the 
abundance or diversity of fish surveyed, 
supporting the null hypothesis. Similarly, the 
substrate composition had no effect on the 
abundance or diversity of fish. Notably, there was 
in increase in the abundance of large fish in areas 
of higher rugosity. Additionally, transects with 
more CCA cover had a lower abundance of small 
fish. This supports the hypothesis that small fish 
are more abundant in areas that provide more 
shelter options, although we did not find more 
small fish in areas with higher foliose coral. 

We found no correlation between the rugosity 
and diversity of fish species in a transect. This 
may be because the species composition was the 
same across the transects, but that the fish 
observed were different sizes of the same species. 
However, we found no relationship between 
rugosity and the abundance of small and medium 
fish on the reef. Rugosity is an imperfect measure 
of the number and quality of habitats in a marine 
environment. An area that is mostly flat with one 
larger channel and an area with many coral 
mounds can have similar rugosities but very 
different habitat types and species compositions. 
For example, marine invertebrates may thrive in 
the smaller niches in reef flats that provide no 
predation shelter for large fish. Further studies 
could investigate the total surface area of a 
transect (including the area within crevices in the 
reef) to study how habitat availability affects 
marine species diversity. 

There were more large fish surveyed in areas 
of higher rugosity. The areas of higher rugosity 
that we surveyed often included deeper channels 
which could provide more habitats for larger fish. 
Large prey animals likely select habitats with 
areas in which they can shelter from predators. If 
they cannot shelter in their environment, these 
prey animals may form aggregates to protect 
individuals; examples include herds of grazers, 
flocks of birds, and shoals of fish. This shoaling 
behavior was observed on the reef edge but not 
within our transects. It is unknown how aggregate 
size is impacted by the number of habitats 
provided by the environment – there may be a 
critical threshold of shelters that allows individuals 
in aggregates to dissipate, or aggregates could 
decrease in size as shelter number increases. 
Future studies could consider how the physical 

landscape impacts aggregation sizes due to limited 
predator avoidance options.  

Contradicting our predictions, we did not see a 
difference in abundance and diversity with 
increased foliose coral cover. This is likely due to 
our small data set and future studies can address 
this possibility by taking a larger set of transects. 
However, we did find that in areas with greater 
CCA, fewer smaller fish were observed. CCA 
grows closely to the remnant coral unlike most 
filamentous and leafy macroalgae which create a 
three-dimensional structure as they grow. CCA 
therefore provides fewer places for small fish to 
hide from predators. It is also possible that less 
fish feed on CCA as its carbonate component 
makes it less nutritious than fleshy and 
filamentous algae. Future studies could examine 
the effect of feeding behavior and predator 
avoidance on the proportion of time fish spend at 
each of these types of algae.  

The coral substrate of each observed area had 
no effect on fish species diversity, a surprising 
result given the increased niches potentially 
provided by different substrates. It is possible that 
while species diversity was the same across all 
habitat variations, fish size and abundances varied. 
Larger fish of the same species are found in areas 
of high rugosity; thus, the life stage of a fish may 
be a more important determinant in habitat 
selection than fish species. Additionally, given the 
degradation this reef has endured over the course 
of the past five decades, there may be low 
biodiversity overall. A survey of a more intact 
coral reef with higher overall species diversity 
may be necessary to generalize findings to other 
less degraded reefs. A more likely explanation is 
that substrate complexity may be less of a 
determinant of diversity than first predicted. 
Instead, diversity may be more dependent on 
individual species of coral that provide greater 
survival and reproduction opportunity for certain 
species. Our transect looked at average coral cover 
and fish abundance over a 10m span, which may 
not have enough resolution to observe the patchy 
distribution of individual coral species and fish 
that associate with them. For example, in our 
observations juvenile Yellowtailed Damselfish 
were only associated with fire coral but were 
counted in transects with mostly algae making up 
the total substrate composition. A future direction 
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would be to better understand the dependency of 
certain species on individual coral species.  

As anthropogenic forces increase the pressures 
on coral reef survival, the habitats provided for 
marine life may become increasingly threatened. 
Mounding and encrusting corals are typically more 
resilient to warming oceans and structural damage. 
Thus, understanding the relationship between finer 
scale differences in coral species associated with 
fish abundance and diversity will be important for 
future reef conservation efforts. To maintain 
biodiversity of all reef-dwelling species, it is 
necessary to not only understand the aspects of 
physical reef structure but also which individual 
corals provide the most niches for fish diversity. 
Often reef restoration projects focus on corals that 
are most resilient to rising temperatures and 
acidification, but efforts should also be directed 
towards corals and algae that can create the reef 
complexity needed to support a diverse 
community composition of fish.  
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APPENDIX 
 

 
 
Figure S1. Method for measuring rugosity. Rugosity equals the total chain length divided by the surface length.  
 
Table S1. Spearman Ra = k correlation of species richness, species evenness measured by Simpson’s Diversity 
Index (SDI), total organisms, rugosity, percent substrate type (CCA, macro-algae, foliose coral, and non-foliose 
coral), and fish size (small, medium, large). 

Variable 1 by Variable 2 Spearmen's ρ Prob > |ρ| 
Percent Algae Rugosity -0.2465 0.4923 
Percent CCA Rugosity 0.4878 0.1526 
Percent CCA Percent Algae -0.8341 0.0027 
Percent Foliose Rugosity 0.0201 0.956 
Percent Foliose Percent Algae -0.7423 0.0139 
Percent Foliose Percent CCA 0.3887 0.2669 
Percent Non-Foliose Rugosity 0.0485 0.8941 
Percent Non-Foliose Percent Algae 0.1893 0.6004 
Percent Non-Foliose Percent CCA -0.406 0.2444 
Percent Non-Foliose Percent Foliose -0.161 0.6568 
Total Organisms Rugosity -0.0915 0.8016 
Total Organisms Percent Algae -0.062 0.8649 
Total Organisms Percent CCA -0.1402 0.6992 
Total Organisms Percent Foliose 0.2225 0.5367 
Total Organisms Percent Non-Foliose 0.4117 0.2372 
Species Richness Rugosity 0.3475 0.3252 
Species Richness Percent Algae -0.1053 0.7723 
Species Richness Percent CCA 0.3564 0.3121 
Species Richness Percent Foliose 0.0217 0.9525 
Species Richness Percent Non-Foliose 0.075 0.8368 
Species Richness Total Organisms -0.0396 0.9136 
SDI Rugosity -0.2727 0.4458 
SDI Percent Algae 0.2011 0.5774 
SDI Percent CCA -0.2661 0.4574 



Cahuita 

 134 

SDI Percent Foliose -0.3015 0.3972 
SDI Percent Non-Foliose -0.0485 0.8941 
SDI Total Organisms 0.4085 0.2411 
SDI Species Richness -0.6359 0.0481 
Total Small Fish Rugosity -0.0909 0.8028 
Total Small Fish Percent Algae 0.3957 0.2576 
Total Small Fish Percent CCA -0.6399 0.0463 
Total Small Fish Percent Foliose 0.0603 0.8686 
Total Small Fish Percent Non-Foliose 0.5687 0.0862 
Total Small Fish Total Organisms 0.6464 0.0435 
Total Small Fish Species Richness -0.1901 0.5988 
Total Small Fish SDI 0.2121 0.5563 
Total Medium Fish Rugosity 0.0854 0.8146 
Total Medium Fish Percent Algae -0.124 0.7328 
Total Medium Fish Percent CCA 0.153 0.6731 
Total Medium Fish Percent Foliose 0.0809 0.8242 
Total Medium Fish Percent Non-Foliose 0.1256 0.7295 
Total Medium Fish Total Organisms 0.7147 0.0202 
Total Medium Fish Species Richness 0.4354 0.2086 
Total Medium Fish SDI 0.311 0.3818 
Total Medium Fish Total Small Fish 0.2073 0.5655 
Total Large Fish Rugosity 0.8415 0.0023 
Total Large Fish Percent Algae -0.2602 0.4678 
Total Large Fish Percent CCA 0.5212 0.1223 
Total Large Fish Percent Foliose 0.0724 0.8426 
Total Large Fish Percent Non-Foliose 0.082 0.8218 
Total Large Fish Total Organisms -0.2007 0.5783 
Total Large Fish Species Richness 0.6743 0.0325 
Total Large Fish SDI -0.6794 0.0307 
Total Large Fish Total Small Fish -0.2618 0.465 
Total Large Fish Total Medium Fish 0.047 0.8973 
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Abstract: Plant-herbivore interactions have significant implications for the way that energy is transferred from 
primary producers to higher trophic levels. Thus, understanding the factors that affect plant predation is particularly 
important for understanding an ecosystem’s structure over time. Seagrasses, which are integral keystone species in 
marine environments, serve as model systems to study herbivory. Turtlegrass, in particular, is the most abundant 
marine plant in the Caribbean and is a food source for several vertebrates and invertebrates. To investigate the key 
determinants of turtlegrass predation, we tested how the location, density, length, width, and epibiont cover of 
turtlegrass affected degrees of herbivory on the plant. We found that none of these factors were correlated with the 
degree of herbivory on turtlegrass, suggesting that herbivory is either random or determined by other factors. 

Abstracto: Las interacciones planta-herbívoro tienen implicaciones significativas para la forma en que la energía se 
transfiere de los productores primarios a niveles tróficos más altos. Por lo tanto, comprender los factores que afectan 
la depredación de las plantas es particularmente importante para comprender la estructura de un ecosistema a lo 
largo del tiempo. Las algas marinas, que son especies integrales de piedra angular en ambientes marinos, sirven 
como sistemas modelo para estudiar herbívoros. El pasto de tortuga, en particular, es la planta marina más 
abundante del Caribe y es una fuente de alimentos para varios vertebrados e invertebrados. Para investigar los 
determinantes claves de la depredación del pasto de tortuga, probamos cómo la localización, densidad, longitud, 
anchura, y cubierta de organismos epibiontes en el pasto de tortuga afectaban grados de herbívoros en la planta. 
Encontramos que ninguno de estos factores se correlacionó con el grado de herbivoría en el pasto de tortuga, lo que 
sugiere que la herbivoría es aleatoria o está determinada por otros factores. 
 
Key words: epibionts, Gandoca-Manzanilllo National Park, herbivory, seagrass, Thalassia testudinum, turtlegrass 
 
Palabras claves: epibiontes, El Parque Nacional Gandoca-Manzanillo, herbivoría, pasto marino, Thalassia 
testudinum, pasto de tortuga 
 
INTRODUCTION 
Plants in marine ecosystems hold integral 
positions in marine food webs. Marine plants 
provide food and shelter to fish and other marine 
life, but also face great grazing pressures from 
herbivores. Grazing, which influences plant 
productivity, biomass, and community structure, is 
an indispensable link for energy transfer from 
primary producers to higher trophic levels in all 
ecosystems. In some cases, high intensity grazing 
can decrease plant richness and diversity (Herrero-
Jáuregui and Oesterhold 2017), but can also 
stimulate greater plant growth, among other 
positive effects (Georgiadis et al. 1989). Thus, 
with competing positive and negative effects of 
herbivory, it is important to understand the factors 
that determine herbivory in marine ecosystems. 

The degrees of pressures of herbivory are 
controlled by several factors including the local 
herbivore community, neighboring plant 

community, and the plant’s own epibiont 
community. For example, the location of these 
plants relative to an herbivore’s habitat itself can 
affect their predation rate. Grazers might be more 
inclined to predate plants closest to their habitats 
to avoid predators and achieve the greatest 
energetic gain for the smallest energy expenditure 
(Steneck et al. 2017). For example, reefs are 
inhabited by many fish, as the reefs function as 
refugia from predators, and this may result in 
herbivory increasing in plants growing closer to 
reefs. A higher density of plants can alter the 
quality or quantity of nutrients the plant can obtain 
for growth and defense due to the pressures of 
competition (Barbosa et al. 2009). Moreover, high 
density of plants can increase foraging efficiency 
for grazers, making these plants more vulnerable 
to predation.  

Some plants are home to epiphytic organisms 
which might alter the palatability of these plants. 
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Plant leaves provide a substrate for growth of 
epibionts. This, in turn, acts as a food source for 
various predators. Additionally, the presence of 
epibionts can either increase or decrease plant 
herbivory depending on the amount and 
palpability of the species present (Hay and Whal 
1995). For example, some epibionts can 
mineralize amino acids to provide an additional 
source of nitrogen to leaves (Segovia et al. 2020). 
A higher nitrogen content in plants is beneficial 
for various herbivores, increasing their fecundity, 
survival, and growth rate (Walde 1995). 
Alternatively, if the epibionts are composed of 
calcareous algae, grazing on those blades of 
seagrass may decrease. A difference in nutritional 
quality among plants might explain why there is 
greater or lesser herbivory.  

Seagrasses provide a model system to study 
factors affecting herbivory since seagrass 
meadows are distributed worldwide across a range 
of marine tropical environments and are hosts to 
many epibionts. They are the only flowering plants 
found in marine ecosystems and are integral 
keystone species that provide numerous ecosystem 
services—for instance, they serve as breeding 
grounds, reduce bacterial loads, aid in coastal 
protection from erosion, act as carbon sinks, and 
promote nutrient circulation (Segovia et al. 2020). 
Most importantly, they have high primary 
productivity and serve as foraging grounds for 
several vertebrates and invertebrates. Turtlegrass 
(Thalassia testudinum), a species of seagrass, is 
the most abundant marine plant in the Caribbean 
and is eaten by turtles and herbivorous fish 
(Scullion-Littler et al. 1989).  

To investigate the key determinants of plant 
predation, we tested how the location, density, 
length, width, and epibiont cover of turtlegrass 
affected degrees of herbivory on the plant. If 
proximity to herbivore’s habitat on the reef 
increases the grazer’s survival and decreases 
energy expenditure, there would be a higher 
turtlegrass herbivory closer to the reef. Similarly, 
if a higher density of plants reduces the energy 
expenditure of grazing herbivores, there would be 
a higher turtlegrass herbivory in dense meadows. 
If grazing on larger blades increases efficiency of 
herbivores in feeding, there would be higher 
herbivory on longer and wider seagrass blades. If 
epibionts provide additional nutritional value, then 
seagrass with higher epibiont cover would face 

increased herbivory. Alternatively, if epibionts are 
calcareous or unpalatable, turtlegrass with a higher 
epibiont cover would face decreased herbivory.  
 
METHODS 
Study site and system 
We studied herbivory on turtlegrass at Pablo Mena 
Beach in Gandoca-Manzanilllo National Wildlife 
Refuge in Limón, Costa Rica.  
 

 
Figure 1. Illustration of experimental set-up. Each 
transect had 5 quadrats, each 0.5 m x 0.5 m, placed 2 
m apart. Each transect is spaced 5 m apart from the 
next. 
 
Field Measurements 
Four 10 m transects were established at the nearest 
reef with turtlegrass growth to the shore (Fig. 1). 
One transect was placed 5 m into the reef, one at 0 
m off the reef, one at 5 m away from the reef, and 
one at 10 m away from the reef. Along each 
transect, we laid 0.5 m x 0.5 m quadrats every 2 
m, such that quadrats were laid at the 0 m, 2 m, 4 
m, 6 m, and 8 m markers of each transect. The 
number of tufts of turtlegrass within each quadrat 
were counted and recorded as a measure of 
density. Each quadrat was divided into 12 equal 
squares, and two blades of grass were collected 
from each of the 12 squares if there was seagrass 
present. Blades of turtlegrass were stored in 
ziplock bags and placed into a 4ºC fridge for later 
analysis.  
 
Laboratory Measurements 
We scored individual blades of grass as either 
predated or not predated based on the presence of 
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symmetrical bite mark (Fig. 2). Length and width 
measurements were taken with an accuracy of 0.1 
cm and 0.1 mm, respectively. Digital images were 
used to classify degree of epibiont cover on 
turtlegrass using the “INK Scale” (Fig. 3), which 
we developed to assign a blade of turtlegrass into 
one of eight categories for percentage of epibiont 
coverage.   
 

             
Figure 2. Illustration of a non-predated (left) and 
predated (right) blade of turtlegrass. 
 

 
Figure 3: Illustration of the INK Scale, where each letter 
represents a different degree of percent of epibiont 
cover on a blade of turtlegrass. 
 
