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Abstract 
Human disturbance of wildlife habitat leads to a change in wildlife community 

composition of an area, often decreasing species richness and favoring opportunistic or 

generalist species that thrive in a wide variety of environmental conditions.  Such 

changes in a community have the potential to alter disease transmission dynamics and 

can affect human health. To make progress in linking ecosystem changes and disease 

risk, it is essential to develop new techniques to evaluate how wildlife communities 

interact, and how ecosystem stressors affect disease risk. The construction of social 

networks based on spatial data will provide information on community structure and 

disease transmission dynamics in relation to anthropogenic land use change. In the 

summer of 2017, small mammals were captured for 5 consecutive days at three sites in 

northeast Madagascar. Spatial data, Leptospira infection status, and morphometric data 

were collected from small mammals to identify host characteristics important to disease 

transmission. Data were input into R to construct a spatial network that aimed to model 

disease transmission. Through this study I found that a spatial network does not 

adequately model the environmental transmission of Leptospira, and highlights the 

importance of considering pathogen life cycle during the construction of disease 

transmission models. Additionally, Mus musculus were found to connect separate 
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communities of small mammals, and thus inhabit an epidemiologically critical position 

in the spatial network.  
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1. Introduction  

1.1 Background 

Human land-use change and the degradation of wildlife habitats are causing a 

decline in biodiversity on a global scale (Newbold 2015). As the human population 

increases, more agricultural land is needed to support the nutritional needs of a global 

population. Unsustainable farming techniques such as slash-and-burn agriculture drive 

changes in land-use as forests or other natural habitats are altered to support crops. 

Human disturbance of wildlife habitat leads to a change in the composition wildlife 

communities in an area, often decreasing biodiversity and favoring opportunistic or 

generalist species, which are species that thrive in a wide variety of habitats (Vaz et al. 

2007, Mills et al. 2006, Bradley & Altizer 2007). These changes in wildlife communities 

can lead to an increase in disease risk for both humans and animals. For example, the 

generalist species that thrive in human-impacted areas in the United States are also the 

primary reservoirs for both West Nile virus and Lyme disease (Ostfeld & Keesing 2009).  

By addressing critical issues that disrupt environmental and animal health, we 

can indirectly improve human health. The One Health concept recognizes that the health 

of humans, animals, and the environment are inextricably linked, and its growing 

adoption demonstrates that health professionals are acknowledging the importance of 

external factors in human health. Indeed, more than half of all emerging or reemerging 

infectious diseases of human importance are spread by animals, and the frequency of 
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novel emerging infectious disease events has been increasing significantly over time 

(Jones et al. 2008).  A better understanding of ecological factors and between-host 

interactions can lead to improved surveillance techniques and management of zoonotic 

diseases in the future.  

1.2 Site Justification 

Madagascar is well-known for its exceptional biodiversity and unique endemic 

species (Goodman 2005). The country is in the early stages of demographic transition, 

and population models estimate growth to nearly quintuple by 2100 (Raftery 2012). The 

population will likely require more land for agricultural and pastoral use as it increases, 

encroaching upon the habitat of endemic species, changing ecological communities, and 

increasing contact between humans and wildlife. Simultaneously, we can expect that 

invasive mammals will spread and increase in abundance (Bradley & Altizer 2007). 

Malagasy rodents and shrews have been found to host a variety of pathogens of 

human importance such as Yersinia pestis, Leptospira spp., and Hantavirus spp. (Duplantier 

et al. 2005, Boisier et al. 2002, Dietrich et al. 2014, Rahelinirina et al. 2010, Kang et al. 

2011, Reynes et al. 2014).  Introduced rodent species such as Rattus rattus are major 

disease reservoirs of plague and leptospirosis, and their abundance has been found to 

increase with increasing habitat disturbance (Lehtonen et al. 2001). Rattus rattus also 

appears to be replacing endemic species due in part to resource overlap, and close 

contact with rats has been identified as a risk factor in previous plague outbreaks in 
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Madagascar (Goodman 1995, Boisier et al. 2006). The small mammal population in 

Madagascar provides an opportunity to study disease transmission on the border 

between animal and human communities. 

1.3 Community Composition and Disease Transmission 

The relationship between ecosystem stressors and disease transmission risk is 

complex, involving many interacting mechanisms. The dilution effect hypothesis 

suggests that biodiversity and disease transmission are causally linked; as host 

biodiversity increases, the ability of a pathogen to encounter a competent host is 

“diluted,” and the rate of disease transmission decreases (Ostfeld & Keesing 2000). 

Indeed, host biodiversity often impedes pathogen abundance and spread (Civitello et al. 

