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Abstract. The reduction in biodiversity from land use change due to urbanization and
agricultural intensification appears to be linked to major epidemiological changes in many
human diseases. Increasing disease risks and the emergence of novel pathogens result from
increased contact among wildlife, domesticated animals, and humans. We investigated the rela-
tionship between human alteration of the environment and the occurrence of generalist and
synanthropic rodent species in relation to the diversity and prevalence of rodent-borne patho-
gens in Southeast Asia, a hotspot of threatened and endangered species, and a foci of emerging
infectious diseases. We used data from an extensive pathogen survey of rodents from seven sites
in mainland Southeast Asia in conjunction with past and present land cover analyses. At low
spatial resolutions, we found that rodent-borne pathogen richness is negatively associated with
increasing urbanization, characterized by increased habitat fragmentation, agriculture cover
and deforestation. However, at a finer spatial resolution, we found that some major pathogens
are favored by environmental characteristics associated with human alteration including irriga-
tion, habitat fragmentation, and increased agricultural land cover. In addition, synanthropic
rodents, many of which are important pathogen reservoirs, were associated with fragmented
and human-dominated landscapes, which may ultimately enhance the opportunities for zoono-
tic transmission and human infection by some pathogens.

Key words: Babesia; Bartonella; habitat; hantaviruses; land use land cover; Leptospira; rodent-borne
diseases; synanthropy; Trypanosoma.

INTRODUCTION

Increasing human alteration of landscapes from agri-
cultural intensification and urbanization is of major con-
cern in tropical ecosystems (Dirzo et al. 2014). Tropical
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forests are increasingly replaced by heavily modified for-
ests, agricultural crops, rubber plantations, or pastures
for livestock (Jones et al. 2013, Warren-Thomas et al.
2015), with recent estimates suggesting that only 24% of
extant tropical forests are considered intact and 46% are
fragmented (Lewis and Maslin 2015). Such dramatic
habitat changes are linked to accelerated biodiversity
loss (Dirzo et al. 2014), which has been linked to major
changes in the epidemiology of human diseases (Jones
et al. 2013): increased disease risks and the emergence of
novel pathogens resulting from increased contact among
wildlife, domesticated animals, and humans (Lloyd-
Smith et al. 2009, Luis et al. 2013, Civitello et al. 2015,
Olival et al. 2017).
Southeast Asia is a tropical region where biodiversity

is at risk from of human activities and anthropogenic
land-use change (Sodhi et al. 2004, Wilcove et al. 2013,
Morand et al. 2017). Regional infectious diseases have
also received considerable attention (Coker et al. 2011,
Morand et al. 2014), with the emergence and spread of
several significant viral zoonoses in recent decades (e.g.,
Nipah virus, avian influenza viruses, SARS-CoV, etc.).
At a broad-scale, recent work has found that the number
of recorded zoonotic disease outbreaks was positively
linked to the number of threatened mammals and bird
species found in SEA countries.
Despite the observed decline in biodiversity in dis-

turbed habitats, the abundance of certain small mam-
mals, and most notably synanthropic rodents, increases
in fragmented and deforested environments (Froeschke
and Matthee 2014, Rubio et al. 2014, Morand et al.
2015). This appears to be the result of increased avail-
ability of food sources (e.g., rice fields, human waste) or
artificial structures that provides greater enhance from
predators (e.g., covered drains; Morand et al. 2015). In
such environments, a high prevalence of infection is
often found in these rodent species (Suz�an et al. 2009,
McCauley et al. 2015). As highly permissive pathogen
reservoirs, with a fast life histories, the high abundance
reached by synanthropic rodents should increase contact
rates between individuals and may boost pathogen
transmission in human dominated habitats (Han et al.
2015). This is supported by the high prevalence of infec-
tion by some pathogens observed in these species in such
environments (Suz�an et al. 2009, McCauley et al. 2015).
Surprisingly, despite rodents being the dominant ver-

