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Abstract  

Anthropogenic  effects on ecosystems have expanded in their scope and 

intensity , with significant  consequences for global environmental, wildlife and 

human health. As human encroachment into wildlife habitat grows, habitat 

degradation and fragmentation intensify, leading  to increased contact among 

wildlife, humans and domestic animals. Due to this increasing frequency of 

interaction , and the emergence of several high -profile diseases, g lobal concern 

has grown over the risk of emerging infectious disease from zoonotic origins.  

Due to Madagascarõs rampant rate of human population growth and 

deforestation, its incredible species diversity, the widespread presence of 

domestic and invasive species, and its evolutionary is olation, it can be viewed as 

a high risk region for potential dise ase emergence. There is a need for 

assessment of the zoonotic and reverse zoonotic disease potential within this 

country.  

To contribute to this assessment, c onsistent baseline health monitoring 

provides an effective tool for evaluating wildlife health and  preparing for future 

disease occurrences. Limited, disconnected surveys of lemur health have 

occurred, yet there remained  a need for more extensive, country -wide 

evaluations that also addresses invasive species, domestic animal and human 

health, as well s hifting patterns of environmental and climatic change.  

This research has investigated the connections among human, animal 

(both domestic and wildlife) and ecosystem health in Madagascar. I have 
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examined current trends in anthropogenically -driven environme ntal change in 

Madagascarñincluding deforestation, illegal logging of precious hardwoods, 

mining, hunting, and agriculture ñand evaluated how this change affects 

patterns of lemur, domestic animal and human health by evaluating a suite of 

health measures an d parasite prevalence and richness. I have also examined 

how predicted global climate changes may influence  the spatial patterns of lemur 

parasites and human infectious disease  by assessing their shifts in distributions 

and geographic extent.  

To assess the risk of disease transmission among lemur, domestic animal 

and human hosts, I have modeled the areas of geographic overlap among these 

parasites and their hosts and identified high -risk areas for disease emergence 

using geospatial analysis. This informati on can help to develop predictive 

statistical and spatial tools, which can inform both environmental management 

and public health planning.  

Through this work, I have evaluated the severe loss of distribution  that 

rosewood species have undergone, which hig hly qualifies them for international 

trade protection. We predicted areas of high risk for future logging, many of 

which occurred within protected areas in the biodiverse northeast.  

Secondly, I have compiled the most comprehensive record of parasites of 

lemurs to date. Building upon the Prosimian Biomedical Survey Project data and 

the published literature, we have recorded  88 parasites that have been 

documented in lemurs. The se are composed of helminths, bacteria, ectoparasites 
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and protozoa. Of the 23 foca l parasite species studied more in depth  in this 

study , we noted high variability in prevalence measures for unique  parasites at 

different sites. Parasite c oinfection occurred quite commonly, with up to as many 

as 7 parasites concurrently . On average, lemu r parasites tend to be less species -, 

genus-, or family -specific than other parasites across all primates.  

Thirdly, I documented highly significant differences in health measures 

from two populations of Indri that exist under differing levels of anthropog enic 

pressure. Of note, the parasite richness, leukocyte count and differential , and 

nickel and cobalt levels were significantly higher in the more exposed population, 

while the total protein measures were significantly lower . These data suggest 

that the e xposed population experiencing more anthropogenic pressure suffered 

from elevated health and nutritional stress.  

Fourthly, I have documented strong correlations among environmental 

drivers (temperature, precipitation and landscape -scale features) and lemu r 

parasite distributions. Striking shifts in their distributions are predicted to  occur 

with projected climate change in Madagascar, inc luding an expansion of 

helminth, virus and ectoparasite distributions, but a contraction of bacteria 

distributions  due to warming and drying in the south .  

Fifthly, I have examined  10 human and domestic animal parasites that 

hold great consequence for lemur, human and domestic animal health in 

Madagascar. I have similarly demonstrated strong correlations among 

environmental  drivers (temperature, precipitation and landscape -scale features) 
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and the distributions of these human parasites. Shifts in the distributions are 

also predicted to occur with projected climate change , including an expansion of 

helminth parasites, and a co ntraction  of viruses and bacteria due to warming 

and drying in the south. I have identified areas of high risk for the transmission 

of parasites from human hosts to lemurs, as well as conversely from lemur hosts 

to humans. These risk indices  will serve to highlight geographic areas at 

particular risk, and will also help to direct limited funds and staff to those areas 

most in need of attention.  

Sixthly, I have demonstrated a need to train a growing cadre of One 

Health professionals from many different disc iplines. I have offered several 

suggestions to integrate One Health training into graduate education, and have 

identified several geographic regions of potential to be a Center of One Health 

Excellence, of which the North Carolina Triangle area is one of g reat promise. 
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Chapter 1. Introduction   

1.1 Increasing interconnectedness of human, animal and 
ecosystem health  

Human development causes unparalleled effects on global ecosystems. As the 

global population approaches seven billion inhabitants, the resulting urbanization, 

resource utilization and anthropogenically -driven climate c hange have left their 

undeniable mark upon natural systems. These transformations incur demographic, 

social, economic and environmental consequences (UN 2004 , Deem 2008). One of the 

most evident environmental costs includes the effect of human expansion on wildlife 

populations and biodiversity. Ongoing human encroachment into wildlife habitat 

has resulted in devastating habitat loss, fragmentation and degradation. This 

interference has contributed to large -scale biodiversity loss es (Pimm et al. 1995, 

McCallum and Dobson 2002 ), with almost 25% of all extant mammals currently 

threatened with extinction worldwide (IUCN 2004 ).  
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Figure 1. This dissertation focused on the intersection among human, wildli fe 

and ecosystem health in Madagascar, which will intensify as  further environmental 

change occurs. Modified from (Patz 2004)) and (Tabor 2002)). 

 

This loss of biodiversity and fragmentation of habitat reduces overall 

ecosystem health, which is inextri cably linked to wildlife and human health (Daszak 

et al. 2001; Dobson and Foufopoulos 2001; Patz et al. 2004; Smith et al. 2007) 

(Figure 1). Most importantly, human encroachment into wildlife habitat 

dramatically i ncreases the occurrence of human -wildlife interactions, opening the 
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door for potential emerging infectious disease (EID) originating from wildlife 

reservoirs (Daszak et al. 2000). Recent studies of EID in humans have de termined 

that disease emergence is more likely in areas of high wildlife biodiversity (Jones et 

al. 2008), and simultaneously , anthropogenically -driven environmental change has 

been identified as the most important driver of wildlife disease outbreaks (Dob son 

and Foufopoulous 2001). Concern has grown over recent years as the potential 

threat for EID has become a tangible risk not only to the preservation of 

biodiversity, but also to global human populations (Daszak et al. 2000).  

Currently, EID is one of gr eatest threats to human health and biodiversity at 

a global scale (Garrett 1995 ); Nunn and Altizer 2006; Jones et al. 2008), with 

tremendous social, environmental and economic consequences (Binder et al. 1999, 

Cleaveland et al. 2001, Daszak et al. 2001, Cleaveland et al. 2002, King et al. 2006). 

Infectious dise ase remains the leading cause of human death in the world (Smith et 

al. 2005). The economic cost of introduced disease to human, domestic animal and 

agriculture  health totaled over $41 billion per year in the United States (Daszak et 

al. 2000). Zoonotic pathogens, or those stemming from animal origin, comprise 

nearly 75% of the 1,500 species of infectious organisms detrimental  to humans 

(Taylor et al. 2001, Patz et al. 2004). Occurrences of cross-species disease transfer, 

such as HIV (from SIV), Nipah virus, H anta virus and Ebola have occurred more 

frequently as humans encroach into uninhabited forest areas (Formenty et al. 1999; 

Kunii et al. 1999, Daszak et al. 2000, Woolhouse et al. 2001, Wolfe et al. 2004; 

(Chapman et al. 2005, Kalish et al. 2005); Wolfe et al. 2007). Several emerging and 
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re-emerging infectious diseases have been documented worldwide (Fauci 2001 , 

Morens et al. 2004) (Figure 2). There is an urgent need for interdisciplinary 

networks for consistent monitoring and surveillance of EID.  

 

Figure 2: Global examples of emerging (red) and re -emerging infectious 

diseases (blue). Adapted from Morens et al. 2004 and Fauci 2001.  

 

In Madagascar, the combination of rapidly expanding human populations, 

dramatic habitat loss, and increasing contact among human, animals and wildlife, 

creates a potential risky landscape for disease transmission and emergence. 

Pathogen spill -over from humans and domestic animals into wildlife populations  can 

cause local extinctions and can potentially òspill-backó into novel domestic animal 

and human hosts (McCallum and Dobson 1995 , Woodroffe 1999). These threats are 

especially relevant when considering primate hosts that are phylogenetically 
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proximal to humans, such as lemurs (Wolfe et al. 1998, Travis et al. 2006). 

Researchers have documented cases of malaria, West Nile Virus , human herpesvirus 

and Toxoplasmosis within lemur populations; all of these diseases could potentially 

be transferred among human, domestic, and wildlife hosts (Junge and Sauther 

2007a).  

With these potential disease threats looming, it is imperative to  understand 

the ecological and epidemiological bases relevant to wildlife and human health in 

Madagascar. The field of disease ecology, when placed within a multidisciplinary 

framework, can provide useful tools for understanding disease dynamics by buildin g 

upon both the medical and epidemiological frameworks that recognizes the 

underlying principles that influence both the spatial and temporal patterns of 

disease, including  ecosystem interactions of organisms, habitat, climate and 

landscape (Smith et al. 2005); Daszak et al. 2000; Daszak et al. 2001; Macdonald 

and Laurenson 2006).  

Studies of disease in wildlife populations can inform human health strategies 

as well as improve conservation management strategies (Wolfe et al. 1998, Nunn 

and Altizer 2006 ). Despite this utility, there remains a lack of data on parasites, 

with o ver half of all primate parasite species un derstudied (Nunn and Altizer 2006 ). 

Consistent baseline health monitoring provides an effective tool for evaluating 

wildlife health, identifying potential disease emergence, and serving as an early 

warning sign in the occurrence of an outbreak (Daszak et al. 2000, Kuiken 2005 , 

Leendertz et al. 2006). With these data, we can understand patho gen characteristics 
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and incorporate t his information into predictive  geospatial tools (Junge and Sauther 

2007a).  

My research has explored  the human -animal -ecosystem interface  in 

Madagascar by examining disease dynamics with geo spatial and statistical tools. 

Limited health surveys been conducted previously, but to date no comprehensive 

study has occurred on  multiple spatial and temporal scales to examine  the 

anthropogenic, climatic and ecological drivers of p arasitism  within lemu rs in 

Madagascar. Using this information, I have made predictions about potential high -

risk areas for disease transmission among humans, domestic animals and wildlife. 

These data can inform public health, conservation, economic and social policy 

strategies  to address disease risk within a multidisciplinary framework (Travis et al. 

2006).  

1.2. Building upon recommendations from the CDC  

The Centers for Disease Control and Prevention (CDC) has been addressing 

these issues as it approaches EID on  national and  global scales. Recently, the CDC 

put forth a series of recommendations to guide the their highest priority actions for 

research, prediction, training, communication, preparedness and prevention  of EID 

within a climate change context  (CDC 2010).  Six specific goals were  developed. I 

list them here, as I believe it succinctly outlines the general motivation behind my 

research goals with this dissertation:  

1. Identify and characterize pathogens  
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2. Establish baseline data on the geographic and habitat distribution of 

recognized zoonotic and vector -borne pathogens and their hosts and vectors  

in order to quantify relative risk among habitat types.  

3. Establish longitudinal monitoring programs  

4. Track data on the geographic distribu tion, severity,  and frequency of 

outbreak s of wildlife diseases and vector -borne zoonotic diseases in humans.  

5. Conduct field studies of effects of climate change on hosts and vectors and 

their abilities to maintain and transmit pathogens.  

6. Use data from laboratory and field studies, epidemiol ogical studies, and 

remote sensing to develop predictive models of changes in zoonotic disease 

risk and the pro jected distribution and abundance of major hosts and vectors.  

This framework is helpful to consider when approaching EID challenges on 

many diffe rent spatial scales. I attempted to design this dissertation to address 

these research priorities.  

1.2 The importance of a One Health perspective: what is One 
Health?  

These CDC recommendations are motivated by tenets of a One Health 

perspective, as it re cognizes the importance of the environmental drivers of disease 

and animal reservoirs of disease. I will now introduce the One H ealth perspective in 

more detail.   

Despite the clear connections among the health and well -being of people, 

animals and the env ironment, many current  approaches to global health remain 
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disconnected and in disciplinary silos. There is an urgent need to recognize this 

interconnectedness and develop an integrated One Health strategy involving human 

medicine, veterinary medicine, envi ronmental science, public health, social science, 

conservation biology, and agriculture (AVMA 2008). This has already occurred 

within several US and international agencies.   

But what exactly is One Health? As defined by the American Veterinary 

Medical Association, One Health is the òcollaborative effort of multiple disciplines-

working locally, n ationally, and glob ally ð to attain optimal health for people, 

animals and our environment (AVMA 2008 ).ó The One Health approach is a growing 

global strategy that is being adopted by international health organizations in 

response to the looming threat from EID. This approach recognizes the 

interconnected nature of human, ani mal, and environmental health and attempts to 

inform health policy, expand scientific knowledge, improve healthcare training and 

delivery and address sustainability challenges. It accomplishes this task by 

integrating knowledge and experience from a multit ude of fields, including: human 

medicine, veterinary medicine, environmental science, public health, social sciences, 

conservation biology, agricultural sciences,  public policy, among others (AVMA 

2008).  

I believe there is much need for the application of this type of thinking to 

approach the environmental and public health  challenges in Madagascar.  
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1.3 Study  System Rationale and Background  

1.3.1 Significance of Madagascar as a case study  

Conservationists deem Madagascar one of the worldõs hottest òbiodiversity 

hotspotsó due to its combination of incredible species endemism and the ongoing 

elevated threat to that diversity (Myers et al. 2000). Current estimates assert that 

95% of reptile species, 99% of amphibians and 100% of the land mammals found in 

Madagascar exist nowhere else in the world (Yoder and Nowak 2006 ). Madagascar 

supports as many as 99  species of lemur, comprising more than 15% of the worldõs 

extant primate species on an island less than 0.4% of the Earthõs terrestrial land 

surface areaña species richness unparalleled in the world (Wilme et al. 2006, 

Mittermeier et al. 2008). All of this mega -diversity e xists in peril, however, as 

Madagascar undergoes dramatic rates of habitat deforestation and degradation 

(Langrand and Wilme 1997 ). As a consequence of one of the fastest population 

growth rates in the world, Madagascar currently maintains less than 9.9% of its 

original primary forest, leaving much of its endemic fauna en dangered (Myers et al. 

2000, Nicoll 2003 , CIA 2008 ).  

The extensive threatened status of Madagascarõs fauna heightens the 

importance of disease studies for biodiversity and conservation. Researchers have 

recognized disease as an important factor in the survival of endangered wildlife 

populations (Thorne and Williams 1988 , Gilmartin et al. 1993); Daszak et al. 2000; 

Lafferty and Gerber 2002). Although disease may not cause the final extinction of a 

population (due to  lower population sizes and therefore reduced disease 
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transmission opportunities), it can severely diminish local and global populations 

(Cunningham and Daszak  1998, Daszak et al. 1999). Disease can be costly; any 

upregulation of an immune response in an infected individual incurs costs on 

reproduction, general fitness and survival (de Lope et al. 1998, Saino et al. 1998, 

Svensson et al. 1998, Szep and Moller 1999 , Saino et al. 2002, Freitak et al. 2003, 

Sandland and Minchella 2003 , Muehlenbein 2008 ). Small endangered populations 

may additionally suffer from reduced genetic diversity due to previous bottlenecks. 

Their poten tially compromised immunity can result in high mortality levels during a 

novel pathogen outbreak (McCallum and Dobson 1995 ). Such elevated mortality and 

morbidity can leave vulne rable populations at risk for other stochastic and Allee 

effects (Lyles and Dobson 1993 , Lafferty and Ge rber 2002 ). Similar challenges have 

been documented for African carnivores, harbor seals, sea otters, black -footed ferrets 

and African apes (Pedersen et al. 2005). This loss of biodiversity can imperil 

delicately -balanced ecosystems due to their high levels of interconnectedness 

(Daszak et al. 2001). An example of one of these òknock-onó effects occurs after the 

loss of top-level pred ators, which can lead to ecological release of meso - and lower -

level organisms, which can severely unbalance an ecosystem (Deem 2008). As seen 

in the Serengeti in the 19th century, Rinderpest  decimated native ruminant 

populations, which resulted in major shifts in wo odland structure and predator 

survivorship (Deem 2008). Additionally, disease will influence the ability of invasive 

species to establish and persist in new ecosystems due to parasite release (Torchin et 

al. 2003, Torchin and Mitchell 2004 ). Generally, any addition or elimination of 
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species within a community structure will have lasting influences on disease 

dynamic s and conservation (Johnson et al. 2008).  

Despite the current and future threats to Madagascarõs biodiversity, its 

evolutionary past continues to fascinate bi ogeographers and evolutionary biologists. 

The incredible diversity, island -wide endemism and local pockets of microendemism 

beg the question: how did Madagascarõs physical isolation and varied 

biogeographical history influence speciation? In addition to ev olutionary questions, 

this history also holds relevance for current studies of disease on the island, as 

isolated wildlife populations will experience more limited immunological competence 

against novel pathogens when compared with their continental counte rparts. 

Madagascar separated from the African continent appro ximately 118 million years 

ago, and achieved isolated island status about 88 mya when it broke away from the 

Indian continent (Yoder and Nowak 2006 ). Competing theories debated whether 

origins of Malagasy flora and fauna originated from dispersal or vicariance events, 

but current evidence supports the theory that most Malagasy clades descended from 

Cenozoic era dispersers.  

Madagascarõs biogeographical and geological history played a major role in 

these evolutionary patterns, with current implications for climate and conservation. 

On an island not much larger than Texas, a number of extremely distinct ecoregions, 

microhab itat s and geologic types exist . The orographic effect of the eastern 

mountain range results in much higher rainfall levels from southeasterly trade 

winds and the Intertropical Convergence Zone , hence the existence of evergreen 
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rainforest spannin g the east coast of the island . Central plateau highlands descend 

gradually to dry, deciduous forest in the west, and arid spiny desert in the southern 

region. A dry, deciduous forest exists in the northwest that uniquely receives heavy 

seasonal rainfall. Climatic factor s affect all aspects of life in Madagascar, including 

agriculture, human development, conservation, as well as disease patterns. The 

relatively recent arrival of humans on the island approximately 2,000 years ago 

provides another historical contrast with i ts closest neighbor, the African continent 

that lies 400 kilometers to the west. Madagascarõs isolation and the shortened 

presence of human civilization hold  important implications for disease occurrence, 

persistence, evolution and immune response in Madag ascarõs wildlife populations. 

Madagascarõs unique histories, its incredible biodiversity, and a paucity of wildlife 

health data make for a very interesting system in which to study disease dynamics, 

and also a potential zone of disease emergence.  

1.3. 2 Significance  of lemur health study  

It is very important to recognize the role of geographic and ecological 

similarity in the potential for disease transmission; however, phylogenetic 

relatedness will also play a role.  Lemurs, as primates , are phylogen etically proximal 

to humans. Scientists see primates as the òmissing linkó in studying the potential for 

disease transmission among human and wildlife species due to this phylogenetic 

similarity (Wolfe et al. 1998). Infectious diseases have continuously threatened 

primate species (Wallis and Lee 1999 , Walsh et al. 2003, Pedersen et al. 2005, 

Okudoh and Wallis 2007 ), and primates serve as effective reservoirs for human 
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pathogens due to the high potential for communicability among phylogenetic 

relatives (Wolfe et al. 1998; Wolfe et al. 2004). Of all parasite species found in 

primates, 68% can infect multiple host species (Pedersen et al. 2005). More 

specifically, 27.5% of disease in primates also appears in humans, and of that 45% 

are considered currently òemergingó (Pedersen et al. 2005). The high potential for 

disease transmission between lemurs and humans heightens the importance of the 

study of lemur health.  

Lemurs fill a variety of ecological niches and vary remarkably in th eir 

morphology, behavior, sociality and feeding strategies (Mittermeier et al. 2006), 

which will affect how each species responds t o disease challenges. The long-term 

isolation of the lemurs also implies a lower exposure to common pathogens found in 

primates, which may affect their immunological competence. Novel pathogens can 

often devastate such immunologically ònaµveó populations through explosive 

outbreaks .  

Currently  relatively  li ttle is known about lemur health . Lemurs serve as an 

effective indicator species due to their high sensitivities to environmental stress and 

slow reproductive life histories (Glessner and Britt 2005 ). The International Union 

for Conservation of Nature (IUCN) ranks lemurs among the most endangered 

primate species on earth (Hilton -Taylor 2002 ), therefore it is imperative to 

understand factors that will most threaten maintenance of viable populations. The 

effects of anthropogenic disturbance and its resulting potential for disease are two of 

the most u rgent research priorities for lemur conservation. As Madagascar suffers 
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from intense anthropogenic pressure, habitat degradation and biodiversity loss, it 

emerges as a potential òperfect stormó for disease emergence (Junge and Saut her 

2007a).  

1.4 Dissertation  objectives and specific aims  

1.4.1 Central dissertation aim  

I aimed to enhance understanding of the health of lemur populations in 

Madgascar. I approached this with a One Health perspective by investigating 

several different  interacting dimensions, including the environmental and 

anthropogenic context, as well as the lemur, domestic animal, and human health 

aspects of this issue. Specifically, I investigated one of the major drivers of 

environmental change in Madagascar, logg ing; documented and analyzed the 

patterns of parasite infection within lemur populations; evaluated the 

environmental and anthropogenic influences on  parasite distribution; and predicted 

the risk of disease transmission among humans, domestic animals and l emurs in 

Madagascar. Lastly, on a policy note, I made the case for the further expansion of 

this multidisciplinary One Health approach by offering recommendations for 

incorporating One Health thinking into graduate education.   

1.4.2 Questions to be addres sed 

1.4.2.1  How has anthropogenic disturbance in Madagascar affected the distribution 

of rosewood, and ultimately the health of lemurs? (Chapter 2)  

Anthropogenically -driven environmental change will directly affect the 

health of lemur populations, as it d egrades and fragments forest habitat, and 
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increases the likelihood of contact among humans, domestic animals, and lemur 

populations.  Through this study of the dramatic losses of forest due to the illegal 

logging of rosewood, one can begin to note  the consequences to lemur conservation 

and health as habitat is destroyed and a bushmeat market emerges.  

1.4.2.2   What parasites occur within lemur populations, and what are their patterns 

of infection? (Chapter 3)  

One of the first steps in understanding lemur h ealth is documenting the 

parasite communities within lemur populations. Using both primary data and a 

meta-analysis of the published accounts of parasites in lemurs, I explore patterns of 

parasite richness, prevalence, coinfection and specificity within le mur populations. 

These data form the basis for exploratory analysis in later chapters.  

1.4.2.3 How has anthropogenic change in Madagascar affect ed the health of Indri  

populations? (Chapter 4)  

Lemurs under varying levels of environmental and anthropogenic pressures 

will exhibit different health outcomes. I explored the differences in health status and 

parasite richness between two popu lations of Indri  indri : one population from a 

pristine, protected site and one from a site exposed to high human pressure vi a 

tourism, villages and a large mining operation.  

1.4.2.4  How are changing  environmental and anthropogenic conditions correlated 

with  spatial patterns of lemur health?  (Chapter 5)  

To address the effect of anthropogenically -driven environmental change on  

lemur health, one must first know where lemur parasites occur spatially and how 

their distributions are correlated with  underlying environmental and anthropogenic 



 

 

54 

conditions. In this chapter I explore these spatial patterns, the magnitude of the 

correlati on of environmental and anthropogenic conditions, and how these patterns 

might change in the future under shifting climate patterns.  

1.4.2.5  How might  changing environmental and anthropogenic conditions contribute 

to altered  spatial patterns of human hea lth?  And w hat is the risk of infectious 

disease transmission among lemurs, humans and domestic animals in Madagascar? 

(Chapter 6 ) 

In order to fully address patterns of lemur health, one must also address the 

impact of human and animal disease and the pote ntial for transmission among these 

hosts. To do so, first we must understand the e nvironmental drivers influencing 

these spatial patterns of infection as well.  I explore the distributions of significant 

and relevant human and domestic animal parasites thr oughout Madagascar, and 

determine how these patterns will shift with changing climate. I then address the 

risk of parasite transmission among human, animal and lemur hosts by examining 

the overlap of their parasite distributions and population densities.  

1.4.2.6   How can we train diverse professionals to utilize One Health approaches in 

optimiz ing the  health of humans, animals and the environment? (C hapter 7 ) 

Throughout this dissertation, I propose the importance of approaching health 

through the lens of One Health, which recognizes the connections among human, 

animal and ecosystem health. In order to integrate these approaches to address 

important sustainability and health challenges in the future, we must develop a 

cadre of One Health -trained health, sci ence and policy professionals. In this chapter , 

I  offer suggestions for how to accomplish this training through graduate education.  
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Chapter 2. Anthropogenically -driven environmental 

change in Madagascar: Severe reductions in rosewood 

species distribution s  

Previously published as: Barrett, M.A., Brown, J.L., Morikawa, M.K., Labat, 

J. and Yoder, A.D. 2010.   CITES designation for endangered rosewood in 

Madagascar.   Science 328: 1109 - 1110. 

 

2.1 Need for international trade protection of endangered 
rosewood species  

Logging in Madagascar, one of the worldõs most threatened biodiversity hot 

spots (Myers et al. 2000, GlobalWitness 2009 ), has rapidly increased amid political 

tu rmoil since a transitional government assumed power in March 2009 

(GlobalWitness 2009 , Schuurman and Lowry II 2009 ). With as much as 90% of the 

countryõs primary forest already lost, continued logging will mean species 

extinctions across all biotic elements of Madagascarõs ecosystems, where rates of 

endemism are  unparalleled (Myers et al. 2000, Yoder and Nowak 2006 , Harper et al. 

2007). We demonstrate immediate risk for rosewood (genus Dalbergia ) species 

extinctions and thus the need for protection via i nternational trade regulation under 

the Convention on International Trade in Endangered Species of Wild Fauna  and 

Fl ora (CITES). Protection of Malagasy rosewood species, which suffer from targeted 

logging because of their high value in international markets, would not only avoid 

their extinction, but would also e xtend the benefits of protection to all biota withi n 

these threatened ecosystems.  
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Despite public concern from internatio nal parties (WWF 2009), the Malagasy 

rosewood issue was absent from the March 2010 CITES Conference of Parties (CoP). 

Yet one day before the meetingõs conclusion, the Malagasy governm ent issued a 

decree prohibiting rosewood logging and export, likely a response to international 

pressure (Bohannon 2010 ). This unexpected, positive change, a window of 

opportunity in an unstable political climate, co mbined with the 3 -year delay before 

the next CoP at which species can be voted on for full CITES protection, heightens 

the potential and urgency for listing of rosewood under CITES Appendix III by the 

Malagasy a uthorities . CITES consists of three levels of protection that vary in  rigor 

and permitting requirements. Appendix I affords the most protection by effectively 

stopping all trade with a careful permitting process. Appendix II allows limited 

nondetrimental trade, with export permits; Appendix III allows less regulated trade, 

with export permits. Appendix I and II listings require approval of two -thirds of the 

CoP. Appendix III species can be listed unilaterally by the country of origin, a faster, 

but less protective, option.  

2.2 Market -driven l ogging pressure 

A conservatively estimated 1137 contai ners, each carrying an average of 144 

rosewood logs and valued at more than U.S. $227.4 million, have been exported from 

Madagascar since April 2009 (GlobalWitness 2009 , Wilme et al. 2009). Exporters 

have benefited from the transitional governmentõs exceptions to a previous ban on 

exportation of unfinished hardwood products (GlobalWitness 2009 , Schuurman and 

Lowry II 2009 ). The administration l egalized rosewood export on 31 December 2009, 
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yet overturned this ruling on 24 March 2010, by banning logging and export of 

rosewood for the next 2 to 5 years  (Decree no. 2010-141) (Bohannon 2010 ). The 

enforceabil i ty of the ban is questionable, and the fate of 10 to 15 thousand metric 

tons of felled rosewood waiting in ports remains unce r tain.  

Rosewood is sought for its rich burgundy color and h ard wood, qualities 

valued for high -end furniture and musical instruments (Figure 3). Most exports 

have been shipped to China, the worldõs largest consumer of tropical hardwoods, 

where an opaque regulatory process and high demand for rosewood furniture have 

driven the market (Laurance 2008 , GlobalWitness 2009 ). A rosewood armoire can 

command $20,000 in Ch ina, in stark contrast to the $0.49 a Malagasy laborer earns 

for each rosewood log extracted (Patel 2007 , GlobalWitness 2009 ). Current rosewood 

market practices not only deprive Malagasy laborers of a living wage, but also 

impair  future rural livelihoods by damaging essential ecosy stems. 
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Figure 3: Rosewood logging process. (A) Malagasy laborers locate trees, cut 

them by hand, then drag the log,  averaging 0.11 -0.21 tons, for kilometers through 

steep, forested terrain to the nearest stream or river access (Patel 2007 , 

GlobalWitness 2009 ). (B) Dense rosewood logs are strapped to 4 -5 lighter trees to 

create a raft. Rafts travel to the nearest roadway or coastal access point, where they 

are transported by boat or (C) truck to one of the major ports, such as (D) Vohémar, 

where foreign -owned shipping operati ons transport to Mayotte, Mauritius and then 

to China  and other markets for use in the (E) furniture or musical instrument trade 

(Patel 2007 , GlobalWitness 2009 , Schuurman 2009 ). Photo credits: 

ReinerTegtmeyer/EIA/GW, Toby Smith/EIA/GW and ©iStocktphoto.com/weim.  

2.3 Impacts of rosewood logging 

Although selective rosewood logging results in less forest loss than clear -

cutting, the co nsequences are still destructive (Patel 2007 ). Because of the low 

density of rosewood trees per hectare, loggers must routinely e ncroach on new 
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territories ñup to 20,450 hectares have been affected by selective logging in the 

northeast region thus far (Wilme et al. 2009). In order to float dense rosewood logs 

downstream for export, four or five lighter trees are cut to raft each ros ewood log, 

amounting to hundreds of additional trees daily (Figure 3) (GlobalWitness 2009 , 

Wilme et al. 2009). Such selective logging facilitates invasion of nonnative species, 

reduces native species d iversit y (Brown and Gurevitch 2004 , Patel 2007 ), and 

aridifies landscapes, which leads to an increased likelihood of fires (Cochrane and 

Schulze 1998). The loss of nitrogen -fixing by Dalbergia  results in a reduction in soil 

fertil i ty (Rasolomampianina et al. 2005, Favreau et al. 2007). 

Increased access to forests via logging trails and roads leads to further 

resource extraction and deforestation, as seen with se t tlement patterns around 

logging hot spots in northeastern Madagascar (Bohannon 2010 ). Increased 

fragmentation of forests can amplify environmental stress, impair wildlife and 

ecosystem health, induce local species extinctions, shift community composition, and 

lead to significant loss in genetic diversity of is olat ed populations of endemic 

animals and plants (Gillies 1999 , Rapport and Whitford 1999 , Patel 2007 , Gillespie 

and Chapman 2008 ). Increased forest access has led to the emergence of a bushmeat 

market in Madagascar (Barrett and  Ratsimbazafy 2009 ). Hunting and habitat loss 

will deteriorate conditions for already endangered animal species (Patel 2007 ). 

Rosewood extraction undermines the legitimacy of Madagascarõs National Parks 

management, impairing conservation efforts and destabilizing the once -thriving 

ecotourism indu stry.  
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2.4 Methods: Estimating the extent of rosewood decline  

We used geospatial modelin g of eight species of rosewood to address the 

following questions: (i) Where are Madagascarõs richest areas for rosewood species? 

(ii) How reduced is the distribution of rosewood ve rsus estimated historic 

distributions? ( iii) Which areas are most vuln erable to further logging? (iv) Is there 

sufficient evidence and urgency to call for a CITES designation of Malagasy 

rosewood? 

2.4.1 Estimation of historic and current distributions  

The genus Dalbergia  (Family: Fabaceae) cons ists of 48 species in 

Madagascar; 47 (97.7%) of these species are found nowhere else in the world (Bosser 

and Rabevohitra 1996 , DuPuy 2002 , Labat and Moat 2003 , Bosser and Rabevohitra 

2005). Recent evidence suggests one additional, undescribed species  may exist. 

Rosewood species occur throughout Madagascar, but the most sought -after species 

occur predominantly in the northeast .  

Ten of the 48 Dalbergia  species are economical ly and ecologically important 

and targeted for timber markets (Labat and Moat 2003 ). We had sufficient expert -

validated data to estimate historic distribu tions of 8 of these 10 species. Species 

historic distributions were modeled from georeferenced museum specimens, climate 

and geographical data using the machine -learning program, Maxent (Phillips et al. 

2006). Geographic data of Dalbergia  baronii, D. bathiei, D. davidii, D. louvelii, D. 

mollis, D. monticola, D. normandii, D. purpurascens, D. tsiandalana  and D. viguieri 

were obtained from Global B iodiversity Information Facility . These data do not 
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incorpora te rosewood density or abundance information. The dataset consisted of 

559 points that were identified by experts from reputable sources such as the 

Missouri Botanical Gardens (n=191), the Museum National d' Histoire Naturelle et 

Reseau des Herbiers de Fra nce (n=364), and Conservation International (n=4). 511 

of the points (91.4%) were identified by respected experts in Malagasy flora, 

including J. Bosser, J -N. Labat, R. Rabevohitra, D. J. DuPuy, G. Schatz (noted in 

GBIF database (Bosser and Rabevohitra 1996 , 2005). Each data point was 

subsequently verified by J.N. Labat, coauthor and expert botanist at the Museum 

National d' Histoire Naturelle in Paris, France. We removed all redundant and 

nonverifiable data points.  

Species distribution models (SDM) were generated for species with 6 or more 

unique localities, which excluded D. davidii  and D. normandii . SDM were calculated 

in Maxent and incorporated the following 21  ecogeographic variables at 30 arc -

second resolution: 19 bioclimatic variables from Worldcllim.org (these constitute a 

wide range of variables representing different measures of temperature and 

precipitation), geology and slope (Table 1). Continuous models were converted to 

binary models using the  òFixed Cumulative Value 5ó threshold.  
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Table 1. Data layers used for model calculations of rosewood distribution and 

current threats contributing to logging.  

Calculation  Data Layer  Reference 

Species Distribution 

Modeling of historic 

rosewood distributions  

Georeferenced 

museum specimens 

and field observation 

data  

GBIF (http://www.gbif.org/)  

Climate data  
Worldclim ( http://www.worldclim.org/ ), ôcurrentõ Bioclim 

1.4 dataset  

Slope 
Calculated from 90m SRTM data 

(http://glcf.umiacs.umd.edu/index.shtml)  

Geology 

Royal Botanic Gardens, Kew 

(http://www.kew.org/gis/projects/madagascar/geolsimp_

meta.html)  

Reducti on of estimated 

historic distributions by 

remaining forested area 

based upon satellite 

imagery (S1)  

Remaining forested 

areas 

MEFT, USAID et CI, 2009.  Evolution de la couverture 

de forêts naturelles à Madagascar, 1990 -2000-2005.  

Ministere de L'Environment , des Forêts et du Tourisme  

Reduction of estimated 

historic distributions by 

remaining forested area 

and high human influence 

(S2).  

Remaining forested 

areas and Human 

Influence Index  

Last of the Wild Data Version 2, 2005 (LWP -2): Global 

Human Influence Index (HII). Wildlife Conservation 

(WCS) and Center for International Earth Science 

Information Network (CIESIN). 

(http://sedac.ciesin.columbia.edu/wildareas/downloads.js

p) 

Reduction of estimated 

historic distributions by 

protected areas (S3).  

Current pr otected 

areas 

World Database on Protected Areas 2009 

(http://www.wdpa.org/ ), Madagascar National Parks 

authority  

  Distance to roads  
Calculated from Roads layer  (http://www.diva -

gis.org/gdata)  

  Distance to trails  
Calculated from Roads layer  (http://www.diva -

gis.org/gdata)  

Prediction of 

areas vulnerable to logging  

Distance to ports  
Calculated from World Port Index layer 

(http://www.nga.mil/portal)  

Distance to rivers  
Calculated from Inland Water layer (http://www.di va-

gis.org/gdata)  

Distance to coast  
Calculated from Administrative boundaries layer  

 (http://www.diva -gis.org/gdata)  

  Slope See above 

  
Human Influence 

Index  
See above 

 

We calculated rosewood species richness by summing th e binary SDM for all 

8 species. The historic range of all 8 Dalbergia  species was estimated by converting 

the richness model to a binary model, and then translating all richness values 

greater than or equal to 1 to historic Dalbergia  presence.  

http://www.worldclim.org/
http://www.wdpa.org/
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We estimated the current distribution o f rosewood species under three 

scenarios on a gradient of deforestation. The most optimistic, Scenario 1, reduced 

the historic range of rosewoods to òforestedó areas based on classified satellite 

imagery from 2005. Scenario 1 was further reduced by excludi ng forested areas with 

elevated human influence according to the Human Influence Index (HII), a 

composite measure combining human population density, human infrastructure, 

urban polygons, nighttime lights and land cover categories (Table 1) (Scenario 2). All 

areas with high human influence, defined as HII values above 14 (the mean HII 

value of recent deforested areas in Madagascar), were classified as òdeforested,ó 

while all values below 14 were considered òforestedó areas. Scenario 3 reduced the 

rosewood distribution in Scenario 2 to only those regions within protected areas 

using the most current information from the World Database on Protected Areas 

(Table 1). Anecdotal estimates propose that rosewood species do not currently exist 

outside of protected areas, which c onstitute only 3% of Madagascarõs land mass 

(Wilme et al. 2009). In all scenarios, all pro tected areas were classified as forested, 

even if they occurred in areas of high human influence.  

2.4.2 Landscape permeability to l ogging 

To estimate areas of high logging risk, we first modeled the degree of access, 

or òlandscape permeability,ó of forested areas in Scenario 1. We completed this by 

weighting and then summing reclassified rasters of different characteristics of the 

landscape, such as terrain slope, waterways, transportation networks and human 

influence. We weighted each layer according to it s estimated influence in the logging 
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process. We weighted them in the following order: classified distance to coastline, 

classified distance to large rivers, classified human influence, classified distance to 

roads, classified distance to streams, classifi ed distance to ports, classified distance 

to trails and classified slope. Weights ranged from 0.4 -1.0; layers with a higher value 

held more influence in the model. The resulting layer represented the degree of 

access, or permeability, to any forested area.  For example, an area with a high 

concentration of both roads and rivers would have a higher degree of logging access 

then a large, distant forest fragment.  

2.4.3 Rosewood logging r isk and designation of at -risk protected areas  

To estimate areas of high ro sewood logging risk, we recognized that logging 

would tend to occur in those areas with both high suitability for rosewood and high 

logging accessibility. To acknowledge these criteria, we combined the calculated 

rosewood distributions with the landscape p ermeability model. First, we summed 

the continuous rosewood SDM generated in Maxent from 1a. In these SDM, areas 

with values approaching 1 represent highly suitable rosewood habitat, and therefore 

an elevated probability of rosewood presence. By summing th e continuous SDM for 

all eight rosewood species, we calculated a continuous surface that represented 

habitat suitability for all rosewood species. This resulting suitability layer was 

scaled to 1 and then multiplied by the òlandscape permeabilityó layer. The resulting 

raster represented rosewood logging risk, which accounted for both landscape 

permeability to logging and probability of rosewood presence.  
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We then classified the continuous logging risk model into 3 risk categories 

(lower, medium and high risk ) by comparing the model with known logging sites as 

documented in field reports (Patel 2007 , Wilme et al. 2009). We extracted the 

logging risk value at each documented logging site (DLS), calculated the average 

and used this value as the cutoff for all òhigh riskó logging areas. We then used the 

lowest observed logging risk value at a DLS as the threshold for òmedium riskó 

logging areas. In other words, all areas with a calculated logging risk value equal to 

or above the average logging risk value of DLSs would receive a òhigh riskó 

classification, while all areas with a calculated logging ris k value equal to or above 

the lowest observed logging risk value of a DLS, but less than the òhigh riskó value, 

would receive a òmedium riskó classification. All other areas within the logging risk 

model were considered òlower riskó for logging.  

Protected  areas with 10% or more of their land within high risk logging areas 

were considered òhigh riskó parks. Protected areas with 10% or more of their land 

within medium risk areas were considered òmedium riskó parks, and those parks 

with less than 10% of their  land in medium risk areas were considered òlower risk.ó  

2.5 Results  

Historic distributions extended almost e ntirely throughout Madagascar (93% 

coverage), with the highest richness ñseven co-occurring speciesñin northeastern 

rain forests. Depending on the species and deforestation scenario, distribution 

reduction ranged from 54 to 98%  (Figure 4 and Table 2), which demonstrates i ntense 

habitat loss.  
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Figure 4: Rosewood species richness and distribution in Madagascar. (a) 

Rosewood distribution once covered 93% of Madagascar, with high species richness 

in the northeast region. Persistent deforestation has severely reduced the 

distribution of rosewood s pecies. (b) We calculated the habitat reduction based upon 

three scenarios of forest loss: 1) potential rosewood habitat in forested areas (yellow 

+ green + blue) (S1), 2) potential rosewood habitat in forested areas minus those 

areas heavily impacted by h umans (yellow + green) (S2), and 3), potential rosewood 

habitat remaining only in protected areas (yellow) (S3). (c) Based upon the 
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optimistic S1 , we display maps of the current vs. historic ranges of 8 rosewood 

species. Colors indicate threat status (IUCN 2009 ). 

Table 2. Distribution a nd conservation status of rosewood species. We include 

the 10 economically important rosewood species in Madagascar and 3 non -Malagasy 

species currently under CITES protection. Reduction and ranges have been 

calculated based upon the three scenarios of def orestation (S1, S2, S3) (Figure 4). 

