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ABSTRACT 

 Zoonotic diseases, transmissible between humans and other animal species, represent a 

growing global health concern, comprising a majority of newly discovered or newly evolved 

emerging infectious diseases. Drawing from socionatural and assemblage literatures, I approach 

zoonotic disease research through a focus on interrelated human and nonhuman networks of 

actors. Using a mixed methods approach, I examine the spaces of interaction where species meet, 

and assess the socioeconomic and ecological drivers that dictate multispecies individuals' 

interactions. This dissertation examines the impact of anthropogenic landscape change on 

human-environmental interaction associated with the transmission of Chagas disease, or 

American Trypanosomiasis. Specifically, I focus on human interaction with, and influence on, 

the distribution of the royal palm species Attalea butyracea. This palm species is the preferred 

habitat of the primary insect carrier of Chagas disease in Panama. Human-A. butyracea 

interaction and co-influence is well documented. Human communities throughout Central and 

South America, and the Caribbean, utilize this palm species for a number of goods and services. 



Additionally, increased A. butyracea propagation is associated with landscape disturbance linked 

to anthropogenic agricultural practices. Rather than a linear approach to disease transmission, 

wherein a human population becomes ill due to novel exposure to pathogens through their 

disruption of a "natural” environment, this research suggests that zoonotic disease is co-produced 

through a complex and iterative interaction of human and non-human agents. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

There are nearly 1,500 unique infectious organisms known to cause disease in humans 

(Taylor, Latham and Woolhouse 2001). Of these, a majority are zoonotic disease, transmissible 

between humans and other animal species (Taylor et al. 2001). Zoonoses represent a growing 

global health concern, comprising a majority of newly discovered or newly evolved emerging 

infectious diseases, which are occurring at an increased rate (Han, Kramer and Drake 2016, 

Jones et al. 2008). Outbreaks of Zika virus, Ebola hemorrhagic fever, and the novel coronavirus, 

SARS-CoV-2, are notable recent examples of zoonotic epidemics and pandemics that have 

captured global attention just within the span of time it has taken to produce this body of work.  

Although many zoonotic diseases pass readily among humans, all originate in human 

populations via direct interspecies contact. To better understand the context in which interspecies 

disease transmission occurs, and so to anticipate and prevent disease outbreaks (primarily among 

human populations), the fields of public health, human medicine, and veterinary medicine have 

championed an interdisciplinary approach to zoonotic disease. Termed “One Health,” this 

movement recognizes the existence and inherent interconnection of separate human, animal, and 

environmental healths, and calls for an interdisciplinary engagement to address threats to these 

healths in a holistic manner (Atlas and Maloy 2014, King 2008). Since its inception at the turn of 

the millennium, the reach and popularity of the One Health movement has fomented a surge of 

integrative research and training programs across academic, governmental, and non-government 
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organizational spheres (Baum et al. 2017, Conrad et al. 2009, Gibbs 2014, King 2008, 

Rabinowitz et al. 2017).  

However, in recent years the One Health framework has been criticized as reductionist 

and oversimplified. Although zoonotic disease emergence and transmission is linked with 

behavioral and socio-economic risk factors (Jones et al. 2008), critics suggest the One Health 

framework neglects to examine the influence of social processes on the spread of disease (Giles-

Vernick et al. 2015, King 2010), ignoring or overlooking questions of power, vulnerability, and 

positionality (Hinchliffe 2015, Paige et al. 2015, Rock and Degeling 2015, Smith, Taylor and 

Kingsley 2015, Tirado, Gómez and Rocamora 2015, Wallace et al. 2015, Yates-Doerr 2015). 

Further critiques suggest a lack of disciplinary and epistemological diversity within One Health 

scholarship (Craddock and Hinchliffe 2015, Zinsstag et al. 2011). The overwhelming majority of 

One Health research is conducted by disease ecologists, human- and veterinary-health experts, 

who predominantly consider disease transmission in purely biological terms (Giles-Vernick et al. 

2015, King 2008). This disciplinary bias has prioritized human and animal health, undermining a 

clear definition or equal focus on what is meant by the health of “the environment” or “nature” 

within the One Health triad (Antoine-Moussiaux et al. 2019, Essack 2018).  

This dissertation examines a more complex and critically-driven zoonotic disease model 

that incorporates social processes and questions the framings of “the environment” in public 

health framing of disease transmission. Using a mixed methods approach, I assess the 

socioeconomic and ecological drivers that dictate key human and nonhuman (inter)actions and 

distributions through space at community, regional, and provincial scales (defined here as spatial 

extent) as related to the transmission of Chagas disease, or American Trypanosomiasis, in the 

context of landscape change in central Panama. I focus this research on the Attalea butyracea 



 

3 

palm species as simultaneously “the environment” for sylvatic transmission cycles of Chagas 

disease and an active and dynamic agent in the co-production of Chagas disease in this region. 

This approach to zoonotic disease research identifies multi-species assemblages that result in the 

co-production of disease and examine how these assemblages fluctuate at different levels of 

analysis. Rather than a linear approach to disease transmission, wherein a human population 

becomes ill due to novel exposure to pathogens through their disruption of a “natural” 

environment, I examine zoonotic disease as a co-production of complex and iterative interactions 

of human and non-human networks of actors, which vary across space and time but are 

inherently influenced by social processes.  

 

Theoretical Framework 

 Even the relatively straightforward human-to-human transmission of disease is a complex 

process when examined closely. Disease transmission becomes vastly more complicated when 

additional species are added to the mix. To characterize the interactions of the many individuals 

across many species that collectively are involved in the continuous cycle of Chagas disease 

transmission, and to begin to account for the social and ecological forces that cause these species 

to interact with each other across a range of spatial extents, some kind of organizational 

framework is required. To avoid the technocratic and reductionist approach of the One Health 

framework, this research pulls its organizational framing on interspecies disease transmission 

from socionatural and assemblage literature.  

 This research is grounded in the understanding that nature, or the “natural world” is 

inherently social. This socionatural worldview sees the conceptualization of “nature” and 

“society” as falsely separate entities, because (1) humans cannot know nature apart from 
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ourselves, and must intrinsically understand it, define it and describe it from a human 

perspective, and (2) because humanity has always repurposed or redefined our surroundings to 

serve (typically dominant) social demands (Castree 2001). By dissolving the false nature-society 

dualism, we can move away from the knee-jerk and negative reaction that anthropogenic changes 

are inherently “unnatural,” while recognizing the innate inequality in their cause and effects 

(Castree 2001). A socionatural approach asks us to view humans as part of rather than acting on 

nature, which allows us to investigate the nuances of the drivers and consequences of 

interspecies interactions, which are heterogeneously realized across different species, across 

power and social inequalities, and at different scales (Castree 2001, Robbins 2011). 

This interwoven socionature does not imply that our surroundings and fellow life forms 

are necessarily only passive and reactionary objects, however; we are influenced and changed by 

our environment even as we recreate it to serve our purposes. The co-production of Chagas 

disease is one outcome of one example of multi-species engagement within a dynamic and multi-

scalar socionature influenced by specific social, political, economic and ecological drivers. 

Assemblage theory provides a framework to characterize both the structure and process by 

which socionatures are remade, by organizing this complex interaction and it’s driving forces as 

an interconnected and dynamic network of actors (Figure 1.1). I draw from assemblage 

scholarship to investigate the “contact zones” where the multiple species necessarily involved in 

vector borne Chagas disease transmission meet (Haraway 2013). This research follows the style 

and strategy of what Robbins and Marks call “intimate” assemblages, which stress the way 

interspecies individuals are mutually remade through close interaction with each other (Robbins 

and Marks 2010).  
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Research Overview 

 The research described in this dissertation is a subset of a larger interdisciplinary research 

project funded through a 2014 Seed Funding in Support of Collaborative Research grant offered 

jointly through the University of Georgia (UGA) and the U.S. Centers for Disease Control and 

Prevention (CDC), titled “Integrating Anthropology, Ecoepidemiology, and Veterinary Science 

to Define Drivers of Vector-Borne Zoonotic Disease Transmission in Changing Landscapes” 

(hereafter: UGA-CDC Seed Funding Project). This funding enabled a collaboration between 

members of the Geospatial Research, Analysis, and Services Program (GRASP) of the U.S. 

Agency for Toxic Substances and Disease Registry (ATSDR); multiple UGA departments and 

faculty (Susan Tanner and Julie Velasquez Runk, Anthropology; Nicole Gottdenker, Veterinary 

Pathology); and partners from the Gorgas Memorial Institute for Health Studies (ICGES) in 

Panama City, Panama (Dyer et al. 2016). The goals of the UGA-CDC Seed Funding Project were 

to identify socioeconomic and ecological variables driving Chagas disease and acute cutaneous 

leishmaniasis transmission across a range of spatial (household, community, regional) and 

temporal (time since deforestation) scales (Dyer et al. 2016). 

 The research that comprises the work of this document was not directly included in the 

UGA-CDC Seed Funding Project proposal, but was purposefully designed to complement and 

accompany the Chagas disease research defined in the broader project in collaboration with its 

PIs, through my focus on human-palm interaction, and follows the same spatial and temporal 

breakdown (Dyer et al. 2016). My dissertation research benefited greatly from the planning, 

logistics, data collection and sharing agreements, permits, and professional network of this 

broader project and its collaborators, all of whom appear as co-authors or are acknowledged due 

to their significant contribution to or facilitation of this research. A majority of the data analyzed 
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and described in following chapters were collected under the permits of the CDC-UGA Seed 

Funding Project (including UGA IRB:STUDY00001786, and field permits issued by the 

Panamanian Ministry of the Environment through the facilitation of the Smithsonian Tropical 

Research Institute) or through the collaborative relationships this project facilitated. These data 

include field-collected palm data, both that I was able to personally collect and palm locations 

provided by ICGES colleagues, Panama spatial datasets (census data and 2012 landcover data), 

satellite imagery, and household survey data. My in-field palm data collection in 2015 and 2016 

occurred while I supported the CDC-UGA Seed Funding Project as part of field team collecting 

observational data and household survey data. I was able to design and contribute a series of 

palm-use questions to the household survey designed for this larger project, and able to include 

certain observation and demographic variables in my analysis (Chapter 4) through a data usage 

agreement. I extended my field work with the CDC-UGA Seed Funding Project to collect 

additional data through funding from a UGA Innovative and Interdisciplinary Research Grant 

and a graduate Field Research Award from the Tinker Foundation and UGA’s Latin and 

Caribbean Studies Institute. My 2017 field work was conducted under a second permit awarded 

through the Panama Ministry of the Environment, which I applied for in collaboration with 

ICGES colleague Azael Saldaña, through the facilitation of the Smithsonian Tropical Research 

Institute, where one of our UGA collaborators is a fellow (JVR). 

 In this dissertation, I use a mixed methods approach to investigate the overall question of 

how social and ecological drivers influence A. butyracea distribution and human-A. butyracea 

interaction across different spatial extents in the context of Chagas disease transmission. I focus 

on the A. butyracea palm as the preferred habitat of triatomine bug species Rhodnius pallescens, 

the primary vector of Chagas disease in central Panama (Romaña et al. 1999). R. pallescens are 
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evolutionarily linked with palms and cannot propagate outside of the microclimate of a palm 

crown, which is most commonly A. butyracea (Abad-Franch et al. 2015). Furthermore, the A. 

butyracea palm has a well-documented relationship with human distribution: this species thrives 

in disturbed landscapes associated with human settlement and agriculture (Henderson, Galeano 

and Bernal 2019, Wright and Duber 2001), and is sometimes purposefully kept by human 

communities in otherwise cleared landscapes due to its usefulness for a number of household 

goods and services (Bernal et al. 2010, Smith 2015). However, close proximity of households to 

A. butyracea palms is linked to increased risk of Chagas disease transmission in some human 

populations, due to increased likelihood of contact between humans and the infectious bugs that 

often reside in the palm’s crown (Abad-Franch et al. 2015, Vasquez et al. 2004). Each chapter in 

this research focuses on interspecies dynamics between humans, palms, and vectors at one of 

three decreasing administrative extents: province-level, a sub-province regional area, and at the 

household and community level.  

 Chapter 2 focuses on evaluating A. butyracea habitat suitability across two Panamanian 

provinces and quantifying potential risk of Chagas disease transmission to the inhabitants of this 

region. We focus our study on Panama and Panama Oeste Provinces, in south central Panama. 

This region covers an area of approximately 11,200 square kilometers (7,000 square miles) and 

contains both Panama City, the nation’s capital, and most of the Panama Canal. It is also home to 

a majority of the nation’s populace, over half of whom live in the capital alone (Sigler 2014). 

This paper introduces known climatic and ecological drivers of palm distribution in the 

neotropics, and further considers anthropogenically-linked landscape variables to address the 

question: What social and ecological variables are significantly associated with A. butyracea 

distribution across the Panama and Panama Oeste Provinces of Panama? This chapter relies 
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on a maximum entropy ecological niche model to hypothesize suitable palm habitat in this region 

by extrapolating the observed relationship between (satellite-derived) palm locations and social 

and ecological explanatory variables. We find that anthropogenically-linked land cover and 

landscape disturbance are some of the highest predictors of A. butyracea habitat suitability, in 

addition to ecological variables soil type and bioclimatic measure, Holdridge life zones. These 

findings suggest human activity and influence on landscape have a significant influence on 

Chagas disease transmission at this scale. We find evidence to support that consideration of A. 

butyracea-associated social and ecological drivers may refine existing distribution models of 

Chagas vector, R. pallescens, by accounting for previously unincorporated variables associated 

with its preferred palm habitat. Furthermore, we find that a majority of the human population in 

this highly populated region lives in areas of moderate to high A. butyracea habitat suitability. 

 Chapter 3 further examines the relationship between anthropogenic landscape change and 

A. butyracea distribution to address the question: How is A. butyracea distribution, density, 

and proximity to human settlements influenced by an anthropogenically altered landscape 

within the Panamá Province of Panama? We focus on a sub-regional, 300-km2 heterogenous 

tropical landscape in the Panama Oeste Province that encompasses a variety of landcover and 

anthropogenically-linked landscape disturbance, but little to no variation in the ecological 

variables associated with A. butyracea distribution. Using satellite-imagery and a field-verified 

sample of locations of A. butyracea palms, we remotely conducted a complete census of over 

50,000 A. butyracea palms in this study area. Using spatial analysis (a local Getis-Ord Gi*) we 

identified stands of closely growing palms as palm “clusters”. Statistical analyses were used to 

test the relationship between landscape disturbance and (1) the distribution and density of both 

individual palms and palm clusters (Chi-square tests for Homogeneity and z-tests for 
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proportions), and (2) palm age and proximity to human populations or vector movement 

corridors (Kruskal-Wallace non-parametric analysis of variance). We found a statistically 

significant increase in A. butyracea palm populations in secondary forest and a significant 

decrease in pasture and agricultural landscapes. A large number of palms were found near 

peoples’ homes. Our findings indicate probable anthropogenic thinning of palms in agricultural, 

but not residential, settings. Furthermore, we see evidence in this region that mature A. butyracea 

palms remain in land that has recently otherwise been cleared. 

 Given this evidence of retained mature palms in cleared landscapes, and given support in 

the literature that A. butyracea palms are sometimes purposefully maintained for their useful 

properties, Chapter 4 explores human-palm interaction at the household level. We ask: What 

socioeconomic and ecological factors influence self-reported use and interactions with 

palms in Panama? Using statistical analyses (Chi-square test for Independence) and a 

generalized linear mixed methods logistic model, we analyzed the relationship between self-

reported palm use trends and demographic, environmental, and behavioral characteristics in six 

communities. Three communities each were selected from Panama Oeste and Panama provinces. 

Each set of three communities contained one community each positioned in a heavily-forested, 

semi-forested, and predominately pastoral setting. Our findings indicate that a majority of 

households utilize palms, and that palm use for construction and as a supplemental food source 

are the most frequently reported use categories. Four species of palms were reported, including 

A. butyracea. Palm use trends did not vary by province or landscape disturbance category. We 

were not able to compare households that use palms to households that do not, due to an 

insufficient sample size in the latter category, but trends among frequent use categories were 

predominately linked with behavioral, rather than socioeconomic, characteristics. Our findings 
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differ from specific socioeconomic drivers of household palm use found in other case studies, 

which supports research suggesting that drivers of palm use are hyperlocal. It’s important to 

recognize that palm use is widely reported across many locations in this region, and that the 

reasons for this may vary from other communities both within and outside of Panama. 

 

Study Location 

 This dissertation employs a multiscalar approach, examining interspecies relationships at 

a decreasing extent from province- to household-level in central Panama (Figure 1.2). The 

Republic of Panama is known for its connectivity. Situated between Colombia, to the east, and 

Costa Rica, to the west, this narrow isthmus is the link between the northern and southern halves 

of the American continent, and through its canal, the connection between Pacific and Atlantic 

Oceans. This country is a key juxtaposition of naturally and anthropogenically formed 

passageways.  

Panama is located between 7-10º N latitude and 77-83º W longitude, situating it firmly in 

the tropics of the Western hemisphere. It covers an extent of approximately 77,400 km2, which is 

similar in size to the United States' state of South Carolina (Palka 2005). It is home to 

approximately 3.5 million people as of the 2010 census (INEC 2019), and it has one of the 

fastest growing economies in Central America (Bakari and Mabrouki 2017). It is bounded by 

oceans on two sides. The interior of the country is dominated by a discontinuous range of 

mountains, which extend beyond Panama's borders throughout Central America. Belying its 

small size and tropical context, which generally results in uniform rain and temperature patterns, 

Panama's combination of coastal region and varied topography result in highly variable 

temperature and precipitation patterns throughout the country (Holdridge 1967, Palka 2005). 
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Background 

Overview: Chagas disease 

Chagas disease is a major cause of death and disability due to heart disease endemic 

throughout Central and South America, affecting an estimated 6-8 million individuals (Miranda-

Schaeubinger et al. 2019). Although this disease occurs throughout Latin America, risk factors 

for human infection vary spatially, due to differences in insect carrier and reservoir species’ 

preferred habitats, as well as variability in human lifestyles (Rassi Jr, Rassi and Marin-Neto 

2010). Chagas disease specifically refers to infection by the protozoan parasite, Trypanosoma 

cruzi, which is transmitted from mammalian reservoirs to humans through any of several species 

of triatomine insect (Lent and Wygodzinsky 1979). These insects, also called kissing bugs or 

assassin bugs, are true bugs, and are blood-sucking species that feed primarily on small 

mammals (Lent and Wygodzinsky 1979, Vasquez et al. 2004). Vectorborne transmission occurs 

when the parasite is deposited on the host via infected triatomine feces (after a blood-meal) and 

enters a break in the potential host’s skin (such as the feeding site) or mucosal membrane (Rassi 

Jr et al. 2010). Some studies suggest that almost all triatomine species maintain enzootic 

(maintained within animal populations only) cycles of T. cruzi among wildlife in both terrestrial 

and arboreal ecotypes (Noireau, Diosque and Jansen 2009). However, only a handful of these 

species are known to feed upon human hosts or synanthropic animals, thereby posing a risk of 

Chagas transmission; these are the vectors that are of primary human and veterinary medicine 

concern (Rassi Jr et al. 2010). 

This research is focused on interspecies assemblages that co-produce vector borne 

instances of Chagas disease, but it is important to note that other routes of infection are possible, 

including human-to-human transmission. These infection pathways each have their own 
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socionatural assemblages, which may occur both within or alongside of the networks described 

in this dissertation, or in different geospatial locales or extents altogether. The T. cruzi parasite 

may be transmitted congenitally (mother to child, through pregnancy), iatrogenically (via blood 

transfusion or organ transplant), through ingestion (of food or liquid contaminated with 

triatomine feces, or through consumption of an infected triatomine—considered a likely route of 

transmission to some domestic animals, such as dogs) (Rassi Jr et al. 2010). Rarely, transmission 

may also occur via exposure to infected insects or medical equipment in laboratory settings 

(Rassi Jr et al. 2010, Abad-Franch et al. 2015).  

Chagas disease typically presents initially as a short-term febrile illness, which may go 

unnoticed or untreated due to similarities with many other tropical fevers (Prata 2001). Acute 

infection is followed by a latent period that may last for several years as the parasite migrates 

from the host’s blood stream and into many different cells (e.g. heart, intestines), where it 

multiplies (Prata 2001). In a subset of patients, swelling or malfunction of the affected hollow 

organ occurs, with corresponding high rates of morbidity or mortality (Rassi Jr et al. 2010). 

Currently, no vaccine exists for Chagas disease, and treatment, where available, is costly and 

poorly tolerated; in endemic countries, prevention of initial infection by deterring vectors’ access 

to susceptible human hosts is the best-recommended strategy for reducing morbidity and 

mortality related to this disease (Moncayo and Silveira 2017, Rabinovich et al. 2011, Rodriguez 

and Loaiza 2017). In non-endemic countries, T. cruzi infection is most likely to occur via 

congenital transmission or through blood transfusion or organ transplant (Coura and Viñas 2010, 

Schmunis 2007).  
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Chagas disease in Panama and association with Attalea butyracea palms 

 Ten species of triatominae are found in Panama; however, only two are of primary 

concern for Chagas transmission: Triatoma dimidiata and Rhodnius pallescens (Vasquez et al. 