Statistical Analysis 
Percent herbivory was calculated for each quadrat 
along the transect by dividing the number of 
predated blades of turtlegrass by the total number 
of blades collected from that quadrat. The average 
length, width, and epibiont cover of the turtlegrass 
blades were also calculated for each quadrat. An 
ANOVA was performed to determine whether 
percent herbivory changed with distance from the 
reef. Linear regressions were used to determine the 

relationships between percent herbivory and 
density, average length, average width, and 
average epibiont cover in each quadrat. All 
statistical analyses were performed using JMP 
16.0.0 software (SAS Institute, Cary, NC). 
 
RESULTS 
Mean percent herbivory in each transect ranged 
from 58-80% but did not change with distance 
from the reef (F2,12 = 0.68, P = 0.52; Fig. 4). 
Measurements from the reef transect were not 
included in analyses comparing percent herbivory 
by distance from the reef, as only two quadrats on 
the reef contained seagrass. The blades collected 
in these quadrats were included in analyses 
comparing density, average length, average width, 
and average percent cover by epibionts across 
transects. There was no difference in the percent 
herbivory by density (linear regression: F1,15 = 
0.60, P = 0.45; Fig. 5A), blade length (linear 
regression: F1,15 = 0.004, P = 0.95; Fig. 5B), blade 
width (linear regression: F1,15 = 1.80, P  = 0.20; 
Fig. 5C), or percent epibiont cover (linear 
regression: F1,15 = 0.11, P = 0.75; Fig. 5D).  

     
Figure 4. The relationship between percent herbivory 
and distance from reef (n = 15 quadrats). 
 
DISCUSSION 
We found no overall differences in herbivory on 
turtlegrass based on a variety of possible factors. 
There was no difference in percentage of grass 
blades that showed signs of herbivory among 
different distances from a reef, and no relationship  
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Figure 5. The relationship between percent herbivory (A) density, (B) average blade length, (C) average blade width, 
and (D) average percent cover by epibionts (n = 17 quadrats). 
 
between herbivory and the average lengths and 
widths of grass blades. Further, there was no 
relationship between the average percent coverage 
by epibionts or density of turtlegrass tufts and 
herbivory. Our findings suggest herbivory on 
turtlegrass is random, with no predictors of what 
may determine palatability for herbivores. 

In most modern seagrass ecosystems, direct 
grazing on seagrass is relatively low, perhaps 
accounting for the seemingly random patterns of 
herbivory. Current seagrass ecosystems in the 
tropics are defined as seagrass detrital ecosystems, 
which are characterized as having few large 
herbivores (Valentine and Duffy 2006). These 
ecosystems may have been rare prior to 
anthropogenic impacts, but over-fishing of 
vertebrate grazers has resulted in habitats that are 
mostly devoid of large vertebrates. The low 
densities of green turtles, manatees, large fishes, 
waterfowl, and other ecologically important large 
vertebrates may lead to little seagrass production 
being grazed directly, perhaps contributing to 
patterns in herbivory appearing to be random. 

The elimination of large vertebrate grazers 
from seagrass meadows might also affect the life 
history strategies of seagrass. Caribbean seagrass 

communities from the Middle Eocene onwards 
have the same general structure and similar 
taxonomic makeup as today. Over the past 50 
million years, seagrass communities have had to 
withstand heavy, sustained grazing pressure from 
large mammalian herbivores (Domning 2001). 
Though this is no longer the case, the community 
structure of seagrasses is still heavily influenced 
by the history of grazing pressures (Milchunas et 
al. 1988). At the individual level, seagrasses may 
retain growth forms or life history traits that were 
originally adaptations to historically chronic 
grazing (Valentine and Duffy 2006, Janzen and 
Martin 1982). Thus, current levels of herbivory 
may not control or play a central role in impacting 
the structure and function of seagrass 
communities. 

Though direct grazing on seagrasses may be 
relatively low, herbivory on epibionts plays an 
important role in seagrass communities. Today, 
herbivory is dominated by small vertebrate and 
invertebrate mesograzers that feed preferentially 
on epiphytic algae (Duffy and Valentine 2006). 
Epibionts may offer higher nutritional value than 
seagrass itself, as seagrass leaves may be of little 
nutritional value due to high carbon: nitrogen 

A) B)

D)C)
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ratios (Duarte 1990). Further, most modern grazers 
are unable to digest cellulose, suggesting that 
feeding on seagrasses may not be ideal for most 
herbivores. Algal grazers may mediate competitive 
interactions between seagrasses and algae by 
preventing algae from outcompeting the seagrass. 
This indirectly enhances seagrasses and may even 
result in high seagrass biomass in certain 
locations. 

Further studies are needed to understand how 
seagrass-herbivore interactions have changed since 
the disappearance of large mammalian herbivores 
from these ecosystems. Exploring how food web 
linkages have changed with the increased 
dominance of grazing on epibionts as herbivory is 
integral to understanding the roles of consumers in 
seagrass ecosystems (Valentine and Duffy 2006). 
Increasing our understanding of seagrass ecology 
and responses to anthropogenic change is also 
critical to the effective management of these 
valuable natural resources. 
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Abstract: Omnivorous scavengers are presented with the unique challenge of having a wide range of food sources, 
and thus a high number of potential sensory inputs to process. Blue Land Crabs (Cardisoma guanhumi) are large 
burrow-dwelling omnivorous scavengers found mainly on the Caribbean coast. Because C. guanhumi primarily live 
in underground burrows, it is unclear what sensory cues, if any, they use to detect edible food above ground in order 
to emerge from their burrows and initiate foraging. One hypothesis is that C. guanhumi sense the substrate-borne 
vibrations of falling fruit and respond by emerging from their burrows to forage. To determine if C. guanhumi 
burrows are clustered around dropping fruits, we mapped the dispersion of crab burrows around coconut palms 
(Cocos nucifera) and noni trees (Morinda citrifolia). Examining if C. guanhumi initiate foraging in response to the 
sound and vibrational stimuli from edible falling fruits, we tested the emergence responses of C. guanhumi to falling 
coconuts and noni fruits. Our results suggest that crabs do not optimize their foraging by clustering their burrows 
around noni trees or emerging from their burrows in response to falling fruit.  
 
Abstracto: Los carroñeros omnívoros se presentan con el reto único de tener una amplia gama de fuentes de 
alimentos y, por lo tanto, un alto número de potenciales insumos sensoriales para procesar. Los cangrejos terrestres 
azules (Cardisoma guanhumi) son grandes carroñeros omnívoros que habitan en la madriguera y que se encuentran 
principalmente en la costa caribeña. Debido a que C. guanhumi vive principalmente en madrigueras subterráneas, no 
está claro qué señales sensoriales, si las hay, utilizan para detectar alimentos comestibles sobre el suelo para salir de 
sus madrigueras e iniciar el forrajeo. Una hipótesis es que C. guanhumi siente las vibraciones transmitidas por el 
sustrato de la caída de la fruta y responde saliendo de sus madrigueras para forrajear. Para determinar si las 
madrigueras de C. guanhumi están agrupadas alrededor de las frutas que caen, se trazó la dispersión de las 
madrigueras de cangrejo alrededor de las palmas de coco (Cocos nucifera) y los árboles de noni (Morinda citrifolia). 
Examinando si C. guanhumi inicia el forrajeo en respuesta a los estímulos sonoros y vibracionales de los frutos 
comestibles que caen, probamos las respuestas de emergencia de C. guanhumi a los cocos y los frutos del noni que 
caen. Nuestros resultados sugieren que los cangrejos no optimizan su forrajeo agrupando sus madrigueras alrededor 
de árboles de noni o emergiendo de sus madrigueras en respuesta a la caída de la fruta. 
 
Key words: Cardisoma guanhumi, foraging cues, sound, substrate vibrations 
 
Palabras claves: Cardisoma guanhumi, señales de forrajeo, sonido, vibraciones del substrato 
 
INTRODUCTION 
Optimal foraging theory posits that animals 
maximize their energy availability for growth and 
reproduction by maximizing their foraging 
efficiency (Pyke, 1984). Hunting, gathering and 
scavenging animals must exert energy to find and 
acquire food in their habitats; as a result they 
maximize foraging efficiency by minimizing the 
time and energy required to acquire the highest 
quality and quantities of food. Animals may do 
this by decreasing their travel distance to food, 
increasing their locomotion efficiency, and 
increasing their sensory acuity (Pyke, 1984).   

Sensory acuity may improve foraging 
efficiency by decreasing the energy required to 
respond to cues in the environment (Rice, 1983). 
High resolution and high sensitivity sensory 
systems can allow animals to accurately find and 
evaluate food at a distance, thus maximizing their 
nutritional payout and minimizing their need to 
travel to multiple places to find food. For example, 
the Cheetah’s visual system is highly adapted for 
binocular target detection, allowing it to identify 
the movements of prey on open terrain from a 
distance (Ahnelt, 2005). Similarly, male and 
female filesnakes have adapted distinct sensory 
modalities to respond to different sensory cues in 
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their environments. While male filesnakes use 
scent to hunt small fish in shallow water, female 
filesnakes primarily rely on visual movement to 
hunt larger fish in deeper water (Vincent, 2005). 
Both adaptive sensory systems demonstrate how 
sensory systems may evolve in response to 
different food cues in the animal’s habitat.  

While many animals have evolved acute and 
adaptive senses for finding food, omnivores are 
presented with the unique challenge of having a 
wide range of food sources, and thus a large 
number of potential cues to initiate foraging. For 
example, humans can eat a wide variety of foods, 
including plants, animals, and fungi—all foods 
which produce different sensory cues and require 
different combinations of sensory modalities to 
acquire. While a human may use its vision and 
sense of smell to detect a color-saturated fruit and 
then determine if it is ripe, the human could also 
use their hearing and vision to detect rustling grass 
and then see movement across a landscape to hunt 
down an animal for meat. Like humans, other 
omnivores may use multiple sensory modalities to 
initiate foraging in response to foods that produce 
different sensory cues.  

The Blue Land Crab, or Giant Land Crab 
(Cardisoma guanhumi) is a burrow-dwelling 
omnivorous scavenger that lives in estuarine 
regions throughout the Caribbean coast and some 
regions on the Gulf of Mexico (Hill, 2001). In 
order to reach its full carapace size of 110 mm 
wide, 102 mm in length and 500g in weight 
(Wedes, 2004), the crab molts an average of 60 
times – three times more than any other crab. To 
sustain this growth, the crabs forage for leaves, 
grasses, fruits, insects, and carrion and drag this 
food back to their burrows for storage. Due to the 
energy requirements of C. guanhumi growth, it 
would be advantageous for it to maximize its 
foraging efficiency by only leaving the burrow 
when food is nearby; however, because C. 
guanhumi primarily live in underground burrows, 
it is unclear what sensory cues, if any, they use to 
detect edible food above ground to emerge from 
their burrows and initiate foraging.  

While it is understood that the crabs have a 
well-developed visual system with stalked frontal 
eyes (Burggren and McMahon, 1988) it is unclear 
if C. guanhumi can see food from within their 
burrows underground, or if they rely on another 
sense to detect when food is nearby and initiate 

their foraging. One hypothesis that has been 
debated is whether C. guanhumi sense the 
substrate-borne vibrations of falling fruit and 
respond by emerging from their burrows to forage. 
While one study found that C. guanhumi emerged 
in response to the substrate-borne vibrations 
brought on by dropping leaves, pebbles, and fruit 
(Herreid 1963), another found that dropping fruit 
did not affect C. guanhumi’s foraging behavior 
(Shimaski et al. 2011).  

At Cocles beach in Limon province Costa 
Rica, there are many C. guanhumi burrows next to 
a public trail with only coconut palm (Cocos 
nucifera) and noni trees (Morinda citrifolia). The 
leaf litter and fruit from these fruiting trees 
appears to be one of few food sources in this area 
for C. guanhumi. While the noni fruits appear to 
be edible for C. guanhumi to eat, the coconuts 
appear too large for the crabs to carry, crack open, 
or eat. Because the crabs are omnivores and have 
many food options, it is possible that they dig their 
burrows closer to preferred food sources in their 
habitat in order to optimize their foraging. 
Additionally, it is possible that the crabs may have 
evolved senses to pick up on cues from their 
preferred food source in order to minimize the 
time they must spend outside of their burrows 
foraging for food. If the crabs optimize their 
foraging by digging their burrows closest to their 
preferred food sources, then we would predict the 
burrows to be dispersed based upon preferred food 
availability. If the crabs optimize their foraging by 
only emerging from their burrows when their 
preferred food is around, then we would expect 
them to distinguish between the substrate-borne 
vibrations of different falling fruits and only 
emerging to forage for the edible food. To 
determine if C. guanhumi optimize their fruit 
foraging by clustering their burrows around 
fruiting trees and only emerging when fruit is 
dropped, we mapped the dispersion of crab 
burrows around coconut palms (Cocos nucifera) 
and noni trees (Morinda citrifolia), and tested the 
emergence responses of C. guanhumi to falling 
coconuts and noni fruits. 
 
METHODS 
Study system  
The study was conducted on a 106 x 11 m quadrat  
of Cocles beach in Limón province, Costa Rica. 
Patches of 30-60 cm tall grasses, S. vervain and 
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other small plants clustered around the center, 
while turf-like grasses and sandier soil dominated 
the edges of the quadrat. The southeastern edge of 
the quadrat abutted a public trail, and the 
northwestern side ran along the sand of the beach. 
The area is part of a reforestation project, so the 
only trees present were C. nucifera and M. 
citrifolia (Fig. S1). The largest crab burrows were 
observed on the exposed edges of the transect, 
while smaller burrows were seen in the grasses in 
the center of the transect (Fig. S2). The crabs are 
mainly nocturnal and crepuscular, so the study of 
crab emergence behavior was conducted at night, 
while the mapping of burrow dispersion was 
conducted during the day.  
 
Mapping dispersion  
We mapped the dispersion of burrows on a cleared 
section of the Cocles beach coastline where we 
observed crabs burrows clustered around M. 
citrifolia, which is the only fruiting tree other than 
C. nucifera, and appears to be the only available 
food option (we assumed that the crabs cannot fit 
their claws around a coconut and as such could not 
exert enough force for it to be a viable food 
source). We marked the coordinates of each tree, 
the borders of the transect, and each C. guanhumi 
burrow.  
 
Fruit drop experiment   
To test whether crabs emerge from their burrows 
in response to specific substrate vibrational 
frequencies, we dropped noni fruits and coconuts 
near randomly selected burrows and observed the 
crab’s behavior. Before the start of each 
experimental treatment, we noted whether there 
was a crab visible in the burrow. We also 
measured the length (in m) from the burrow to the 
nearest tree and noted whether that tree was M. 
citrifolia or C. nucifera. Before each fruit 
dropping treatment, we placed a microphone and 
vibrometer at the opening of the burrow. We then 
waited one minute without movement to 
acclimatize the crab to our presence. As a control, 
we waited another two minutes without dropping 
fruit to see if the crab would naturally emerge 
during that time. Finally, in our experimental 
treatment we dropped a randomly selected fruit at 
Ciara’s face height (CFH) one meter from the 
selected burrow. With each burrow measured, we 
used a different coconut or noni fruit and the 

selection of coconut or noni matched the identity 
of the closest tree. After the fruit drop, we waited 
two minutes, observing the burrow for crab 
movement. Once the experimental period had 
ended, we measured the burrow depth (in cm) 
using transect tape and performed an additional 
fruit drop with the vibrometer placed 10cm down 
the length of the burrow. To measure the 
attenuation of the vibrations at depth, we also 
performed a coconut drop with the vibrometer 
placed at 20cm in depth at one of the burrows.  
 
Red light was used during the experimental period 
to limit the effect of light on crab activity.  
 
Converting GPS coordinates to distances  
First, we calculated the distance between all tree 
coordinates and all burrow coordinates in nautical 
miles: 

 
3443.8985*(ACOS[(sin(Latitude_place_1*PI(
)/180)*sin(Latitude_place_2*PI()/180)+cos(L
atitude_place_1*PI()/180)*cos(Lat_place_2*P
I()/180)*cos(Longitude_place_2*PI()/180-
Longitude_place_1*PI()/180))]) 

 
Then we converted nautical miles to meters (1 
nautical mile = 1852 meters).  
 
Statistical analysis  
All statistical analyses used JMP Pro v.15. To 
analyze the crab burrow dispersion in different 
environments, we created a density map of the 
burrows. To analyze the distances of burrows to 
their nearest tree, we defined “palm burrows” as 
burrows whose nearest tree was a palm tree, and 
“noni burrows” as burrows whose nearest tree was 
a noni. To analyze the distance of these burrows to 
each type of tree, we performed a t-test between 
the distances of palm and noni burrows to their 
nearest palm and noni trees. 
 