2015, Johnson et al. 2013).  However, increased wildlife biodiversity can also potentially 

increase disease risk by expanding the diversity of pathogens in the ecosystem (Keesing 

et al. 2006). Other studies have failed to find any causative link between biodiversity and 

disease risk (Salkeld et al. 2013). These conflicting ideas demonstrate that the interaction 

between changes in community composition and disease transmission is exceedingly 

complex and often case-specific (Wood & Lafferty 2013, Zargar 2014). New statistical 

and mathematical modeling techniques must be developed if we are to fully understand 

the interaction between ecosystem stressors, community composition, and disease 

transmission dynamics. 
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1.4 Network Analysis 

A network analysis of the social interactions between hosts is a promising 

approach to better understand community composition and disease transmission. 

Network models provide a quantitative evaluation of relationships among individuals 

in a community or population (VanderWaal et al. 2016).  Within the context of health, 

the modeling of social networks can identify individuals within a population that play 

an important role in disease transmission. 

In a network model, individuals are represented as nodes, and the connections 

between them are called edges. Edges may vary in width based on the strength of 

association between two nodes. The strength of association is measured as the 

“edgeweight.” A spatial network constructs a network based on the distance between 

individuals, and determines edgeweight as some function of distance. The number of 

edges connecting a node to other nodes is called the “degree” of that node. Individuals 

with a high degree have contact with many other individuals. Some nodes may form 

densely connected communities within the network called “modules,” and networks 

that display very distinct communities are described as highly modular. Nodes in a 

module have more contact with other nodes in their module compared to those outside 

of it. Another metric, “betweenness centrality,” determines to what extent a node 

connects different communities within the network by predicting the shortest path 

between all nodes (Wey et al. 2008, Proulx 2005). 
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 Certain small mammals interact more with others and have larger home ranges; 

therefore, they have an increased number of contacts where there is the potential for 

disease to spread. For example, male black rats (Rattus rattus) have a larger home range, 

are more aggressive, and consequently interact with more individuals than their female 

counterparts (Grant 2016). These individuals are likely more involved in disease 

transmission than others. It is possible that Rattus rattus males also connect different 

communities of small mammals within a population due to their large home range, 

meaning that they would also have a high betweenness centrality. By connecting 

separate communities, these rodents may spread novel pathogens to new communities 

over time. Therefore, both the “degree” and the “betweenness centrality” of a node in 

the network contribute to the importance of an individual to disease transmission. 

1.5 Study Aims and Hypotheses 

This study aims to evaluate whether the use of spatial networks can predict 

patterns of infection among small mammals in Madagascar. Additionally, it intends to 

evaluate whether intrinsic characteristics of a host can predict the “importance” of an 

individual for disease transmission. Importance in this case is defined by infection 

status, the number of contacts an individual node has (degree), and the extent to which a 

node connects communities or modules (betweenness centrality). Spatial networks have 

previously been used to model interactions between wild rodents in Italy, where the 

distance between trapped animals served as a proxy for social interaction (Perkins 2008). 
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The study relies on the assumption that animals of a similar ecological niche will share 

the same space, have more contact, and share more pathogens than animals located 

further apart. Similarly, this study will use the distance between small mammals to 

model social contact and infection status among hosts in habitats experiencing different 

types of human land-use.  

In this research, I sought to test the hypothesis that patterns of spatial 

distribution affect infection status, and therefore a spatial network can predict patterns 

of infection among Malagasy small mammals. Additionally, I hypothesized that host 

intrinsic characteristics determine the importance of an individual for disease 

transmission. Importance is defined as the infection status, degree, and betweenness 

centrality of a node or individual within a network. In order to test these hypotheses, 

data were collected from small mammals in Madagascar from May through July of 2017.  
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2. Methods 

2.1 Field Site 

The study took place in the summer of 2017 near Mandena, Madagascar, a 

community of approximately 3,000 people located outside of Marojejy National Park 

(Figure 1). The Marojejy National Park is a protected primary growth rainforest, but 

experiences illegal logging of precious woods, such as rosewood, and mining for gems. 

Agricultural land near the park is primarily used for growing vanilla, cassava, and rice. 

The rice is typically grown in a terraced paddy system, and vanilla is placed in forested 

areas where young trees act as a support for the plant. Agricultural tavy fields are used 

to grow another strain of rice that does not require a terraced paddy system. 