2004). Both species are occasionally found in households within Panama, particularly those with 

palm-thatched roofs; specimens that are found in roofs are more likely to have fed on humans, 

and are thus more likely to transmit the T. cruzi parasite (Calzada et al. 2010, Calzada et al. 

2006, Saldaña et al. 2015). The specimens that have been found within households are generally 

adults, rather than nymphal stages, which implies that domestication of this species has not 

occurred in Panama (Calzada et al. 2006). Due to the narrow temperature and relative humidity 

ranges tolerated by these insects, previous research suggests that households do not maintain the 

microenvironment that these insects require to thrive and propagate (Arboleda et al. 2009, Parra-

Henao, Suarez-Escudero and Gonzalez-Caro 2016, Zeledón et al. 2006, Saldaña et al. 2015). 

R. pallescens is the dominant of the two Chagas vectors in Panama, and the primary 

focus of this body of work (Saldaña et al. 2015). Prevalence of the T. cruzi parasite within R. 

pallescens is thought to be extremely high, with studies reporting 74.3%-85.4% of sampled bugs 

infected in tested areas (Gottdenker et al. 2011, Vasquez et al. 2004). Sloths and opossums are 

the preferred targets of these bugs, however domesticated animals (notably dogs) and humans are 

also targeted (Calzada et al. 2006, Saldaña et al. 2015, Vasquez et al. 2004). Within Panama, 

Chagas disease prevention is targeted by the Ministry of Health with active vector control 

measures as well as recent intra-governmental collaborative measures to streamline and 

standardize approaches to Chagas prevention and screening (Vasquez et al. 2004). Despite the 

high prevalence of this parasite found in captured insect vectors, however, the prevalence of 

disease among human populations in Panama appears quite low at this time: in tested human 
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communities, prevalence ranges from < 1-5.9 % of the population (Calzada et al. 2010, Saldaña 

et al. 2012). However, due to the habitat preference of the insect species that transmits Chagas in 

Panama, this disease is likely to be an ongoing risk to humans, and due to human-environmental 

trends in Panama, may be a larger public health threat in some “hot spot” areas of the country 

(Calzada et al. 2006, Noireau et al. 2009). 

The low prevalence of human infection with Chagas disease in Panama is likely due to 

the preferred habitat of its main insect vector. In contrast to other Latin American countries 

where the primary insect vectors of Chagas reside in or near peoples’ houses, the R. pallescens 

bugs in Panama almost exclusively inhabit palm trees (Romaña et al. 1999). In particular, R. 

pallescens bugs are strongly associated with A. butyracea palms, which boast large crowns dense 

with organic material that is well suited to supporting the microclimate these bugs require, and 

attractive to the mammalian reservoirs on which R. pallescens preferentially feed (Abad-Franch 

et al. 2015, Condit, Pérez and Daguerre 2010, Romaña et al. 1999), although they are 

occasionally found in other palm species (Rodrigues et al. 2018). Thus, the Chagas-causing T. 

cruzi parasite in Panama is typically confined to sylvatic transmission cycles within palm 

crowns, absent humans and constrained to insect vectors and arboreal mammal reservoirs 

(Vasquez et al. 2004). However, while sylvatic transmission cycles are a lesser threat to human 

populations than the “domiciliary” (household) transmission cycles, sylvatic transmission also 

makes the disease more difficult to eradicate completely—separating humans from insects that 

typically live in trees but periodically wander indoors is more difficult on a large scale than say, 

organizing spraying campaigns to target insects that prefer to live in peoples’ houses. Keeping 

human populations completely removed from R. pallescens in Panama is additionally difficult, 

because 1) the insects’ preferred habitat of A. butyracea palms flourish in anthropogenically 
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disturbed landscapes (Henderson et al. 2019, Wright and Duber 2001, Wright et al. 2000), 2) 

people use this tree and sometimes purposefully keep it around (Bernal et al. 2010, Olivares and 

Galeano 2013), and 3) A. butyracea palms in otherwise deforested areas, like those found near 

human communities, are more likely to be inhabited with R. pallescens bugs than palms located 

in contiguous forest (Gottdenker et al. 2011).  

It is hypothesized that close proximity of households to A. butyracea palms may heighten 

risk of transition from a sylvatic Chagas transmission cycle to a household cycle; for this reason, 

human proximity to and engagement with A. butyracea is hypothesized to increase risk for 

contracting Chagas disease in human populations in Panama (Romaña et al. 1999, Vasquez et al. 

2004). While presence of A. butyracea does not guarantee corresponding presence of R. 

pallescens bugs, because of its affinity for this palm species, a better understanding of the 

distribution and density of A. butyracea may facilitate targeting populations of this key Chagas 

disease vector. Findings of these analyses will contribute to a better understanding of the 

complex interactions between social and ecological processes, especially as related to infectious 

disease transmission, and may help target risk zones of Chagas disease transmission in central 

Panama.  

 

A brief overview of landscape change in Panama 

 Because this dissertation draws heavily on landscape change as a social process, it is 

useful to have context for much of the landscape change that is mentioned in passing in 

upcoming chapters. Anthropogenic landscape change is not inherently negative, particularly in a 

socionatural framing. However, it is important to realize that changing landscapes in Panama are 
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neither a new occurrence nor an apolitical one, and has through most of the last several centuries 

occurred as a result of exogenous political and economic forces.  

 Panama has undergone centuries of anthropogenic landscape alteration via indigenous 

and colonialist populations. Prehistoric records place the beginning of human activity on the 

isthmus to over 11,000 years ago (Cooke 2005, Palka 2005). Vegetation that is today considered not 

only indigenous to the region, but key staples, including maize and manioc, has been shown to have 

originated in other areas of the Americas; these were introduced with the arrival and settlement of 

early humans (Cooke 2005). These populations, originally hunters and gathers, and eventually 

farmers, are known to have begun altering the landscape in this area through swidden agricultural 

practices as early as 9,000 years ago; populations were large enough, and this occurred on such 

scales, that some archaeologists consider the land to have been "considerably modified" (Cooke 

2005).  

 Deforestation trends in Panama in the last five centuries reflect the changing goals and 

initiatives of global trade and numerous international powers. Cattle have arguably played a key 

role in the formation of Panama as it exists today, affecting both its cultural and physical 

development since the 1500s. The locations where Spanish colonialists originally settled, chosen 

because the rainfall was best suited to cattle ranching, has had direct effects on areas that 

presently remain forested within the country, which are concentrated in areas where colonial 

agriculture did not take place (Herrera 2001, Wright and Samaniego 2008).  

 The United States held significant power in Panama during the 20th century due to its role 

in the Canal construction and maintenance, and its role in securing Panama’s independence from 

Colombia. From the early 20th century until 1999 when it was turned over to the Panamanian 

government, the United States occupied and controlled the former “Canal Zone,” a tract of land 

that borders the canal and bisected the entirety of Panama, and oversaw its land use. Through 
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intergovernmental treaties, during construction of the canal, the United States was able to 

appropriate lands “as needed,” which resulted in both the immense alteration of land and water to 

construct the Panama Canal and the displacement of significant numbers of people (Lasso 2019). 

 Within the last century, increased deforestation in Panama is attributed to expanded cattle 

ranching and increased development of land by rural campesino farmers (Heckadon Moreno 

1984). In contrast, areas of afforestation are attributed to government maintenance of protected 

areas and incentives to increase tree cover, and to some extent through conversion of abandoned 

ranch land to secondary forest, as people move into cities (Wright and Samaniego 2008).  
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Figure 1.1 Zoonotic disease transmission as a socionatural assemblage: Assemblage theory 

provides a framework to characterize both the structure and process by which socionatures are 

remade, by organizing this complex interaction and it’s driving forces as an interconnected and 

dynamic network of actors. Scale and framing matter in these investigations, as a focus on only 

one element or extent of a transmission scenario may overlook broader, but connected, social and 

ecological drivers (shown in red). 
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Figure 1.2 Map of dissertation study sites: Chapter 2 focuses on the entire extent of Panama and 

Panama Oeste Provinces (1); Chapter 3 focuses on a 300km2 region within the Panama Oeste 

Province (2); and Chapter 4 focuses on six communities within the Panama and Panama Oeste 

Provinces (3).  
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Abstract 

The palm species Attalea butyracea is the preferred habitat of the triatomine bug species, 

Rhodnius pallescens, the primary vector of the protozoan parasite, Trypanosoma cruzi, that 

causes Chagas disease in Panama. This palm species thrives in disturbed landscapes associated 

with human settlement and agriculture; however, close proximity of households to A. butyracea 

palms is linked to increased risk of Chagas disease in some human populations. This study 

assesses the influence of biotic and abiotic drivers on the distribution of A. butyracea in central 

Panama and hypothesizes locations of elevated transmission risk of Chagas disease in this 

region. Utilizing over 400 records of A. butyracea collected in central Panama in 2015-2017, we 

characterize the environmental niche associated with A. butyracea distribution using maximum 

entropy modeling as an enhancement to existing distribution models of Panama’s primary vector 

species, R. pallescens. We observe that all of the environmental drivers currently associated with 

R. pallescens’ distribution also influence A. butyracea’s environmental niche, but additional 

biotic and abiotic drivers significantly influence A. butyracea’s habitat suitability, notably soil, 

habitat disturbance, and land cover. This suggests that further refinement to vector distribution is 

possible by accounting for drivers of this species preferred habitat. While presence of A. 

butyracea does not guarantee corresponding presence of R. pallescens bugs, because of its 

affinity for this palm species, a better understanding of the ecological niche of A. butyracea may 

facilitate targeting populations of this key Chagas disease vector. Findings of these analyses will 

contribute to a better understanding of the complex interactions between social and ecological 

processes, especially as related to infectious disease transmission, and may help target risk zones 

for Chagas disease in central Panama. 
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Introduction 

 Chagas disease, or American trypanosomiasis, is a vector-borne zoonotic infectious 

disease caused by the kinetoplastid protozoan parasite, Trypanosoma cruzi (Lent and 

Wygodzinsky 1979, Noireau, Diosque and Jansen 2009). Currently no vaccine exists to prevent 

Chagas disease, and an estimated 6-7 million individuals are affected worldwide (Beaumier et al. 

2016, Malik, Singh and Amsterdam 2015). Although non-vector-borne transmission does occur, 

typically congenitally or through blood or organ donation, triatomine bug vectors of T. cruzi are 

the most common infection source of this disease (Rassi Jr, Rassi and Marin-Neto 2010).  

Vector-borne transmission is endemic to Latin America, where the parasite is transferred to 

human hosts through the feces of blood-sucking triatomine bugs, typically via infection of 

mucosal membranes (Rassi Jr et al. 2010). Ingestion of triatomine vectors is thought to be a key 

transmission route to other mammalian species (Barrett 1991) and ingestion of triatomine feces, 

as through contaminated foodstuffs, has been linked to acute and severe infections in humans 

(Pereira et al. 2009, de Noya and González 2015).  

Prevention of initial infection is currently the best-recommended strategy for reducing 

disease burden. Left untreated, 30-40% of infected individuals eventually develop cardiovascular 

or intestinal complications resulting in high morbidity and mortality (Rassi Jr et al. 2010). Given 

the important role of vectors in the transmission of this disease, primary Chagas prevention 

strategies have hinged on reducing contact between susceptible populations and triatomine bugs 

(Abad-Franch et al. 2015, Rabinovich et al. 2011), which has necessitated a better understanding 

of vector spatial distribution. Although most triatomine species are capable hosts of the T. cruzi 

parasite, only a relative few are significant vectors to human populations (Noireau et al. 2009), 
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and variations among these key vectors’ ranges and preferred habitats result in risk factors and 

prevalence of Chagas disease varying spatially throughout Latin America (Rassi Jr et al. 2010).  

Ecological Niche Modeling (ENM) has been widely applied in the field of ecology to 

better understand species distributions. ENMs compare known species occurrence data to 

spatially corresponding biotic and abiotic variables in order to provide insight to environmental 

drivers and tolerances, or to predict spatial or temporal distributions in changing landscapes 

(Elith and Leathwick 2009). As triatominae are sensitive to small changes in relative humidity 

and temperature(Parra-Henao et al. 2016a), disease ecologists are increasingly applying this 

method to Chagas vectors. Triatominae ENMs throughout Latin America specify existing vector 

ranges and environmental tolerances (Arboleda et al. 2009, Batista and Gurgel-Gonçalves 2009, 

Costa, Peterson and Beard 2002, de la Vega and Schilman 2018, Gurgel-Gonçalves and Cuba 

2009, Gurgel-Goncalves et al. 2012, Gurgel-Goncalves and Silva 2009, López-Cárdenas et al. 

2005, Parra-Henao et al. 2016a, Parra-Henao, Suarez-Escudero and Gonzalez-Caro 2016b, 

Peterson et al. 2002, Sandoval-Ruiz, Zumaquero-Rios and Rojas-Soto 2014), and anticipate 

future distributional impacts of climate change (Carmona-Castro, Moo-Llanes and Ramsey 2018, 

Medone et al. 2015). However, existing ENMs of Chagas vectors do not always consider the 

confounding effects of certain species-specific ecotopes. Several vectors are closely associated 

with a specific host or habitat, suggesting that host- or habitat-dependent vector models may be 

improved by controlling for variables associated with host habitat, or fine-tuned through 

comparison of spatial models that directly assess host or habitat species’ distributions (Galvão 

and Justi 2015).  

Considered true palm specialists, R. pallescens require sylvatic ecotopes to thrive (Abad-

Franch et al. 2015) and are primarily associated with A. butyracea palms (Romaña et al. 1999). 
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However, existing distribution studies of R. pallescens do not account for environmental drivers 

of palm habitat in their models, although these vectors rarely propagate outside of their palm 

crown habitats (Arboleda et al. 2009, Parra-Henao et al. 2016a). In this paper, we describe an 

ENM of the Attalea butyracea palm in the Panama and Panama Oeste Provinces, Panama as an 

enhancement to existing models of Panama’s primary vector species, Rhodnius pallescens 

(Saldaña et al. 2015). 

The objectives of this paper are two-fold. First, we aim to characterize the biotic and 

abiotic environmental factors associated with A. butyracea palm distribution in central Panama 

in order to identify key palm-specific variables that may enhance existing and future ENMs 

geared towards R. pallescens or other palm-dependent triatominae. Second, we seek to identify 

areas of elevated transmission risk of Chagas disease in this region, defined as residential 

settings located in areas of moderate to high A. butyracea habitat suitability. Close proximity of 

A. butyracea palms to residential settings is considered a risk factor for Chagas disease 

transmission, due to enhanced likelihood of cross-over from a sylvatic to domestic disease 

transmission cycle (Abad-Franch et al. 2015, Erazo and Cordovez 2016, Feliciangeli et al. 2004, 

Sanchez-Martin et al. 2006, Teixeira et al. 2001, Vasquez et al. 2004). Although A. butyracea 

palm presence does not guarantee corresponding vector presence; as R. pallescens’ preferred 

habitat, a better understanding of this palm species’ ecological niche and distribution is crucial to 

understanding potential vector distribution in Panama and the associated risk of Chagas disease 

transmission.  
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Methods 

Study area 

This research focuses on A. butyracea palm distribution within the Panama Oeste and 

Panama Provinces in central Panama (Figure 2.1). This region covers an area of approximately 

11,200 square kilometers (7,000 square miles) and contains both Panama City, the nation’s 

capital, and most of the Panama Canal. It is also home to a majority of the nation’s populace, 

over half of whom live in the capital alone (Sigler 2014). Panama is located in the tropics of the 

western hemisphere, between latitudes 7-10° N and longitudes 77-83° W. Its combination of 

coastal regions and varied topography result in highly variable temperature and precipitation 

patterns throughout the country. The Panama Oeste and Panama Provinces’ topography is 

characterized on its northern border by the discontinuous mountain chain that runs through 

central Panama, reaching elevations of 1,100 meters in the far northern, western, and eastern 

parts of these provinces. The landscape descends to a lowland corridor that transitions to the 

southern coast. Due to the mid-continental mountain ridge in Panama, this region comprising 

these provinces is drier than the northern half of the country and receives approximately half as 

much rainfall as the Caribbean coast at around 1,650 mm, although it experiences a more 

pronounced rainy season from May-November (Palka 2005).  

 

Palm occurrence data 

A. butyracea is a large, densely-crowned palm in the subtribe, Attaleinae (Henderson, 

Galeano and Bernal 2019, Smith 2015). Colloquially called “palma real” (royal palm) in 

Panama, this species ranges from Mexico through northern South America, reaching as far as 

western Amazonia (Smith 2015). Reaching heights up to 30 meters over a lifespan of over 200 
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years, this palm is characterized in its mature form by its large crown: individual palm fronds 

may reach up to 10 meters in length, and the base of the crown is packed with dead organic 

matter (De Steven et al. 1987, Jansen et al. 2014, Smith 2015).  

A. butyracea occurrence locations were obtained through a combination of field surveys 

and remote sensing via satellite imagery. A field survey of 175 occurrence points was collected 

via convenience sample (close proximity to roads) in Panama and Panama Oeste Provinces 

between 2015 and 2017 using a Garmin Oregon 550T handheld global positioning device. This 

field sample was supplemented with an additional 75 A. butyracea occurrence records collected 

in this region by colleagues from the Gorgas Memorial Institute for Health Studies (ICGES). 

Panama’s Ministry of the Environment (MiAmbiente) authorized this fieldwork, which was 

undertaken as part of a larger cross-disciplinary and multiagency zoonotic disease research 

collaboration (Dyer et al. 2016). 

 Because our field data exhibited significant spatial bias and clustering, we used high-

resolution satellite imagery to remotely conduct a systematic sample of the complete extent of A. 

butyracea occurrences in Panama and Panama Oeste provinces, which resulted in an additional 

sample of 155 palm locations. Mature A. butyracea crowns are highly visible on high-resolution 

imagery (Figure 2.2), making this species an ideal candidate for remote data collection. A 

systematic sampling scheme ensures an even sampling effort across the region of interest by 

designating sample locations at fixed intervals across the extent of the study area based on a 

randomly generated starting point. To select our remote survey locations, we created a 5 km-by-5 

km grid overlaying our study area using hollow square tessellation in ArcMap (v 10.5.1, ESRI, 

Redlands, California, USA). We defined a survey area as a 250-m buffer zone generated around 

the center point (“centroid”) of each grid cell. Each survey area was carefully analyzed for 
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presence of mature A. butyracea crowns using both panchromatic (< 1-m spatial-resolution) and 

multispectral (1.46-m spatial resolution) WorldView2 and WorldView3 satellite imagery 

collected between 2015-2018 (Digital Globe Inc, Westminster, Colorado, USA) (Figure 2.3).  

Systematic sampling is a preferred data collection method for reducing spatial bias of 

occurrence records in ecological niche modeling (Hirzel and Guisan 2002). At a fixed interval of 

5 km, our smallest environmental gradients were sampled at least once, while larger 

environments were sampled proportionally. Among the 368 locations visually surveyed for palm 

presence, 42% (n=155) contained one or more probable A. butyracea palms based on crown 

signature. In occupied survey locations, the coordinates of the palm closest to the centroid of the 

survey area was added to our occurrence dataset. A 2017 field validation of our A. butyracea 

identification via satellite imagery suggests that we correctly identify A. butyracea palms with 

high accuracy, or low commission error (positive predictive value = 0.8), but that many true A. 

butyracea are overlooked, particularly in dense canopy (negative predictive value = 0.6; high 

omission error) (Chapter 3). For this reason, we substituted confirmed, field-collected A. 

butyracea occurrence data over remotely sensed occurrence data in 18 locations where our 

remote survey locations overlapped with the field-collected convenience sample. 

Our complete palm occurrence dataset consisting of convenience sample, supplemental 

and remotely sensed palm records totaled 405 records. 

 

Environmental data 

 We tested a range of biotic and abiotic variables known to influence neotropical palms 

broadly (Eiserhardt et al. 2011, Montúfar et al. 2011, Pyke et al. 2001, Salm et al. 2007, 

Vormisto, Tuomisto and Oksanen 2004) and A. butyracea specifically (Garzon‐Lopez et al. 
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2013, Henderson et al. 2019, Normand et al. 2006, Wright and Duber 2001). Panama land cover 

data at a spatial resolution of 5-m was obtained directly from Panama’s Ministry of the 

Environment (MiAmbiente). Derived from a mosaic of 5-m spatial resolution RapidEye satellite 

sensor data between January 1, 2011 and April 30, 2012, this land cover dataset is the most 

recent and highest resolution official Panamanian landscape data currently available (Castillo, 

Samaniego and Kindgard 2015). To facilitate land cover interpretation and reduce variable load 

within our model, we consolidated the 21 land cover classes identified within our study area to 

eight generalized categories. In addition, to account for A. butyracea’s known tendency to thrive 

in anthropogenically-altered habitats, we assigned each of the original land cover classes an 

alteration rating (lowest to highest: 0-3) to form a disturbance index. The generalized land cover 

category and disturbance classification assigned to each original land cover class is shown in 

Table 2.1. 