RESULTS 
There was no clear pattern in the dispersion of the 
C. guanhumi burrows with respect to the fruiting 
trees (Fig.1). Instead, the highest density of 
burrows appeared to be in the center of the 
transect where there was taller grass cover, as 
compared to the edges of the transect which 
abutted on sandy beach and the public trail (Fig. 
1). The proportion of palm burrows (61 per tree) 
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was higher than the proportion of noni burrows 
(34.8 per tree). Although the dispersion of burrows 
wasn’t dominated by clustering around fruiting 
trees, the noni burrows were more tightly clustered 
around noni trees than palm burrows were 
clustered around palm trees (t = 1.87, P = 0.0316, 
df = 286) (Fig. 2).  
 

 
Figure 1. Density map of C. guanhumi burrows with 
respect to fruiting trees.  
 

          
Figure 2. Distance of C. guanhumi burrows to nearest 
tree by species of tree. Bars represent the mean 
nearest distance and error bars show +/- 1 SD. 
 

No crabs emerged during our experimental 
period (N=13). While the bandwidth of the 
substrate-borne vibration from the coconut drop 
appeared higher than the noni when measured at 
the surface, there was no visible difference in 
bandwidth at any other depth (Fig. 3a). There 
appeared to be no visual difference between the 
peak frequency of noni and coconut at the surface, 
but as accelerometer depth increased, the peak 
frequency of the substrate-borne coconut vibration 

appeared to decrease while the frequency of the 
noni remained the same (Fig. 3b). As 
accelerometer depth increased, the peak amplitude 
of the coconut appeared to increase, as well (Fig. 
3c). However, there was no distinguishable 
difference in amplitude with the noni dropping 
treatment (Fig. 3c). No statistical analyses were 
performed on the fruit dropping experiment due to 
the small and unequal sample size collected.  

  

 
Figure 3. Fruit drop substrate vibrations at varying 
depths within C. guanhumi burrows. a) Peak amplitude 
of substrate vibrations with respect to depth from the 
surface of the burrow. b) Bandwidth of substrate 
vibrations with respect to depth from the surface of the 
burrows c) Peak frequency of vibration with respect to 
depth from the surface of the burrow. Bars represent  
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DISCUSSION 
To test whether C. guanhumi cluster around edible 
fruiting trees, and whether they may rely on 
auditory and tactile acuity to detect dropping 
edible fruits, we mapped the dispersion of C. 
guanhumi burrows around the noni and the 
coconut palm tree and tested the crabs’ behavior in 
response to a fruit dropping experiment. While we 
found that most burrows were not clustered around 
fruiting trees, we did find that noni burrows were 
more tightly clustered to nonis than palm burrows 
were around palms. Additionally, while no crabs 
emerged in response to our fruit-dropping 
experiment, the amplitude and frequency of 
substrate-borne vibrations appeared to differentiate 
with depth. Therefore, we found further evidence 
to support the findings of Shimaski et al. 2011 that 
C. guanhumi likely do not optimize their foraging 
by clustering around fruiting trees or emerging 
from their burrows in response to falling fruit.  
 While we found no clear pattern in burrow 
dispersion with respect to fruiting trees, we did 
find that noni burrows were closer to noni trees 
than palm burrows were to palms. Although the 
clustering data suggests that the crabs do not 
optimize foraging by digging their burrows around 
these trees, it is possible that the shorter distance 
of noni burrows to noni trees indicates that the 
noni fruit is indeed a preferred food source for the 
crabs over the coconuts. If the noni fruit is a 
preferred food source, it is possible that clustering 
is not observed because of competition for space 
around these trees. Another possibility is that the 
noni trees, which have a smaller canopy than the 
palm trees, drop leaves and fruits in a smaller 
radius around them, encouraging crabs to dig their 
burrows closer to the tree. Because the crabs eat 
leaf litter as well, the increased distance between 
palm burrows and palm trees may be explained by 
palm fronds dispersing in a wider radius around 
palm trees.  

It is also possible that differences between 
noni and palm trees may influence where crabs 
can dig their burrows. We found many burrows 
that appeared to use the noni roots to enhance their 
burrow structures. Perhaps the larger root 
structures of palm trees prevent the crabs from 
digging their burrows close to the tree, while the 
roots of the noni tree are ideal for structural 
integrity. Another potential explanation is that the 
increased organic matter from decomposing noni 

fruit improves the soil composition for crab 
burrow architecture. Many other animals select 
building locations for prolonged structural 
integrity. For example, mound-building termites 
have been shown to locate their mound based on 
the amount of available clay in the surrounding 
soil, which has a large effect on the mound’s 
structural integrity (Joquet 2004). Additionally, 
some birds position their nests based on the 
distance to the center of the tree, which may be to 
decrease the potential movement of the nest from a 
swaying branch (McCrimmon 1978). If crab 
dispersion is similarly driven by structural 
integrity as opposed to optimizing foraging, then 
there may be a greater preference for ideal soil or 
substrate composition as opposed to proximity to 
falling fruits.  

Another explanation for the variation in the C. 
guanhumi burrow dispersion is that different life-
stages may select different “ideal” burrow 
locations. Other animals change their concealment 
strategy within a habitat throughout their life 
stages. In seahorses, juveniles select habitats with 
crypsis at a higher rate than adults (Harasti 2014). 
Similarly, many reef fish spend their juvenile stage 
amid the protection and abundant resources of 
mangrove roots, before venturing to the reefs as 
mature fish (Cocheret de la Morinière 2004). Just 
like seahorses and reef fish, C. guanhumi may 
change their habitat selection throughout their life 
history in order to maximize survival to 
reproductive age as juveniles and maximize 
energy available for reproduction as adults. We 
noticed that the smaller burrows were clustered in 
the section of our study site dominated by long 
grass and S. vervain, while larger burrows 
appeared to be in areas with less grass. If the 
smaller more concealed burrows belong to 
younger more vulnerable crabs, then it is possible 
that juveniles may be driven by avoiding predation 
when selecting burrow locations under the tall 
grass, while larger adult crabs may choose 
burrows that optimize foraging efficiency or 
structural integrity.  
 In addition to finding that the dispersion of 
most C. guanhumi burrows doesn’t appear to be 
driven by optimizing foraging efficiency, we also 
found that C. guanhumi do not emerge in response 
to fruit-dropping. This suggests that C. guanhumi 
also don’t optimize their foraging by listening for 
the feeding cues produced by falling fruit. While it 
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appears that the crabs don’t initiate foraging in 
response to falling fruit, it is possible that, the 
crabs’ behavior (or lack thereof) may have been 
influenced by human presence. Our accelerometer 
registered even the smallest human movement on 
the substrate, and it’s likely that the crabs 
registered our presence during the experimental 
period. Our study site was also positioned on a 
heavily trafficked footpath; therefore it’s possible 
that the crab’s belowground sensory environment 
has been so modified by human presence that 
crabs in this area will never emerge to the 
vibration of dropping fruit. Studies of fish on the 
Great Barrier Reef have found that while fish are 
attracted to the sound of a healthy coral reef, they 
are less likely to swim towards the sound of a reef 
if is overlayed with the sound of a passing  
motorboat (Gordon et al. 2019; Holles et al. 2013). 
On the other hand, white-crowned sparrows adapt 
to noise pollution of cities by calling at higher 
frequencies than they normally would in forests 
(Phillips and Katti 2020). C. guanhumi living in 
highly trafficked areas with significant noise 
pollution may display similar adaptations that alter 
their responses to the substrate vibrations from 
falling fruits. Human presence, in other words, 
may have impaired the optimal foraging strategy 
of these crabs. 
 Despite no observable changes in the behavior 
of the crabs in response to falling fruits, both the 
frequency and amplitude of the fruit’s substrate 
vibrations appeared to change with depth. This 
may suggest that the deeper the burrow, the more 
acutely the crab can distinguish between dropping 
fruits of different sizes and densities. In some 
rodent burrows, sound may be doubly amplified at 
1m depth under the surface (Lange et al. 2007). At 
our study site, we measured a wide range of 
burrow shapes and sizes, and despite the hardness 
and density of the soil, some burrows neared a 
depth of 1m—far deeper, it seems, than a crab 
would need if their burrows were designed solely 
for the purpose of predator avoidance. It is 
therefore possible that the burrows are specifically 
designed to enhance the crab’s auditory and tactile 
acuity. Future studies are needed to determine how 
crabs may place and design their burrows to create 
a physical and auditory environment that leads to 
optimal foraging.  
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APPENDIX 
 

        

        
Figure S1. Transect on Cocles beach. a) trees along 
transect, b) close up of vegetation.  
 

       
Figure S2. Smaller burrow under vegetation. 
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Abstract: Despite community efforts to protect land by promoting ecotourism, the resulting human land use still 
alters marine ecosystems. The community composition of algae in tide pools may be significantly altered by 
eutrophication and toxic waste inputs from different anthropogenic sources including restaurants, hotels, and shops. 
To study the influence of ecotourism and coastal development in Limón province, Costa Rica, on tide pool algae 
communities, we surveyed human uses of the coastline in Cahuita and Puerto Viejo and measured the algal cover 
and community composition of remnant coral in the intertidal zone. We found that tidepools in both Cahuita and 
Puerto Viejo were dominated by turf algae. Additionally, greater use of the shoreline in Puerto Viejo compared to 
Cahuita was associated with higher algal cover of tide pools. Likewise, the percent algal cover of the tidepools 
increased as the number of people on the shore increased, regardless of location. These findings may have 
implications for managing the density of people that can visit ecotourism-dependent communities that rely upon 
healthy and beautiful ecosystems.  
 
Abstracto: A pesar de los esfuerzos de la comunidad para proteger la tierra mediante la promoción del ecoturismo, el 
uso de la tierra humana resultante todavía altera los ecosistemas marinos. La composición comunitaria de las algas 
en los charcos de marea puede ser alterada significativamente por la eutrofización y los insumos de desechos tóxicos 
de diferentes fuentes antropogénicas, incluyendo restaurantes, hoteles y tiendas. Para estudiar la influencia del 
ecoturismo y el desarrollo costero en la provincia de Limón, Costa Rica, en las comunidades de algas de charcos de 
marea, se realizó una encuesta sobre los usos humanos de la costa en Cahuita y Puerto Viejo y se midió la cubierta 
de algas y la composición comunitaria del remanente de coral en la zona intermareal. Encontramos que tanto en 
Cahuita como en Puerto Viejo los charcos de marea estaban dominadas por algas de césped. Además, un mayor uso 
de la costa en Puerto Viejo comparado con Cahuita se asoció con una mayor cobertura de algas en los charcos de 
marea. Asimismo, el porcentaje de cobertura de algas en los charcos aumentó a medida que aumentó el número de 
personas en la orilla, independientemente de la ubicación. Estos hallazgos pueden tener implicaciones para el 
manejo de la densidad de personas que pueden visitar comunidades dependientes del ecoturismo que dependen de 
ecosistemas sanos y hermosos. 
 
Key words: algae, Caribbean, coastal development, Costa Rica, ecotourism, intertidal, nutrient pollution 
 
Palabras claves: algas, el Caribe, desarrollo costero, Costa Rica, ecoturismo, la zona intermarreal, contaminación 
por nutrientes 
  
INTRODUCTION 
Contamination and deforestation from human 
industries can alter the composition of aquatic 
ecosystems. In areas dominated by the agriculture 
industry, run-off may contaminate nearby aquatic 
ecosystems by introducing nutrient pollutants from 
livestock and fertilizers as well as biocide 
pollutants from pesticide spraying on crops (Moss 
2008). The influx of organic matter and nutrients 
into the water may increase the growth of nitrogen 
limited algae. The decomposition of this algae by 
microbes utilizes a significant amount of oxygen, 
creating anoxic conditions most organisms cannot 
survive (Smith 2003). Enhanced growth of 
macroalgae on rocks and other structure can also 

cause algae to outcompete other organisms for 
space as is seen in the shifting dynamics of corals 
and turf algae on coral reefs (Vermeij et al. 2010). 
Likewise, the run-off of pesticides may be toxic to 
aquatic organisms, causing mass die offs and 
changing community composition (Peters et al. 
1997).  

Similar to agriculture, tourism is another large 
industry with the propensity to contaminate nearby 
aquatic ecosystems. Land often needs to be cleared 
of vegetation for hotels, restaurants, shops, and 
other infrastructure that supports tourism to be 
built, increasing erosion and sedimentation in 
aquatic ecosystems. The deforestation of riparian 
buffers to create tourist destinations along the 
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coast is particularly harmful as this vegetation 
anchors beach sediments, helping to prevent 
inland movement of the coastline (Brennan and 
Culverwell 2005). Coastal tourist infrastructure 
produces a variety of inputs into neighboring 
aquatic ecosystems. For example, improperly 
disposed plastic waste is persistent in water, and 
broken down microplastics can be eaten by filter 
feeders and small fish and magnified in the marine 
food chain (Thushari and Senevirathna 2020). 
Inadequately treated sewage water carrying 
organic pollutants, nutrients, and toxic bacteria is 
one of the most serious sources of marine 
pollution in some areas, such as the Caribbean, as 
it can cause eutrophication and disease, both along 
the coast and further out in the ocean (Siung-
Chang 1997).  

Ecotourism was first defined by the 
International Ecotourism Society in 1990 as 
“responsible travel to natural areas that conserves 
the environment and improves the well-being of 
local people” (quoted in Honey 2008 Ch 1). 
Though presented as a sustainable tourist 
economy, ecotourism has a complex status among 
conservation scientists due to the current costs that 
accompany the benefits. Costa Rica was one of the 
first countries to seriously invest in ecotourism 
and remains the world’s top ecotourist destination 
today for its beautiful and diverse wildlife (Honey 
2008 Ch 5). There are 25 national parks and many 
more reserves and conservation areas in Costa 
Rica which protect more than one million hectares 
of land in total (Costa Rica National Parks). Over 
one million tourists visit Costa Rica every year, 
providing funding for the nation’s conservation 
efforts and contributing to the largest portion of 
the economy (Embassy of Costa Rica in 
Washington DC). 

While Costa Rica’s eco-tourism is laudable for 
its land protection efforts, its human land use still 
alters marine ecosystems by clearing land for 
human structures, and introducing run-off 
containing plastic, organic pollutants, and toxic 
contaminants. In Limón province Costa Rica, 
Puerto Viejo and Cahuita are two towns whose 
primary industries are eco-tourism for their 
beautiful beaches and coral reefs. While the 
beaches of Puerto Viejo are not protected from 
hotels, restaurants, and shops dotting the coast, 
Cahuita is a protected national park with a live 
coral reef. Although Cahuita is a protected 

national park, the adjacent town has beaches that 
are not protected from the surrounding homes, 
hotels, restaurants, and shops. The intertidal zones 
of the Cahuita town and Puerto Viejo are 
dominated by remnant coral formations that form 
tide pools at low tide and contain complex 
ecosystems of small and juvenile fish, macro-
invertebrates, and algae. Because algae are 
primary producers and the base of many marine 
trophic webs, they can be indicative of the 
functioning and contamination of an ecosystem.  

While the community composition of algae in 
tide pools may be resilient to changes between 
tides, it may be significantly altered by 
eutrophication and toxic waste inputs from 
different anthropogenic sources including 
restaurants, hotels, and shops. Alternatively, it is 
possible that human use of the coastline does not 
affect algal cover and community composition 
because the tides allow for enough circulation of 
water so there isn’t eutrophication or 
contamination of the tide pools. If there is 
eutrophication caused by human activity on the 
shore, then there will likely be greater algal 
coverage in those tide pools, and there could either 
be greater diversity because the most dominant 
algae outcompete the other algae for the nutrients. 
However, if there is more toxic contamination than 
eutrophication, then there will be less diversity 
because waste products will kill off more sensitive 
species and only hardier species survive. To study 
the influence of eco-tourism on tide pool algae 
communities, we surveyed human uses of the 
coastline in Cahuita and Puerto Viejo and 
measured the algal cover and community 
composition of remnant coral in the intertidal 
zone.  
 
METHODS 
Study sites 
Two towns on the southern Caribbean coast of 
Costa Rica in Límon province were chosen based 
on their ecotourism-based economy, development 
up to the water’s edge, and the rocky remnant 
coral intertidal zone along the coastal edge of the 
town. Puerto Viejo has a larger population, more 
buildings, and more storm drains that flow straight 
into the ocean. In comparison, the town of 
Cahuita, north of Puerto Viejo has a smaller 
population, fewer buildings, and no observed 
storm drains flowing into the ocean. For a 
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reference site, a section on the northern end of 
Cahuita National Park was chosen. In the Cahuita 
National Park, no rocky intertidal was found, so 
only water samples were taken three meters out 
from the shore every 200 meters. 
 