tebrate species in many of these altered tropical systems
and the key hosts for numerous zoonotic microparasites
(i.e., viruses, bacteria, and protists) (Meerburg et al.
2009, Han et al. 2015), consistent patterns between habi-
tat fragmentation and deforestation with the epidemiol-
ogy of multiple rodent-borne diseases have yet to be
determined (Blasdell et al. 2015), and studies that
address the spatial context of pathogen circulation are
lacking (Jones et al. 2013). Indeed, few studies have
simultaneously considered the dynamics of micropara-
site diversity in rodent populations, despite the availabil-
ity of numerous single pathogen species studies (Bordes

et al. 2015a,b). To explore the links between altered
habitats and rodent communities and the diversity and
prevalence of microparasites in Southeast Asia, we used
a large data set comprising microparasite screening
results from murid rodents. Several species of the
microparasites surveyed (hantaviruses, Leptospira spp.,
Bartonella spp., Trypanosoma spp., and Babesia spp.) are
linked to serious human diseases (i.e., rodent-borne dis-
eases) such as haemorrhagic fever with renal syndrome
(HFRS), leptospirosis, bartonellosis, trypanosomosis,
and babesiosis, many of which are recorded as emerging
in Southeast Asia (Tangkanakul et al. 2005, Truc et al.
2013, Watt et al. 2014). These microparasites were inves-
tigated at seven localities in three countries of mainland
Southeast Asia and were analyzed in conjunction with
land cover maps (Morand et al. 2015; during 1987 to
2008), enabled the estimation of land use and land cover
change (deforestation, conversion to agriculture land,
and to human development [e.g., houses and roads];
Morand et al. 2015).
Our first aim was to identify rodents and rodent-borne

microparasites that occurred across landscapes and
localities, and to explore patterns of co-occurrence. For
this, we used nested analyses (Nieberding et al. 2005) to
explore the pattern of (1) rodents and (2) rodent
microparasites among localities, and the nested pattern
of (3) rodent-borne pathogens among rodent species.
Second, we analyzed land cover at two spatial scales:
across locations, a coarse spatial resolution, and within
locations, a fine spatial resolution (i.e., at the location
where each individual rodent was trapped). Our analyses
at a low spatial resolution allowed the investigation of
the effects of land use characteristics at the locality level
on total microparasite species hosted by rodent commu-
nities. We hypothesized that increased human develop-
ment and agricultural land use would decrease the
diversity of rodent-borne diseases (Wood et al. 2017).
Due to the observed positive relationship between host
species richness and parasite species richness (Dunn
et al. 2010, Lafferty 2012, Morand et al. 2014, Johnson
et al. 2015, 2016), we hypothesized a decline in overall
rodent diversity in human-altered landscapes and/or a
decline of their microparasite diversity in relation to the
decline of biodiversity, especially among arthropod vec-
tors. We also predicted that increasing human alteration
of habitats would favor synanthropic rodents and, there-
fore, the microparasites frequently associated with them
(Rubio et al. 2014, Kosoy et al. 2015), representing an
ongoing transmission risk in the changing environments
of Southeast Asia (Bordes et al. 2016). At fine spatial
resolution, we explored the relationships between the
structure of the proximal surrounding landscape charac-
teristics and the occurrence of individual rodents
infected by microparasites including zoonotic species.
As landscape spatial heterogeneity alters host abundance
and distribution, the resulting surrounding spatial struc-
ture should also affect the transmission of micropara-
sites (Page et al. 2001, Su et al. 2009, Ramsey et al.
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2012, Froeschke and Matthee 2014). Because generalist
and synanthropic species are highly favored in frag-
mented areas (Morand et al. 2015), we hypothesized
that an increase in spatial heterogeneity would increase
transmission and, consequently, infection of synan-
thropic rodents, particularly habitat generalists, which
may ultimately increase the risk of spillover to humans.

MATERIALS AND METHODS

Study sites

Seven different sites in three countries (Thailand,
Cambodia, and Lao PDR) were investigated (Fig. 1).
Rodents were trapped in the Thai provinces of Buriram
(14.89° N, 103.01° E), Loei (17.39° N, 101.77° E), and
Nan (19.15° N, 100.83° E), the Laotian provinces of
Champasak (15.12° N, 105.80° E) and Luang Prabang
(19.62° N, 102.05° E), and the Cambodian provinces of
Mondulkiri (12.04° N, 106.68° E) and Preah Sihanouk
(10.71° N, 103.86° E) in 2008 and 2009.