Four climate variables were obtained from the WorldClim database (Version 2, 

www.worldclim.org) at a spatial resolution of 30-arc seconds: annual precipitation, precipitation 

seasonality (Coefficient of variation), mean temperature, and temperature seasonality (standard 

deviation x 100) (Fick and Hijmans 2017). WorldClim variables reflect a variety of monthly 

temperature and precipitation data collected and interpolated from regional weather stations 

between 1970-2000 (Fick and Hijmans 2017). A digital elevation model (DEM) (30-meter 

spatial resolution; NASA Shuttle Radar Topology Mission) of Panama was obtained through the 

Smithsonian Tropical Research Institute’s (STRI) GIS OpenData Portal. In addition to elevation, 

this DEM was used to derive slope and two aspect variables (easting and northing) via the 

ArcGIS spatial analyst toolbox (ESRI, Redlands, California, USA). Holdridge life zone data, a 

global bioclimate measure of landscape classification based on axes of potential 

http://www.worldclim.org/
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evapotranspiration, annual precipitation, and humidity (Holdridge 1967), were also obtained 

through the STRI GIS OpenData Portal. Soil data for our region was obtained from the Soil and 

Terrain Digital Database for Latin America and the Caribbean (SOTERLAC) (Dijkshoorn, 

Huting and Tempel 2005). Both soil and Holdridge life zone data were obtained as vector 

shapefiles and converted to raster datasets. All raster data were resampled to match the 5-m land 

cover data.  

 The full set of environmental variables were tested for high correlation (Pearson’s r > 

|0.75|) using the Band Collection Statistics Tools in ArcMap (v 10.5.1, ESRI, Redlands, CA). To 

avoid multicollinearity, highly correlated variables were reduced to the single variable most 

likely to directly influence palm growth over time. Additionally, we removed variables with 

consistently low contribution to the model (< 3% permutation importance or percent 

contribution) as these reductions resulted in improved model performance. The full and reduced 

independent variable list is shown in Table 2.2. 

 

Environmental niche modeling 

 We employed maximum entropy modeling to identify suitable habitat of A. butyracea 

palms in our study region using Maxent 3.4.1 software (Phillips, Dudík and Schapire 2004). We 

chose a presence-only modeling strategy given the high potential for omission error among 

recorded absence locations within our remotely-derived palm occurrence dataset. Maxent 

compares occurrence records to environmental parameters via (~10,000) randomly selected 

background points, termed “pseudo-absences”. The model determines a range of possible species 

distributions wherein the average background environmental data reflects the empirical average 
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of the supplied occurrence records (Phillips and Dudík 2008). The broadest, or least constrained, 

of these possible distributions is the one with the maximum entropy. 

 Two primary settings in Maxent heavily influence model output by adjusting the 

constraints the software uses to match potential distributions to occurrence points: features and a 

regularization multiplier (Phillips and Dudík 2008). Features control the type of functions used to 

transform continuous environmental predictors, which alters the complexity of species-

environment relationships (Phillips and Dudík 2008, Merow et al. 2014). At a sample size 

greater than 100 records, Maxent defaults to linear (L), quadratic (Q), product (P), and hinge (H) 

features (Phillips and Dudík 2008). Hinge features transform continuous data to piecewise linear 

functions (Elith et al. 2011). The other three features constrain environmental data by mean, 

variance, and co-variance, respectively (Merow, Smith and Silander 2013). The regularization 

multiplier (β) is a smoothing variable to correct overfitting, which defines how closely the 

projected habitats must empirically match occurrence data (Merow et al. 2013). Although 

Maxent software presents default feature and β settings, species-specific parameter tuning is 

highly recommended to maximize model performance and increase the accuracy and reliability 

of results (Anderson and Gonzalez 2011, Merow et al. 2013, Morales, Fernandez and Baca-

Gonzalez 2017, Radosavljevic and Anderson 2014, Warren and Seifert 2011). Therefore, we 

tested 48 possible combinations of features, βs, and occurrence record subsets to construct the 

optimal model for this dataset. To test optimal model fit and complexity, we tested a range of 

eight βs (0.001, 1*, 1.5, 2, 4, 6, 8, 16) and two feature settings (LQ, LQPH*) (*default). Our 

restricted model allowed for only linear and quadratic transformations. Although species 

responses to their environment are often non-linear (Austin 2002), overly complex models risk 

ascribing too much importance to noise and face a loss of interpretability (Merow et al. 2014).  
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In addition to feature and βs settings, we compared three occurrence record subsets for 

model performance: population 1 (POP1) contained only the systematic sample (n=160); 

population 2 included POP1 and field-collected occurrence records spatially filtered to constrain 

the nearest distance between palms to either 1km (POP2_1km, n=194) or 2 km (POP2_2km, 

n=174). Our field-collected sample data exhibit extreme spatial bias and clustering, but represent 

true A. butyracea locations at all points. However, spatially biased occurrence records may lead 

to spurious conclusions about a species’ ecological niche due to over- or under-sampled regions 

(Phillips et al. 2009, Kramer-Schadt et al. 2013). In contrast, our systematic sample data 

(remotely sensed with field-collected supplements) are spatially neutral, but may contain false-

positive occurrence records. Spatial filtering was applied to our palm data to minimize spatial 

bias and maximize data confidence (Kramer-Schadt et al. 2013, Radosavljevic and Anderson 

2014); these spatial filter distances were chosen to maximize the number of retained occurrence 

points on a similar scale (km) as the systematic sample spacing. Spatial filtering lessens, but does 

not completely rectify, spatially biased data.  

This combination of model settings resulted in 16 possible models for POP1 and 32 

possible models for POP2. Given the limitations within each dataset, we present and compare the 

best model from each population in this paper. We evaluated model performance using sample 

size corrected Akaike Information Criteria (AICc), calculated via ENMTools 1.4.4 software 

(Warren and Seifert 2011). Optimally complex models are associated with the lowest AICc 

score. This method has been shown to be a more objective measure of selecting appropriately 

complex Maxent models than the commonly reported maximum area under the receiver 

operating curve (AUC), especially at lower sample sizes (~100) (Warren and Seifert 2011, Lobo, 

Jiménez-Valverde and Real 2008). Our top models were run through a 10-fold cross validation to 
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test for generality at 1,500 iterations; resulting model metrics were averaged across these ten 

models (Merow et al. 2013). 

 

Identifying potential transmission zones of Chagas disease 

 For the purpose of this paper, we define regions at risk of Chagas disease transmission as 

the coexistence of human and vector populations in the same geographic space. Although human 

susceptibility and vector infection will vary among individuals even in highly prone regions, 

vector and human population distributions must overlap for even the chance of direct vector-

borne transmission to occur. To identify potential hotspots of elevated Chagas transmission risk 

in our study area, we compared residential data taken from the 2010 Panama Census to areas of 

probable A. butyracea presence. Administrative boundaries of Panamanian communities (lugares 

poblados) were obtained through Panama’s GEORED Platform, a geospatial data platform 

hosted by Panama’s National Authority of Land Administration (ANATI) 

(geored.maps.arcgis.com). We derived probability of A. butyracea presence by post-processing 

the raw Maxent output (relative habitat suitability) of our top two models as described by 

Guillera-Arroita et al. (Guillera-Arroita et al. 2014). Although default Maxent settings 

automatically provide species probability estimates, the accuracy of this estimate requires users 

to input a measure of species rarity (s), or the probability of species presence within suitable 

habitat, which is otherwise arbitrarily set at s = 0.5 (Elith et al. 2011, Guillera-Arroita et al. 

2014). This probability is not the same as species prevalence, which does not take habitat 

suitability into account, and is difficult to measure when suitable habitat is not already known. In 

contrast, Guillera-Arroita et al.’s estimate of species probability transforms raw output through a 

multiplier of species prevalence and the number of background points used by the model 
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(Guillera-Arroita et al. 2014). The estimate of A. butyracea prevalence (ψ = n occurrence 

records/ total n sample sites) was derived from our systematic sample and adjusted based on the 

2017 field validation efforts: field-derived positive predictive and negative predictive values 

were applied to summed presence and absence data, respectively, to account for false positive 

(FP) and false negative (FN) occupation estimates. The adjusted prevalence (ψadj) calculation, 

then, is: 

𝜓adj =
remotely sensed occurrence records −  FP̂ + FN̂

total number sampled sites
 

We applied ψadj to scale the raw Maxent output into an estimate of probability of presence given 

the environmental variables (z) and number of background points applied by the model (n): 

Pr(𝑦 = 1|𝑧) = 𝑟𝑎𝑤 ∗ 𝑛 ∗ 𝜓adj 

An A. butyracea probability of presence > to 0.5 was used as the cutoff to create a binary map of 

potential species distribution. At this probability threshold, predicted A. butyracea distribution 

aligns with moderate to high relative habitat suitability indicated by our top models. 

 

Results 

Based on lowest AICc scores, the optimal complexities of the top two models were 

identical, at β = 4 and constrained to simple features (LQ). The AICc score of the best model 

fitted only with systematic survey data (POP1) was lower than the best spatially filtered 

occurrence record model (POP2_2k), suggesting a better model fit (Table 2.3). However, the 

best POP2 model reflected a higher mean AUCtest score across the 10 cross-fold replicates at 

0.65 than the best POP1 model (AUCtest=0.62), suggesting it is slightly better able to distinguish 

between known A. butyracea occurrence records and background. Overall, POP1 models had 

much lower AICc scores than POP2, regardless of filtering, complexity, or β-multiplier (Table 
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2.3). Simple models (LQ) generally outperformed those with more complex features (LQPT), 

and among POP2, a spatial filter of 2 km slightly outperformed 1km; however, both findings 

were mediated somewhat by very high β multipliers. Optimal βs varied, but were generally 

higher than Maxent’s default (β=1), which is consistent with past single-species studies 

(Anderson and Gonzalez 2011, Radosavljevic and Anderson 2014, Morales et al. 2017). 

After predictor reduction to account for variable correlation and low permutation 

importance, six predictor variables contributed to model fit (Table 2.4). Average temperature had 

the highest permutation importance in both top models. Jackknife tests, which provide an 

alternative assessment of variable importance, also showed similar trends between both models 

(Figure 2.4). Holdridge life zones and soil type contribute the most information in both models, 

as single variables; annual precipitation contributes the least. In contrast, average temperature 

contains the most information not contributed by other predictors.  

Response curves depict the relationship between each predictor variable and relative A. 

butyracea habitat suitability (Figure 2.5). In both POP1 and POP2 models, relative A. butyracea 

habitat suitability increases as average temperature, average precipitation and landscape 

disturbance increases. Among categorical variables, high relative habitat suitability is linked to 

tropical moist forest and nitisol soils. Secondary forest is also linked with elevated habitat 

suitability, but the strength of this association varies between models. Low relative habitat 

suitability is associated with premontane moist forest and premontane rainforest, as well as 

planted landscapes (crops and timber). Relative habitat suitability of categorical variables is 

influenced by the observed versus expected distribution of occurrence records by variable 

category. For this reason, although wetlands, surface water, and non-permeable surfaces are 

ecologically unsuited to supporting A. butyracea palms, as reflected in our occurrence record 
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data, this distinction is not picked up in the model because of the relatively small percentage of 

study area associated with each category (Appendix A). 

 The spatial distribution of relative habitat suitability is consistent between models (Figure 

2.6). Although general distribution of habitat suitability is nearly identical, the POP1 model 

output is smoother and predicts higher relative suitability in the far western and central regions 

of our study area. Figure 2.7 depicts potential A. butyracea palm species distribution compared 

to the distribution of human populated communities (lugares poblados) in the study area. We 

observe that over 60% of the study area is favorable for A. butyracea distribution by one or both 

models, with more than 90% agreement between models. Over 75% of the 1509 communities in 

these two provinces completely composed of suitable A. butyracea habitat, and an additional 5% 

of communities have some area of suitable habitat within their administrative boundary. These 

findings suggest that, as of the 2010 census, nearly half a million people reside in areas suitable 

for Chagas disease vector habitat and may already or potentially live in close proximity to A. 

butyracea palms.  

 

Discussion 

Although some variation exists between models, there is significant agreement in the 

distribution of suitable habitat for this species within this region. Suitable A. butyracea habitat is 

predicted throughout much of the Panama Oeste Province west of the Panama Canal, along a 

central corridor stretching through the middle and northeast of the Panama Province, and on the 

Isla del Rey in the Gulf of Panama. Chagas disease prevalence is passively recorded in this 

region, and known cases are assumed to be underreported (Rodriguez and Loaiza 2017). 

However, our prediction map supports the locations of previously reported Chagas disease cases 
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in both human populations (Calzada et al. 2006, Calzada et al. 2010) as well as in domestic 

canine populations (Pineda et al. 2011, Saldaña et al. 2015), which are considered sentinels of 

human infection risk (Castillo et al. 2015). The predicted distribution also aligns closely with our 

field observations of this species’ distribution in both provinces, even in the model driven by 

systematic sampling that did not incorporate existing field samples (Figure 2.8). We take these 

findings to be a positive confirmation of our models’ utility. 

A. butyracea palms are abundant in suitable habitat, especially secondary forest and 

pasture settings, which account for a high proportion of our study area. This ubiquity may 

explain the low AUC values reported in our models (POP1, AUC=0.62; POP2, AUC=0.65). The 

AUC is a measure of model discrimination commonly used in ecological niche modeling that 

ranges from 0-1, where 1 is perfect discrimination and 0.5 is comparable to chance. Although 

high AUC values are often falsely conflated with high model performance, this measure does not 

reflect model accuracy, but rather the ability of the model to distinguish between occurrence 

points and background data (presence-only models), which includes both presence and absence 

information (Merow et al. 2013). Stated another way, it is the ability of the model to distinguish 

between known palm locations and everything else, even though the rest of the study area also 

includes unknown number of additional palm occurrence points. Therefore, when the species is 

widespread, as we observe in this study region, AUC scores are low even with highly accurate 

models (Lobo et al. 2008).  

Although our models indicate moderate to high habitat suitability in a majority of 

Panama Oeste and Panama provinces, A. butyracea are not expected to be present in all suitable 

locations. Regional species predictions do not account for the effects of biodiversity and species 

composition that influence the distribution and abundance of species at local scales (Eiserhardt et 
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al. 2011, Pyke et al. 2001). However, the environmental niche described here may help rule out 

unsuitable habitat, and refine existing vector distribution models by allowing for control of the 

ecological factors driving habitat suitability. The existing ecological niche models of R. 

pallescens vectors vary in methodology, geographic scale, and specific environmental variables, 

but are consistent in their findings: R. pallescens require high relative humidity in their habitat, 

and do not tolerate extreme fluctuations in humidity, temperature, or precipitation (Arboleda et 

al. 2009, Parra-Henao et al. 2016a, Zeledón et al. 2006). R. pallescens’ associated life zones 

range from tropical rainforest to tropical very dry forests (Pizarro Novoa and Romaña 1998, 

Parra-Henao et al. 2016a); survival in drier regions and dry seasons is associated with the 

protective microclimate found in palm crowns (Zeledón et al. 2006, Parra-Henao et al. 2016a). 

We observe that all of the environmental drivers currently associated with R. pallescens’ 

distribution also influence A. butyracea’s environmental niche. This suggests that further 

refinement to vector distribution is possible through the additional biotic and abiotic drivers 

found to influence A. butyracea’s habitat suitability, notably soil, habitat disturbance, and land 

cover.  

Six variables contributed to A. butyracea’s environmental niche at regional scales, four 

abiotic (average temperature, average precipitation, Holdridge life zones, soil type) and two 

biotic (land cover, landscape disturbance). As with vector distribution, high and stable 

temperature and precipitation were the strongest predictors of habitat suitability in both of our 

final models, which is typical of most palm species. Arecaceae are strongly associated with high 

temperatures and precipitation and do not tolerate extreme shifts in climate (Salm et al. 2007). 

Temperature is considered the primary limiting factor of palm distribution at a global scale, 

while moisture typically accounts for regional variations (Salm et al. 2007, Eiserhardt et al. 
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2011). A. butyracea are rarely found at elevations greater than 300 m, a trend we observe and 

link directly to average temperature patterns in this region (Henderson et al. 2019). Panama has 

highly variable topography, which indirectly restricts palm distribution due through a direct 

influence of elevation on temperature and precipitation patterns, and slope and aspect on 

drainage and soil weathering (Vormisto et al. 2004). Some studies have also linked R. pallescens 

vectors to low altitudes (< 400 m) (Galindez et al. 1996, Zeledón et al. 2006), which may be 

directly related to palm habitat. Although low temperature seasonality (the difference between 

warmest and coldest periods of the year) has been linked to palm suitability in other studies 

(Salm et al. 2007), and is also linked with vector suitability (Arboleda et al. 2009), it was not a 

significant indicator in either of our models, likely due to minimal variation across our regional 

study area.  

A. butyracea palms prefer moist habitats (Normand et al. 2006), which is reflected in the 

models in the high average precipitation, nitisol soils, and tropical moist forest life zones 

preferred by this species. A. butyracea palms also thrive in disturbed habitats, whether natural or 

anthropogenic (Henderson et al. 2019). Their close association with nitisol soils are therefore 

concerning, as these soils are sought after for agriculture due to their high productivity (Stocking 

and University of East Anglia 1988), which may lead directly to habitat disturbance in areas 

especially suited to A. butyracea growth. Vegetation disturbance is also linked to higher 

abundance of some triatomine species, including R. pallescens (Parra-Henao et al. 2016a). In 

Panama, palms in perturbed vegetation were more like to host R. pallescens populations than 

palms in contiguous forest (Gottdenker et al. 2011). Our models suggest that A. butyracea habitat 

suitability is positively associated with anthropogenic landscape disturbance until the point that 

disturbance renders landscape unsuitable to vegetation (e.g. impervious surfaces, mining). 
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Consistent with previous research, our models detect elevated habitat suitability in secondary 

forest and decreased suitability in pastoral settings (Chapter 3). A. butyracea are particularly 

associated with secondary forest, and are an indication of past forest upheaval in some regions. 

Panamanian forest disturbed by poachers was linked to high seedling survival rates, although 

limited seed dispersal, due to associated reductions in mammalian populations associated with 

seed dispersal and seed predation (Dittel et al. 2015, Wright and Duber 2001). However, fewer 

than expected pastoral palms have been recorded in this area in other studies, which is linked to 

anthropogenic thinning, either purposeful or indirectly as a result of cattle ranching, rather than 

ecological unsuitability (Chapter 3).  

We observe that a majority of residential communities in Panama and Panama Oeste 

provinces overlap with areas of moderate-to-high A. butyracea habitat suitability, particularly in 

the western third of our study area and along the lowland central corridor along and south of the 

Pan-American Highway. Households in close proximity to A. butyracea palms are linked to 

elevated risk of Chagas disease transmission (Abad-Franch et al. 2015, Erazo and Cordovez 

2016, Feliciangeli et al. 2004, Sanchez-Martin et al. 2006, Teixeira et al. 2001, Vasquez et al. 

2004). Other studies in central Panama indicate a high level of R. pallescens infestation among 

A. butyracea palms, particularly in deforested peridomestic habitats (Gottdenker et al. 2011), as 

well as a significant number of households within R. pallescens flight distance (702 m) (Castro et 

al. 2014) of an A. butyracea palm (Chapter 3). However, it is important to note that individual 

risk of contracting Chagas disease will vary even in highly prone regions, due to variations in 

residential construction and household behavioral characteristics. Although the prevalence of T. 

cruzi among vector populations in Panama is high, prevalence in human populations is low, 

estimated at 0.52% for the entire country, with incidence of 1 in 100,000 inhabitants (Peterson et 
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al. 2019b). In general, sylvatic vectors are linked to far fewer Chagas disease cases than domestic 

species, which are inherently more likely to encounter human hosts due to their co-habitation. 

However, domesticated vectors are effectively controlled through the application of household 

pesticides, while sylvatic vectors are not; application of pesticides to combat sylvatic vectors is 

neither an ecologically sound nor a cost-effective solution (Peterson et al. 2019a, Brito et al. 

2017, Rodriguez and Loaiza 2017). 