 
Species 

% Long-

term 

range 

reduction  

% Range 

outside of 

protected 

areas 

IUCN 

status S13 

CITES criteria 

metS10 

Recommended 

CITES designation  

  

S

1 

S

2 

S

3 

S

1 

S

2 

S

3 

 

    

M
a
la

g
a
s
y
 s

p
e

c
ie

s 

D. baronii  
5

8 

7

2 

9

5 

8

8 

8

2 
0 Vulnerable  

Annex 1 Ai,v; 

Bi,iii,iv; Ci,ii, which 

includes: marked 

decline of historical 

habitat greater than 

5-30%, marked 

recent rate of 

habitat decline 

greater than 50% in 

the last 10 years,  

high vulnerability to 

extrins ic factors, 

restricted 

distributions, 

fragmented wild 

populations, habitat 

degradation, marked 

decline in population 

size based on a 

decrease in 

area/quality of 

habitat  

Immediate listing 

by Madagascar to  

Appendix III  

(with uplisting to 

Appendix  I at CoP 

16) 

D. bathiei  
5

9 

7

3 

9

5 

8

8 

8

1 
0 Endangered  

D.  louvelii  
5

5 

7

0 

9

5 

8

9 

8

2 
0 Endangered  

D.  mollis  
6

9 

8

0 

9

8 

9

3 

8

9 
0 

Near 

threatened  

D.  monticola  
6

2 

7

3 

9

5 

8

7 

8

2 
0 Vulnerable  

D.purpurascens  
7

0 

8

1 

9

7 

9

1 

8

6 
0 Vulnerable  

D. tsiandalana  
7

2 

8

6 

9

7 

9

0 

8

0 
0 Endangered  

D.  viguieri  
5

4 

7

3 

9

3 

8

5 

7

5 
0 Vulnerable  

D. davidii  

Data Deficient  

Endangered  Assumption that 

CITES Annex 1 

criteria would be 

met due to 

endangered status 

and similarity to 

other Dalbergia  

species, however, 

further data are  

required to confirm  

Immediate listing 

by Madagascar to 

Appendix III  

(with uplisting to 

Appendix  II at 

CoP 16) 

 

D.  normandii  Endangered  

N
o
n

-M
a
la

g
a
s
y

 

D. nigra  *  *  *  *  *  *  Vulnerable  
CITES Appendix I  

(Brazil, 11/6/1992)  
*  

D. retusa  *  *  *  *  *  *  Vulnerab le 

CITES Appendix III 

(Guatemala, 

12/2/2008) 

*  

D. stevensonii  *  *  *  *  *  *  Unlisted  

CITES Appendix III 

(Guatemala, 

12/2/2008) 

*  
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Based on a logging-risk model combining logging access and rosewood 

presence, we confirmed high logging risk in northeastern protected areas, where 

lack of  enforcement and higher quality, size, and density per hectare of rosewood 

attract i ncreased logging (Schuurman and Lowry II 2009 ). Our analyses forecast 

that logging could extend throughout the country (Figure 5); we ident i fied 25 

protected areas that are at high or medium risk for future logging (Figure 6).  
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Figure 5: Areas vulnerable to illegal rosewood logging in Madagascar. We 

predicted those areas at high risk for future illegal logging of rosewood species. 

Cooler colors indicate a lowe r logging risk, while warmer colors indicate a higher 

risk. Much of the known current logging has occurred in the northeast (inset), an 

area similarly under high threat in our model.  
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Figure 6. Logging risk within current protect ed areas in Madagascar. 

Classifications of protected area risk evaluated the percentage of each park õs total 

area that fell within high, medium or lower risk logging regions: High risk (>10% of 

area within high risk), Medium risk (> 10% of area within medi um risk), Lower risk 

(<10% of area at medium risk). 1) Forêt d'Ambre Special Reserve (S. R.), 2) 
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Montagne d'Ambre National Park (N.P.), 3) Analamerana S.R., 4) Ankarana S.R., 5) 

Lokobe Strict Nature Reserve (S.N.R.), 6) Manongarivo S.R., 7) Tsaratanana S.N .R, 

8) Sahamalaza Marine N.P., 9) Marojejy N.P., 10) Anjanaharibe -Sud S.R., 11) Bora 

S.R., 12 ð 15) Masoala N.P. complex, including marine reserves, 16) Baie de Baly 

N.P., 17) Ankarafantsika N.P., 18) Tampoketsa Analamaitso S.R., 19) Tsingy de 

Namoroka N.P ., 20) Marotandrano S.R., 21) Mananara -Nord N.P and M.P., 22) 

Ambatovaky S. R., 23) Bemarivo S. R., 24) Maningoza S.R., 25) Kasijy S.R., 26) 

Zahamena N.P. and S.N.R., 27) Betampona S.N.R., 28) Tsingy de Bemaraha N.P. 

and S.N.R., 29) Ambohijanahary S.R., 30 ) Ambohitantely S.R., 31) Mangerivola S.R., 

32) Mantadia N.P., 33) Analamazaotra S.R., 34) Andranomena S.R., 35) Kirindy 

Mitea N.P., 36) Ranomafana N.P, 37) Vohibasia N.P., 38) Isalo N.P., 39) Andringitra 

N.P., 40) Pic d'Ivohibe S.R., 41) Zombitse -Vohibasi a N.P., 42) Kalambatritra S. R., 

43) Manombo S. R., 44) Midongy Befotaka N.P., 45) Bezaha Mahafaly S.R., 46) 

Tsimanampetsotsa N.P., 47) Andohahela N.P. and 48) Cap Sainte -Marie S.R.  

 

2.6 The need for CITES designation and government action  

Despite their th reatened status (Table 2) (IUCN 2009 ), no Malagasy 

Dalbergia  species are protected under CITES (Patel 2007 ); three non -Malagasy 

Dalbergia  species are currently r egulated under CITES (Table 2). Brazilian 

rosewood, listed as vulnerable by the International Union for Conservation of 

Nature (IUCN), as are several Malagasy sp ecies, has benefited from CITES 

protection since 1992 (IU CN 2009). Some claim that much logging shifted from 

Brazilian to Malagasy rosewood b ecause of this listing (Louppe et al. 2008). 

Although CITES may not  provide an immediate or comprehensive solution, 

owing to the lengthy process, difficult implementation, and need for political will 

(Blundell 2007 ), it non etheless affords the best protection available (Keong 2007, 

Patel 2007 ). The eight species analyzed here satisfy criteria for listing under CITES 

Appendix I , primarily bec ause of severe range reductions . The two endangered 
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rosewood species for which we lacked suff icient data would qualify for Appendix II 

because of their resemblance to these eight r osewood species (Table 2). As stated in 

CITES Resolution Conf. 9.24 (Rev. CoP14) Annex 2b (CITES 2007 ), species, such as 

D. davidii  and D.normandii , may be included in Appendix II if they òresemble 

specimens of a species included in Appendix IIéor I, such that enforcement 

officerséare unlikely to be able to distinguish between them.ó If other Dalbergia 

species endemic to Madagascar are found to be sufficiently difficult to distinguish 

from the 10 species included in this study, we recommended extending this 

protection to them as well.  

Despite participation by Malagasy aut horities at the 2010 CoP, little 

discussion of Malagasy rosewood occurred (Neville et al. 2010). However, an 

international working group was formed to help Madagascar identify spe cies to 

evaluate at the next CoP in 2013 (CITES 2010 ). We urge the Malagasy government 

to immediately list these 10 rosewood species for limited protection un der Appendix 

III to ensure their exi stence until they can be listed in Appendix I or II, pending CoP 

approval in 2013 . The CITES Plant Committee asks that the country submits a 

notification of its intentions, after which the listing could go into effect af ter 90 days. 

The next CoP will take place in Thailand in 2013 (Neville et al. 2010). A CITES Tree 

Species Evaluation process already recognized D. louvelii as eligible for Appendi x II 

listing in 1997 (Patel 2007 ); deforestation in the past 12 years has surely elevated its 

vulnerability.  
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CITES lis t ing of rosewood would signify commitment by the Malagasy 

government and could provide a consistent legal framework for traders. Any export 

would require a pe rmit that certifies the specimen was legally collected in a method 

nondetri mental to species survival. To ensure sustainability, for estry strategies 

including land -use planning, expl icit management policies, chain -of-custody timber 

tracking, and log DNA bar -coding should be implemented (Blundell 2007 ). 

International agencies have called upon the go vernment to seize all illegal timber 

and to use money from its sale within legal markets to start a trust fund for 

conservation and rural development; however, this may only enhance oppor tunities 

for conti nued corruption (GlobalWitness 2009 ). 

Government declaration of high -risk lo gging area s identified in these 

analyses will raise awareness about enforcement efforts. The governme nt should 

consider expansion of the protected area network. Additional funds for park patrols 

and infrastructure will be esse ntial, as only one National Park agent, who does not 

have enforcement capabilities, tours 100 km 2 of forest, a ratio unfavorably 

disproportionate to the threat (Schuurman and Lowry II 2009 ). 

2.6 Role of the International Community  

Weak penalties and limited e nforcement, as well as difficulties in identifying 

and tracking illegally sourced specimens, remain fundamental challenges. The 

international community should raise awareness of the cons equences of rosewood 

logging, place pressure on the Malagasy governmen t to implement improvements, 

and reduce market demand for illegal wood products. The recently amended U.S. 
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Lacey Act (29) bans trade of illegally sourced plant and wood products and requires 

importers to declare origin and species of all plants. Even so, t he United States 

continues to import $3.5 billion in i l legal wood products from China annually 

(Laurance 2008 ), and European companies have been implicated in recent r osewood 

export (GlobalWitness 2009 ). 

Malaga sy forests could offer far greater, renewable economic value when 

evaluated through innovative markets. Potential revenue of $72 to 144 million per 

year for Madagascar from a Reducing Emissions from D eforestation and Forest 

Degradation (REDD) program far e xceeds the estimated $9 million in annual 

conservation funding received b efore the political unrest (Hannah et al. 2008). 

Environm ental costs of political instabil i ty are high; no long -term 

conservation goals can be achieved in a democratic void. The urgency of illegal 

rosewood logging demands national and international action to conserve both rural 

livelihoods and remaining biodiver sity hab itats.  

2.7 Significance of rosewood logging for lemur conservation and 
health  

2.7.1 Emerging bushmeat market in Madagascar could mean risks of 

extinction and disease  

The increasing illegal harvesting of precious hardwoods, and enhanced 

animal traf ficking for the international pet trade, bode poorly for the future of 

Madagascarõs already-degraded environment, where 90% of its original forest cover 

has been lost. Since March 2009, after political shifts resulted in a new 
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administration (Bearak 2009 ), the count ry has experien ced an upsurge in this  

environmental crime. Furthermore, shocking new proof of an emerging lemur 

bushmeat trade in Madagascar has refocused attention on the consequences of this 

illegal logging on the conservation and health challenges in one of the worldõs most 

significant biodiversity hotpots.  The additional pressure from bushmeat hunting 

could lead to species extinction and the emergence of disease  (Wolfe et al. 2007).  

The growth of this new market, in which lemurs are sold as a delicacy to 

luxury consumers, could mean extinction for endangered lemur species, many of 

which are small -bodied with restricted dis tributions. Dr. Russell Mittermeier, 

President of Conservation International, predicted that certain lemur species, such 

as Propithecus tattersalli, could vanish due to such hunting.  The extirpation of 

lemurs in Madagascar, which perhaps comprise as many as 99 species (Mittermeier 

et al. 2008), would disrupt the ecological balance in this exceptionally biodiverse 

island, and undermine the profitable ecotou rism industry in the country.  

Due to political chaos and the withdrawal of foreign aid, these catastrophic 

environmental crimes have continued nearly unchecked.  Bands of illegal loggers 

have exhibited violent behavior; stories of retaliatory acts and bru tal threats against 

local villagers and agents of the National Park authority have surfaced.  

Beyond conservation and public safety, bushmeat hunting raises serious 

public health concerns due to the risks of disease emergence, as 75% of emerging 

diseases have derived from zoonotic origins. The hunting and butchering of 

bushmeat require close bodily contact between the animal and hunter, thereby 
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increasing the risk of transmission. Outbreaks of Ebola, Simian foamy viruses, and 

the origins of HIV have been tr aced to bushmeat hunting. The increase of human -

wildlife contact in Madagascarõs degraded forests, along with its extreme 

biodiversity and wide distribution of domestic animals, will only enhance potential 

risk of disease emergence and spread, potentially to a global level.  

The interim government has responded by firing several forestry officials, yet 

cohesive enforcement is needed. Dr. Mittermeier urged the international community 

to reinstate conservation funding, lest one of the worldõs greatest scientific and 

biodiversity resources be decimated. With 20% of the worldõs primate species in 

peril, and with increased risks of disease emergence, an integrated solution must 

and can be achieved among conservation, public health and development interests to 

save this pinnacle of biodiversity.  
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Chapter 3. Investigating parasite infection of lemurs in 

Madagascar: Parasite richness , prevalence, coinfection 

and specificity  

3.1 Introduction  

Madagascar ranks as one of the worldõs hottest òhotspotsó of biodiversity due 

to its perilous combination of incredible species endemism and the severe threat to 

that diversity (Myers et al. 2000). Current estimates assert that 95% of reptile 

species, 99% of amphibians and 100% of the land mammals found in Madagascar 

exist nowhere else in the worl d (Yoder and Nowak 2006 ). Madagascar supports as 

many as 70 species of lemur, comprising greater than 15% of the worldõs extant 

primate species on an island less than 0.4% of the Ear thõs terrestrial land surface 

areaña species richness unparalleled in the world (Wilme et al. 2006). All of this 

mega-diversity exists in peril, however, as Madagascar undergoes dramatic rates of 

habitat deforestation and degradation (Langrand and Wilme 1997 ). As a 

consequence of one of the fastest population growth rates in the world, and shifting 

land use patterns, Madagascar currently maintains less than 9.9% of its original 

primary forest, leaving much of its endemic fauna endangered (Myers et al. 2000, 

Nicoll 2003 , CIA 2008 ).  

The extensive threatened status of Mada gascarõs lemurs heightens the 

importance of parasitism studies for biodiversity and conservation decisions (Altizer 

et al., 2003). Researchers have recognized parasite infection as an important factor 

in the survival of endangered wildlife populations (Tho rne and Williams 1988; 
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Gilmartin et al. 1993; Daszak et al. 2000; Lafferty and Gerber 2002). Although 

disease may not cause the final extinction of a population, it can severely diminish 

local and global populations (Cunningham and Daszak 1998; Daszak and 

Cunningham 1999). Disease can be costly; any upregulation of an immune response 

in an infected individual incurs costs on reproduction, general fitness and survival 

(de Lope et al. 1998, Saino et al. 1998, Svensson et al. 1998, Szep and Moller 1999 , 

Saino et al. 2002, Freitak et al. 2003, Sandland and Minchella 2003 , Muehlenbein 

2008). Small endangered populations, such as lemurs, may additionally suffer from 

reduced genetic diversity due to previous bottlenecks. Furthermore, lemurs evolved 

in isolation for 65 million yea rs on the island of Madagascar, and may be more 

susceptible and affected by novel pathogens to which they have not developed 

immunological competence (Junge and Sauther 2007).  

Ongoing environmental change in Madagascar, such a growing human 

populations, s hifting land use patterns, increasing deforestation, and a changing 

climate, will pose serious implications for already -endangered lemur populations. 

Madagascarõs forests are in a state of decline as the rate of use outpaces the rates of 

restoration and re generation, resulting in a deforestation rate of 0.53% between 

2000 and 2005 (MEFT et al. 2009); Ferguson 2009). Unstable political landscapes 

will also play a role, with dysfunctional government agencies unable to effectively 

enforce environmental protection. With the recent political instability, we have seen 

an upsurge in both illegal logging of precious hardwoods and hunting of lemurs as 

bushmeat, which hold serious consequences for both conservation and public health.  
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As both lemur and human ecological and behavioral patterns shift, it is 

imperative to understand both  the conservation and health implications of 

increasing contact between humans and wildlife populations. Consistent wildlife 

health monitoring offers an important tool for assessing the potential risks of this 

exposure. By documenting the parasite communit ies in wildlife, managers can 

document important baseline levels of infection, monitor shifts, rapidly respond to 

the start of potential outbreaks, predict where parasites may occur and prepare for 

those occurrences. Possessing data on where parasites occu r can enhance 

understanding of how environmental and anthropogenic drivers affect the spatial 

patterns in infection. These data can inform the design and creation of more 

effective protected areas that will preserve wildlife health and population viability . 

This information can also play a role in developing predictive tools to address future 

parasite infections and outbreaks, which may be of risk both to lemur conservation 

but also to human health in communities surrounding protected areas. Additionally, 

these data can inform relocation projects and captive breeding and restocking 

programs, which will play a key role in lemur conservation in the future as wild, 

endangered populations continue to decline.  

Despite the utility of lemur parasite data, we curre ntly have an incomplete 

picture of lemur parasite diversity. Compared with other non -human primates, the 

parasites of lemurs have been understudied, which highlights the need fo r further 

research (Chabaud and Petter 1958 ); Irwin 2009) . After a period of targeted study in 

the 1950õs and 1960õs, little research was conducted on lemur parasites until the 
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1990õs and beyond, during which time lemur ecology projects opportunistically 

documented parasites. Lemur biomedical sampling has occurred more regularly 

since 2000 in several sites and with several different lemur species, but more 

research is needed, including longitudinal studies (Garell and Meyers 1995 , Junge 

and Garrell 1995 , Junge 1999, Junge and Louis 2002 , Dutton et al. 2003 , Junge and 

Louis 2005a , b, Schad et al. 2005, Raharivololona 2006 , Junge and Louis 2007 , 

Junge and Sauther 2007b , Miller et al. 2007 , Dutton et al. 2008 , Junge et al. 2008 , 

Raharivololona and Ganzhorn 2009 , Rainwater et al. 2009 , Wright et al. 2009 , 

Clough 2010, Irwin et al. 2010 , Raharivololona and Ganzhorn 2010 , Junge et al. 

2011). With this paper, we aim to both further document lemur parasites in 

Madagascar , as well as recognize comprehensive patterns among lemur parasites on 

a broad ecological scale.  

A recent review of the endoparasites of M adagascarñthe first since 1940 ñ

succeeded in bringing attention to this issue (Irwin and Raharison 2009 ). This study  

documented Nematoda (roundworms), Platyhelminthes (flatworms), Acanthocephala 

(thorny -headed worms) and Protozoa within lemur populations, including 27 

helminth species and 12 protozoan species. The authors state these data represent a 

small fraction of the probable total lemur parasite richness , as previ ous studies have 

focused solely on the helminth parasites of only a few lemur species within more 

accessible sites.   

In this paper, we aim to further characterize the parasite richness  of lemurs, 

including both published reports of parasites and new data from the PBSP, the 
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largest -scale lemur health project yet conducted due to the number of lemur species 

and sites studied. Building upon the important work of Irwin and Raharison (2009), 

we will further confirm those parasites already documented in lemurs a s well as 

mention additional species. While helminths and ectoparasites remain the most easy 

to identify and characterize from lemur populations, we also name and describe 

protozoa, bacteria and viruses documented within lemur populations. Despite the 

uncertainty associated with testing for protozoa and bacteria ñmany of which would 

be considered commensalñwe recognize the importance of documenting them for 

future studies. We have also studied patterns of parasite coinfection, site level 

parasite prevalence and richness  patterns, and parasite specificity across all lemur 

species, genera and families.  

 

3.2 Methods  

3.2.1 Lemur health sample collection  

We conducted health evaluations on indri as part of the ongoing Prosimian 

Biomedical Survey Project, a project  that has assessed over 600 lemurs of 31 species 

within 20 sites since 2000 (Junge and Garrell 1995 , Junge and Louis 2002 , Dutton et 

al. 2003, Junge and Louis 2005b , a, 2007, Dutton et al. 2008, Junge et al. 2008, 

Irwin et al. 2010, Junge et al. 2011) (Table 4).  This project is structured to provide 

collaboration between field biologists and veterinarians involved in conservation 

projects throughout Madagascar.  Veterinarians provide basic medical assistance as 

needed, and collect standard biomedical samples and health information from 
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animals anesthetized or captured for other purposes. Activities in this project 

complied with protocols a pproved by the St. Louis Zoo and Duke Universityõs 

Institutional Animal Care and Use Committee, as well as adhered to all research 

requirements in Madagascar and to the American Society of Primatologists 

principles for the ethical treatment of primates.  

The PBSP has evaluated 600 lemurs of 31 different species. I supplemented 

these data with 178 lemurs of 9 species sampled from 4 sites (Kirindy Mitea 

National Park, Betampona Strict Nature Reserve, Ivoloina Private Reserve and 

Mitsinjo Private Reserve). The data used in these analyses is described by species in 

Table 4. In order to expand the geographical representation of the parasite data, as 

well as create a more complete picture of the parasite communities docume nted in 

lemurs, published accounts of parasite occurrences in lemurs were collated and 

included (References in Table 47, Appendix ). The Global Mammal Parasite Database 

was a very helpful tool in locating these stud ies (Nunn and Altizer 2005 ) (available 

at http://www.mammalparasites.org/ ).  Only presence points were included in these 

analyses, and sites sampled were georeferenced using published reports, available 

maps and Google Earth. Collectively between the PBSP data and th e published 

literature, sites sampled for these analyses occurred in all ecoregions except for 

ericoid thickets and mangroves, and from a diverse range of protected and non -

protected areas  (Figure 7 and Table 3) (Olson et al. 2001).  

 

 

http://www.mammalparasites.org/
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Figure 7: Sites sampled within this study (both PBSP and other projects) 

originate from all ecoregions in Madagascar except for mangroves and Ericoid 

thickets.  
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Table 3: Sites sampled within this project, including those within the PBSP and other  projects. Type of 

protection, the ecoregion of the site sampled, anthrome classificatio n and location are included.  

Site name  Protected Area Type  WWF Ecoregion  Anthrome Classification  Data  Sample Size 
Latitude S 

DD 
Longitude E DD  

Ambavaniasy  Private Reserve  Madagascar lowland forests  
Residential irrigated 

cropland  
Other  Presence -18.94694 48.51056 

Ampijoroa  Forestry Reserve  Madagascar dry deciduous forests  Residential rain -fed mosaic Other  Presence -16.22573 46.46819 

Analamanera  Special Reserve Madagascar dry deciduous forests  Populated forests  PBSP 35 -12.78333 49.45000 

Analamzaotra  Stri ct Nature Reserve  Madagascar lowland forests  Residential rain -fed mosaic Other  Presence -18.93864 48.42751 

Anja  Community Reserve  Madagascar sub-humid  forests Populated forests  Other  Presence -22.40547 46.97429 

Ankarafantsika  National Park  Madagascar dry  deciduous forests  Residential rain -fed mosaic Other  Presence -16.23779 47.09403 

Berenty  Private Reserve  Madagascar spiny thickets  Residential rangelands  Other  Presence -25.00917 46.30222 

Betampona  Strict Nature Reserve  Madagascar lowland forests  Residential rain -fed mosaic PBSP 94 -17.93139 49.20333 

Beza Mahafaly  Special Reserve Madagascar succulent woodlands  Residential rain -fed mosaic Other  Presence -23.66667 44.60000 

Cap Sainte Marie  Special Reserve Madagascar spiny thickets  No data  PBSP 23 -25.59028 45.15972 

Daraina  Unprotected  Madagascar dry deciduous forests  Residential rain -fed mosaic PBSP 38 -13.14889 49.70194 

Ivoloina  Private Reserve  Madagascar lowland forests  Residential rain -fed mosaic PBSP Presence -18.06556 49.36361 

Kinjavato  Unprotected  forest  Madagascar lowland forests  Residential rain -fed mosaic PBSP 21 -21.37600 47.86400 

Kirindy CFPF  Classified Forest  Madagascar succulent woodlands  Populated forests  PBSP Presence -20.05889 44.66417 

Kirindy Mitea  National Park  Madagascar succulent wo odlands Populated forests  PBSP 20 -20.78372 44.17484 

Lamboromakandro  Reserve Madagascar succulent woodlands  Residential rangelands  Other  Presence -22.64984 44.61207 

Lokobe Strict Nature Reserve  Madagascar sub-humid  forests 
Residential irrigated 

cropland  
PBSP 34 -13.40722 48.30278 

Mahabo Classified Forest  Madagascar lowland forests  Residential rain -fed mosaic Other  Presence -23.18826 47.69838 

Mahambo  Reserve Madagascar lowland forests  Rain -fed mosaic villages  Other  Presence -17.48689 49.45567 

Mandena  Reserve Madagascar lowland forests  Residential rain -fed mosaic Other  Presence -24.95000 47.00000 

Mangerivola  Special Reserve Madagascar lowland forests  Populated forests  PBSP 8 -18.23639 48.90750 

Manombo Special Reserve Madagascar lowland forests  Residenti al rain -fed mosaic Other  Presence -23.01023 47.72024 

Mantadia  National Park  Madagascar lowland forests  Remote croplands  PBSP 24 -18.82611 48.44778 

Maroantsetra  na Madagascar lowland forests  Rain -fed mosaic villages  Other  Presence -15.42734 49.83426 

Maro hogo na Madagascar dry deciduous forests  Residential rangelands  Other  Presence -15.72269 46.48166 

Marojejy  National Park  Madagascar lowland forests  Populated forests  PBSP 23 -14.41667 49.66667 

Masoala  National Park  Madagascar lowland forests  Residential rain -fed mosaic PBSP 39 -15.66667 49.96667 

Mitsinjo  Private Reserve  Madagascar lowland forests  Residential rain -fed mosaic PBSP 10 -18.93162 48.41027 
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Site name  Protected Area Type  WWF Ecoregion  Anthrome Classification  Data  Sample Size 
Latitude S 

DD 
Longi tude E DD  

Nosy Be na Madagascar sub-humid  forests 
Residential irrigated 

cropland  
Other  Presence -13.33333 48.25000 

Nosy Komba  na Madagascar sub-humid  forests No data  Other  Presence -13.48719 48.34700 

Nosy Mangabe Special Reserve Madagascar lowland fores ts Rain -fed mosaic villages  PBSP 24 -15.50000 49.76667 

Ranomafana  National Park  Madagascar lowland forests  Populated forests  PBSP 93 -21.37028 47.44500 

Sahamalaza 

primary  
National Park  Madagascar dry deciduous forests  Populated rain -fed cropland  Other  Presence -14.39048 47.76081 

Sahamalaza 

secondary 
National Park  Madagascar dry deciduous forests  Populated rain -fed cropland  Other  Presence -14.38699 47.76713 

Torotorofotsy  
Conservation area within 

RAMSAR Site  
Madagascar lowland forests  Remote croplands  PBSP 6 -18.76842 48.43066 

Tsimanapetsotsa  Strict Nature Reserve  Madagascar spiny thickets  Populated rangelands  PBSP 31 -24.15194 43.81222 

Tsinjoarivo  Unprotected  Madagascar lowland forests  Residential rain -fed mosaic PBSP 26 -19.70000 47.80000 

Tsiombikibo  Classified Forest  Madagascar dry deciduous forests  Populated forests  PBSP 57 -16.04000 45.80278 
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Table 4: Lemur species and sample size from 2000 -2010. 

Lemur Species (N=34)  Samples (N=723)  Samples taken  

Indri indri  77 

Body condi tion measurements, fecal  parasitology, 

ectoparasites, genetic samples, location, habitat, age, sex, 

size, group size, coloration, fecal parasitology, genetic 

samples. 

Varecia variegata  76 

Indri indri  65 

Eulemur albifrons  64 

Lemur catta  48 

Propithe cus diadema 43 

Microcebus simmonsi  28 

Prolemur simus  26 

Varecia rubra  26 

Eulemur macaco  25 

Propithecus deckeni  25 

Propithecus tattersalli  25 

Propithecus verreauxi  24 

Eulemur rufus  20 

Lepilemur septentrionalis  20 

Eulemur coronatus  15 

Avahi laniger  13 

Hapalemur griseus  13 

Propithecus edwardsi  13 

Eulemur sanfordi  9 

Lepilemur dorsalis  9 

Eulemur rubriventer  8 

Hapalemur aureus  8 

Eulemur mongoz  7 

Hapalemur occidentalis  7 

Daubentonia  5 

Lepilemur edwardsi  4 

Microcebus rufu s 4 

Propithecus candidus  4 

Propithecus perrieri  4 

Microcebus lehilahytsara  3 

Cheirogaleus medius  2 

Lepilemur mustelinus  2 

Phaner  1 
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Lemurs were individually anesthetized using tiletamine and zolazepam (Fort Dodge 

Animal Health, Overland Park,  KS; 15 mg/kg, i.m.) by dart (Type òCó Disposable Dart, 

Pneu-Dart, Williamsport, PA).  Rectal temperature, heart rate, respiratory rate, and body 

weight were measured, a complete physical examination was performed, and blood, fecal 

and ectoparasite samples  were collected (Table 5 and Figure 8 - Figure 10).  Each animal 

was given subcutaneous balanced electrolyte solution (Lactated Ri ngerõs Solution, Hospira 

Inc, Lake Forest, IL) equivalent to the amount of blood collected.  Animals were held in 

cloth bags until fully recovered from anesthesia, and then released at the site of capture.  

Blood samples were collected not exceeding 1% of b ody weight (1ml/100g body 

weight).  Whole blood (1/2 ml) was immediately transferred into EDTA anticoagulant, and 

the remaining volume into non -anticoagulant tubes and allowed to clot.  Serum tubes were 

centrifuged within 4 hours of collection.  Serum was pipetted into plastic tubes and frozen 

in liquid nitrogen for transport.  Once transported to the St. Louis Zoo, the samples were 

stored at ð70 degrees C until analysis.  

Fecal samples were collected either from freshly voided feces, or from the rectum.  

Samples could not be obtained from all animals.  Approximately 1cc of feces was placed into 

a transport medium (Remel Co., Lenexa, KS) for examination of parasite ova.  If sufficient 

feces were obtained, a second 1 cc sample was frozen in liquid nitrogen for  bacterial culture.  

Freezing fecal samples has been validated for preserving viability for most species of 

bacteria with the exception of Campylobacter (Guder et al. 1996).  If external parasites 
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were discovered on physical examination, they were removed with a cotton swab or fo rceps 

and placed into 95% ethyl alcohol.  

 

 

Figure 8: Conducting a health evaluation on an Indri indri  individual in Mitsinjo 

Private Reserve.  
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Table 5: Types of samples collected during a lemur health eval uation and their 

purpose.  

Type of Sample  Size of sample Purpose Size/Type of Container  

Blood < 5 mL  

Genetic analysis, 

Parasite richness  
FTA card, fixed slide smear  

Hair  ~ 3 g 

Long-term stress 

hormones 
Sealed plastic bag with desiccant (5 mL)  

Fecal ~ 5 g 

Parasite Richness  Fixed in 10% formalin Para -Pak collection tube (15 

mL)  

Skin  2 mm Genetic analyses  Preserved in 95% ethanol  

Ectoparasites  1-2 examples 
Parasite Richness  

Preserved in 70% Isopropyl alcohol (15 mL)  

 

 

 

Figure 9: Implements used to conduct health evaluations.  
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Figure 10: Hair, skin, and fecal samples collected during a lemur health evaluation.  

 

3.2.2 Laboratory Procedures  

Within 8 hours of collection, two blood smear slides were made from each 

anticoagulant sample and fixed and stained.  A total white blood cell count was done within 

8 hours of collection (Unipette System, Becton Dickenson Co, Franklin Lake, NJ).  Stained 

smears were examined microscopically for differential blood cell  count and hemoparasite 

examination.  

Serum was submitted to the indicated laboratories for the following analyses:  serum 

biochemical profile (AVL Veterinary Laboratories, St. Louis, MO); toxoplasmosis titer 

(University of Tennessee Comparative Parasitolog y Service, Knoxville, TN); fat soluble 

vitamin analysis (A, E, beta carotene, and 25 - hydroxycholecalciferol) and trace mineral 

analysis (Animal Disease Diagnostic Laboratory, Lansing, MI); iron metabolism analysis 
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(Kansas State University, Manhattan, KS) , and viral serology (herpesvirus SA8, simian 

retrovirus 2, simian T - lymphotropic virus, simian immunodeficiency virus, simian foamy 

virus, measles; Diagnostic Laboratory, Washington National Primate Research Center, 

Seattle, WA).  

Fecal samples in transp ort medium were submitted for examination for parasites 

and ova by standard centrifugation techniques and for Cryptosporidium and Giardia by 

ELISA (Cornell University Animal Health Diagnostic Center, Ithaca, NY).  Fecal cultures 

were submitted by thawing t he frozen fecal samples and inoculating a culture transport 

swab (Copan Diagnostics, Corona, CA).  These swabs were submitted for aerobic culture, 

specifically requesting Salmonella, Shigella, Campylobacter, and Yersinia identification.  

Samples were plate d on XLD agar, Campylobacter agar, SS agar, MacConkey agar, 

Yersinia agar, Brilliant green agar, and blood agar, and in selenite broth to enrich for 

Salmonella and Shigella.  After incubation in selenite broth, samples were replated on XLD 

agar, HE agar, S S agar, Brilliant Green agar, and MacConkey agar. Although freezing does 

not maintain Campylobacter viability well it was still specifically cultured. While absence 

of Campylobacter cannot be considered significant due to this transport issue, presence 

would be significant due to its pathogenic potential. Ectoparasites were submitted for 

identification (Ohio State University, Columbus, OH). M. Barrett submitted her samples to 

Dr. Charles Faulkner at the University of Tennessee.  
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3.2.3 Defining measures of p arasitism: coinfection, prevalence, richness  and 

parasite infection specificity  

Parasite data were compiled for each site and each individual. Individual measures 

of parasite richness  represent the total count of different parasite species infecting each 

individual lemur. Coinfection was defined as a lemur individual infected with more than 1 

parasite species at the time of sampling. Coinfection patterns, including total number of 

coinfecting parasites within an individual, coinfection reduced to just withi n-parasite type 

(helminth, ectoparasite, bacteria, virus, protozoa) and coinfection reduced to just inter -

parasite infection of different types (helminth, ectoparasite, bacteria, virus, protozoa) were 

evaluated.  

Parasite prevalence within populations was calculated by dividing the number of 

positive individuals by the number of individuals tested at teach site, which differed for 

each type of parasite depending on sampling methods, and then converted to a percentage.    

Parasite richness  was also calculate d on the site level, which represented the total 

number of different parasite species occurring at a site. Due to the increasing likelihood of 

documenting parasites with increased sampling effort, parasite richness  was also 

standardized by the sampling int ensity (i.e., number of samples taken at the site) in order 

to relativize this parasite richness  comparison.   

Lemur individuals sampled from the PBSP as well as from published data were 

compiled and examined for patterns of lemur parasite specificity on t he species, genus and 

family level. For each of 23 focal parasites, the lemur species host was determined, and 

then counted as representative of infection within both its genus and family. There were 34 
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total lemur species, 12 lemur genera and 5 lemur fami lies included in this analysis. Both 

absolute numbers and percentages of species, genera and families infected are presented.  

Lemur macroparasite infection intensity (i.e., parasite load) was not quantified due 

to the highly variable life cycle of the par asite and its relationship with the host. This 

variability can lead to misinterpretations of the intensity, as well as even the occurrence, of 

parasite infections within a host  (C. Faulkner, pers. comm.) .  

3.3 Results  

3.3.1 Documenting parasites of lemur p opulations  

The PBSP has conducted health evaluations of over 600 lemurs of 31 species within 

20 sites since 2000 (Dutton et al. 2003, 2008; Irwin et al. 2010; Junge et al. 2008; Junge & 

Garrell 133 1995; Junge & Louis 2002, 2005a, 2005b, 2007, Junge et al.  2011). In addition 

to my collaboration with this project, I supplemented these data with 178 lemurs of 9 

species sampled from 4 sites (Kirindy Mitea National Park, Betampona Strict Nature 

Reserve, Ivoloina Private Reserve and Mitsinjo Private Reserve). PB SP biomedical 

sampling documented 45 different species of parasite within lemur populations in 

Madagascar, and other independent studies documented 43 additional species for a total of 

88 parasites. Of these documented parasites, bacteria comprised 26% (N= 22), helminths 

44% (N=38), protozoa 14% (N=14), viruses 9% (N=8) and ectoparasites 7% (N=6) (Figure 

11). Parasite species recorded are included in  Table 6. This table repre sents the compilation 

of PBSP and published parasite reports, however, misclassifications and vague 

identifications make it more difficult to state these counts are definitive. This table is 

meant to provide a guide for further documentation and reclassifi cation in the future and 
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changes will be necessary. Identifications included both to the genus and species level, as 

well as less refined classifications.   

 

Figure 11: Composition of types of parasites documented within lemurs in  

Madagascar.  
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Table 6: Parasites documented within lemurs in Madagascar from 1911 to present 

day, which includes Prosimian Biomedical Survey Project data and records from the 

published literature .  

Type Phylum  Species included Reference 

Ectoparasites (6)  
Arthropoda  

Mites ( Laelapidae family 

incl. Liponyssella 
madagascariensis , Psoroptes 
spp., ) 

Junge et al. 2005, (O'Connor 2003),  (Klompen 2003 ), Schwitzer et al. 2010, Wright et al. 
2009, Loudon et al. 2006,  Junge et al. 2011 

Ticks (Haemaphysalis 
lemuris, Ixodes spp) 

Junge and Louis 2007, Wright et al. 2009, Loudon et al. 2006, Durden et al. 2010,  Junge et 
al. 2011, Junge et al. unpublished data  

Lice (Trichophilopterus 
babakotophilus )  

Wright et al. 2009, Junge et al. unpublished data, Loudon 200 9, Durden et al. 2010, Junge et 
al. 2011 

Annelid  Haemadipsa  (Leeches) personal observation  

Helminths (38)  

Nematoda  

Strongyloidea superfamily  

 (Chabaud et al. 1961a ), Dutton et al. 2003, Junge and Louis 2006, Raharivolololona et al 

2009 , Raharivolololona and Ganzhorn 2010, Clough 2010, Wright et al. 2009, Faulkner 2004, 

Schad et al. 2005 

Lemurostrongylus residuus  
Chabaud et al. 1961, 1965, Junge and Louis 2006, Dutton et al. 2008, Junge et al, 

unpublished data, Loudon et al. 2006, Chabaud et al. 1961, Faulkner 2004, Junge et al. 2011 

Nochtia  spp.  Junge et al., unpublished data  

Pararhabdonema  spp. 
(longistriata)  

(Chabaud and Anderson 1955 ), Chabaud et al. 1961, 1965, Faulkner 2004, Junge et al. 
unpublished da ta  

Lemuricola spp. (8 total: 
trichuroides, contagiosus, 
microcebi, baltazardi, 
bauchoti, daubentoniae, 
lemuris, vauceli); also seen 
as Madoxyuris spp. or 
Biguetius trichoides  

(Chabaud and Petter 1959 ), Chabaud et al. 1961, 1965; Hogg 2002, Hugot 1995,  1996, 1999; 

Junge et al., unpublished data, Raharivolololona and Ganzhorn 2010, Clough 2010, Schwitzer 

et al. 2010, Wright et al. 2009, Loudon et al. 2006, Chabaud 1961b, Chabaud et al. 1965, 

Petter et al. 1972, Irwin and Raharison 2009  

Enterobius spp.  Chabaud et al. 1965, Junge et al. unpublished data, Raharivolololona et al 2009  

Ingloxyuris spp. (inglisi)  Chabaud 1961, Hugot 1999, (Chabaud et al. 1961b )  

Trichuris  spp. (lemuris)  
Chabaud et al. 1961, 1964, 1965, Junge and Louis 2006, Raharivolololona et al 2009, 

Raharivolololona and Ganzhorn 2010, Schad et al. 2005, Loudon 2009, Clough 2010, Junge et 
al. unpublished data  

Mastophorus spp (muris)  Junge et al., unpublished data  

Dipetalonema petteri  Chabaud et al. 1965 

Physocephalus spp.  (Hogg 2002) 

Ascarid spp. (petiti)  
Petter et al. 1972, Junge et al. unpublished data, Chabaud et al. 1965, Chabaud  et al. 1965, 

(Chabaud et al. 1964), Raharivolololona and Ganzhorn 2009 and 2010  

Subulura baeri  Chabaud  et al. 1965 

Callistoura spp. (brygooi, 
blanci)  

(Chabaud and P etter 1958 ), Chabaud et al. 1965, (Sandosham 1950), Junge et al. unpublished 

data, Clough et al. 2010, Schwitzer et al. 2010, Chabaud et al. 1965, Hogg 2002, Irwin and 

Raharison 2009; Chabaud, Brygoo and Petter 1965  

Courduriella courdurieri  Hugot 1999, (Chabaud et al. 1961a ) 

Microfilaria spp.  Junge et al., unpublished data  

Protofilaria furcata  Chabaud et al. 1965; (Chandler 1929 )   

Paulianfilaria spp.  
(pauliani)  

Chabaud & Petter, 1958, Chabaud et al. 1965, Chabaud, Petter & Golvan, 1961  

Filaria spp.  US National Parasite Collection  

Spiruroidea superfamily 

(unidentified), including 

Spirura diplocyphos  

Junge et al. unpublished data, Chabaud et al. 1965, Chabaud, Brygoo & Petter 1965  

Rictularia lemuris  Chabaud & Brygoo, 1956  

Dipeta lonema petteri   (Chabaud and Choquet 1955 ) 

Hookworm (unidentified)  Pasteur Institute report 1979  

Oxyuridae family 

(unidentified)  

Raharivolololona et al 2009, Raharivolo lolona and Ganzhorn 2010, Schad et al. 2005, Loudon 

2009, Junge et al. unpublished data  

Platyhelminthes  

ThysanoTaenia  lemuris  
(Beddard 1911 ), (Deblock and Capron 1959 ), Dutton et al. 2003, Junge et al., unpublished 

data, Deblock & Capron 1959  

Hymenolepsis spp. (nana, 
dimunuata)  

Junge et al. unpublished data, Raharivololo lona et al 2009, Raharivolololona and Ganzhorn 

2010 

Bertiella spp. (lemuriformis)  Junge et al. unpublished data, Deblock & Capron 1959, Junge et al. 2011 

Moniezia  spp.  Hogg 2002, Wright et al. 2009 
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Type Phylum  Species included Reference 

Anoplocephala spp.  Hogg 2002 

Zonorchis micr ocebi  (Richard 1965 ) 

Fasciola spp.  Hogg 2002 

Acanthocephala  Acanthocephalan -like eggs Schad et al., 2005; Raharivololona, 2006; Irwin and Raharison 2009  

Bacteria (22)  

Actinobacteria  
Micrococcus spp.  Dutton et al. 2003 

Corynebacterium  Junge et al., unpublished data  

Firmicutes  

Bacillus  spp. (cereus) 
Dutton et al. 2003, Junge and Louis 2003 , Junge and Louis 2006, Junge and Louis 2007, 

Junge et al., unpublished data, Villers et al. 2008 

Enterococcus spp.  
Dutton et al. 2003, Junge and Louis 2003, Junge and Louis 2006, Dutton et al. 2008, Junge et 

al., unpublished data, Villers et al. 2008 

Streptococcus spp. Junge and Louis 2006, Junge et al., unpublished data, Villers et al. 2008 

Staphylococcus spp.  
Dutton et al. 2003, Junge and Louis 2003, Junge and Louis 2006, Dutton et al. 2008, Junge et 

al., unpublished data, Villers et al. 2008 

Proteobacteria  

Eschericia spp. (coli, 
vulneris)  

Chabaud et al. 1965, Coulanges et al. 1978, Dutton et al. 2003, Junge and Louis 2006, Junge 

and Louis 2007, Dutton et al. 2008, Junge et al., unpublished data, Villers et al. 2008 

Eneterobacter spp  
(aerogenes, amnigenus, 
proteus)  

Chabaud et al. 1965, Coulanges et al. 1978, Dutton et al. 2003, Junge and Louis 2006, Junge 

and Louis 2007, Dutton et al. 2008, Junge et al., unpublished data, Villers et al. 2008 

Hafnia alvei  Junge et al., unpublished data  

Citrobacter spp. ( freundii, 
coryneb) 

Coulanges et al. 1978, Dutton et al. 2003 

Acinetobacter  spp. (lwofii)  
Dutton et al. 2003, Junge and Louis 2006, Dutton et al. 2008, Villers et al 2008, Junge et al., 

unpublished data  

Klebsellia spp. (pneumoniae , 
ozonae, oxytoca) 

Junge and Louis 2006, Junge and Louis 2007, Junge et al., unpublished data, Villers et al. 
2008 

Pseudomonas spp. 
(aeruginosa, putida)  

Coulanges et al. 1978, Dutton et al. 2003, Dutton et al. 2008, Junge et al. unpublished data, 

Viller s et al. 2008 

Aeromonas spp. (hydro)  Dutton et al. 2008 

Proteus  Coulanges et al. 1978 

Protozoa (14) Apicomplexa  

Toxoplasma gondii  Sureau et al. 1963, Junge and Louis 2007; Junge and Sauther 2007  

Plasmodium girardi, P. 
foleyi/lemuris, P. coulanges i, 
P. bucki, P. percygarnhami, 
P. uilenbergi  

Coatney 1971, Landau 1989, Garnham & Uilenberg 1975, Huff and Hoogstraal 1963; Lepers, 

Rabetafika, Landau  and Peters 1989; (Landau et al. 1989 ), Huffman and Chapman 2009  

 

Entamoeba coli, Endolimax 
sp., and Iodamoeba sp. 