Measuring algae cover  
In Puerto Viejo and Cahuita town, sites were 
selected every 100 meters along the coast and 
marked using a Garmin Etrex 10 GPS. Sixteen 
sites were measured at Puerto Viejo and seven in 
the town of Cahuita. At each selected site, pictures 
of three 0.5 square meter quadrats were 
haphazardly taken roughly three meters out from 
shore in the rocky intertidal zone for algal analysis 
(Fig. S2). The photos were reviewed by an 
observer who estimated percent algal coverage, 
compared to percent rock and other coverage. The 
mean coverage between the three quadrats was 
used to represent the density of algae at each 
location.  
 
Measuring community composition and diversity  
Using the same photos from each site (Fig. S2), 
the algae in each quadrat was classified as fleshy, 
turf, or calcareous. The area of each algae type 
with respect to the total algae cover on the rock 
was estimated in each quadrat, and then averaged 
for each site. Richness was calculated on a scale of 
zero to three for the presence of the different algae 
categorizations (no algae, fleshy, turf, or 
calcareous).  
 
Measuring Nitrogen  
Water samples were taken for nitrogen analysis at 
each site and brought back to the lab for analysis. 
The API nitrate test kit was used to measure 
nitrate content. Ten drops of solution one were 
added to 5mL of each sample. Then ten drops of 
solution two were added and the sample was 
vigorously shaken for 1 minute before letting the 
sample rest for 5 minutes. To assess the nitrate 
content in ppm, the sample’s color was compared 
to the test kit’s reference color palate.  
 
Measuring Anthropogenic use of coastline   
Images were taken at each site to categorize 
visible uses of the shoreline (Fig. S1). Each image 
was taken as a panorama perpendicular to the 
shoreline on an iPhone 5S. The number of paved 
surfaces, cars, boats, people, and buildings were 

all quantified using images taken at each site. The 
human use index (HUI) for each site was 
calculated as a sum of these values. The average 
HUI was then calculated for each town and the 
national park.  
 
Statistical analysis  
All statistical analyses were completed in JMP Pro 
v15. To analyze the difference in HUI between 
locations we performed a one-way ANOVA. To 
compare the variation in HUI between sites in 
each location we performed an F-test. To analyze 
the difference in the number of buildings, people, 
cars, paved surfaces, and boats between locations 
we performed a one-way ANOVA.  To analyze 
the algal cover by location we performed a t-test. 
Examining the algal community composition 
between locations we performed a t-test. 
Analyzing the human uses of coastline and 
changes in algae cover and community 
composition, we created linear regressions for 
each human use and each algae type. We also 
performed a spearman’s regression comparing the 
number of people to the percent of algal cover.  
 
RESULTS 
The human activity visible from the shoreline, 
summarized by the average human use index 
(HUI), was higher along the coast of Puerto Viejo 
compared to the Cahuita town (Table 1, Fig. 1). 
While there is more human use of the Puerto Viejo 
coastline, there is also more variation in the HUI 
between sites (F2, 64 = 14.20, P < 0.001), which 
seems to correspond with the distance from the 
center of town. The HUI appears to be lower at 
sites farther from the center of Puerto Viejo, while 
the HUI is more consistent across sites in Cahuita 
town (Fig. 1).  The sampled shoreline in Cahuita 
was also 900 m shorter than the sampled shoreline 
in Puerto Viejo. Comparing the specific human 
uses of the shoreline in Puerto Viejo and the town 
next to Cahuita National Park, there are 
significantly more people and buildings in Puerto 
Viejo than in the Cahuita town (F2, 66 = 6.72, P = 
0.0022) (Fig. 1). 

Comparing tide pool algal coverage in Puerto 
Viejo and the Cahuita town, there was a greater 
mean percent algal coverage of tide pools in 
Puerto Viejo (t = 10.60, P = 0.001, df = 27.455) 
(Fig. 2). Comparing algal communities between 



Cahuita  

 150 

 
Figure 1. Human uses of the coastline. a) Human use index (HUI) between locations. b) Specific uses at each 
location. c) Variation in HUI between sites along the coast line at each location.  
 

 
Figure 2. Algal coverage and community composition between Cahuita town and Puerto Viejo (Mean +-SE). a) Mean 
algae coverage of rocks. b) mean percent community composition. All differences are significant.  
 
 
Puerto Viejo and the Cahuita town, there was a 
greater mean percent of turf algae and fleshy algae 
in Puerto Viejo (t = 2.40., P = 0.013., df = 20.9; t 
= 1.77, P = 0.04, df = 53.41), and a lower mean 

percent of calcareous algae in Puerto Viejo (t = -
12.57, P = 0.001, df = 31.66) (Fig. 2).  

In addition to differences in algal community 
composition between locations, specific human 
influences on the Puerto Viejo and Cahuita 
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coastline are associated with changes in the algae 
coverage of tidepools and the community 
composition regardless of location. As the number 
of people visible from the shore increases, the 
percent algal cover of the tide pools increases (F1, 

62 = 9.45, P = 0.0032, r2 = 0.345) (Spearman’s p < 
0.0012) (Fig. 3). There were no other specific 
human uses of the shoreline that were significantly 
associated with changes in rock algal coverage or 
algal community composition.  

 

 
Figure 3. Number of people on the shore and the 
percent of rock covered by algae.   

 
While there were significant differences in 

algal cover and community composition between 
sites and locations, the nitrogen was between 0-
5ppm in all of the samples (Table 1). 
 
DISCUSSION 
From our surveys human of the Cahuita and 
Puerto Viejo coastlines and measurements of algal 
cover and community composition in the intertidal 

zone we found a correlation between the number 
of people visible from the shore and percent algal 
cover. While no other distinct uses included in our 
human use index (HUI) showed significant effects 
on algae, the higher HUI rating in Puerto Viejo 
paired with the higher percent algal coverage 
found at this site suggests that coastal towns can 
influence algal coverage in the intertidal zone. 
Algal community dynamics may also be 
influenced by these towns, as more turf and fleshy 
algae were found at Puerto Viejo than in Cahuita, 
which had much more calcareous crustose algae 
(CCA). While our study was not able to determine 
whether pollutants varied along the coast, our 
results suggest that human use of the coastline 
does indeed increase algal coverage and turf algae 
coverage of tidepools.  

Increases in turf algae in tidepools can have 
serious consequences for intertidal ecosystems. 
Algae form the base of marine food chains (Littler, 
1989), so increases in their productivity could 
increase the amount of energy available for higher 
trophic levels in the tide pool ecosystem. It is also 
possible that instead of bolstering the growth of 
the ecosystem, the mats of algae outcompete other 
organisms for space in the tide pools (Nielsen, 
2001). Turf algae can outcompete other types of 
algae for nutrients, light, and space. Animals that 
typically graze on algae that is more sensitive or 
less competitive, may lose vital food sources when 
the turf algae mats take over the tide pool.  

Surprisingly, nitrogen analysis of water 
samples taken at each location around our towns 
of study and reference site showed no differences 
by location or site. It is plausible that our nitrogen 
test of choice was not sensitive enough to show 
any differences, but if these results are accurate,

 
Table 1. Summary of human use, nitrate levels, algal cover, and algal community composition.  

Location 
Puerto 
Viejo  

Cahuita 
Town  

National 
Park  

Mean HUI  14.6 5.7 3.4 
Mean Nitrate (ppm)  0-5 0-5 0-5 
Mean percent algal cover (%)  82.8 19.7 N/A 
    
Algal Community Composition     

Mean turf (%) 91.3 71.2 N/A 
Mean fleshy (%) 8.1 2.3 N/A 

Mean calcareous (%) 0.5 25.9 N/A 
Mean other (%)  17.2 83.4 N/A 
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nutrient pollution may not be the cause of the 
increased algal coverage found around Puerto 
Viejo. However, nitrogen isn’t the only organic 
molecule that can cause nutrient pollution. 
Increases in phosphorus runoff from fertilizers, 
other products, and soil erosion can contribute 
significantly to eutrophication (reviewed in 
Carpenter 2008). Beyond this, it is possible that 
the presence of ecotoxic pollutants could increase 
algal coverage as algae may be more resilient than 
intertidal herbivores (Crowe et al. 2000). If 
herbivore populations are more sensitive to 
pollution and decline quickly, then algal 
populations may increase. Analysis of the 
community composition of fish and invertebrates 
in these locations could help determine if coastal 
development has opposite or unequal impacts on 
different components of intertidal ecosystems.  

Within the umbrella of coastal development, 
specific waste products from different tourist 
sources may be associated with changes in algal 
communities in the intertidal zone. While we 
found that changes in intertidal algae cover were 
only significantly correlated with increases in the 
number of people on the shoreline (Fig. 3), it is 
likely that the number of people is correlated with 
increased waste production and nutrient inputs into 
the intertidal zone. As Puerto Viejo and Cahuita 
town have many tourist attractions, there are many 
opportunities for humans to produce excess 
organic and inorganic waste that could find its way 
into nearby ecosystems. While restaurants may 
produce more organic food waste, hotels could 
release more sewage waste, shops could release 
more plastic, horse-back riding tours on the beach 
could release organic waste into the intertidal zone 
and boat tours could introduce fuel waste products 
into marine ecosystems. All of these pollution 
inputs could influence amounts of algal coverage 
and turf algae growth in the intertidal zone.  

Our results suggest that it may be important 
for ecotourism dependent economies to manage 
and optimize the density of visiting tourists in 
order to maximize the economic benefit, without 
degrading the very ecosystems that the economy is 
built upon. The goals of ecotourism include 
sustainability and conservation, but as densities of 
ecotourists and locals associated with the industry 
increase, damages to the environment can also be 
elevated. Whether the negative impacts of 
ecotourism outweigh the conservation benefits is 

still up for debate, but people are attempting to 
adapt ecotourism to better align with its 
conservation goals (Dushani et al. 2021). One 
approach may be to move the location of where 
tourists are staying farther away from the coast 
and protected areas. On Caño Island, located off 
the Pacific coast of Costa Rica, tourists are able to 
experience the reefs around the island, but are not 
allowed to stay on the land for more than a few 
hours. While this may be challenging for already 
established communities, it is important to 
consider the health of the ecosystems that tourists 
are coming to see. The future of ecotourism lies in 
finding a way to balance the needs of local 
communities with conserving the environment. 
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Figure S1. Sample sites along Coastlines in a) Puerto Viejo, b) Cahuita National Park and Cahuita Town  
 

         
Figure S2. Algae quadrats at each site. A, B, C are replicates within a site. a) sites sampled at Puerto Viejo. b) Sites 
sampled in Cahuita Town.  

 

a) b) 
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Abstract: Many animals experience stressful environmental conditions throughout their life and while some can 
relocate to avoid stressful conditions, others must acclimate to survive. Animals stuck in unfavorable conditions can 
either adjust through adaptive phenotypic plasticity, alter their behavior, or a combination of both. To examine the 
response of individuals to unfavorable conditions, we studied the response of brackish giant cane toads to varying 
salinity environments. Tadpole development was tracked over the course of 8 days, and 24-hour survival curves 
were generated for both tadpoles and toads in a range of salinities from 0 to 15 ppt. The development speed of 
tadpoles was reduced in saline conditions, and both toad and tadpole survival decreased in high saline environments. 
The LD50 value of tadpoles was found to be only 1ppt above their natural environmental conditions (6ppt), and the 
toads spent most of their time on the rocks regardless of treatment, avoiding the water. This combination of 
phenotypic plasticity and behavioral adaptations may allow these toads to exist in more saline environments, 
especially those with the threat of increasing salinity. Understanding the ability of saline-sensitive species to 
withstand fluctuations in salinity will become essential as ocean levels rise and increased droughts lead to increased 
salinity of many aquatic ecosystems, especially those near to the ocean. 
 
Abstracto: Muchos animales experimentan condiciones ambientales estresantes a lo largo de su vida y mientras 
algunos pueden reubicarse para evitar condiciones estresantes, otros deben aclimatarse para sobrevivir. Los animales 
atrapados en condiciones desfavorables pueden ajustarse mediante plasticidad fenotípica adaptativa, alterar su 
comportamiento o una combinación de ambos. Para examinar la respuesta de los individuos a condiciones 
desfavorables, estudiamos la respuesta de los sapos marinos gigantes a diversos ambientes de salinidad. El 
desarrollo del renacuajo fue rastreado en el transcurso de 8 días, y se generaron curvas de supervivencia de 24 horas 
para ambos renacuajos y sapos en un rango de salinidades de 0 a 15 ppt. La velocidad de desarrollo de los 
renacuajos se redujo en condiciones salinas, y la supervivencia tanto del sapo como del renacuajo disminuyó en 
ambientes salinos altos. Se encontró que el valor de los renacuajos en LD50 era de sólo 1ppt por encima de sus 
condiciones ambientales naturales (6ppt), y los sapos pasaron la mayor parte de su tiempo en las rocas sin importar 
el tratamiento, evitando el agua. Esta combinación de plasticidad fenotípica y adaptaciones conductuales puede 
permitir que estos sapos existan en entornos más salinos, especialmente aquellos con la amenaza de aumentar la 
salinidad. La comprensión de la capacidad de las especies sensibles a las salinas para resistir fluctuaciones en la 
salinidad será esencial a medida que los niveles del océano aumenten y las sequías crecientes lleven a un aumento de 
la salinidad de muchos ecosistemas acuáticos, especialmente los cercanos al océano. 
 
Key words: adaptive phenotypic plasticity, behavior, Costa Rica, giant cane toad, salinity, tadpoles 
  
Palabras claves: plasticidad fenotípica adaptativa, comportamiento, Costa Rica, el sapo marino gigante, salinidad, 
los renacuajos 
 
INTRODUCTION 
During their life history, animals are likely to 
encounter unfavorable and potentially life-
threatening conditions within their environment. 
From long-term seasonal changes to daily 
environmental fluctuations, organisms often face a 
wide variety of conditions. While some animals 
can migrate long distances in search of areas with 
more favorable conditions, other animals cannot 
and must cope with the surrounding environment. 

Some strategies include behavioral changes, 
adaptive phenotypic plasticity, and a combination 
thereof, which mitigate the effects of detrimental 
environmental conditions.  

Animals can change their behavior in the face 
of harsh environmental conditions to improve their 
fitness. One method of behavioral change is 
movement to enter optimal environmental 
conditions. For example, in cooler weather, 
crocodiles increase their sunning behavior to warm 
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their body (Downs et. al. 2008); similarly, on hot 
beaches, hermit crabs avoid movement during the 
day in favor of evening or dawn to search for 
shells (Steibl & Laforsch 2019). Another example 
of behavioral change is seen in tide pool snails, 
who cannot locomote as fast as tidal movement, so 
they must retreat into their shells to retain moisture 
(Nybakkaen and Bertness 2005). Animals of 
varying mobility may adopt different behavioral 
strategies in response to suboptimal environmental 
conditions.  

Some animals can respond to harsh 
environmental conditions by adapting parts of 
their morphology to improve their fitness. This is 
known as adaptive phenotypic plasticity, which 
frequently results in obvious phenotypic 
differences in characteristics such as shape, color, 
and developmental speed. In areas with highly 
variable environmental conditions, the ability to 
adjust phenotypes in response to these changes can 
be essential for survival. For example, water flea 
Daphnia can differ in morphology depending on 
whether they are reared in the presence of 
predators (Stollewerk 2010), allowing them to 
avoid predation more easily. Phenotypic plasticity 
allows species to expand and cope more 
effectively in a wider range of environments.  

Tadpoles and toads are an ideal study system 
to investigate how animals cope with 
environmental stress given their two 
developmental stages, each requiring different 
strategies to adapt to stressful environmental 
conditions. Tadpoles can be found in a variety of 
aquatic environments, including freshwater 
streams to brackish lagoons. Because tadpoles are 
unable to leave aquatic environments in which 
their eggs are laid, they are forced to cope with 
any environmental stress that arises in their 
environments until they develop into toads and can 
move across land into other aquatic environments. 
Additionally, because they possess semipermeable 
skin, tadpoles are more sensitive than most other 
animals to stressful environmental conditions, so 
they must either escape their environment by 
developing into frogs or die. Thus, it is plausible 
that tadpoles experience adaptive phenotypic 
plasticity in the form of changes in developmental 
speed to survive environmental stress. 
Furthermore, because the adult toad form can 
change environments, it is plausible that toads 
display behavioral changes in the form of moving 

to different environments to survive environmental 
stress.  