 

Conclusion 

In Panama and in other regions of Latin America where sylvatic species pose a secondary 

re-infestation hazard, Chagas disease transmission is considered a low but constant threat. The 

identification of regions with elevated transmission risk, defined here as likely vector presence in 

close proximity to susceptible human populations, can help target vector control strategies and 

direct limited resources to further reduce disease burden in these areas. The findings of this paper 

suggest that further refinement to distribution models of Panama’s primary Chagas disease 

vector, Rhodnius pallescens, is possible through accounting for drivers of its preferred habitat, 

notably soil, habitat disturbance, and land cover.  
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Table 2.1 Classification scheme of the two variables derived from Panama's official land cover dataset  

Original Land Cover Classification Disturbance Level† Consolidated Land Cover 

Aquaculture Ponds 3 Surface Water 

Beach and Natural Sand 0 No Vegetation 

Conifer Planted Forest 2 Planted Crops/Timber 

Corn 2 Planted Crops/Timber 

Hardwood Planted Forest 2 Planted Crops/Timber 

Infrastructure 3 No Vegetation 

Mangrove Forest 0 Wetlands 

Mining 3 No Vegetation 

Mixed Agriculture 2 Planted Crops/Timber 

Mixed Mature Broadleaf Forest 0 Mature Forest 

Mixed Secondary Broadleaf Forest 1 Secondary Forest 

Natural meadows 0 Grassland 

Other Annual Crop 2 Planted Crops/Timber 

Pasture 2 Grassland 

Pineapple 2 Planted Crops/Timber 

Populated Area 3 Built Environment 

Rice 2 Planted Crops/Timber 

Rock Outcrop and Bare Earth 0 No Vegetation 

Surface Water 0 Surface Water 

Swamp 0 Wetlands 

Vegetation Regrowth and Bushes 2 Secondary Forest 
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Table 2.2 Environmental variables considered for A. butyracea niche model 

Avg. Precipitation (mm)† 

Avg. Temperature (°C)† 

Consolidated Land Cover† 

Easting 

Elevation 

Holdridge Life Zones† 

Landscape Disturbance† 

Northing 

Precipitation Seasonality (coefficient of variation) 

Slope 

Soil Type† 

Temperature Seasonality (standard deviation x 100) 

†Variable retained in model after testing for collinearity (Pearson's r > |0.75|) and 

low model contribution ( < 3% permutation importance) 
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Table 2.3. Model comparison by palm observation type, complexity, 

and regularization multiplier 

Model Complexity† β-multiplier‡ AICc score 

POP1 LQPH 2 6290.15 

 LQPH 4 6280.27 

 LQPH 6 6280.79 

 LQPH 8 6279.71 

 LQ 2 6281.02 

 LQ 4 6277.46 

 LQ 6 6279.89 

  LQ 8 6278.84 

POP2_1k LQPH 2 7581.43 

 LQPH 4 7573.82 

 LQPH 6 7562.79 

 LQPH 8 7561.54 

 LQ 2 7549.59 

 LQ 4 7550.50 

 LQ 6 7551.63 

  LQ 8 7557.29 

POP2_2k LQPH 2 6784.34 

 LQPH 4 6781.24 

 LQPH 6 6781.76 

 LQPH 8 6782.21 

 LQ 2 6781.02 

 LQ 4 6777.88 

 LQ 6 6777.98 

  LQ 8 6778.74 
†Functions: linear (L), quadratic (Q), product (P), and hinge (H)  
‡For table clarity, we display only a subset of all models run for model 

comparison 

 

Table 2.4. Relative variable contribution to final models 

 POP1 POP2_2km 

Variable PC PI PC PI 

Soil Type 38.4 17.8 44.5 14.9 

Holdridge Life Zones 13.2 7 11.1 16.2 

Consolidated Land Cover 7.7 6 4.2 2 

Landscape Disturbance 10.4 12.8 14.8 14.7 

Avg. Temperature (°C) 21.1 40.6 17.4 27.3 

Avg. Precipitation (mm) 9.2 15.9 7.9 24.9 

PC = percent contribution; PI = permutation importance   
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Figure 2.1 Study area in central Panama. Figure shows Panama Oeste Province (A) and Panama 

Provence (B). 
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Figure 2.2. Ground and satellite image of A. butyracea palm. Mature A. butyracea’s distinctive 

crowns (top) are highly visible on high-resolution satellite imagery (bottom).  
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Figure 2.3 Systematic sample for data collection. The map on the bottom depicts the 5km survey 

points that were sampled across the study area. The image on the top shows an example of the 

satellite imagery wher the closest palm sample to the centroid is recorded. This is an image from 

the Panama Oeste region, where palms are clearly abundant.  
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Figure 2.4 Jackknife tests provide an estimate of variable contribution to each model. 
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Figure 2.5 Maximum entropy model response curves. Response curves depict the relationship 

between each predictor variable and relative A. butyracea habitat suitability. 
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Figure 2.6 Relative habitat suitability maps of Attalea butyracea palms. This figure compares 

suitable habitat predicted from the best POP1 model (A) and best POP2 model (B).  
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Figure 2.7 A comparison of populated areas, based on the 2010 census, with estimated moderate 

to high Attalea butyracea habitat suitability between models.  

  



 

56 

 

 

Figure 2.8 A comparison of modeled habitat suitability with field-collected palm data. The 

observed palm sample aligns closely with the distribution of proposed suitable habitat, even for 

the model based soley on remote, systematic sampling of palms. This is a good indication of the 

models’ efficacy.    
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CHAPTER 3 

LANDSCAPE DISTURBANCE IMPACTS ON ATTALEA BUTYRACEA PALM 

DISTRIBUTION IN CENTRAL PANAMA: IMPLICATIONS FOR CHAGAS DISEASE 

TRANSMISSION2 

 
2 Mertzlufft, C., M. Madden, N. Gottdenker, J. Velasquez Runk, A. Saldaña, S. Tanner, J. Calzada, X. 
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Abstract 

Background: Chagas disease is a vector-borne zoonotic disease endemic to Latin America. In 

Panama, Attalea butyracea palm trees are the preferred habitat of the region’s primary Chagas 

disease vector (Rhodnius pallescens). Close proximity of these palms to human dwellings is 

linked to increased risk of Chagas disease transmission. However, these palms thrive in disturbed 

habitats associated with human settlement and agriculture. This study examines the relationship 

between landscape disturbance and mature A. butyracea spatial distribution, density, and 

proximity to susceptible populations and vector movement corridors in a heterogeneous tropical 

region in central Panama. Presence of A. butyracea does not guarantee corresponding presence 

of R. pallescens, but as the vectors’ preferred habitat, quantifying A. butyracea response to 

disturbance may provide new insight into Chagas transmission risks in changing landscapes.  

Methods: We remotely identified the locations of over 50,000 mature A. butyracea palms using 

high-resolution WorldView2 satellite imagery. A local Getis-Ord Gi* spatial analysis identified 

significant clusters of aggregated palms. Associations between palm and cluster abundance and a 

landscape disturbance gradient, derived from official Panama landcover data, were tested using 

Chi-square tests for Homogeneity and Z-test for proportions. Kruskall-Wallace non-parametric 

analysis of variance tests were run to assess whether palm cluster area varied by disturbance 

level, or whether disturbance influenced average proximity of palms and palm clusters to 

susceptible populations or vector movement corridors. 

Results: Our findings indicate a regional relationship between landscape disturbance and A. 

butyracea occurrence. We observe a significant increase in both individual and clustered A. 

butyracea in secondary forest, but a reduction in palms in agricultural settings. Notably, we do 

not detect evidence of any thinning in abundance of palms in residential settings. All but one 



 

65 

household in our study area is within vector flight distance of potential vector habitat in palm 

crowns. 

Conclusions: We observe probable anthropogenic thinning of A. butyracea palms in agricultural, 

but not residential, settings. Even in heavily deforested regions, significant concentrations of 

mature palms remain in close proximity to human establishments. The potential of A. butyracea 

palms as a source of infectious Chagas disease vectors in this region warrants further study. 

 

Introduction 

Landscape disturbance, ranging from local (e.g., deforestation, mining) to global scales 

(e.g., climate change), is associated with altering the pattern and distribution of several zoonotic 

diseases (Daszak, Cunningham and Hyatt 2001, Daszak, Cunningham and Hyatt 2000, Dobson et 

al. 2006, Foley et al. 2005, Gottdenker et al. 2014). The primary vector of Chagas disease in 

Panama, the triatomine bug (Hemiptera: Reduviidae), Rhodnius pallescens, preferentially 

inhabits royal palm trees (Attalea butyracea), which thrive in disturbed habitats (Henderson, 

Galeano and Bernal 2019, Rassi Jr, Rassi and Marin-Neto 2010). A. butyracea palms in 

secondary growth regions are more likely to be infested with Chagas vectors (Gottdenker et al. 

2011), and, when initial deforestation occurs as a result of human settlement and agriculture, 

inherently more likely to exist in close proximity to human establishments (Smith 2015, Wright 

et al. 2000). This close proximity of households to Attalea spp palms has been linked to 

increased risk of Chagas disease transmission in humans (Abad-Franch et al. 2015, Erazo and 

Cordovez 2016, Feliciangeli et al. 2004, Sanchez-Martin et al. 2006, Teixeira et al. 2001, 

Vasquez et al. 2004) and domestic dogs (Saldaña et al. 2015).  
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Increased A. butyracea propagation in response to landscape disturbance has been 

recorded in individual palm studies in Panama (Wright and Duber 2001, Wright et al. 2000). 

This study tests this association at a regional scale. Using high-resolution WorldView2 satellite 

imagery, we have identified a comprehensive subset of over 50,000 mature A. butyracea palms 

within a 300-km2 heterogeneous tropical landscape in central Panama. We explore the spatial 

distribution of this palm sample across a gradient of landscape disturbance, which ranges from 

areas with limited natural or anthropogenic alteration to areas highly and regularly impacted by 

human activities: mature forest, secondary and planted forest, pasture, planted food crops, and 

the built environment. Controlling for other environmental factors known to influence palm 

distribution, (i.e. elevation, precipitation, soil type, average temperature and temperature 

seasonality) we ask the following questions:  

 

1. Is there a relationship between landscape disturbance and the distribution or density of 

individual A. butyracea palms? 

2. Is there a relationship between landscape disturbance and the distribution, density, or area 

of monospecific stands of A. butyracea palms?  

3. Is there a relationship between landscape disturbance and the proximity of palms or palm 

stands to either susceptible human hosts or movement corridors for Chagas vectors and 

sylvatic hosts (e.g., riparian zones or nearby habitat)? 

 

Although presence of A. butyracea does not guarantee corresponding presence of Chagas 

vectors or the offending pathogen, because of the vector’s affinity for this palm species, 

quantifying A. butyracea response to landscape disturbance may provide new insight into Chagas 
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transmission risks in changing landscapes. Assessing how vector habitat responds to landscape 

change may help target vector and at-risk human populations, and aid strategic distribution of 

financial and personnel resources for both current and future Chagas prevention and mitigation 

strategies. 

 

Background: Chagas Disease in Panama 

Chagas disease, or American trypanosomiasis, is a vector-borne zoonotic infectious 

disease endemic to Latin America that is caused by infection with kinetoplastid protozoan 

parasite, Tyrpanosoma cruzi (Lent and Wygodzinsky 1979). The T. cruzi parasite is most often 

transmitted to human hosts through direct contact with the fecal matter of certain triatomine 

species (Rassi Jr et al. 2010). Currently, no vaccine exists for Chagas disease, and treatment, 

where available, is often costly and poorly tolerated; prevention of initial infection by deterring 

vectors’ access to susceptible human hosts is the best-recommended strategy for reducing 

morbidity and mortality related to this disease (Rabinovich et al. 2011, Rodriguez and Loaiza 

2017, Moncayo and Silveira 2017). 

In Panama, there are 10 triatomine bug species that are T. cruzi vectors. However, only 

two species, Triatoma dimidiata and Rhodnius pallescens, are associated with Chagas disease 

transmission to human populations in this region; of these, R. pallescens is Panama’s dominant 

vector (Saldaña et al. 2015, Vasquez et al. 2004). R. pallescens’ preferred habitat, the A. 

butyracea palm (Figure 3.1), is a dense-crowned species in the subtribe Attaleinae that ranges 

from Mexico to western Amazonia (Henderson et al. 2019, Smith 2015). This palm is 

characterized by a large crown (individual fronds may reach up to 10 meters in length), which 

contains dense organic material. The dense crown is well suited to supporting the microclimate 



 

68 

R. pallescens bugs require, as well as habitat for the arboreal mammals on which they 

preferentially feed (Abad-Franch et al. 2015, Condit, Pérez and Daguerre 2010, De Steven et al. 

1987, Romaña et al. 1999, Smith 2015, Jansen et al. 2014).  

R. pallescens vectors often inhabit palm crown ecotopes, and T. cruzi parasite 

transmission in Panama is typically confined to sylvatic transmission cycles within palm crowns 

(Calzada et al. 2006, Whitlaw Jr and Chaniotis 1978). R. pallescens vectors do not reproduce in 

human dwellings (Pineda et al. 2008). The sylvatic habitat of these insects likely contributes to 

the relatively low prevalence of human infection in this country, as compared historically to 

other Latin American countries with predominantly domiciliated vectors. The prevalence of 

Chagas disease among tested Panamanian communities ranges from < 1 - 5.9% (Calzada et al. 

2010, Saldaña et al. 2012). In contrast, the reported prevalence of T. cruzi infection among 

captured R. pallescens vectors in similar regions ranges from 73.4 - 85.4% (Gottdenker et al. 

2012, Vasquez et al. 2004).  

Although prevalence is low among human populations, Chagas disease transmission 

remains a low but constant risk in Panama due to potential crossover from sylvatic to domestic 

transmission cycles (Abad-Franch et al. 2015, Calzada et al. 2006). A. butyracea palms are key 

sources of triatomine colonies in Panama, particularly peridomestic palms (Gottdenker et al. 

2011). However, adult bugs in palms near households occasionally invade homes, either in 

search of potential food sources due to overcrowding of palm canopies (Coura et al. 2002, 

Teixeira et al. 2001), or through attraction to electric lights (Castro et al. 2010, Zeledón et al. 

2006). Therefore, living, working, or otherwise engaging with nearby A. butyracea is considered 

a risk factor for contracting this disease (Romaña et al. 1999, Vasquez et al. 2004).  However, 

although intradomiciliary R. pallescens are more likely to have fed on humans than their palm-
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based counterparts (Calzada et al. 2006, Pineda et al. 2008), household environments lack the 

microclimate R. pallescens require to thrive and reproduce, and indoor specimen are typically 

adults that have made their way inside, not immature nymphs or eggs produced indoors (Pineda 

et al. 2008).  

The spatial and temporal randomness of triatomine entry renders indoor insecticide 

spraying an economically inefficient barrier in this region. Triatomine bug populations are also 

difficult to control in their native environment without additional harmful ecological effects 

(Abad-Franch et al. 2015). Interwoven social and ecological processes complicate the 

deceptively straightforward solution of spatially distancing A. butyracea palms and human 

populations. The fractured landscapes associated with human settlement and agriculture decrease 

biodiversity, which is shown to decrease predation on A. butyracea seeds within Panama. 

Decreased predation results in increased propagation of A. butyracea in disturbed habitats, and 

enhances the formation of monospecific stands of palms (Wright and Duber 2001, Wright et al. 

2000). Concurrently, mature A. butyracea palms are socially valued regionally for a number of 

goods and services, including household thatch, palm wine, medicine, and shade for livestock 

(Olivares and Galeano 2013). These useful properties lead some people to purposefully maintain 

A. butyracea in pasture or nearby residential or commercial areas, even, occasionally, in 

otherwise clear-cut environments (Bernal et al. 2010). All of these factors increase the risk of 

interaction between susceptible human populations and infectious vectors in this region. 
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Methods 

Study Area 

The study area is located in the Panamá Oeste Province in central Panama, straddling La 

Chorrera and Capira districts and covering all or part of seventeen corregimientos (sub-districts) 

(Figure 3.2). Guided by satellite imagery and the expert regional knowledge of members of our 

team, we selected this location due to its known history of Chagas disease transmission, 

abundance of A. butyracea palms, and adequate representation of each category of our 

disturbance gradient. Because landscape disturbance is by no means the only variable associated 

with A. butyracea prevalence, we chose an area with minor variation in other environmental 

variables known to influence palm distribution: elevation, precipitation, soil type and 

temperature (Eiserhardt et al. 2011, Garzon‐Lopez et al. 2013, Henderson et al. 2019, Normand 

et al. 2006).  

 

Data Collection and Pre-processing 

1. Satellite Imagery 

To conduct our remote identification of A. butyracea palm locations, we obtained a high-

resolution WorldView2 (WV2) satellite image in both multispectral and panchromatic format 

covering 300.1 km2 of our region of interest (bounding coordinates NW: -80.013, 8.94; NE: -

79.854, 8.93; SE: -79.855, 8.785; SW: -80.013, 9.793) (DigitalGlobe, Inc., 2017). Our imagery 

was collected February 1, 2013 at an off-nadir angle of 16.19°, producing a spatial resolution of 

2.03 m for multispectral bands and 0.51 m panchromatic. To remove distortions due to image tilt 

and region topography, the imagery was orthorectified with a NASA Shuttle Radar Topography 
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Mission (SRTM) 30-m digital elevation model of Panama, obtained through the Smithsonian 

Tropical Research Institute’s (STRI) GIS OpenData Portal.  

 

2. Palm Collection and Validation 

 The palm data used in this study were obtained through a combination of manual field 

sampling in our study area in 2016 and 2017 and remote palm coordinate collection via visual 

interpretation of the WV2 satellite imagery. Our fieldwork was authorized by the Panama 

Ministry of the Environment (MiAmbiente), the Gorgas Memorial Institute for Health Studies 

(ICGES), and STRI.   

We recorded the field locations of an initial convenience sample of 131 A. butyracea 

palms in our study region in July 2016. This palm dataset consisted primarily of easily accessible 

roadside palms, comprising both freestanding individuals and those located within a contiguous 

forest. We collected coordinate points of each palm with a Garmin Oregon 550T handheld GPS 

unit and photos of each palm crown as a record of species identification; coordinates and photos 

were linked with a unique identifier. We converted the palm coordinates to a point shapefile and 

overlaid these on our WV2 image, where each point was manually assessed to confirm visibility 

of a corresponding palm crown within the satellite image. We randomly selected 30% (n=39) of 

our palm sample to reserve as a validation subset; the remaining 70% (n=92) of the sample was 

used for training to manually digitize A. butyracea crowns across the remainder of the WV2 

image. 

 For the methodological remote detection of A. butyracea palm crowns in our study area, 

we created a grid across the imagery’s extent, consisting of 535 0.75-km-by-0.75-km cells, 

which was generated by hollow square tessellation in ArcMap 10.5.1 software (ESRI, Redlands, 
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California). Each one of these 0.56 km2 cells was carefully analyzed for palm presence using 

both panchromatic and pan-sharpened (i.e., a fused 2-m multispectral and 0.5-m panchromatic 

image having both high spatial resolution and four color bands) WV2 imagery. Mature palm 

crowns are readily distinguished on remotely sensed imagery, due to their distinctive starburst 

shape (Figure 3.3). However, to increase palm visibility, each color band of the pan-sharpened 

image was enhanced with high contrast settings and brightened. The pansharpened imagery was 

set to a true color display for visualization of palm crowns, which was useful for palm species 

differentiation, along with scale and texture, (Figure 3.3a).  Texture showed more clearly on the 

panchromatic imagery, which was especially useful in recognizing palm crowns in dense, 

contiguous canopy (Figure 3.3b). Beginning with our training dataset and then moving 

systematically through the grid cells, a trained analyst identified all large-crowned (7-12 m 

diameter) palms either fully or partially visible that matched the A. butyracea training set’s 

shading and crown shape/texture characteristics. Palm locations were delineated as points 

centered on the palm crown and recorded in a point shapefile. Our final dataset totaled 50,955 

possible mature A. butyracea palms.  

We tested the accuracy of this large dataset both against the reserved validation sample of 

known A. butyracea palm locations and against an additional field sample of 86 A. butyracea and 

non-A. butyracea palms collected expressly for this purpose in our study region in late 2017. To 

ensure an adequately sized and novel sample for the 2017 palm validation dataset, we randomly 

selected three of our grid cells for in-field data collection after excluding those with fewer than 

30 identified palms and those that contained any of the 2016 convenience palm locations (Figure 

3.4). The grid cells in our resulting validation pool subset (n=439) were assigned unique 

numerical IDs. We randomly chose three using an online random number generator. In each of 
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the three 0.56 km2 grid cells, we field-collected locational coordinates and photos of 

approximately 30 large-crowned palms, comprising both A. butyracea and non-A. butyracea 

palm species. Though our field sites were randomly selected, the palms we sampled within them 

were not. Logistical (e.g., natural and manmade terrain barriers, inability to locate some 

landowners to request permission to access property) and time constraints made either a truly 

random sample or a full census of palms in these regions infeasible. Instead, led by the remotely 

identified palm dataset, we prioritized data collection in accessible areas that contained a 

combination of pasture and contiguous canopy and were removed from major roadways.  

From our 2017 field validation sample, we calculated positive and negative predictive 

values, as well as sensitivity (true positive rate) and specificity (true negative rate), in order to 

quantify our ability to remotely detect and properly identify palm species, and to assess 

likelihood of Type 1 (false positive) and Type II (false negative) errors. We further compared the 

accuracy of our A. butyracea identification stratified by contiguous canopy forest and open 

pasture. Accurately identified A. butyracea (true positives) were palms identified remotely via 

WV2 imagery that were field-verified as A. butyracea. Accurately identified non-A. butyracea 

(true negatives) were field-verified non-A. butyracea palms that were ignored in our remote 

sensing effort as “other” species.  