Additionally, people own tracts of degraded forest where they harvest firewood for 

cooking. Due to the harvesting of firewood and logging of precious woods, very few 

primary growth or robust secondary growth forests exist in the areas surrounding the 

National Park. 
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Figure 1: Location of Mandena, Madagascar 

2.2 Small Mammal Collection 

Small mammals were collected between May and July of 2017. Small mammals 

were trapped at three separate sites between the village of Mandena and Marojejy 

National Park. Each site experienced different types of human land-use. The first site 

was a secondary growth forest used for firewood collection located near the border of 

Marojejy National Park. The second site was a recently harvested and drained rice 

paddy field located further from the park, and the third site was a fallow tavy field on a 

hill just outside of the village (Figure 2).  
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One hundred Sherman and Tomahawk traps were set in a 10-by-10 grid, with 10 

meters separating each column and row. Two pitfall lines of 11 buckets each were 

placed near the trap grid as allowed by the terrain (Figure 3). GPS points were taken for 

each trap location. Traps were set out for 5 nights and 4 days, with a total of 610 trap-

nights per site. Traps were checked at dawn and mid-afternoon each day. Traps 

containing small mammals were brought to the processing site, and empty traps were 

rebaited with peanut butter and reset. All traps were rebaited before the next trap night. 

At the end of each trap cycle, traps were washed and dried before use at the next 

trapping site. 

 

Figure 2: Map of trapping sites 
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Figure 3: An example of trap grid and pitfall line setup 

 

Figure 4: Example of a pitfall line set at the secondary forest site 
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Figure 5:  The recently-harvested and drained rice paddy site 

 

Figure 6: The fallow tavy field site near the village 
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2.3 Small Mammal Processing and Sample Collection 

The trap location for each small mammal was recorded, as well as the date of 

capture. At the processing site, endemic small mammals were processed first to avoid 

any discomfort for those with a higher metabolism and higher risk of dehydration. Each 

small mammal was euthanized using manual methods, and a blood sample was 

collected. The mammals were combed for fleas and checked for ticks. Each animal was 

weighed and the following body parts were measured: total length, body length, tail 

length, hind foot, and ear length. Sex and age was determined before necropsy. Age was 

estimated by testes development or embryo scars. Kidney, urine, and fecal samples were 

taken. Muscle samples were also collected from endemic tenrecs and shrews to confirm 

species identification. Finally, non-Rattus species were preserved in formalin and Rattus 

skulls were kept for future research. 
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Figure 7: An adult black rat (Rattus rattus) found in a Sherman trap 
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Figure 8: A captured tailless tenrec (Tenrec ecaudatus), endemic to Madagascar 

 

Figure 9: A juvenile shrew (Suncus murinus) found in a pitfall line 
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2.4 Sample Storage and Evaluation 

Blood samples were placed on FTA blotting paper and allowed to dry. Excess 

blood was placed in 2mL Eppendorf tubes with 92% ethanol (EtOH). Urine, kidneys, 

and ectoparasites were also preserved in 92% ethanol in 2mL Eppendorf tubes. Muscle 

samples of endemic species were stored in EDTA in 2mL Eppendorf tubes. Coccidian 

samples were preserved in 8mL vials filled with 5% Potassium dichromate (K2Cr2O7). 

Rattus skulls were kept in 70% ethanol and all other small mammal specimens were 

stored in formalin. Due to the nature of the field site, all samples were kept at ambient 

temperature under shelter for the duration of six weeks. At the end of the trapping 

season, all biological samples were frozen and shipped to the Université de la Réunion. 

DNA extraction on blood and kidney tissue was performed using Qiagen DNA 

kits. PCR detection of Leptospira followed the protocol outlined in Biscornet et al. 

(Biscornet et al. 2017). As of February 2018, genetic sequencing of Leptospira serotypes is 

in process.  In the future, blood samples will be tested for the presence of Yersinia pestis, 

and coccidian samples will be isolated and typed using fecal floatation techniques. 

2.5 Data Analysis 

First, networks for each trap site were constructed in R using primarily the 

igraph and ecodist packages. One node represented one small mammal, and an edge 

was placed between two nodes when the distance between the two animals was 30 

meters or less. An edgeweight was calculated for each edge by using the inverse of the 
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squared distance between the two small mammals (1/d2). Therefore, two small mammals 

who were captured 10m apart from one another would have an edgeweight of 0.01 

while two animals found further apart- such as 20m- would have a smaller edgeweight 

of 0.0025, indicating a weaker relationship. 

In order to test the first hypothesis, VanderWaal’s network k-test was employed 

(VanderWaal et al. 2017). The k-test has been found to yield higher-powered results on 

network model fit than a traditional t-test even when the prevalence of the disease is 

relatively low or when nodes and edges are missing from the network. The network k-

test evaluates whether a spatial network predicts infection status better than a permuted 

distribution of infected cases. First, the k-statistic is generated by counting the number of 

infected cases that each infected node is connected to, and then averaging the number to 

yield the mean number of infected cases directly connected to an infected node. This 

statistic is compared to the distribution of k-statistics generated by randomizing the 

infected cases among the nodes of a network 1000 times. If the k-statistic of the network 

is significantly greater than the k-statistic of the permuted distribution using a 2-tailed t-

test, then the spatial network predicts infection status. 