Rodent trapping

Trapping sessions were conducted twice annually (in
the wet season between June and October, and in the dry
season between December and March) over a two-year
period (2008 to 2009). At each location, the same trap
lines were trapped over a four-night period during each

trapping session, with 30 lines of 10 traps (10 m between
traps) placed in three different habitats, namely (1) for-
ests and mature plantations, (2) non-flooded lands or
fields (shrubby waste land, young plantations, orchards),
(3) lowland paddy rice fields (cultivated floodplain).
This corresponded to a total of 1,200 trap nights per
trapping session. Locally made live traps were used and
the lines were placed in the same positions during each
trapping session using GPS coordinates. Villages and
isolated houses, which corresponded to a fourth habitat
category, human settlement, were also sampled oppor-
tunistically, but with roughly similar sampling effort
among localities, using cage traps distributed to resi-
dents (see Appendix S1; Morand et al. 2015). Captured
rodents were identified to species in the field using mor-
phological criteria, but were confirmed using molecular
methods. Sixteen primary species of rodents were
trapped with a total of 2,072 individuals (see
Appendix S1: Table S1 for details).

Land use and land cover

For each locality (years 2007–2008), high spatial reso-
lution (2.5 m in panchromatic mode and 10 m in multi-
spectral mode) SPOT 5 satellite images were acquired
(CNES 2009, distributed by Astrium Services/Spot
Image S.A., France; see Morand et al. 2015). SPOT-
Digital Elevation Model (DEM) with a spatial resolu-
tion of 20 m together with SRTM (Shuttle Radar

FIG. 1. Map of Southeast Asia showing simplified land covers the temporal dynamics of land use land cover changes over the
last 22 yr in relation to sample locations (red dots). Scale bars show distance (2 kms).
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Topography Mission) were also acquired. For each
locality, the SPOT scene was classified into different
land-cover types using an object-based approach. The
land-cover maps and the DEM were integrated into a
GIS in order to compute landscape metrics for each
trapping site (see Appendix S1: Tables S2 and S3).
To describe the landscape surrounding the trapping

location of each individual rodent, land cover metrics
were calculated within a 100 m radius. These metrics
included: cover of forest (Forest), cover of agriculture on
steep land (Agri steep), cover of agriculture on flat land
(Agri flat), cover of irrigated land (Irrigated), and
human development are given in percent. We used patch
density, the number of patches of different land cover
types within a 100 m radius (for more details, see Mor-
and et al. 2015), as a proxy for habitat diversity. We also
edge density, the sum of the ratios of edge length to
patch size for each patch, to represent relative habitat
fragmentation. The mean values of these metrics were
then calculated for each individual rodent (with trap
GPS positioning in the middle of each trapping lines,
i.e., with a precision at least less than 100 m).

Pathogen screening

Rodents were screened for several species of viruses
and bacteria hosted by rodents, including the major zoo-
notic pathogens: hantavirus (species not determined, see
Appendix S1: Table S5), protists of the genus Try-
panosoma (namely T. lewisi and T. evansi, both zoono-
tic, see Appendix S1: Table S6), and Babesia (namely
B. microti and Babesia sp. BIC002, all zoonotic, see
Appendix S1: Table S7), bacteria of the genus Bartonella
(the zoonotic species B. rattimassiliensis, B. tribocorum,
and B. elizabethae, and the non-zoonotic species
B. musii, B. laosensis, B. phoceensis, B. queenslandensis,
and B. coopersplainsensis; see Appendix S1: Table S8)
and the genus Leptospira (L. borgpetersenii, L. interro-
gans, L. kirschneri, and L. weilli, all zoonotic, see
Appendix S1: Table S9).
Original serological and genetic data concerning these

rodent-borne pathogens have been published previously
(Appendix S1: Table S10; Blasdell et al. 2012, Cosson
et al. 2014, Jiyipong et al. 2015, Pumhom et al. 2015,
Karnchanabanthoeng et al. 2017).