In our study, we investigated the response in 
tadpole development speed and toad behavioral 
changes to stressful conditions. We examined 
development and survival of giant cane toads 
found in brackish water close to the ocean that is 
subject to potentially variable salinity conditions. 
We hypothesized that if tadpoles are placed in 
stressful environments, then their developmental 
speed may be slower because greater energy is 
devoted to survival than growth; alternatively, 
tadpoles may undergo accelerated development to 
avoid death due to stressful conditions. We also 
hypothesize that if toads are placed in stressful 
environments, then they will move to different 
environments to avoid environmental stress. Based 
on this hypothesis, we predict that more toads will 
move out of the water under higher salinities 
because they need to escape water that is too 
saline. Additionally, we confirm any changes in 
toad behavior by comparing LD50 of toads and 
tadpoles; if the water is indeed too saline and toads 
are moving to escape high salinity, we predict that 
toads will have a higher LD50 than tadpoles. 
 
METHODS 
Study Site and System 
We studied brackish tadpoles and juvenile toads 
(Rhinella marina) located in a lagoon near 
Refugio Nacional Gandoca-Manzanillo. Tadpoles 
for the development experiment were collected in 
the afternoon on February 22nd, 2022 and the 
experiment was conducted from February 22nd to 
March 2nd, 2022. Tadpoles and toads for the 
salinity lethal dose experiment were collected  on 
March 2nd and March 3rd, 2022, and the 
experiment was conducted between March 2nd, 
2022, to March 4th, 2022.  
 
Tadpole Development Measurements 
To test how different salinities impact tadpole 
development morphology and speed of 
development, we reared tadpoles in three different 
saline conditions. Three different water treatments 
were used: freshwater (0.3 ppt, sourced from a 
bucket filled with tap water and left out for a day), 
brackish water (5.0 ppt, collected from the lagoon 
that is the tadpole’s natural environment), and 
saltwater (8.0 ppt, a mix of the freshwater and 
saltwater collected from the ocean near the  
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Figure 1. Schematic of tadpole development 
experiment. Saltwater (S), brackish water (B), and 
freshwater (F) each had 10 individuals. AT is the air 
temperature logger and WT is the water temperature 
logger. 
 
lagoon). 10 tadpoles were examined per treatment 
for a total of 30 tadpoles. Two HOBO loggers 
were set up, one measuring air temperature and 
one measuring water temperature over the course 
of the experiment to ensure comparable 
conditions. For each tadpole, artificial 
environments were constructed using a plastic cup 
in which 150ml of water and a 1-inch length of 
macroalgae were placed (Fig. 1). On day 3 of the 
experiment (February 24th, 2022), a 1-inch branch 
was placed to aid tadpoles who had 
metamorphosed into toads. Each day, the water 
and macroalgae were changed and we noted 
whether the tadpole was alive. Every two days, 
measurements of tadpole body length, tail length, 
tail width, and femur length (if applicable) were 

taken using a digital caliper. Mass was taken using 
a pocket scale. The presence, or lack thereof, of 
arms was also noted. Measurements were taken for 
eight days or until the experimental specimen 
expired/escaped.  
 
Tadpole and Toad Salinity Lethal Dose 
Determination 
To test tadpole and toad resilience to varying 
salinity levels, we set up 24-hour lethal dose tests. 
Artificial environments were constructed by filling 
an aquarium tank with 750 ml of water and 
placing two large stones inside. Each environment 
was constructed at differing salinity levels using a 
YSI: 0.3, 5, 6, 9, 12, and 15 ppt. Up to 20 tadpoles 
and 20 toads, each collected that day, were placed 
in each tank. Every 6-hours following experiment 
initiation, the aquaria were examined, and the 
number of deceased specimens were noted, as well 
as the total number of toads on the rock upon first 
examination. The tank was examined after 24 
hours, at which point the number of tadpoles and 
toads remaining alive were recorded.  
 
Analytical Methods 
To analyze differences in tadpole morphology, a 
PCA analysis was conducted to determine the key 
attributes that changed as the tadpoles developed 
into toads. To then determine the effect of salinity 
on development time, the cross effect of day and 
treatment was analyzed for each Principal 
Component using a Generalized Linear 

 

 
Figure 2. Principle components analysis of morphological measurements taken during the development experiment: 
femur length (Femur L), mass (mass), full body length (Full L), tail length (Tail L), and tail width (Tail W). Principle 1 
accounted for 65.4% of the variance while principle 2 accounted for 20.2% of the variance. 
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Multivariate Model. LD50 curves were generated 
for both tadpoles and toads, fitted with a four 
parameter logistic curve. All survival curves were 
analyzed using a log-Rank test. All analyses were 
performed using JMP Pro 16. 
 
RESULTS 
Tadpoles in freshwater and brackish water 
developed faster and survived longer than tadpoles 
in saltwater. Individuals that had high loadings on 
PC1 were more tadpole-like, while individuals that 
had high loadings on PC2 were more frog-like, 
given the similar loadings of all measurements 
except for femur length (Fig. 2). Tadpoles in 
saltwater grew more slowly than tadpoles in 
brackish and freshwater (chi-square = 8.21, P = 
0.02, df = 2; Table S1). Toads had no variation in 
growth across the three treatments (chi-square = 
0.31, P = 0.86, df = 2; Fig. 3; Table S1). Toads 
had a higher threshold for salinity tolerance, with 
an LD50 value of 8.92 compared to the tadpole 
LD50 of 5.99 (Fig. 4). Across all life stages, 
individuals in freshwater had the highest survival 
(Fig. 5), with significant decreases in survival as 
salinity increased (Table 1). Additionally, toads 
were observed spending their time on the rock in 
the center of each aquarium, except for the 6 ppt 
treatment where 80% of the toads were on the rock 
(Fig. S1).  
 

 
Figure 3. Comparison of change in principal component 
1 (A) and principal component 2 (B) over time.  
 

 
Figure 4. LD50 curves for tadpoles (A) and toads (B). 
Dotted grey lines denote the inflection point. 
 

 
Figure 5. Survival curves depicting the proportion of 
tadpole (A) and toad (B) survival at each 6-hour time 
mark over 24 hours.  
 
DISCUSSION 
Tadpoles developed slower in saltwater compared 
to in freshwater conditions, suggesting that 
tadpoles need to allocate more energy for survival 
rather than growth. Both tadpoles and toads were 
able to tolerate higher salinities than that of the 
environment that they were found in. However the 
LD50 value for tadpoles was only 1ppt higher than 
their environmental conditions, suggesting they 
live only slightly below deadly levels of salinity. 
Furthermore, toads were found to be able to 
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Table 1. Paired linear significance log-rank test, comparing the survival curve of each salinity treatment. P-values 
shown for each log-Rank test.  

Tadpole Survival Curve Analysis         
Salinity (ppt) 0 5 6 9 12 15 

0   NA NA <.0001 <.0001 <.0001 
5     NA <.0001 <.0001 <.0001 
6       <.0001 <.0001 <.0001 
9         <.0001 <.0001 
12           1.000 
15             

 
Toad Survival Curve Analysis         
Salinity (ppt) 0 5 6 9 12 15 

0   0.0455 <.0001 <.0001 <.0001 <.0001 
5     <.0001 <.0001 <.0001 <.0001 
6       <.0001 <.0001 <.0001 
9         0.6495 0.6495 
12           1.000 
15             

tolerate higher salinities than tadpoles, due to their 
ability to escape from high salinity environments. 

Tadpoles develop more slowly in 
environments with greater salinity, which aligns 
with our hypothesis that these tadpoles survive by 
allocating more energy for survival than for 
growth. Because of the energy expenditure needed 
to regulate homeostasis in stressful high salinity 
environments, it is plausible that tadpole survival 
is maximized in lower salinity. One method 
through which tadpole survival might be 
maximized could be through a behavioral change, 
where toad reproductive phenology is timed to 
avoid tadpoles hatching during wet seasons when 
the salinity might be higher given the probable 
ocean-lagoon connection or more variable due to 
seasonal changes. By reproducing in a certain time 
of the year, organisms can reduce the risk of 
encountering environmental stress. Even if acute 
environmental stress arises, organisms can still 
cope in the short term through use of behavioral 
changes and adaptive phenotypic plasticity.  

Tadpole and toad survival rate increases with 
decreasing salinity. Notably, the tadpoles and 
toads examined in this study were found at a 
natural environment of approximately 5 ppt 
salinity; this is dangerous for tadpoles because the 
LD50 of the tadpoles was found to be only slightly 
higher (at 5.99 ppt). If the tide were to be 

particularly high or a rogue wave were to hit, this 
population would experience large scale mortality, 
prompting questions about why this population 
does not live further upstream. One explanation 
could be that upstream environments contain 
additional sources of environmental stress besides 
salinity that make them even less conducive for 
tadpole survival. Organisms may encounter the 
tradeoffs of living in a stressful environment in 
order to receive benefits such as more optimal 
temperature ranges, reduced survival threat, or 
increased food supply. Future studies comparing 
the resource availability in the lagoon and 
upstream freshwater environments may provide 
insight on the key resource differences among 
these habitats. 

Toads appear to be able to tolerate higher 
salinities than tadpoles, supporting our hypothesis 
that toads can change their behavior and move to 
better environmental conditions. By being able to 
locomote out of water, toads can seek refuge from 
high salinity on rocks or branches placed in the 
aquaria to limit their contact with stressful 
environments, thus prolonging their lifespan. This 
result also matches the results of previous studies 
identifying that toads are more resilient than 
tadpoles to other environmental stressors, such as 
toxic herbicides (Judd 1977). By being able to 
change their behavior, animals such as toads can 
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survive a wider range of environmental conditions, 
allowing them to expand to new habitats. This will 
be an especially important point as human land use 
increasingly reduces habitat availability. Further 
study on the ranges of environmental stress that 
animals can tolerate could allow us to better 
identify how animals will be affected as human 
land use increases environmental stress in many 
habitats.  

The relationship between survival and salinity 
in giant cane toads has significant implications on 
the future of toad populations living in brackish 
conditions. With rising sea levels, it is plausible to 
expect that marine and freshwater organisms will 
encounter variable environmental conditions 
across their lifespans. A better understanding of 
the ability of organisms to employ adaptive 
phenotypic plasticity and behavioral changes in 
response environmental stressors will allow us to 
elucidate the environmental conditions under 
which organisms can survive. This, in turn, will 
improve our understanding of how aquatic 
ecosystems will adapt in the near future as abiotic 
factors in these environments undergo significant 
changes.  
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APPENDIX 
 
Table S1. P values of the effects test with a generalized linear multivariate model comparing each treatment of the 
development experiment. Figure 1. Proportion of fish chased by (A) shape, (B) behavior, (C) size relative to the 
Dusky Damselfish, and (D) feeding group. 
   

Principal 1 GLMM Fit     

Treatment Freshwater Brackish Salt 

Freshwater   0.2966 0.0297 

Brackish     0.0029 

Salt       
   
 

 
Figure S1. Proportion of living toads on the rock within 
each aquarium at each 6-hour observation interval. At 
the first observation at hour 0, all toads were in the 
water.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

Principal 2 GLMM Fit     

Treatment Freshwater Brackish Salt 

Freshwater   0.8738 0.5556 

Brackish     0.6749 

Salt       
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NOT A DAMSEL IN DISTRESS: TERRITORIALITY IN DUSKY DAMSELFISH 
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Abstract: Animals defend their established territories in order to protect various essential resources. The holders of 
these territories often must defend their territories from interlopers, as the winner of a territorial contest is more 
likely to reproduce and survive. Many tropical fish species exhibit aggression in protecting established territories, 
often chasing away intruders. Dusky Damselfish, in particular, establish territories on reefs that are rich in 
filamentous algae, an important food source. They defend these territories aggressively from intruders, but do not 
interact with all fish who enter their territory. To investigate the key determinants of Dusky Damselfish territoriality, 
we tested how the size, species, body shape, behavior, diet, and group size of the intruding fish influenced 
damselfish territorial responses. We found that none of these factors were correlated with displays of territoriality, 
suggesting that Dusky Damselfish chase all intruding fish with equal frequency. 

Abstracto: Los animales defienden sus territorios establecidos para proteger diversos recursos esenciales. Los 
tenedores de estos territorios a menudo deben defender sus territorios de los intrusos, ya que es más probable que el 
ganador de un concurso territorial se reproduzca y sobreviva. Muchas especies de peces tropicales exhiben agresión 
en la protección de territorios establecidos, a menudo persiguiendo a intrusos. Las castañuelas oscuras, en particular, 
establecen territorios en arrecifes ricos en algas filamentosas, una importante fuente de alimentos. Ellos defienden 
estos territorios agresivamente de los intrusos, pero no interactúan con todos los peces que entran en su territorio. 
Para investigar los determinantes claves de la territorialidad de las castañuelas oscuras, probamos cómo el tamaño, 
la especie, la forma del cuerpo, el comportamiento, la dieta, y el tamaño del grupo de los peces intrusos influyó las 
respuestas territoriales de las castañuelas oscuras. Encontramos que ninguno de estos factores se correlacionó con 
las demostraciones de territorialidad, lo que sugiere que la castañuela oscura persigue a todos los peces intrusos con 
la misma frecuencia. 
 
Key words: aggression, Caribbean Coast, chasing, Dusky Damselfish, fish behavior, Manzanillo, territoriality 
 
Palabras claves: agresión, costa caribeña, persecución, La castañuela oscura, comportamiento de peces, Manzanillo, 
territorialidad  
  
INTRODUCTION 
Territories are valuable resources that animals 
defend because they contain food, shelter, and 
mates. The necessity and quality of these 
resources, as well as the availability of alternative 
resources, governs how motivated an animal is to 
fight to defend them (Bradbury and Vehrencamp 
2011). Owners of territories are often challenged 
by other individuals, and the winner of a territorial 
contest gains access to important resources and is 
more likely to reproduce and survive. Thus, it 
would be expected that individuals without 
established territories would invest more in 
displacing territory owners. However, owners tend 
to win territorial competitions when challenged by 
intruders, possibly because they have increased 
motivation to fight for their resources due to 
payoff asymmetries in their investments in 

constructing, acquiring, and defending their 
territories (Alcock 2013). For example, owners 
have more incentive to retain a territory if there 
are eggs or offspring present in the territory. 
Moreover, territory holders have more experience 
and knowledge about their specific territory, 
improving their defensive abilities. For example, 
in brown trout, the motivation to defend a 
territory, as well as the probability of winning a 
territorial contest increases with the owner’s 
residence duration (Johnsson and Forser 2002). 

Defending territories, however, comes with 
the cost of energy expenditure, risk of injury, and 
even death in some cases. To determine the 
likelihood of succeeding in these competitions, 
animals use prior information about common 
intruders, as well as signals and cues from their 
opponents (Bradbury and Vehrencamp 2011). 
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Body size is one such signal that is often a good 
predictor of the outcome of a fight, especially in 
species that have indeterminate growth and large 
variation in size. For example, larger male cichlid 
fish initiate and win more bouts of mouth 
wrestling (Neat et al. 1997). If reliable information 
about intruders can help territory owners gauge the 
level of threat they pose, owners should adjust 
their defense strategies accordingly—but in many 
cases, multiple types of information are present, 
and time spent integrating these and deciding on a 
defense tactic might be costly. It is therefore not 
obvious whether territory owners should always 
make use of available information about intruders, 
or if they instead should adopt defense strategies 
that are indiscriminate, haphazard, or 
endogenously motivated (e.g., if protecting eggs). 

Many species of tropical fish provide 
examples of aggressive defensive strategies in 
resource-rich territories against con- and hetero-
specifics. One such species is the Dusky 
Damselfish (Stegastes adustus). The Dusky 
Damselfish is abundant on shallow reefs and rocky 
areas along the Caribbean coast of Costa Rica, and 
individuals establish territories rich in filamentous 
algae, which harbors edible epiphytic 
cyanobacteria (DeLoach et al. 2019). Because 
algae biomass is higher in damselfish territories 
than unguarded areas, the territorial behavior of 
damselfish has implications for the food 
availability and substrate cover in reefs (Mahoney 
1981). The Dusky Damselfish does not only 
defend these territories to protect an important 
food source, but also to keep intruders out of 
mating grounds, and protect eggs that are laid in 
the breeding season (Deloach et al. 2019). 
 To examine what factors contribute to the 
territorial behavior of the Dusky Damselfish, we 
investigated how the size, species, body shape, 
behavior, diet, and group size of the intruding fish 
influenced their territorial responses. Intruder size 
may be the determining factor in Dusky 
Damselfish territoriality, as they may chase 
smaller intruders more frequently, because larger 
intruders are better able to win a territorial contest. 
Species and body shape of intruding fish may 
influence the territorial responses of Dusky 
Damselfish due to specific species or body shapes 
posing a greater grazing threat throughout their 
evolutionary histories. Group size of intruding fish 
may also be an important factor, as solitary 

intruders may not be able to defend themselves to 
the same degree as a school of fish. Alternatively, 
diet may be the determining factor, since algae-
grazing intruders may be chased more frequently 
than fish whose diets do not overlap with 
damselfish, because non-algae eating fish are not 
threats to the damselfish’s food resources. Further, 
intruder behavior may determine Dusky 
Damselfish response, as intruding fish who are 
visibly feeding pose a greater threat to the algal 
resources of the Dusky Damselfish. Alternatively, 
Dusky Damselfish may aim to best protect their 
territory from all invaders, resulting in chasing all 
intruding fish with equal frequency.  
 