 

3. Disturbance Gradient 

 We derived our natural and anthropogenic landscape disturbance gradient using spatial 

data from two official Panamanian government datasets: 2012 land cover data and 2010 census 

data. Both datasets were obtained directly from the ministries responsible for their creation. The 

2012 Panama land cover data were generated by Panama’s Ministry of the Environment 
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(MiAmbiente; formerly ANAM) in collaboration with the Food and Agricultural Organization of 

the United Nations (FAO) (Castillo, Samaniego and Kindgard 2015). These data were compiled 

using 5-m spatial-resolution satellite images collected by the RapidEye sensor between January 

1, 2011 and April 30, 2012 to form a seamless, 5-m resolution land cover dataset for the entire 

extent of Panama (ANAM 2003, Castillo et al. 2015). Panamanian census data are collected on a 

decadal basis by the National Institute of Statistics and Census (INEC). The census spatial data 

used in this study includes administrative boundaries of La  

Chorrera and Capira districts and sub-districts, as well as the locations of buildings, rivers and  

streams within this region.  

The 2012 land cover dataset contains 24 land cover classifications, 11 of which comprise 

our study region: mixed mature broadleaf forest, mixed mature secondary broadleaf forest, 

conifer planted forest, hardwood planted forest, new growth/bushes, corn, pineapple, pasture, 

surface water, populated areas, and infrastructure. We extracted land cover data within the 

boundaries of our satellite image extent and consolidated similar land cover types to form a 5-

category disturbance gradient (Table 3.1). From least- to most-altered, this disturbance gradient 

consists of mature forest, secondary and planted forest, pasture, planted food crops, and the built 

environment. The built environment is a term that encompasses anthropogenic structures and 

their supporting infrastructure (e.g. roads), to support human activity spaces for living, working, 

and recreation (Lawrence and Low 1990).   

A comparison of the 2012 land cover data and our 2013 satellite imagery indicated high 

consistency between the two datasets. However, we observed poor representation in the land 

cover data of considerable contiguous tree cover associated with the riparian zones of minor 

streams and rivers, which may serve as important wildlife and vector movement corridors. To 
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spatially define these riparian zones for inclusion in our disturbance database, we applied buffers 

to the river and stream locations contained in the 2010 census data, which were more complete 

than the surface water estimates within the 2012 land cover dataset. We applied a 25-m buffer to 

all rivers and streams within our study area, based on an average of riparian area widths 

measured in the satellite image. The land cover within this 50-m wide area was reclassified 

“riparian zone” and included in the secondary forest category of our disturbance gradient. 

Due to the heterogeneity of land cover classes that comprise the secondary and planted 

forest classification, for some analyses we further stratified this category into riparian zone, 

recent growth (< 5 years), and established forest (> 5 years). Recent growth corresponds to the 

official Panama land cover classification of “rastrojo”, which refers to the initial stages of 

secondary forest at five years of age or less (ANAM 2003). Established secondary and planted 

forest is a combination of mixed secondary broadleaf forest, and both coniferous and deciduous 

planted forests. 

Due to cloud cover and cloud shadow, which covered approximately 6% of our satellite 

image surface, certain regions of the imagery were obscured to remote palm extraction. To 

accurately calculate the density of our palm sample stratified by our disturbance gradient, it was 

necessary to mask the land cover data to replicate the visible satellite surface. We first generated 

a shapefile of the obscuring cloud cover/cloud-shadow using object-based image analysis 

(OBIA) software, eCognition Developer 8.1 (Trimble Inc., Sunnydale, CA). OBIA is an image 

classification method that transforms high-resolution pixels into meaningful objects, based on 

user-defined combinations of size, shape, and band metrics; pixels are first grouped, then joined, 

into desired categories through user manipulation (Blaschke 2010). This shapefile was used to 

remove obscured regions in our study area for both the original 2012 land cover data and 
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consolidated disturbance dataset, resulting in two masked subsets that exactly matched the 

visible satellite imagery extent (see Figure 3.4). Using z-tests for proportion comparisons, we 

assessed whether the masked datasets were representative samples of the total study region for 

each dataset. For each classification scheme, we found no significant difference in land cover 

distribution between the original dataset and its corresponding masked subset. We conclude that 

the masked region used for palm extraction and density analyses is representative of the entire 

study area; no significant bias was introduced to the analysis by disregarding the approximately 

6% of the satellite image obscured by clouds or shadow. 

 

Spatial Analysis of Palm Data 

Natural and anthropogenic landscape disturbance is linked with increased A. butyracea 

propagation at local scales (Henderson et al. 2019). To assess the relationship between landscape 

disturbance and palm propagation at a regional scale, we compared palm distribution, density, 

and proximity to key features across the disturbance gradient within our 300-km2 study area. 

Because landscape disturbance is also associated with increased likelihood of A. butyracea 

forming monospecific stands (Jansen et al. 2014, Wright and Duber 2001, Wright et al. 2000), 

we assessed the spatial relationship of both individual palms and statistically significant clusters 

of mature palms, a proxy for monospecific stands, for all spatial analyses. All geospatial analyses 

were conducted using ArcGIS 10.5.1 software (ESRI, Redlands, California) and all statistical 

analyses were conducted using SAS 9.4 software (SAS Institute Inc., Cary, NC). 
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1. Palm Clustering 

We assessed our A. butyracea palm dataset for spatially clustered groupings of points that 

may indicate a monospecific stand, or cluster, of this palm species. Our palm data consisted only 

of x,y coordinate information, and the very large sample size and narrow distance increment of 

interest for clusters (~30-m) made traditional point pattern analysis of clustering (e.g. Ripley’s K 

analysis) prohibitively computationally intensive. Instead, we aggregated palm points to the cells 

of a 50x50-m grid vector shapefile overlaid on our study region, which provides a uniform and 

comparable measure of palm density across our sample area. We tested grid overlays at spatial 

resolutions of 5-m (an exact replicate of the underlying landscape raster), 30-m, 50-m, and 100-

m; however, the 50-m spatial resolution best characterized palm distribution without including 

too much “empty” space (100m & 250m), or creating too many “islands” of non-contiguous 

occupied cells (30m). Additionally, A. butyracea propagation literature suggests an average of 

<10-m seed migration (by predators who feed on the surrounding fleshy mesocarp) from the 

parent tree, with occasional migration up to 30 meters (Dittel, Lambert and Adler 2015, Lambert 

et al. 2014). We anticipate a cell size of 50-m spatial resolution is large enough to pick up 

clusters of related palms within a single cell, or among neighboring cells. We filtered unoccupied 

grid cells from the dataset to limit our assessment of palm clustering solely within the observed 

palm distribution area.  

We assessed overall presence or absence of palm clustering in our study area using a 

global Moran’s I spatial analysis. To reduce the bias of edge effects in our Moran’s I analysis, 

we row-standardized the spatial weighting scheme, which proportionally controls the weighting 

of cells with unequal numbers of neighbors (Tiefelsdorf, Griffith and Boots 1999). Specific 

clusters of occupied cells were identified using the local Getis-Ord Gi* analysis, or commonly 
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called hotspot analysis, with an inverse-distance weighting scheme. Local Getis-Ord Gi* is a 

popular type of Local Indicator of Spatial Autocorrelation (LISA). Given our large sample size, 

we applied a false discovery rate (FDR) correction to the hotspot analysis, which applies a more 

conservative threshold to cluster significance in order to reduce Type-1 errors associated with 

multiple testing and spatial dependency (Caldas de Castro and Singer 2006).   

 

2. Palm Distribution  

 Palms and significant palm clusters were assigned a disturbance gradient category based 

on their location and surrounding land cover. To adjust for any minor spatial disagreement 

between our land cover data and satellite imagery due to limitations of positional error of the two 

data sets, which might introduce error when overlaying the palm coordinate data with level of 

disturbance, we assigned palms a corresponding gradient based on the disturbance category that 

comprised a majority of area within a 10-m buffer zone surrounding each palm point. Palm 

clusters were assigned the disturbance category that comprised the majority of their area. We 

used a Pearson’s chi-squared test of homogeneity to analyze whether our observed palm point 

and cluster distributions statistically deviated from an expected distribution. Because A. 

butyracea palms are ubiquitous across central Panama and our study area controls for known 

drivers of A. butyracea palm distribution (i.e. soil, temperature, precipitation), we expect our 

palm and cluster distribution to be generally evenly distributed across the disturbance gradient 

categories if no relationship exists between landscape disturbance and palm presence at a 

regional scale. We employed pairwise z-tests for proportions to identify the disturbance category 

or categories driving statistically significant variances from this expected distribution, where 

applicable. 
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 We also assessed a random, stratified sample of 150 palm trees (thirty palms from each of 

our five disturbance gradient categories) to test whether average crown diameter, a proxy of 

palm age, differed significantly across the disturbance gradient. We used an analysis of variance 

(ANOVA) test to assess whether average palm diameter differed significantly by disturbance 

type. 

 

3. Palm Density 

  Using the disturbance gradient assigned to each palm and palm cluster, we assessed 

average density of palms and clusters stratified by disturbance gradient. Palm density was 

measured as number of palms per square kilometer disturbance gradient. Cluster density was 

measured as average cluster hectare per square kilometer disturbance gradient.  

 

4. Palm Proximity to Key Features 

We assessed the distance of each palm and palm cluster to the nearest feature of interest 

in each of three categories: buildings, rivers, and other palms/clusters. Palm distance was 

measured from the center point of each crown. Cluster proximity was calculated between the 

feature of interest and the cluster’s boundary. Proximity to buildings is used as a proxy of 

Chagas risk to human populations, given concerns of crossover between sylvatic and domestic 

transmission cycles. Distance to riparian areas and other palms/clusters were considered as 

potential pathways of either vector or reservoir species’ movement (De Lima and Gascon 1999, 

Laurance and Laurance 1999).  

We considered palm proximity to all buildings within our study region, as well as a 

household subset. The Panama census building database does not specify residential buildings, 
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but does specify fincas or occupied ranches, as well as many commercial, administrative and 

agricultural building types (e.g., schools, supermarkets, henhouses). Through process of 

elimination, we considered fincas and all buildings not otherwise labeled to be households. To 

further exclude buildings improbably large or small for residences, we further refined this 

potential household dataset to structures between 50-275 m2 in size which we derived spatially 

from the building’s footprint.  

All distances were stratified by the originating palm/cluster’s corresponding disturbance 

gradient and averaged. To statistically compare stratified average proximity of palms and 

clusters to our key features of interest, we employed Kruskall-Wallace analysis of variance by 

ranks tests (Kruskal and Wallis 1952). Palms and clusters tended to be quite close to features of 

interest, with a minority of longer-distanced outliers. This skewed distribution violates 

assumptions associated with the more common statistical test to compare averages, the Analysis 

of Variance (ANOVA); the Kruskal-Wallace test is the non-parametric equivalent. Where 

necessary, we followed this test with a pairwise Dunn’s test for non-parametric post-hoc 

analysis, using a SAS macro developed by Elliott and Hynan (Elliott and Hynan 2011). 

 

Results  

Accuracy of remote A. butyracea identification 

Of the 30% (n=39) known A. butyracea locations withheld from our 2016 convenience 

sample for validation testing, we accurately identified 95% (n=37) as A. butyracea palms. The 

two overlooked palms were both partially obscured by non-Attalea contiguous canopy. In one 

instance, only a partial shadow indicated the palm’s presence. However, we found that canopy 

cover was not a general barrier to A. butyracea identification within this subset; we correctly 
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located and digitized all six additional palms partially or mostly obscured by canopy. The 

validation subset was added to the total palm dataset used for this analysis, and their identifying 

characteristics studied for further palm extraction. 

In our 2017 field survey used to validate a random subset of our final remotely collected 

palm sample, we collected coordinate and photographic records for 86 mature, large-crowned 

palms. Of this validation sample, 64% (n=55) were A. butyracea, while the remainder were non-

A. butyracea controls. The A. butyracea sample was evenly divided between pasture palms 

(n=28, defined as solitary individuals with minimal undergrowth and no surrounding contiguous 

canopy) and canopy palms (n=27, defined as individuals in the understory or part of contiguous 

canopy). A majority of the non-A. butyracea control palms (n=26, 84%) were solitary pasture 

palms. Coconut palms (Cocus nucifera) comprised most of the control subset; the remainder 

comprised a variety of large-crowned pinnate palm species.  

Overall, this field sample suggests high success in correctly identifying A. butyracea 

remotely via satellite imagery, with an overall positive predictive value of 80% (Table 3.2).  

However, we observed an underestimation of true A. butyracea palm presence in our study area, 

particularly in areas of contiguous canopy: we identified via remote sensing nearly all of the 

pasture A. butyracea palms collected in our field sample (89%), but missed 45% of those 

collected in canopy areas. Palms obscured from overhead by tree cover were almost always 

overlooked via satellite imagery. While the majority of the obscured palms were located in 

contiguous canopy, we observed multiple instances of otherwise solitary pasture A. butyracea 

that were nearly completely encased in other tree species, altering their characteristic crown 

shape (Figure 3.5). We also noted several instances of closely clustered A. butyracea palms, 
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particularly along forest edge boundaries, incorrectly marked as a single palm via remote 

sensing.  

 

Landscape disturbance 

Our landscape disturbance gradient suggests that 99.77% of our study area has 

experienced significant natural or anthropogenic alteration; less than one quarter of one percent 

of this region is composed of the least disturbed mature forest (Table 3.3). However, over a third 

of the study region comprises secondary forest, which is second lowest on the disturbance index. 

Nearly six percent of the secondary forest and just over two percent of the entire study area is 

recent forest growth, aged five years or less as of 2012. A majority of the study area (55.45%) is 

pasture, which is typically reserved for cattle. Food crops and infrastructure combined comprise 

just over five percent of the region. 

Both pastoral and secondary forested gradients comprise large spaces of contiguous 

coverage in our study area, but the secondary forest also comprises substantial amounts of forest 

fragments (Figure 3.4). Mature forest is primarily confined to small islands of forest surrounded 

by large contiguous regions of secondary growth, although in two instances it directly abuts 

pasture. We see the most forest cover in the more elevated southwest region of our study area.  

 

Is there a relationship between the distribution and density of individual A. butyracea palms and 

landscape disturbance? 

Given uniform palm distribution across the landscape, we expect the frequency of palm 

occurrence to match the proportional breakdown of our landscape disturbance gradient. 
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However, we observe significant divergence in expected distribution of palms in secondary 

forest, pasture and food crop settings (see Table 3.3).  

Nearly half of the palms (49.72%) in our study area are found in secondary and planted forest, 

which is significantly higher (p < 0.01) than the approximately 40% of the region’s area covered 

by this gradient type. When secondary forest is further stratified by subtype, we observe that 

established secondary forest (> 5 years) drives the significance of this category, comprising over 

60% of individual secondary forest palms. Palm distribution in secondary forest associated with 

riparian zones and new growth (< 5 years) does not deviate from expected.  

In contrast, we observe fewer palms than expected in agricultural settings (p < 0.05). 

Palms in pastoral and food agriculture zones comprise 47.43% and 0.59% of our total sample, 

respectively, although these regions account for 55.45% and 1.66% of our study area. This may 

be indicative of purposeful thinning of palms associated with agricultural environments. 

However, given the sheer number and density of palms that remain in pastoral settings, at nearly 

200 palms/km2, thinning of A. butyracea in these regions appears gradual. We observe the 

highest palm density in the secondary and planted forested regions, particularly within new 

growth (< 5 years) forest, at 289 palms/km2. Palm density is lowest in cropland (76.47 

palms/km2).  

Of particular relevance for Chagas disease transmission, thinning of palm trees appears 

confined to agricultural, and not residential, settings. We do not observe any statistically 

significant reduction in A. butyracea presence associated with the built environment, resulting in 

ample potential vector habitat located near human households. At a density of 125 palms/km2, 

we find over 1000 A. butyracea palms within the 8-km2 area classified as the built environment, 

over 95% of which is populated residential and commercial areas.  
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Additionally, our observations do not support a relationship between landscape 

disturbance and the average age of palms in this region, as measured through the proxy of palm 

crown size (Table 3.4). Our random sample of palm crowns ranged from 4.26-15.97 meters in 

diameter, but their stratified averages did not meaningfully deviate across disturbance categories. 

However, this finding may also reflect a bias towards the remote detection of larger, mature 

palms, which our field validation indicated were more likely to be detected in satellite imagery.  

 

Is there a relationship between distribution, density, or area of monospecific stands of A. 

butyracea palms and landscape disturbance?  

The Global Moran’s I analysis revealed highly significant (p-value < 0.0001) spatial 

clustering of mature palms within the broader area of observed palm distribution in our study 

area. The Getis-Ord Gi* analysis with FPR correction identified 342 statistically significant 

distinct palm clusters, indicative of monospecific stands of mature palms (Table 3.3). Given the 

much smaller sample size, cluster density is far lower than individual palm density throughout 

the region. We observe the highest density of clusters in established secondary and planted forest 

(2.24 clusters/km2), and lowest densities in areas with planted food crops (0.26 clusters/km2) and 

the built environment (0.37 clusters/km2). 

The distribution pattern of clustered palms generally mirrors that of individual palm trees. 

As with individual palms, we observe a statistically significant increase in palm clusters in 

secondary and planted forest (p-value < 0.01), which is also driven by significance in established 

growth (Table 3.3). However, in contrast to individual palms, we find no association with pasture 

or food agriculture, but do observe significantly fewer clusters than expected in the built 

environment (p-value < 0.05).  
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Most palm clusters observed in our study region are less than a hectare in area. The 

average area of the palm stands remotely identified in this region is 0.42 ha, although the largest 

single contiguous area with a high density of palms reaches 4.5 ha (Table 3.5). We find no 

evidence to support that the average size of palm clusters differs by landscape disturbance level.  

 

Is there a relationship between landscape disturbance and the proximity of A. butyracea palms 

or palm stands to susceptible populations or movement corridors? 

Overall, palm and palm clusters are heavily skewed toward close proximity to features of 

interest (Figure 3.6). Individual palms were closest in proximity to other palms on average, and 

farthest from buildings. Palm clusters, in contrast, were furthest from other clusters by a large 

margin, and closest in proximity to rivers. However, the observed average proximity in all 

categories is well within the recorded average flight distance of R. pallescens vectors (702 m) 

(Castro et al. 2014). A majority (71%, n=1849) of houses were within 21-100 m of our A. 

butyracea palm sample (Table 3.6). Just over five percent (n=145) of households were within 10 

m of an identified palm. 

When stratified by disturbance gradient, we observe no significant difference in 

proximity of palms or clusters to other palms/clusters, but significant variations in average 

distance to buildings and riparian corridors (Table 3.7). Clusters are spaced much farther apart 

than individual palms, at more than 300 meters in all areas but the built environment (average 

spacing 168.75 m) compared to only slightly over 20 m separation of individual palms on 

average. Individual palms and palm clusters within the built environment are closest to 

households, at less than 60 m each on average, while those in a mature forest setting are farthest 

away, at over 8000 m each on average. There is no clear relationship between palm and palm 
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cluster proximity to rivers in association with our disturbance gradient, except those in riparian 

zones are inherently closest.   

 

Discussion 

Remote sensing of A. butyracea palms 

Understanding the locations of A. butyracea palms is critical for locating potential 

Chagas vector populations. However, manually censusing the locations of palm trees in the field 

is a labor-intensive task, particularly over large or remote areas. Where palm location, count, or 

crown-size are the key variables of interest, many studies have turned to remote data acquisition 

from satellite or aerial sensors to facilitate palm identification. Our identification of A. butyracea 

palm crowns using high spatial-resolution WV2 satellite imagery is consistent with the 

challenges and findings of previous tropical studies of remote tree crown extraction. Our field 

validation survey suggests overall high accuracy (80%) in assigning the correct species to visible 

A. butyracea crowns (low commission error), but frequent underestimation (58%) of true 

numbers of our target species (high omission error).  Inability to observe understory A. butyracea 

crowns obscured by forest canopy or to distinguish closely-spaced individual A. butyracea 

contributed to underreporting via remote sensing. Through field validation, we discovered 

multiple instances of two or more close-growing A. butyracea palms in a location where one 

large A. butyracea crown was identified via satellite imagery. It is possible that other very large 

“single” crowns elsewhere in our study area actually depict closely packed palm clusters.   

However, our commission and omission errors are consistent with manual remote tree 

crown assessments for both palm (Garzon‐Lopez et al. 2013, Jansen et al. 2008) and non-palm 

tropical tree species (Trichon 2001, Trichon and Julien 2006). Notably, despite high omission 
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errors, these previous studies found that remotely detected palm crowns reliably tracked overall 

spatial patterning of their study species, including clustering, based on full censuses of field-

verified palm distribution (Garzon‐Lopez et al. 2013, Jansen et al. 2008). Due to the 

heterogeneous land cover in our study area, we are able to further build upon these studies by 

comparing remote palm crown identification accuracy in deforested as well as forested settings. 

Unsurprisingly, given increased visibility of single palm crowns growing in open pastures, we 

observe increased accuracy in both detecting (decreased omission error) and identifying 

(decreased commission error) A. butyracea crowns in pastoral settings due to less crowding and 

canopy overlap. 