Faulkner 2004  

unidentified coccidia  Loudon et al. 2006; Raharivololona et al. 2007 

Babesia spp. (cheirogalei, 
propitheci)  

Uilenberg et al. 1970, 1972 

Hepatocystis foleyi  Coatney 1971 

Viruses (8)  Vira  

West Nile Virus  
Fontenille et al. 1988, Fontenille et al. 1989, Fontenille 1989b, Sondergroth et al. 2007, 

Mathiot 1984, Rodhain 1982  

Herpesvirus  (hominis)  Kemp et al. 1972 

Chikungunya  virus  (Fontenille 1989b ) 

Sindbis virus  Fontenille 1989b   

Rabies virus  Rousset and Andrianarivelo 2003  

Mengo virus  Coulanges et al. 1976 

 

3.3.2 Patterns of parasite coinfection  

Patterns of coinfection offer interesting insight into how parasite coexist or compete 

with one another; further studies should investigate coinfection more closely and identify 

common communities of parasites. At least one parasite was documented in a high 



 

 

101 

proportion of those lemurs s ampled (53.80%), with coinfections of 2 to 7 parasites also 

occurring frequently ( Table 7). Of the co-infected lemurs, 30.29% exhibited at least 2 

parasites and 15.35% maintained at least 3 parasites. Two lemurs di splayed coinfections 

with as many as 7 different parasites species, the maximum number observed. The average 

number of parasite species per lemur individual was 1.11.  

Table 7: Patterns of coinfections (from 1 ð 7 parasites) within the lemur populations 

sampled. 

Number of coinfecting 

parasites  
Total lemurs (723)  

Percentage of lemurs with 

coinfections  

at least 1  389 53.80 

at least 2  219 30.29 

at least 3  111 15.35 

at least 4  54 7.47 

at least 5  7 0.97 

at least 6  7 0.97 

at least 7  2 0.28 

Max  7 na 

Min  0 na 

Mean per individual  1.11 na 

 

I also explored patterns of coinfection when further divided by type of parasites 

(helminth, ectoparasite, bacteria, virus and protozoa) to see if infections with multiple 

species of certain types of parasites occurred more frequently than others (Table 8).  

Helminths, ectoparasites and bacteria were able to infect individuals with multiple 

different species simultaneously, with a maximum of 4 species. No individual was  ever 

infected by 5 different parasite species. Ectoparasites were the most widespread, infecting 

206 individuals with at least 1 parasite, 59 individuals with at least 2 ectoparasites, 14 

individuals with at least 3 and 2 individuals  with at l east 4 parasites, with an average of 

0.4 ectoparasite species per individual. Helminths and bacteria were also able to infect with 
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numerous species (Table 8), with average values of 0.32 and 0.35, respectively. Pro tozoa did 

not exhibit patterns of multiple infections with more than one species, and multiple viruses 

infected only a single individual.  

 

Table 8: Coinfections of lemur individuals with multiple species of the same type of 

parasite , including helminths, ectoparasites, bacteria, viruses and protozoa.  

Coinfections with parasites of the same type  Helminth  Ectoparasites  Bacteria  Viruses  Protozoa 

at least 1  165 206 143 7 17 

at least 2  49 59 83 1 0 

at least 3  14 14 25 0 0 

at least 4  2 2 1 0 0 

at least 5  0 0 0 0 0 

Max  4 3 4 2 1 

Min  0 0 0 0 0 

Mean 0.32 0.40 0.35 0.01 0.02 

 

To further examine patterns of coinfection, I also looked at numbers of multiple 

infections with more than one type of parasite (helminth, ectoparasite, bacteria,  viruses, 

protozoa) to explore whether certain combinations of types of parasites occurred more 

frequently than others. Of all lemur sampled (N=723), 16.18% exhibited a coinfection with 

at least 2 types of parasites, 2.07% showed at least 3 types and 0.14%  exhibited 4 different 

types of parasites simultaneously (Table 9). A lemur was much more likely to have just 2 

coinfecting parasites rather than more (87.97%). Of all the two -type combinations, a 

coinfection with a helminth and ectoparasite was the most common (38.35% of coinfections, 

7.05% of all lemurs sampled), followed by a helminth -bacteria combination (29.32% of 

coinfections, 5.39% of all lemurs sampled) and then a combination of ectoparasite and 

bacteria (13 .53% of coinfections, 2.49% of all lemurs sampled). One three -parasite 
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combination was quite frequent; helminth -ectoparasite -bacteria occurred in 9.77% of all 

coinfections and 1.80% of all lemurs sampled.  

 

Table 9: Number and perce ntages of coinfections with different types of parasites  

(helminth, ectoparasite, bacteria, viruses and protozoa) and their most frequent 

combinations.  

Coinfections with different types of parasites  Number  % of coinfections with more than 1 type (N=133)  % of total lemurs sampled (N=723)  

2 117 87.97 16.18 

3 15 11.28 2.07 

4 1 0.75 0.14 

5 0 0.00 0.00 

Max  4 - - 

Min  0 - - 

Mean 0.74 - - 

Types of coinfections  Number  % of coinfections with more than 1 type (N=133)  % of total lemurs sampled (N=723)  

Helmint h-Ectoparasite  51 38.35 7.05 

Helminth -Bacteria  39 29.32 5.39 

Ectoparasite -Bacteria  18 13.53 2.49 

Helminth -Ectoparasite -Bacteria  13 9.77 1.80 

Helminth -Protozoa 3 2.26 0.41 

Ectoparasite -Protozoa 2 1.50 0.28 

Ectoparasite -Virus  2 1.50 0.28 

Helminth -Viru s 1 0.75 0.14 

Bacteria -Protozoa 1 0.75 0.14 

Helminth -Ectoparasite -Protozoa 1 0.75 0.14 

Helminth -Bacteria -Protozoa 1 0.75 0.14 

Helminth -Ecto-Bacteria -Virus  1 0.75 0.14 

 

3.3.3 Parasite prevalence and richness  

To assess site-level differences within the PBSP database, we calculated parasite 

prevalence for 23 focal parasites as well as site -level parasite richness  (
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Table 10). We do not present prevalence data for bacteria, many of which could be 

considered commensal, as challenges with the culturing process might actually 

underestimate accurate prevalence calculations. Instead, we indicate a presence for 

bacteria at specific sites for documentation purposes. The ectoparasites, mites and lice, 

were on average the most prevalent parasite as they were documented in 31 and 25% of 

lemur individuals, respectively. A third ectoparasite, the tick, was the 6 th  most prevalent 

parasite with mean site prevalence of 13%. Helminths also dominated, being the 3 rd ð 5th  

and then 7 th-12th  most prevalent parasites, with a mean site prevalence of 21% to 3%. Of 

the bacteria, E. coli  (present at 50% of sites), Bacillus  spp. and Enterococcus spp. (both 

present at 36% of sites) were the three most widespread. We report these data for 

inform ational purposes, as it is difficult to determine which bacteria are commensal and 

which are of greater interest. Site level parasite richness  differed greatly among sites, 

ranging from 0 parasites documented to 12 at one site (variance of 13.84). When 

considering site -level richness , one must not only evaluate the total number of parasite 

species at each site, but also consider sampling effort, as increased sampling effort will 

likely yield an elevated number of parasites documented. As such, we also relat ivized 

parasite richness  by dividing by the number of samples taken at that site.  When 

evaluating by total number of parasites documented at each site, Marojejy (12 parasites), 

Masoala (12 parasites), Tsiombikibo (11 parasites), Tsimanapetsotsa and Ranoma fana (9 

parasites) maintained the highest parasite richness . On the other end of the spectrum, no 

parasites were documented at Ananalamera. However, when evaluating by the relativized 

parasite richness  (per sampling intensity, Mangerivola (1.5 parasites/sa mple), Ranomafana 
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(1.3 parasites/sample), Mitsinjo, Torotorofotsy and Daraina (0.8 parasites/sample) emerged 

as parasite diverse sites.  
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Table 10: Parasite prevalence for 23 focal parasites at 20 different sites. Sites are ordered upon a descending 

rank of the richness  of parasites documented at that site. Prevalence represents the  number of positives per individuals 

sampled. We indicate only presence for bacteria, as uncertainty in the sampling and culturing process may 

underestima te the actual prevalence of bacteria within lemur populations. Standardized parasite richness  values are 

also displayed, which relativizes the total parasite richness  by dividing by the total sampling intensity at each site. 

Mean prevalence for non -bacteri a is averaged across all sites, and the percent of sites where bacteria were documented 

is also presented.  

Parasite  Type 
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Mites  Ectoparasite  31 100 100 43 17 0 - 0 15 0 39 0 17 - - - 0 0 - 100 - 

Lice Ectoparasite  25 0 0 0 0 100 - 0 0 62 82 0 100 - - - 0 0 - 0 - 

Lemuostrongylus spp.   Helminth  21 12 21 14 0 14 33 0 22 67 0 0 83 0 0 0 0 89 - - - 

Spiruroidea superfamily  Helminth  18 - - - - - - - 18 22 23 - 0 44 - - 0 - - - - 

Hymenolepsis  spp.   Helminth  15 - - - - - - - 50 11 9 - 0 22 - - 0 - - - - 

Ti ck Ectoparasite  13 0 0 4 0 0 - 0 16 8 97 0 50 - - - 0 10 - 0 - 

Callistoura  spp.   Helminth  10 0 0 0 0 29 77 24 0 0 0 0 0 11 0 0 18 - - - - 

Pararhabdonema  spp.   Helminth  7 0 0 0 0 57 58 0 0 0 0 0 0 0 0 0 0 - - - - 

Lemuricola  spp.   Helminth  7 18 20 16 0 0 8 35 0 

 

0 0 0 0 0 0 9 - - - - 

Bertiella  spp.   Helminth  5 6 0 0 0 0 0 0 0 17 0 0 50 0 0 0 0 - - - - 

Trichuris  spp.   Helminth  4 0 4 8 0 0 33 0 0 0 2 0 0 11 0 0 0 

 

- - - 

Strongylidae  Helminth  3 6 0 0 0 0 0 0 3 11 0 13 0 0 0 0 9 - - - - 

Toxoplasma gondii  Protozoa 2 0 0 6 0 0 13 10 0 0 0 0 0 0 0 10 0 - 0 0 0 

West Nile Virus  Virus  2 0 0 5 - 0 0 0 0 - - - - - 0 13 - - - 0 0 

Enterobius  spp.   Helminth  1 0 4 0 0 0 0 0 0 0 11 0 0 0 0 0 0 - - - - 

E. coli  Bacteria  50% Pres Pres Pres Pres Pres Pres Pres Pres - - Pres - - Pres - - - Pres - - 

Bacillus  spp.  Bacteria  36% Pres - Pres Pres Pres - Pres - - - Pres - - Pres Pres - - - - - 

Enterococcus spp.   Bacteria  36% Pres Pres Pres Pres Pres - Pres Pres - - Pres - - - - - - - - - 

Enterobacter  spp.   Bacteria  32% Pres Pres Pres Pres - Pres - - - - Pres - - Pres - - - - - - 

Klebsiella  spp.   Bacteria  23% Pres Pres - Pres Pres - Pres - - - - - - - - - - - - - 

Staphylococcus spp.   Bacteria  23% - Pres - Pres Pres - Pres - - - Pres - - - - - - - - - 

Acinetobacter  spp.  Bacteria  14% Pres Pres - Pres - - - - - - - - - - - - - - - - 
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Pseudomonas spp.   Bacteria  14% Pres Pres - Pres - - - - - - - - - - - - - - - - 

 Site parasite 

richness  6, mean 12 12 11 9 9 8 8 8 7 7 6 5 4 3 3 3 2 1 1 0 

 
Sampling 

intensity/site  20, mean 17 26 37 30 7 13 29 59 9 70 17 6 9 2 4 11 21 2 16 13 

 

Standardized 

Parasite 

richness  0.5, mean 0.7 0.5 0.3 0.3 1.3 0.6 0.3 0.1 0.8 0.1 0.4 0.8 0.4 1.5 0.8 0.3 0.1 0.5 0.1 0.0 

 

3.3.4 Parasite specificity  

We calculated the parasite specificity for 23  of the focal lemur parasites for which we possessed the most data from both 

PBSP and published literature  (Table 11). Of these 23 parasites, 0 (0%) were demonstrated to be species -specific, 0 (0%) 

were genus-specific, and only 3 (13%) were family -specific.  These family -specific parasites included Hymenolepsis  spp., 

which only occurred in Cheirogaleidae, Bertiella  spp., which only occurred in Indriidae, and Pseudomonas spp., which 

only occurred in Lemuridae. Contra stingly, Lemuricola  spp. and Callistoura  spp. occurred in all 5 lemur families. On 

average, all types of parasites (helminths, bacteria, ectoparasites, viruses, protozoa) infected more than 40% of lemur 

families sampled (N=5), with ectoparasites as the hig hest infecting 67% of all lemur families. Variation in infection 

began to occur more distinctly at the genus level, with protozoa only infecting 17% of lemur genera (N=12) and bacteria 

infecting on average 58% of lemur genera. Further variability occurred at the lemur species level, with infections of 12% 

of lemur species sampled (N=34), while ectoparasite infected 31% of all lemur species sampled. To compare different 

parasite types in their documented infection patterns in lemur species, genera and famili es, see Figure 12.  
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Table 11: Parasite infection capability of lemur hosts across species, genus and family levels (continues over next 

3 pages).  

Parasite Information  Lemur Species  Famili es Number and % of lemurs  Specificity?  
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Mites  Ectoparasite  31 

A. laniger, E. 
albifrons, E. flavifrons, 

E. mongoz, E. 
rubriventer, E. rufus, 

Indri indri, Lemur 
catta, Lepilemur 

edwardsi, Mic rocebus 
murinus, Propithecus 
deckeni, P. diadema, 
P. edwardsi, Varecia 

rubra  

Yes Yes Yes Yes No 4 8 14 80 67 41 No No No 

Lice Ectoparasite  25 

Indri indri, L. catta, 
Microcebus 

lehilahytsara, M. 
murinus, M. rufus, V. 

variegata, P. 
verreauxi, P. edwardsi  

Yes Yes Yes No No 3 5 8 60 42 24 No No No 
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Parasite Information  Lemur Species  Families  Number and % of lemurs  Specificity?  
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Lemuostrongylus spp. Helminth  21 

E.  albifrons,  E. rufus, 
Hapalemur 

occidentalis, H. 
griseus, I. indri, L. 

catta, L. edwardsi, P. 
simus, P, deckeni, P. 

diadema, P. verreauxi, 
V. rubra, V. variegata, 

M. lehilahytsara  

Yes Yes Yes Yes No 4 9 14 80 75 41 No No No 

Spiruroidea superfamily  Helminth  18 

M. mur inus, M. 
simmonsi, M. 
lehilahytsara, 

Cheirogaleus medius, 
D. madagascariensis  

Yes No No No Yes 2 2 4 40 17 12 No No No 

Hymenolepsis  spp. Helminth  15 

M. murinus, M. 
simmonsi, M. 

lehilahytsara, C. 
medius  

Yes No No No No 1 2 4 20 17 12 Yes No No 

Tick  Ectoparasite  13 

I. indri, M. murinus, 
M. simmonsi, M. 
lehilahytsara, M. 
rufus, P. simus, P. 

deckeni, P. edwardsi, 
P. verreauxi,  L. catta  

Yes Yes Yes No No 3 5 10 60 42 29 No No No 
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Parasite Information  Lemur Species  Families  Number and % of lemurs  Specificity?  
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Callistoura  spp. Helminth  10 

D. madagascariensis , 
E. albifrons, E. 
albocollaris, E. 
coronatus, E. 

flavifrons, E. fulvus, E. 
macaco, E. 

rubriventer, E. rufus, 
H. aureus,  I. indri, L.  
dorsalis, M. murinus, 

V. variegata  

Yes Yes Yes Yes Yes 5 7 14 100 58 41 No No No 

Pararhabdonema  spp. Helminth  7 

A. laniger, D. 
madagascariensis, E. 
albifrons, H. griseus, 
L. ruficaudatus, V. 
variegata, I. indri  

No Yes Yes Yes Yes 4 6 7 80 50 21 No No No 

Lemuricola  spp. Helminth  7 

E. albifrons, E. 
flavifrons, E. fulvus, E. 
macaco, E. mongoz, E. 
rubriventer, E. rufus, 
C. medius, C. major, 

D.  madagascariensis, 
L. dorsalis, L. 

edwardsi, P. deckeni, 
P. edwardsi, P. 

verreauxi, Hapalemur 
spp., L.  catta, M. 

murinus  

Yes Yes Yes Yes Yes 5 8 18 100 67 53 No No No 
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Parasite Information  Lemur Species  Families  Number and % of lemurs  Specificity?  
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Bertiella  spp. Helmint h 5 
I. indri, P. candidus, P. 

edwardsi, A. laniger  
No Yes No No No 1 3 4 20 25 12 Yes No No 

Trichuris  spp. Helminth  4 

C. medius, C. major, 
D. madagascariensis, 
E. albifrons, E. rufus, 
L. catta, M. murinus  

Yes No Yes No Yes 3 5 7 60 42 21 No No No 

Strongy lidae  Helminth  3 

C. medius, E. 
coronatus, E. rufus, H. 
occidentalis, I. indri, L. 

mustelinus, M. 
lehilahytsra, M. 

murinus, P. diadema, 
P. edwardsi  

Yes Yes Yes Yes No 4 7 10 80 58 29 No No No 

Toxoplasma gondii  Protozoa 2 

E. macaco, E. 
albifrons, P. 

tatters alli, P. deckeni  
No Yes Yes No No 2 2 4 40 17 12 No No No 

West Nile Virus  Virus  2 

E. fulvus, E. macaco, 
Lemur catta, L. 

edwardsi, L. 
mustelinus, L. 

dorsalis, P. deckeni, P. 
tattersalli, P. 

verreauxi  

No Yes Yes Yes No 3 4 9 60 33 26 No No No 

Enterobius  spp. Helminth  1 
E. albifrons, M. 

murinus  
Yes No Yes No No 2 2 2 40 17 6 No No No 



 

 

1
0

8 

Parasite Information  Lemur Species  Families  Number and % of lemurs  Specificity?  

Parasite  Type 

Mean 

prevalence 

or % of 

sites 

present  

Species in which it 

occurs 

C
h

e
ir
o

g
a
le

id
a
e

 

In
d

ri
id

a
e

 

L
e
m

u
ri
d

a
e

 

L
e
p

ile
m

u
ri

d
a
e

 

D
a
u

b
e

n
to

n
iid

a
e

 

#
 o

f 
F

a
m

ili
e

s
 (

o
f 
5
)

 

#
 G

e
n
e

ra
 (

o
f 
1
2
) 

#
 S

p
e

c
ie

s
 (

o
f 
3
4
) 

%
 F

a
m

ili
e
s
 s

a
m

p
le

d
 (

/5
)

 

%
 G

e
n

e
ra

 s
a
m

p
le

d
 (

/1
2
) 

%
 S

p
e
c
ie

s
 s

a
m

p
le

d
 (

/3
4
) 

F
a
m

ily
 s

p
e

c
if
ic

?
 

G
e

n
e

ra
 s

p
e

c
if
ic

?
 

S
p

e
c
ie

s
 s

p
e
c
if
ic

? 

                  

E. coli  Bacteria  50% 

A. laniger, E. 
albifrons, E. macaco, 

E. rubriventer, E. 
rufus, H. aureus, H. 

griseus, I. indri, 
Lemur catta, L. 

dorsalis,  L. edwardsi, 
P. simus, P. candidus, 

P. deckeni, P. 
verreauxi, V. rubra, V. 

variegata  

No Yes Yes Yes No 3 9 17 60 75 50 No No No 

Bacillus  spp. Bacteria  36% 

E. albifrons, E. 
macaco, E. 

rubriventer, H. 
aureus, H. griseus, H. 

occidentalis, I. indri, L. 
catta, P. simus, P. 

deckeni, P. tattersalli, 
V. variegata  

No Yes Yes No No 2 7 12 40 58 35 No No No 

Enterococcus spp. Bacteri a 36% 

A. laniger, E. albifrons, 
E. macaco, E. 

rubriventer, I. indri, L. 
catta, L. dorsalis, M. 
murinus, P. simus, P. 

deckeni, P. verreauxi, V. 
rubra, V. variegata  

Yes Yes Yes Yes No 4 9 13 80 75 38 No No No 
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Enterobacter  spp. Bacteria  32% 

A. laniger, E. 
rubriventer, E. 

albifrons, E. rufus, H. 
occidentalis, I. indri, L. 
catta, M. griseorufus, P. 
candidus, P. verreauxi, 
V. rubra, V. variegata  

Yes Yes Yes No No 3 8 12 60 67 35 No No No 

Klebsiella  spp. Bacteria  23% 

A. laniger, E. albifrons, 
E. macaco, E. 

rubriventer, H. 
occidentalis, L. catta, P. 
verreauxi, V. variegata  

No Yes Yes No No 2 6 8 40 50 24 No No No 

Staphylococcus spp. Bacteria  23% 

E. albifrons, E. macaco, 
I. indri, L. catta, L. 

dorsalis, M. murinus, P. 
simus, P. verreauxi, V. 

rubra  

Yes Yes Yes Yes No 4 8 9 80 67 26 No No No 

Acinetobacter  spp. Bacteria  14% 

A. laniger, E. albifrons, 
H.  occidentalis, L. catta, 

M. murinus, V. rubra  
Yes No Yes No No 2 6 6 40 50 18 No No No 

Pseudomonas spp. Bacteria  14% 

E. albifrons, E. 
rubriventer, L. catta, V. 

rubra  
No No Yes No No 1 3 4 20 25 12 Yes No No 

    
Helminth, mean  3 5 8 62 43 25 

   

    
Bacteria, mean  3 7 10 53 58 30 

   

    
Ectoparasites, mean  3 6 11 67 50 31 

   

    
Virus, mean  3 4 9 60 33 26 

   

    
Protozoa, mean 2 2 4 40 17 12 
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Figure 12. Observed host range patterns of diff erent types of lemur parasites 

(protozoa, viruses, ectoparasites, bacteria and helminths) as a percentage of the 

total number species, genera and families sampled. For example, ectoparasites 

(green) infected 67% of lemur families and 31% of species sampled.  

 

3.4 Discussion  

3.4.1 Documenti ng parasites of lemur populations  

Irwin and Raharison (2009), the most recent comprehensive review of lemur 

endoparasites, documented Nematoda (roundworms), Platyhelminthes (flatworms), 

Acanthocephala (thorny -headed worms), and Protozoa within lemur popula tions. 

Our analysis similarly identified all of these parasite phyla as well, except for 

Acanthocephala. Irwin also described 27 helminth and 12 protozoan species among 

68 different lemur  species, while we report a total of 88 parasites: 38 helminths 

(44%), 14 protozoa (14%), and 6 ectoparasites (7%), 22 bacteria (26%) and 8 viruses 

(9%) as documented in both the PBSP and published literature. As Irwin and 

Raharison state, these data most likely represent a small fraction of the total 
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richness  of lemur para sites, which illustrates the need for further study. When 

compared with other primates, such as the great apes (excluding humans), 39 

parasites have been described across 6 species and 18 have been documented just 

within chimpanzees (Pan troglodytes ) (Irwi n and Raharison 2009). Across all 

primates, 415 parasites have been documented: 163 helminths (39%), 82 protozoa 

(20%), 82 viruses (20%) 46 arthropods/ectoparasites (11%), 32 bacteria (8%) and 10 

fungi (2%) (Pedersen et al. 2005).  In this comparison, lemu rs exhibit about 21% of 

those parasites documented in all other primates, however they also maintain lower 

proportions of protozoa , a similar proportion of helminths, half the proportion of 

viruses, a lower proportion of ectoparasites and almost triple the  proportion of 

bacteria. Much of this difference can be accounted for due to reduced sampling 

intensity within lemur hosts when compared with other primates.  

3.4.2 Pathogenic vs. commensal  

Commensalism means that there appears to be no harm to either the 

parasite or the host, but that the parasite makes up a component of normal parasite 

flora within the host. Pathogenicity refers to the ability of a parasite to cause disease 

within the host. Commensal parasites can aid in digestion and compose an 

important  part of gastrointestinal function (Howells et al. 2011). For example, three 

protozoal symbionts have been documented to aid in chimpanzee digestion, and 

richness of these commensals may even serve as a proxy to indicate the n utritional 

health of chimpanzee populations (Howells et al. 2011). When commensal host -

parasite relationships are examined more closely; however, less -observable 
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detrimental effects of the relationship do appear. Furthermore, some commensal 

bacteria, such as Staphylococcus aureus  and Streptococcus pneumonia , have been 

documented to cause disease when the opportunity arises due to changing conditions 

in the hostõs anatomical defenses, tissue resistance or immunocompetence  (Todar 

2008).  For this reason, and to document the normal floristic composition of lemurs, 

we do study the assumed commensal bacteria l flora within lemur hosts.  

3.4.3 Patterns of parasite coinfection  

Studies into patterns of parasite coinfection in lemurs can offer interesting 

information about infection facilitation or competition, and may also have a large 

impact on lemur health. For  example, in humans, coinfection with viruses and 

helminths, such as Schistosoma mansoni  and HIV, significantly increased viral 

replication and altered the immune response of coinfected individuals, potentially 

increasing susceptibility to acquisition of f urther infections (Chenine et al. 2005, 

Ayash-Rashkovsky et al. 2007). Similarly, coinfections  may increase the 

susceptibility of lemur individuals to other infections, perhaps those from 

anthropogenic sources. Despite this significance, few other studies have specifically 

focused on the interactions of parasites within lemur hosts. While studies h ave 

documented the co-occurrence of parasite species within populations, only one 

specifically focused on prevalence of coinfections (Junge et al. 2011). This study 

documented a coinfection with the helminths Bertiella  spp. and Lemurostrongylus  

spp. in 33% of Indri indri  individuals at a disturbed site that undergoes high 

anthropogenic  exposure. Contrastingly, no individuals exhibited this coinfection at 
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the more pristine sit e sampled. Further study is required in order to establish  

baseline levels of parasite coinfection within lemur populations. Coinfection results 

presented here are likely to be underestimating the actual proportion of parasite 

coinfection within population s, as parasite  sampling was difficult to conduct 

completely across all individuals. Furthermore, the lack of data on bacterial 

infections within lemurs precludes thorough investigations  into coinfections with 

bacteria, helminths, ectoparasites, protozoa an d viruses. We aim to begin an 

investigation into these coinfection relationships.  

Coinfections occurred quite frequently in lemur individuals, with over a third 

of those infected with a parasite maintaining at least two parasites simultaneously. 

Coinfecti on with the same type of parasite (helminth, ectoparasite, bacteria, etc) was 

more likely than coinfection with two different types of parasites. This may reflect 

the variability in the environmental conditions that each type of parasite requires. 

For example, helminth parasites may require certain temperature and precipitation 

ranges that provide optimal habitat for persistence in the environment or in a host, 

and then encourage further infections with a new host.  Seasonal patterns may play 

an important r ole in potential  fluctuating patterns in types of parasite that infect 

lemur hosts. During the colder seasons, certain social lemur species may spend more 

time huddled  in groups, which may increase the likelihood for transmission of 

certain types of parasi tes, such as ectoparasites. Shifting anthropogenic exposure 

patterns might also alter the composition of parasite types coming into contact with 

lemur hosts. During periods of the year in which humans are not harvesting rice, 
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increased traffic into protect ed areas might occur for resource extraction or even 

hunting. Human defecation in forested areas could result in novel helminth 

parasites persisting  in the environment. Lemurs could come into contact with 

contaminated soils via geophagy, the intentional co nsumption of soil material, which 

is purported to supplement certain minerals in the diet and improve general health 

(Krishnamani and Mahaney 2000 , Rainwater et al. 2009). Additionally, during 

guava fruiting seasons, lemur groups will  often spend more time at the edges of 

protected areas to consume this fruit. This behavior may put lemurs into highe r risk 

for exposure to human parasites persisting  in the environment. I will explore these 

environmental and anthropogenic exposure questions in a later chapter.  

Parasites may also develop a competitive advantage against a parasite of 

another type (e .g., helminth vs. protozoa). Coinfections with just two different types 

of parasite were much more likely than 3 or more. The frequency of the helminth -

ectoparasite coinfection may simply reflect the relatively higher frequency of both 

these types of parasites.  However, perhaps ectoparasites  and other parasites are 

able to coexist more effectively on a host species due to the partitioning of host 

resources and habitat (i .e., external vs. internal parasite communities). Further 

study will provide more information  to explore these questions.  

3.4.4 Parasite prevalence and richness  

Overall, more than half of all the lemurs sampled over 10 years exhibited at 

least 1 parasite, which most likely underestimates the number as sampling was not 

complete or even across all of those individuals. Striking variability in the parasite 
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richness  also begs further examination of site -level environmental and 

anthropogenic drivers of parasitism .  

Parasite prevalence revealed both parasite and site level differences. Mite 

and lice pre valence varied from 0 to 100% at certain sites, indicating that perhaps 

once a parasite is introduced into a lemur population it has the potential to infect a 

large proportion ñif not all --of the population. Perhaps parasites such as 

ectoparasites, which ha ve a high likelihood of transmission via social interaction and 

grooming, exhibit these patterns  due to their transmission strategies .  Additionally, 

ectoparasites such as mites, lice and ticks are the easiest parasites to document with 

unaided observation  without the need for flotation or culture;  therefore I would 

expect studies to document them frequently. That said, ectoparasites were quite 

widespread throughout many of the populations.  

Helminths also exhibited higher mean prevalence than other types o f 

parasites, which may reflect easier evaluation techniques. For example, 

Lemurostrongylus  and Lemuricola  spp. were documented consistently across sites. 

Perhaps a familiarity by parasitologists with these common lemur parasites elevates 

the likelihood of recognizing these parasites in fecal samples. Bacterial parasites 

have been documented as many sites with fairly high distribution (14 -50% of sites). 

This proportion of sites infected is likely to be underestimated, as challenges with 

bacterial  culture and  sample storage often interfere with bacterial evaluation. There 

is value to documenting the bacteria present within lemurs at different sites, 

however, prevalence data may be misleading due to challenging evaluation 
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techniques and sample processing, there fore we deferred  to simple presence. Further  

examination, including genetic sequencing of the bacteria, will be necessary in the 

future to truly determine whether they are commensal or more harmful host -

bacteria relationships. Determining the normal bacter ial flora is an important 

exercise, and can indicate when bacteria appear within lemur populations that may 

have been acquired via human or domestic animal exposure.  

Parasite prevalence values among sampled lemurs were high, but 

comparatively did not rank  as high as those documented at other sites, where 

prevalence of 100% occurred within several groups for several parasites 

(Raharivololona and Ganzhorn 2009 ).  Complete 100% infection of lemurs with 

Callistour a spp. , Lemuricola  vauceli , Entamoeba  spp. and Balantidium coli occurred 

across 4 groups at Kirindy CFPF (Clough 2010). However, these studies did also 

demonstrate high variability in parasite prevalence among individuals and b etween 

populations (Clough 2010).  

We documented interesting variability in site -level parasite richness , but also 

examined relativized counts of parasite richness , which widely altered the rankings 

of site parasite richness . This raises the issue of sampl ing intensity, which strongly 

influences the number of parasites documented and therefore site prevalence levels. 

Ranomafana exhibited one of the highest total parasite richness  counts as well as 

maintained a high value when standardized by effort. Otherwi se, sites that 

exhibited high total counts did not also emerge as standardized parasite richness  

leaders. The high variability among site parasite richness  begs the further analysis 
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of the driving factors behind these variable patterns.  I will explore how  the 

environment and differing levels of anthropogenic exposure are correlated with  both 

parasite  richness  and prevalence at each site in Chapter 5. Additionally, this type of 

research also demands the study of the effect of parasitism on the host lemur 

populations. Does elevated parasite richness  directly influence general lemur 

health? There is much to know, and documenting lemur parasites also demands 

further study.  

3.4.5 Parasite specificity  

When compared with primate parasites as a whole, lemur parasi tes are far 

less species or genus-specific. Perhaps the long isolation of Madagascarõs 

evolutionary history, and its incredible microendemism, has selected for more 

generalist parasites within lemur populations. This generalist strategy may not 

extend beyond the Superfamily Lemuroidea; further research into the global 

geographic and host distribution of parasites documented in lemurs is needed. 

Across all parasite species that infect primates, 68% were found to infect multiple 

host species, and therefore 32 % were deemed to be species-specific (Pederson et al. 

2005). Of the multi -host primate parasites, 25% of those parasites could infect 

primates from different families. When looking specifically at different types of 

parasites separately, 90% of all bacteri a and 70% of all ectoparasites were able to 

infect more than one host species, often from different orders. Primate viruses were 

also dominated by multi -order host species.  Contrastingly, 48% of primate 

helminths and 28% of protozoa were species -specific. These data are quite different 
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from the patterns we documented among lemur parasites, which demonstrated no 

genus- or species- specific parasites, and only 3 (13%) family -specific parasites. 

Ectoparasites were able to infect the highest percentage of both  species and family 

level, yet bacteria were most widespread at the genus level. It was surprising  that 

Pseudomonas spp. was only able to infect one family, Lemuridae, as all other 

bacteria were quite broad in their host preferences. The breadth of bacteri a hosts 

may simply indicate a commensal relationship  with lemur hosts.  

3.4.6 Limitations  

One must consider limitations of this type of data to determine what 

conclusions can be drawn. As stated previously, misidentifications and vague 

identifications at h igher than a family level pose challenges to determining 

communities of parasites. As such, we intend these data to further the conversation 

of lemur parasite richness , and not be the definitive record of parasite infection in 

lemur populations. Due to the  endangered status of almost all species of lemurs, 

capture and necropsy is often not an option, therefore parasite data must be derived 

from opportunistic evaluation of parasite eggs shed in fecal samples. While this 

method offers the best available optio n, it presents certain challenges and 

reservations with the data. It is often difficult to identify a parasite egg to a species 

level, so data can be limited to genus or family  level.  Additionally, collecting fecal 

samples offers a snapshot into the host parasite shedding at a particular point in 

time, which may fall at various points in a parasite life cycle and either 

underestimate the richness  of coinfecting parasites. For this reason, parasite egg 
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counts offer an interesting, but not necessarily accura te, view into parasite load. We 

chose not to present parasite load for this reason. Additionally, culture of enteric 

bacteria is highly affected by sample quality and handling of frozen samples, which 

can lead to underestimated levels of bacterial presence .  Other factors will also 

greatly influence parasite infection patterns within lemurs. Seasonal effects and the 

effects of habitat degradation and environmental stress will influences parasitism. 

Additionally, lemur -level differences, such as group size, sociality, social rank, stress 

and reproductive hormones, sex differences and body size, among other influences, 

will play a role in determining patterns and severity of parasite infection in lemur 

populations. Due to the complex nature of host -parasite re lationships, longitudinal 

studies can offer great insight and a deeper understanding of site -specific effects 

over time. A combination of longitudinal data and country -wide data will offer the 

depth and breadth to increase our understanding of broad ecolog ical, anthropogenic 

and social factors influencing patterns of parasites  in lemurs.  

3.4.7 Significance of parasites on lemur populations  

There is great value in documenting parasite richness  within host 

populations, especially when the hostõs survival is tenuous and requires 

conservation, as is the case with most lemurs.  Across lemur families, most species 

are considered threatened to critically endangered (IUCN). As such, it is important 

to understand the drivers influencing lemur survival and viability.  Parasites act as 

important regulators on host populations in several ways by increasing mortality, 

reducing fitness, impairing competitive capacity and even diminishing reproductive 
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success (Hudson et al. 1992, Hudson and Greenman 1998 , Hudson et al. 1998, 

Moller et al. 2005). Thurs far, the parasites of lemurs have been understudied in 

their classification, richness  and also in their transmission and pathogenicity. 

However, by relying upon pathogenicity data from related parasite taxa, we can 

inf er information on the effects of these parasites on lemur hosts. Clinical symptoms  

of all parasite infections will vary based upon the intensity and duration of 

infections ; individual differences such as age, sex, immune status and fitness level; 

and envir onmental influences ; however, this information is still critical in 

understanding the effect of parasites on lemurs (Fowler 1993 , Kaur and Singh 2009 , 

Clough 2010). Pinworm infections, such as with Lemuricola  and Callistoura  spp., 

can vary from asymptomatic to serious, and can cause perianal itching, dehy dration, 

weight loss, altered behavioral patterns (Clough 2010). Strongylidae infections are 

considered to be pathogenic in primate populations, resulting in the death of several 

primate species, including orangutans  (Pongo pygmaeus), chimpanzees, (Pan 

tro glodytes), gibbons (Hylobates lar ), patas monkeys ( Erythrocebus patas ), and 

woolly monkeys ( Lagothrix lagotrica ) (Fowler 1993, Kaur & Singh 2009, Clough 

2010). It is likely that several of the bacterial and protozoan pathogens are 

commensal and inhabit the  gut of lemurs (Fowler 1993). Elevated environmental 

stress can aggravate and worsen the pathogenic effects o n parasites . Further 

investigations into the specific effect of e ach parasite will occur in Chapter 6 , as well 

as potential parasite transmission f rom humans and domestic animals.  



 

 

121 

In conclusion, consistent lemur health monitoring offers a wealth of 

information about parasite patterns and general health within lemur populations 

throughout Madagascar. By examining parasite occurrence, coinfection, pre valence 

and richness , we can begin to determine important  variability among individuals 

and among sites. The next step will demand both investigating the contextual 

drivers of this variability, including environment and anthropogenic exposure, as 

well as evaluating the effect of this variability on lemur health and fitness. 

Outcomes of these types of studies will elucidate important data to inform both 

protected area design as well effective lemur conservation management strategies. 

This type of information  can establish health baselines, inform captive studies, 

provide data for the development of predictive tools, and evaluate the risk of zoonotic 

or reverse zoonotic disease transmission.  
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Chapter 4. Effects of anthropogenic disturbance on indri 

(Indri indri ) health in Madagascar  

Previously published as: RE Junge, MA Barrett and AD Yoder. 2011. Effects 

of anthropogenic disturbance on Indri ( Indri  indri ) health in Madagascar. American 
Journal of Primatology  73:1-11.  

 

Anthropogenic habitat disturbance imp airs ecosystem health by fragmenting 

forested areas, introducing environmental contamination and reducing the quality of 

habitat resources. The effect of this disturbance on wildlife health is of particular 

concern in Madagascar, one of the worldõs biodiversity hotspots, where 

anthropogenic pressures on the environment remain high. Despite the conservation 

importance of threatened lemur populations in Madagascar, few data exist on the 

effects of anthropogenic disturbance on lemur health. To examine these im pacts, 

indri ( Indri indri ) populations were evaluated from  two forest reserves that differ in 

their exposure to anthropogenic disturbance. We compared the health status of 36 

indri individuals from two sites: one population from a protected, undisturbed ar ea 

of lowland evergreen humid forest and the other population from a reserve exposed 

to frequent tourism and forest degradation. Comparison of indri health parameters 

between sites suggest an impact of anthropogenic disturbance, including significant 

diffe rences in leukocyte count and differential, 12 serum parameters, 6 trace 

minerals, and a higher richness  of parasites, with significant differences in the 

presence of the louse, Trichophilopterus babakotophilus . These data suggest that 

indri living in dist urbed forests may experience physiological changes and increased 
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susceptibility to parasitism, which may ultimately impair reproductive success and 

survival.   

4.1 Introduction  

Madagascar is considered one of the worldõs top conservation priorities due to 

its unparalleled levels of diversity and endemism (Myers et al. 2000). Intense 

pressure from habitat destruction and natural resource extraction have contributed 

to the nearly 80% reduction of core forests between 1950 and 2000 (Harper et al. 

2007). This deforestation has resulted in the fragmentation and degradation of 

Madagascarõs forest habitat, where as much as 90% of its endemic biodiversity 

resides (Dufils 2003 , Elmqvist et al. 2007, Harper et al. 2007, Allnutt et al. 2008) . 

This habitat degradation and other anthropogenic disturbance such as tourism and 

mining have profound effects on wildlife populations in Madagascar. Madagascarõs 

flagship wildlife species, the lemurs (Lemuriformes), are particularly vulnerable to 

anthropogenic habitat disturbance. Here we explore these impacts on an endangered 

lemur species, Indri indri , by comparing the physiological parameters and parasite 

richness  of two indri populations in sites under differing levels of anthropogenic 

disturbance.  

Evaluation of the effects of anthropogenic disturbance, including habitat 

fragmentation, degradation, mining and other human contact, on wildlife health and 

nutrition is critical for the managemen t and preservation of endangered species 

(Woodroffe 1999, Deem et al. 2001, Acevedo-Whitehouse and Duffus 2009 , Smith et 

al. 2009).  Disease and contamination may directly affect the survival of endangered 
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host populations by reducing ph ysical fitness, or indirectly by impairing 

reproductive success, suppressing population size or reducing resilience, all of which 

ultimately can regulate host populations (Hochachka and Dhondt 2000 , Cleaveland 

et al. 2002).  

Monitoring serv es to assess nutritional and health status, evaluate the 

presence of environmental contaminants, identify disease risks, and alert managers 

to fluctuations in health parameters from baseline levels.  The majority of primate 

pathogens will exert long -term, sublethal effects that can reduce population 

sustainability (Goldberg et al. 2008a), and the only way to document these changes 

is wi th consistent health monitoring. Health assessments have been completed on a 

number of lemur species (Garell and Meyers 1995 , Junge and Garrell 1995 , Junge 

1999, Junge and Louis 2002 , Dutton et al. 2003, Junge and Louis 2005a , b, Schad et 

al. 2005, Raharivololona 2006 , Junge and Louis 2007 , Junge and Sauther 2007b , 

Mi ller et al. 2007 , Dutton et al. 2008 , Junge et al. 2008 , Raharivololona and 

Ganzhorn 2009, Rainwater et al. 2009 , Wright et al. 2009 , Clough 2010 , Irwin et al. 