Statistical analyses

From the molecular screening of microparasites from
rodents across seven locations in SEA and past and pre-
sent maps of land use, we investigated (1) the nestedness
of microparasites and rodents among localities, and of
microparasites among their rodent hosts; (2) the effects
of actual land use land cover and their shifting change
on the community assemblages of rodents and their
microparasites among localities, and using multivariate
analyses; (3) the actual occurrence of the main rodent
species and their main microparasites in relation to the

actual surrounding landscape at the level of the trapping
sites, and using general linear mixed models.
We measured nestedness for three matrices: the pres-

ence/absence (0/1) of each rodent species among the
seven localities; the presence/absence of each micropara-
site species among the seven localities; the presence/ab-
sence of each microparasite among each rodent species
(see Appendix S1: Table S10). The nestedness analysis
of microparasite species among rodent species was used
to identify the main rodent-microparasite co-occur-
rences (summarized in Appendix S1: Table S9). We used
the package vegan version 2.3-0 implemented in R (R
Development Core Team, Vienna, Austria). The NODF
formula was used as a measure of nestedness (Almeida-
Neto et al. 2008), which returns values between 0 and
100. As nestedness can be biased by the size of the pres-
ence/absence matrix, we compared the results to null
models, in which the values of presence/absence are
redistributed at random with 999 replicates simulated.
To visualize the link between past land use changes

and current land use land cover, we performed a princi-
pal component analysis (PCA) among the seven locali-
ties (Legendre and Legendre 2012). The variables
included were forest cover, agriculture cover, human
development, patch density, and edge density; three
additional variables, the rate of deforestation, the rate of
increased agricultural land, and the rate of increased
human development, allowed the effects of land use
changes over the last three decades. The estimation of
these three rates of land use changes was obtained from
reconstruction of past land use over the last three dec-
ades (Appendix S1: Table S4). We used the first compo-
nent of the PCA as an index to human-domination. We
also performed canonical correspondence analyses on
the effects of actual landscape structure (forest cover,
agriculture cover, human development, habitat diversity,
habitat fragmentation) or the effects of shifting land-
scape structure (rate of deforestation, rate of increased
agricultural land, rate of increased human development,
rate of change in habitat fragmentation, rate of change
in habitat diversity) on the community structure of total
virus, bacteria, and protist species (i.e., microparasite
species) and the ones that are transmitted to humans
(i.e., rodent-borne pathogens) per locality. We used the
package vegan implemented in R. The values of inertia
(the partitioning of mean squared contingency coeffi-
cient) were used to compare the responses of the type of
the microparasite communities (total or rodent-borne
pathogens) to either the actual landscape structure or
the shifting landscape structure.
To analyze the occurrence of rodents, we modeled the

probability of presence/absence of a species as a function
of several environmental indices with a logistic regres-
sion, GLMM with logit function and random effects
(for sites), using package lme4 implemented in R. Simi-
larly, to analyze the infection of rodents, we modeled the
probability of presence/absence of microparasites as a
function of the same environmental indices with a
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logistic regression, GLMM with logit function and ran-
dom effects (for locality), using package lme4 imple-
mented in R (cases in each logistic regression were
infected or non-infected individual rodents). Due to sta-
tistical constraints, this analysis was only performed on
the seven most prevalent microparasites. The initial
model included the environmental indices related to the
habitat structure, and calculated for a buffer of 100 m
for each individual rodent trapped: agriculture with high
topographical relief, agriculture low topographical relief,
irrigated agricultural land, forest, human development,
patch density, and edge density. No interactions were
added among the independent variables.
We evaluated support for competing models by investi-

gating the relationship between the prevalence of each
microparasite and all explanatory variables of interest.
We used likelihood-based methods to quantify the alter-
native models and to estimate their parameters. We used
the Akaike information criterion adjusted for sample size
(AICc) to assess the relative information content of the
models. Selection of the best competing models was made
using package glmulti version 1.0.7 2 (Calcagno and de
Mazancourt 2010) implemented in R, which allows the
exploration of all models using automated model selec-
tion and model-averaging procedure using a genetic algo-
rithm. Visualization of the predicted responses, rodent
occurrence and microparasite prevalence, was made using
the packages sjmisc, sjlabelled, and sjPlot.