METHODS 
Study site and system 
We studied adult dusky damselfish (Stegastes 
adustus), which are abundant in reefs and rocky 
areas along the Caribbean coast of Costa Rica. 
Each dusky damselfish occupies an algae-rich 
territory, which it guards by chasing away 
intruding fish. We studied 8 locations occupied by 
damselfish on Manzanillo reef, Costa Rica, during 
full sunlight on March 2, 2022. Studied locations 
contained between one and three damselfish 
territories. All observed territories contained rich 
filamentous algae cover as well as a protective 
nook in which the fish could hide. 
 
Filming and video analysis 
At each of the 8 locations we secured a GoPro 
Hero 7 camera to the seafloor, approximately 1.5 
meters from a damselfish’s shelter hole. This 
allowed video capture of most of the fish’s 
territory, as well as some of the surrounding 
seafloor and water column. Each location was 
filmed for a period between 1 and 36 minutes, 
during which time we left the area to prevent our 
presence form impacting fish behavior. 
 We watched 111 minutes of footage, noting 
the number of times a damselfish was observed 
defending its territory by chasing away an 
intruding fish. For each fish that was in the 
vicinity of the chase we noted whether it was the 
target of the chase, what it was doing immediately 
before the chase (feeding, hovering, or passing 
through), whether its diet overlapped with that of 
damselfish, its size relative to the damselfish 
(smaller, equal, or larger), its species, and its body 
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Figure 1. Proportion of fish chased by (A) shape, (B) behavior, (C) size relative to the Dusky Damselfish, and (D) 
feeding group. 

shape. We re-watched every video, using a 
stopwatch to record the amount of time the 
damselfish was in the frame to calculate Dusky 
Damselfish chases per minute in frame. 
 
Statistical analysis 
We compared how various attributes influenced 
the likelihood of an intruder being chased by a 
damselfish. We ran a series of chi-square tests to 
analyze how the proportion of chased fish varied 
by species, size, body shape, diet, group size, and 
behavior. We also calculated a measurement of 
damselfish aggression by dividing its number of 
chases by the amount of time it spent on camera. 

All statistical analyses were performed using 
JMP 16.0.0 software (SAS Institute, Cary, NC). 

RESULTS 
We counted 117 individuals and 12 species of 
intruding fish. The most common species were 
Blueheaded Wrasse (n = 70) followed by Slippery 
Dicks (n = 20; Table 1). Proportion of intruding 
fish chased by Dusky Damselfish did not change 
based on the intruder’s species (X 2  = 20.00, P = 
0.22, df = 16; Table 1, Fig. 1a), body shape (X 2  = 
12.00, P = 0.21, df = 9; Table 2, Fig. 1b), behavior  
(X 2  = 6.00, P = 0.20, df = 4; Table 3, Fig. 1c), size 

(X 2   = 6.00, P = 0.20, df = 4; Table 4, Fig. 1d), 
feeding group (X 2  = 2.00, P = 0.16, df = 1; Table 
5), or whether it was with other fish (X 2  = 9.40, P 
= 0.31, df = 8, Fig. 2). The damselfish displayed a 
wide range of aggression levels (defined as total 
chases/minutes present in video frame) with a 
minimum of 0.26 chases/minute and a maximum 
of 5.82 chases/min. Most aggression rates were 
clustered around 1.0 – 1.5 chases per minute (Fig. 
3). 
 
DISCUSSION 
Dusky Damselfish are not selective in which 
intruders they chase away from their territories. 
Dusky Damselfish chased a wide variety of 
intruders, seemingly ignoring the intruder’s 
behavior, size, body form, species, presence in 
group, or whether it feeds on algae. All Dusky 
Damselfish exhibited chasing behavior, although 
some damselfish were more aggressive than 
others, chasing away far more intruders in each 
minute. These results suggest that Dusky 
Damselfish chase all intruders in their territory 
with equal frequency, but perhaps that territorial 
defense is not displayed equally by all Dusky 
Damselfish.
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Table 1. The total number of times a fish of each intruder species was observed, the number of times each intruder 
species was chased by the Dusky Damselfish in the territory, and the proportion of the individuals of each species 
chased. 

Intruder Species Total Number of Fish Total Number Chased Proportion Chased 

Banded Butterflyfish 2 2 1.00 

Blackfin Snapper 1 1 1.00 

Blueheaded Wrasse 70 19 0.27 

Caesar Grunt 3 0 0.00 

Doctor Fish 1 1 1.00 

Dusky Damselfish 4 3 0.75 

Ocean Surgeonfish 1 1 1.00 

Schoolmaster 3 2 0.67 

Sergeant Major 5 3 0.60 

Slippery Dick 20 14 0.70 

Spanish Grunt 1 1 1.00 

Yellowtailed Parrotfish 6 5 0.83 
 
Table 2. The total number of each body shape, the number of times intruders of each body shape were chased by  
the Dusky Damselfish in the territory, and the proportion of individuals of each body shape that were chased. 

Intruder Body Shape Total Number of Fish Total Number Chased Proportion Chase 

Disks and Ovals 4 4 1.00 

Elongated 96 38 0.40 

Small Oval 9 6 0.67 

Tapered 8 4 0.50 
 
Table 3. The total number of fish that entered the territory of the Dusky Damselfish exhibiting a specific behavior, the 
total number of these intruders that were chased, and the proportion of individuals that exhibited each behavior that 
were chased. 

Intruder Behavior Total Number of Fish Total Number Chased Proportion Chased 

Feeding 42 16 0.38 

Hovering 30 12 0.40 

Passing 46 25 0.54 
 
Table 4. The total number of intruders that were bigger, equal in size, or smaller than the Dusky Damselfish, the total 
number of intruders that were chased divided by size, and the proportion of individuals of each size that were chased. 

Intruder Size Total Number of Fish Total Number Chased Proportion Chased 
Bigger than DD 34 23 0.68 

Equal to DD 28 17 0.61 

Smaller than DD 26 13 0.50 
* DD = Dusky Damselfish 
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Table 5. The total number of intruders that feed on algae and the total number of intruders that rely on food sources 
other than algae, the total number of intruders of each type that were chased, and the proportion of individuals of 
each group that were chased. 

Intruder Food Source Total Number of Fish Total Number Chased Proportion Chased 

Algae 12 10 0.83 

Not Algae 105 42 0.40 
 

 

 
Figure 2. Total number of times an intruder was chased 
by a Dusky Damselfish when it was alone and when it 
was in a group of at least one other fish. 
 

 
Figure 3. The distribution of fish aggression levels 
(defined as total chases/minute the fish was present in 
the video frame). 

 
Dusky Damselfish exhibited no preference in 

type of fish they chased. Damselfish may 
disregard an intruder’s behavioral and physical 
characteristics and instead randomly pursue a 
fraction of intruders. Herbivorous intruders were 
no more likely to be chased than intruders of 
different diets; even if an intruder’s diet does not 
directly overlap with that of the territory holder, 
the intruder could still pose a threat to the holder’s 
mate attraction ability or egg security. A 

haphazard approach to territory defense could be 
advantageous if chasing away a few intruders 
greatly increases the security of the guarded 
resources but chasing away all intruders requires 
far more energy for only slightly increased 
security. As illustrated by the theory of decreasing 
marginal returns, it is advantageous for organisms 
to gain the most resources with the smallest energy 
expenditure possible. For example, northwestern 
crows drop welks from the minimum height 
necessary for opening them (Alcock 2013). When 
expending energy to defend territories, organisms 
may choose to attack the intruder that would 
require the least amount of energy to repel. For 
this study, energy expended towards defense 
might have correlated with the distance between 
the damselfish and intruder, in which case 
damselfish would be more likely to chase fish that 
had intruded further into the territory. While 
distance between fish was not explored in our 
study, it could be an avenue for further research. 
Other future studies could examine the 
relationship between territorial aggression rates 
and energy expenditure per aggressive act. 

Aggression rates of the Dusky Damselfish 
varied across the trials. The aggression level of an 
individual damselfish may depend on the quality 
of the territory held. Organisms with a higher 
quality territory face more threats from 
conspecifics seeking to encroach on the territory 
and heterospecifics that compete for the same 
resources. Additionally, because they have more 
resources, they can afford higher energy 
expenditure to defend their territories. For 
example, American redstarts that occupy higher 
value mangrove overwintering grounds retained 
their weight over the winter, compared to redstarts 
in lesser habitats that lost weight, making up the 
energy cost of guarding their high-quality territory 
(Alcock 2013). The relationship between the 
quality of the territory and rate of aggression may 
increase linearly or could follow a pattern of 
decreasing marginal returns. Future studies could 
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consider how increasing territory quality affects 
the aggression of the invader and the territory-
holder. 

Aggression levels also could have simply been 
related to the number of intruders in a territory. 
Damselfish in areas with low competition 
wouldn’t have as many intruders to chase, so they 
would seem to be less aggressive. This could be 
misleading, though, because it is possible that a 
territory has few intruders because its defender is 
so effective at guarding that competitors don’t 
even try to intrude. Future examinations could test 
the relationship between the aggression of an 
animal’s territorial defense and the likelihood that 
the territory is invaded. 
 Damselfishes’ territorial behavior affects the 
composition of reef cover as well as the food 
availability for a wide variety of other fish. Given 
their high population, the aggressive and 
indiscriminatory territorial behavior of Dusky 
Damselfish likely restricts the feeding strategies of 
fish throughout this ecosystem. The efficacy of 
damselfish defense behaviors also influences the 
prevalence of algae, which could impact the 
recovery of stressed coral communities. A better 
understanding of interspecific territoriality is 
needed to inform conservation efforts in complex 
marine food webs. 
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Abstract: Animals are constrained by abiotic and biotic factors that determine their distributions across habitats. The 
distribution of zooplankton in coral reef ecosystems is important to understand because zooplankton are a link 
between primary producers and higher trophic levels. While the vertical migration patterns of zooplankton are well-
studied, less is known about the horizontal distribution patterns of zooplankton on coral reefs. To investigate how 
zooplankton distribution changes due to differences in predator abundance, we studied zooplankton density and 
diversity over living reef and dead reef at Manzanillo, Costa Rica. Copepods were the most abundant taxon, 
composing up to 87% of samples, and other abundant taxa included bivalves, decapods, euphausiids, gastropods, 
and mysids. Zooplankton were more abundant over the living reef than the dead reef, both including and excluding 
copepods. Some taxa exhibited normal diel migrations, while other taxa (such as copepods) exhibited reverse diel 
migration. We conclude that predation is merely one of several balanced pressures determining zooplankton 
horizontal and vertical distribution. 
 
Abstracto: Los animales están limitados por factores abióticos y bióticos que determinan su distribución entre los 
hábitats. Es importante comprender la distribución del zooplancton en los ecosistemas de arrecifes de coral porque el 
zooplancton es un vínculo entre los productores primarios y los niveles tróficos más altos. Si bien los patrones de 
migración vertical del zooplancton están bien estudiados, se sabe menos sobre los patrones de distribución 
horizontal del zooplancton en los arrecifes de coral. Para investigar cómo cambia la distribución del zooplancton 
debido a las diferencias en la abundancia de depredadores, estudiamos la densidad y diversidad del zooplancton 
sobre el arrecife vivo y el arrecife muerto en Manzanillo, Costa Rica. Los copépodos fueron el taxón más abundante, 
que constituían hasta el 87% de las muestras, y otros taxones abundantes incluyeron bivalvos, decápodos, 
eufausiidos, gastropodos y misidos. El zooplancton era más abundante sobre el arrecife vivo que el arrecife muerto, 
incluyendo y excluyendo los copépodos. Algunos taxones exhibieron migraciones verticales diurnas normales, 
mientras que otros taxones (como copépodos) no exhibieron migraciones verticales diurnas. Concluimos que la 
depredación es simplemente una de varias presiones equilibradas que determinan la distribución horizontal y vertical 
del zooplancton. 
 
Key words: copepods, coral reefs, diel migration, distribution, Manzanillo, meroplankton, predation, zooplankton 
 
Palabras claves: copépodos, arrecifes de coral, migración diurna, distribución, Manzanillo, meroplancton, 
depredación, zooplancton 
  
INTRODUCTION 
The distribution of species across habitats reflects 
the selective pressures experienced by those 
species. Species experience an array of selection 
pressures such as inter- and intra-specific 
competition for food, predation, mate choice, and 
abiotic factors like heat and desiccation. For 
example, organisms like mussels and barnacles 
inhabit distinct bands in the intertidal region to 
balance pressures from predation, food 
availability, competition for space, and moisture 
(Peterson 1979). While every species experiences 
selection pressure, the pressures affecting lower 
trophic level species can affect the structuring of 
entire communities. 

 The distribution of zooplankton in coral reef 
ecosystems is important to understand because 
zooplankton are a link between primary producers 
and higher trophic levels (Heidelberg et al. 2004). 
Many species of zooplankton make diel 
migrations, which are characterized by nighttime 
zooplankton surface enrichment and subsequent 
retreat to the benthos during the day (Alldredge 
and King 2009). Diel migration is a behavior that 
evolved in response to intense daytime predation 
in the water column by visual predators and 
nocturnal predation near the benthos by sessile 
planktivores such as scleractinian corals (Motro et 
al. 2005; Heidelberg et al. 2010). Furthermore, 
diel migration is opposite from patterns of food 
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availability since phytoplankton large enough to 
be consumed by zooplankton are most abundant 
near the benthos on reefs, which zooplankton 
avoid (Alldredge and King 2009). Evidently, 
predation is a major pressure determining the 
distribution of zooplankton on coral reefs. 
 While the vertical migration patterns of 
zooplankton are well-studied, less is known about 
the horizontal distribution patterns of zooplankton 
on coral reefs. The foundation and maintenance of 
plankton communities on reefs can be facilitated 
by biotic factors, such as plankton recruitment 
over living reefs (Chaput et al. 2019), and abiotic 
factors, such as currents sweeping pelagic 
plankton onto reefs (Heidelberg et al. 2004; Genin 
et al. 2005). These communities can be further 
maintained by zooplankton that either actively 
swim or use structures as protection from currents 
(cited in Esquivel-Garrote and Morales-Ramírez 
2019). Different studies have observed different 
patterns of zooplankton density near coral reefs, 
possibly because of differing levels of predation 
pressure linked to reef health (Brito-Lolaia et al. 
2020). Food availability could also be a 
considerable selection pressure on reefs, as living 
reefs can be major sources of microbial and 
detrital food for zooplankton (Nakajima et al. 
2017). It is unclear how these selection pressures 
interact and how they influence the horizontal 
distribution of zooplankton. 
 The coral reefs at Manzanillo in Costa Rica 
are ideal locations to study the selective pressures 
affecting zooplankton distribution because there 
are both living and dead reefs close together. The 
structures and locations of these reefs would likely 
promote similar current conditions so that the 
abiotic factors affecting zooplankton distribution 
would be comparable between the reefs. However, 
these reefs are different in the density of 
zooplankton predators, particularly corals. The 
differences in predators between reefs may cause 
changes in zooplankton density. Additionally, 
holoplankton and meroplankton may exhibit 
different responses to changes in predation 
pressure. Holoplankton live their entire lives as 
plankton, whereas meroplankton only live as 
plankton during larval stages and thus may 
experience greater recruitment to living reefs 
(Heidelberg et al. 2004; Chaput et al. 2019; 
Gordon et al. 2019). Finally, relative changes in 

zooplankton density due to diel migration could 
further reveal differences in predation pressure. 
 To investigate how zooplankton distribution 
changes due to differences in predator abundance, 
we studied zooplankton density and diversity over 
living reef and dead reef at Manzanillo and tested 
2 alternative hypotheses. The “predation-
dominated” hypothesis suggests that predation is 
an overwhelmingly dominant selective pressure 
for primary consumers. This hypothesis predicts 
that zooplankton density and diversity is greater 
over dead reefs than living reefs. Alternatively, the 
“mixed-pressures” hypothesis suggests that other 
factors, such as larval recruitment, are important 
enough to cause primary consumers to remain in 
high-predation areas, and that preexisting 
adaptations (like diel migrations) sufficiently 
mitigate predation pressures. This hypothesis 
predicts that zooplankton density and diversity is 
equal or greater over living reefs than dead reefs. 
Further, if larval recruitment is a dominant factor 
promoting residency on living reefs, then there 
would be more meroplankton over living reefs 
than dead reefs. 
 