The second hypothesis, that host-intrinsic characteristics determine the 

importance of an individual for disease transmission, was tested in two parts. First, 

three generalized linear models were constructed to estimate network degree and 

betweenness centrality based on sex, age, trap site, and species. Second, one logistic 
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regression was run to model infection status as a function of sex, age, trap site, species, 

and network degree. All logistic regression models were run using R and the code can 

be found in Appendix C. 
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3. Results 

3.1 Trapping Success and Leptospira prevalence 

A total of 151 small mammals were captured in the three trap zones, a majority 

of which resided in the fallow tavy field bordering the village (Table 1).  Of these, 82.8% 

were introduced species (Rattus rattus, Mus musculus, Suncus murinus) and the rest were 

endemic tenrecs and rodents. One black rat (Rattus rattus) escaped during the trek from 

the secondary forest trap site to the processing site. Additionally, two tailless tenrecs 

(Tenrec ecaudatus) were captured at the rice paddy site but were released due to their 

large size and the consequent difficulties in handling these animals. These three animals 

were not included in the analyses. 

The overall prevalence of leptospirosis among small mammals was 21.9%, with 

prevalence varying by site (Table 2). All small mammals infected with Leptospira were 

introduced species (Rattus rattus, Mus musculus, Suncus murinus) except for a single 

endemic greater hedgehog tenrec (Setifer setosus).  
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Table 1. Small Mammal Captures by Species 

*Species marked with an asterisk are introduced species 

 

Table 2. Prevalence of Leptospirosis by Field Site 

	 Secondary	Forest	 Rice	Paddy	 Tavy	Field	
Cases/Individuals	 3/42	 10/32		 20/77		

Prevalence	 7.1%	 31.3%	 26.0%	

3.2 Construction of Spatial Networks 

Only the small mammals captured within the trap grid were used to construct 

spatial networks, and the small mammals trapped in the pitfall lines were left out 

(Figures 4-6). Each node represents an individual, and an edge between two nodes 

indicates a spatial relationship closer than 30 meters. Thicker edges indicate a stronger 

spatial relationship, i.e. closer spatial proximity of traps. The rice paddy site appears the 

most modular, as it has very distinct communities. It also has a low average degree 

among the nodes as there aren’t many connections. With fewer individuals captured at 

the rice paddy site, fewer connections are mapped, thus creating a lower number of 

Species	 Secondary	Forest	 Rice	Paddy	 Tavy	Field	 All	
Rattus	rattus*	 30	 16	 50	 96	
Mus	musculus*	 0	 3	 11	 14	

Suncus	etruscus*	 1	 1	 0	 2	
Suncus	murinus*	 0	 1	 12	 13	

Microgale	brevicaudata	 8	 10	 3	 21	
Microgale	longicaudata	 0	 1	 0	 1	

Setifer	setosus	 3	 0	 1	 4	
TOTAL	 42	 32	 77	 151	
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connections or lower degree for each node. The tavy field site displays a very distinct 

and dense community of black rats (Rattus rattus) and overall the network has many 

more connections than compared to the other sites. 

 

 

 

Figure 10: Secondary forest network 
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Figure 11: Rice paddy network 

 

 

Figure 12. Tavy field network 
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3.3 Predictors of Degree, Betweenness, and Infection Status 

A regression model (Model 1) was created to test if Sex (X), age (A), trap site (T), 

and species (S) could estimate network degree (D). The coefficients for trap site and 

species represent the change in degree relative to the following factors: female, juvenile, 

Rattus rattus, and captured in the secondary forest. The trap zone where an individual 

was captured was found to be a significant predictor of degree (p=0.01, p<0.01), with 

animals trapped in the tavy site more likely to have a higher degree than those from the 

secondary forest site. Additionally, animals from the rice paddy site had a lower average 

degree compared to the secondary forest site.  The Asian house shrew (Suncus murinus) 

also appears to be a significant predictor of degree (p=0.03) in that the species had a 

much lower average degree compared to Rattus rattus.  