Also consistent with previous studies, we detect a bias in our dataset toward mature 

palms (dos Santos et al. 2017). We also observed that many of the palms missed in our remote 

inspection, both canopy and pasture palms, were individuals with relatively sparse crowns—an 

indication of either young age or heavy harvesting of palm fronds, such as in the use of 

thatching. Without exception, juvenile palms (palms without mature stalks) were missed 

altogether, despite our < 0.2 m spatial-resolution imagery. Palm crowns at immature growth 

stages are generally difficult to visualize even on high spatial-resolution imagery, based on 

smaller crown size and indistinct morphological characteristics (dos Santos et al. 2017). The bias 

in our dataset toward large-crowned palms in deforested regions is still useful for locating 

potential Chagas vector populations, however. There is evidence that R. pallescens preferentially 

inhabit larger, mature A. butyracea (Urbano, Poveda and Molina 2015), especially in 

peridomestic settings (Gottdenker et al. 2012). Larger palm crowns contain more organic 

material to support the microclimate and sylvatic host species R. pallescens require to thrive 
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(Abad-Franch et al. 2015, Condit et al. 2010, Romaña et al. 1999, Whitlaw Jr and Chaniotis 

1978).  

 

Landscape disturbance and A. butyracea palms  

Our findings indicate a regional relationship between landscape disturbance and both 

individual A. butyracea palm and monospecific palm cluster distribution and density, but little 

evidence to support a direct relationship between landscape disturbance and proximity of palms 

or clusters to key features of interest. Although we observe statistically significant variation 

between palms and palm clusters and proximity to both buildings and rivers, these observations 

are more likely a result of direct relationships between the location of these features and 

anthropogenic landscape change. For example, we see a general trend of increasingly closer 

proximity of palms and palm clusters to human establishments as landscape disturbance 

increases, which is almost certainly due to a positive correlation between landscape disturbance 

and human population density. In contrast, although palms and clusters are both skewed towards 

close proximity to rivers, the absence of a clear pattern of river proximity when stratified by 

disturbance is likely more indicative of no strong relationship between river location and 

landscape disturbance.  

Among both individual palms and palm clusters, we find that even given a probable 

underestimation of A. butyracea presence in forested regions, based on our field validation 

findings, we observe a much greater abundance of palms and clusters in established secondary 

forest than we would expect given the landscape distribution. This finding is consistent with A. 

butyracea’s known propensity to thrive in deforested and fragmented regions (Henderson et al. 

2019, Scariot 1999) and supports at a regional scale localized studies that link increased 
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likelihood of monospecific stands A. butyracea to anthropogenic landscape disturbance and 

fragmentation (Wright and Duber 2001, Wright et al. 2000). However, our study suggests the 

relationship between habitat disturbance and A. butyracea clustering may be parabolic rather 

than linear. As expected, we observe minimal clustering of palms in mature forest (Table 3.3), 

which is linked to interspecific competition, reduced available sunlight, and increased seed 

dispersal patterns associated with higher biodiversity in undisturbed landscapes (Wright and 

Duber 2001). However, we also observe significantly fewer palm clusters than expected in our 

most disturbed habitat, the built environment. Palm cluster abundance is concentrated in 

established secondary forest and pasture settings, which are both landscapes that have 

experienced prior disturbance, but experience little to no day-to-day anthropogenic maintenance.  

We also link anthropogenic influence to the significantly fewer individual palms 

observed in pastoral and agricultural settings. We observe a gradual thinning of palms in pastoral 

settings, and a sharp decrease in the number of palms associated with planted cropland. This may 

be due to competing incentives to produce the best agricultural product: although grasses are 

inherently the dominate vegetation of pastures, solitary palms and small stands of trees are a 

common feature in pastoral settings in this region, where they provide shade for cattle and other 

livestock. In contrast, the two predominate crops in our study area, corn and pineapple, both 

require full sun to flourish. 

Critically, notable thinning of individual A. butyracea does not extend to residential and 

commercial areas within our study region. Even in heavily built up environments, we find 

significant numbers of mature A. butyracea in close proximity to commercial and residential 

structures. We do not have sufficient evidence to determine whether this observation corresponds 

with purposeful maintenance of these palms for their goods and services, as has been recorded 
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elsewhere in this species’ range (Bernal et al. 2010, Smith 2015). However, A. butyracea is a 

long-lived species that matures slowly (De Steven et al. 1987, Jansen et al. 2014, Smith 2015), 

and the identification of substantial individual palms (n=1593) and nine clusters of mature A. 

butyracea in new forest growth suggest that palms are retained or otherwise survive forest 

clearing in at least some areas (Table 3.3). Further research is needed to regionally assess why 

mature A. butyracea palms in otherwise deforested areas remain in pastures and in close 

proximity to households, and to assess whether this occurrence is accidental or purposeful. In our 

fieldwork, we observed several instances of these palms used for household thatch and other 

services, but a more comprehensive study to understand the social context of this palm in 

Panama is warranted.  

 

Implications for Chagas disease transmission 

Actual risk of Chagas disease transmission almost certainly varies within our study 

region: variations among housing structure, human interaction with palms, and vector infestation 

of palms will all influence individual risk of contracting Chagas disease. However, as informed 

solely by close proximity to an A. butyracea palm, our analyses suggest that nearly all of the 

commercial and residential establishments within our study area are at increased risk of Chagas 

transmission, assuming that other microclimatic conditions in palms in our study locations are 

suitable vector habitat. A. butyracea palms are common throughout the populated regions of this 

study area, at a density of 125 palms/km2 within the built environment (Table 3.3). We observe 

that all but one household is within median observed vector flight distance (307 m) of a palm, 

and all are well within the average flight distance (702 m) (Castro et al. 2014), which reflects 

findings seen elsewhere in central Panama (Vasquez et al. 2004). We also find that it is likely 
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well within the ability of any vectors in this region to move between sylvatic and riparian 

movement corridors as needed. The observed palm-to-palm or palm-to-riparian area routes of 

travel occur at even shorter distances from palms than buildings, which may provide movement 

corridors for both vectors and their preferred blood meal species (De Lima and Gascon 1999, 

Laurance and Laurance 1999). However, more research is required to determine whether 

movement corridors are protective (by deflecting vectors to preferred hosts) or increase 

transmission risk for certain human populations. 

Our observations provide evidence that palm abundance is thinned in agricultural 

settings, but not meaningfully reduced or expanded in residential regions. However, A. butyracea 

palms in otherwise deforested peridomestic environments often harbor larger vector populations 

than their forested counterparts (Gottdenker et al. 2011). Additionally, these peridomestic vector 

populations may be more prone to fly in search of new hosts as their preferred sylvatic host 

species decrease due to habitat loss, which has been implicated in increased domestic presence of 

sylvatic vectors in other Latin American countries (Reyes-Lugo and Rodríguez-Acosta 2000, 

Wolff and Castillo 2002). Therefore, increased propagation of A. butyracea in disturbed 

environments may pose a threat of increased Chagas transmission risk due to a greater 

abundance of vector habitat, but this is likely a long-term and low-risk threat given this species’ 

slow growth to maturity. In contrast, mature palms retained during forest clearing arguably pose 

a more immediate threat of Chagas disease transmission to human populations.  

In Chagas-endemic regions, infection prevention strategies hinge on deterring vectors’ 

access to susceptible human hosts (Rabinovich et al. 2011). Peridomestic and sylvatic, or 

“intrusive”, vectors are both a lesser threat to humans than domiciliated vectors, due to their 

intrinsic separation from human residences, and a greater challenge to deter (Waleckx, Gourbière 
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and Dumonteil 2015b). Vectors that are well suited to co-habiting with humans are typically 

well-managed with residual insecticide spraying (Abad-Franch et al. 2015, Dias, Silveira and 

Schofield 2002), although regular spraying has led to insecticide-resistance among vectors in 

some regions (Lardeux et al. 2010, Picollo et al. 2005). Insecticide spraying is an inefficient way 

to control sylvatic and peridomestic species, however, and re-infestation or house invasion of 

even chemically-treated homes is common where no structural barriers to entry exist (Abad-

Franch et al. 2015, Feliciangeli et al. 2007). Intrusive vectors are typically repelled by use of 

window screens or insecticide-treated bed nets or curtains (Barbu, Dumonteil and Gourbiere 

2009, Barbu, Dumonteil and Gourbiere 2011, Ferral et al. 2010, Herber and Kroeger 2003), but 

are attracted to light sources in anthropogenic environments, particularly street lights (Pacheco-

Tucuch et al. 2012). Peridomicile ecosystem management, to remove vector havens or attractants 

such as woodpiles, is also recommended for certain triatomine species, but has shown ineffective 

for sylvatic vectors (Barbu et al. 2011). 

Effective vector control strategies, however, must also take into account social contexts 

in target regions, not just vector ecology. Social and ecological drivers influence not just the risk 

of Chagas transmission, but also the success of preventative vector control. Poor prevention 

outcomes have been observed, for Chagas disease and other vectorborne diseases more broadly, 

where planners have failed to understand, for example, the role and burden of women in vector 

control (Gunn et al. 2018, Winch et al. 1994), or cultural barriers to successfully engage 

indigenous communities (Dell’Arciprete et al. 2014). Calls have been made for socially and 

culturally sensitive transdisciplinary approaches to integratively assess and respond to the social 

and ecological drivers of vectorborne disease (Spiegel et al. 2005, Wilcox and Colwell 2005). 

Some recent vector control plans for Chagas prevention are taking a two-pronged approach to 
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address both factors (Magana-Valladares et al. 2018, Rojas-de-Arias 2001, Waleckx et al. 

2015a).    The development of adequate and sustainable triatomine vector control is critical, as 

this study supports claims that Chagas disease may be a continuous, if low-intensity, risk to 

populations in this region (Abad-Franch et al. 2015).  

 

Limitations 

 Although we observe a relationship between A. butyracea distribution and density and 

landscape disturbance, we have limited information on the age of our palm sample or on the 

disturbance timeline within our study area; we are assessing a “snap-shot” in a dynamic process 

of landscape alteration and vegetation (re)growth. Although additional official Panamanian land 

cover datasets exist for years 1992 and 2000, they were derived from 30-m spatial resolution 

Landsat imagery, and are not directly comparable to the 2012 data due to their coarser resolution 

(ANAM 2003). The 1992 and 2000 datasets, which are directly comparable, indicate significant 

deforestation in the Capira District and slight reforestation in the La Chorrera District during this 

eight-year period; both regions were described as less than 6% forested in 2000 (ANAM 2003).  

A brief comparison of the 1992 land cover to our palm data suggests presence of mature palms in 

recently (< 20 years) deforested regions, which may further indicate survival or purposeful 

maintenance of mature palms in otherwise cleared landscapes. Because of their large size and 

slow growth, mature palms are presumed to be > 20 years of age, therefore predating the 1992 

data (Wright et al. 2000). However, with the scale discrepancy between the datasets, it is 

impossible to verify whether this observation is a true occurrence or an artifact of the lower-

resolution imagery.  
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Any suggestion of purposeful maintenance of palms, however, is an indication that a 

better understanding of the social context of A. butyracea palms is critical to fully understanding 

the risk of Chagas disease transmission in this region. Further research is needed to 

comprehensively assess whether social practices in Panama, as in other areas, influence the 

retention of this species in otherwise deforested peridomestic environments, and whether these 

practices vary spatially. The high density of A. butyracea palms observed in our study area is not 

consistent throughout all parts of the country. A better understanding of the interwoven social 

and ecological factors that influence palm prevalence and distribution will facilitate 

identification of hotspots of current and potential vector habitat. This will aid the production of 

more targeted Chagas prevention and mitigation strategies in this region.  

  

Conclusion 

Our findings support previous studies linking A. butyracea abundance to landscape 

disturbance and fragmentation, as well as those that advise the use of high-resolution satellite 

imagery as a method of palm detection. It is clear from the distribution, density, and proximity of 

these palms to both human settlements and natural movement corridors that the potential of A. 

butyracea as a source of infectious Chagas disease vectors is widespread in rural settings. We 

observe a relationship between landscape disturbance and A. butyracea palm prevalence, 

particularly in secondary forest and agricultural environments. Critically, we observe probable 

anthropogenic thinning of A. butyracea palms in agricultural, but not residential, settings. Even 

in heavily deforested regions, significant concentrations of mature palms remain in close 

proximity to human establishments. Given A. butyracea’s slow growth to maturity, increased 

propagation of A. butyracea due to anthropogenic or natural landscape disturbance may have a 
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long-term impact on vector habitat abundance. However, landscape disturbance that results in 

closer proximity of human establishments to mature palms may heighten both short- and long-

term risk of Chagas transmission to susceptible human populations. 
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Table 3.1 2012 Panama Land Cover Categories  
 

Original Assigned Category* 

Disturbance 

Gradient Total Area Masked Area† Palms 

2012   km2 % km2 % # % 

         
Bosque 

latifoliado mixto 

maduro 

Mixed Mature 

Broadleaf 

Forest  

Mature Forest 0.67 0.22 0.53 0.23 125 0.25 

Bosque 

latifoliado mixto 

secundario 

Mixed 

Secondary 

Broadleaf 

Forest  

Secondary/Planted 

Forest 

(established) 

78.72 26.18 59.50 25.30 16521 32.42 

Bosque plantado 

de coníferas 

Conifer 

Planted Forest 

Secondary/Planted 

Forest 

(established)  

0.03 0.01 0.02 0.01 3 0.01 

Bosque plantado 

de latifoliadas 

Hardwood 

Planted Forest 

Secondary/Planted 

Forest 

(established)  

1.04 0.35 0.70 0.30 94 0.18 

Rastrojo y 

vegetación 

arbustiva 

Vegetation 

Regrowth and 

Bushes  

Secondary/Planted 

Forest (new 

growth) 

6.52 2.17 5.51 2.34 1593 3.13 

Maíz Corn  Food Crops 0.12 0.04 0.12 0.05 1 0.00 

Piña Pineapple  Food Crops 6.31 2.10 3.79 1.61 298 0.58 

Pasto Pasture  Pasture 164.02 54.56 130.42 55.45 24169 47.43 

Superficie del 

agua 

Surface Water 

  

Secondary/Planted 

Forest (riparian) 

33.45 11.13 26.43 11.24 7126 13.98 

Área poblada Populated 

Area  

Built Environment 9.39 3.12 7.86 3.34 1016 1.99 

Infraestructura Infrastructure Built Environment 0.37 0.12 0.34 0.14 9 0.02 

         

    Total: 300.65   235.22   50955   

*Landcover categories assigned by the Panamanian Ministry of the Environment (MiAmbiente), formerly La 

Autoridad Nacional de Ambiente de Panama (ANAM) 
†There was no significant difference between masked area and total area in any category 
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Table 3.2 Field Assessment of Remotely Collected Palm Data 

Total Field Sample (n=86)        

  Remotely Sensed  

A. butyracea 

   

      

   YES NO   Sensitivity: 0.73 *PPV: 0.80 

 Field-

verified 

A. butyracea 

YES 40 15 55      

 NO 10 21 31  Specificity: 0.68 **NPV: 0.58 

   50 36 86      

           

 Pasture Sample (n=54)        

   Remotely Sensed  

A. butyracea 

   

      

   YES NO   Sensitivity: 0.89 PPV: 0.74 

 Field-

verified 

A. butyracea 

YES 25 3 28      

 NO 9 17 26  Specificity: 0.65 NPV: 0.85 

   34 20 54      

           

Canopy Sample (n=32)        

  Remotely Sensed  

A. butyracea 
   

      

   YES NO   Sensitivity: 0.56 PPV: 0.94 

 Field-

verified 

A. butyracea 

YES 15 12 27      

 NO 1 4 5  Specificity: 0.8 NPV: 0.25 

      16 16 32           

*Positive Predictive Value 

**Negative Predictive Value 
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Table 3.3 Palm and Palm Cluster Distribution and Density by Land Disturbance Gradient 

  

Land Cover 

       Palms      Palm Clusters 

    Distribution 
Densit

y Distribution Density 

  km2 %   N  % N/km2 N % N/km2 

Mature Forest 0.53 0.23   125 0.25 235.85 1 0.29 1.89 

Secondary/Planted Forest 92.16 

39.1

8   

2533

7 

49.72
‡ 274.92 173 

50.58
‡ 1.88 

New growth (< 5 years) 5.51 2.34   1593 3.13 289.11 9 2.63 1.63 

Established (> 5 years) 60.22 25.60   16618 32.61† 275.95 135 39.47‡ 2.24 

Riparian Zone 26.43 11.24   7126 13.98 269.62 29 8.48 1.10 

Pasture 

130.4

2 

55.4

5   

2416

9 

47.43
† 185.32 164 47.95 1.26 

Food Crops 3.91 1.66   299 0.59† 76.47 1 0.29 0.26 

Built Environment 8.20 3.49   1025 2.01 125.00 3 0.88† 0.37 

Total: 

235.2

2     

5095

5     342     
†P-value < 0.05 based on z-test for proportion compared to associated land cover (bold) 
‡p-value < 0.01 based on z-test for proportion compared to associated land cover (bold) 

  

Table 3.4 Average A. butyracea Crown Diameter by Disturbance Gradient 

  Crown Diameter (m) 

   N Min Max x̅† sd 

Overall 150 4.26 15.97 9.03 2.36 

  Mature Forest 30 5.41 15.97 9.49 2.67 

  Secondary/Planted Forest 30 5.65 14.28 9.27 2.29 

  Pasture 30 5.16 15.00 9.40 2.56 

  Food Crops 30 5.5 12.76 8.09 1.6 

  Built Environment 30 4.26 14.74 8.89 2.25 

†There is no evidence of statistical difference among average crown size, given by a one-way 

analysis of variance (ANOVA) 
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Table 3.5 Cluster Area by Land Disturbance Gradient 

 Cluster Area (ha) 

    Total Min Max x̅† sd 

Mature Forest 0.25 0.25 0.25 0.25 0 

Secondary/Planted Forest 70.50 0.25 4.50 0.41 0.5 

New growth (< 5 years) 7.25 0.25 4.50 0.81 1.32 

Established (> 5 years) 55 0.25 3.75 0.41 0.44 

Riparian Zone 8.25 0.25 0.50 0.28 0.09 

Pasture 69.75 0.25 3.00 0.43 0.43 

Food Crops 0.25 0.25 0.25 0.25 0 

Built Environment 1.25 0.25 0.75 0.42 0.24 

Overall 142.00 0.25 4.50 0.42 0.47 

†There is no evidence of statistical difference among average cluster size by 

disturbance gradient, given by Kruskal-Wallis non-parametric analysis of 

variance by ranks test  

 

 

 

          

Table 3.6 Distance from Probable Households to Palms (m) 

Distance to Nearest Palm Households (n=2591) 

< 10 m 145 5.6 % 

 11 - 20 m 265 10.23 % 

 21 - 100 m 1849 71.36 % 

< 300 m 2590 99.96 % 
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Table 3.7 Average Distance (m) of Palms and Clusters to Objects of Interest  

  Buildings Rivers 

Other 

Palm/Cluster  
  Palm Cluster   Palm Cluster Palm Cluster 

Mature Forest 833.27† 1047.6‡  166.64 0‡ 23.53 403.21 

Secondary/Planted Forest 380.17† 322.15   141.79† 119.38 22.16 520.75 

New growth (< 5 years) 358.42 358.87   181.27 180.23 19.83 335.59 

Established (> 5 years) 404.53 327.73   193.87 140.94 21.32 550.42 

Riparian Zone 328.23 284.82   11.51 0.11 24.62 440.10 

Pasture 352.34† 292.36   182.01‡ 124.03 23.66 438.89 

Food Crops 263.37† 340.62   159.47 130.9‡ 25.96 403.20 

Built Environment 57.12† 31.63‡  136.77‡ 95.77 27.08 168.75 
Comparisons run using Dunn's Multiple Comparison Test for non-parametric post-hoc pairwise analysis, alpha=0.05. 
† Average distance is significantly different from all other disturbance categories in proximity to the object of interest. 
‡ Shared categories are only significantly different from each other. 
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Figure 3.1 Picture of A. butyracea. These palms are characterized by their large, dense canopies, 

are the preferred habitat of key Panamanian Chagas vector R. pallescens.  
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Figure 3.2. Study area. This image shows the WorldView2 satellite image footprint, with clouds 

and shadows masked, includes all or part of 17 corregimientos in the central Panama Oeste 

district. 
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A.                  B.  

 
 

Figure 3.3 Satellite depiction of A. butyracea palms. (A) Aerial view of palm crowns in 

pansharpened true-color WorldView2 satellite imagery. The suspected A. butyracea palm 

(circled) is distinguished from the palms lining the entry-way (left) by size, texture, and color. 

These palms are readily visible due to their size despite the graininess of the zoomed-in image. 

(B) A. butyracea palm crowns are clearly visible by their texture and star-shaped crown in dense 

canopy in the 0.5m spatial resolution panchromatic WorldView2 imagery. (one of several 

circled) 
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Figure 3.4 Palm sample and testing sites overlaid on the masked disturbance gradient. 

Disturbance categories are derived from 2012 official Panama land cover data. 
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Figure 3.5 A. butyracea palm wrapped in another tree species. Although a solitary pasture palm, 

this individual’s crown was obscured from satellite imagery by the crown of its encasing tree.  
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Figure 3.6 Proximity of palms and palm clusters to features of interest: buildings, rivers, and 

other palms/clusters. 
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CHAPTER 4 

A QUANTITATIVE ASSESSMENT OF PALM USE IN SIX RURAL 

COMMUNITIES IN CENTRAL PANAMA3 
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Abstract 

We describe trends in palm tree usage in six non-indigenous rural communities in the Panama 

and Panama Oeste provinces, Panama. Palm use related to the royal palm, Attalea butyracea, 

was particularly considered, given this palm’s association with the leading vector of Chagas 

disease in Panama. Using generalized linear mixed models, we tested the association between 

palm use and demographic, environmental, and behavioral characteristics at the household level. 