METHODS 
Study site and system 
We studied zooplankton community composition 
at Manzanillo, which is located on the Atlantic 
coast of Costa Rica, east of Punta Uva near 
Gandoca-Manzanillo National Refuge. The 
nearshore zone at Manzanillo is characterized by 
patch reefs dominated by macroalgae and 
calcareous algae. Samples were collected on 3 
March 2022, one day after the new moon, during 
the day (1500 CST) and at night (2100 CST). High 
tide on 3 March was at 1229 CST and low tide 
was at 1937 CST. There were strong storms in the 
24 hours before sampling and during the nighttime 
sampling effort. 
 
Sample collection and analysis 
To compare zooplankton communities over living 
and dead coral reef, we collected zooplankton 
samples during the day and at night on coral reef 
off Manzanillo beach. During each collection bout, 
we towed a 150 μm plankton net (Wildlife Supply 
Company, Yulee, FL) with a 35 cm diameter 
opening suspended 55 cm below the water surface 
for 12.5 m starting from a marked buoy along the 
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Table 1. Density and percent composition of zooplankton taxa over living and dead reefs across day and night.  

 
 
forereef, sampling 1 transect each over the live 
and dead reefs. 

Organisms were anesthetized, euthanized, and 
preserved in 30% ethanol. Samples were 
concentrated on a 150 μm mesh screen and viewed 
under a binocular microscope (M5-64105, Wild 
Heerbrugg, Switzerland). Organisms were 
identified at the lowest taxonomic level possible 
(Todd et al. 1996) and categorized as holoplankton 
or meroplankton by interpreting common 
classifications (Heidelberg et al. 2004). Taxa that 
could not be categorized confidently (Annelida) 
were excluded from meroplankton counts. 

To determine zooplankton density, we divided 
the number of individuals observed per transect by 
the volume of water sampled (V = 1.20264 m3). 
We used Simpson’s diversity index (Begon et al. 
1996) to calculate zooplankton diversity, 
considering each highest taxon as an independent 
group.  
 
RESULTS 
Copepods were the most abundant taxon across all 
samples, composing a maximum of 87% of all 
zooplankton during the day on the living reef 
(Table 1). Other abundant taxa include bivalves, 
decapods, euphausiids, gastropods, and mysids. 
Zooplankton were more abundant (including and 
excluding copepods) over the living reef than the 
dead reef during both day and night (Fig. 1). 
Copepods were more abundant during the day than 
at night, while non-copepod zooplankton were 
more abundant at night (Fig. 2). Meroplankton 
density was greater over the living reef than the 

dead reef (Fig. 3). Zooplankton diversity was 
similar at both sites during the day, and slightly 
higher over the dead reef than the living reef at 
night (Table 2). 
 

 
Figure 1. Density of zooplankton (copepods and non-
copepods) over living and dead reefs across day and 
night. 
 
DISCUSSION 
Zooplankton appear to be affected by more 
pressures than overwhelming predation since they 
are more abundant over living reefs than dead 
reefs. The higher density of meroplankton over 
living reef indicates that larval recruitment may be 
an important factor drawing zooplankton to living 
reefs. Living reefs offer higher coral diversity than 
dead reefs, which can attract meroplankton 
seeking areas with high food availability and 
protection during their juvenile phase (Chaput et 
al. 2019). Additionally, holoplankton, especially 
copepods, were more abundant over living reefs, 
suggesting that other factors, such as food 

Annelida, Polychaeta H/M 4.16 0.89 1.66 0.78
Arthropoda, Crustacea
          Cirripedia M 0.83 0.08 0.83 0.18 2.49 0.28
          Copepoda H 879.73 86.65 304.33 65.36 806.56 89.73 92.30 43.02
          Cumacea H 9.98 4.65
          Decapoda M 0.83 0.08 53.22 11.43 4.16 0.46 22.45 10.47
          Euphausiacea H 25.78 12.02
          Isopoda H 0.83 0.18 4.16 1.94
          Mysidacea H 1.66 0.16 44.07 9.46 34.92 16.28
          Ostracoda H 4.16 0.41 2.49 0.54 1.66 0.19 7.48 3.49
          Stomatopoda M 1.66 0.36
Chaetognatha H 4.99 0.49 0.83 0.09
Chordata, Ascidiacea M 2.49 0.54
Echinodermata, Echinoidea M 1.66 0.36 0.83 0.09
Mollusca
          Bivalvia M 38.25 3.77 36.59 7.86 30.77 3.42 3.33 1.55
          Gastropoda M 84.81 8.35 13.30 2.86 51.55 5.74 12.47 5.81
Total 1015.27 100.00 465.64 100.00 898.86 100.00 214.53 100.00
*H = Holoplankton, M = Meroplankton

Day Night Day Night
Living Reef Dead Reef

% Comp. % Comp. % Comp. % Comp.
Density 
(ind m-3)

Density 
(ind m-3)

Density 
(ind m-3)

Density 
(ind m-3)

Zooplankton Taxon Life History*
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Table 2. Total zooplankton density, meroplankton density, taxa richness, and taxa diversity over living and dead reefs 
across day and night.  

 
 
 

         
Figure 2. Density of copepods (A) and non-copepod 
zooplankton (B) across day and night over living and 
dead reefs. 
 

           
Figure 3. Density of meroplankton across day and night 
over living and dead reefs. 
 
availability, may also allow for larger zooplankton 
communities over living reefs. The proximity of 
the reefs at Manzanillo to each other implies that 
nutrient availability and thus phytoplankton 
density was likely similar at both locations, thus 
failing to account for differences in zooplankton. 
However, recent studies have demonstrated that 
detritus can be an important food source for 

zooplankton on oligotrophic reefs (Nakajima et al. 
2017). Future studies could investigate the 
difference in detrital fluxes over living versus dead 
reefs to clarify how food availability for 
zooplankton changes between these locations. 
 We observed similar taxa as reported in other 
Caribbean reef studies, including a high density of 
copepods (Morales and Murillo 1996; Heidelberg 
et al. 2004). The richness and diversity of 
zooplankton taxa were comparable between living 
and dead reefs, suggesting that both habitats offer 
similar numbers of available niches. Therefore, if 
differing food availability caused the differences 
in zooplankton density between the locations, this 
difference is more likely the result of food 
abundance rather than diversity. Additionally, 
nighttime diversity was greater than daytime 
diversity at both locations, which may be due to 
diel migrations by demersal zooplankton. 
Alternatively, the low density of copepods at night 
may have allowed more taxa to compete for 
resources, increasing diversity. Curiously, we 
observed a greater diversity of taxa at night on the 
dead reef than the living reef. This pattern may 
simply be a result of sampling bias, as only one 
sample was analyzed for each location and these 
samples were analyzed by different observers for 
different lengths of time. That said, if this result 
was a true pattern and not an artifact of sampling 
bias, then some zooplankton taxa may 
preferentially inhabit the dead reef, albeit in 
relatively low densities, to make use of more 
available niches. 

Meroplankton enrichment over living reefs 
may be due in part to larval recruitment in addition 
to the factors already discussed. Living reefs 
attract meroplankton through environmental cues 
such as sounds, visual coral diversity, and the 
presence of conspecifics (Chaput et al. 2019). 
Meroplankton are attracted to living reefs by 
benefits gained in their next life stage, such as 

Total Meroplankton
Day 1015.27 124.73 8 0.241

Night 465.64 109.76 12 0.545
Day 898.86 89.80 9 0.191

Night 214.53 38.25 11 0.758
Dead Reef

Taxa Richness Taxa Diversity
Density (ind m-3)

Location Time

Living Reef
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food and protection from predators, which 
improve fitness. Theoretically, the benefits of 
inhabiting healthy reefs as juveniles could 
outweigh the threat of predation as larvae, 
promoting larval recruitment over living reef. 
Future studies could investigate the importance of 
larval recruitment to meroplankton distribution in 
waters with many zooplanktivores. 

Strangely, meroplankton and copepods 
exhibited reverse diel migrations over both reefs. 
One possible explanation for this pattern is that 
strong wind during nighttime sampling caused 
greater vertical mixing of the water column 
(Heidelberg et al. 2004). This effect could have 
been amplified by the new moon since some 
zooplankton tend to be less aggregated in the 
water column when the moon is down (Alldredge 
and King 2009). Since our plankton tow only 
sampled a small fraction of the water column near 
the surface, the observed zooplankton densities 
may not have been representative of the true 
densities in the water column. However, this 
explanation is confounded by the normal diel 
migrations exhibited by non-copepod 
holoplankton because these plankton would have 
experienced these same physical factors. 
Therefore, an alternative explanation is that 
conditions specific to the Manzanillo reef caused 
demersal zooplankton to reverse their normal 
migration pattern. Studies have shown that 
resident zooplankton can evolve reversed 
migration to cope with strong currents over reefs 
(Alldredge and King 2009) and to avoid daytime 
predators (Ohman et al. 1983). Most 
zooplanktivores on reefs are either benthic or 
forage close to shelters on the reef bottom (Motro 
et al. 2005; Alldredge and King 2009), possibly 
pressuring zooplankton to swim upwards during 
the day. Given that we observed many more fish 
than healthy corals on both reefs, daytime 
predation may be more intense than nighttime 
predation near the reef bottom, thus promoting the 
evolution of reversed diel migration. While 
plausible, neither of these explanations are 
convincing, so future studies could more carefully 
investigate the frequency and ultimate causes of 
reversed diel migrations.  

Species experience many selective pressures 
that inform distribution across habitats. While 
some pressures may be more influential than 
others, natural selection acts through the 

combination and interaction of all these pressures. 
It is therefore unlikely for species to adapt to 
alleviate one pressure while increasing the 
combination of other pressures. Instead, organisms 
evolve adaptations that result in a net increase in 
fitness. Behavioral or highly plastic adaptations, 
such as diel migrations in zooplankton, may allow 
species to exhibit dramatically different 
distributions depending on the intensity of 
selection pressure in specific habitats. Further 
research could examine how plastic behaviors 
change when the balance of selection pressures is 
disrupted. 
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Abstract: Streams are heavily subject to exogenous inputs, so the land surrounding them is a key determinant of the 
morphology and health of the ecosystem. Agriculture, particularly monocultures, alter streams through 
sedimentation and runoff of fertilizers and pesticides, including herbicides, fungicides, and insecticides. These 
altered inputs can affect the stream morphology and biotic community, including benthic macroinvertebrates, which 
are frequently used as an indicator of water quality. Banana monocultures are one of the most prominent forms of 
agriculture in Limón, Costa Rica. To isolate the effects of a banana plantation on the morphology and ecology of a 
stream we compared a site 0.5 km upstream of a banana plantation with a site 1 km into the plantation. To examine 
stream morphology we measured width, depth, and sedimentation at 6 sites in each location, and we used the 
composition of the benthic macroinvertebrate community at the same sites to measure ecosystem health. We found 
that downstream locations showed signs of erosion along the banana plantation and the macroinvertebrate 
community consisted of mainly algae-feeding scrapers. Since streams can connect multiple ecosystems, it is 
important to understand how upstream exogenous factors affect their morphology and health, both locally and 
farther downstream. Understanding the ways that agriculture affects aquatic systems, separate from other forms of 
anthropogenic impact, allows us to be more specific when conserving multiple types of ecosystems. 
 
Abstracto: Los arroyos están fuertemente sujetos a insumos exógenos, por lo que la tierra que los rodea es un 
determinante clave de la morfología y la salud del ecosistema. La agricultura, particularmente los monocultivos, 
alteran los arroyos a través de la sedimentación y el escurrimiento de fertilizantes y pesticidas, incluyendo 
herbicidas, fungicidas e insecticidas. Estos insumos alterados pueden afectar la morfología de los arroyos y la 
comunidad biótica, incluyendo macro invertebrados bentónicos, que se usan frecuentemente como indicador de la 
calidad del agua. Los monocultivos bananeros son una de las formas más prominentes de agricultura en Limón, 
Costa Rica. Para aislar los efectos de una plantación de banano en la morfología y ecología de un arroyo, 
comparamos un sitio 0,5 km antes de una plantación de banano con un sitio 1 km dentro de la plantación. Para 
examinar la morfología de las corrientes, se midió el ancho, la profundidad y la sedimentación en 6 sitios de cada 
ubicación, y se utilizó la composición de la comunidad de macro invertebrados bentónicos en los mismos sitios para 
medir la salud de los ecosistemas. Encontramos que las ubicaciones dentro de la plantación mostraron signos de 
erosión a lo largo de la plantación de bananos y la comunidad de macro invertebrados consistía principalmente en 
raspadores de alimentación de algas. Dado que los arroyos pueden conectar múltiples ecosistemas, es importante 
entender cómo los factores exógenos aguas arriba afectan su morfología y salud, tanto localmente como más 
adelante río abajo. Comprender las formas en que la agricultura afecta a los sistemas acuáticos, separadas de otras 
formas de impacto antropogénico, nos permite ser más específicos a la hora de conservar múltiples tipos de 
ecosistemas. 
 
Key words: agriculture, banana monoculture, macroinvertebrates, nitrogen, sedimentation, stream ecology 
 
Palabras claves: agricultura, el monocultivo bananero, macro invertebrados, nitrógeno, sedimentación, ecología de 
los arroyos 
  
INTRODUCTION 
Streams are a hydrological phenomenon that 
connect multiple different ecosystems. 
Biologically diverse systems such as mountains, 
rainforest and beaches are connected by the water 
that flows through them. From the mountains to 
the coast, physical and chemical changes to 

upstream ecosystems can have vast, cascading 
effects downstream. These changes are sometimes 
made to the river themselves, such as a dam being 
built or extreme precipitation causing flooding. 
However, most of these changes are due to 
exogenous factors such as changes to surrounding 
riparian vegetation from deforestation, run-off 
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from agriculture, pollution from urban areas or 
infrastructure changing the shape of the land. Both 
changes to the river and surrounding land have 
consequential effects on the physical structure and 
biotic community in downstream ecosystems.  

The structure of the surrounding land is often 
key to the morphology and health of the stream. 
Riparian vegetation can reduce erosion and 
sediment build-up as it is often composed of plants 
with deep roots that can hold the riverbanks in 
place. Similarly, these roots can filter pollutants 
and hold nutrients in the soil, allowing them to be 
cycled throughout the ecosystem rather than be 
transported downstream. The surrounding land 
also effects the chemical composition of water 
runoff entering the steam. Pesticides, herbicides, 
and fungicides from agricultural runoff have been 
shown to have adverse effects on wildlife, such as 
higher mortality and disease susceptibility with 
exposure to high concentrations (Gilbertson, et. 
al., 1991; Guilllette, et. al., 1999; Guillette Jr., et. 
al., 2006). Similarly, fertilizer can cause anoxic 
stream environments by increasing nitrogen 
causing eutrophication. Deforesting riparian 
environments can also significantly alter stream 
morphology, causing high sedimentation load or 
flooding. The combination of these inputs alters 
both the biotic and abiotic structure of the stream 
community, and different land uses affect streams 
in different ways. 

The impacts of these changes can be measured 
by quantifying the community structure of the 
stream. Macroinvertebrate communities in stream 
systems are an ideal biotic indicator of stream 
health because they are osmoconformers, meaning 
that the concentration of solutes in their bodies are 
the same as that in the surrounding environment. 
This means that some macroinvertebrates are more 
sensitive to ecosystem changes than others and the 
proportion of these sensitive taxa can be used to 
assess water quality in the aquatic system. 
Differences in taxonomic diversity of 
macroinvertebrates in similar habitat types in 
upstream locations compared to downstream 
locations can help determine the effects of 
surrounding land use on stream health. 
Additionally, macroinvertebrates are the base of 
the stream food web, particularly detritivores that 
feed on dead organic matter and scrapers that feed 
on algae growing on the substrate. Changes in the 
macroinvertebrate community can have 

widespread effects on the rest of the stream 
ecosystem: in their aquatic stage, they are a source 
of food for fish and mammals (Campbell et al., 
2020; Hong et al., 2020), and emerging adult 
insects feed terrestrial organisms such as bats and 
lizards (Baxter et al., 2005). A central benefit to 
using macroinvertebrates as an indicator is that 
they show the structure of the entire stream 
ecosystem, and are sensitive to small changes in 
stream conditions. Understanding the structure of 
the macroinvertebrate community can therefore 
show how the surrounding landscape affects 
different parts of a stream, even on fairly small 
scales. 