 

Regression Model 1: !~#$ + #&' + #() + #*+ + #,-   

Table 3. Model 1 Output 

Coefficients	 b	Estimate	 Standard	Error	 t-value	 p-value	

Intercept	 10.2561	 1.8762	 5.466	 3.03e-07	

Sex=Male	 0.6600	 1.5108	 0.437	 0.6631	

Age	=	Adult	 0.5482	 1.5848	 0.346	 0.7301	

Trap	Site	=	Rice	Paddy	 -5.7988	 2.3399	 -2.478	 0.0148*	

Trap	Site	=	Tavy	Field	 15.9951	 1.8080	 8.847	 2.06e-14*	

Species	=	Setifer	setosus	 10.0888	 7.9185	 1.274	 0.2054	

Species	=	Mus	musculus	 -1.9833	 2.3189	 -0.855	 0.3943	

Species	=	Suncus	murinus	 -8.8033	 4.0960	 -2.149	 0.0339*	
* An asterisk indicates a statistically significant factor (p<0.05) 
Null deviance = 16106.6 on 114 degrees of freedom 
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In order to control for the effects in different species, a second model (Model 2) 

was fit with only Rattus individuals from each site to determine if Sex (X), age (A), and 

trap site (T) could estimate network degree (D). Again, only trap site was determined to 

be a significant predictor of degree (p=0.01, p<0.01), where small mammals in the rice 

paddy site had the lowest degree and those in the tavy field had the highest degree. 

 

Regression Model 2: !~#$ + #&' + #() + #*+   

 

Table 4. Model 2 Output 

Coefficients	 b	Estimate	 Standard	Error	 t-value	 p-value	

Intercept	 10.39081	 1.93725	 5.364	 6.15e-07	

Sex=Male	 0.06456	 1.63696	 0.039	 0.9686	

Age	=	Adult	 0.80565	 1.68462	 0.478	 0.6336	

Trap	Site	=	Rice	Paddy	 -6.18246	 2.44475	 -2.529	 0.0132	*			

Trap	Site	=	Tavy	Field	 16.20376	 1.82499	 8.879	 5.66e-14*	
* An asterisk indicates a statistically significant factor (p<0.05) 
Null deviance = 13791 on 95 degrees of freedom 

 

A regression model was also run to determine if Sex (X), age (A), trap site (T), 

and species (S) could estimate betweenness centrality (C), which is the second metric 

used to determine the importance of an individual to disease transmission. In this 

model, only species was a significant predictor of betweenness centrality, with Mus 

musculus exhibiting a higher betweenness centrality than Rattus species (p=0.003). 
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Logistic Regression Model 3: !~#$ + #&' + #() + #*+ + #,-   

Table 5. Model 3 Output 

Coefficients	 b	Estimate	 Standard	Error	 t-value	 p-value	

Intercept	 8.100	 6.234	 1.299	 0.19664	

Sex=Male	 9.143	 5.020	 1.821	 0.07134	

Age	=	Adult	 -0.165	 5.266	 -0.031	 0.97505	

Trap	Site	=	Rice	Paddy	 -4.384	 7.775	 -0.564	 0.57399	

Trap	Site	=	Tavy	Field	 8.298	 6.008	 1.381	 0.17006			

Species	=	Setifer	setosus	 20.247	 26.310	 0.770	 0.44326	

Species	=	Mus	musculus	 23.308	 7.705	 3.025	 0.00311*	

Species	=	Suncus	murinus	 21.676	 13.610	 1.593	 0.11417	
* An asterisk indicates a statistically significant factor (p<0.05) 
Null deviance = 88373 on 114 degrees of freedom 

 

A fourth model (Model 4) was run to determine if degree (D), Sex (X), age (A), 

trap site (T), and species (S) could predict infection status with Leptospirosis. Neither 

degree, age, nor species were significant predictors of infection; however, trap zone was 

a significant predictor with the rice paddy site exhibiting higher rates of Leptospira than 

the other sites (p=0.02).  
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Logistic Regression Model 4: !"~$% + $'( + $)* + $+, + $-. + $/0   

Table 6. Model 4 Output 

Coefficients	 b	Estimate	 Standard	Error	 z-value	 p-value	

Intercept	 -3.07815	 0.83557	 -3.684	 0.00023	

Degree	 0.01393	 0.03163	 0.441	 0.65952	

Sex=Male	 0.30721	 0.50222	 0.612	 0.54073	

Age	=	Adult	 0.82358	 0.55691	 1.479	 0.13918	

Trap	Site	=	Rice	Paddy	 1.86035	 0.80503	 2.311	 0.02084*	

Trap	Site	=	Tavy	Field	 0.65265	 0.88558	 0.737	 0.46114	

Species	=	Setifer	setosus	 17.16877	 1455.39766	 0.012	 0.99059	

Species	=	Mus	musculus	 1.01605	 0.64900	 1.566	 0.11745	

Species	=	Suncus	murinus	 0.76154	 1.27964	 0.595	 0.55176	
* An asterisk indicates a statistically significant factor (p<0.05) 
Null deviance = 129.88 on 114 degrees of freedom  

 

In this model, host-intrinsic characteristics were not found to be predictors of 

infection status. Neither degree nor betweenness centrality were found to be significant 

predictors of infection with Leptospira either. Weighted versions of these tests yielded 

similar results. 