2010, Raharivololona and Ganzhorn 2010 ). However, when compared with other 

primates, there is a need for more data on the impacts of human dis turbance on 

lemur health as well as an expanded inventory of lemur parasites (Irwin and 

Raharison 2009 , Raharivololona and Ganzhorn 2010 ). Indri are threatened 

primarily from habitat loss and fragmentation as  a result of agriculture, logging, 

hunting and mining within Madagascar (Britt et al. 2002). The largest of the extant 

lemur sp ecies (5-7 kg), indri are diurnal, folivorous primates found in the low to mid -
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altitude rainforests of eastern Madagascar (Britt et al. 2002, Powzyk and Mowry 

2003, Mittermeier et al. 2006).  This fragmented nature of indri subpopulations, as 

well as the lack of a thriving captive population, presen t serious conservation 

challenges for this species (Britt et al. 2002). Indri are classified as endangered by 

the IUCN Red List  (IUCN 2010 ). 

Populations of le murs in disturbed habitats show compromised physiological 

parameters indicative of reduced health (Irwin et al. 2010), yet more research is 

needed on the effects of anthropogenic disturbance on lemur health (Irwin et al. 

2010). In o rder to assess the potential health effects of habitat fragmentation, 

mining and anthropogenic exposure on indri, we compared indri populations in 

disturbed and undisturbed forest reserves in Madagascar that differed in their 

exposure to humans. The study presented here advances knowledge on the effects of 

environmental change and anthropogenic exposure on patterns of both indri and 

lemur health and parasitism as a whole (Junge and Sauther 2007b , Irwin and 

Raharison 2009 , Raharivololona and Ganzhorn 2009 , Wright et al. 2009 , Irwin et al. 

2010). 

4.2 Methods  

4.2.1 Study Areas  

Indri populations were evaluated from two sites that varied in their 

disturbance level: Betampona Strict Nature Reser ve (BSNR; S17.931389; 

E49.20333) and forest fragments within a complex of forests we will refer to as the 
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Analamazaotra Forest complex (AFC; S18.93145; E48.41026).  Both studies occurred 

in 2009, from May 23 to 2 June for BSNR and from October 14 to 21 for  AFC.  

BSNR consists of 2228 hectares of relatively pristine low -altitude evergreen 

humid forest surrounded  by villages and agricultural areas; access into the reserve 

is granted by special permit only.  BSNR was first created in 1927 and received the 

most protected natural reserve designation, Strict Nature Reserve, in 1966 (Britt et 

al. 2002). Consistent reserve monitoring and e nvironmental education around the 

reserve have been conducted by the Madagascar Fauna Group since 1990 and 

improve conservation outcomes in the area. Previous studies estimated a population 

of 77 ð 147 indri living within BSNR (Glessner and Britt 2005 ).  

The AFC areas consist of fragmented mid -altitude evergreen humid forest, 

including the protected areas of Analamazaotra Special Reserve (810 hectares), 

which borders the village of Andasibe, the Analamazaotra Forest St ation (700 

hectares), which is privately managed by the Mitsinjo Association, and 

Torotorofotsy, a separate conservation area (9,900 ha). Analamazaotra Special 

Reserve and the Forest Station experience high tourist visitation due to their 

convenient locati on to the capital city of Antananarivo (combined, up to 29 ,000 

foreign tourists per year ( R. Dolch, pers. comm.).  Analamazaotra Forest Station 

primarily consists of secondary growth forest, which sustains an estimated 

population of 21 -32 indri in at least  7 groups. These animals are habituated to 

humans and have frequent close interactions with guides and visitors. Torotorofotsy, 

also a mix of primary and secondary forest, has recently been preserved after the 
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discovery of Prolemur simus, one of the worldõs top 25 most endangered primates, 

within its boundaries (Konstant et al. 2005). Three km from this site a large lateritic 

nickel mining pr oject is under construction, with an annual capacity of 60,000 tons 

of nickel and 5,600 tons of cobalt per year.  Construction on the slurry pipeline 

began in 2007 and production due to begin in 2011 and continue for approximately 

27 years (Sherritt 2010 ).  

4.2.2 Sample Collection  

We conducted health evaluations on indri as part of the ongoing Prosimian 

Biomedical Survey Project, a project that has assessed over 550 lemurs of 31 species 

wit hin 17 sites since 2000 (Junge and Garrell 1995 , Junge and Louis 2002 , Dutton et 

al. 2003, Junge and Louis 2005b , a, 2007, Dutton et al. 2008, Junge et al. 2008, 

Irwin et al. 2010).  This project is structured to provide collaboration  between field 

biologists and veterinarians involved in conservation projects throughout 

Madagascar.  Veterinarians provide basic medical assistance as needed, and collect 

standard biomedical samples and health information from animals anesthetized or 

captured for other purposes. Activities in this project complied with protocols 

approved by the St. Louis Zoo and Duke Universityõs Institutional Animal Care and 

Use Committee, as well as adhered to all research requirements in Madagascar and 

to the American S ociety of Primatologists principles for the ethical treatment of 

primates.  

Thirty -six indri (20 at BSNR, 16 at AFC) were individually anesthetized 

using tiletamine and zolazepam (Fort Dodge Animal Health, Overland Park, KS; 15 
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mg/kg, i.m.) by dart (Type òCó Disposable Dart, Pneu-Dart, Williamsport, PA).  

Rectal temperature, heart rate, respiratory rate, and body weight were measured, a 

complete physical examination was performed, and blood, fecal and ectoparasite 

samples were collected.  Each animal was gi ven subcutaneous balanced electrolyte 

solution (Lactated Ringerõs Solution, Hospira Inc, Lake Forest, IL) equivalent to the 

amount of blood collected.  Animals were held in cloth bags until fully recovered 

from anesthesia, and then released at the site of capture.  

Blood samples were collected not exceeding 1% of body weight (1ml/100g body 

weight).  Whole blood (1/2 ml) was immediately transferred into EDTA 

anticoagulant, and the remaining volume into non -anticoagulant tubes and allowed 

to clot.  Serum tubes  were centrifuged within 4 hours of collection.  Serum was 

pipetted into plastic tubes and frozen in liquid nitrogen for transport.  Once 

transported to the St. Louis Zoo, the samples were stored at ð70 degrees C until 

analysis.  

Fecal samples were collecte d either from freshly voided feces, or from the 

rectum.  Samples could not be obtained from all animals.  Approximately 1cc of feces 

was placed into a transport medium (Remel Co., Lenexa, KS) for examination of 

parasite ova.  If sufficient feces were obtai ned, a second 1 cc sample was frozen in 

liquid nitrogen for bacterial culture.  Freezing fecal samples has been validated for 

preserving viability for most species of bacteria with the exception of Campylobacter 

(Guder et al. 1996).  If external parasites were discovered on physi cal examination, 

they were removed with a cotton swab or forceps and placed into 95% ethyl alcohol.  
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4.2.3 Laboratory Procedures  

Within 8 hours of collection, two blood smear slides were made from each 

anticoagulant sample and fixed and stained.  A total wh ite blood cell count was done 

within 8 hours of collection (Unipette System, Becton Dickenson Co, Franklin Lake, 

NJ).  Stained smears were examined microscopically for differential blood cell count 

and hemoparasite examination.  

Serum was submitted to the i ndicated laboratories for the following analyses:  

serum biochemical profile (AVL Veterinary Laboratories, St. Louis, MO); 

toxoplasmosis titer (University of Tennessee Comparative Parasitology Service, 

Knoxville, TN); fat soluble vitamin analysis (A, E, be ta carotene, and 25 - 

hydroxycholecalciferol) and trace mineral analysis (Animal Disease Diagnostic 

Laboratory, Lansing, MI); iron metabolism analysis (Kansas State University, 

Manhattan, KS), and viral serology (herpesvirus SA8, simian retrovirus 2, simia n T- 

lymphotropic virus, simian immunodeficiency virus, simian foamy virus, measles; 

Diagnostic Laboratory, Washington National Primate Research Center, Seattle, 

WA).  

Fecal samples in transport medium were submitted for examination for 

parasites and ova b y standard centrifugation techniques and for Cryptosporidium 

and Giardia  by ELISA (Cornell University Animal Health Diagnostic Center, Ithaca, 

NY).  Fecal cultures were submitted by thawing the frozen fecal samples and 

inoculating a culture transport swab (Copan Diagnostics, Corona, CA).  These swabs 

were submitted for aerobic culture, specifically requesting Salmonella , Shigella , 
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Campylobacter , and Yersinia  identification.  Samples were plated on XLD agar, 

Campylobacter  agar, SS agar, MacConkey agar, Yersi nia  agar, Brilliant green agar, 

and blood agar, and in selenite broth to enrich for Salmonella  and Shigella .  After 

incubation in selenite broth, samples were replated on XLD agar, HE agar, SS agar, 

Brilliant Green agar, and MacConkey agar. Although freezi ng does not maintain 

Campylobacter  viability well it was still specifically cultured. While absence of 

Campylobacter  cannot be considered significant due to this transport issue, presence 

would be significant due to its pathogenic potential. Ectoparasites were submitted 

for identification (Ohio State University, Columbus, OH).  

 4.2.4 Statistical Analyses  

For all numeric parameters, mean + SD values of the raw measurements are 

reported. No values from captive animals were available for comparison (ISIS 2002 ). 

Before further analysis, all non -binomial variables were l og transformed to address 

issues of normality. Continuous parameters were then examined for significant 

differences between males and females and between sites (BSNR vs. AFC) with 

nonparametric Wilcoxon rank sum tests (P<0.05). Categorical parasite data we re 

examined for statistical differences between sites with contingency tables and 

Fisherõs exact test, which is more appropriate for small sample sizes (p<0.05).   

4.3 Results  

Thirty -six individuals were examined: 20 animals (8 males, 12 females) from 

the undisturbed site, BSNR, in May of 2009, and 16 animals (6 males, 10 females) 
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from the disturbed site, AFC, in October of 2009.  Of the 36 total individuals, 2 at 

BSNR were juveniles; we excluded the juvenile animals from mean weight 

calculation.   With non parametric Wilcoxon rank sum tests, no significant 

differences existed between males and females for any parameter  or between sites 

for physical exam parameters  (Table 12). One adult male from AFC exhibited 

bilater ally symmetrical areas of alopecia on the thighs, with substantial dermal 

thickening. No etiologic agent was identified on skin scrapings.  

 

Table 12: Physical examination parameters for indri from an undisturbed 

(BSNR) and a disturb ed (AFC) site in Madagascar (mean values ± SD).  

  BSNR (undisturbed)  AFC (disturbed)  Prob > Z 

 
(N=20) (N=16)  

Weight (kg)  6.41 ± 1.20a 6.28 ±  1.07 0.20 

Temperature (°C)  36.8 ±  1.0 37.1 ±  0.9 0.91 

Pulse (per minute)  95 ±  25 93 ±  17 0.16 

Respirati ons (per minute)  50 ±  12 52 ±  13 0.62 

a Two individuals at BSNR were juveniles and removed from weight calculations.  

 

Indri from the two sites differed across a number of complete blood cell 

counts (
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Table 13). The AFC indri population exhibited higher values for total white blood 

cell count, segmented neutrophil, and lymphocyte count, but no difference was found 

between sites for monocyte or eosinophil count.   
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Table 13: Complete white blood cell count and differential count values for 

indri from an undisturbed (BSNR) and a disturbed (AFC) site in Madagascar (mean 

values ± SD). Bold entries indicate statistically significant values (P< 0.05).  

 

BSNR (undisturbed)  AFC (disturbed)  Prob > Z  

(N=20) (N=16) 

White blood cells (per ȋl) 4355 ± 2726 7264 ± 3831 p < 0.01 

Hematocrit (%)  41.6 ± 6.2 46.3 ± 1 0.165 

Lymphocytes (per ȋl) 1961 ± 1612 3422 ± 887 p < 0.01 

Segmented neutrophils (per ȋl) 2415  ± 1408 3837 ± 1829 p < 0.05 

Eosinophils (p er ȋl) 38 ± 28 117 ± 0 0.3771 

Monocytes (per ȋl)  40 ± 21 653 ± 566 0.105 

 

Significant differences between sites also existed in serum biochemical 

profiles ( Table 14).   Indri at AFC demonstrated higher values of  alanine 

aminotransferase, serum alkaline phosphatase, phosphorus and magnesium, while 

indri at BSNR exhibited higher values for total protein, albumin, globulin, 

creatinine, calcium, chloride and creatine phosphokinase. Plasmodium was 

identified in one in dri from AFC (Escalante, pers . comm.). No differences existed 

between males and females for any blood cell count or serum chemistry parameter.  
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Table 14: Serum biochemical profile values for indri from an undisturbed 

(BSNR) and a d isturbed (AFC) site in Madagascar (mean values ± SD). Bold entries 

indicate statistically significant values (P< 0.05).  

  

BSNR (undisturbed)  AFC (disturbed)  

Prob > Z 

(N=20) (N=16) 

Total protein (g/dl)  7.5 ±  0.6 6.2 ±  0.9 p < 0.001 

Creatinine phospho kinase (IU/L)  981 ±  408 294 ±  328 p < 0.001 

Magnesium (mg/dl)  1.7 ±  1.2 3.4 ±  0.8 p < 0.001 

Albumin (g/dl)  5.4 ±  0.3 4.7 ±  0.6 p < 0.01 

Globulin (g/dl)  2.1 ±  0.4 1.6 ±  0.4 p < 0.01 

Creatinine (mg/dl)  1.5 ±  0.2 1.3 ±  0.2 p < 0.01 

Calcium (mg/ dl)  9.9 ±  0.6 9.0 ±  1.1 p < 0.01 

Alanine aminotransferase (IU/L)  25.9±  13.9 32.2 ±  10.6 p < 0.05 

Serum alkaline phosphatase (IU/L)  82.0 ±  92.4 167.9 ±  161.5 p < 0.05 

Phosphorus (mg/dl)  3.8 ±  1.0 4.7 ±  1.9  p < 0.05 

Chloride (mEq/L)  119.2 ±  3.8 111.6 ±  14.7 p < 0.05 

Sodium (mEq/L)  146.2 ±  2.7 150.4 ±  20.4 0.947 

Blood urea nitrogen (mg/dl)  9.3 ±  2.3 9.2 ±  2.9 0.907 

Glucose (mg/dl) 106.0 ±  25.8 99.3 ±  19.7 0.456 

Total bilirubin (mg/dl)  0.33 ±  0.06 0.36 ±  0.1 0.408 

Aspartate aminotran sferase (IU/L)  25.4 ±  18.0 35.9 ±  33.4 0.371 

Gamma glutamyltransferase (IU/L)  18.1 ±  5.3 16.1 ±  5.4 0.266 

Potassium (mEq/L)  3.9 ±  0.5 3.7 ±  0.7 0.114 

 

Serum trace minerals  also differed between sites ( Table 15 and Table 16). 

Indri at AFC exhibited higher values for nickel, cobalt, manganese and zinc, with 

differences being at least two -fold greater for all values except zinc. BSNR 

individuals demonstrated higher val ues for molybdenum and selenium. The only fat 
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soluble vitamin exhibiting a site difference was total vitamin A ( Table 16). We found 

no significant differences between males and females for any parameter.   

Table 15: Serum trace minerals and iron analytes for indri from an 

undisturbed (BSNR) and a disturbed (AFC) site in Madagascar (mean values ± SD). 

Bold entries indicate statistically significant values (P< 0.05).  

  

BSNR (undisturbed)  AFC (d isturbed)  

Prob > Z 

(N=20) (N=16) 

Nickel (ng/ml)  2.24 ±  0.93a 5.43 ±  1.15 p < 0.0001 

Cobalt (ng/ml)  6.31 ±  3.37 14.65 ±  7.90 p < 0.0001 

Manganese (ng/ml)  3.21 ±  1.22 7.55 ±  2.22 p < 0.0001 

Zinc (µg/dl)  0.65 ±  0.08 0.83 ±  0.21 p < 0.001 

Molyb denum (ng/ml)  3.85 ±  2.53 2.00 ±  2.22 p < 0.01 

Selenium (ng/ml)  66.95 ±  22.39 39.88 ±  15.13 p < 0.01 

Copper (µg/dl)  0.73 ±  0.36 0.82 ±  0.26 0.116 

Ferritin (ng/ml)  102.45 ±  927.13 93.39 ±  34.23 0.960 

Transferrin saturation (%)  53.8 ±  15.7 52.67 ±  18.14 0.716 

Iron (µg/dl)  254.20 ±  81.60 240.13 ±  84.88 0.631 

Total iron -binding capacity (µg/dl)  447.15 ±  82.70 428.75 ±  42.89 0.120 

 a(N=10) 
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Table 16: Fat soluble vitamins for indri from an undisturbed (BSNR) and a  

disturbed (AFC) site in Madagascar (mean values ± SD). Bold entries indicate 

statistically significant values (P< 0.05).  

 

BSNR (undisturbed)  AFC (disturbed)  

Prob > Z 

(N=20) (N=16) 

Total vitamin A (µg/dl)  696.50 ±  557.29 837.75 ±  148.14 p < 0.001 

Beta carotene (µg/dl)  1.98 ±  4.34 0.0 ± 0.0 NA 

Total vitamin E (µg/dl) 6.15 ±  4.02 5.78  ±  1.53 0.667 

25- hydroxycholecalciferol (ng/dl)  20.50 ±  9.96 19.63 ±  4.96 0.665 

 

Results from fecal parasite exams are described here and in 
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Table 17. Numbers in parentheses indicate the number of positive occurrences and 

the prevalence within the population tested. In fecal exams from individuals at 

BSNR, all individuals were positive for Lemurostongylus sp. (9 positive,  100% 

prevalence). Of the parasite exams from AFC, we documented Lemurostongylus sp. 

(10, 83.3%) and Bertiella  (4, 33.3%); all those infected with Bertiella  were also co-

infected with Lemurostongylus. No individuals from BSNR exhibited infection with 

Berti ella  (0, 0%), and samples from both sites were negative for Giardia and 

Cryptosporidium (0, 0%). We did not find BSNR and AFC to be significantly 

different for the presence of Lemurostrongylus  (p = 1.0), Bertiella  (p = 0.102) or 

endoparasites as a whole (p  = 1.0). Cultures from BSNR produced Enterobacter  

agglomerans (now known as Pantoea agglomerans) (1, 11.1%), Escherichia  coli (2, 

22.2%), or no growth (6, 66.7%). Cultures from AFC produced E. coli  (1, 33.3%) or no 

growth (2, 66.7%) ( Table 17).   
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Table 17: Parasites documented in indri from an undisturbed (BSNR) and a 

disturbed (AFC) site in Madagascar, including their mode of transmission, 

prevalence (number positive/number sampled) and P -values as determined with 

Fisherõs Exact test. Prevalence across all parasite species was compared between 

sites using Wilcoxon Rank test.  

Parasite species Transmission mode  

Prevalence 

BSNR 

(undisturbed)  

Prevalence 

AFC (disturbed)  Prob > F  

Ectoparasites (t otal)  

 

2/20 (10%) 6/16 (37.5%) - 

Liponyssella madagascariensis  Direct contact  2/20 (10%) 1/16 (6.3%) 0.852 

Trichophilopterus babakotophilus  Direct contact  0/20 (0%) 6/16 (37.5%) p < 0.005 

Haemaphysalis lemuris  Direct contact  0/20 (0%) 1/16 (6.3%) 0.46 

Ixodes Direct contact  0/20 (0%) 1/16 (6.3%) 0.46 

 

Endoparasites (total)  

 

9/9 (100%) 10/12 (83.3%) 

 
Lemurostrongylus  sp Ingestion  9/9 (100%) 10/12 (83.3%) 0.50 

Bertiella  sp Ingestion  0/9 (0%) 4/12 (33.3%) 0.10 

Bertiella  -Lemurostrongylus  

coinfection  
Ing estion 0/9 (0%) 4/12 (33.3%) 0.10 

 

Prevalence across all parasites  

- 9/20 (45.0%) 11/16 (68.8%) 0.070 

Total parasite richness - 2 7 

 

 

Visual examinations revealed a number of ectoparasites, with ectoparasite 

richness  and co-infections higher at AFC (
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Table 17). At BSNR, mites ( Liponyssella madagascariensis ) were present on 2 indri 

(2 positive, 10% prevalence). Six indri at AFC exhibited ectoparasites (6, 37.5%), 

including mites ( L.  madagascariensis , 1, 6.3%), li ce (Trichophilopterus 

babakotophilus , 6, 37.5%) and two types of tick, Haemaphysalis lemuris (1, 6.3%) 

and Ixodes spp. (1, 6.3%). Two individuals at AFC had co -infections; one with Ixodes, 

L.  madagascariensis , and T. babakotophilus and another with H. lem uris and T. 

babakotophilus . We observed mites frequently in the external ears and groin area, 

but also elsewhere on the body.  Mite infestation was not associated with evidence of 

pruritus, alopecia, or abnormal hair condition. Results did not indicate sig nificant 

differences between sites for L.  madagascariensis  (Fisherõs Exact Test: p = 0.852, 

N=35), H. lemuris (p = 0.457 N=35), Ixodes (p = 0.457 N=35) or ectoparasite 

presence when pooled (p = 0.068, N=35). However, we determined that T. 

babakotophilus presence was significantly higher at AFC (p < 0.01, N=35).  

Serologic assessment for antibodies to the protozoan parasite Toxoplasma 

gondii  and viral diseases (herpesvirus SA8, simian retrovirus 2, simian T - 

lymphotropic virus, simian immunodeficiency virus , simian foamy virus, and 

measles) were negative for all animals for all diseases tested.   

4.4 Discussion  

 This study suggests that indri living in disturbed habitats exhibited 

physiological changes as compared to indri in a pristine forest. The indri at BSNR 

inhabit relatively undisturbed primary forest with little human contact, while indri 

at AFC exist within smaller fragments of secondary forest undergoing higher human 
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exposure.  These sites also represent two forest types (mid -altitude  and low -altitu de 

evergreen humid forest), therefore it is possible that some of the changes were 

related to those differences. The division between low and mid -altitude evergreen 

humid forests is artificial an d a continual gradation exists ( Du Puy & Moat 2003 ); 

therefor e we do not feel that altitude change has a significant effect on disease 

ecology. 

Degraded habitats have demonstrated detrimental effects on biodiversity, 

including a reduction of species richness, abundance, distribution, genetic diversity, 

reproductive success and general fitness through a variety of mechanisms (Chapman 

et al. 2000, Fahrig 2003 , Irwin et al. 2010, Keesing et al. 2010). Decreased habitat 

nutritional quality can impair wildlife fitness, thereby sustaining smaller 

populations, impair ing the immune response and increasing susceptibility to 

stochastic events such as disease outbreaks (Beck and Levander 2000 , Fahrig 2003 , 

Irwin et al. 2010).  Similarly, a higher frequency of multiple parasite infections as 

well as higher parasite prevalence occurred in primate populations from edge 

habit ats when compared with interior groups (Chapman et al. 2006a). This may 

occur as a result of lowered fitness and immunocompetence or by increased exposure 

to parasites from other sources due to edge effects.  

Human -mediated introduction of novel parasites, known as òpathogen 

pollution,ó poses a serious threat to wildlife health and conservation (Daszak et al. 

2000). Studies have documented that the introduced rodent, Rattus rattus , has 

transmitted diseases to wildlife populations, especially in disturbed habitats where 
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they thrive (Lehtonen et al. 2001). Rattus rattus  remains the primary reservoir for 

endemic plague ( Yersinia pestis ) in Madagascar (Duplantier and Duchemin 2003 ). 

Additional health concerns result from other types of anthropogenic disturbance , 

such as agriculture and mining. Both of these activities are widespread throughout 

Madagascar (Smith et al. 2007). Long-term effects of mining activities have led to 

severe ecological changes around mining sites including vegetation loss, soil erosion, 

and contamination of rivers (Eisler 1998 , Hammond et al. 2007).  

Cobalt and nickel values were more than two -fold greater at AFC tha n at 

BSNR.  While cobalt values for several le mur species have been recorded (Dutton et 

al. 2008; Irwin et al. 2010; Junge et al. 2008), nickel values have not been 

determined for other lemur species, except as measured in hair of Lemur catta by 

Rainwater et al. (2009). Elevated levels of cobalt and nickel in indri at AFC indicate 

probable higher levels at that site. Although we did not analyze soil samples for 

these sites, we can assume that nickel and cobalt levels are elevated in the area due 

to the selection of this area for mining. More data will be needed to determine if 

cobalt and nickel affect health in indri at AFC; however, metal contamination 

remains an important concern for wildlife health in general. Chronic exposure to 

metals can exert a health  impact (Eisler 1998 , Smith et al. 2007). Cobalt at low 

levels exhibits little toxic potential, but may cause health concerns at high levels. 

Health effects related to high cobalt levels incl ude cardiomyopathy and decreased 

weight gain  (Huck and Clawson 1976 ). Depending on the r oute of exposure, nickel 

can impose systemic, immunologic, neurologic, reproductive, developmental, or 
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carcinogenic effects  (Outridge and Scheuhammer 1993 , Eisler 1998 , Das et al. 2008). 

No clinical signs were noted on physical exams or laboratory analysis to indicate 

such health issues; however, the eff ects of chronic low -level exposure of metals on 

lemurs are as yet unknown.  

Indri at BSNR and AFC differed in several physiological parameters, some of 

which could indicate stimulated immune response and reduced nutritional quality. 

Indri at AFC exhibited significantly higher total white blood cell count (WBC), 

segmented neutrophil count and lymphocyte count compared to BSNR. Elevation of 

WBC, segmented neutrophils or lymphocytes indicates an immune system response 

to infection or inflammation. In contrast,  globulin levels were lower for AFC indri 

compared to BSNR. In the face of immune system stimulation globulin levels would 

be expected to increase. The explanation of these contradicting indicators of immune 

function is not clear. Factors influencing the e levated immune response may include 

the higher parasite richness  found within AFC indri or the reduced habitat quality 

at AFC, or a combination of both. If parasitemia were a primary cause of this 

increase, eosinophilia would be expected; however this was not present. AFC indri 

undergo more exposure to humans, and therefore more opportunity for pathogen 

pollution. Degraded habitat has been shown to compromise health and increase 

susceptibility to infection (Chapman et al. 2006b). Although we might expect to see  a 

difference in body mass due to compromised health or reduced nutritional 

availability at the more degraded AFC, we saw no significant differences in mean 

weight.  
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 Significant serum chemistry differences were noted in alanine 

aminotransferase (ALT) and serum alkaline phosphatase (SAP), which were both 

higher in AFC indri relative to BSNR. These enzymes may be associated with liver 

disease or injury.  Both sets of values are within the range generally accepted for 

mammals (Tennant 1997 ); suggesting these differences are within normal variation 

and not an indication of compromised health.  AFC individuals were also 

significantly lower than BSNR for the following serum chemistries: protein values 

(total protein, albumin and globulin), calcium, chloride, creatinine phosphokinase 

(CK), and creatinine. Lower protein values and electrolytes noted within the AFC 

population may reflect poor nutriti on, suggesting dietary intake of these nutrients 

may be lower due to the poorer quality secondary forest at AFC. Indri at AFC did 

maintain higher values for magnesium, which is also related to dietary intake. CK is 

a muscle enzyme released immediately in r esponse to muscle damage such as 

exertion. Values for CK at AFC were approximately 1/3 lower than of those for 

BSNR, which may be explained by behavioral differences between indri at the two 

sites. Since indri at AFC are habituated to humans, they did not flee when the dart 

team approached, and also did not travel far after being darted. Indri at BSNR 

displayed a more typical flight response and may have exerted more, resulting in 

elevated CK levels.    

Iron analytes, fat soluble vitamin and trace mineral d ifferences further 

indicate variation in dietary intake between these two sites; however, detailed 

analysis of nutrient composition of dietary items is not available to confirm these 
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differences. Variation in nutrient composition may be due to soil composi tion, plant 

selection, seasonal shifts in plant availability, or reduced accessibility to quality 

feeding areas. Serum iron analyte values (iron, TIBC, ferritin, transferrin 

saturation) were not significantly different between sites.  Serum iron analyte 

determination is a useful measure of iron metabolism, deficiency, or excess. Values 

for indri at both sites fall within general mammal ranges (serum iron 55 ð 185 µg/dl, 

TIBC 250 ð 425 µg/dl, T -sat 33%).  Serum iron analytes are used to reflect body iron 

stores in humans and may be applied to some animal species (Tennant 1997 , 

Lowenstine and Munson 1999 );  however, recent data suggest that the value of these 

parameters varies markedly among lemur species (Williams et al. 2008).  

Fat soluble vitamins were not significantly different between sites, with the 

exception of vitamin A, whic h was higher at AFC.  These values fell within normal 

ranges for other lemur species; however, there is a consistent lack of carotenoids in 

all samples, indicating that lemurs may metabolize or utilize these compounds 

differently than other species.  This is consistent with vitamin analyses from other 

wild lemur species (Dutton et al. 2003, Junge and Louis 2005b , 2007, Dutton et al. 

2008, Junge et al. 2008) but different from most primate species th at have 

detectable carotenoids (Crissey et al. 1999, Slifka et al. 1999).  In fact, most primates 

are considered carotenoid accumulators, while ungulates are more commonly 

considered non-accumulato rs (Slifka et al. 1999).  This supports the suggestion that 

vitamin metabolism in prosimians is clearly different than other prima tes.   
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No differences were present in the vitamin D precursor 25 ð 

hydroxycholecalciferol.  Vitamin D precursors come from two sources, either dietary 

ergocalciferol or from ultraviolet light conversion of cholecalciferol in the skin. If 

indri relied on de rmal conversion for a significant amount of vitamin D, differences 

between these populations might be expected due to seasonal differences in sun 

exposure. These similar values may suggest that indri are able to utilize dietary 

sources of vitamin D.  

Zinc and manganese measured significantly higher for AFC individuals, but 

selenium values were 40% lower at AFC. Despite these differences, these values 

remain within normal ranges for mammals (Kaneko et al. 1997), including other 

lemur species (Dutton et al. 2003, Junge and Louis 2005b , 2007, Dutton et al. 2008, 

Junge et al. 2008).   

   Enteric bacteria typically considered to be pathogenic in lemurs 

(Salmonella , Shigella , Campylobacter , and Yersinia ) (Obwolo 1976, Coulanges 1978, 

Lhuillier and Zeller 1978 , Luechtefled et al. 1981, Bresnahan et al. 1984) were not 

detected.  Detection of these pathogens in lemurs could indicate transmission from 

hum ans or their associated animals, or indirect exposure via fecal contamination in 

the environment. Human - associated pathogens have been identified in wild primate 

populations, including  E. coli  in primates in Uganda (Goldberg et al. 2008b) and 

enteric pathogenic bacteria (Nizeyi et al. 2001b) and sarcoptic mange in mountain 

gorillas ( Gorilla gorilla berengei ), possibly be related to ecotourism (Kalema et al. 

1998, Kalema -Zikusoka et al. 2002). The recent emergence of a lemur bushmeat 
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market in Madagascar not only enhances the r isk of pathogen pollution due to 

increasing human exposure, but also heightens the danger of zoonotic disease 

emergence within human populations due to the close bodily contact associated with 

the bushmeat hunting process (Wolfe et al. 2005a, Barrett and Ratsimbazafy 2009 , 

Golden 2009).  

Toxoplasmosis has been reported in lemur species and  often results in high 

mortality rates that vary with lemur species (Dubey et al. 1985, Junge and Louis 

2007, Junge et al. 2008). Serum samples from both BSNR and AFC were negative 

for T. gondii . The definitive hosts for Toxoplasma gondii  are felid species; therefore, 

detection of titers in lemurs would indicate exposure to domestic cats, as there are 

no native felids in Madagascar.  Alternatively lack of seropositivity could indicate 

that indri die acutely of toxoplasmosis (as Lemur catta  do) rather than survive and 

mount a serological titer (as seen with Varecia ). Serosurvey for a variety of viral 

pathogens (herpesvirus SA8, simian retrovirus 2, simian T - lymphotropic virus, 

simian immunodeficiency virus, simian foamy virus, and measles) was negative. 

None of these viral  diseases are known to exist in lemurs however close human 

contact via mining, logging, hunting or tourism creates opportunities for 

transmission. Serological assays were selected due to cross ð reactivity (SA8 reacts 

with a variety of herpes viruses ), presence in the human population (measles), or 

virus group represented ( foamy virus , retrovirus, immunodeficiency virus). The 

assay is a non-species specific antigen blocking assay, therefore cross reaction with 

non-simian primate sera is expected. However, s ince these viral diseases have never 
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been documented nor experimentally produced in lemurs no positive controls are 

available. Therefore, negative results may simply indicate that the assay does not 

work in this species.  

Ectoparasites can compromise health  in an infected individual and can act as 

vectors for harmful pathogens such as arboviruses, Bartonella, plague, murine 

typhus and Ehrlichia spp., all of which have been documented within Madagascar 

(Duplantier and Duchemin 2003 , Rousset and Andrianarivelo 2003 , Junge and 

Sauther 2007b ). In this st udy, ectoparasites varied greatly between sites, with indri 

at AFC exhibiting higher prevalence for all ectoparasites except for the mite, L.  

madagascariensis . At BSNR, only L.  madagascariensis  was identified, while at 

AFC, 3 types of ectoparasites were identified, including mites, lice (T. 

babakotophilus) and ticks ( H. lemuris and Ixodes). Only T. babakotophilus was 

considered to be significantly higher at AFC then at BSNR; however,  this outcome 

may have simply been a result of limited sample sizes. At AFC, 2 individuals 

suffered from multiple infections of more than one ectoparasite type, and 37.5% of 

individuals harbored ectoparasites compared with only 10% at BSNR. The heavy 

ectoparasite load at AFC may indicate compromised health, increased exposure to 

ectoparasite transmission or suboptimal habitat.  

Samples were collected in May and October, which introduces seasonal and 

climatic variation. Seasonality will play a role in nutritional availability, lemur 

activity levels, exposure to parasites within t he environment as well as parasite life 

cycles (Altizer et al. 2006, Nunn and Altizer 2006 ) . Although available forage varies 
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between these sites, no significan t differences were detected in body weight between 

populations. In BSNR, the rainy season ends just before May, and in ARC, October 

falls within the middle of the dry season. One would predict elevated rates of 

parasitism during the wet season, as increase d precipitation and temperature 

influence parasite transmission and survival in the environment (Altizer et al. 2006, 

Nunn and Altizer 2006 ) . However, indri at BSNR actually had lower parasite 

prevalence and richness.  

This study suggests that indri under greater anthropogenic disturbance 

exhibited physiological changes compared to indri in a pristine forest. Long -term, 

consistent monitoring of the effects of dis turbance will be critical to ensuring the 

survival of these populations. The need for this monitoring is only heightened by the 

endangered status of Madagascarõs lemurs as well as the projected increase in 

anthropogenic pressure in the future. With this ty pe of monitoring, it may be 

possible to recognize the cumulative and interactive effects of a combination of 

stressors on wildlife populations, including environmental contamination, reduced 

nutritional quality, pathogen pollution from humans and domestic animals, 

susceptibility to disease, hunting and habitat loss and degradation. Possessing 

knowledge about how habitat degradation and contamination from mining affects 

lemurs and other wildlife will assist protected area managers in addressing the 

health an d sustainability of wildlife populations.  
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Chapter 5. Effects of environmental change on lemur 

health in Madagascar: Predictive modeling of lemur 

parasites to inform conservation and public health 

planning  

5.1 Introduction  

Madagascar is considered one of the worldõs top conservation priorities due to 

its unparalleled levels of diversity and endemism (Myers et al. 2000); however, 

intense anthropogenic  pressure and environmental change have decimated primary  

forests (Dufils 2003 , Elmqvist et al. 2007, Harper et al. 2007, Allnutt et al. 2008). 

Habitat degradation and other anthropogenic disturbance such as logging, tourism, 

mining and other natural resource extraction have profound effects on wild life 

populations in Madagascar. Lemurs are particularly vulnerable to anthropogenic 

habitat disturbance.  

Evaluation of the effects of anthropogenic disturbance, including habitat 

fragmentation, degradation, mining and other human contact, on wildlife health and 

nutrition is critical for the management and preservation of en dangered species 

(Woodroffe 1999, Deem et al. 2001, Acevedo-Whitehouse and Duffus 2009 , Smith et 

al. 2009).  Disease and contamination may directly affect the survival of endangered 

host populations by reducing physical fitness, or indir ectly by impairing 

reproductive success, suppressing population size or reducing resilience, all of which 

ultimately can regulate host populations (Hochachka and Dhondt 2000 , Cleaveland 

et al. 2002).  
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Monitoring serves to assess nutritional  and health status, evaluate the 

presence of environmental contaminants, identify disease risks, and alert managers 

to fluctuations in health parameters from baseline levels.  The majority of primate 

pathogens will exert long -term, sublethal effects that c an reduce population 

sustainability (Goldberg et al. 2008a), and the only way to document these changes 

is with consistent health mon itoring.  

With these health data, we can utilize geospatial tools to further understand 

and predict distributions of parasites within lemur populations. As 

anthropogenically -driven environmental change will continue to increase in 

Madagascar, through urban ization, deforestation and climate change, it is of utmost 

importance to understand how these dynamics will influe nce lemur health.  

The role of the environment in shaping patterns of parasite infection and 

health cannot be overestimated. Environmental var iables, including those that are 

landscape, precipitation or temperature -related, directly correlate with spatial 

patterns of lemur parasites in Madagascar. These environmental correlates are 

incredibly important to consider, as they directly impact the po pulation biology of 

parasites (Brooker 2000). For example, increasing precipitation and temperature can 

extend the duration of the parasiteõs infective stage and viability in the environment 

up to a certain point. Temperature can also speed up the rate of parasite 

development. Indirectly, environmental shifts can alter both the intermediate and 

definitive host behavior and biology, therefore altering parasite transmission rates.   
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Here we assess the predicted distributions of parasites within lemur 

populati ons. We evaluate the environmental correlates  (temperature, precipitation 

and landscape-level characteristics) that shape patterns of parasitism, and assess 

how these distributions will change in the future with projected climate shifts. We 

also examine how both the environment and anthropogenic pressure are correlated 

with  modeled lemur parasite richness. This type of information can help to improve 

conservation outcomes, advance wildlife management, and contribute knowledge to 

the potential for zoonotic d isease transmission from lemurs to humans.  

5.2 Methods  

5.2.1 Database development  

5.2.1.1 Study Area  

All study sites occurred within the island of Madagascar, the fourth largest 

island in the world (587,000 km 2) (Figure 13). The island maintains incredible 

species diversity, making it one of the òhottestó of the biodiversity hotspots (Myers et 

al. 2000). Underlying this biodiversity is a wide and diverse range of climates, 

ecoregions and topography, with lush rainforest along the ea stern escarpment, dry 

deciduous forest in the west, and spiny forest in the south (Figure 7, Chapter 3) . The 

steepness of the eastern escarpment traps much of the easterly Indian Ocean trade 

winds, consequently res ulting in a western rain shadow, which contributes to the 

dry western forest ecoregion. Mean annual rainfall ranges from 331 to 3373 mm and 

mean annual temperatures range from 11.0 to 27.4°C (Hijmans et al. 2005).  
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The highland region, within the sub -humid forest region, was once a mosaic 

of forests and savannah, but is now almost completely modified by people with rice 

cultivation in the valleys and dry farming on the hillside slopes. This region 

experiences a cold and dry season from May to October and a warm, rainy season 

from November to April (Duplantier and Rakotondravony 1999 ). The west coast, 

typified by dry, deciduous forest is a mixture of forest, pasture and cultivation. The 

south is much more ar id, is dominated by spiny thickets, and experiences a 10 

month dry season. For this reason, it is less characterized by cultivation but more by 

cattle production.  

 

 

Figure 13. The island of Madagascar is approximately 300 kilomet ers away 

from the African continent at the narrowest point in the Mozambique Channel.  
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5.2.1. 2 Parasite data  

From a medical perspective, unicellular bacteria are often viewed separately 

from more traditionally classified òparasites,ó such as multicellular organisms like 

helminths and ectoparasites. From an ecological perspective, however, a parasite is 

defined as òan organism that lives in or on a host organism and feeds on its tissues 

or body fluidsó and includes both macro- and microparasites (Cain et al. 2011).  

Hereafter in this study, the term parasite encompasses all types of micro and 

macroparasites, including ectoparasites, helminths, viruses, protozoa and viruses.  

5.2.1.3 Lemur parasite data  

Parasite samples originated from several different so urces. The majority of 

the data originated from the ongoing Prosimian Biomedical Survey Project (PBSP), a 

project that has assessed over 600 lemurs of 31 species within 20 sites since 2000, 

and provided excellent presence -absence data (Junge and Garrell 1995 , Junge and 

Louis 2002 , Dutton et al. 2003, Junge and Louis 2005b , a, 2007, Dutton et al. 2008, 

Junge et al. 2008, Irwin et al. 2010, Junge et al. 2011).  This project is struc tured to 

provide collaboration between field biologists and veterinarians involved in 

conservation projects throughout Madagascar.  Veterinarians provide basic medical 

assistance as needed, and collect standard biomedical samples and health 

information fro m animals anesthetized or captured for other purposes. Activities in 

this project complied with protocols approved by the St. Louis Zoo and Duke 

Universityõs Institutional Animal Care and Use Committee, as well as adhered to all 

research requirements in Ma dagascar and to the American Society of Primatologists 
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principles for the ethical treatment of primates. A detailed description of sample 

collection methodology can be found in Chapter 3 or in the previously cited 

references.  

In order to expand the geogra phical representation of the parasite data, as 

well as create a more complete picture of the parasite communities documented in 

lemurs, published accounts of parasite occurrences in lemurs were collated and 

included (Table 47, Appendix) . The Global Mammal Parasite Database was a very 

helpful tool in locating these studies (Nunn and Altizer 2005 ) (available at 

http://www.mammalparasites.org/ ).  Only presence points were included in these 

analyses, and sites sampled were georefe renced using published reports, available 

maps and Google Earth. Collectively between the PBSP data and the published 

literature, sites sampled for these analyses occurred in all ecoregions except for 

ericoid thickets (Figure 7, Chapter 3)  and from a diverse range of protected and non -

protected areas ( Table 3, Chapter 3 ).  

5.2.1.4 Environmental  and anthropogenic data  

Environmental data utilized in these analyses originated f rom several 

sources (Table 47, Appendix ). Climate data consisted of a suite of 19 different 

bioclimatic variables at 30 arc -second resolution, including: annual mean 

temperature; annual precipitation; mean diurnal range; isothermality;  temperature 

and precipitation seasonality; maximum temperature of the warmest month; 

minimum temperature of the coldest month; temperature annual range; mean 

temperatures of wettest, driest, warmest and coldest quarters; precipitatio n of 

http://www.mammalparasites.org/
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wettest and driest months; precipitation of wettest, driest, warmest and coldest 

quarters. These data originated from the greater global dataset of climate layers 

generated from weather stations on a 30 arc -second grid. Weather data for 

Madagascar wer e developed from weather station recordings from 1930 -1990 from 

approximately 117 weather stations throughout the island (Pearson et al. 2007) 

These data were downloaded from the WorldClim dataset (Hijmans et al. 2005) 

(available here: http://www.worldclim.org ). Each of the 19 WorldClim layers is 

described in 

http://www.worldclim.org/
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Table 48 (Appendix). Other environmental data included geology, solar radiation, 

slope, aspect, and current and proposed protected areas within Madagascar  (Table 

47, Appendix ). Anthropogenic data included the Human Influence Index, which we 

calculated to its maximum value within a 5 km radius of each pixel, is a composite 

index of the following: human population density/km2, railroads, major roads, 

navigable riv ers,  coastlines, nighttime stable light values, urban polygons, and land 

cover categories (urban areas, irrigated agriculture, rain -fed agriculture, other cover 

types including forests, tundra, and deserts) (Sanderson et al. 2002). To assess co-

linearity within the environmental data, we created a Spearman rank correlation 

matrix in JMP (SAS Institute) to describe the relationships among the 

environmental predictor variables and then subsequently removed highly co rrelated 

variables. To shorten the table, only pairs of variables that maintained a correlation 

above 0.60 are included (Table 49, Appendix) .  