Chi-squared tests for Independence were used to test for difference in overall palm use trends by 

province and forest cover. We find that palm use is ubiquitous in this region, and that behavioral 

characteristics are linked with the most frequently reported use categories: construction and 

human food consumption. A. butyracea palms were reported for use as thatch and palm wine. 

This study supports findings that household indicators of palm use are highly localized, and 

suggests this heterogeneity also applies to palm-derived behavioral risk factors linked to elevated 

risk of Chagas disease. 

 

Introduction 

 Palm use is ubiquitous in tropical latitudes, ranging from fine-scale individual usage to 

widespread agribusiness cultivation. The Food and Drug Administration of the United Nations 

(FAO) has characterized palms as the third most versatile plant in human history, following 

grasses and legumes, due to the array of products and services palms provide (Johnson, the 

Pacific and Nations 1998). Archaeological evidence suggests human-palm interaction has 

occurred for thousands of years (Wake 2006, Dickau 2010).  

Nearly every part of the plant is useful, although specific use-types vary regionally, 

culturally, and by palm species. In the Americas, palms have been recorded as sources of 
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medicine, food, textiles and goods among numerous indigenous and non-indigenous 

communities (Balick 1984, Bernal et al. 2010, Dalle et al. 2002, Duke 1975, Haynes and 

McLaughlin 2000, Paniagua-Zambrana et al. 2014, Runk 2001, Sosnowska, Balslev and 

Ethnomedicine 2009, Sosnowska and Balslev 2008). However, despite calls for broader 

diversity, the majority of established studies remain qualitative in nature (Galeano 2000). 

Furthermore, with rare exception (Paniagua-Zambrana et al. 2014, Runk 2001), ethnobotanical 

palm studies detail the species and use-type of palms without describing the individuals within 

communities who most frequently interact with them. This presents us with a body of literature 

characterizing where and how palm species are used, but rarely by whom, except in the general 

sense of community name or indigenous group.  

This paper quantitatively compares household palm use in six non-indigenous 

communities in central Panama to assess the association between use patterns and regional, 

demographic, and behavioral characteristics. Of particular interest is the use of the royal palm, 

Attalea butyracea (colloquially palma real), a widespread palm with known frequency of use in 

neighboring South American countries (Bernal et al. 2010, Smith 2015) that is also the preferred 

habitat of the primary insect vector of Chagas disease in this region (Gottdenker et al. 2012, 

Saldaña et al. 2015). Residing near this palm and use of its fronds as thatch are both linked with 

increased risk of Chagas disease transmission (Abad-Franch et al. 2015, Calzada et al. 2006). In 

addition to contributing to the ethnobotanic body of knowledge for this region, a better 

characterization of palm use trends may help inform Chagas mitigation and prevention strategies 

by identifying characteristics that place households at increased risk of contracting this disease. 
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Materials and Methods 

Study Location and Data Collection 

 Household demographic and palm use characteristics were collected via household 

survey from January-July 2016 in six rural communities in the Panama and Panama Oeste 

Provinces in central Panama: Pueblo Nuevo (PN), Cañazas (CA), Bajo Bonito (BB), Tierra 

Prometida (TP), Altos de Pacora (AP), and Superación Campesino (SC) (Figure 1). These data 

were recorded as part of a broader survey assessing the ecoepidemiology of Chagas disease and 

cutaneous leishmaniasis in association with deforestation trends in this region (University of 

Georgia and US Centers for Disease Control and Prevention); study community locations were, 

therefore, selected due to known or probable history of these diseases. Six study communities 

were chosen so that we could compare palms use by province (Panama: PN, BB, CA; Panama 

Oeste: AP, TP, SC) and across a gradient of forest cover (heavily forested: AP, BB; semi-

forested: CA, TP; predominately pasture: PN, SC). Forest cover was assessed through a 

comparison of community administrative boundary data from the 2010 Census and high-

resolution land cover data (ANAM 2003, Magallys Castillo 2015), which were obtained directly 

from Panama’s National Institute of Statistics and Census (INEC) and the Ministry of the 

Environment (MiAmbiente), respectively. 

Survey-collected demographic variables used in this study consist of number of 

household occupants and maximum level of education completed by any resident. Palm-use 

characteristics include overall use of palms (yes/no), ways in which palms are used, and 

behavioral characteristics of forest interaction. To assess likelihood of interaction with palms, 

survey respondents were first asked whether they found utility in palm trees or materials derived 

from palms (“¿Son útiles las palmas o los materiales de las palmas para usted?”). Respondents 
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who affirmed palm usefulness were asked to specify the ways in which palms are useful to 

themselves or their family (“¿De qué manera son útiles las palmas para usted or su familia?”), 

as drawn from broad categories of known royal palm (A. butyracea) use recorded in Latin 

America and the Caribbean. The eight use categories listed were: food (person), feed 

(animals/livestock), building materials, technology (e.g. brooms, hats), medicinal, cosmetic, 

cultural, or ornamental (Bernal et al. 2010). Although the species of palm(s) utilized for each 

use-type was not explicitly requested, this information was recorded if volunteered by the survey 

respondent, along with any other volunteered commentary on palm use or examples of use cases. 

Behavioral characteristics related to forest interaction were obtained with the question, “Why do 

you go to the forest?” (“¿Por qué va al monte?”), which included possible responses of 

gathering/harvesting plants, hunting, clearing forest for pasture or agriculture, traveling from one 

place to another, or a non-listed reason (other). Observational data on palm presence or absence 

was also recorded, including presence of thatch as roofing material for households or detached 

structures (e.g. outdoor kitchens, verandas) or presence of key palm species (royal palm, A. 

butyracea; coconut palm, Cocus nuficera) on the property. 

 Study participation was voluntary and oral informed consent was obtained from all 

respondents.  Study design and survey vehicle were approved by the University of Georgia 

Institutional Review Board (STUDY00001786) and the Bioethics Committee of the Gorgas 

Memorial Institute for Health Studies (ICGES), Panama. Field permits for this study were 

obtained by the Panama Ministry of the Environment (MiAmbiente) as part of a larger 

collaborative research project studying Chagas disease and acute cutaneous leishmaniasis in 

Panama (Dyer et al. 2016).  
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Statistical Analysis 

Self-reported palm use by survey respondents was assessed by region, demographics, 

forest cover and use-type using SAS 9.4 software (SAS Institute Inc, Cary, NC). Chi-square tests 

for independence were used to assess variation in reported palm use (overall and by use-type) by 

region and forest cover. Where low frequency reported use-types caused insufficient numbers for 

stratified comparison, use-types were aggregated to meet minimum count requirements 

(McHugh 2013). 

To test whether any demographic, environmental, or behavioral characteristics were 

significantly associated with either of the two most frequently reported palm use-types, we 

employed generalized linear mixed logit models (SAS PROC GLIMMIX). This model type 

allows for the inclusion of random factors, which is necessary to account for the selection of our 

six study communities out of a pool of many possible communities within the Panama and 

Panama Oeste Provinces. These models were constructed to assess differences among 

households who reported either of the two most frequent palm use-types compared to those who 

did not. Palm use was understood to be a function of need or desire to use palms/palm materials 

and availability of suitable materials. Therefore, models were designed to account for all 

behavioral and observational variables that could reasonably serve as proxies for palm presence, 

while controlling for demographic and regional descriptors (Table 1). Several candidate models 

were tested, accounting for all possible combinations of independent variables after correcting 

for collinearity. The final model for each use-type was selected as the candidate model with the 

lowest Akaike information criterion (AIC) score. 
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Results 

Among the 112 survey respondents, most households (n=97, 87%) reported using palms 

or palm materials in some way. A majority of those who reported palm use described only one 

use-type employed by their household (n=59); however, 38 respondents reported using palms in 

multiple ways (Table 2). Among the 97 palm users, use of palm materials for construction and as 

a supplemental food source were most frequently reported, at 57% (n=55) and 51% (n=49), 

respectively. No households reported use of palms for cosmetic purposes. Fewer than five 

percent of households among all survey respondents reported using palms for medicinal or 

cultural use.  

A subset of survey respondents (n=26) reported preference of palm species for their 

chosen use type(s) (Table 3). Four palms were consistently reported as useful throughout our 

study area: A. butyracea, Welfia regia, Bactris gasipaes, and Cocos nucifera. These palms were 

most frequently indicated as sources of food (fruit) and/or construction materials (thatch), but 

were also cited for their cultural (palm wine), technological (brooms), and medicinal qualities.  

Although we observe a general increase in households utilizing palm materials in forested 

communities and within the Panama Oeste province, there is no evidence to support statistically 

significant differences among overall palm-use trends between households in Panama and 

Panama Oeste provinces (chi-square= 3.1174, p-value= .5384), or between communities that 

vary by forest cover (chi-square= 2.8996, p-value= .9405) (Table 4). However, when controlling 

for community and forest cover, certain independent variables were significantly associated with 

both construction and food use of palms (Table 5). We found evidence to support an enhanced 

likelihood of palm use for construction among larger households and households who report 

felling and harvesting trees in surrounding forest, compared to household who use palms, but do 
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not report construction as a use-type. When comparing households who report use of palms for 

supplemental food compared to those who did not report this use type, we find evidence to 

suggest that households who report palms as food sources are significantly less likely to harvest 

trees in nearby forest.  

 

Discussion 

Arecaceae are among the most frequently used plants globally (Haynes and McLaughlin 

2000), and Panama is among the highest regions of palm diversity and species richness in the 

world (Bjorholm et al. 2005, Sosnowska and Balslev 2008). It is no great surprise, therefore, that 

we find palm utility to be so ubiquitously reported in our study region. This finding is consistent 

among several studies that have found high levels of traditional knowledge of palm usage among 

mestizo populations in Central and South America (Cámara-Leret et al. 2014, Fadiman 2008, 

Paniagua-Zambrana et al. 2014). We sought to characterize palm use trends in six non-

indigenous rural communities in Panama and assess whether reported use was associated with 

regional, environmental, demographic, or behavioral characteristics within this population. We 

found evidence to support our finding that behavioral characteristics influence likelihood of 

households using palms for both construction and thatch. The demographic and behavioral 

characteristics that we find to be associated with palm use for construction and food differ from 

similar analyses in other regions, but this is not entirely unexpected given that past studies have 

shown the influence of socioeconomic factors on palm use are highly localized (Paniagua-

Zambrana et al. 2014). However, our finding that family size is positively associated with palm 

use for construction has been similarly linked to traditional knowledge of palms at the household 

level (Byg, Balslev and Conservation 2001). The positive association of behavioral trends of 
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felling or harvesting trees from nearby forest and construction are clearly linked, but the negative 

association between this behavior and use of palms for food is less clear. As self-reported 

tendencies to obtain food from the forest is not significantly associated with palm use as a food 

source, it may be that any local tree materials harvested for food are from non-palm sources (e.g. 

mango).   

We found no difference in palm-use trends by region or by environment. However, this 

finding may be due to the relatively low sample size of our survey and relative clustering of 

communities, as it is unlikely that individuals in discrete communities will always use palms in 

the same way. Only construction and food use-types had enough responses to test differences in 

use when stratified, at a sample size of 55 and 49, respectively; trends among rarer palm use 

types may require a larger sample size to be seen, even at the regional level. We tested 

differences in forest cover to account for multiple palm habitats, and because previous studies 

have found associations between palm use and forest cover (Byg et al. 2001). However, given 

the high density of palms in Central Panama, it may be that suitable palms are available in any 

environment, even though the range and habitat of specific species will vary.   

 Our findings that the most commonly reported uses of palms are for construction and 

human consumption are consistent with many other studies of neotropical palm use (Sosnowska 

and Balslev 2008, Cámara-Leret et al. 2016, Galeano 2000, Moraes et al. 2015). The popularity 

of palms for both categories is attributed to the broad number of species that are suitable for each 

use-type, and the multitude of products that can be derived from a single plant. Both trunks and 

palm leaves are harvested for construction, for example, as poles, planks, or fencing (trunks), or 

as thatch for roofs (fronds) (Galeano 2000). In contrast, nearly every part of a palm is edible, 

from root to seed, when considering the family as a whole; however, the harvested palm 
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product(s) and derived use(s) vary by species, region, and culture (Haynes and McLaughlin 

2000). When construction was indicated, survey respondents most frequently cited palm fronds 

as use in thatch, or penca, particularly for rancho construction. Ranchos in this context are free-

standing, open structures of varying sizes that are regularly roofed with thatch and are common 

fixtures in both Panama and Panama Oeste provinces (Figure 2). For food consumption, use of 

palm fruits (e.g. pifa, B. gasipaes) or seeds (e.g. coconut meat or water, C. nucifera) were most 

commonly reported.  

The other six use categories recorded entail known uses of palms common throughout 

Latin America, among both indigenous and non-indigenous communities (Bernal et al. 2010, 

Moraes et al. 2015, Cámara-Leret et al. 2016). Medicinal use of palms was linked to treatment 

for asthma and diarrhea, and technological use to the making of brooms with palm fronds, which 

have been reported elsewhere in Latin America (López-Sáez and Pérez-Soto 2010, Moraes et al. 

2015). Also reported was the use of palm material for weaving (end product not specified by 

survey respondents) and for the making palm wine (fruit, A. butyracea), which were self-

reported as cultural use. A. butyracea is known in some regions as “wine palm,” due to the 

beverage than can be made from its fermented sap; in some studies, this use is characterized as a 

food product (Bernal et al. 2010). Where specified, the most common “other” use category 

reported for palms was shade. No household reported use of palms for cosmetic purposes, 

although this has been described in neighboring Colombia (A. butyracea palm oil for hair care) 

(Bernal et al. 2010).  Although these use categories applied to fewer than ten percent of surveyed 

households, the low frequency of uses reported here does not necessarily reflect a lack of use of 

local plants these goods or services in the region. It may be that non-palm species are more 

preferred for these use types. For example, two surveys of medicinal plant use among non-
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indigenous communities neighboring our study area found abundant use of local plant life for 

this purpose, but only one palm species, Oenocarpus mapora, was among the over sixty species 

listed (Bermúdez and Chue 2014, Torres et al. 2016). 

The four palm species consistently specified as the preferred use species in our study are 

well represented in the ethnobotanic record. C. nucifera, the coconut palm, is the only species of 

the four that is not native to Latin America (Zambrana et al. 2014). However, it is firmly 

established throughout the tropics and subtropics of the Americas, where it is valued for its well-

known fruit (actually the seed of the palm), which serves as a supplemental food source and has 

numerous established medicinal properties (Haynes and McLaughlin 2000, Karadi et al. 2011, 

López-Sáez and Pérez-Soto 2010, Torres et al. 2016). In our survey and elsewhere it has also 

been reported as a source of thatch (Zambrana et al. 2014). B. gasipaes, colloquially pifa or 

palma de pixbae, is enjoyed in central Panama primarily for its starchy fruit, but it is also 

cultivated throughout Latin America for its heart of palm and for construction (Zambrana et al. 

2014, Sylvester, AVALOS and CHÁVEZ FERNÁNDEZ 2012, Haynes and McLaughlin 2000). 

A. butyracea and W. regia, colloquially palma real and conga, respectively, are similarly large 

and large-crowned palms both reported for construction use (thatch) in our study. A. butyracea 

are widespread in the Panama Oeste province, and throughout a central lowland corridor that 

connects both provinces, while R. welfia are a more common fixture along the northern 

Caribbean coast in the Panama province (Condit, Pérez and Daguerre 2010). However, their 

ranges do overlap in certain parts of our study area; survey respondents in BB, in Panama Oeste 

province, report a preference for R. welfia thatch over A. butyracea, citing higher durability.  

Evidence of use of A butyracea for thatch is notable given this species is the preferred 

habitat of the primary vector of Chagas disease in Panama, the triatomine bug, Rhodnius 
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pallescens (Romaña et al. 1999). Chagas disease is a zoonotic vector borne disease endemic to 

Latin America that has no vaccine and no cure, and is best reduced through preventative 

avoidance of the triatomine vector (Rassi Jr, Rassi and Marin-Neto 2010). Harvesting A. 

butyracea fronds for thatch may put individuals in direct contact with this insect, which lives 

almost exclusively in the dense organic matter that collects at the base of this palm’s crown 

(Abad-Franch et al. 2015). Furthermore, thatched roofs in general are known risk factors for this 

disease in this region. Although the insect vector is predominately sylvatic (i.e. confined to palm 

crowns) and cannot reproduce in thatched environments, the adult specimen that are sometimes 

found in thatched roofs are much more likely to feed on human occupants due to increased 

proximity (Calzada et al. 2006).  

Despite these risk factors, realized elevation in transmission risk to individual households 

will vary and is difficult to quantify. Thatched roofs on free-standing ranchos may have a 

different risk factor than thatched roofs in residences, which are more likely to be occupied at 

night when the vector is most active (Lazzari and Lorenzo 2009). However, some studies suggest 

these bugs are attracted to electric light, so it may be that any attractive habitat in proximity of 

households might elevate risk of disease transmission. Additionally, despite the high percentage 

of households that report palm use for construction, few surveyed households had visible 

evidence of palm thatch or wood-based construction: among households who reported use of 

palms for construction, 11% had partially thatched roofs, and 44% contained any wood-based 

(origin non-specified) materials. Other studies have found similar discrepancies between 

reported and realized use, and have suggested that more precise language is likely needed in the 

assessment of palm use (Byg et al. 2001, Cámara-Leret et al. 2016). It may be that some survey 

respondents in our study reported traditional knowledge of hypothetical palm use, rather than 
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active use of palm materials. Further evaluation is warranted, given the risk of thatch as a known 

transmission factor of Chagas disease in this region. 

 

Conclusion 

We find that palm use is ubiquitous in this region, and that behavioral characteristics are linked 

with the most frequently reported use categories: construction and human food consumption. We 

find no evidence to suggest that either region or forest cover influences the way palms are used 

from this survey sample. However, the characteristics found to drive palm-use among this 

population differ from drivers of palm-use trends in other parts of Central and South America. In 

that way, this study supports past findings that household indicators of palm use are highly 

localized. Furthermore, given the potential ties between Chagas disease transmission and A. 

butyracea palm use, we suggest this heterogeneity of palm use presents similarly localized 

behavioral risk factors that may lead to elevated risk of Chagas disease.  
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Table 4.1 Independent Variables Considered in the Analysis 

Independent Variable 

Variable 

Type Levels 

Provence (ref Panama Oeste) Nominal (1) Panama Oeste; (0) Panama 

Forest cover Ordinal (1) mostly pasture; (2) semi-forested; (3) forested 

Maximum household education Ordinal (0) none; (1) incomplete primary; (2) completed 

primary; (3) middle school; (4) secondary school; 

(5) university 

Total number of people in household Continuous Between 2 and 9 

Total number of children (age < 16) in 

household Continuous Between 0 and 6 

Fells/harvests trees in forest Nominal (0) no; (1) yes 

Thatched roof on property Nominal (0) no; (1) yes 

Reported or observed presence of A. butyracea Nominal (0) no; (1) yes 

Reported or observed presence of C. nucifera Nominal (0) no; (1) yes 

Obtains food (fruit, insects, plants) from forest Nominal (0) no; (1) yes 

 

 

Table 4.2 Self-reported Palm Use Among 

Survey Respondents (n=112) 

Use Type   N % 

Any Use Type  97 86.61 

Two or more use types  38 33.93 

    

Construction  55 49.11 

Food (human)  49 43.75 

Ornamental  13 11.61 

Technology  6 5.36 

Feed (animal)  6 5.36 

Culture  5 4.46 

Medicine  3 2.68 

Cosmetics  0 0.00 

Other   10 8.93 
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Table 4.3 Self-Reported Use-Type of Palm Materials† by Province and Land 

Cover among Survey Respondents who Use Palms (n=97) 

 Province  Land Cover 

  Panama Panama Oeste   Forest Semi-Forest Pasture 

Any Use-Type 41 56  35 33 29 

Two or more Use-Types 16 22  18 10 10 

       

Construction 19 36  24 16 15 

Food (human) 23 26  18 15 16 

All Other Types‡ 22 21   16 16 11 
† No statistically significant difference was indicated by a Chi-square test for independence. 

‡ Due to low response frequency, all other use-types were combined to meet minimum value 

assumptions 

Table 4.4 Reported Palm Use by Species† 

Species Colloquial Name Community Associated Use-Type 

Attalea butyracea palma real AP, CA, PN construction, palm wine 

Welfia regia conga BB construction 

Bactris gasipaes pifa, palma de pixbae AP, BB, TP food (human), technology 

Cocos nucifera coco, pipa BB, PN, SC, TP food (human), construction, medicine 

†Does not reflect all survey respondents, only subset (n=24) who reported this information 

 

 

Table 4.5 Logistic Regression Model: Survey Respondents who Report 

Palm Use for Construction vs. Other Means 

  Construction  Food 

    β   β 

Provence (ref Panama Oeste)  -0.5320  0.0456 

Forest cover  0.2957  -0.1168 

Maximum household education  -0.3976  0.2331 

Total number of people in household  0.3520†  -0.1448 

Fells/harvests trees in forest  2.3984†  -2.7698† 

Thatched roof on property  1.5974  ne 

Reported presence of A. butyracea  -0.0454  ne 

Reported presence of C. nucifera  ne  -0.1503 

Obtains food (fruit, insects, plants) from forest   ne   0.0641 

†Significant at p < 0.5; ne = not evaluated     
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Figure 4.1 Chapter 4 study communities. We surveyed households in six rural communities, 

three each in Panama Oeste Province (PN: Pueblo Nuevo, CA: Cañazas, BB: Bajo Bonito) and 

Panama Province (AP: Altos de Pacora, SC: Superación Campesino, TP: Tierra Prometida). 