3.4 Network k-test 

A k-test was performed on all three field sites combined, and it was found that 

the network did not predict infection status with Leptospira better than a permuted 

distribution. 

 

Table 7. K-test Results 

	 Observed	Value	 p-value	
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Median	#	of	infected	nodes	
within	1	step	of	a	case	

4.00000000	 0.682	

Mean	#	of	infected	nodes	
within	1	step	of	a	case	

4.482759	 0.505	

 

 

Figure 7. K-statistic of Network Compared to a Permuted Distribution 
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4. Discussion 

4.1 Leptospirosis Presents a Risk to Human Health  

The overall prevalence of leptospirosis detected among small mammals (21.8%) 

is higher than previous estimates in small mammals of the eastern humid forests of 

Madagascar (Dietrich 2014). Leptospira has recently been detected in human populations 

in Madagascar, and a high prevalence in wild populations represents a growing threat 

to human health, particularly because the sites where mammals were sampled are areas 

frequently visited by the human population (Pagés 2015, Rahelinirina 2015). A majority 

of cases were detected in introduced species, which reinforces the potential threat that 

invasive species pose to human populations.   

4.2 Networks Reveal Variation in Community Structure 

The spatial networks yielded visibly different characteristics. The secondary 

forest site network does not appear to sub-divide into smaller communities. The black 

rat (Rattus rattus) was the only species caught within the trap grid at that site, therefore it 

is unsurprising to see a highly interconnected community. In contrast, the rice paddy 

site appears to have more distinct communities with fewer connecting individuals. The 

tavy field network displays even denser communities of Rattus than the other two sites. 

In regard to disease transmission, denser communities have more contacts and more 

potential for disease transmission. It appears that the dense network of small mammals 

in the tavy field may pose a greater risk to disease transmission based off the data. 
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However, the true density of small mammals at each site would need to be measured by 

trapping over multiple seasons before making definitive conclusions. 

Two distinct communities appear within the tavy field network. Common house 

mice (Mus musculus) cluster between and connects the two communities. The logistic 

regression estimating betweenness centrality (Model 4) supports this conclusion. The 

house mice (Mus musculus) do appear to connect communities and exhibit a high 

betweenness centrality, and may serve as important transmitters of disease between 

communities of small mammals in Madagascar. 

4.3 Role of Host-Intrinsic Characteristics 

Certain host-intrinsic characteristics were hypothesized to determine the relative 

importance of an individual in disease transmission. Importance was defined by degree, 

betweenness centrality, and infection status of an individual. It is interesting to note that 

although only four Asian house shrews (Suncus murinus) were included in Model 1, they 

had a very low average degree, meaning they were not very connected to the network. 

This is particularly interesting because all four Asian house shrews were caught at the 

tavy field site, where the average degree was much higher than that of the other two 

sites. The data suggest that Suncus murinus are more isolated from the network, and are 

less important for disease transmission compared to Rattus rattus, Setifer setosus, and 

Mus musculus. As mentioned above, Mus musculus inhabits a key position within the 

network by connecting different communities within a network.  
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Regarding infection status, individuals in the rice paddy had significantly higher 

probability of Leptospira infection, as compared to secondary forest. No host-intrinsic 

characteristics such as age, species, or sex were predictors of infection status. The 

importance of trap site in infection may be explained by environmental characteristics. 

Leptospira is an environmentally transmitted pathogen shed through the urine of 

infected animals. The rice paddy site is mostly flooded during the year, and only 

drained during harvest time. The tavy field site was also located near rice paddy fields, 

and exhibited the next highest prevalence of the disease (26%). The presence of standing 

water likely facilitated the transmission of the pathogen at the rice paddy site. This 

presents a risk to human health because people come into contact with the rice paddy 

water as they cultivate their rice crops, and because this water can flow into sources of 

drinking water for communities downstream. 

4.4 Study Limitations and Moving Forward 

In the spatial network model, it was assumed that small mammals caught near 

one another would be more likely to inhabit the same space, and would come into 

contact with one another (or the same environments) more frequently. The study failed 

to adequately model the transmission of Leptospira using these assumptions. It is 

possible that a spatial network does not adequately model disease transmission for an 

environmentally transmitted pathogen such as Leptospira. This may be because the water 

sources that serve as a reservoir for the pathogen either border or flow through each trap 
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site, thus the pathogen is too well-disbursed to be transmitted through only shared 

space. Additionally, the trap sites may have been too small to capture enough 

communities to model disease spread effectively. The network k-test revealed that the 

spatial network model was not a good fit for modeling transmission of Leptospira; 

however, it is possible that other pathogens transmitted directly from host to host would 

be effectively modeled with a spatial network. The study highlights the importance of 

incorporating pathogen life cycles into the modeling of disease transmission dynamics.  