5.2.1.5 Host richness data  

Host species richness and distribution will play a role in parasite 

distributions, as has been established with host snail distributions and 

schistosomiasis in Africa (Simoonga et al. 2009). To assess the importance of both 

lemur species richness and total mammal species richness on pa rasite distributions 

in Madagascar, we included both of these layers in the analysis  (Figure 14). 

Lemuroidea Superfamily species richness were created including the following 

lemur species: Avahi laniger, A. occide ntalis, Cheirogaleus major, C. medius, 

Eulemur albifrons, E. albocollaris, E. collaris, E. coronatus, E. flavifrons, E. macaco, 
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E. rufus, E. sanfordi, Hapalemur griseus, Indri indri, Lemur catta, Lepilemur 

leucopus, L. mustelinus, Microcebus danfossi, M. g riseorufus, M. murinus, M. 

myoxinus, M. ravelobensis, M. rufus, M. sambiranensis, M. tavaratra, Propithecus 

candidus, P. coquereli, P. deckeni, P. diadema, P. edwardsi, P. perrieri, P. tattersalli, 

P. verreauxi, Varecia rubra, V. variegata . Total mammal sp ecies richness was also 

created based upon available range maps for mammals within Madagascar. These 

ranges were obtained from the International Union for the Conservation of Natureõs 

Red List Database (IUCN 2010 ).   
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Figure 14. Predicted l emur species richnes s and total mammal species 

richness in Madag ascar. Warmer colors indicate that a higher number of species 

probably exists in that location (IUCN 2010 ).  

 

5.2.2 Geostatistical Analyses  

5.2.2.1 Species distribution modeling: methods, utility and limitations  

Species distribution models (SD Ms) estimate the associations between known 

species occurrences and suites of environmental variables relevant to environmental 

suitability. SDMs estimate the biotic and abiotic habitat conditions, sometimes 

referred  to as an òecological niche,ó within which a species could likely occur. This 

technique incorporates many different types of environmental data (e.g., climate, 
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soils, topography, vegetation, anthropogenic measures) in order to develop a model 

based upon where species are known to occur. This inf ormation is then used to 

develop and project modeled distributions into covariate space, which could be 

expanded to new geographical areas or under future climate conditions.  

SDMs offer an incredibly useful tool for research and applied needs in 

biogeography, conservation biology and ecology, as described in a number of studies 

(Elit h and Leathwick 2009 , Elith et al. 2011). SDMs have been utilized to prioritize 

conservation action, to determine range filling, to assess niche evolution, to identify 

habitat limiting factors, to pr edict the geographical ecology of invasive species, and 

to assess landscape hazards (Dai and Lee 2003 , Ohlmacher and Davis 2003 , Ayalew 

and Yamagishi 2005 , Pearson et al. 2006, Chang et al. 2007, Pearson et al. 2007). 

Several studies have successfully utilized SDMs to assess the distributions and 

regulating environmental conditions relevant to parasites and diseases. SDMs have 

been used to assess hosts, parasites and their vectors in a number of environments 

(Brooker and Michael 2000 , Brooker  et al. 2002, de Silva et al. 2003, Bethony et al. 

2006, Brooker et al. 2006, Neerinckx et al. 2008, Brooker and Clements 2009 , Holt et 

al. 2009, Simoonga et al. 2009, Froeschke et al. 2010).   

Several different methods have been developed to model species 

distributions, and they vary widely based upon what t ype of data they require.  In 

formal and established study sites with the benefit of long -term and thorough data 

collections, presence/absence as well as abundance data can be collected. With these 

types of data, more traditional methods can be utilized, s uch as multiple logistic 
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regression models, generalized linear models or regression trees (Ohlmacher and 

Davis 2003 ). However, when survey data are  sparse or incomplete with only 

presence data, as is the case with almost all public biological databases, other 

methods are required.  

One such method that has been commonly used to develop SDMs is Maxent, 

a maximum entropy density estimation method for characterizing probability 

distributio ns over geographic space from limited or incomplete information (Phillips 

et al. 2006). It is exceptionally useful and achieves high pre dictive accuracy with 

small samples sizes of cryptic species, and in situations where accurate absence data  

are lacking (Elith et al. 2006, Pearson et al. 2006, Phillips and Dudik 2008 ). It fits 

penalized maximum likelihood models, which produces probability distributions of 

species based upon presence-only species records. Maximum entropy refers to the 

goal of determining the probability distribution that is the most dispersed, or the 

most unconstrained, which balances the limits of known presence points within the 

context of environmental condition s (Phillips and Dudik 2008 ). The program 

computes a probability density function, which indicates the relative suitability of 

each pixel within the gridded study area as potential habitat for the focal species. It 

assigns a non-zero value to every pixel within the study area. These values are 

defined within the constraints of features, which have been derived from continuous 

or categorical environmental predictor variables. Maxent implements several 

different types of features, including linear, quadratic, product, threshold, hinge and 

category indicator to constrain means, variances and covariances to the variables to 
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match their empirical values (Phillips and Dudik 2008 ). Maxent analyzes the 

environmental covariates included in the analysis by taking 10, 000 or more random 

samples across covariate space, which is known as the background sample.  Raw 

values are converted into a cumulative format that sums to one, therefore the more 

values calculated, the smaller value each one maintains. Maxent then transfo rms 

this output to make assumptions about prevalence and sampling effort , and by 

default presents a logistic output giving an estimate of the probability of presence 

built upon a vector of environmental variables. Maxent output includes a continuous 

varia ble ranging from values of 0 to 1, with higher values indicating relative 

suitability of the habitat for species presence, indicating a likelihood that a species 

could occur.  

The fact that Maxent relies only upon presence data is both a benefit and a 

source of criticism. Many papers have discussed the subject of whether presence -only 

data are  sufficient to accurately predict distributions, which depends upon the 

quantity and quality of the data, the ecological relevance of the environmental 

variables inclu ded, the scale of the analysis, and the dispersal and biotic interactions 

of the modeled species. The fundamental limitation of presence -only data is that 

prevalence cannot be determined from these data (Ward et al. 2008). A second 

limitation includes the greater bias introduced with unbalanced sampling  intensity.  

Presence data tend  to be biased towards those areas easier to sample, such as near 

roads, towns, field sites or waterwa ys (Reddy and Dávalos 2003 , Phillips and Dudik 

2008). Despite its abilit y to improve model fit, pre sence-absence data also present 
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their own complications with issues of detectability and false absences (Pearson et 

al. 2006, Elith et al. 2011).  

Lastly, other important information, such as biotic interactions, geographic 

barriers and history, also influence the distributions of species, but are not included 

in the development of these models (Pearson et al. 2007). Despite these limitations, 

species distribution models built upon presence -only data have been shown to be a 

useful and rapid tool to determine species -relevant regions that have environmental 

conditions that are likely to support the species  (Pearson et al. 2006).  Model 

predictions should be incorporated and utilized in decision -making with a full 

understanding of the assumptions and inherent uncertainty.  

5.2.2.2 Estimation of Current and Future Distributions  

Predicted  geographical  distributions of parasite species based upon the 

suitability of environmental data were modeled from GPS data we collected (PBSP 

data) and georeferenced data gathered from primary literature. The following 

parasite species from lemur hosts were included a nd can be seen in Table 18. 

Helminths: Callistoura  spp., Enterobius  spp., Hymenolepsis  spp., Lemurostrongylus  

spp., Lemuricola  spp., Spiruroidea superfamily, Strongylidae, Trichuris  spp.; 

Bacteria: Acinetobacter  spp., Bacillus  spp., E. coli , Enterobacter  spp., Enterococcus 

spp., Klebsiella  spp., Pseudomonas spp., Staphylococcus spp.; Virus: West Nile 

Virus ). Three lemur parasite species were examined for their environmental 

correlates , but were not modeled due to i nsufficient data (helminths Bertiella  spp. 

and Pararhabdonema  spp. and the protozoan Toxoplasma gondii ). SDMs were 



 

 

163 

generated for parasite species with 5 or more unique localities.  The original dataset, 

consisting of 761 presence points, was reduced to con tain only non -repetitive locality 

points, with a total of 211 locality points. Maximum entropy distribution modeling 

(Maxent version 3.3.3e (Philips et al. , 2006)) was used to generate SDMs using the 

following parameters: random test percentage =25%, regul arization multiplier = 1, 

maximum iterations =1000, convergence threshold =0.0001, maximum number of 

backgrounds points = 10000.  This means that 25% of the original data was set aside 

for model testing and independent validation against the 10,000 random background 

points (pseudo-absences) in order to assess commission. The SDMs for current 

conditions incorporated the following 23 ecogeographic variables at 30 arc -second 

resolution ; ): 19 ôcurrentõ bioclimatic variables from Worldcllim.org  that constitute a 

wide range of variables representing different measures of temperature and 

precipitation, geology, slope, aspect and solar radiation  (Table 47, Appendix ).  These 

models can be interpreted to predict the distrib ution of a species, creating a map 

that indicates areas of high and low habitat suitability based on an approximation of 

a speciesõ ecological tolerance.  To transform these models into a reflection of 

suitable or non -suitable habitat, it is common to appl y a decision threshold above 

which  values are considered to be a prediction of species presence (Pearson et al. 

2007). We used the òFixed Cumulative Value 5ó threshold in Maxent 3.3.3e.  

The ôcurrentõ SDMs were then projected into a future climate scenario using 

data generated by the International Cen tre for Tropical Agriculture (CIAT) (CCCMA -

CGCM  A2a) (http://gisweb.ciat.cgiar.org/GCMPage/ ). The A2 scenario assumes that 

http://gisweb.ciat.cgiar.org/GCMPage/
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population growth continues to grow at a constant rate and reaches 15 billion b y 

2100 (IPCC 2007). The data used to develop these predicted models were downloaded 

from the  Intergovernmental Panel on Climate Change data portal for the fourth 

assessment report ( http://www.ipcc -data.org/ ), and then re-processed using a spline 

interpolation algorithm of the anomalies and the current climate distribution available 

from Worldclim (Hijmans et al. 2005, Hijmans et al. 2008). The data included 19 

bioclimatic variables predicted fo r year 2080 at 30 arc -second resolutions (from 

Worldcllim.org). The following variables from the current SDM were also used for 

the future version: geology, slope, aspect and solar radiation (Table 47, Appendix ).  

These variables are based entirely on a digital elevation model or geology; therefore, 

we assume that they will not vary considerably over the next century.  

5.2.2.3 Model validation and assessment of model performance  

Models were assessed using the area u nder the receiver operating 

characteristic curve (AUC), which is the probability that a presence site will rank 

higher than a randomly chosen absence site, or as in Maxent, a randomly selected 

pseudo-absence background site (Fielding and Bell 1997 , Phillips and Dudik 2008 ). 

A randomly -ranked site has a value of 0.5 with no predictive ability and a perfectly 

ranked site would value 1.0 for its predicting ability. Models with AUC values 

surpassing 0.75 are considered possibly useful (Phillips and Dudik 2008 ). This 

measure allows for testing agreement between the observed and simulated 

distributions (Pearson et al. 2006).  

http://www.ipcc-data.org/
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Current SDMs were also validated to assess predictive performance using a 

jackknifing procedure that evaluates model performance of small sample sizes based 

on its ability to predict an observed presence.  This method employ s a òleave-one-

outó procedure in which each observed locality is removed once from the dataset and 

a model is built using n-1 training localities. This method calculates a P -value, 

which if significant, represents that the model performed statistically bet ter than a 

random model in predicting the presence of the focal species. This method is fully 

described  in detail and the P-value calculation program is freely available (Pearson 

et al. 2007).  

5.2.2.4 Evaluating variables of biological importance  

Maxent output includes the contribution of each enviro nmental variable to 

the model ôwith onlyõ that variable and ôwithoutõ that variable. To assess the relative 

biological importance of each environmental variable, we assessed each variable by 

its ôwith onlyõ value. To standardize this comparison among all environmental 

variables, we divided with value by the total model regularized training gain, or the 

total predictive information provided by the model. This value can be interpreted as 

a relative percentage contribution to the total model gain. To further c ompare, we 

averaged these values across types of environmental variables (precipitation, 

temperature and landscape variables) as well as across different types of parasites 

(e.g., bacteria, helminth, virus, ectoparasite, protozoa). We also examined the 

dir ection of the correlation  for each environmental variable in their partial 

dependence plots.   
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5.2.2.5 Further evaluating environmental and anthropogenic correlates of  West Nile 

Virus  

 Parasite presence data were utilized in all SDMs; however, we also 

possessed absence data within the PBSP database. To further explore this more 

refined dataset, we conducted logistic regressions on a parasite of particular 

interest.   Logistic regression proves useful in examining the relationship of a set of 

independent var iables and a dependent variable with a binary response, i.e., 

parasite presence and absence (Dai and Lee 2003 ). To explore the effect of both 

environmental and anthropogenic independent variables on parasite occurrence of 

West Nile Virus , we utilized Generalized Linear Models (GLM) with a logit link in 

JMP 8.0 (SAS Institute). Model results and significance values are displayed.  

5.2.2.6 Area of Occupancy 

We estimated the area of occupancy of current and futur e models for each 

parasite/host species modeled.   This was done by calculating the number of presence 

pixels in each binary model and then transforming by the spatial resolution of the 

data.   We additionally estimated the range expansion and contraction of each 

parasite species into projected future climatic conditions, by subtracting a 

reclassified ôcurrentõ model from the future model.  We display these results as an 

expansion, contraction, a maintained presence or a maintained absence.  
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5.2.2.7 Niche Overlap  

The resulting continuous ôcurrentõ SDMs were loaded into ENMtools version 

1.1 (Warren et al., 2008) and niche overlap within host species (human or lemur) 

were calculated using Warrenõs I statistic and Schoenerõs D (Schoener 1968).   

5.2.2.8 Species Richness 

Predicted p arasite species richness layers were generated by summing the 

binary parasite distribution models for each of the hosts (human and lemur).   

Predicted r ichness maps were created for total parasi te richness, bacterial richness, 

ectoparasite richness and helminth parasite richness for both lemur and human 

hosts. Lemur and mammal richness data were collected from the IUCN õs Red List of 

Threatened Species data (IUCN 2010 ). Lemurs included in the lemur species 

richness layer are in cluded in  Table 47 (Appendix) . Using these data, we extracted 

richness layers based upon the following taxonomic groups: all Malagasy mammals, 

Lemuridae, Indridae, Lepilemuridae, Cheirogaleidae, Daubentoniidae and 

Lemuroidea.     

5.2.2.9 Evaluating environmental and anthropogenic correlates of  lemur parasite 

richness  

We utilized standard Least Squares Regression to investigate the effect of 

environmental, anthropogenic and lemur and mammal richness on total lemur 

parasite richness. Lemur species richness and total mammal species richness were 

developed based upon data available in the terrestrial mammal database generated 

by IUCN (IUCN 2010 ). Extracted values of 10,000 sampled points among all climate, 
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ecological, mammal and lemur richness, and a nthropogenic influence layers 

provided the data for these analyses. Independent variables included climate 

variables (19 ôcurrentõ bioclimatic variables from Worldc lim.org  that constitute a 

wide range of variables representing different measures of temper ature and 

precipitation); other ecological variables (World Wildlife Fund Ecoregion 

classification, presence of forest, pasture suitability, distance to protected areas, 

geology, slope, aspect and solar radiation); richness values (total lemur species 

rich ness and total mammal species richness) and anthropogenic variables (human 

population density projected to 2015, distance to road, distance to towns, distance to 

trail, and Human Influence Index). Human Influence Index is a global composite of 

population d ensity per square kilometer, railroads, major roads, navigable rivers, 

coastlines, nighttime stable lights, urban polygons and land cover categories, 

including: urban areas, irrigated agriculture, rain -fed agriculture, forest, tundra and 

deserts) (Sanderson et al. 2002) (Table 47, Appendix ) . We assigned the maximum 

value of HII within a 5 kilometer radius to a pixel, under the assumption that 

human activity is mobile enoug h to operate within this area. The dependent variable 

was total parasite richness. R 2 values, analysis  of variance and parameter estimates 

are presented for each model.  
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5.3 Results  

5.3.1 Documenting parasites of lemur populations: What, where and 

how prev alent?  

The PBSP has conducted health evaluations of over 600 lemurs of 31 species 

within 20 sites since 2000 (Dutton et al. 2003, 2008; Irwin et al. 2010; Junge et al. 

2008; Junge & Garrell 133 1995; Junge & Louis 2002, 2005a, 2005b, 2007, Junge et 

al. 2011). I supplemented these data with 178 lemurs of 9 species sampled from 4 

sites (Kirindy Mitea National Park, Betampona Strict Nature Reserve, Ivoloina 

Private Reserve and Mitsinjo Private Reserve). PBSP biomedical sampling 

documented 45 different species  of parasite within lemur populations in 

Madagascar, and other independent studies documented 43 additional species for a 

total of 88 parasites. Of these documented parasites, bacteria comprised 26% 

(N=22), helminths  44% (N=38), protozoa 14% (N=14), viruse s 9% (N=8) and 

ectoparasites 7% (N=6)  (Figure 11, Chapter 3) . All parasite species recorded are 

included in Table 6 in Chapter 3. Additional information on the parasite coi nfection, 

prevalence, richness  and specificity is included in Chapter 3 and a discussion of the 

health and conservation implications of these parasites will occur in Chapter 6.  

Lemur parasites focused on in this study are covered in Table 18.   
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Table 18. Lemur parasites sampled within this analysis.  
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  Lice Yes Possible No 

Social 

contact, i.e. 

grooming, 

huddling, 

sleeping,  

Perhaps with 

coinfection or 

immunocompromised 

status, or as a vector 

for other infection  

in huma ns, lice can carry Bartonella, 

Rickettsia and Borrelia  

Temperature 

affects 

survival  

Yes Yes 73 11 

Ectoparasite  Mites  Yes Possible No 

Direct, 

transmitted 

though 

social 

contact  

Pathogenic perhaps 

with coinfection or 

immunocompromised 

status  

Potential vector s for Bartonella spp. and 

Ehrlichia spp, and cause dermatitis 

conditions  

Free-living 

stage in soils, 

and 

temperature 

directly affects 

development  

Yes Yes 91 14 

  Tick  Yes Possible No 

Direct, or 

indirect via 

environment  

can transmit 

pathogenic organisms  

Potential vector for viruses, bacteria, 

apicomplexans and filaroid nematodes  

Directly 

influenced by 

temperature 

and soil 

moisture for 

survival and 

development  

Yes Yes, 83 16 

  Bertiella  spp.   
Insuff. 

data  
Yes No 

Ingestion of 

a mite  

In humans, 

pathogenic.  

In humans, abdominal pain, vomiting, 

diarrhea or constipation following contact 

with primates  

Found 

commonly in 

the soil.  

Yes Yes 5 3 

  Callistoura  spp.   Yes No No 

Ingestion of 

fecal matter 

or an insect  

Unknown  Unknown  

Faster 

replication 

during 

warmer 

temperatures  

Unknown  
None 

found 
28 8 

  Enterobius  spp.   Yes No No 
Ingestion of 

feces 
can be pathogenic 

Usually asymptomatic, but can cause 

tingling and itching. Has caused death in 

a captive chimpanzee.  

Can persist in 

soils and are 

resistant to 

desiccation  

Yes Yes 10 6 

  
Hymenolepsis  

spp.   
Yes No No 

Ingestion of 

fecal matter 

or an insect  

pathogenic  
cramps, diarrhea, irritability, anorexia, or 

enteritis , nausea  

Higher 

replication in 

warm 

temperatures, 

but can only 

persist in 

environment 

for about 10 

days.  

Yes Yes 25 10 

Helminth  
Lemuostrongylus 

spp.   
Yes No No 

 Ingestion of 

feces 
Unknown  Unknown  

Larvae 

development 

in the soil 

during free -

living stage.  

Unknown  
None 

found 
50 11 

  Lemuricola  spp.   Yes No No 

Ingestion of 

fecal matter 

or an insect  

potentially 

pathogenic,  needs 

further study  

generally nonpathogenic, but the human 

pinworm ( Enterobius  vermicularis ) has 

caused death in a chimpanzee previously  

Elevated 

replication in 

warmer 

temperatures  

Unknown  
None 

found 
41 17 

  
Pararhabdonema  

spp.   
Insuf f. 

data  
No No 

Ingestion of 

feces 
Unknown  Unknown  

Larval 

development 

in the 

environment.  

Yes 
None 

found 
14 3 
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Spiruroidea 
superfamily  

Yes No No 
Ingestion of 

an insect  
Unknown  Unknown  

Has an 

environmental 

stage 

Yes 
None 

found 
25 9 

 Helminth  Strongylidae  Yes No 

Strongyloides 
stercoralis, 
fulleborni  

Ingestion of 

feces, 

autoinfection  

pathogenic  
can cause diarrhea, abdominal pain, 

weight loss, anemia and even death  

Free living 

stage in the 

soil.  

Yes Yes 15 7 

  Trichuris  spp.   Yes Yes No 

Larvated 

eggs 

ingested 

from feces 

Pathogenic in captive 

lemurs and in 

humans  

Can cause disease and even death in 

immunocompromised hosts  with heavy 

infections  

Eggs 

embryonate in 

the 

environment  

Yes Yes 19 7 

  
Acinetobacter  

spp.   
Yes No No Contact  

Most likely 

commensal 

Nonpathogenic to healthy hosts, but can 

cause infection in immunocompromised 

hosts.  

widely 

distributed in 

nature, soil 

organism, able 

to survive in 

wet and dry 

environments  

Yes Yes 23 6 

  Bacillus  spp.   Yes No B. anthracis  Contact  

Most likely 

commensal bu t some 

species can be 

pathogenic  

B. anthracis causes anthrax and B. cereus 

causes a food-borne illness  

Maintains a 

free-living 

stage. B. 

anthracis can 

withstand 

severe 

environmental 

conditions in 

this spore 

form.  

Yes Yes 20 11 

  Escherichia  coli Yes No 
Yes, some 

strains  
Contact  

Most likely 

commensal but other 

strains can be 

pathogenic  

Pathogenic strains can cause 

gastroenteritis, urinary tract infections, 

and neonatal meningitis  

Can persist in 

the 

environment  

Yes Yes 68 13 

  
Enterobacter  

spp.   
Yes No No Contact  

Most likely 

commensal but some 

species can be 

pathogenic  

Pathogenic strains cause  opportunistic 

infections  in  immunocompromised hosts, 

including urinary and respiratory 

infections  

Can persist in 

water  
Yes Yes 39 9 

Bacteria  
Enterococcus 

spp.   
Yes No 

 E. faecalis, 
E. faecium  

Contact  

Most likely 

commensal but some 

species can be 

pathogenic  

Can cause urinary tract 

infections,  bacteremia,  endocarditis,  and 

meningitis  

Can persist in 

water  
Yes Yes 54 11 

  Klebsiella  spp.   Yes No 
K. 

pneumoniae  
Contact  

Most likely 

commensal but some 

species can be 

pathogenic  

Pathogenic strains can cause pneumonia, 

urinary tract infections, septicemia, soft 

tissue infections  

Ubiquitous in 

nature  
Yes Yes 14 8 

  
Pseudomonas 

spp.   
Yes No P. aeruginosa  Contact  

Most likely 

commensal but some 

species can be 

pathogenic  

In humans, opportunistic pathogen can 

affect immunocompromised patients  

Can maintain 

a hardy cell 

wall that 

allows it to 

thrive in 

harsh 

environment  

Yes Yes 15 6 

  
Staphylococcus 

spp.   
Yes No 

S. aureus, S. 
epidermidis  

Contact  

Most likely 

commensal but some 

species can be 

pathogenic  

pathogenic species can cause  pneumonia, 

meningitis, osteomyelitis, endocarditis, 

bacteremia, sepsis and skin infections  

Can persist in 

the 

environment  

Yes Yes 21 8 
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Protozoa 
Toxoplasma 

gondii  
Insuff. 

data  
Yes Yes 

ingestion of 

fecal matter 

or infected 

meat  

Pathogenic  

Flu -like symptoms, or can be highly 

pathogenic and even fatal, causing 

blindness and neurological disorders  

Oocysts can 

persist in 

environment 

for several 

years 

Yes Yes 5 3 

Virus  

West Nile Virus  Yes Yes Yes 
mosquito 

borne 
Pathogenic  

fever, headache, fatigue, skin rash, eye 

pain, death in captive lemurs  

Temperature 

affects 

mosquito 

larval and 

parasite 

development  

Yes Yes 33 9 

Sindbis Virus  
Insuff. 

data  
Yes Yes 

mosquito 

borne 
Pathogenic  fever, joint pain, rash  

Temperature 

affects 

mosquito 

larval and 

parasite 

development  

Yes Yes 3 3 

Chikungunya  
virus  

Insuff. 

data  
Yes Yes 

mosquito 

borne, 

vertical 

transmission  

Pathogenic  fever, rash, and incapacitating joint pain  

Outbreaks  

occur during 

rainy season  

Yes Yes 2 2 

                Total    776 211 
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5.3.2 Predictive species distribution modeling of parasites in lemurs  

Parasite infections may act as an important regulator of often -endangered lemur 

populations in Madagascar, so  we aimed to enhance the understanding gained from the 

documentation of parasites in lemur populations. Parasite presence data can offer very 

important information for conservation agents, wildlife health managers and public health 

officials. In order to m aximize the utility of these data, visualize the spatial patterns of 

parasites within lemur populations throughout Madagascar, and better understand the role 

of the environment in these parasite patterns, we modeled the predicted probability of 

occurrence of 20 parasites of interest throughout Madagascar for which we had sufficient 

presence data. SDMs were built based upon a suite of environmental conditions that predict 

suitable habitat for parasite presence. These predictions ranged upon a probability sca le of 

0 to 1, with a value of 1 (warmer colors) indicating an extremely likely chance of presence. 

These models were assessed and validated. We present occurrence probability maps for the 

20 focal parasite species for which we possessed more than 5 trainin g points ( Table 18, 

Figure 15 and Figure 16). Overlaid on these maps are either the calculated prevalence of 

each helminth and ect oparasites at specific sampled sites (
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Table 10, Chapter 3 ) or the presence points for bacteria and protozoa, for 

which prevalence data would be misleading due to challenges with sampling 

techniques.  
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Table 19. Of the 23 focal parasites in this study, 20 species provided 

sufficient data to construct SDMs. Those parasites are included here, along with 

their parasite type, mean parasite prevalence across all sites, and an indication of 

whethe r it was modeled or not. For bacterial pathogens, we calculated the 

percentage of sites at which the bacteria was present instead of prevalence, as these 

data could be misrepresentative due to sampling techniques.  The prevalence and 

presence data were ana lyzed only from the PBSP dataset, as we chose to rely upon 

only the primary data that we collected for this calculation.  

Parasite  Type 

Mean prevalence across all sites  

(PBSP data)  Modeled?  

Mites  Ectoparasite  30.9 Yes 

Lice Ectoparasite  24.6 Yes 

Tick  Ectoparasite  13.1 Yes 

Lemuostrongylus 
spp.   Helminth  20.8 Yes 

Spiruroidea 
superfamily  Helminth  17.9 Yes 

Hymenolepsis  spp.   Helminth  15.4 Yes 

Callistoura  spp.   Helminth  9.9 Yes 

Pararhabdonema  
spp.   Helminth  7.2 Insufficient data  

Lemuricola  spp.   Helminth  7.1 Yes 

Bertiella  spp.   Helminth  4.5 Insufficient data  

Trichuris  spp.   Helminth  3.6 Yes 

Strongylidae  Helminth  2.6 Yes 

Enterobius  spp.   Helminth  1.0 Yes 

Toxoplasma gondii  Protozoa 2.0 Insufficient data  

West Nile Virus  Virus  1.5 Yes 

Parasite  Type 

% of sites at which bacteria present 

(PBSP data)  Modeled?  

E. coli  Bacteria  50% Yes 

Bacillus  spp.   Bacteria  36% Yes 

Enterococcus spp.   Bacteria  36% Yes 

Enterobacter  spp.   Bacteria  32% Yes 

Klebsiella  spp.   Bacteria  23% Yes 

Staphylococcus spp.   Bacteria  23% Yes 

Acinetobacter  spp.   Bacteria  14% Yes 

Pseudomonas spp.   Bacteria  14% Yes 
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Figure 15. Predicted parasite distribution models for helminths, 

ectoparasites and a virus documented in lemur hosts. Warmer color s indicate a 

higher probability of occurrence. Bubbles indicate prevalence of parasites measured 

at specific sites. The size of the circle represents the sample size at that site. 
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Figure 16. Predicted parasite distribution model s for bacteria documented in lemur hosts. Warmer colors 

indicate a higher probability of occurrence. PBSP and other occurrence represent the sampled presence data from the 

PBSP database or from published records. 
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A number of parasites exhibited distinctiv e distributions. West Nile Virus  

demonstrated a striking west and southwestern distribution, while Trichuris  spp. 

appeared both east and west in lower elevation gradients. Strongylidae occurred 

only in the eastern region, while Enterobius  spp., Lemuricola  spp. and Spiruroidea 

were distributed throughout the country. Fittingly, Lemurostrongylus  spp. exhibited 

a similar eastern -focused distribution but with an additional smaller range in the 

southwest. Callistoura  spp. remained more coastally -oriented, with a  few patches 

further inland. Ticks preferred the eastern and western coasts, with some patchy 

distributions in the south. Lice demonstrated a preference for the southern half of 

the country, while mites were somewhat likely to occur throughout the country,  with 

a concentration in the western and southwestern coastal areas. Almost all of the 

bacterial pathogens exhibited similar distributions along the eastern coast, 

spreading westward into the highlands, with some heavy concentrations in the 

north, southwes t and southwest. For many of these bacteria, the environmental 

conditions that facilitate their existence may be quite similar. Additionally, many of 

these bacteria could be commensal pathogens of lemurs and even more widespread 

distributions.  

To make the se data relevant to wildlife health manager, we present a listing 

of the lemur parasites that have the potential to occur at all current and proposed 

protected areas throughout Madagascar. With this knowledge, a wildlife health or 

conservation agent within  the Madagascar National Parks agency could be prepared 

with information about what parasites and diseases to monitor for and address 
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within lemur populations. It also raises awareness for the human populations that 

may come into contact with lemurs in the  vicinity of the protected area. (Table 50, 

Appendix).  

We also present the predicted distribution size for each parasite modeled as 

both square kilometers and as a percentage of the land surface of Madagascar (Table 

20).  We saw ranges from 33% ( Hymenolepsis  spp.) to 87% of Madagascarõs land area 

(Enterobacter  and Staphylococcus spp.); with bacteria ranking as the top four most 

highly distributed parasites. On average, bact eria exhibited broader predicted 

ranges (78%) than did helminths (62%) and ectoparasites (61%). Sixteen of the 20 

parasites exhibited ranges that extend 50% of more of Madagascar.  

Table 20. Predicted distribution of each modeled le mur parasite in square 

kilometers and as a proportion of Madagascarõs total land surface area. 

Lemur Parasites  Type 
Predicted  

distribution (Km 2) 

Predicted 

coverage in 

Madagascar (%) 

Enterobacter  spp.   Bacteria  515,569.27 87 

Staphylococcus spp.   Bacter ia 514,309.43 87 

Klebsiella  spp.   Bacteria  502,860.38 85 

Enterococcus spp.   Bacteria  483,169.16 82 

Mites  Ectoparasite  463,363.41 78 

Strongylidae  Helminth  461,484.62 78 

Bacillus  spp.  Bacteria  460,745.45 78 

E. coli  Bacteria  458,856.90 78 

Lemuostron gylus spp.   Helminth  449,664.36 76 

Callistoura  spp.   Helminth  432,822.61 73 

Lemuricola  spp.   Helminth  412,743.12 70 

Trichuris  spp.   Helminth  409,105.75 69 

Acinetobacter  spp.  Bacteria  385,388.88 65 

Pseudomonas spp.   Bacteria  385,388.88 65 

Lice Ectoparasite  338,725.19 57 

Spiruroidea superfamily  Helminth  295,517.74 50 

West Nile Virus  Virus  289,355.00 49 

Enterobius  spp.   Bacteria  282,138.73 48 

Tick  Ectoparasite  274,485.46 46 

Hymenolepsis  spp.   Helminth  192,819.94 33 
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Lemur Parasites  Type 
Predicted  

distribution (Km 2) 

Predicted 

coverage in 

Madagascar (%) 

Mean coverage - 400,425.72 68 

Maximum coverage  - 515,569.27 87 

Minimum coverage  - 192,819.94 33 

Bacteria mean  - 463,286.05 78 

Helminth mean  - 367,037.11 62 

Ectoparasite mean  - 358,858.02 61 

 

To further explore these predicted parasite distributions, we examined niche 

overlap  among all of the modeled parasites. The averages of Schoenerõs D and 

Warrenõs I statistics are presented here (Table 21). Bacteria have very similar 

ranges, as can be seen in the high levels of niche overlap betwe en Bacillus  and E. 

coli (0.89), Enterobacter  (0.87), Enterococcus (0.90), Klebsiella  (0.88) and 

Staphylococcus (0.85). Acinetobacter  and Pseudomonas exhibit perfectly overlapping 

niches with a value of 1. Similarly, E. coli  and Enterobacter  exhibit extreme ly 

overlapping niches distributions with other bacteria. Of the non -bacterial pathogens, 

niches were also quite similar across the board, with the lowest values being 0.44 

(shared by Hymenolepsis  spp with Pseudomonas spp and Acinetobacter  spp.).  
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Table 21. Niche overlap of lemur parasite predicted distributions, presented as the average of the Schoenerõs D 

and Warrenõs I statistic calculated for each parasite. Values are color coded, with darker colors indicating a more closely 

alig ned niche overlap. A value of 0 would indicate no overlap, while a value of 1 indicates complete niche overlap.   

Averaged Schoener's D and Warren's I statistics  
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Acinetobacter  spp.  0.54                                     

Bacillus  spp.  0.58 0.77 

                

  

Callistoura  spp.   0.61 0.64 0.72 

               

  

E. coli  0.55 0.77 0.89 0.77 

              

  

Enterobacter  spp.  0.60 0.77 0.87 0.78 0.91 

             

  

Enterobius  spp.   0.59 0.54 0.54 0.62 0.59 0.61 

            

  

Enterococcus spp.   0.57 0.79 0.90 0.77 0.95 0.95 0.59 

           

  

Klebsiella  spp.   0.58 0.80 0.88 0.78 0.92 0.95 0.59 0.96 

          

  

Lemuricola  spp.   0.64 0.61 0.68 0.78 0.73 0.74 0.63 0.73 0.73 

         

  

Lemuostrongylus spp.   0.51 0.79 0.82 0.76 0.90 0.87 0.58 0.90 0.89 0.71 

        

  

Lice 0.48 0.67 0.66 0.59 0.69 0.70 0.59 0.69 0.70 0.59 0.71 

       

  

Mites  0.63 0.69 0.79 0.77 0.81 0.85 0.69 0.83 0.83 0.74 0.78 0.69 

      

  

Pseudomonas spp.   0.54 1.00 0.77 0.64 0.77 0.77 0.54 0.79 0.80 0.61 0.79 0.67 0.69 

     

  

Spiruroidea superfamily  0.60 0.55 0.56 0.62 0.60 0.62 0.90 0.60 0.61 0.63 0.59 0.61 0.72 0.55 

    

  

Staphylococcus spp.   0.59 0.81 0.85 0.78 0.89 0.94 0.61 0.92 0.95 0.73 0.88 0.72 0.83 0.81 0.63 

   

  

Strongylidae  0.52 0.73 0.80 0.80 0.87 0.87 0.61 0.87 0.87 0.73 0.89 0.71 0.80 0.73 0.61 0.86 

  

  

Hymenolepsis  spp.  0.46 0.44 0.48 0.55 0.54 0.54 0.74 0.52 0.52 0.56 0.53 0.55 0.58 0.44 0.71 0.53 0.57 

 

  

Tick  0.48 0.57 0.59 0.64 0.66 0.64 0.63 0.64 0.63 0.65 0.67 0.64 0.65 0.57 0.62 0.64 0.68 0.66   

Trichuris  spp.   0.77 0.62 0.67 0.77 0.70 0.75 0.72 0.72 0.73 0.75 0.67 0.60 0.77 0.62 0.72 0.75 0.70 0.60 0.61 
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5.3.3 Environmental correlates of parasite distributions  

In examining the SDMs fo r each parasite, spatial patterns do emerge. This 

study focused on determining which environmental variables, including climate 

(encompassing several variations of temperature and precipitation), solar radiation, 

slope, aspect and geology, are correlated t o spatial variations in parasite occurrence.  

When evaluated by total standardized contributions across all parasites, geology, 

precipitation seasonality and the precipitation of the driest month were the most 

correlated (òTotal contributionsó in Table 22).  However, distinct variation in how 

each environmental variable was correlated with  each parasite is evident ( Table 22).  
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Table 22. Standardized kappa values for each environmental variable (kappa value/model training gain) from 

SDMs, which represents the contribution of each environmental variable to the probability of occurrence of the parasite 

species. Mean contribution, maximum contribution and  total number of contributions of each environmental variable 

are also included for variables comparison. The color scale indicates the values by percentile, with darker colors 

indicating a higher percentile value.  
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  Total contribution  P 568.4 551.9 338.5 318.4 313.9 284.5 284.2 279.1 273.2 236.6 211.4 211.0 204.6 189.6 181.8 176.0 163.5 160.9 144.4 142.8 138.4 55.7 

Helminths  

Lemuricola  spp.  <0.01 2.9 29.4 30.3 32.6 25.7 42.0 21.0 16.9 23.1 29.5 3.6 2.6 25.0 3.3 10.3 5.2 27.6 4.3 15.5 15.9 22.5 0.0 

Lemurostrongylus  spp.  <0.00001 21.2 58.9 76.3 26.5 64.8 19.8 0.2 3.0 53.9 0.0 1.0 2.6 2.4 3.3 6.1 6.5 32.4 8.9 33.9 0.4 5.6 20.2 

Hymenolepsis  spp.  <0.01 18.6 1.6 19.7 14.5 20.6 4.0 3.4 46.6 12.8 9.4 31.9 9.9 2.7 7.7 1.6 2.4 5.0 0.0 5.6 0.0 0.0 0.0 

Trichuris  spp.  <0.01 24.9 0.0 2.3 0.1 1.9 0.0 65.7 2.8 4.9 23.7 10.4 51.3 0.0 46.8 20.8 29.4 0.0 7.0 0.0 0.0 0.0 0.1 

Strongylidae  <0.05 24.9 61.1 85.5 43.4 74.9 25.5 0.0 26.1 57.5 0.0 6.7 0.0 1.5 0.0 0.0 0.0 25.4 3.8 37.9 0.0 0.2 10.7 

Callistoura  spp.  <0.05 31.2 3.6 15.9 76.5 13.6 63.5 16.1 0.0 11.1 36.5 7.2 1.1 4.0 0.9 4.0 1.4 37.4 0.0 35.4 26.7 29.6 0.0 

Pararhabdonema  - 31.4 0.0 0.4 37.8 0.0 37.1 0.0 5.6 0.0 0.0 7.1 0.0 0.0 0.0 0.0 0.0 22.4 0.0 0.0 45.8 52.3 0.0 

Enterobius  spp.  <0.05 57.6 0.0 0.0 0.3 0.0 0.0 11.7 27.8 0.0 2.8 9.7 17.4 2.0 15.0 5.2 7.3 0.0 1.9 0.0 1.1 1.4 0.1 

Spiruroidea  <0.05 48.9 0.0 0.0 1.0 0.0 0.0 5.8 22.1 0.0 8.0 9.2 27.0 0.0 23.4 6.5 10.5 0.0 0.0 0.0 0.0 0.0 1.9 

Bacteria  

Klebsiella  spp.  <0.01 3.7 64.3 7.4 0.0 4.3 0.0 0.0 0.2 1.5 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 26.9 0.0 0.2 0.0 0.0 

Enterobacter  spp.  <0.05 45.6 36.8 5.5 0.0 4.2 0.0 0.0 0.0 2.4 0.0 0.0 0.0 2.5 0.0 0.0 0.0 0.0 6.0 0.0 3.4 0.3 0.0 

Staphylococcus spp.  <0.001 4.6 78.6 12.5 0.0 6.2 0.0 0.0 40.1 3.1 0.0 3.8 0.0 5.4 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 

Acinetobacter  spp.  <0.01 3.7 23.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 43.0 0.0 14.6 0.0 0.0 0.0 0.0 0.0 0.0 18.6 9.7 0.0 

Pseudomonas spp.  <0.001 3.7 23.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 43.0 0.0 14.6 0.0 0.0 0.0 0.0 0.0 0.0 18.6 9.7 0.0 

E. coli  <0.01 14.0 52.1 19.1 19.2 15.9 11.1 0.0 6.5 12.4 0.1 0.0 0.0 3.3 0.0 0.0 0.0 0.1 31.3 0.1 1.0 0.0 1.3 

Enteroccocus spp.  <0.05 25.0 48.8 23.9 13.7 19.5 8.1 0.0 1.0 14.8 0.2 0.0 0.0 0.2 0.0 0.0 0.0 0.8 20.4 0.8 0.0 0.0 0.0 

Bacillus  spp.  <0.0001 16.4 21.3 5.3 4.3 6.9 3.5 0.0 0.0 20.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 37.0 0.0 0.7 0.1 0.1 

Ectoparasites  

Lice <0.00001 47.9 0.0 0.0 0.0 0.0 0.0 0.1 20.9 0.0 4.4 0.3 0.0 37.1 0.0 0.2 0.0 0.1 0.0 0.0 6.8 5.9 0.0 

Mites  <0.05 52.8 0.0 1.7 7.7 0.8 2.1 0.0 0.9 0.5 0.1 11.2 0.4 0.9 0.1 0.0 0.0 0.0 5.4 0.0 0.0 0.0 0.0 

Ticks  <0.0001 16.0 44.7 30.1 12.2 52.6 7.2 6.5 24.2 52.1 3.0 21.1 6.5 6.5 2.3 2.3 1.6 12.2 2.4 12.0 3.1 0.7 0.5 

Viruses  
West Nile Virus  <0.05 47.3 0.0 2.0 0.0 1.7 0.0 55.1 16.2 2.5 24.4 0.0 63.4 0.1 61.3 43.9 59.6 0.0 0.0 3.2 0.0 0.0 20.1 

Chikungunya  virus  - 21.3 3.5 0.6 0.1 0.3 0.8 49.7 1.8 0.5 19.9 0.6 14.7 18.9 13.7 39.4 24.8 0.0 5.3 0.0 0.0 0.0 0.7 

Protozoa Toxoplasma gondii  - 4.7 0.0 0.0 28.6 0.0 59.8 48.7 16.3 0.0 74.6 0.0 14.3 62.6 11.8 41.4 27.3 0.1 0.1 0.0 0.5 0.6 0.0 

Across all parasites  Average contribution  - 24.7 24.0 14.7 13.8 13.6 12.4 12.4 12.1 11.9 10.3 9.2 9.2 8.9 8.2 7.9 7.7 7.1 7.0 6.3 6.2 6.0 2.4 
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To explore these effects, we aimed to interpret them across different t ypes of 

parasites to look for broader relationships (Table 23). Across all helminth parasites, 

averaged precipitation variables were the most important  with a 17.1% contribution 

to their distribution (more than ave rage), while landscape variables contributed 

13.9% and temperature contributed 12.2%. Examining individual variables that are 

correlated with  helminths, geology (29.1% ) mean temperature diurnal range (25.9%), 

precipitation of the driest  month (25.6%) and q uarter (22.4%) and temperature 

annual range (21.3%) were the top 5 influencing environmental variables for 

helminths. Across all bacterial parasites, averaged landscape variables were the 

most important with a 13.7% contribution to their distribution, whil e precipitation 

variables contributed 9.3% and temperature contributed only 1.7%. Examining 

individual variables that are correlated with  bacteria distributions, precipitation 

seasonality (43.6%), slope (15.2%) geology (14.6%), solar radiation (11.4%) and 

precipitation of the driest month (9.2%) were the top five contributors to bacterial 

distributions. Among all ectoparasites, averaged landscape variables again were 

very important , contributing an average of 17.5%, with precipitation variables 

contributing  9.3% and temperature variables 4.5%. Examining individual variables 

that are correlated with  ectoparasite distributions, geology (38.9%), precipitation of 

driest quarter (17.8%) and coldest quarter (17.5%), isothermality (15.3%) and 

precipitation seasonal ity (14.9%) were correlated with  ectoparasite distributions. 