 

 

 

Figure 4.2 Rancho with palm thatch roof (Photo: C. Mertzlufft)  
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CHAPTER 5 

CONCLUSION 

Summary 

The studies included in this dissertation were developed to address multiple facets of 

Chagas disease transmission in Panama in order to unravel a portion of the multi-scalar 

assemblage of interactions that result in the spread of disease in this region. Chapter 2 indicates 

that anthropogenic alteration of landscapes is one of the leading indicators of suitable palm 

habitat. In both of the final models examined in this paper, anthropogenic influence ranks higher 

in habitat suitability than general landcover type (which includes human-associated built 

environment and infrastructure, as well as purely ecologically-based categories that are defined 

by their primary vegetation or surface feature) or temperature and precipitation variables, which 

are generally considered the limiting factors of palm distribution at a regional scale (Eisenhardt 

et al. 2011). Much of this area is inhabited by humans and undergoes regular change to support 

human needs, such that palms might be expected throughout the region. We find that unsuitable 

soil type and lower temperatures due to elevation gain are the primary limiting factors of A. 

butyracea palm distribution in this area. 

A. butyracea palms are known to propagate in disturbed habitats at both the individual-

tree level (Wright and Duber 2001) and across entire landscapes (Chapter 2). However, neither 

of these scales is appropriate to tease out the specific human actions that directly or indirectly 

benefit palm distribution in the context of increased risk for Chagas transmission. For example, 

from a purely ecological standpoint, individual palm studies show that reductions in biodiversity 
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linked to human-inhabited regions benefit the survival of A. butyracea seedlings through a 

reduction in predator populations (Wright and Duber 2001); however, this scale cannot say 

whether or not human activity influences the ability of these seedlings to reach maturity, at 

which point they become suitable habitat for vectors and increase Chagas risk. In contrast, 

studies that cover large extents aggregate, generalize, or mask individual- or household-level 

human activity to such a degree that meaningful interventions are difficult or impossible to 

establish—it is unrealistic to the point of absurdity to suggest halting Chagas transmission by no 

longer changing the landscape. Chapters 3 and 4 focus solely on human activities at household 

and inter-community scales to better understand anthropogenic drivers or restrictions to palm 

distribution. 

Chapter 3 indicates that the increased propagation of A. butyracea seedlings in disturbed 

landscapes (as proposed by individual-palm studies) do grow to maturity to form the 

monospecific stands of palms anticipated by ecologists, but only in landscapes with a history of 

disturbance that are no longer heavily occupied by humans—namely, mature secondary forest 

(Chapter 3, Table 3.3). We observe increases in both individual palms and palm clusters in 

secondary forest, which we would expect from ecological studies, but find reductions in 

expected palm numbers in agricultural, but not residential settings. This suggests that there is 

some active thinning of palm growth by humans in pasture and croplands, either directly 

(removal of mature palms or palm seedlings, expected especially among crops) or indirectly 

(possible negative influence by cattle or ranching practices). This does not mean all of the palms 

have been removed, however; particularly in pasture settings, there are still massive quantities of 

palms, just statistically fewer than expected. 
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In residential areas we see no increase or decrease of palms, and still count over 1,000 

palms in areas in very close proximity to households (all household within this study area were 

within known flight distance of the R. pallescens vector) (Chapter 3, Tables 3.3 and 3.6). In 

Chapter 2, the models predict that landscape disturbance increases habitat suitability of palms 

until disturbance is very high (e.g. within dense cities). We find in Chapter 3, however, that even 

the most built up areas within this study region still contain hundreds of palms. We find no 

evidence of purposeful thinning of palms in residential settings, which may have implications for 

Chagas transmission. Moreover, we worked with the local Control de Vectores (vector control) 

office of the Panamanian Ministry of Health in this region during our field work, and these 

individuals have door-to-door awareness campaigns about Chagas transmission. As mentioned in 

the conclusion of Chapter 3, the actual risk for any one person or household in this area is going 

to depend on many more factors than proximity to palms (e.g. behavioral practices, household 

construction, etc.). However, from a look at palm distribution alone, we cannot see an impact in 

the vector control measures (e.g. a reduction in palms near households). I stress that this does not 

mean that a protective impact is not occurring due to the Ministry’s efforts, only that it cannot be 

measured at this scale and by this metric. 

In Chapter 4 we sought to understand who is directly interacting with A. butyracea palms. 

This study evolved into an understanding of palms in general, not A. butyracea specifically, due 

to an unintentionally ambiguous key palm question in the household survey portion of our data 

collection that I did not catch until halfway through our survey was conducted: rather than asking 

respondents what palm they prefer to use as a follow-up to the question, we asked them what 

palms they preferred (Appendix B). This was frequently interpreted as “What is your favorite 

palm?” Given that this survey comprised questions from a number of different researchers as part 
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of a broader collaboration (Dyer et al. 2016), and the palm questions were my contribution, no 

one else was in a position to catch this error, and I was not directly involved in the survey field 

testing or initial data collection. Therefore, I was only able to connect the use of palms with 

specific palm species when this information was voluntarily and explicitly mentioned by survey 

respondents, which was only a quarter of our survey pool.  

The most interesting and unexpected (to me) finding was that nearly everyone we spoke 

to reported using palms in one or more ways. Most frequently, palms were used for construction 

or human consumption. Given the ubiquity of palm use and that there was no discernable 

(statistically) change in palm-use trends by region or across socioeconomic range in our study 

sample, it is difficult to say whether social practices of palms influence the retention of palms 

(i.e. people plant or do not clear palms because they are useful) or if these communities are just 

taking advantage of the useful properties of plants that grow in abundance near their households. 

For the purposes of Chagas risk, given the findings from Chapter 3, a more pertinent series of 

questions regarding individuals’ interactions with palms might have been, “When do you 

purposefully remove palms, and why? When do you purposefully leave palms standing when 

other areas are removed, and why?” The retention of mature palms in otherwise cleared 

landscape has been attributed to both the social use of palms and practical logistics of palm 

clearing: they are hard to chop down, and sometimes they are fire resistant (Balslev and Blicher-

Mathiesen 1991). For the social use of A. butyracea palms in the spread and mitigation of 

Chagas disease in this region, it may be worth pursuing why mature palms remain in cleared 

landscapes in more detail, as this is likely to post a more immediate elevated Chagas risk to 

existing communities than abundant palm seedlings, given both the slow growth to maturity (i.e. 
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suitable vector habitat) of this species and the likelihood that these seedlings are situated in 

secondary forest and not community settings. 

This research was not conducted solo or in a vacuum (Dyer et al. 2016) and its goals are 

both to advance the understanding of A. butyracea palm distribution and to assist Panamanian 

colleagues in any way possible in their mission to protect the health of Panamanian communities. 

At a provincial scale, the findings of Chapter 2 suggest areas of anticipated suitable palm habitat, 

which in conjunction with health records of Chagas disease cases or heart disease, may highlight 

areas of past and potentially still active Chagas disease transmission for the direction of Ministry 

of Health Vector Control personnel outreach. These maps may also assist our colleagues at 

ICGES plan new regional locations of vector collection and field testing for Chagas disease 

presence. Suitable palm habitat does not guarantee presence of A. butyracea palms, which do not 

guarantee presence of vectors, which do not guarantee presence of the T. cruzi parasite. Our 

colleagues at ICGES are able to quantify these measures for the benefit of local communities and 

the understanding of Chagas risk in central Panama.  

The findings of Chapters 3 and 4 inform community and household interactions with A. 

butyracea palm trees. These findings may aid the direction of communication and outreach 

already practiced by the Ministry of Health Vector Control offices in this region, who actively 

work with communities in vector identification and awareness. As previously mentioned, the risk 

to any individual household or person will vary on many more social, behavioral, and ecological 

factors than just the presence of even infected palm trees, but more knowledge on where palms 

are and why we see an abundance or reduction of palms in certain areas can inform one part of 

the dynamic network of zoonotic disease transmission. This information may be useful 

particularly in conjunction with the findings of the UGA-CDC Seed Funding Project, which may 
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provide insight into addition social and economic drivers of Chagas disease transmission, as this 

research tested for Chagas disease presence, not just risk factors. 

 

Key findings  

This dissertation sought to identify the multi-species assemblages that result in the co-

production of vector-borne Chagas disease transmission in Panama and examine how these 

assemblages fluctuate at different spatial extents. To supplement biomedical and ecological 

understandings of Chagas disease transmission, this research focuses heavily on the (re)actions 

and influence of humans on the distribution of the Attalea butyracea palm. By empirically 

documenting the impact of human activity on palm distribution and communities’ self-reported 

interactions with palms, we can begin to infer the role of social processes in fomenting the 

interspecies interactions that result in Chagas disease transmission. This research is not to say 

that physical movement and interaction between humans and R. pallescens is not a direct cause 

of Chagas disease transmission to humans in Panama—only that this scenario is the purely 

biomedical framing, which is the default framing of disease transmission among most people 

actually paid to prevent disease transmission, and only one of many arguable causes of Chagas 

disease transmission (Wade and Halligan 2004). By focusing only on the biomedically-framed 

mode of transmission and its geospatial setting du jour, we lose the opportunity to understand 

and address the (often social, often political) root causes and effects of transmission. 

In the biomedical framing, “the environment” is the space in which interactions that make 

people sick—between pathogens and susceptible host—occur. This research focuses particularly 

on the A. butyracea palm, which is simultaneously the habitat and context of sylvatic (non-

human) transmission cycles of Chagas disease (“the environment”) and a dynamic actor in 
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domestic (human) transmission in this region. A central tenant of a socionatural framing is that 

the ways we describe, measure, and define our surroundings are inherently social constructs 

(Castree 2001). A socionatural assemblage theory as a theoretical framing for disease 

transmission removes the problem of the social construct of certain framings of the environment 

because it allows us to think outside of space. This way of thinking refocuses the transmission 

away from the physical movement of multispecies activity within an area by focusing instead on 

the structure (who or what is involved in the outcome, here: Chagas disease) and process (why is 

this happening: especially, what external processes are forcing these outcomes? Who controls or 

benefits from these processes?). This allows us to expand our understanding of Chagas 

transmission beyond the biomedical model of a few actors and to look at the driving forces of all 

the actors involved. 

None of the studies in this dissertation focuses explicitly on the social processes driving 

any of these interactions, but, when considering the body of work as a whole, clear pictures 

begin to develop. As I have considered these three papers in the context of a socionatural 

assemblage framing, couched in what I know of the ecoepidemiology of Chagas disease and the 

history of landscape change in Panama, three main conclusions emerge: 

 

Conclusion 1: The view and understanding of socionatural assemblages change depending on 

both the extent and the timespan under which they are considered. Time is the hidden variable in 

all of this. 

The research conducted for this dissertation clearly documents the multifaceted, multi-

scalar and bi-directional relationship between humans and A. butyracea palms. However, even 

these framings capture only pieces of the entire network of actors and drivers of this disease. The 
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specific causes and effects that we can infer from these papers varies by the scale at which they 

are conducted—regional studies mask the household-level decisions (and decision makers) that 

drive regional effects, and individual and household level studies do not capture the full extent of 

local decisions. Also, by choosing to focus on the palm, we do not consider drivers of sylvatic 

transmission cycles within the crown itself (before the palm-level view), or the drivers of human-

to-human transmission cycles (after the palm-level view). All these sections are part of the same 

continuous assemblage, but we are only able to look at certain aspects at a time, and critically, 

only looking at one section does not tell the whole story, and the choice of which part to examine 

may introduce bias or be driven by disciplinary bias.  

I suggest that time is the silent variable in the assemblage of Chagas disease from my 

own background in infectious disease epidemiology. I would argue that the biomedical goal for 

infectious disease is to look at how transmission is actively occurring or possibilities for future 

transmission to instigate prevention and mitigation strategies. Public health scientists do not look 

far into the past for drivers of active transmission. From a socionatural perspective I suggest that 

is shortsighted, which brings me to my second conclusion. 

 

Conclusion 2: The social and economic processes that are driving present-day Chagas disease 

transmission were centuries in the making, but are still active today. 

While the external social and political processes that have physically and economically 

remade Panama have been extensively studied (Carse 2014, Cooke 2005, Herrera 2001), my goal 

in this research was first to quantify the human-palm interaction at multiple scales to gain an 

understanding of the interactions and then to address this in the context of landscape change. 

Given the slow growth and long lifespans of the A. butyracea palm, I have come realize that the 
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social processes affecting current transmission risk of Chagas disease go back much further than 

I suspected. In a very real sense, the geographical area at most risk for Chagas transmission in 

Panama is due to another non-human species that does not enter into the typical Chagas cycle: 

cows. As stated in the introduction, cattle ranching has informed cultural and physical changes in 

Panama, and especially in what is now the Panama and Panama Oeste provinces, since the 

Spanish colonialists introduced cattle in the 1500s (Chapter 1). Given the slow growth and long 

lifespan of A. butyracea palms, the high abundance of A. butyracea in our study region, and 

particularly in the Panama Oeste Province, are not recent occurrences. It is likely that the 

transmission risk we see today is due to centuries of agricultural practices, driven by national and 

international powers and interests. This leads me to my final conclusion. 

  

Conclusion 3: Individuals and households overwhelmingly bear the burden and the 

responsibility to protect themselves against Chagas disease, but they are not the root cause of 

the landscape disturbance that is causing elevated Chagas risk due to proximity of palms. 

 The co-production of Chagas disease in central Panama is inherently politically and 

socially linked due to the history of land use in this region. However, the landscape change that 

is the result of global power dynamics are realized at the local, household scales. Individuals 

who contract Chagas disease due to close proximity of mature A. butyracea palms are sick due to 

wide-reaching landscape change that was outside of their control and may even have occurred 

before they were alive. Yet the responsibility to protect themselves is placed squarely at the 

household level, whether through education campaigns by Ministry of Health Vector Control 

staff (personal observation) or through the implementation of household barriers to entry of 
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infectious bugs (Dell’Arciprete et al. 2014, Ferral et al. 2010, Gunn et al. 2018, Herber and 

Kroeger 2003). 

 This type of approach is the norm for the biomedical model of disease transmission, 

because it halts (or aims to halt) the meeting of the only two actors of interest: the pathogen, and 

the susceptible population. However, by not looking at disease transmission as complex, scale-

dependent, and inherently social phenomenon, we are unable to perceive and address the root 

causes. Until an expanded approach to the study of disease is taken, we will not truly be in the 

prevention business as outbreaks continue; we will be stuck in this cycle of damage control. 
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APPENDIX A.  

PALM SAMPLE DISTRIBUTION BY PREDICTIVE VARIABLE FOR THE MODELS 

CONSIDERED (CHAPTER 2) 

             

Predictive Variables Study Area  Model 1  

Model 2 

(1km)  

Model 2 

(2km) 

Abiotic:     n=160  n=193  n=173 

             

 

Avg. 

Precipitation            

 min: 1672.77  1849.39  1849.39  1849.39 

  (mm) max: 3390.20  3243.72  3243.72  3243.72 

 mean: 2414.13  2416.46  2420.21  2417.34 

 std. dev.: 272.42  250.55  232.82  243.33 

             

 

Holdridge Life 

Zones km2 %  n %  n %  n % 

bh-P 

Premontane 

Moist Forest 511.86 5.57  3 1.875  3 1.55  3 1.73 

bh-T 

Tropical Moist 

Forest 4535.25 49.36  102 63.75  127 65.80  112 64.74 

bmh-P 

Premontane 

Wet Forest 1766.29 19.22  28 17.5  36 18.65  31 17.92 

bmh-T 

Tropical Wet 

Forest 1842.39 20.05  21 13.125  21 10.88  21 12.14 

bp-MB 

Lower 

Montane 

Rainforest 0.65 0.01  0 0  0 0  0 0 

bp-P 

Premontane 

Rainforest 323.23 3.52  1 0.625  1 0.52  1 0.58 

bs-T 

Tropical Dry 

Forest 208.58 2.27  5 3.125  5 2.59  5 2.89 

 Total: 9188.25           

             

 

  Avg. 

Temperature             

 min: 21.28  22.2  22.2  22.2 

  (°C) max: 27.62  27.41  27.41  27.41 

 mean: 25.92  26.21  26.24  26.22 

 std. dev.: 1.03  0.69  0.64  0.67 
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   Soils km2 %  n %  n %  n % 

 Andols 175.46 1.95  2 1.25  2 1.09  2 1.16 

 Cambisols 2677.21 29.72  25 15.63  25 13.66  24 13.87 

 Gleysols 312.45 3.47  2 1.25  2 1.09  2 1.16 

 Nitisols 5794.41 64.33  131 81.88  154 84.15  145 83.82 

 Regosols 14.59 0.16  0 0  0 0  0 0 

 Vertisols 33.05 0.37  0 0  0 0  0 0 

 Total: 9007.17           

Biotic:             

 

  Land Cover 

Type km2 %  n %  n %  n % 

 Mature Forest 2309.35 25.18  23 14.375  24 12.44  24 13.87 

 

Secondary 

Forest 2763.58 30.13  59 36.875  69 35.75  62 35.84 

 Grassland 2824.00 30.79  65 40.625  77 39.89  68 39.31 

 

Planted 

Crops/Timber 293.88 3.20  3 1.875  4 2.07  4 2.31 

 Populated Area 463.41 5.05  10 6.25  19 9.84  15 8.67 

 Wetlands 375.97 4.10  0 0  0 0  0 0 

 Surface Water 70.36 0.77  0 0  0 0  0 0 

 No Vegetation 72.17 0.79  0 0  0 0  0 0 

  9172.72           

             

 

Anthropogenic 

Disturbance km2 %  n %  n %  n % 

 Little to None 2862.37 31.21  26 16.25  27 13.99  27 15.61 

 Minimal 2356.28 25.69  52 32.5  60 31.09  55 31.79 

 Moderate 3426.81 37.36  72 45  87 45.08  76 43.93 

 Maximum 527.26 5.75  10 6.25  19 9.84  15 8.67 

 Total: 9172.72           
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APPENDIX B.  

SURVEY QUESTIONS ANALYZED FOR HUMAN-PALM INTERACTION STUDY4 

(CHAPTER 4) 

Demografía 

 ¿Cuántas personas viven en su casa? ________________ 

 [Indique el nombre, sexo, edad, y educación de las personas que viven en la casa] 

   Persona 

entrevistada 

Otras personas en la casa 

 Instrucciones Formato       

4. ¿Hasta qué curso ha 

completado en la 

escuela? 

0=Ninguno, 

1=Primaria 

incompleta,  

2=Primaria completa,   

3=Educación media, 

4=Secundaria  

5=Universitaria 

      

 

 
Características de la vivienda 

37.  ¿Qué tipo de vegetación se encuentra cerca de su 

casa? 

Distancia desde la vivienda 

(metros) 

Notas 

      No hay vegetación   

      Palmas reales   

      Árboles frutales   

      Arbustos y plantas ornamentales   

      Malezas   

      Hortalizas   

      Palmas de coco   

      Otras _____________________   

 

 

 
4 These questions are drawn from a larger survey that was the collaborative work of many researchers, 

including partners at Panamanian government institutions (see Dyer et al. 2016). As of this writing the 

full survey has yet to be analyzed, and its intellectual property cannot be shared. Only the questions 

analyzed in Chapter 4 of this body of work are shown.  
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PRACTICAS  

12. ¿Por qué va al monte? (anotar todas las respuestas) 

 1. Tala de árboles / Árboles de cosecha  

 2. Plantas medicinales   

 3. Cazar animales     

 4. Comida (frutas, insectos, otras plantas) del monte 

 5. Otro uso de plantas    

 6. Tumbar y quemar para potreros 

 7. Tumbar y quemar para agricultura 

 8. A pasar hacia otro lugar   

 9. Otro _______________  

 

LAS PALMAS 

 

33. ¿Son útiles las palmas o los materiales de las palmeras para usted? (1=Si, 2=No) 

________________ 

 

34. ¿De qué manera son útiles las palmas para usted o su familia? (Nota todas las repuestas)  

  

 A. Comida para personas 

 B. Comida para animales  

 C. Materiales de construcción 

 D. Uso tecnológico (ejemplo: escoba, sombrero) 

 E. Uso medicinal 

 F. Uso cosmético 

 G. Uso cultural 

 H. Uso ornamental 

 I. Otro ________________ 

 

35. ¿Prefiere algún tipo particular de palma? (Anotar todas las respuestas) 

 

  _________________________________________________________________ 

 