Future research could assay the samples for additional pathogens with different 

transmission modes, such as paramyxoviruses, which are transmitted via aerosol. 

Previous surveys report that about 25% of Malagasy nonflying mammals host some 

strain of paramyxovirus, and multiple paramyxoviruses are of importance to human 

health (Wilkinson et al. 2014). Additionally, larger trap grids would capture more 

communities within each site, and yield more data on the key connecting individuals 

between communities. 

Small mammal preference for different kinds of traps and logistics in trap setup 

present additional limitations to the study. Pitfall traps are excellent for collecting small 

shrews and tenrecs, while Tomahawk and Sherman traps excelled at capturing larger 

introduced rodents. The pitfall traps could not be incorporated into the spatial network 

because the location of the pitfall line was limited by the terrain, and had to be placed 

further away from the grid. Yet, the pitfall line captured most of the endemic species, 
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and so the spatial data analyzed in this study are biased towards the introduced species. 

Ultimately, the pitfall line could not be incorporated into the trap grid because it would 

alter animal movement, thus changing the spatial results. It was difficult to determine 

differences in species positions among the network because the study was limited to the 

small mammal species trapped within the grid. Future studies may benefit from 

trapping first with a trap grid and secondly with pitfall lines over the same area rather 

than using the two methods simultaneously, and trapping multiple times throughout 

the year to evaluate how different seasons affect small mammal interaction. 

The study presents a promising new approach to understanding disease 

transmission dynamics among wildlife, domestic animals, and humans. Moving 

forward, researchers can collect spatial data and infection data from small mammals, 

domestic animals, and humans to model a more complete network of interactions 

between individuals and determine the individuals that play a large role in disease 

transmission among communities. Studies linking wildlife disease to humans through 

network models can also inform policymakers on the potential synergy between 

conservation policy and public health policy, and prepare governments to address novel 

zoonotic pathogens. 
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5. Conclusion 
 To evaluate whether host intrinsic characteristics determine the importance of an 

individual in disease transmission, and to determine whether a spatial network could 

predict transmission of Leptospira among small mammals, data were collected from 

small mammals near Mandena, Madagascar in the summer of 2017 and were used to 

construct a spatial network. It was found that networks varied across areas experiencing 

different types of human land use. Mus musculus inhabited a key position within the 

network by connecting different communities. Leptospirosis was most prevalent in 

environments with standing water where humans cultivated rice in paddies, thus 

presenting a potential risk to human health. As an environmentally transmitted 

pathogen, Leptospira transmission was not adequately modeled with a spatial network. It 

is recommended that future analyses test for pathogens transmitted via direct host-to-

host contact. The study design provides opportunities to extend data collection to 

domestic animals and humans to create a more complete network of communities and to 

create novel methods of disease surveillance. 
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Appendix A: Link to Raw Data and R code 
 

The raw data for the analysis is available at the following link: 

https://drive.google.com/file/d/19J7ev2INrS_ok4rDrNYFz1G66fk9rdVm/view?usp=sharing 

 

A data dictionary is available at the following link: 

https://drive.google.com/file/d/19AYbaiFPObDrEMsw1WZnxOHFwMFhWbwU/view?usp=sharing 

 

The R code to generate the k-test function is available at the following link: 

https://docs.google.com/document/d/1rf4nUgmMdM7IKOI47JVrNt0-Vqwfe3-

dOFf7k8B71vQ/edit?usp=sharing 

 

The R code for the data analysis may be found at the following link: 

https://docs.google.com/document/d/12Um1o8p13-LM17zu0k4Ob2SpCrEL-

krbmWSxTqohEOc/edit?usp=sharing 

 

  



 

34 

 

 References  

Boisier, P. et al. Epidemiologic Features of Four Successive Annual Outbreaks of Bubonic 
Plague in Mahajanga, Madagascar. Emerging Infectious Diseases 8, 311-316, 
doi:10.3201/eid0803.010250 (2002). 

Bradley, C. A. & Altizer, S. Urbanization and the ecology of wildlife. Trends in Ecology 
and Evolution 22, 95-102, doi:https://doi.org/10.1016/j.tree.2006.11.001 (2007). 