Among viruses, averaged temperature variables were very important  with a 24% 

contribution to their distributions, with landscape variables contribution 12.4% and 
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precipitation variables a small 0 .9%. Examining individual variables that are 

correlated with  virus distributions, mean temperature of the driest quarter had an 

important  role (52.4%) as did annual mean temperature (42.2%), and mean 

temperatures of the coldest quarter (41.7%), the wettest  quarter (39.0%), and the 

warmest quarter (37.5%).  Finally, among all protozoa, we documented that on 

average temperature variables played the largest roles (35.0%) that completely 

overshadowed the weak contributions by landscape variables (1.6%) and 

precipitation variables (0.2%). Examining individual variables that are correlated 

with  protozoa distributions, minimum temperature of the coldest month played a 

very large role (74.6%), while temperature seasonality (62.6%), temperature annual 

range (59.8%), and mean temperatures of the driest  quarter (48.7%) and coldest 

quarter (41.4%) also highly correlated with  protozoa distributions. 
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Table 23. Relative mean contributions of each environmental variable to the probability of presence  of different 

parasite types (helminths, bacteria, ectoparasites, viruses, protozoa). Environmental variables are grouped into types 

(precipitation, temperature or landscape variables) and the average effects of types of environmental variables across 

all types of parasites are  presented. Finally, mean contributions of each type of environmental variables are presented 

for each parasite type, with the value above or below average in parentheses. Precipitation variables included all 

variables relating to pre cipitation, temperature variables consisted of all temperature -related variables, and landscape 

variables included geology, slope and solar radiation (see Table 47 for details). Bold type highlights those environme ntal 

variables that contributed values more than 10 to each type of parasite.  

Helminths  Bacteria  Ectoparasites  Viruses  Protozoa 

Environmental 

variables  Mean  

Environmental 

variables  Mean  

Environmental 

variables  Mean  

Environmental 

variables  Mean  

Environ mental 

variables  Mean  

Geology 29.1 Precip. Seasonality  43.6 Geology 38.9 

Mean Temp. of Driest 

Q 52.4 

Min Temp. of Coldest 

Month  74.6 

Mean Temp Diurnal 

Range 25.9 Slope 15.2 Precip. of Driest Q  17.8 Annual Mean Temp  42.2 Temp. Seasonality  62.6 

Precip. of Driest 

Month  25.6 Geology 14.6 Precip. of Coldest Q  17.5 

Mean Temp of Coldest 

Q 41.7 Temp. Annual Range  59.8 

Precip. of Driest Q  22.4 Solar radiation  11.4 Isothermality  15.3 

Mean Temp. of 

Wettest Q  39.0 

Mean Temp. of Driest 

Q 48.7 

Temp. Annual Range  21.3 

Precip. of Driest 

Month  9.2 Precip. Seasonality  14.9 

Mean Temp of 

Warmest Q  37.5 

Mean Temp of Coldest 

Q 41.4 

Precip. of Coldest Q  18.1 Precip. of Driest Q  7.1 Temp. Seasonality  14.8 Geology 34.3 

Mean Temp Diurnal 

Range 28.6 

Precip. Seasonality  17.2 Precip. of Coldest Q  6.8 Solar radiation  10.8 

Min Temp. of Coldest 

Month  22.2 Annual Mean Temp  27.3 

Isothermality  16.8 Isothermality  6.0 

Precip. of Driest 

Month  10.6 

Max Temp. of 

Warmest Month  10.4 Isothermality  16.3 

 Annual Precip.  16.7 

Precip. of Wette st 

Month  5.3 

Mean Temp Diurnal 

Range 6.6 Temp. Seasonality  9.5 

Mean Temp. of Wettest 

Q 14.3 

Precip. of Warmest Q  14.3 Temp. Seasonality  5.1  Annual Precip.  4.1 Isothermality  9.0 

Mean Temp of 

Warmest Q  11.8 

Mean Temp. of Driest 

Q 13.8 

Mean Temp Diurnal 

Range 4.6 Precip. of Warmest Q  4.0 Slope 2.7 Geology 4.7 

Mean Temp. of 

Wettest Q  12.4 Temp. Annual Range  2.8 

Precip. of Wettest 

Month  3.3 Precip. Seasonality  1.7 Precip. of Wettest Q  0.6 

Precip. of Wettest Q  12.4 Precip. of Wettest Q  2.5 Temp. Annual Ran ge 3.1 Precip. of Warmest Q  1.6 

Precip. of Wettest 

Month  0.5 

Min Temp. of Coldest 

Month  12.2 

Max Temp. of Warmest 

Month  0.2 Slope 2.6 Precip. of Coldest Q  1.5 Slope 0.1 

Mean Temp of 

Warmest Q  11.1 Annual Precip.  0.1 

Min Temp. of Coldest 

Month  2.5 

Precip.  of Driest 

Month  1.3  Annual Precip.  0.1 

Precip. of Wettest 

Month  10.0 Precip. of Warmest Q  0.1 

Mean Temp. of 

Wettest Q  2.3 Precip. of Driest Q  1.0 Precip. of Warmest Q  0.0 

Solar radiation  9.7 

Min Temp. of Coldest 

Month  0.0 

Mean Temp. of 

Driest Q  2.2 Temp. Annual Range  0.4 Precip. Seasonality  0.0 

Annual Mean Temp  7.0 

Mean Temp. of Driest 

Q 0.0 Precip. of Wettest Q  2.2 Solar radiation  0.3 Precip. of Driest Month  0.0 

Mean Temp of Coldest 

Q 6.1 

Mean Temp. of Wettest 

Q 0.0 

Mean Temp of Coldest 

Q 0.8 

Mean Temp Diurnal 

Range 0.0 Precip. of Driest Q  0.0 
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Helminths  Bacteria  Ectoparasites  Viruses  Protozoa 

Environmental 

variables  Mean  

Environmental 

variables  Mean  

Environmental 

variables  Mean  

Environmental 

variables  Mean  

Environ mental 

variables  Mean  

Temp. Seasonality  4.2 

Mean Temp of 

Warmest Q  0.0 

Mean Temp of 

Warmest Q  0.8 

Precip. of Wettest 

Month  0.0 Precip. of Coldest Q  0.0 

Max Temp. of 

Warmest Month  3.7 

Mean Temp of Coldest 

Q 0.0 Annual Mean Temp  0.5  Annual Precip.  0.0 Solar radiation  0.0 

Slope 2.9 Annual Mean Temp  0 

Max Temp. of 

Warmest Month  0.2 Precip. of Wettest Q  0.0 

Max Temp. of Warmest 

Month  0.0 

Average Effect of Types of Environmental Variables Across All Types of Parasites  

Average contrib ution of Precipitation variables for all types of parasites    7.4         

Average contribution of Landscape variables for all types of parasites  

 

11.8 

   

  

Average contribution of Temperature  variables for all types of parasites    15.5         

Average Effect of Grouped Environmental Variables on Types of Parasites  

Helminths  Bacteria  Ectoparasites  Viruses  Protozoa 

Precipitation 

variables  

17.1 

(+9.7) 

Precipitation 

variables  9.4 (+2.0) 

Precipitation 

variables  9.3 (+1.9) Precipitation variables  0.9 (-6.9) 

Precipitation 

variables  0.2 (-7.2) 

Landscape variables  

13.9 

(+2.1) Landscape variables  

13.7 

(+1.9) Landscape variables  

17.5 

(+5.7) Landscape variables  

12.4 

(+0.6) Landscape variables  

1.6 (-

10.2) 

Temperature 

variables  

12.2 (-

3.3) 

Temperature 

variables  1.7 (-13.8) 

Temperature 

variables  4.5 (-11.0) 

Temperature 

variables  

24.0 

(+8.5) 

Temperature 

variables  

35.0 

(+19.5) 
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In general, helminths were correlated with  precipitation more than average, 

by landscape variables more than average and by temperature less than average 

(Figure 17). Similarly, bacteria were correlated with  precipitation more than 

average, by landscape variables more than average and by temperature far less than 

average. Ectoparasites were correlated w ith  precipitation more than average, by 

landscape variables more than average and by temperature less than average. 

Contrastingly, viruses were correlated with  precipitation far less than average, by 

landscape slightly more than average and by temperature much more than average. 

Protozoa were correlated with  precipitation far less than average, by landscape 

variables far less than average but were far more correlated with temperature than 

average.   
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Figure 17. Mean contribution of  types of environmental variables 

(precipitation, landscape and temperature) to types of parasites (helminths, 

bacteria, ectoparasites, viruses, protozoa). All values are compared with the average 

across all environmental variable types.  
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Table 24. Mean contribution of environmental variables across all types of 

parasites.  

Environmental Variable  Type of variable  

Mean contribution  

 across all parasites  

Geology 

 

24.7 

Solar radiation  Landscape 9.2 

Slope 

 

7.0 

Precip. Seasonality  

 

24.0 

Precip. of Driest Month  

 

14.7 

Precip. of Driest Quarter  

 

13.6 

Precip. of Coldest Quarter  

 

11.9 

 Annual Precip.  Precipitation  7.1 

Precip. of Warmest Quarter  

 

6.3 

Precip. of Wettest Month  

 

6.2 

Precip. of Wettest Quarter  

 

6.0 

Mean Temp Diurnal Rang e 

 

13.8 

Temp. Annual Range  

 

12.4 

Mean Temp. of Driest Quarter  

 

12.4 

Isothermality  

 

12.1 

Min Temp. of Coldest Month  

 

10.3 

Mean Temp. of Wettest Quarter  Temperature  9.2 

Temp. Seasonality  

 

8.9 

Mean Temp of Warmest Quarter  

 

8.2 

Mean Temp of Coldest Qu arter  

 

7.9 

Annual Mean Temp  

 

7.7 

Max Temp. of Warmest Month  

 

2.4 

 

5.3.3.1 Environmental and anthropogenic predictors of  West Nile Virus  infection  

The SDMs provide a much broader picture of potential parasite distribution 

and the roles of environmental v ariables in formulating spatial patterns of parasites. 

On a finer scale, we also explored the original PBSP data, for which we had presence 

and absence data, with more depth to explore how anthropogenic influence and host 

species richness affects the data.  For one of our focal parasites, West Nile Virus , we 

also conducted logistic regressions on the binary presence -absence data to determine 

the importance of anthropogenic correlates to  host richness. We explored Human 
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Influence Index and measures of host sp ecies richness including mammalian 

richness  and lemur species richness at each site. We present the Generalized Linear 

model logit link regression results below.  Human Influence Index was slightly 

negatively correlated with West Nile Virus  occurrence (P<0.05). Mammal species 

richness was also negatively correlated with West Nile Virus  occurrence (P< 0.05); 

however, contrastingly, lemur species richness exhibited a larger positive correlation 

with West Nile Virus  presence (P< 0.05).  
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Table 25. Generalized Linear Model (binomial logit link) results examining the correlation  of anthropogenic 

influence and host species richness on West Nile Virus  occurrence.   

Type of independent variable  Term  Estimate  Prob>ChiSq  Model   -LogLikelihood  L-R ChiSquare  DF Prob>ChiSq  AICc  

  Intercept  -5.500 1 Difference  5.26552233 10.531 3 0.0146 29.2002 

Anthropogenic  Human Influence Index  -0.021 0.0392*  Full  0.07369724 

   

  

Host Richness  
Lemur Species Richness  0.551 0.0104*  Reduced 12.3656197 

   

  

Mamm al Species Richness -0.024 0.0167*              

 

5.3.4 How will these predicted parasite distributions shift with changing climate in the future?  

The SDMs exhibit a significant correlation  of environmental ñand specifically climatic ñvariables on the spatia l 

presentation of parasite species in lemurs throughout Madagascar. In thinking towards the future under changing 

climatic conditions, how will this these correlations alter  spatial patterns of parasitism in lemurs? Using projected 

climate data for the yea r 2080, we recalculated the current parasite distribution to reflect a changing climate. We did 

observe interesting patterns of both predicted expansion and contraction of parasite distributions. We present maps of 

the change from current distribution, the  indication of expansion and contraction, and finally, the predicted future 

distributions of all 20 focal parasites (Figure 18 - Figure 22). To examine these changes numeri cally, we also present the 

expansion and contraction data in terms of square kilometers and percent land area cover in Madagascar (Table 26).  
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Figure 18. Shifts in predicted parasite distributions under projected changes 

in climate. Current predicted distributions for West Nile Virus , Hymenolepsis  

tapeworms and Trichuris  spp. are displayed (left), followed by predicted expansion 

and contraction of distributions (center) into projected future distributions (right). In 

the center maps, red represents areas of parasite range expansion, blue represents 

areas of parasite range contraction, gray indicates no change from an absent status 

and yellow indicates no change from a present status.  
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Figure 19. Predicted s hifts in helminth distributions under projected changes 

in climate. Current predicted  distributions for Spiruroidea superfamily, 

Lemurostrongylus  spp. and Callistoura  spp. are displayed (left), followed by 

predicted expansion and contraction of distributions (center) into projected future 

distributions (right). In the center maps, red represents areas of parasite range 

expansion, blue represents areas of parasite range contraction, gray indicates no 

change from  an absent status and yellow indicates no change from a present status.  
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Figure 20. Shifts in predicted ectoparasite distributions under projected 

changes in climate. Current predicted  distributions for tick, lice and mite specie s are 

displayed (left), followed by predicted expansion and contraction of distributions 

(center) into projected future distributions (right). In the center maps, red 

represents areas of parasite range expansion, blue represents areas of parasite 

range contraction, gray indicates no change from an absent status and yellow 

indicates no change from a present status.  
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Figure 21. Predicted s hifts in bacterial distributions under projected changes 

in climate. Current predicted  distribu tions for Acinetobacter  spp., Enterococcus spp., 

Staphylococcus spp. and Bacillus  spp. are displayed (left), followed by predicted 

expansion and contraction of distributions (center) into projected future 

distributions (right). In the center maps, red repr esents areas of parasite range 

expansion, blue represents areas of parasite range contraction, gray indicates no 

change from an absent status and yellow indicates no change from a present status.  
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Figure 22. Predicted s hifts in b acterial distributions under projected changes 

in climate. Current predicted  distributions for Enterobacter  spp., Klebsiella  spp., E. 
coli and Pseudomonas spp. are displayed (left), followed by predicted expansion and 

contraction of distributions (center) into projected future distributions (right). In the 

center maps, red represents areas of parasite range expansion, blue represents 

areas of parasite range contraction, gray indicates no change from an absent status 

and yellow indicates no change from a pre sent status.  
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We explore the predicted shifts in parasite distributions under projected 

climate shifts in Madagascar. West Nile Virus  ranges expanded along further into 

the central region along the eastern fringes of its range as well as greatly increased  

its presence on the eastern coast. Hymenolepsis  spp. experienced an expansion 

throughout much of the country and very little contraction. Trichuris  spp. expanded 

its western and eastern distributions inward into further into the central regions of 

Madagascar. Spiruroidea spp. also expanded its range inward into the highlands 

region, seeing growth in both the north and southern extents of its distribution. 

Lemurostrongylus  spp. maintained a distinctly eastern coastal range, with some 

slight contraction in t he south. Its small western distribution remained intact for 

the most part. Callistoura  spp. expanded slightly from the west but contracted 

slightly from the eastern edges of its bicoastal distribution. Ticks exhibited large 

areas of expansion for entirely  of its western and southern distribution, but range 

contraction in the east. Lice expanded into the north but contracted along the edges 

of its central and eastern distribution. Mites did not exhibit dramatic areas of 

contraction or expansion. Bacterial p athogens, as expected, reacted very similarly to 

changing climates. Enterococcus, Staphylococcus, Bacillus , Enterobacter , E. coli  and 

Klebsiella  spp. distributions all shrunk with more intense contraction in the 

southwest. Of these, only Bacillus  also expanded further along the east coast and in 

the central west region near Mahajanga. Acinetobacter  and Pseudomonas spp. 

experienced much more dispersed areas of contraction in the west but also some 

expansion in the west and east.  
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As seen in the change maps an d in Table 26, significant changes will occur 

with projected climate shifts. Each type of parasite responded quite differently to 

climate changes: bacteria contracted in their ranges by -6.56% on average while 

helm inths expanded their ranges by 24.16% on average. Ectoparasites also 

expanded their ranges by 4.55% on average.  

Table 26. Changes in distribution for the twenty focal parasite species. 

Current distribution ranges in both square kil ometers and in percentage of 

Madagascarõs land area are presented, along with projected future distributions. 

Expansion and contraction area, total change area and percentage change are 

presented. Parasites are ranked from the largest to the smallest chang es. 

Parasites  
Current 

(Km 2) 

Coverage in 

Madagascar 

(%) 

Future  

(Km 2) 

Coverage in 

Madagascar 

in 2080 (%) 

Expansion  

(Km2)  

Contraction 

(Km2)  

Change 

with 

climate 

shifts 

(Km2)  

Change 

with 

climate 

shifts 

(%) 

Hymenolepsis  spp.   192,819.94 32.57 342,490.91 57.86 149,670.97 0.00 149,670.97 77.62 

Enterobius  spp.   282,138.73 47.66 407,914.95 68.91 125,815.21 38.99 125,776.22 44.58 

West Nile Virus  289,355.00 48.88 406,110.88 68.61 116,755.88 0.00 116,755.88 40.35 

Trichuris  spp.   409,105.75 69.11 515,046.16 87.01 105,940.42 0.00 105,940.42 25.90 

Spiruroidea superfamily  295,517.74 49.92 391,568.69 66.15 96,054.19 3.25 96,050.94 32.50 

Lemuricola  spp.   412,743.12 69.73 497,361.27 84.02 90,855.62 6,237.48 84,618.14 20.50 

Tick  274,485.46 46.37 358,540.69 60.57 113,649.74 29,594.50 84,055.24 30.62 

Callistoura  spp.   432,822.61 73.12 432,211.78 73.02 11,283.34 11,894.17 -610.83 -0.14 

Mites  463,363.41 78.28 456,349.40 77.10 654.70 7,668.71 -7,014.01 -1.51 

Strongylidae  461,484.62 77.96 453,761.49 76.66 0.00 7,723.13 -7,723.13 -1.67 

Bacillus  spp.  460,745.45 77.84 447,287.64 75.56 19,939.78 33,397.58 -13,457.81 -2.92 

Acinetobacter  spp.  385,388.88 65.11 359,552.79 60.74 9,887.85 35,723.94 -25,836.09 -6.70 

Pseudomonas spp.   385,388.88 65.11 359,552.79 60.74 9,887.85 35,723.94 -25,836.09 -6.70 

Lemuostrongylus spp.   449,664.36 75.97 422,736.57 71.42 0.00 26,927.79 -26,927.79 -5.99 

Staphylococcus spp.   514,309.43 86.89 487,008.80 82.28 1,130.69 28,431.32 -27,300.63 -5.31 

E. coli  458,856.90 77.52 425,412.21 71.87 1,137.19 34,581.88 -33,444.69 -7.29 

Enterococcus spp.   483,169.16 81.63 446,941.61 75.51 1,713.09 37,940.65 -36,227.55 -7.50 

Klebsiella  spp.   502,860.38 84.95 462,602.31 78.15 136.46 40,394.54 -40,258.07 -8.01 

Enterobacter  spp.   515,569.27 87.10 473,898.65 80.06 11.37 41,681.99 -41,670.62 -8.08 

Lice 338,725.19 57.22 286,330.08 48.37 12,820.17 65,215.28 -52,395.12 -15.47 

Mean 400,425.72 67.65 421,633.98 71.23 43,367.23 22,158.96 21,208.27 9.74 

Maximum  515,569.27 87.10 515,046.16 87.01 149,670.97 65,215.28 149,670.97 77.62 

Minimum  192,819.94 32.57 286,330.08 48.37 0.00 0.00 -52,395.12 -15.47 

Bacteria mean  463,286.05 78.27 432,782.10 73.11 5,480.53 35,984.48 -30,503.95 -6.56 

Helminth mean  367,037.11 62.01 432,886.48 73.13 72,452.47 6,603.10 65,849.37 24.16 

Ectoparasite mean  358,858.02 60.63 367,073.39 62.01 42,374.87 34,159.50 8,215.37 4.55 
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These expansions and contractions can be explained by examining the general effects of climate change in 

Madagascar on different types of parasites. Temperatur es are expected to increase across Madagascar, but especially in 

the south. Mounting evidence indicates that these shifts have already begun to occur. Precipitation seasonality is also 

expected to increase, but almost the whole country is predicted to beco me wetter with the exception of the south and 

southeastern coast.  

 

Table 27. Effects of climate change on different types of parasites.  

Helminths  Bacteria  Ectoparasites  Viruses  

Environmental variables  Mean  Effect  Environmental va riables  Mean  Effect  Environmental variables  Mean  Effect  Environmental variables  Mean  Effect  

Mean Temp Diurnal Range  25.9 - Precip. Seasonality  43.6 - Precip. of Driest Q  17.8 + Mean Temp. of Driest Q  52.4 + 

Precip. of Driest Month  25.6 + Solar radiati on 11.4 + Precip. of Coldest Q  17.5 + Annual Mean Temp  42.2 + 

Precip. of Driest Q  22.4 + Precip. of Driest Month  9.2 + Isothermality  15.3 - Mean Temp of Coldest Q  41.7 + 

Temp. Annual Range  21.3 - Precip. of Driest Q  7.1 + Precip. Seasonality  14.9 quad Mean Temp. of Wettest Q  39.0 + 

Precip. of Coldest Q  18.1 + Precip. of Coldest Q  6.8 + Temp. Seasonality  14.8 + Mean Temp of Warmest Q  37.5 + 

Range expansion/contraction due to climate change    24.16     -6.56     4.55     40.35 

 

To further visualize the impacts of climate change on parasite distributions, we also examined the overall 

patterns of parasite richness , including overall richness  and more specific bacterial, helminth and ectoparasite richness  

(Figure 23). Total parasite richness  will expand in southern Madagascar while bacterial richness  will actually reduce 

slightly. Both helminths and ectoparasite richness  distributions will expand with shifting climate conditions, which 

reflects the range expansions f or the individual parasites.  
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Figure 23. Shifts in parasite richness  distributions under projected changes 

in climate. Current modeled distributions for total parasite richness , bacterial 

richness , ectoparasite richness  and helm inth richness  are displayed (left), with 

projected future distributions (right).
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5.3.5 Evaluating environmental and anthropogenic correlates of lemur 

parasite richness  

Shifting patterns of lemur parasite richness  across helminths, bacteria, 

ectoparasites a nd total parasite richness were observed. To explore the predictive 

effect of climate, other environmental variables, mammal and lemur species 

richness , and anthropogenic influence on patterns of lemur richness (i.e. total 

number of lemur parasites predict ed to occur within each cell), we conducted 

standard Least Squares Regressions (LSR) s on 10,000 extracted points from the 

predicted lemur parasite richness models, with lemur parasite richness as the 

dependent variable. Sever al independent variables were correlated with lemur 

parasite richness, and the model explained 60% of the variability ( P<0.00001) ( 

Table 28). Human Influence Index, human parasite richness and distance to 

towns all positively correlated with l emur parasite richness, however, the effect was 

fairly small. The only negatively correlated anthropogenic variable was distance to 

trails. Both aspect and slope were positively correlated with lemur parasite richness,  

but to a small degree.  More complex interactions with temperature and 

precipitation variables are difficult to disentangle due to multiple types of parasites 

responding differently to precipitation and temperature. Both lemur and mammal 

richness  were positively correlated with parasite richn ess. 
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Table 28. Results from Least squares regression evaluating the effect of anthropogenic, environmental and host 

richness of modeled lemur parasite richness.   

Type of independent variable  Term  Estimate  Std Error  t Ratio  Prob>| t|  Summary of Fit  
     

 
Intercept  -0.8835 0.2084 -4.2400 <.0001 R2 0.60 

    

Anthropogenic  

Human Influence Index  0.0131 0.0027 4.8000 <.0001 Observations  20375 
    

Human parasite richness  0.2601 0.0074 35.0300 <.0001 Analysis of Variance  
     

Distance  to towns  1.6918 0.3517 4.8100 <.0001 Source DF Sum of Squares  Mean Square  F Ratio  Prob > F  

Distance to trails  -1.5612 0.3029 -5.1500 <.0001 Model  18 102766.11 5709.23 1558.41 <0.00001 

Environmental  

Aspect 0.0068 0.0001 50.6400 <.0001 Error  20356 74574.05 3.66 
  

Slope <0.001 0.0000 41.4400 <.0001 C. Total  20374 177340.16 
   

Annual Mean Temp.  0.1330 0.0171 7.7900 <.0001 
      

Mean Temp. of Coldest Q  -0.0894 0.0169 -5.2800 <.0001 
      

Annual Precip.  0.0004 0.0001 4.6600 <.0001 
      

Precip. of D riest Month  -0.0579 0.0031 -18.7600 <.0001 
      

Precip. Seasonality  -0.0687 0.0020 -34.3600 <.0001 
      

Precip. of Warmest Q  0.0003 0.0001 2.4000 0.0164 
      

Mean Temp Diurnal Range  -0.0632 0.0018 -35.1200 <.0001 
      

Isothermality  0.0955 0.0043 22.1900 <.0001 
      

Temp. Seasonality  <0.001 0.0002 11.5200 <.0001 
      

Host Richness  
Mammal Richness  0.0101 0.0013 7.6800 <.0001 

      

Lemur Richness  0.0422 0.0047 8.9400 <.0001 
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5.4 Discussion  

Predictive modeling of lemurs in parasites o ffers essential information about 

their distributions, as well as how environmental and anthropogenic correlates may  

contribute to  these distributions both now and in the future. We documented 

widespread distributions of all lemur parasites, with bacteria being the most 

widespread. Environmental factors played a large role in determining the 

distributions of all types of parasites. Geology was correlated with  the occurrence of 

parasites, most likely attributed to the effect of alkalinity, soil moisture and soil 

granularity. Solar radiation, temperature and precipitation were all correlated with  

the presence of parasites, most likely by enhancing parasite development and 

persistence in the soil. However, these environmental predictors correlated  with 

parasite s differently, which highlights the importance of evaluating unique 

parasites individually. All parasites were also predicted to change their distributions 

in the future due to estimated climatic shifts in Madagascar. All parasites will 

expand their ranges  with the exception of bacteria that will contract slightly. Lastly, 

in additional to environmental correlates , anthropogenic influence and host richness  

all played a role in determining lemur parasite richness . In this section, I will 

discuss these findin gs in more detail.  

In order to address the viability of wildlife populations in Madagascar, one 

must address health and disease of the lemur populations. Consistent wildlife health 

monitoring provides a number of benefits, including the documentation of p arasite 

communities within lemur populations, the establishment of baseline health levels, 
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the improved understanding of ecological and spatial patterns of parasite infection, 

and the enhanced power of disease modeling and prediction. These benefits apply to 

both conservation and public health.  The PBSP and other lemur health studies have 

made essential progress in first documenting, and now analyzing, patterns of 

parasites within lemurs throughout Madagascar. We have the unique opportunity 

and data availa bility to explore these patterns on broader, ecological scales.  

5.4.1 Predictive species distribution modeling of parasites in lemurs  

Documenting the presence and patterns of these parasites is an essential 

first step. However, we wanted to take that info rmation to examine the 

environmental and anthropogenic correlates of parasite occurrence. With these data, 

we could model and predict the occurrence of 20 focal parasites throughout 

Madagascar. While these models are entrenched in the environmental context  that 

makes them relevant to the real world, caution should still be taken with these 

models as they are primarily design for informational purposes. The full limitations 

of the models will be discussed later on.   

The prediction of parasite occurrence can  be a useful exercise for many 

reasons, as it extends the utility and applicability of the parasite presence 

documentation. Knowledge about where these parasites are likely to exist or be 

absent can assist natural resource managers, and raise awareness abo ut parasites 

that might present a threat to a particularly endangered population of lemurs. This 

type of knowledge can also direct future lemur health sampling and ground -truthing 

in order to further validate the models.  
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Despite the broad parasite coverag e across Madagascar, distributions were 

quite different among the various individual and groups of parasites. Bacteria did 

appear to be the most widespread, which could occur due to a number of factors. 

Firstly, the bacterial species could be commensal and  therefore part of the normal 

gut flora of each lemur. More data are needed to establish the composition of the 

baseline commensal community of parasites of lemurs. This type of analysis will 

offer essential information for that task. Secondly, bacteria co uld be easier to 

transmit among lemur individuals, making their occurrence in populations frequent, 

but not necessarily an important regulator. Thirdly, bacterial pathogens may have 

the most suitable habitat requirements for existing in Madagascar. When ex amining 

niche overlap among all parasites, it was striking how much overlap existed both 

between bacterial pathogens as well as between bacteria and helminths. The 

distinctive patterns observed in each different parasite distribution model calls for 

the fu rther exploration of the environmental and anthropogenic correlates  that 

contribute to  these patterns.  

5.4.2 Environmental correlates of  parasite distributions  

Here I will discuss how temperature, precipitation and other l andscape-scale 

factors (i.e., geology, slope of the terrain and solar radiation ), are correlated with the 

presence of lemur parasites.  
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5.4.2.1 Temperature  

As seen in studies of human parasites, monthly temperature ranges exhibited 

a positive correlation with the occurrence of human bacte ria, viruses and helminths 

(Guernier et al. 2004). Warmer temp eratures should support the faster reproduction 

and longer transmissibility of parasites with environmental reservoirs and stages; 

one would expect higher species diversity and infection with increasing temperature 

(Rogers and Sommerville 1963 , Larsen and Roepstorff 1999 , Allen et al. 2002). 

Increased tem peratures within a suitable range will also extend the viability of 

environmental stages and reservoirs, thereby increasing the transmissibility of 

these parasites (Allen et al. 2002, Hoberg et al. 2008). For example, with soil -

transmitted human helminths (STH) such as Ascaris  lumbricoides  and Trichuris  

trichiura , the optimum temperatures for free living infec tive stages range between 

28° and 32° Celsius, but development slows dramatically below 5° and above 38° 

(Brooker et al. 2006). Clear relationships exist between prevalence of infection of 

STH and land surface temperature (Brooker et al. 2006).  In lemurs, Raharivololona 

and Ganzhorn (2010) found that both gastrointestinal parasite diversity and 

abundance in Microcebus murinus  were higher in the hot season. Similarly, a higher 

degree of parasite infections also occurred with ectoparasites in Propithecus 

edwardsi  (Wright et al. 2009) and gastrointestinal parasites in Eulemur flavifrons  

(Schwitzer et al. 2010) and in other primates as well during the warmer season 

(Huffman et al. 1997). Even in parasites with indirect life cycles in insect hosts, 

parasite reproduction is enhanced wh en ambient temperatures are elevated 
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(Pascual and Dobson 2005). That said, this trend does not hold true across all 

species, which highlights the importance of understanding the unique suite of 

environmental correlates  that influence each parasite species. For example, 

Enterobius  spp. prefer moist soils in cooler temperatures and will expire in very 

warm temperatures (Caldwell 1982 ). As seen in this analysis, temperature played a 

large role in determining the distribu tion of Enterobius .  

5.4.2.2 Precipitation  

Guernier et al. (2004) found that the maximum annual range of precipitation 

corresponded positively with human parasite species diversity of all six types 

(bacteria, directly and indirectly transmitted viruses, fu ngi, protozoa and 

helminths). Additionally, Froeschke et al. (2010) determined a significant positive 

correlation between mean annual precipitation and nematode infestation. Many 

parasites require water or humid conditions to complete their life cycle (Guernier et 

al. 2004), and will respond to increasing precipitati on. Warmer and wetter climates 

enable the extension of the viability of environmental stages of some parasites. 

Additionally, seasonal rains can create microhabitats for parasite larva and 

protozoal parasites (Nunn & Altizer 2006). Confirming this assumpti on, another 

study found that wetter habitats predicted the elevated prevalence of Trichuris  spp. 

helminths in colobine monkeys (Chapman et al. 2010). Many helminths produce 

fragile eggs that cannot withstand harsh arid conditions (Roberts and Janovy 2000 ), 

therefore drier climates can dry out feces and interfere with ova development. 

However, some parasites are able to enter a state of hypob iosis during harsh 
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climatic periods in which transmission is difficult, which allows them to survive 

through short periods (Brooker 2006).  

5.4.2.3 Landscape (geology, slope, and solar radiation)  

One cannot consider the geographic distribution of parasites  without also 

considering landscape -scale factors such as geology, slope of the terrain and solar 

radiation. Geological types of the landscape will directly influence the soil 

composition, which in turn influences plant and microbial diversity (Garbeva et al. 

2004). In lemur parasites, geology played a particularly important r ole for bacteria, 

ectoparasites, helminths and viruses. Specifically, certain geological formations, 

including unconsolidated sands, lavas, Mesozoic limestone, marble and mangrove 

swamps increased the likelihood of parasite presence ( Table 29 and Figure 24). 

Contrastingly, tertiary limestone and quartzite formations dramatically reduced the 

probability of parasite occurrence. Possible explanations are included in Table 29. 

More research is needed to disentangle the effects of these geological 

formations with not only the distributions of parasites, but also of their human and 

lemur hosts. These relationships could depend upon soil com position, the suitability 

of soils for agriculture and vegetation growth, and micronutrient availability in the 

soil. Soil composition drives plant growth ability and the composition of vegetation 

provides an important regulator in lemur species distributi on.  

Mesozoic limestone was  found to increase the likelihood of parasite presence 

were found to increase the likelihood of parasite presence (Figure 24 and Table 29). 

Limes tone is alkaline, calcareous sedimentary rock composed of calcite minerals 
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and/or aragonite. They often are associated with clay soils that have a high pH, poor 

soil structure and low infiltration capacity. Soils can become alkaline through either 

natural processes such as weathering of soil minerals, or through anthropogenically -

introduced irrigation water that contains an elevated amount of sodium 

bicarbonates, such as with agriculture. Due to the quality of the alkaline soil, 

however, only rice and grass  agriculture can thrive. Rice is one of the main exports 

of Madagascar.  

Why tertiary limestone and Mesozoic limestone would impart opposite effects 

on the presence of lemur parasites remains a mystery. The difference  between 

Tertiary (0 -65 mya) and Mesozoic (65-250 mya) limestone  originate s from their 

different depositional environments. While both types of limestone  would have been 

deposited in seawater, variations in ocean water composition and trace elements 

would shift between the two time periods. The  Mesozoic Era was characterized by 

warm climates and warming seas, w hile the Tertiary slowly cooled  
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 Table 29. Effects of geological types on the predicted presence or absence of 

lemur parasites throughout Madagascar.  

Geological ty pe 
Positive correlation with 

parasite presence (over 0.6)  

Negative correlation with 

parasite presence (0)  
Possible explanation  

Unconsolidated 

Sand 

Enterobacter , Enterococcus, 
West Nile Virus  

- 

Soil-transmitted helminths, such 

as hookworm, are often found 

within sandy soils, and parasites 

have been found to thrive in 

coarse grained soils  

Lava  

Hymenolepsis , Trichuris , 
Strongylidae, Enterobius , 
Spiruroidea, Lice, Mites  

- 

Lavas can vary greatly in 

chemical composition,  but due 

tend to weather more quickly 

tha n other rock types, which 

perhaps stimulates rich soil 

creation.  

Tertiary 

Limestone  
- 

Lemurostrongylus , 
Trichuris , Strongylidae, 
Callistoura , Enterobius , 
Spiruroidea, Enterobacter , 
Enterococcus, Mites  

Unknown  

Mesozoic 

Limestone  

Lemurostrongylus , Trichur is, 
Enterobacter , Enterococcus, 
Mites, West Nile Virus  

- 
Clay, alkaline soils have been 

shown to increase the likelihood 

of presence of some parasites 

Quartzite  - 

Trichuris , 
Lemurostrongylus , 
Strongylidae, Callistoura , 
Enterobius , Spiruroidea, 
Enterobacte r, Enterococcus, 
Mites  

A hard, metamorphic rock 

derived from sandstone. It does 

not weather away quickly, 

therefore it may not provide a 

suitable mineral -rich 

environment for parasites  

Marble  Callistoura , West Nile Virus  - 

Marble is a metamorphic rock 

derived from limestone under 

intense heat and pressure. 

Perhaps it affects parasites in the 

same way as limestone .  

Mangrove 

Swamp 

Lemurostrongylus , 
Strongylidae  

- 

Swampy, warm, damp 

environments tend to be high in 

organics and trace elements, 

which may fos ter parasite growth 

and development (see Abrahams 

2006). Mangroves tend to occur 

in areas with saline, alluvial soils 

directly exposed to the tides  
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Figure 24. Geological types that either increase the risk of parasite 

occurrence (shades of red) or discourage parasite occurrence (shades of green) 

throughout Madagascar. Gray colors indicate no effect.  
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When considered in a health context, research has demonstrated that the 

physical, chemical and biological components of soil prov ide the ògeographical 

stimulió for human disease (Abrahams 2006 ). Soils both directly (via ingestion or 

inhalation) and indirectly (via agricultural usage and micronutrient availability) 

influence the cause and distribution of human diseases. For example, iodine and 

selenium deficiency in the soils and plant material directly influence human health, 

and potentially wildlife health as well, by reducing general fitness and even tually 

causing physical and mental retardation (Abrahams 2006 ). Reduced individual 

fitness can increase susceptibility to parasite infection or reduce the ability of the 

ind ivid ual to rid itself of infection .  

The chemical and physical composition of the soil can also directly influence 

the rates of helminth infection. Larvae of hookworms and Strongylidae  enter the 

host by skin penetration following contact with or ingestion of contaminated soil 

(Abrahams 2006), and the persistence of hookworm larvae in the soil increases in 

damp, sandy or friable environment with decaying vegetation ( Abrahams  2006). 

Similarly, Knopp et al. (2008) found that the prevalence of Ascaris  lumbricoi des, 

hookworm and Strongyloides  stercoralis  infections increased in areas with alluvial, 

clayey soils, moist forest regions and higher precipitation. They hypothesized that 

the eggs of these helminths could remain infective for a longer period of time in 

these types of soils. Additionally, another study found that the presence of 

calcareous or alkaline soils predicted the occurrence of Dicrocoelium lanceolatum 

(Chartier and Reche 1992 ). As a general trend, a study in the southern Blue Ridge 
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mountains documented that floral species richness increa sed in plots with higher pH 

measures, which most likely occurs due to favorable conditions for plant growth and 

establishment (Peet et al. 2003). Enhanced floral richness may then lead to 

increased richness of fauna as well.  

Perhaps the ability of the soil to retain moisture is an important factor. Soil 

moisture has been shown to influence both t he development rate and survival of 

parasite ova and larvae (Brooker 2006), and geological history determines the 

capacity of certain soil types to retain moisture. To illustrate, desert soils maintain a 

nematode population density of about 400,000 per squ are meter, while moister 

pastures maintain nematode densities of over 10,000,000 per square meter 

(Bultman et al. 2005). Other factors, such as the size and distribution of pore spaces 

in the soil, the soil water potential, the types of gases present in soil pore species, 

the pH of the soil, the type of organic debris and the mineral composition of the soil 

also affect soil m icrobe distribution but are harder to determine in this study  

(Bultman et al. 2005). Nematode abundance was also positive ly influenced by the 

calcium concentration in the soil in Asia (Pen-Mouratov et al. 2010). Additionally, 

Bacillus  penetrans  abundance increased in soils with coarse grains when compared 

with fine -graine d soils  (Spaull 1984 ).  

As mentioned earlier, a number of other variables not included in the 

analysis could be encompassed in geology, and thereby add influence to this 

environmental variables. I explored each geological region to see how they differ in 

their most dominant type of ecoregion, type of vegetation, as well as the measure of 
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human influence, population density, net primary productivity, suitability for 

pasture development and aridity within each geol ogical region ( Table 30). Geology 

and soil composition will affect what type of vegetation can grow within the region, 

however, there seemed to be little effect of ecoregion, as dry deciduous and sub -

humid forests demonstrated both a negative and positive correlation with parasite 

presence. The largest human influence and human population density values were 

seen in the non -influencing regions, which may simply reflect the fact that lemurs 

tend not to life in highly  urbanized, population dense areas, therefore lemur 

parasites would not be documented there either.  A large average maximum Net 

Primary Productivity value was documented in regions with a positive correlation to 

parasite presence. Dense vegetation shields  the soil from solar radiation, therefore 

maintaining soil moisture content, which has been proven to enhance soil -

transmitted helminth development and survival. Further studies into the additional 

correlates  behind this geological pattern would be interes ting.  
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Table 30. Regions defined by the geological types are further described by a number of other factors. The most 

common ecoregion and type of vegetation occurring within the geological region are included. Also calculated for each 

geological region are: maximum and mean Human Influence Index, maximum and mean population density 

(persons/km2 estimated for 2015), maximum and mean Net Primary Production, maximum and mean pasture 

suitability index, and maximum and mean measures of aridity.  