One prominent form of land use that effects 
aquatic ecosystems in the tropics is agriculture, 
specifically banana monocultures. Unlike natural 
systems with a variety of riparian vegetation, 
banana plants have short and simple root systems 
that allow the soil and associated nutrients to be 
washed away into waterways (Bashagaluke et al. 
2018) This phenomenon, in addition to 
monoculture style of planting, necessitates the 
constant reapplication of chemical fertilizers 
(Bellamy 2012). Additionally, the low genetic 
diversity of banana plants on these plantations 
makes them particularly susceptible to disease and 
pests, leading to high rates of chemical application 
on these crops as well. These exogenous inputs, 
from the physical changes in sediment and stream 
morphology to the chemical inputs of toxins and 
fertilizer have the potential to dramatically affect 
the biotic communities in streams. While the 
effects of banana plantations on its geology and 
resultant ecology is well-studied in large rivers, 
little work has been done on the longitudinal 
effects on smaller-scale rivers and streams that run 
through banana plantations, though the effects of 
exogenous inputs may be exacerbated in these 
contexts. 

Our study investigated the immediate effects 
of a banana plantation on the morphology, nutrient 
availability, and invertebrate health by comparing 
two sites on a single river, one affected by human 
habitation upstream and one in a banana plantation 
downstream. Using data from previous studies 
(Castillo et al. 2006; Svensson et al. 2018) we 
constructed a conceptual model to show our 
predictions of the effects of banana plantations on 
streams (Fig. 1). If banana monocultures are prone 
to high effluent runoff into streams, then locations 
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Figure 1. Conceptual model of exogenous inputs from banana plantations, predicted effects on stream ecology and 
morphology, and effects on benthic macroinvertebrate communities. Red indicates a potential positive impact on 
macroinvertebrate taxa; blue indicates a potential negative effect on macroinvertebrate taxa; black indicates a change 
with potential positive and negative effects
 
near these plantations will be heavily impacted by 
erosion, nitrogen, and pesticides. This hypothesis 
predicts that locations near the banana plantation 
would have more fine sediment, higher nitrogen 
levels, and less diverse macroinvertebrate 
communities due to pesticide pollution. If human 
land use other than agriculture also increases 
erosion, then locations near these areas will also 
show impacts from erosion but the composition of 
the macroinvertebrate community will be different 
from that found in the banana plantation. 
Differences between the two sites will be used to 
isolate the effects of banana plantations separate 
from general human impacts such as removal of 
riparian vegetation. 

 
METHODS 
Study Site  
The River Hone, located in the southern Limón 
province south of Cahuita National Park, passes 
through a 115-ha banana plantation that has  
maintained the same area since at least 1969 (Fig. 
S-1, images from Google Earth, US Geological  
Survey (1969) and CNES / Airbus (2021)). The 
Hone reaches its terminus just north of Puerto 
Viejo and Cocles. To isolate the effects of banana  
agriculture on stream structure and biotic 
communities, we selected two sites, one 0.5 km 
upstream of the beginning of the banana plantation  

 
and one 1.5 km downstream. The upstream site 
was characterized by human habitation and small-
scale farms, while the downstream site was 
surrounded on both sides by the banana plantation. 
Within each site we selected 3 riffle and 3 pool 
habitats, chosen to be as similar as possible in 
terms of algal cover and flow rate between 
downstream and upstream sites (Fig. 2).   
 

 
Figure 2. Map of upstream and downstream study 
locations along the river Hone, with banana plantation 
outlined in yellow. 

Stream Morphology and Sediment Size 
At each study site, we measured the width and 
depth of the stream using a transect tape. To 
analyze the effects of the banana plantation on 
sediment load, we took two sediment cores from 
the bottom of the river – one upstream of the 
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plantation, and one in the center of the plantation. 
We separated the cores into the following sections: 
0-2 cm, 2-4 cm, 4-8 cm, and 8 cm to the bottom of 
the core. We then placed each core section into 
separate Ziploc bags and brought them back to the 
lab for further processing.  

At the lab, we visually assessed the sediment 
for particulate organic matter (POM) content. A 25 
g (wet weight) subsample of each section was 
dried in a drying oven for 3 hours at 65 C and 
sieved through 4000, 2000, 500, 250, and 125-μm 
sieves to determine sediment composition. 
 
Stream Nitrogen 
We took water samples from the top 5 cm of the 
water column in all quadrats at both upstream and 
downstream sites (N=6 for upstream and 
downstream). These were tested for nitrate 
concentration using an API Nitrate Kit, which 
measures nitrate levels by visually comparing 
samples to a color card.  
 
Macroinvertebrate Collection 
We collected kick samples of benthic 
macroinvertebrates at two locations: one 
immediately upstream of the banana plantation 
and one partway down the section of the stream 
that runs through the center of the plantation. Each 
location was separated into two habitat types, with 
three pool sites (deep, slow-moving water) and 
three riffle sites (fast-moving, shallow water). 
Sites were selected to be as similar as possible 
upstream to downstream for algal cover. For each 
kick sample we placed a 0.5 x 0.5 m quadrat in the 
river with a 500-micron D-net immediately 
downstream and gently disturbed the substrate to 
dislodge any attached invertebrates.  

All material collected in the D-net was 
preserved in 50% ethanol and sorted to remove 
invertebrates in the laboratory. Using a dissection 
microscope at 25x magnification, we identified 
invertebrates to family level with a taxonomic key 
(Haney et al. 2013) and an identification guide 
(Voshell 2002).    
 
Macroinvertebrate Community Composition 
We used three metrics to quantify 
macroinvertebrate community composition: family 
richness (the number of families found in each 
sample), family diversity, functional group 
(Voshell 2002), and sensitivity to pollutants. 

Family diversity captures both the richness 
(number of families, n) and evenness (number of 
individuals per family, N) of each sample. We 
calculated diversity using the Shannon’s diversity 
index, where pi represents the ratio n/N (eq. 1). 
Higher diversity communities are considered more 
resilient to change and represent healthier systems. 

 
Equation 1.  ! = −1 ∗ ∑ '!(ln '!)"

!#$  
 

To determine sensitivity, we assigned each 
family a score based on the Hilsenhoff Biotic 
Index (HBI) for taxonomic groups (Hilsenhoff 
1987), where 0 indicates a highly sensitive family 
and 5 indicates a highly resilient family. We 
assigned families not included in the index a score 
equal to the average score for their order. 
 
Statistical Analyses 
Due to the low sample size, we performed only 
qualitative analyses on the sediment cores and 
used a oneway ANOVA to compare the difference 
between stream width and depth in the upstream 
and downstream sites. To analyze the effects of 
location (upstream vs downstream) and habitat 
(pool vs riffle) on family diversity, HBI, and 
functional group composition we used 2-way 
ANOVAs. All analyses were done with JMP Pro 
16. 
 
RESULTS 
Stream Morphology and Sediment Size 
The stream was significantly wider (2-way 
ANOVA, F3,8 = 5.58, P = 0.046) and shallower (2-
way ANOVA, F3,8 = 6.81, P = 0.031) in the 
downstream sites compared to the upstream sites 
(Fig. 3). Downstream pools were deeper than 
downstream riffles (2-way ANOVA, F3,8 = 8.58, P 
= 0.019), but habitat had no effect on stream width 
(2-way ANOVA, F3,8 = 0.024, P = 0.88). 
 

 
Figure 3. Stream (A) depth and (B) width for upstream 
and downstream sites (mean ± SE). 
 



Dartmouth Studies in Tropical Ecology 2022 
 

 177 

 A qualitative comparison of the proportion of 
fine (<125 microns) sediment in cores taken at the 
upstream and downstream sites showed that there 
was more fine sediment in the downstream site 
(Fig. 4). 
 

      
Figure 4. Comparison of two soil cores from a site 
upstream and downstream of a banana plantation, using 
percentage of each sample with sediment <125 μm (dry 
weight) to indicate percentage of fine sediment. 

Stream Nitrogen 
All sites measured had nitrate levels of 0 – 5 ppt. 
We determined that the test was not sensitive 
enough to distinguish small changes in nitrate 
levels between sites. 
 
Macroinvertebrate communities 
The most common taxonomic groups were 
Chironomidae (Diptera, 39.7% of total 
individuals), Lymnaeidae (Gastropoda:Pulmonata, 
25.3% of total), and up to three taxa within 
Trichoptera, identified by remnant cases (11.6% of 
total; Table 1). 

There was no difference in family richness (2-
way ANOVA, F3,8 = 1.60, P = 0.26, Fig. 5), 
diversity (2-way ANOVA, F3,8 = 2.67, P = 0.12), 
or HBI (2-way ANOVA, F3,43 = 0.15, P = 0.92) 
between upstream and downstream sites or riffles 
and pools. 
 Functional group composition was 
significantly different between the two sites, with 
downstream sites having more scrapers compared 
to the upstream sites (1-way ANOVA, F1,9 = 
11.51, P = 0.008, Fig. 6). Within the upstream site, 
there were more collectors compared to any other 
functional group (1-way ANOVA with Tukey 
HSD test, F4,20 = 14.91, P = 0.0417); within the 

downstream site there were more scrapers than 
shredders (1-way ANOVA with Tukey HSD test, 
F3,16 = 4.41, P = 0.019). 
 

Figure 5. Measures of macroinvertebrate community 
composition (mean ± SE) using family diversity (panel 
A, Shannon’s diversity index) and family richness (B) for 
sites downstream and upstream of a banana plantation. 

 

       
Figure 6. Functional groups (collector, filterer, predator, 
scraper, shredder) by sites downstream and upstream 
of a banana plantation (N = 6 per site).  
 
DISCUSSION 
Overall, our results show that locations within the 
same river can differ in their sediment and 
macroinvertebrate composition in relation to 
human land use in the area. We found that the 
downstream location near the banana plantation 
showed signs of higher erosion as evident by being 
wider, shallower, and containing a higher 
proportion of fine sediment. Surprisingly, both 
upstream and downstream locations had similar 
levels of nitrogen.   We also observed a shift in 
functional group composition between locations, 
with a higher proportion of scrapers in the 
downstream site. Other measures of community 
composition such as richness and diversity were 
the same between the sites. Our results indicate 
that the presence of the banana plantation affects  
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Table 1. Summary of macroinvertebrate order and families found in sites upstream and downstream of the banana 
plantation, % total indicates the percentage of individuals in that family.  

 
 

river morphology and sediment profile, and that 
these effects, possibly combined with pesticide 
runoff, alters the macroinvertebrate community 
composition.   

The river changed acutely in morphology and 
sediment size as it passed through the downstream 
site, suggesting that there may be increased 
erosion between the upstream and downstream 
sites. One explanation for this finding is that 
banana root structure is less effective at preventing 
erosion than the riparian vegetation present at the 
upstream site. We observed more tree coverage 
along the riverbank at the upstream site, which 
may suggest that the presence of trees at a 
riverside – which have larger and deeper root 
structures – may have large impacts on stream 
morphology. In places like the tropics that are 
prone to large-scale changes water flux between 
the wet and the dry season, understanding which 
trees prevent changes in stream morphology may 
help to mitigate the effects of streamside erosion 
as water discharge changes. Understanding the 
interplay between streamside vegetation and river 
morphology may inform the landscape 
architecture in both agricultural systems and 
residential communities, where streamside erosion 
could compromise the structural integrity of many 
homes.  
 We also observed no differences in 
macroinvertebrate diversity or family richness 
between sites. One possible explanation is that 
once the Hone reached the banana plantation, it 
was already heavily impacted by land use, and the 
same chemicals that affected the 

macroinvertebrate community upstream persist 1.5 
km into the plantation. Streams are highly 
susceptible to any potential pollutants, and many 
chemical toxins are not easily diffused or filtered 
out of the water column. The River Hone passes 
through kilometers of residential communities and 
human-modified land before it reaches our study 
(Fig. 1). It is therefore possible that the upstream 
Hone site contains traces of pollutants from miles 
upstream of our study site, and any potential 
impacts of the banana plantation is just a drop in 
the bucket of pollutants. Future work that 
measures chemical pollutants and 
macroinvertebrate structure along the entire length 
of the stream may give us a more granular 
understanding of how different types of land use 
changes river community composition.  
 We also measured a higher number of scrapers 
in the downstream site versus the upstream site 
and observed a higher concentration of periphyton 
at the downstream site. This suggests that the 
changes in stream morphology affect 
macroinvertebrate community structure, but a 
simple measure of macroinvertebrate diversity or 
richness is insufficient to separate the effects of 
different abiotic pressures on stream communities. 
One possible explanation is that the shallower 
depths found in the downstream sites affect light 
availability, which could increase algal growth. 
Finer sediment in the downstream site could also 
provide substrate for burrowing invertebrates such 
as gastropods, which consume periphyton and 
made up >50% of the individuals found 
downstream. More targeted studies are necessary 

Order Family Riffle 1 Riffle 2 Riffle 3 Pool 1 Pool 2 Pool 3 % total Riffle 1 Riffle 2 Riffle 3 Pool 1 Pool 2 Pool 3 % total

Baetidae 0 2 0 0 0 0 3.1 0 0 0 0 0 0 0.0
Caenidae 0 0 0 0 0 0 0.0 0 0 0 1 0 0 1.5
Ephemerellidae 2 0 1 0 0 0 4.6 0 0 0 0 0 0 0.0
Ephemeridae 0 1 0 0 0 0 1.5 0 0 0 0 0 0 0.0
Leptohyphidae 0 0 2 0 0 0 3.1 1 0 0 1 0 0 3.1
Ceratopogonidae 0 0 2 1 0 1 6.2 0 0 0 0 2 5 10.8
Chironomidae 5 7 11 4 5 6 58.5 9 0 0 1 1 9 30.8
Psychodidae 0 1 0 0 0 0 1.5 0 0 0 0 0 0 0.0
Thaumaleidae 0 0 0 0 0 0 0.0 0 0 0 0 1 0 1.5
Tipulidae 0 1 0 0 0 0 1.5 0 0 0 0 0 0 0.0

Plecoptera Perlidae 0 0 0 1 0 0 1.5 0 0 0 0 0 0 0.0
Hydropsychidae 0 1 0 0 0 0 1.5 0 0 0 0 0 0 0.0
Leptoceridae 0 0 0 1 0 0 1.5 0 0 0 0 0 0 0.0
Unknown 3 0 0 1 2 1 10.8 1 2 0 4 1 2 15.4

Unknown Unknown 0 0 1 0 0 1 3.1 0 0 0 0 0 0 0.0
Decapoda Palemonidae 0 1 0 0 0 0 1.5 2 0 0 0 0 0 3.1

Gastropoda:Prosobranchia Hydrobiidae 0 0 0 0 0 0 0.0 0 0 0 0 0 1 1.5
Gastropoda:Pulmonata Lymnaeidae 0 0 0 0 0 0 0.0 11 0 0 12 3 11 56.9

10 14 17 8 7 9 24 2 0 19 8 28

Ephemeroptera

Diptera

Trichoptera

Total individuals

Upstream Downstream
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to isolate the effects of sediment type and light 
availability on macroinvertebrate communities. 

Understanding how exogenous factors affect 
the morphology and health of streams is not only 
key to conserving aquatic systems, but also all the 
ecosystems they connect. In order to start 
addressing local threats directly we need to better 
understand how all these ecosystems are 
connected and how upstream factors can cause a 
cascade of effects downstream. More studies are 
needed to determine the degree to which each of 
these separate anthropogenic land uses affects the 
system individually and when they are acting on 
the system in succession. By considering the 
accumulation of these effects from different land 
uses along a gradient of the same river, we will 
better be able to direct conservation efforts 
towards addressing the specific causes of 
ecosystem decline.  
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APPENDIX  

Figure S-1. Comparison of study area watershed in1969 
and 2021, with the river Hone marked in red and the 
banana plantation outlined in yellow.   

 
Figure S-2. Photograph of a typical portion of the 
downstream river, with banana plants visible in the 
background. 

 

 

 

 

 
 

 

 