Civitello, D. J. et al. Biodiversity inhibits parasites: Broad evidence for the dilution 
effect. PNAS 112, 8667-8671 (2015). 

Dietrich, M. et al. Diversification of an emerging pathogen in a biodiversity hotspot: 
Leptospira in endemic small mammals of Madagascar. Mol Ecol 23, 2783-2796, 
doi:10.1111/mec.12777 (2014). 

McCauley, D. J. et al. Effects of Land Use on Plague (Yersinia pestis) Activity in Rodents 
in Tanzania. American Society of Tropical Medicine and Hygiene, 
doi:10.4269/ajtmh.14-0504 (2015). 

Goodman, S. M. & J.P., B. Updated estimates of biotic diversity and endemism for 
Madagascar. Oryx 39, 73-77 (2005). 

Goodman, S. M. Rattus on Madagascar and the Dilemma of Protecting the Endemic 
Rodent Fauna. Conservation Biology 9, 450-453 (1995). 

Kang, H. J. et al. Genetic Diversity of Thottapalayam Virus, a Hantavirus Harbored by 
the Asian House Shrew (Suncus murinus) in Nepal. The American Journal of 
Tropical Medicine and Hygiene 85, 540-545, doi:10.4269/ajtmh.2011.11-0034 (2011). 

Johnson, P. T., Preston, D. L., Hoverman, J. T. & Richgels, K. L. Biodiversity decreases 
disease through predictable changes in host community competence. Nature 494, 
230-233 (2013). 

Jones, K. E. et al. Global trends in emerging infectious diseases. Nature 451, 990-993 
(2008). 

Keesing, F., Holt, R. D. & Ostfeld, R. S. Effects of species diversity on disease 
risk. Ecology Letters 9, 485–498 (2006). 



 

35 

Lehtonen, J. T., Mustonen, O., Ramiarinjanahary, H., Niemela, J. & Rita, H. Habitat use 
by endemic and introduced rodents along a gradient of forest disturbance in 
Madagascar. Biodiversity and Conservation 10, 1185-1202, 
doi:10.1023/A:1016687608020 (2001). 

Mills, J. N. Biodiversity loss and emerging infectious disease: An example from the 
rodent-borne hemorrhagic fevers. Biodiversity 7, 9-17, 
doi:10.1080/14888386.2006.9712789 (2011). 

Newbold, T. et al. Global effects of land use on local terrestrial biodiversity. Nature 520, 
45-50, doi:doi:10.1038/nature14324 (2015). 

Ostfeld, R. S. Biodiversity loss and the rise of zoonotic pathogens. Clinical Microbiology 
and Infection 15, 40-43 (2009). 

Ostfeld, R. S. & Keesing, F. Biodiversity and Disease Risk: The Case of Lyme 
Disease. Conservation Biology 14, 722-728 (2000). 

Proulx, S. R., Promislow, D. E. L. & Phillips, P. C. Network thinking in ecology and 
evolution. Trends in Ecology and Evolution 20, 345-353 (2005). 

Raftery, A., Li, N., Sevcikova, H., Gerland, P. & Heilig, G. K. Bayesian probabilistic 
population projections for all countries. PNAS 109, 1 3915-13921 (2012). 

Reynes, J. M. et al. Anjozorobe Hantavirus, a New Genetic Variant of Thailand Virus 
Detected in Rodents from Madagascar. Vector Borne Zoonotic Dis 14, 212-219, 
doi:10.1089/vbz.2013.1359 (2014). 

Salkeld, D. A., Padgett, K. A. & Jones, J. H. A meta-analysis suggesting that the 
relationship between biodiversity and risk of zoonotic pathogen transmission is 
idiosyncratic. Ecology Letters 16, 679–686 (2013). 

Vanderwaal, K., Enns, E. A., Picasso, C., Packer, C. & Craft, M. E. Evaluating empirical 
contact networks as potential transmission pathways for infectious 
diseases. Journal of the Royal Society Interface 13, 20160166 (2016). 

Vaz, V., D'Andrea, P. & Jansen, A. Effects of habitat fragmentation on wild mammal 
infection by Trypanosoma cruzi. Parasitology 134, 1785-1793, 
doi:doi:10.1017/S003118200700323X (2007). 



 

36 

Wood, C. L. & Lafferty, K. D. Biodiversity and disease: a synthesis of ecological 
perspectives on Lyme disease transmission. Trends in Ecology and Evolution 28, 
239-247 (2013). 

Zargar, U. R., Chishti, M. Z., Ahmad, F. & Rather, M. I. Does alteration in biodiversity 
really affect disease outcome? – A debate is brewing. Saudi journal of biological 
sciences 22, 14-18 (2014). 

 