Geological type  

Effect 

on 

parasite 

presence 

Ecoregion 

(most 

common) 

HII 

(max) 

HII 

(mean) 

Population 

density/ 

km 2 (max) 

Population 

density/km 2 

(mean) 

NPP 

(max) 

NPP 

(mean) 

Pasture 

suitability 

(max) 

Pasture 

suitability 

(mean) 

Aridity 

(max) 

Aridity 

(mean) 

Unconsolidated Sand  + 
Madagascar 

spiny 

thickets  

50 18 882 30 9E+11 5E+11 10000 3742 2.42 0.72 

Lavas (Basalts & Gabbros)  + 

Madagascar 

dry 

deciduous 

forests 

42 18 2717 57 1E+12 5E+11 10000 5449 2.03 1.14 

Mesozoic Limestone  + 

Madagascar 

dry 

deciduous 

forests 

38 13 565 13 8E+11 5E+11 9704 4418 1.40 0.79 

Marble  + 
Madagascar 

sub-humid 

forests 

43 16 470 45 6E+11 5E+11 9149 6116 1.09 0.78 

Mangrove Swamp  + 

Madagascar 

dry 

deciduous 

forests 

42 18 469 35 na na 4321 2691 0.73 0.57 

Tertiary Limestone  _ 
Madagascar 

spiny 

thickets  

42 16 2413 33 8E+11 5E+11 7582 3214 0.94 0.54 

Quartzite  _ 
Madagascar 

sub-humid 

forests 

32 15 643 43 1E+12 5E+11 8135 5427 1.83 1.11 

Alluvial & Lake deposits  0 

Madagascar 

dry 

deciduous 

forests 

60 23 16074 82 1E+12 6E+11 9721 5348 2.39 1.00 

Sandstone 0 

Madagascar 

dry 

deciduous 

forests 

50 15 1375 14 1E+12 5E+11 9609 4301 1.99 0.76 
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Basement Rocks 0 
Madagascar 

sub-humid 

forests 

60 18 10794 47 1E+12 6E+11 9688 6099 2.47 1.30 

Ultrabasic  0 
Madagascar 

lowland 

forests 

30 16 64 31 na na 9630 4415 1.70 1.21 

  

Mean of + 

types 43 17 1021 36 8.E+11 5.E+11 8635 4483 2 1 

  

Mean of - 

types 37 15 1528 38 1.E+12 5.E+11 7859 4321 1 1 

  

Mean of 0 

types 50 18 7077 43 1.E+12 6.E+11 9662 5041 2 1 
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Figure 25. Comparison of how  the 11 geological regions in Madagascar differ 

based upon their predicted population density (persons/kilometer2 in 2015), the 

amount of human influence, the aridity of the region, the suitability of the region for 

pasture, and the amount of net primary p roductivity across the region. The 

influence of each geological region, whether positive (+), negative ( -) or without 

influence (0) is indicated.  
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The steepness of the terrain should also be important, as steep forest is less 

exposed to agriculture, loggi ng, hunting and other human development and 

pressure. Slope was correlated with the distributions of  bacteria, ectoparasites and 

helminths, but not viruses.  

The aspect of the terrain, which directly relates to the degree of solar 

radiation it receives, al so influences the microbial diversity. Pen -Mouratov et al. 

(2009) documented a 2-fold higher abundance of soil free -living nematodes in south -

facing slopes over north -facing slopes (Pen-Mouratov et al. 2009).  

5.4.2.4 Environmental correlates of lemur parasite distributions  in this study  

The key temperature and landscape variables (excluding geology) are 

displayed in the Appendix  for comparison ( Figure 46 - Figure 47).  

On average, across all types of parasites, temperature tended to be highly 

correlated , with landscape not far behind but precipitation being almost half the 

correlation level  of temperature. Temperature and prec ipitation seasonality were 

among the most important environmental correlates  of parasite patterns for all 

types of parasites except for viruses. When looking more closely at each type of 

parasite, these environmental variables correlated with  them quite di fferently. 

Reviews have highlighted the different ecological conditions preferred by different 

parasites, and therefore the importance of understanding of how the environment is 

correlated with  patterns of parasitism (Nunn and Altizer 2006 ).  
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Helminths were fairly evenly correlated with precipitation, landscape and 

temperature, with a slight advantage from precipitation. Breaking it down further, 

geology, temperature diurnal range and precipitation within the driest month 

contributed fairly equally and importantly. Increasing the range of  daily 

temperature had a negative effect on helminths in general, but precipitation levels 

within the driest month had a positive effect on helminths.  These data indicate that 

helminths prefer areas with less variability in diurnal temperature and less ex treme 

aridity, which confirms the fact that soil moisture affects the development and 

viability of helminths. Indeed, helminths prefer warm, moist soils with a high 

proportion of organic material (Bultman et al. 2005).   

In general, bacteria prefer warm, moist soils (Bultman et al. 2005); however, 

bacteria in lemurs were most correlated with landscape variables while temperature 

was only marginally important. Precipitation seasonality was negatively correlated 

with  bacterial presence, but precip itation in the driest month was positively 

correlated , which makes sense as rain the dry season would have a moderating 

effect. Increasing slope and solar radiation also generally had a positive effect across 

all bacteria.  Solar radiation may contribute t o warmer temperatures, but could also 

increase desiccation.  

Ectoparasites were also most correlated with  landscape variables. The 

average value seems to have been driven by geological patterns, although 

precipitation of the driest and coldest quarter were  both quite important and 

increased the likelihood of ectoparasite presence.  Solar radiation in general 
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negatively correlated with  the presence of ectoparasites, perhaps because increased 

intensity of the sun leads to desiccation of young life stages.  

Vi ruses were heavily correlated with  temperature variables, including mean 

temperature of the driest quarter, annual mean temperature range and mean 

temperature of the coldest quarter. Several factors influence the survival of viruses 

in the soil, including:  temperature, soil moisture, soil microbial activity, pH of the 

soil, type of soil, organic debris, the proportion of highly adsorptive clays, and the 

type of virus (Bultman et al. 2005). Viruses prefer cooler, wetter, neutral soils with 

low microbial activity and fine grains. They are able to survive from 11 to 180 days 

in the soil, depending on the humidity, temperature and  soil moisture.  

Strikingly, protozoa were very correlated with  temperature variables. 

Perhaps this relates to their life history. Some protozoa exist in either a productive, 

trophozoite stage, or in a dormant cyst stage. These cysts are hard -shelled and a ble 

to persist in the environment for a long period of time in harsh conditions, including 

extreme temperatures, harmful chemicals, droughts, and even anoxic conditions 

(Bultman et al. 2005). For this reason, perhaps those protozoa that are able to enter 

the cyst stage are less influenced by environmental conditions.  

Parasites differed dramatically in their susceptibility to  environmental 

conditions. These data highlight the importance of not only documenting parasites, 

but also exploring how the environment is correlated to their  distributions. 

Assumptions of the effect of landscape, precipitation or temperature should not b e 

made without some inspection of the environmental habitat conditions.  
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5.4.3 How might  these predicted  parasite distributions  shift with 

changing climate  in the future ?  

The Intergovernmental Panel on Climate Change (IPCC) reported that three 

main compon ents of climate change will continue to impact ecosystems and health in 

the future, including warming (1.1 -6.4°C increase in global mean surface 

temperature by 2100), shifting patterns of precipitation and increased incidence of 

extreme climatic events (IPCC 2007). The exact spatial occurrence of these shifts, as 

well as the resilience and response of different ecosystems, is difficult to predict. 

Furthermore, when examining the impact  of climate change on health, the picture 

grows more complex. Issues to consider include: spatial and temporal distributions 

of human, domestic animal and wildlife hosts and  their parasites; parasite 

development in hosts and the environment; shifting risk s of transmission to hosts; 

health effects on hosts; and the emergence or resurgence of disease (Polley et al. 

2010). Due to the complex, but critical nature o f these challenges, the prediction of 

climatic shifts in Madagascar, as well as the exploration of how they may affect 

disease and health within human and animal populations in Madagascar, is 

extremely important. Here I will discuss how climate change has affected other 

regions, will explore climate predictions for Madagascar, and then will examine how 

these shifts may correlate with shifting patterns of  disease in Madagascar. 

Geospatial analysis and modeling offer essential tools in approaching these issue s 

(Weaver et al. 2010), having been used with success for diseases such as malaria 

(Pascual et al. 2008), schistosomiasis (Zhou et al. 2008), fascioliasis (Fox et al. 2011), 
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nematodiasis  in ungulates  (van Dijk et al. 2010), and for soil -transmitted helminths 

in tropical Africa (Brooker and Michael 2000 , Brooker et al. 2002, Brooker et al. 

2006). Using our predicted parasite distribution models, I will discuss how climate is 

slated to change parasite distributions i nto the future.  

Climate has affected spatial and temporal patterns of disease globally, and 

has been identified as the biggest threat to global health for the 21 st century (Patz et 

al. 2005, Costello et al. 2009). Hoberg et al. (2008) offer a thorough examination of 

the numerical, functional, microevolutionary and synergistic responses of parasites 

to climat e change in an Arctic model. Numerical changes occur with climate change, 

including shifts in abundances of parasites, increasing development rates, reduced 

parasite generation time, extended seasonal periods for parasite growth and 

transmission, enhanced survival rates and, ultimately, amplification of parasite 

abundance and prevalence. Functional changes include: shifting patterns of 

geographic and altitudinal ranges for both parasites and hosts, alterations in the 

size of parasite ranges including novel habitats and hosts, changing phonologies of 

habitat use, and local extinctions. Microevolutionary responses may include local 

adaptation through selection and changes in gene frequencies. Lastly, synergistic 

responses may lead to increasing interactions am ong novel hosts and parasites and 

unpredictable cascading changes within ecosystems (Hoberg et al. 2008). Host 

switching events will be important and widespread consequences of climate change, 

and can stimulate several downstream effects in ecosystems (Kutz et al. 2005, 

Brooks and Hoberg 2007 , Froeschke et al. 2010). Case studies demonstrat e a large 
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impact of climate change on various diseases. Briefly, I present a few here. Studies 

have documented that the chytrid fungus that decimated amphibian populations 

globally partly emerged due to increasing temperatures (Pounds et al. 2006), and 

that malaria, Ross River virus, plague, hantavirus and cholera have been affected by 

climate change in human populations (Patz et al. 2005).  

In order to evaluate the effects of climate change on health in Madgascar, one 

must first explor e the climatic shifts predicted to occur there.  Madagascar is 

characterized by widely divergent regional climate regimes that result in very 

diverse ecoregions (Figure 7). Despite the complicated nature of s tudies of climate in 

Madagascar, clear evidence exists that temperatures have already increased and 

that rainfall patterns have changed (Tadross et al. 2008). Future climate change 

projections estimate that mean temperature wil l increase by 1.1 -2.6° C throughout 

the island, with the greatest warming in the south, already the driest region of 

Madagascar.  The coastal and northern regions will experience warming as well, 

where smaller forest fragments may be vulnerable to increase d aridity, but these 

effects may be mediated by rainfall and cloud cover (Hannah et al. 2008, Tadross et 

al. 2008). Rainfall patterns also exhibit variable patterns,  with increased levels in 

the summer (January ð April) but reduced levels in the winter (July ð September). 

By 2050, the whole country is expected to be wetter, with the exception of the south 

and southeastern coast, which will be drier. Due to Madagascarõs location in the 

Indian Ocean, tropical cyclones frequently hit during the peak season from 

November to May, which wreaks horrific damage on the undeveloped infrastructure 
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(Tadross et al. 2008). Projections indicate decreases in the frequency of cyclones 

during the early part  of the peak season; however, their intensity and destruction 

are projected to increase toward the end of the century.  

Given these predicted climate shifts in Madagascar, the fragmented nature of 

the remai ning 10% of primary forest worsens the fate of Madagascarõs incredible 

species diversity. Species may be required to adapt to shifting climate by entering 

new habitats or new elevational ranges, but restrictive forest fragments will create 

barriers to that  adaptation (Hannah et al. 2008). Dynamic global vegetation models 

(BIOME and MAPPS) project that Madagascar will lose 11 -27% of its current 

forested habitat due to climate change with ideal rates of dispersal, but 17 -50% with 

reduced rates of dispersal (Malcolm et al. 2006, Hannah et al. 2008). Biome 

migration will also occur at high rates, and predicted significant changes in suitable 

climatic niches for endemic plant species will occur by 2080 (Hannah et al. 2008). 

Eighteen percent of Malagasy species are projected to expand in range, but 45% 

were expected to contract in range, with potentially dire conseque nces for local 

extinctions. Detrimental effects have already been documented for lemur 

survivorship and for shrinking habitats of elevationally -restricted amphibian species 

(Wright 2007 , Andreone et al. 2008). Hannah et al. (2008) make a series of 

recommendations in how to approach climate change consequences in Madagascar , 

including: 1) restoration and pr otection of riverine corridors as important migration 

pathways, 2) improving connectivity among forest fragments, and 3) incorporating 

the recognition of the need for species adaption to climate change into natural 
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resource management. Recommendations also  include examining the historical 

records in order to better understand the resiliency of forested areas in Madagascar 

under climate change, as well as recognize the impacts of natural resource 

extraction and mining (Virah -Sawmy 2009).     

In order to fully addres s these recommendations, mangers must also consider 

the shifting patterns of pa rasites and disease. Globally, c orrelations of disease shifts 

to climate fluctuations have been documented for several diseases, including: 

malaria, Ross River virus, plague, Hantavirus and cholera (Patz et al. 2005), all 

major public health conce rns. However, within Madagascar, other than correlations 

established between malaria incidence and the El Nino Southern Oscillation and 

temperature, there is a need for the modeling of disease shifts within the island. 

Connections between human and animal disease also demand a better 

understanding of the impacts of climate change on zoonotic transmission within 

Madagascar. Chapman et al. (2010) predicted that the prevalence of many primate 

parasites will increase at sites undergoing climate change (Chapman et al. 2010). 

Indeed, host -parasite systems are  excellent indicators of climate and anthropogenic 

change (Kutz et al. 2005, Hoberg et al. 2008).  

Within  our species distribution models, different types of lemur parasites in 

Madagascar responded quite differently to projected climate changes  (Table 26). 

Predicted models for b acterial pathogens contracted in their r anges by 6.56% on 

average. Much of the contraction occurred in the southwest, a region distinctly more 

seasonal in its temperature and rainfall patterns.  Climate change predictions 
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estimate that this region will get warmer and receive less precipitation i n the future. 

Precipitation emerged as highly important for bacterial pathogens; therefore, the 

predicted hotter, drier conditions may have caused the observed contraction in 

bacterial ranges.  

Contrastingly, predicted models for helminths, ectoparasites a nd viruses 

expanded in their ranges. Helminths were negatively correlated with ranges in 

temperature, both annual and diurnal ranges, therefore indicating that helminths 

prefer a more stable, less fluctuating climate. They were positively correlated with  

precipitation in general;  therefore the prediction that the whole country (with the 

exception of the south) will become wetter bodes well for helminth expansion. As 

documented, helminths prefer warm, moist soils, which may explain their dramatic 

expansion. Helminths are predicted  to expand upward along the elevational 

gradient, which may have been possible due to increasing temperatures and 

precipitation through much of the country. These patterns were quite evident with 

Trichuris  species and Spiruroidea . West Nile Virus  also expanded based upon this 

increase in temperature and precipitation for its large expansion.  

Arthropod vectors, including fleas, ticks and mosquitoes, are generally 

sensitive to subtle changes in temperature, precipitation and humidity (Haines and 

Patz 2004). Ectoparasites in this study seemed to benefit from the generally 

increasing precipitation and temperature throughout Madagascar, as was seen in 

the large expansion of tick habitats. For many terrestrial arthropod species, climate 

changes may lead to expanding ranges (Ogden et al . 2005, Ogden et al. 2006). 
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Studies of tick -borne diseases demonstrate an expansion of tick ranges northward as 

well as into higher altitudes, and an extension of their host -seeking activity periods,  

an increase in their abundance and an enhancement of their developmental rate 

(Gray et al. 2009). Reductions in rainfall when coupled with increasing temperatures 

might lead to reduced ticks distributions due to increased desiccation; however, this 

was not observed in this study (Gray et al. 2009, Diuk Wasser et al. 2010). Mites and 

lice are also influenced by changes in temperature and soil moisture (Kardol et al. 

2010, Moller 2010 ).  

In general, all parasites, with the exception of bacteria, are slated to expand 

in their distributions throughout Madagascar. This information would offer insight 

to both wildlife and natural resource managers, as well as publ ic health planners.  
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Table 31. Predicted responses of selected lemur helminths, bacteria, ectoparasites and viruses to climate change 

in Madagascar, which is predicted to bring increased temperature throughout the country and incr eased precipitation 

in the northern regions of the country.  

Parasite Information  

Modeled 

expansion/contraction 

with climate change  Predicted climate changes in Madagascar  

Parasite type  Parasite  % Mean % Increased temperature  Increased precipitation  Decreased precipitation  

Helminths  

Hymenolepsis  spp.   77.62 

+ 24.16 

Increase rates of development  Prevention of egg & larval 

desiccation  

Reduce egg hatching and 

larval development  

Enterobius  spp.   44.58 Decrease time to infectivity   Extend viability in the soil  Increase desiccation  

Trichuris  spp.   25.90 However, upper temperature threshold for egg 

viability  

Creation of suitable microhabitats    

Spiruroidea 
superfamily  32.50 

 

  

Lemuricola  spp.   20.50  
 

  

Callistoura  spp.   -0.14  
 

  

Strongylid ae -1.67  
 

  

Lemuostrongylus spp.   -5.99       

Bacteria  

Bacillus  spp.  -2.92 

- 6.56 

Increase rates of development  Increase rates of development  

Contraction in the south 

due to decreasing 

precipitation  

Acinetobacter  spp.  -6.70  Extend viability in the soil   Extend viability in the soil  Increase desiccation  

Pseudomonas spp.   -6.70 

 

Creation of suitable microhabitats    

Staphylococcus spp.   -5.31 

  

  

E. coli  -7.29 

  

  

Enterococcus spp.   -7.50 

  

  

Klebsiella  spp.   -8.01 

  

  

Enter obacter spp.   -8.08       

Ectoparasites  
Tick  30.62 

+ 4.55 
Increase rates of development  Increase rates of development  

May increase desiccation 

of young life stages  

Mites  -1.51 

 

Creation of suitable microhabitats    

Lice -15.47       

Viruses  West Nile Virus  

 
+ 40.35 Increase rates of development  Creation of suitable microhabitats  

Reduce viability in the 

soil  

  40.35 Extend viability in the soil  Extend viability in the soil    
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5.4.4 What patterns do we see in overall patterns of parasite richn ess? 

Patterns of parasite richness  simply express the distributional shifts of the 

parasites composing that richness . However, parasite richness  incorporates a new 

dimension to understanding patterns of disease ñthe interactions within a 

community of hosts and parasites.  When visible shifts in parasite richness  occur, it 

indicates shifting ecological and behavioral relationships, which are what ultimately 

enable disease emergence and transmission. Within a climate context, we see an 

increase in parasite ric hness throughout the country due to the expanding ranges of 

all parasites except for bacteria. The contraction of bacterial richness  can be seen in 

the future projections.  

5.4.5 Evaluating environmental and anthropogenic correlates of lemur 

parasite richn ess  

I shall explore the effect of anthropogenic influence, environmental variables, 

lemur and total mammal species richness  on patterns of lemur richness (i.e. total 

number of unique lemur parasite species predicted to occur within each cell in the 

predic ted model). Anthropogenic correlates  were demonstrated to predict  lemur 

parasite richness. Human Influence Index, human parasite richness and distance to 

towns were all positively correlated with lemur parasite richness. We can interpret 

that as meaning  th at with increasing human influence, either new parasites may be 

introduced or habitat quality is reduced, therefore impairing lemur fitness and an 

individualõs resistance to new infections. Contrastingly, Human Index was actually 

negatively correlated with  West Nile Virus  occurrence when it was examined in 
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isolation. This finding highlights the importance of understanding the unique 

responses of each parasite, and may simply reflect the increased density of lemur 

hosts farther away from human development. D istance to trails was also negatively 

correlated with parasite richness. This may reflect the elevated exposure to higher  

parasite richness within individuals that live in edge habitats that are more exposed 

to human trails.  

Of great interest is the effec t of human activity on the presence and 

prevalence of lemur parasites. The level of anthropogenic activity will directly 

influence the quality of the habitat for lemur populations. Decreased habitat quality 

can affect wildlife fitness, ultimately sustainin g smaller populations, impairing the 

immune response and increasing susceptibility to stochastic events such as disease 

outbreaks (Beck and Levander 2000 , Fahrig 2003 , Irwin et al. 2010).  Previous 

studies have found that primate populations within logged forest fragments suffered 

from elevated richness, p revalence and magnitude of multiple parasite infections 

when compared with primates in undisturbed forest (Gillespie et al. 2005, Gillespie 

and Chapman 2006 , 2008). Similarly, the intensity, richness  and prevalence of 

gastrointestinal parasites of Microcebus murinus  increased with greater habitat 

degradation and fragmentation, which may have occurred due to reduced habitat 

quality or by introduction of parasites by rats (Raharivololona and Ganzhorn 2009 ). 

Additionally, a higher frequency of multiple pa rasite infections as well as higher 

parasite prevalence occurred in primate populations from edge habitats when 

compared with interior groups (Chapman et al. 2006a). This may occur as a result of 
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lowered fitness and immunocompetence or by increased exposure to parasites from 

other sources due to edge effects.  Such edge effects can increase exposure to 

humans, thereby elevating rates of predation, hunting, and the risk of 

anthropozoonotic disease transmission (Nizeyi et al. 2001b, Irwin et al. 2009). 

Recent evidence documents the occurrence of disease transmission from humans to 

non-human primates, including: enteric bacterial infections in mountain gorillas, 

colobus and guenon species (Nizeyi et al. 2001b, Goldberg et al. 2008b), skin 

infections in gorillas (Kalema -Zikusoka et al. 2002) and viral infections in 

chimpanzees (Köndgen et al. 2008). This hu man-mediated introduction of novel 

parasites, known as òpathogen pollution,ó poses a serious threat to wildlife health 

and conservation (Daszak et al. 2000).  

Both aspect and slope were positively correlated lemur paras ite richness, but 

to a small degree.  Studies of soil -transmitted helminths show that south -facing 

slopes harbor a 2 -fold higher richness of parasites (Pen-Mouratov et al. 2009). While 

areas with increasing slope are generally less developed due to their added difficulty 

for cultivation, much of the remaining forested areas in Madagascar are within steep 

forest fragments that most likely maintain higher densities of lemur hosts. The 

complex responses of the different parasite s to temperature and precipitation 

correlates present  some challenges in interpreting the estimates for those variables.  

Both lemur and mammal species richness positively affected total lemur 

parasite richness, which calls for a lengthier  examination of the role of host richness 

in driving parasite richness and infection patterns. Contrastingly, however, when 
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examining the effect of host species richness on West Nile Virus  in isolation, 

mammal species richness was negatively correlated wit h West Nile Virus  presence 

but lemur species richness was positively correlated with West Nile Virus  presence. 

As we further explore this issue, I will refer to both host richness and diversity, so I 

will clarify the difference between these two terms. Div ersity is made of up two 

componentsððspecies richness (number of unique species) and evenness 

(proportional representation of each species, which is related to abundance). In this 

study, we lacked abundance data, and so must rely on simple host richness.  

As established previously, Madagascar is one of the most biodiverse areas in 

the world with incredible species endemism , hence its categorization as a 

biodiversity òhotspotó (Myers et al. 2000). Host diversity has been linked to parasite 

and pathogen diversity in the past.  In a global study of the occurrence of emerging 

disease events in human populations, the authors found that zoonotic EID events 

were highly correlated with high wildlife biodiversity (Jones et al. 2008). Spatial 

factors also play a definite role, including the contact rates and spatial 

connectedness of species (Craft et al. 2008). Furthermore, it has been documented 

that large fragments of land will host higher species diversity than small fragments 

(Harcourt and Doherty 2005 ).  

This diversity present in Madagascar will influence disease patterns, and so 

it is important to consider how host richnes s will affect the transmission of these 

parasites. Conflicting theories exist regarding whether host richness increases or 

decreases disease infection rates. Some studies have documented an increase in 
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disease rates with host diversity, termed the òamplification effectó (Norman et al. 

1999; Gilbert  et al. 2001; Schmidt and Ostfeld 2001; Dobson 2004; Keesing  et al. 

2006). When additional species act as competent hosts or reservoirs, meaning that 

they are good reservoirs or spreaders of a parasite, vector abu ndance and fitness can 

increase due to the additional vector meal possibilities. Perhaps the amplification 

effect explains the evidence for the contrasting effect of lemur species richness and 

mammal species richness on West Nile Virus  occurrence in lemurs . If the majority of 

lemur species are competent hosts, then increasing the richness of such competent 

hosts may increase the occurrence of West Nile Virus .  

Contrastingly, strong evidence shows that in some vector -borne disease 

systems,  more diverse species communities  will reduce the infection of disease 

vectors and, ultimately, host infection rates (Schmidt and Ostfeld 2001; LoGiudice  et 

al. 2003; Keesing et al. 2006). This pattern, termed the òdilution effect,ó works 

because incompetent reservoir host s òdiluteó the rates of disease transmission 

among vectors and competent hosts (Schmidt and Ostfeld 2001 , LoGiudice et al. 

2003, Keesing et al. 2006, Begon 2008, Johnson et al. 2008). Furt her evidence has 

been documented in plant systems. When plant species diversity increased in an 

experimental study, disease severity declined, which occurred indirectly due to a 

reduction in the abundance of a highly -competent host species (Mitchell et al. 2002, 

Mitchell et al. 2003).  

In the classic example of Lyme disease, species richness reduced inf ection 

risk when the additional species in the diverse system acted as incompetent 
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reservoirs. These non -spreaders served as non-infectious blood meals for the disease 

vector (Ostfeld and Keesing 2000; Schmidt and Ostfeld 2001). A similar negative 

correlat ion existed when examining non -passerine bird species richness and vector 

and human infection rates with West Nile Virus  (Ezenwa et al. 2006). Similarly, in 

looking at predicted West Nile Virus  presence in lemurs in this study, mammal 

diversity was al so negatively correlated with West Nile Virus  occurrence in lemur 

populations. Furthermore, this pattern is consistent for other vector -borne disease 

systems such as leishmaniasis, African trypanosomiasis, Chagas' disease, West Nile 

Virus , and Rocky Mounta in spotted fever (Chivian 2002 , Chivian and Bernstein 

2004).  

The effect of diversity on disease systems can be complex, as can be seen in 

these data. In order to fully understand these dynamics, studies should evaluate the 

richness and abundance of competent h osts in each system, as well as the ecological 

and functional role of each species involved. Each species will vary based upon its 

role as predator, prey or competitor, as well as its reservoir competency. Species 

differ in their ability to transmit infect ion, thus making them either a òdilution hostó 

or a òrescue hostó for the infection (LoGiudice et al. 2003). Rates of disease will 

therefore depend upon the presence and abundance of competent hosts and the 

resulting community composition (Power and Mitchell 2004 ).  

Infection rates also depend upon transmission strategies of the pathogen. 

Will transmission depend upon the density of  infected hosts (density -dependent) or 

the proportion of infected hosts in the population (frequency -dependent)? Pathogens 



 

 

236 

 

 

  

passed through direct contact or the environment typically rely on host density, 

while sexually -transmitted or vector -borne pathogens  rely upon the frequency of 

susceptible hosts. In general, higher susceptible host diversity will increase an 

epidemic outbreak with density -dependence and decrease an outbreak with 

frequency -dependence (Dobson 2004). This occurs because R0 (basic reproductive 

rate of the parasite) increases when the rate of contact among infected and 

susceptible hosts is heightened. Additionally, when interspecific transmission rates 

are higher than intraspecific rates, increased diversity will elevate disease.  
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Chapter 6. Predicting risk of disease transmission among 

lemurs, humans and domestic animals in Madagascar due 

to environmental change: An geospatial approach to One 

Health  

6.1 Introduction  

Concern over the emergence of diseases from animal origins within human 

populations has grown. Recent studies of human disease have documented that o f 

the 1,500 species of infectious organisms affecting humans, 60.3% derived from 

animal origins, and of those, 71.8% originated from  wildlife sources (Woolhouse and 

Gowtage-Sequeria 2005, Jones et al. 2008), Taylor et al. 2001, Patz et al. 2004). 

Recent outbreaks of disease, including avian and swine influenza, West Nile Virus , 

and severe acute respiratory syndrome (S ARS),  has captured global attention with 

their significant effects on economies, biodiversity and public health (Lloyd -Smith et 

al. 2009).  

Driving these patterns of emergence are environmental and anthropogenic 

changes that are shifting ecological relationships among  parasites, vector and hosts.  

These changes, including deforestation, urbanization, and climate change, have 

altered the types and frequency of human and wildlife contact, degraded the quality 

of ecosystems and their functioning, and heightened the risk o f zoonotic disease 

transmission.  Nowhere is this more pertinent than in Madagascar, a biodiversity 

hotspot with unparalleled endemism where up to 90% of primary forest cover has 

already been lost. With one of the highest population growth rates in the wor ld, an 
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annual deforestation rate of 0.53%, increasing natural resource extraction, and 

recent political instability, sustainable use of natural ecosystems does not look 

promising (Ferguson 2009). The combination of habitat  destruction and 

fragmentation, human -wildlife interactions, and high wildlife diversity in 

Madagascar creates favorable conditions for disease emergence.  

Although no epidemic outbreak has occurred as yet in Madagascar, several 

highly infectious diseases exist there that could affect both human and wildlife 

populations. For example, of the Centers for Disease Control and Preventionõs most 

significant global epidemics over the last 15 years, five have been documented 

within Madgascar (Hanta virus, Plague, N ipah virus, West Nile Virus  and Rift 

Valley Fever ) (King 2008 ). Increasing attention has been focused on the role of 

wildlife as sources, reservoirs and amplifiers of pathogens that emerge in humans 

and domestic niamals, but little attension has been paid to the impacts of human 

and domestic animal parasites on often -endangered wlidlife populations (Thompson 

et al. 2009). The global and complex nature of these emerging challenges requires a 

multidisciplinary approach that recognizes the connections among humans, animals, 

wildlife and the ecosystems they share.  Here I  aim to  address risk to both human 

and wildlife populations from interspecfiic disease tranmsisison to benefit both 

health and conversation.  

To address both of these issues, the approach must integrate a 

multidisciplinary framework  of coordinated surveillance, data collection, analysis 

and prediction that captures shifts across human, animal, wildlife populations and 
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the environment (Macdonald and Laurenson 2006). With these data, spatial 

modeling tools can be employed to: enhance our understanding of the environmental 

context for disease now and in the future with global change, predict parasite 

distributions in relation to this context, identify high risk  areas for disease 

emergence, target these areas for interventions that are more cost -effective, and the 

enhance collaboration among fields that improve synergistic planning processes 

(Brooker and Michael 2000 , Brooker et al. 2002, Simoonga et al. 2009).  

To address the importance of the environment al context , I  explored how a 

diverse suite of temperature, precipitation and landscape -scale variables correlated 

with parasite occurrence. As previously documented, environmental variables 

directly influence spatial patterns and population biology of huma n parasites 

(Brooker 2000). Across free-living organisms, a latitudinal richness gradient exists, 

and this pattern hold well for parasites as well (Guernier et al. 2004).  This gradient 

can be at least partially explained by biotic and abiotic influences, including 

temperature and precipitation. I hypothesized that i ncreasing temperature and 

precipitation would correlate positively with parasite occurrence , as they can 

enhance soil moisture, create microhabitats for larval production, and speed the rate 

of parasite development.  

The importance  of the environment in sh aping patterns of parasite infection 

and health cannot be overestimated. As Hippocrates suggested 2000 years ago, when 

physicians considered a patient in a village, they should always examine the wind, 

sun aspect, sources of water and òthe soil too, whether bare and dry or wooded and 



 

 

240 

 

 

  

watered, hollow and hot or high and coldó (Jones 1932). In this study , I  identified 10 

of the most significant human parasites that hold relevance for human, domestic 

animal and lemur health. Using available published data, I  utilized spatial modeling 

techniques to predict where else these parasites are li kely to occur both currently 

and in the future under shifting climate regimes. With this information, I  can assess 

the impact of environmental context on these parasites. Additionally, I  can 

determine the spatial congruence of parasites of human, domestic animal and lemur 

hosts and develop risk indices that will highlight areas at potential risk for disease 

transmission among these hosts.  

6.2 Methods  

6.2.1 Database development  

6.2.1.1 Study Area  

All study sites occurred within the island of Madagascar, the  fourth largest 

island in the world (587,000 km 2) (Figure 13, Chapter 5). The island maintains 

incredible species diversity, making it one of the òhottestó of the biodiversity 

hotspots (Myers et al. 2000). Underlying this biodiversi ty is a wide and diverse 

range of climates, ecoregions and topography, with lush rainforest along the eastern 

escarpment, dry deciduous forest in the west, and spiny forest in the south (Figure 7, 

Chapter  3). The steepness of the eastern escarpment traps much of the easterly 

Indian Ocean trade winds, consequently resulting in a western rain shadow, which 

contributes to the dry western forest ecoregion. Mean annual rainfall ranges from 
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331 to 3373 mm and mean annual temperatures range from 11.0 to 27.4°C (Hijmans 

et al. 2005).  

The highland region, within the sub -humid forest region, was once a mosaic 

of forests and savannah, but is now almost completely modified by people with rice 

cultivation in the valleys and dry farming on the hillside slopes. This  region 

experiences a cold and dry season from May to October and a warm, rainy season 

from November to April (Duplantier and Rakotondravony 1999 ). The west coast, 

typi fied by dry, deciduous forest is a mixture of forest, pasture and cultivation. The 

south is much more arid, is dominated by spiny thickets, and experiences a 10 

month dry season. For this reason, it is less characterized by cultivation but more by 

cattle p roduction.  

6.2.1.2 Parasite data  

From a medical perspective, unicellular bacteria are often viewed separately 

from more traditionally classified òparasites,ó such as multicellular organisms like 

helminths and ectoparasites. From an ecological perspective,  however, a parasite is 

defined as òan organism that lives in or on a host organism and feeds on its tissues 

or body fluidsó and includes both macro- and microparasites (Cain et al. 2011).  

Hereafter in this study, the term parasite encompasses all typ es of micro and 

macroparasites, including ectoparasites, helminths, viruses, protozoa and viruses.  

6.2.1.3 Lemur parasite data  

Parasite samples originated from several different sources. The majority of 

the data originated from the ongoing Prosimian Biome dical Survey Project (PBSP), a 
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project that has assessed over 600 lemurs of 31 species within 20 sites since 2000, 

and provided excellent presence -absence data (Junge and Garrell 1995 , Junge and 

Louis 2002 , Dutton et al. 2003, Junge and Louis 2005b , a, 2007, Dutton et al. 2008, 

Junge et al . 2008, Irwin et al. 2010, Junge et al. 2011).  This project is structured to 

provide collaboration between field biologists and veterinarians i nvolved in 

conservation projects throughout Madagascar.  Veterinarians provide basic medical 

assistance as needed, and collect standard biomedical samples and health 

information from animals anesthetized or captured for other purposes. Activities in 

this p roject complied with protocols approved by the St. Louis Zoo and Duke 

Universityõs Institutional Animal Care and Use Committee, as well as adhered to all 

research requirements in Madagascar and to the American Society of Primatologists 

principles for the e thical treatment of primates.  A detailed description of sample 

collection methodology can be found in Chapter 3 or in the previously cited 

references.  

In order to expand the geographical representation of the parasite data, as 

well as create a more comple te picture of the parasite communities documented in 

lemurs, published accounts of parasite occurrences in lemurs were collated and 

included (Table 47, Appendix) . The Global Mammal Parasite Database was a very 

helpful tool in locating these studies (Nunn and Altizer 2005 ) (available at 

http://www.mammalparasites.org/ ).  Only presence points were included in these 

analyses, and sites sampled were georeferenced using published reports, available 

maps and Google Earth. Collective ly between the PBSP data and the published 

http://www.mammalparasites.org/
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literature, sites sampled for these analyses occurred in all ecoregions except for 

ericoid thickets (Figure 7) and from a diverse range of protected and non -protected 

areas (Table 3, Chapter 3 ).  

6.2.1.4 Human parasite data  

All human parasite data were compiled through an extensive literature 

search, which included published reports available in library global health 

databases, whic h pulls from PubMed and Web of Science, in published Pasteur 

Institute reports and on the Institute Pasteur website ( http://www.pasteur.mg/ ). The 

earliest  report of human disease data from Madagascar used in this study  was 

published in 196 8. The Global Infectious diseases and Epidemiology Network 

produces an annual account of the human diseases present documented within the 

country, which provided excellent primary references (GIDEON 2011 ). Presence 

data were extracted from each report and species and location were noted. A 

presence was defined as a site from which a human or domestic animal infection was 

detected and reported. Geographic coordinates were assigned to each location based 

upon maps available in the report, descriptions, other published records and Google 

Earth. The locations were placed with a spatial precision of approximately 1 -5 

kilometers (up to 0.05 °). Those presence locations that could not be identified to this 

level of spatial accuracy were not included in the analysis. The location s and sample 

sizes of the human disease data are  presented in Figure 26 and in Table 32.  

http://www.pasteur.mg/
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Table 32. Human parasites modeled in this analysis as collected from the 

literature.  

Parasite  Type Host samples  

Sample size 

(presence) 

Yersinia pestis  (plague) Bacteria  Huma ns 14 

Ascaris  spp.  Helminth  Humans  21 

Schistosoma spp.  Helminth  Humans  20 

Taenia  spp.  Helminth  Humans  13 

Trichuris  spp.  Helminth  Humans  19 

Hookworm spp.  Helminth  Humans  17 

African Swine Fever  Virus  Domestic pigs  15 

Chikungunya  virus  Virus  Huma ns 9 

Rift Valley Fever  Virus  Humans  26 

West Nile Virus  Virus  Humans, egrets, parrots  35 
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Figure 26. Samples from which human disease data were compiled  from an 

extensive literature search . Size of the bubble indicates the numb er of different 

samples, some of different parasites, at each location.  
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6.2.1.5 Environmental and anthropogenic data  

Environmental data utilized in these analyses originated from several 

sources (Table 47, Appendi x). Climate data consisted of a suite of 19 different 

bioclimatic variables at 30 arc-second resolution , including: annual mean 

temperature; annual precipitation; mean  diurnal range; isothermality; temperature 

and precipitation seasonality; maximum tempera ture of the warmest month; 

minimum temperature of the coldest month; temperature annual range; mean 

temperatures of wettest, driest, warmest and coldest quarters; precipitation of 

wettest and driest months; precipitation of wettest, driest, warmest and col dest 

quarters. These data originated from the greater global dataset of climate layers 

generated from weather stations on a 30 arc -second grid. Weather data for 

Madagascar were developed from weather station recordings from 1930 -1990 from 

approximately 117  weather stations throughout the island (Pearson et al. 2007) 

These data were downloaded from the WorldClim dataset (Hijmans et al. 2005) 

(available here: http://www.worldclim.org ). Other environmental data included 

geology, solar radiation, slope, aspect, and current and proposed protected areas 

within Madagascar ( Table 47). Anthropogenic data included the Human Influence 

Index, which we calculated to its maximum value within a 5 km radius of each pixel, 

is a composite index of the following: human populati on density/km 2, railroads, 

major roads, navigable rivers,  coastlines, nighttime stable light values, urban 

polygons, and land cover categories (urban areas, irrigated agriculture, rain -fed 

agriculture, other cover types including forests, tundra, and dese rts) (Sanderson et 

http://www.worldclim.org/
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al. 2002). To assess co-linearity within the environmental data, we created a 

Spearman rank correlation matrix in JMP (SAS Institute) to describe the 

relationships among the environmental predic tor variables and then subsequently 

removed highly correlated variables. To shorten the table, only pairs of variables 

that ma intained a correlation above 0.6 0 are included (Table 49, Appendix).  

6.2.1.6 Host richn ess data 

Host species richness and distribution will play a role in parasite 

distributions, as has been established with host snail distributions and 

schistosomiasis in Africa (Simoonga et al. 2009). To assess the importance of both 

lemur spe cies richness and total mammal species richness on parasite distributions 

in Madagascar, we included both of these layers in the analysis (Figure 14, Chapter 

5). Lemuroidea Superfamily species richness were created  including the following 

lemur species: Avahi laniger, A. occidentalis, Cheirogaleus major, C. medius, 

Eulemur albifrons, E. albocollaris, E. collaris, E. coronatus, E. flavifrons, E. macaco, 

E. rufus, E. sanfordi, Hapalemur griseus, Indri indri, Lemur cat ta, Lepilemur 

leucopus, L. mustelinus, Microcebus danfossi, M. griseorufus, M. murinus, M. 

myoxinus, M. ravelobensis, M. rufus, M. sambiranensis, M. tavaratra, Propithecus 

candidus, P. coquereli, P. deckeni, P. diadema, P. edwardsi, P. perrieri, P. tatters alli, 

P. verreauxi, Varecia rubra, V. variegata. Total mammal species richness was also  

created based upon available range maps for mammals within Madagascar. These 

ranges were obtained from the International Union for the Conservation of Natureõs 
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(IUCN) R ed List Database (available here: 

http://www.iucnredlist.org/initiatives/mammals/description/download -gis-data ).  

6.2.2 Geostatistical Analyses  

6.2.2.1 Species distribution modeling: methods, utility and limitations  

Species distribution models (SDMs) estimate the associations between known 

species occurrences and suites of environmental variables relevant to environmental 

suitability. SDMs estimate the biotic and abi otic habitat conditions, sometimes 

referred to as an òecological niche,ó within which a species could likely occur. This 

technique incorporates many different types of environmental data (e.g., climate, 

soils, topography, vegetation, anthropogenic measures ) in order to develop a model 

based upon where species are known to occur. This information is then used to 

develop and project modeled distributions into covariate space, which could be 

expanded to new geographical areas or under future climate conditions .  

SDMs offer an incredibly useful tool for research and applied needs in 

biogeography, conservation biology and ecology, as described in a number of studies 

(Elith and Leathwick 2009 , Elith et al. 2011). SDMs have been utilized to prioritize 

conservation action, to determine ra nge filling, to assess niche evolution, to identify 

habitat limiting factors, to predict the geographical ecology of invasive species, and 

to assess landscape hazards (Dai and Lee 2003 , Ohlmacher and Davis 2003 , Ayalew 

and Yamagishi 2005 , Pearson et al. 2006, Chang et al. 2007, Pearson et al. 2007). 

Several studies have successfully utilized SDMs to assess the distributions and 

regulating environmental conditions relevant to parasites and diseases. SDMs have 

http://www.iucnredlist.org/initiatives/mammals/description/download-gis-data
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been used to assess hosts, parasites and their vectors in a number of environments 

(Brook er and Michael 2000 , Brooker et al. 2002, de Silva et al. 2003, Bethony et al. 

2006, Brooker et al. 2006, Neerinckx et al. 2008, Brooker and Clements 2009 , Holt et 

al. 2009, Simoonga et al. 2009, Froeschke et al. 2010).   

Several different methods have b een developed to model species 

distributions, and they vary widely based upon what type of data they require.  In 

formal and established study sites with the benefit of long -term and thorough data 

collections, presence/absence as well as abundance data can  be collected. With these 

types of data, more traditional methods can be utilized, such as multiple logistic 

regression models, generalized linear models or regression trees (Ohlmacher a nd 

Davis 2003 ). However, when survey data are  sparse or incomplete with only 

presence data, as is the case with almost all public biological databases, other 

methods are required.  

One such method that has been commonly used to develop SDMs is Maxent, 

a maximum entropy density estimation method for characterizing probability 

distributions over geographic space from limited or incomplete information (Phillips 

et al. 2006). It is exceptionally useful and achieves high predictive accuracy with 

small samples sizes of cryptic species, and in situation s where accurate absence data 

are lacking (Elith et al. 2006, Pearson et al. 2006, Phillips and Dudik 2008 ). It fits 

penalized maximum lik elihood models, which produces probability distributions of 

species based upon presence-only species records. Maximum entropy refers to the 

goal of determining the probability distribution that is the most dispersed, or the 
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most unconstrained, which balanc es the limits of known presence points within the 

context of environmental conditions (Phillips and Dudik 2008 ). The program 

computes a probability density function, which indicates the relative suitability of 

each pixel within the gridded study area as potential habitat for the focal species. It 

assigns a non-zero value to every pixel within the study area. These values are 

defin ed within the constraints of features, which have been derived from continuous 

or categorical environmental predictor variables. Maxent implements several 

different types of features, including linear, quadratic, product, threshold, hinge and 

category indi cator to constrain means, variances and covariances to the variables to 

match their empirical values (Phillips and Dudik 2008 ). Maxent analyzes the 

environmental covariates included in the analysis by taking 10,000 or more random 

samples across covariate space, which is known as the background sample.  Raw 

values are converted into a cumulative format that sums to one, therefore t he more 

values calculated, the smaller value each one maintains. Maxent then transforms 

this output to make assumptions about prevalence and sampling effort , and by 

default presents a logistic output giving an estimate of the probability of presence 

built  upon a vector of environmental variables. Maxent output includes a continuous 

variable ranging from values of 0 to 1, with higher values indicating relative 

suitability of the habitat for species presence, indicating a likelihood that a species 

could occur.  

The fact that Maxent relies only upon presence data is both a benefit and a 

source of criticism. Many papers have discussed the subject of whether presence -only 
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data are  sufficient to accurately predict distributions, which depends upon the 

quantity an d quality of the data, the ecological relevance of the environmental 

variables included, the scale of the analysis, and the dispersal and biotic interactions 

of the modeled species. The fundamental limitation of presence -only data is that 

prevalence cannot  be determined from these data (Ward et al. 2008). A second 

limitation includes the greater bias introduced with unbalanced sampling  intensity.  

Presence data tend  to be biased towards those areas easier to sample, such as near 

roads, towns, field sites or waterways (Reddy and Dávalos 2003 , Phillips and Dudik 

2008). Despite its ability to improve model fit, pre sence-absence data also present 

their own complications with issues of detectability and false absences (Pearson et 

al. 2006, Elith et al. 2011).  

Lastly, other important information, such as biotic interactions, geographic 

barriers and history, also influence the distribut ions of species, but are not included 

in the development of these models (Pearson et al. 2007). Despite these limitations, 

species distribution models built upon presence -only data have been shown to be a 

useful and rapid tool to determine species -relevant regions that have environmental 

conditions tha t are likely to support the species  (Pearson et al. 2006).  Model 

predictions should be incorporated and utilized in decision -making with a full 

understanding of the assumptions and inherent uncerta inty.  

6.2.2.2 Estimation of Current and Future Distributions  

Predicted  geographical distributions of parasite species based upon the 

suitability of environmental data were modeled from GPS data we collected (PBSP 
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data) and georeferenced data gathered from  primary literature. The following 

parasite species from lemur hosts were included and can be seen in Table 18. 

Helminths: Callistoura  spp., Enterobius  spp., Hymenolepsis  spp., Lemurostrongylus  

spp., Lemuricola  spp., Spiruroidea superfamily, Strongylidae, Trichuris  spp.; 

Bacteria: Acinetobacter  spp., Bacillus  spp., E. coli , Enterobacter  spp., Enterococcus 

spp., Klebsiella  spp., Pseudomonas spp., Staphylococcus spp.; Virus: West Nile 

Virus ).Three lemur parasite speci es were examined for their environmental 

correlates , but were not modeled due to insufficient data (helminths Bertiella  spp. 

and Pararhabdonema  spp. and the protozoan Toxoplasma gondii ) . The following 

parasite species were modeled from human hosts:  Helmi nths: Ascaris  spp., 

hookworm spp., Trichuris  spp., Schistosoma spp., Taenia  spp.; Bacteria: Yersinia 

pestis; and Viruses: African Swine Fever , Chikungunya  virus, Rift Valley Fever  and 

West Nile Virus  (Table 33). SDMs were generated for parasite species with 5 or 

more unique localities.  The original dataset, consisting of 761 presence points, was 

reduced to contain only non -repetitive locality points, with a total of 211 locality 

points. Maximum entropy distribution  modeling ( Maxent version 3.3.3e (Philips et 

al. , 2006)) was used to generate SDMs using the following parameters: random test 

percentage =25%, regularization multiplier = 1, maximum iterations =1000, 

convergence threshold =0.0001, maximum number of backgr ounds points = 10000.  

This means that 25% of the original data was set aside for model testing and 

independent validation against the 10,000 random background points (pseudo -

absences) in order to assess commission. The SDMs for current conditions 
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incorpor ated the following 23 ecogeographic variabl es at 30 arc-second resolution : 19 

ôcurrentõ bioclimatic variables from Worldcllim.org  that constitute a wide range of 

variables representing different measures of temperature and precipitation, geology, 

slope, aspect and solar radiation (Table 47, Appendix )..  These models can be 

interpreted to predict the distribution of a species, creating a map that indicates 

areas of high and low habitat suitability based on an approx imation of a speciesõ 

ecological tolerance.  To transform these models into a reflection of suitable or non -

suitable habitat, it is common to apply a decision threshold above which  values are 

considered to be a prediction of species presence (Pearson et al. 2007). I  used the 

òFixed Cumulative Value 5ó threshold in Maxent 3.3.3e.  

The ôcurrentõ SDMs were then projected into a future climate scenario using 

data generated by the International Centre for Tropical Agriculture (CIAT) (CCCMA -

CGCM  A2a) (http ://gisweb.ciat.cgiar.org/GCMPage/ ). The A2 scenario assumes that 

population growth continues to grow at a constant rate and reaches 15 billion by 

2100 (IPCC 2007). The data used to d evelop these predicted models were downloaded 

from the  Intergovernmental Panel on Climate Change data portal for the fourth 

assessment report ( http://www.ipcc -data.org/ ), and then re-processed using a spline 

interpo lation algorithm of the anomalies and the current climate distribution available 

from Worldclim (Hijmans et al. 2005, Hijmans et al. 2008). The data included 19 

bioclimatic variables predicted for year 2080 at 30 arc -second resolutions (from 

Worldcllim.org). The following variables from the current SDM we re also used for 

the future version: geology, slope, aspect and solar radiation (Table 47).  These 

http://gisweb.ciat.cgiar.org/GCMPage/
http://www.ipcc-data.org/
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variables are based entirely on a digital elevation model or geology; therefore, we 

assume that they will not vary considerably over the next century.  

6.2.2.3 Model validation and assessment of model performance  

Models were assessed using the area under the receiver operating 

characteristic curve (AUC), which is the probability that a presence site will rank 

higher th an a randomly chosen absence site, or as in Maxent, a randomly selected 

pseudo-absence background site (Fielding and Bell 1997 , Phillips and Dudik 2008 ). 

A randomly -ranked site has a value of 0.5 with no predictive ability and a perfectly 

ranked site would value 1.0 for  its predicting ability. Models with AUC values 

surpassing 0.75 are considered possibly useful (Phillips and Dudik 2008 ). This 

measure allows for testing agreement between the observed and simulated 

distributions (Pearson et al. 2006).  

Current SDMs were also validated to assess predictive performance using a 

jackknifing pro cedure that evaluates model performance of small sample sizes based 

on its ability to predict an observed presence.  This method employs a òleave-one-

outó procedure in which each observed locality is removed once from the dataset and 

a model is built using  n-1 training localities. This method calculates a P -value, 

which if significant, represents that the model performed statistically better than a 

random model in predicting the presence of the focal species. This method is fully 

described  in detail and th e P-value calculation program is freely available (Pearson 

et al. 2007).  
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6.2.2.4 Evaluating variables of biological importance  

Maxent output includes the contribution of each environmental variable to 

the model ôwith onlyõ that variable and ôwithoutõ that variable. To assess the relative 

biological im portance of each environmental variable, we assessed each variable by 

its ôwith onlyõ value. To standardize this comparison among all environmental 

variables, we divided with value by the total model regularized training gain, or the 

total predictive infor mation provided by the model. This value can be interpreted as 

a relative percentage contribution to the total model gain. To further compare, we 

averaged these values across types of environmental variables (precipitation, 

temperature and landscape variab les) as well as across different types of parasites 

(e.g., bacteria, helminth, virus, ectoparasite, protozoa). We also examined the 

direction of the correlation  for each environmental variable in their partial 

dependence plots.   

6.2.2.5 Area of Occupancy 

We estimated the area of occupancy of current and future models for each 

parasite/host species modeled.   This was done by calculating the number of presence 

pixels in each binary model and then transforming by the spatial resolution of the 

data.   We addi tionally estimated the range expansion and contraction of each 

parasite species into projected future climatic conditions, by subtracting a 

reclassified ôcurrentõ model from the future model.  We display these results as an 

expansion, contraction, a mainta ined presence or a maintained absence.  
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6.2.2.6 Niche Overlap  

The resulting continuous ôcurrentõ SDMs were loaded into ENMtools version 

1.1 (Warren et al., 2008) and niche overlap within host species (human or lemur) 

were calculated using Warrenõs I statistic and Schoenerõs D (Schoener, 1968).   

6.2.2.7 Species Richness 

Parasite species richness layers were generated by summing the binary 

parasite distribution models for each of the hosts (human and lemur).   Richness 

maps were created for total parasite ri chness, bacterial richness, ectoparasite 

richness and helminth parasite richness for both lemur and human hosts. Lemur 

and mammal richness data were collected from the IUCN õs Red List of Threatened 

species (IUCN 2010 ). Lemurs included in the lemur species richness layer are 

included in Table 47 (Appendix) . Using these data, we extracted richness layers 

based upon the following taxonomic groups: all Malagasy mammals, Lemuridae, 

Indridae, Lepilemuridae, Cheirogaleidae, Daubentoniidae and Lemuroidea .     

6.2.2.8 Evaluating environmental and anthropogenic correlates  of human parasite 

richness  

We utilized standard Least Squares Regression to investigate the effect of 

environmental, anthropogenic and lemur and mammal richness on total lemur 

parasite an d human parasite richness. Lemur species richness and total mammal 

species richness were developed based upon data available in the terrestrial 

mammal database generated by IUCN (IUCN 2010 ). Extracted values of 10,000 

sampled points among all climate, ecological, mammal and lemur richne ss, and 
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anthropogenic influence layers provided the data for these analyses. Independent 

variables included climate variables (19 ôcurrentõ bioclimatic variables from 

Worldcllim.org  that constitute a wide range of variables representing different 

measures of temperature and precipitation); other ecological variables (World 

Wildlife Fund Ecoregion classification, presence of forest, pasture suitability, 

distance to protected areas, geology, slope, aspect and solar radiation); richness 

values (total lemur sp ecies richness and total mammal species richness) and 

anthropogenic variables (human population density projected to 2015, distance to 

road, distance to towns, distance to trail, and Human Influence Index). Human 

Influence Index is a global composite of po pulation density per square kilometer, 

railroads, major roads, navigable rivers, coastlines, nighttime stable lights, urban 

polygons and land cover categories, including: urban areas, irrigated agriculture, 

rain -fed agriculture, forest, tundra and deserts)  (Sanderson et al. 2002) (Table 47, 

Appendix ). We assigned the maximum value of HII within a 5 kilometer radius to a 

pixel, under the assumption that human activity is mob ile enough to operate within 

this area. The dependent variable was total parasite richness. R 2 values, analysis  of 

variance and parameter estimates are presented for each model.  

6.2.2.9 Areas at high risk for zoonotic parasite transmission from lemurs to humans  

To estimate the geographic areas of potentially high infection risk from 

lemurs to humans, we created two raster layers: a lemur parasite habitat suitability 

layer and a human population density layer.  The human population density layer 

was calcula ted by log transforming the human population density from CIESEN 
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(CIESIN 2005 ).  The lemur parasite habitat suitability layer was calculated by 

summing the continuous ôcurrentõ SDMs for each lemur parasite modeled.  Both the 

human population density and lemur parasite suitability layers were stan dardized 

to range from 0 -1 and then multiplied, resulting in a calculation that represented 

areas of simultaneous high human population density and high lemur parasite 

suitability.     

6.2.2.10 Areas at high risk for reverse zoonotic parasite transmission from humans 

to lemurs  

To estimate the geographic areas of potentially high infection risk from 

humans to lemurs, we created two raster layers: a human parasite habitat 

suitability layer and a lemur species (Superfamily Lemuroidea) richness layer.  The 

huma n parasite habitat suitability layer was created by summing the continuous 

ôcurrentõ SDMs for each human parasite modeled.  The Superfamily Lemuroidea 

richness layer was selected from the terrestrial mammal database generated by 

IUCN (IUCN 2010 ). Due to the unavailability of lemur popul ation density data, we 

chose to use lemur species richness as a proxy for relative risk to lemurs, assuming 

areas occupied by more lemur species also reflect higher numbers of lemurs and 

additional potential parasite hosts.   Each layer was standardized to  range from 0 -1 

and multiplied by each other, resulting in a calculation that represented areas of 

Lemuroidea species richness and high human parasite habitat suitability 

approaching 1.   This calculation assumes that those areas with high human 
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parasite r ichness and elevated lemur richness will be more at risk for potential 

parasite transmission.  

6.2.2.11 Areas at risk for both zoonotic and reverse zoonotic parasite transmission  

To estimate the geographic areas of potentially high zoonotic and reverse 

zoonotic infection risk between lemurs and humans, we summed the standardized 

risk layers from the preceding two analyses.  This resulted in a calculation that 

represented areas of both high zoonotic and reverse zoonotic parasite transmission, 

with higher val ues being areas of higher risk.    These data take into account lemur 

and human parasite richness, as well as both human population density and lemur 

richness as a proxy for lemur density.  

6.2.2.12 Protected areas at risk for both zoonotic and reverse zoo notic parasite 

transmission  

To expand the use of these data as a wildlife and public health management 

tool, we wanted to explore where parasites could occur in relation to protected areas 

within Madagascar. Using the Spatial Analyst tool, Zonal Statistic s, we assessed 

total parasite richness, and which lemur and human parasites were predicted to 

occur at each current and proposed protected area in Madgascar.  

6.2.2.13 Overlap of human and lemur parasites  

We reclassified human and lemur parasite richness rasters to a binary layer, 

with all values of parasite presence equaling 1 and all absence values equaling 0. 

The lemur parasite richness binary layer was then reclassified with presence as -3 to 

allow for the interpretation of the sum of human and lemur p arasite richness binary 
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layers. Using the raster calculator, these rasters were summed and interpreted. 

Values of -3 indicated the presence of just a lemur parasite, values of -2 indicated 

the presence of both lemur and human parasites, values of 1 indicat ed the presence 

of just a human parasite, and values of 0 indicated the absence of both lemur and 

human parasites. The number of pixels were tabulated for each value and then 

converted to square kilometers based upon the spatial resolution of the data. The  

same process was completed for future parasite richness. 
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6.3 Results  

6.3.1 Predictive species distribution modeling of parasites in humans  

Human parasites were selected based upon available data, interest and applicability to both the human and 

domestic-wildlife animal interface. Ten human parasites were examined from primarily human hosts, with a few 

domestic animals  and bird hosts included (Table 33). A full exploration of the significance of each parasite to b oth 

human and lemur health is included in the Discussion section. As one can see, the environment plays a very important 

role in the life cycles of several of these parasites. Discussion of how the environment is correlated with  the 

distributions of these parasites will occur later  on.  

Table 33. Human parasites sampled in this analysis.  

Type Parasite  Modeled?  Zoonotic?  Emerging?  Transmission  
Commensal or 

pathogenic?  
Pathogenicity  

Environment 

matters?  

Domestic 

animals?  

Lemur 

record?  

Sample 

size 

(presence 

only)  

Bacteria  

Yersinia 
pestis 

(plague) 

Yes Yes 
Y. pestis , Y. 

enterocolitica  

bite of a flea, 

ingestion in soil, 

exposure to 

disease animals, 

Y. enterocolitica 
fecal-oral  

Pathogenic  

body aches, malaise, 

weakness, vomiting, 

and nausea, death  

Can persist in 

soil, and is 

very affected 

by 

temperature 

and 

precipitation  

Yes Yes 14 

Helminth  Ascaris  spp.  Yes Yes No 
Ingestion of fecal 

material in soil  
Pathogenic  

Can cause 

inflammation, fever, 

diarrhea, nutritional 

deficiency, growth 

retardation or even 

death  

Warm, humid 

areas tend to 

have a higher 

prevalence. 

Eggs can 

survive in the 

soil under 

favorable 

environmental 

conditions, 

Yes Yes 21 
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Type Parasite  Modeled?  Zoonotic?  Emerging?  Transmission  
Commensal or 

pathogenic?  
Pathogenicity  

Environment 

matters?  

Domestic 

animals?  

Lemur 

record?  

Sample 

size 

(presence 

only)  

such as warm, 

moist soil.  

Hookworm 

spp.  
Yes No No 

Ingestion of fecal 

material in soil  
Pathogenic same as above same as above Yes Yes 17 

Trichuris  

spp.  
Yes No No 

Ingestion of fecal 

material in soil  
Pathogenic  

abdominal pain, 

bloody diarrhea, rectal 

prolapse or intestinal 

obstruction, as well as 

above 

same as above Yes Yes 19 

Schistosoma 

spp.  
Yes Yes S. mansoni  Via skin contact  Pathogenic  

Anorexia, bloody 

stools, hepatomegaly, 

ascites 

Free-living 

stage in water  
Yes No 20 

Taenia  spp.  Yes Yes T. solium  
ingestion of fecal 

matter or flesh  
Pathogenic  

abdominal pain, 

digestive disturbances, 

weakness, loss of 

weight; or severe pain, 

paralysis or epilepsy 

with cysticercosis  

Can persist in 

soil, and is 

affected by 

climate  

Yes Yes 13 

Virus  

African 

Swine Fever  
Yes Yes No 

tick vector, 

contact with 

infected animal  

Pathogenic  

Vomiting, diarrhea, 

abortion, encephalitis, 

death  

environment 

affects tick 

vector 

Yes No 15 

Chikungunya  

virus  
Yes Yes Yes 

mosquito borne, 

vertical 

transmission  

Pathogenic  

fever, rash, and 

incapacitating joint 

pain  

Outbreaks 

occur during 

rainy season  

Yes Yes 9 

Rift Valley 

Fever 
Yes Yes Yes 

mosquito vector, 

inhalation of 

aerosols or 

contact with 

infected animal 

flesh  

Pathogenic  
fever, abortion, 

encephalitis, death  

Precipitation 

leads to 

increase in 

mosquito 

vector 

abundance 

Yes Yes 26 

West Nile 

Virus  
Yes Yes Yes mosquito borne  Pathogenic 

fever, headache, 

fatigue, skin rash, eye 

pain  

Temperature 

affects 

mosquito 

larval and 

parasite 

development  

Yes Yes 35 
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Human parasite infections are essential to understand for human public 

health in Madagascar, and also may potentially threaten end angered lemur 

populations through reverse zoonotic disease transmission. Parasite presence data 

can offer very important information for public health officials. In order to maximize 

the utility of these data, visualize the spatial patterns of parasites wi thin humans 

throughout Madagascar, understand the role of the environment in these parasite 

patterns, and evaluate if they put endangered lemur populations at risk, we modeled 

the predicted probability of occurrence of 10 human parasites of interest throug hout 

Madagascar for which we had sufficient presence data. SDMs were built based upon 

a suite of environmental conditions that predict suitable habitat for parasite 

presence. These predictions ranged upon a probability scale of 0 to 1, with a value of 

1 (warmer colors) indicating a highly suitable habitat for this parasite, and therefore 

can be interpreted as a likely chance of presence. These models were assessed and 

validated. We present occurrence probability maps for the 10 focal parasite species 

for wh ich we possessed more than 5 training points (Table 33 and Figure 27). 

Overlaid on these maps are the presence points for each sample included (Table 10).  
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Figure 27. Predicted parasite distribution models for viruses, helminths and the plague in human populations in 

Madagascar.  Warmer colors indicate a higher probability of occurrence.  
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African Swine  Fever primarily exhibited a central concentration around the 

populated central area of the country, with additional concentrations in the north, 

south and southwest.  Rift Valley Fever  also manifested a central -eastern 

orientation with higher likelihoods along the eastern and northeastern coasts. West 

Nile Virus  exhibited a central likelihood of occurrence ranging from north to the 

south, with some eastern concentrations as well. Chikungunya  virus displayed much 

more dispersed distributions with high likel ihoods along the west coast and the 

southeastern coast, and a small concentration in the south. Plague was distributed 

throughout the northern half of the country, with more intense likelihoods along the 

northwestern and northern coasts. Ascaris , hookworm,  and Trichuris  spp., all of 

which are soil -transmitted helminths, maintained very similar distributions 

concentrated in the south and southeastern regions, but also extended northward up 

the eastern coast. Schistosoma spp. also exhibited similar distributi ons with a more 

expanded distribution in the central western areas. Taenia  spp. was prominent 

along the western and southern coasts and inland from there. A thinner distribution 

also extended up the eastern coast.  

The spatial distributions of these infect ions reflect a combination of factors 

that rely upon the environmental and climatic context in which they occur. Unique 

characteristics of each parasite are also essential to consider when evaluating 

patterns of occurrence. We will explore the environmenta l predictors of parasite 

occurrence in depth.  
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We also present the predicted distribution size for each parasite modeled as 

both square kilometers and as a percentage of the land surface of Madagascar ( Table 

34).  We saw ranges from 38% ( Rift Valley Fever ) to 70% of Madagascarõs land area 

(African Swine Fever ). On average, bacteria, helminths and viruses maintained 

fairly similar coverage areas in Madgascar, with 61%, 60% and 57% predicted, 

respectively. Nine of the  10 parasites exhibited ranges that cover more than 50% of 

Madagascarõs land surface.  

 

Table 34. Predicted distribution of each modeled parasite in square 

kilometers and as a proportion of Madagascarõs total land surface area. 

Huma n Parasites  Type Predicted distribution (Km 2) Predicted coverage in Madagascar (%)  

African Swine Fever  Virus  415,952 70 

Hookworm spp.  Helminth  388,208 66 

Trichuris  spp.  Helminth  386,805 65 

Chikungunya  virus  Virus  366,372 62 

Yersinia pestis  (plague) Bacteria  362,505 61 

Ascaris  spp.  Helminth  359,205 61 

West Nile Virus  Virus  344,233 58 

Schistosoma spp.  Helminth  323,554 55 

Taenia  spp.  Helminth  318,820 54 

Rift Valley Fever  Virus  224,151 38 

Mean coverage - 348981 59 

Maximum coverage  - 415952 70 

Minimum coverage  - 224151 38 

Virus mean  - 337,677 57 

Helminth mean  - 355,319 60 

Bacteria mean  - 362,505 61 

 

 

To further explore these predicted parasite distributions, we examined niche 

overlap among all of the modeled human parasites. The averages of Schoenerõs D 

and Warrenõs I statistics are presented here (Table 35). As expected, very similar 
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distributional trends were seen with niche overlap between hookworm and Ascaris  

(0.90), hookworm and Trichuris  spp. (0.93), and Ascaris  and Trichuris  spp. (0.920), 

all of which are soil -transmitted helminths that require similar environmental 

conditions for development. Schistosoma species also closely overlapped with these 

parasites ( Table 35).  

Table 35. Niche overlap of all human parasite predicted distributions, 

presented as the average of the Schoenerõs D and Warrenõs I statistic calculated for 

each parasite. Values are color coded, with darker colors i ndicating a more closely 

aligned niche overlap. A value of 0 would indicate no overlap, while a value of 1 

indicates complete niche overlap.   

Averaged Schoener's D and Warren's I statistics  
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Ascaris  spp.  0.685 

       

  

Chikungunya  

virus  0.618 0.637 

      

  

Hookworm spp.  0.712 0.904 0.660 

     

  

Plague 0.665 0.572 0.701 0.578 

    

  

Rift Valley Fever  0.607 0.587 0.565 0.597 0.592 

   

  

Schistosoma spp.  0.684 0.860 0.607 0.840 0.562 0.613 

  

  

Taenia  spp.  0.620 0.619 0.751 0.642 0.698 0.574 0.601 

 

  

Trichuris  spp.  0.719 0.920 0.659 0.933 0.593 0.602 0.872 0.637   

West Nile Virus  0.664 0.685 0.714 0.694 0.700 0.681 0.696 0.738 0.705 

 

6.3.2 Environmental correlates of parasite distributions  

In examining the SDMs for each parasite, spatial patterns do emerge. To 

explore the underlying environmental correlates of these distributions, we will now 

examine the rol e of each environmental variable included in the analysis , including 

climate (encompassing several variations of temperature and precipitation), solar 

radiation, slope, aspect and geology. A number of the temperature and precipitation 
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variables were highly  correlated; a table of Spearman Rank correlations can be 

viewed in the Appendix.  

When evaluated by total standardized contributions across all parasites as 

well as mean standardized contributions, geology; slope; and precipitation of the 

driest month, dr iest quarter and coldest quarter emerged as the most correlated 

variables with the parasite distributions (Table 36).  Several other variations of 

temperature and precipitation played a major role, with solar radia tion being the 

least important across all parasites.   

Table 36. Total contributions, or summed standardized Kappa values for each 

environmental variable, which represent the total contribution of each 

environmental predictor to hum an parasites . Mean contributions represent the 

mean value of the importance of the environmental variable across all parasites.  

Environmental Variable  Total contribution across all parasites  

Mean contribution across all 

parasites  

Geology 299.4 29.9 

Slope 213.8 21.4 

Precip. of Driest Month  179.8 18.0 

Precip. of Driest Q  167.8 16.8 

Precip. of Coldest Q  146.8 14.7 

Isothermality  134.4 13.4 

Aspect 82.6 8.3 

Mean Temp Diurnal Range  77.5 7.7 

Precip. of Wettest Q  73.2 7.3 

Precip. Seasonality  69.6 7.0 

Max Temp. of Warmest 

Month  67.3 6.7 

Temp. Annual Range  62.3 6.2 

Annual Precip.  61.6 6.2 

Mean Temp. of Warmest Q  51.3 5.1 

Precip. of Warmest Q  49.5 4.9 

Temp. Seasonality  39.2 3.9 

Ann Mean Temp  35.0 3.5 

Mean Temp. of Coldest Q  34.2 3.4 

Mean Temp. o f Driest Q  33.6 3.4 

Precip. of Wettest Month  33.5 3.3 

Min Temp. of Coldest 

Month  28.5 2.8 

Mean Temp. of Wettest Q   28.0 2.8 

Solar Radiation  27.0 2.7 
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Distinct variation in how the environmental variables were correlated with  

each parasite is evident (Table 37). Viruses were correlated with  a diverse suite of 

environmental variables. African Swine Fever  was primarily correlated with geo logy 

and temperature -related  variables .  Chikungunya  virus was primarily correlated 

with landscape type variables including geology, slope, solar radiation and aspect. 

Rift Valley Fever  was correlated with a  wide range of both precipitation and 

temperature variables. West Nile Virus  was correlated with  slope, geology and 

several di fferent precipitation variables. No temperature variables ranked highly for 

West Nile Virus . Quite a lot of variability occurred for the helminths as well. Ascaris  

spp. was greatly correlated with  isothermality (defined as Mean Diurnal 

Temperature Range/An nual Temperature Range), and precipitation limits of the 

driest month, quarter and coldest quarter. Geology was also greatly correlated with  

Ascaris  spp, as well as a suite of other temperature and precipitation variables. 

Schistosoma spp. were similar to Ascaris  in that geology, and precipitation limits of 

the driest month, quarter and coldest quarter, and isothermality influenced their 

distribution. In fact, Ascaris , Schistosoma, Trichuris  and hookworm spp. were all 

quite similar in the types of variables  that were correlated  their distribution; 

however, they occurred in different rank order of contribution . Taenia  spp. were the 

most different of the helminths, being correlated primarily with  landscape features 

including slope, geology, and aspect. They were also correlated with  precipitation 

seasonality. Plague, as the sole bacterial pathogen included, was correlated with  
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geology, slope, precipitation of the wettest quarter and then different combinations 

of 4 different temperature variables.  

 

Table 37. Standardized kappa values for each environmental variable (kappa 

value/model training gain) from SDMs, which represents the contribution of each 

environmental variable to the probability of occurrence of the parasite species. The 

general effect of each variable, as well as the P value for each parasite model are 

presented. To see the effect of geology, see Table 44.  

Parasite type  Parasite Model   AUC  Prevalence Variables  Standardized kapp a values Effect (+/ -/quad) P 

  African Swine Fever  0.88 0.19 Geology 68.2 see table < 0.05 

    

  

Ann Mean Temp  15.8 -   

    

  

Mean Temp. of Driest Q  15.1 -   

    

  

Mean Temp. of Coldest Q  14.9 -   

    

  

Mean Temp. of Warmest Q  10.9 -   

    

  

Mean Tem p. of Wettest Q   10.6 -   

    

  

Max Temp. of Warmest Month  10.2 -   

    

  

Min Temp. of Coldest Month  5.4 -   

    

     

  

  Chikungunya  virus  0.93 0.22 Geology 35.8 see table < 0.05 

    

  

Slope 26.2 -   

    

  

Solar Radiation  24.1 +   

    

  

Aspect 16.1 +   

    

     

  

  Rift Valley Fever  0.96 0.09 Precip. of Driest Month  32.7 quad < 0.0001 

    

  

Precip. of Driest Q  25.6 quad   

    

  

Max Temp. of Warmest Month  19.8 -   

    

  

Precip. of Coldest Q  19.3 quad   

    

  

Precip. Seasonality  16.6 -   

    

  

Geology 15.5 see table   

Virus    

  

Precip. of Warmest Q  12.8 quad   

    

  

Slope 12.7 quad   

    

  

Min Temp. of Coldest Month  12.5 quad   

    

  

Mean Temp Diurnal Range  12.3 -   

    

  

Temp. Annual Range  11.1 -   

    

  

Ann Mean Temp  9.3 -   

    

  

Mean Temp. of Warmest Q  9.3 -   

    

  

Mean Temp. of Wettest Q   8.7 -   

    

  

Mean Temp. of Driest Q  8.2 quad   

    

  

Precip. of Wettest Month  8.2 quad   

    

  

Mean Temp. of Coldest Q  7.5 quad   

    

  

Annual Precip.  5.5 +   

  
  

     

  

  West Nile Virus  0.89 0.20 Slope 26.7 - < 0.05 

    

  

Precip. of Driest Month  22.4 quad   
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Parasite type  Parasite Model   AUC  Prevalence Variables  Standardized kapp a values Effect (+/ -/quad) P 

    

  

Precip. of Driest Q  21.3 quad   

    

  

Geology 19.8 see table   

Virus     

  

Precip. of Coldest Q  15.2 quad   

    

  

Precip. of Wettest Q  11.9 quad   

    

  

Precip. Seasonality   10.6 quad   

    

  

Precip. of Wettest Month  9.7 quad   

    

  

Annual Precip.  7.4 quad   

        Precip. of Warmest Q  6.2 quad   

  Ascaris  spp.  0.95 0.13 Isothermality  32.6 - <0.01 

    

  

Precip. of Driest Month  31.5 quad   

    

  

Precip. of Driest Q  30.4 quad   

    

  

Precip. of Coldest Q  28.1 quad   

    

  

Geology 25.8 see table   

    

  

Mean Temp Diurnal Range  17.8 -   

   

  

Slope 14.2 -   

    

  

Annual Precip.  13.6 +   

    

  

Precip. of Wettest Q  12.9 +   

    

  

Aspect 12.7 quad   

    

  

Precip. Seasonality  11.0 quad   

Helminths    . 

  

Temp. Annual Range  9.3 -   

    

  

Max Temp. of Warmest Month  9.1 quad   

    

  

Precip. of Warmest Q  8.8 +   

   

  

Mean Temp. of Warmest Q  7.4 quad   

    

  

Temp. Seasonality  5.7 quad   

  Schistosoma spp.  0.95 0.18 Geology 26.1 see table < 0.05 

    

  

Precip. of Driest Month  23.6 quad   

    

  

Aspect 22.9 quad   

    

  

Precip. of Driest Q  20.9 quad   

    

  

Precip. of Coldest Q  20.2 quad   

    

  

Isothermality  14.6 -   

    

  

Mean Temp. of Coldest Q  10.2 quad   

   

  

Ann Mean Temp  9.0 quad   

    

  

Precip. of Warmest Q  8.3 +   

    

  

Mean Temp. of Driest Q  8.2 -   

    

  

Slope 7.7 -   

    

  

Temp. Seasonality  6.6 +   

    

  

Min Temp. of Coldest Month  5.9 -   

    

  

Max Temp. of Warmest Month  5.0 -   

    

     

  

  Taenia  spp.  0.85 0.26 Slope 87.6 - < 0.05 

    

  

Geology 19.8 see table   

    

  

Aspect 7.6 +   

    

  

Precip. Seasonality  7.2 +   

  

  

     

  

  Trichuris  spp.  0.94 0.16 Precip. of Driest Month  32.8 quad < 0.05 

    

  

Precip. of Driest Q  32.2 quad   
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Parasite type  Parasite Model   AUC  Prevalence Variables  Standardized kapp a values Effect (+/ -/quad) P 

    

  

Precip. of Coldest Q  28.6 quad   

    

  

Geology 25.9 see table   

    

  

Isothermality  25.6 -   

    

  

Mean Temp Diurnal Range  18.7 quad   

    

  

Precip. of Wettest Q  16.6 quad   

    

  

Annual Precip.  15.9 quad   

    

  

Aspect 12.9 quad   

    

  

Temp. Annual Range  11.8 quad   

 Helminths    

  

Max Temp. of Warmest Month  11.2 quad   

    

  

Slope 10.8 -   

    

  

Mean Temp. of Warmest Q  9.8 quad   

    

  

Precip. Seasonality  7.9 quad   

   

  

Precip. of Warmest Q  6.4 quad   

    

     

  

    

     

  

  
Hookworm spp.  0.93 0.15 Precip. of Driest Month  35.7 quad < 0.05 

    

  

Precip. of Driest Q  35.7 quad   

    

  

Precip. of Coldest Q  32.2 quad   

    

  

Isothermality  31.7 -   

    

  

Geology 25.6 see table   

    

  

Mean Temp Diurnal Range  20.1 quad   

    

  

Precip. of Wettest Q  18.7 quad   

    

  

Annual Precip.  17.1 quad   

    

  

Temp. Annual Range  12.8 quad   

    

  

Slope 12.3 -  < 0.05 

    

  

Max Temp. of Warmest Month  11.9 quad   

Helminths    Hookworm spp.  0.93 0.15 Mean Temp. of Warmest Q  10.7 quad   

    

  

Precip. Seasonality  9.5 quad   

    

  

Aspect 6.9 quad   

    

  

Precip. of Warmest Q  6.8 quad   

    

  

Temp. Seasonality  5.4 +   

Bacteria  

Yersinia pestis (plague) 0.92 0.20 Geology 36.8    0.05 

  

  

Isothermality  23.2 +   

  

  

Temp. Annual Range  15.6 -   

  

  

Slope 14.7 -   

  

  

Temp. Seasonality  10.1 -   

  

  

Mean Temp Diurnal Range  5.4 -   

      Precip. of Wettest Q  5.4 +   

 

To explore these relationships across different types of human parasites, I 

averaged the effect of the most import ant environmental variables across helminths, 

bacteria and viruses (Table 38). Across all helminth species, precipitation (13.2%), 

landscape (16.0%) and temperature variables (6.0%) played a greater role than 
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expected when compared with the average calculated across all parasites. 

Examining individual variables that were correlated with  helminths, slope, 

precipitation of the driest month, geology and precipitation of the driest  and coldest 

quarter were the top 5 inf luencing variables. For bacteria (i.e. plague), precipitation 

(2.4%), landscape (13.2%) and temperature (5.2%) variables each played a reduced 

role when compared with the expected values averaged across all parasites.  The top 

5 influencing variables for b acteria included geology, isothermality, temperature 

annual range, slope and temperature seasonality, which indicates a heavy reliance 

upon temperature measures. Across viruses, precipitation (7.4%) and temperature 

(4.6%) played a reduced role when compare d with average values across all 

parasites. Landscape variables were correlated with  viruses virtually the same as 

expected on average. The top 5 influencing variables included geology, slope, and 

precipitation of the driest month, driest quarter and the c oldest quarter.  

 

Table 38. Relative mean contributions of each environmental variable to the 

probability of presence of different parasite types (helminths, bacteria, viruses ). 

Environmental variables are grouped into types (precip itation, temperature or 

landscape variables) and the average effect of types of environmental variables 

across all types of parasites are presented. Finally, mean contributions of each type 

of environmental variables are presented for each parasite type, w ith the value 

above or below average in parentheses. Precipitation variables included all variables 

relating to precipitation, temperature variables consisted of all temperature -related 

variables, and landscape variables included geology, slope and solar r adiation . Bold 

type highlights those environmental variables that  contributed values more than 5%  

to each type of parasite.  
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Helminths    Bacteria    Viruses    

Environmental variables  Mean  Environmental variables  Mean  

Environmental 

variables  Mean  

Slope 26.5 Geology 36.8 Geology 34.8 

Precip. of Driest Month  24.7 Isothermality  23.2 Slope 16.6 

Geology 24.6 Temp. Annual Range  15.6 

Precip. of Driest 

Month  13.8 

Precip. of Driest Q  23.8 Slope 14.7 Precip. of Driest Q  11.7 

Precip. of Coldest Q  21.8 Temp. Seasonality  10.1 Precip. of Coldest Q  8.6 

Isothermality  20.9 Mean Temp Diurnal Range  5.4 

Max Temp. of 

Warmest Month  7.5 

Aspect 12.6 Precip. of Wettest Q  5.4 Precip. Seasonality  6.8 

Mean Temp Diurnal Range  11.4 Precip. of Wettest Month  4.5 Ann Mean  Temp 6.5 

Precip. of Wettest Q  9.9 Precip. of Coldest Q  3.1 

Mean Temp. of Driest 

Q 6.3 

Annual Precip.  9.7 

Min Temp. of Coldest 

Month  3.1 Solar Radiation  6.2 

Precip. Seasonality  7.9 Precip. Seasonality  2.8 

Mean Temp. of Coldest 

Q 5.8 

Max Temp. of Warm est 

Month  7.4 Precip. of Driest Q  1.7 

Precip. of Wettest 

Month  5.5 

Temp. Annual Range  6.8 Solar Radiation  1.3 

Mean Temp. of 

Warmest Q  5.0 

Mean Temp. of Warmest Q  6.2 Precip. of Driest Month  1.2 Aspect 4.9 

Precip. of Warmest Q  6.1 Annual Precip.  0.2 

Min  Temp. of Coldest 

Month  4.9 

Temp. Seasonality  4.5 Aspect 0 

Mean Temp. of Wettest 

Q  4.8 

Mean Temp. of Coldest Q  2.2 Ann Mean Temp  0 Precip. of Warmest Q  4.8 

Ann Mean Temp  1.8 Mean Temp. of Warmest Q  0 Precip. of Wettest Q  4.6 

Mean Temp. of Wettest Q   1.7 Mean Temp. of Coldest Q  0 

Mean Temp Diurnal 

Range  3.8 

Mean Temp. of Driest Q  1.7 Precip. of Warmest Q  0 Annual Precip.  3.2 

Precip. of Wettest Month  1.4 

Max Temp. of Warmest 

Month  0 Temp. Annual Range  3.2 

Min Temp. of Coldest 

Month  1.2 Mean Temp. o f Wettest Q   0 Isothermality  1.7 

Solar Radiation  0.2 Mean Temp. of Driest Q  0 Temp. Seasonality  1.6 

Average Effect of Types of Environmental Variables Across All Types of Parasites  

Average contribution of Precipitation variables for all types of paras ites 9.8   

Average contribution of Landscape variables for all types of parasites  15.6   

Average contribution of Temperature  variables for all types of parasites  5.4   

Average Effect of Grouped Environmental Variables on Types of Parasites  

Helminths  Bacteria  Viruses  

Precipitation variables  13.2 (+3.4) Precipitation variables  2.4 (-7.4) Precipitation variables  7.4 (-2.4) 

Landscape variables  16.0 (+0.4) Landscape variables  13.2 (-2.4) Landscape variables  15.6 (+0.0) 

Temperature variables  6.0 (+0.6) Temperature variables  5.2 (-0.2) Temperature variables  4.6 (-0.8) 
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I t can be helpful to visualize the importance of each environmental variable 

type for each type of parasite when compared with the mean for environmental 

variables across all parasites (Figure 28). Helminths were correlated with 

precipitation more than average, by temperature more than average, and by 

landscape variables slightly more than average. Bacteria were correlated with 

precipitation far less than average, by temperature about on par with average, and 

by landscape variables slightly less than average. Lastly, viruses were correlated 

with  precipitation less than average, by temperature less than average and by 

landscape variables  on par with ave rage.  
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Figure 28. Mean contribution of types of environmental variables 

(precipitation, landscape and temperature) to types of parasites (helminths, bacteria 

and viruses ). All values are compared with the average across all envi ronmental 

variable types.  

6.3.3 How might  these predicted parasite distributions shift with 

changing climate in the future?  

Environmental correlates of human parasite distributions have demonstrated 

a strong effect; however, will these patterns hold in t he future under estimated 

climate shifts in Madagascar? This type of information will provide essential data to 

both public health and environmental managers as they consider Madagascarõs 

future. Using projected climate data for the year 2080, we recalcula ted the current 

human parasite distribution to reflect a changing climate. We did observe 
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interesting patterns of both expansion and contraction of parasite distributions. We 

present maps of the change from current distribution, the indication of expansion  

and contraction, and finally, the predicted future distributions of all 10 focal 

parasites (Figure 29- Figure 32). To examine these changes numerically, we also 

present th e expansion and contraction data in terms of square kilometers and 

percent land area cover in Madagascar (Table 39). 

When examining the predicted range maps, each parasite uniquely reacted to 

shifting climate. Afri can Swine Fever  and Rift Valley Fever  both contracted in the 

west and southwest, with slight expansions into the east coast. West Nile Virus  

expanded into the northern reaches of the west coast and contracted in the 

southwest. Chikungunya  virus, however, e xhibited very little change. In looking at 

the helminths, Schistosoma expanded its range further into the southwest and 

northwest regions with slight contractions along the fringes of its range. Taenia  spp. 

appeared to have maintained its distribution with  no major areas of contraction. The 

soil -transmitted helminths, Ascaris , hookworm and Trichuris  spp., exhibited very 

similar range expansions and contractions. They expanded strongly into the western 

regions from the north to the south, but contracted slig htly in the most southern 

region. Plague primarily contracted its range in the southern half of the country.   
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Figure 29. Shifts in parasite infection distributions in Madagascar under 

projected changes in climate. Maps include c urrent modeled distributions for African 

Swine Fever , Rift Valley Fever  and West Nile Virus  (left), followed by predicted 

expansion and contraction of distributions (center) into projected future 

distributions (right). In the center maps, red represents ar eas of parasite range 

expansion, blue represents areas of parasite range contraction, gray indicates no 

change from an absent status and yellow indicates no change from a present status.  
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Figure 30. Shifts in parasite infection d istributions in Madagascar under 

projected changes in climate. Maps include current modeled distributions for 

Chikungunya  virus, Schistosoma spp. and Taenia  spp. (left), followed by predicted 

expansion and contraction of distributions (center) into project ed future 

distributions (right). In the center maps, red represents areas of parasite range 

expansion, blue represents areas of parasite range contraction, gray indicates no 

change from an absent status and yellow indicates no change from a present status.   










































































































































































































































































































































