RESULTS

All matrices of nestedness (presence/absence of rodent
species among localities, microparasite species among
localities, microparasite species among rodent species
[Appendix S1: Table S11]) were statistically nested, with
nestedness values (NODF) of 56.1 for rodent species
among localities (P < 0.01, Fig. 2A), 63.8 for micropar-
asite species among localities (P < 0.01, Fig. 2B), and
64.96 for microparasite species among rodent species
(P < 0.01, Fig. 2C). Among rodent species, the nested
core group of species consisted of the synanthropic Rat-
tus tanezumi, which occurred in all localities, and four
other rodent species (Rattus exulans, Berylmys berd-
morei, Bandicota indica, and Mus cookii) that were
observed in at least six localities, (Fig. 2A). Of the
microparasites tested, the nested core group consisted of
the emerging protist species Trypanosoma lewisi (de-
tected in all localities), hantavirus and Babesia microti
Kobe type (each detected at least in six localities), and
the zoonotic bacteria Leptospira borgpetersenii, L. inter-
rogans, and Bartonella rattimassiliensis (each detected in
five localities; Fig. 2B).
Two synanthropic species, R. tanezumi and R. exu-

lans, and three agricultural-associated species, Bandicota
savilei, B. indica, and Mus cookii were found to be hosts
of the rodent-borne microparasites surveyed, constitut-
ing the nested core group of microparasite hosts
(Fig. 2C). The more generalist microparasites, which

were detected in a large number of rodent species, were
B. microti US, B. microti Kobe, L. borgpetersenii, L. in-
terrogans, hantavirus, and T. lewisi, all of which are zoo-
notic, and the non-zoonotic B. queenslandensis. These
zoonotic pathogens have all have been found to be
hosted by the habitat-generalist and synanthropic spe-
cies Rattus tanezumi (Fig. 2C).

Land use and land cover

Principal component analysis (Fig. 3) revealed the
associations between habitat structure and habitat
heterogeneity, where the first and second dimensions
explain 95% of the total variance. Some locations were
characterized by high forest cover (Mondulkiri and
Luang Prabang) whereas others were characterized by
high agriculture land cover (Buriram) and/or high level
of fragmentation and patch density (Nan, Loei). Project-
ing past estimated rates of deforestation, increased
urbanization and increased agriculture on the PCA
showed (1) that the rate of deforestation is highly corre-
lated with the rate of increased urbanization, which
explained both the actual level of fragmentation and
patch density, and (2) that the rate of increased agricul-
ture was correlated with the rate of urbanization, which
explained the actual levels of forest, agriculture, and
human development. The first component of the PCA
(Fig. 3) was used as an index to human domination.

Coarse land cover characteristics and species richness

While we found no relationship between the total
number of rodent species present and any of the land
cover characteristics investigated (all P > 0.10), we
detected a negative relationship between the total num-
ber of microparasite species in rodents and the percent
of human development (F1,5 = 10.08, R2 = 0.67,
P = 0.034, Fig. 4A) and a positive trend between the
total number of zoonotic microparasites and the per-
centage of forest cover (F1,5 = 4.63, R2 = 0.48,
P = 0.084, Fig. 4B). Moreover, we found a negative and
strong association between the total number of zoonotic
microparasites and the percentage of agriculture cover
(F1,5 = 15.93, R2 = 0.76, P = 0.010, Fig. 4C). We also
detected a relationship between patch density, and the
total number of zoonotic microparasite species and the
percentage of agriculture cover (F1,5 = 6.01, R2 = 0.55,
P = 0.057), although association was not significant
when the total number (i.e., both zoonotic and non-zoo-
notic) of microparasites was considered (F1,5 = 4.479,
R2 = 0.37, P = 0.0879.). The number of zoonotic
microparasite species was negatively associated with the
human-domination index (i.e., first component of PCA
of Fig. 3; F1,5 = 7.16, R2 = 0.59, P = 0.044, Fig. 4D).
These results were confirmed using the Canonical

Component Analyses. The values of inertia increased
from CCAs investigating the effects of actual landscape
structure (forest cover, agriculture cover, built-up covers,
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habitat diversity, habitat fragmentation) on the commu-
nity structure of all microparasites or rodent-borne
pathogens (with similar values of inertia = 0.066) to
CCAs investigating the effects of shifting landscape
structure (rate of deforestation, rate of increased cover
in agriculture land, rate of increased cover in built-up
areas, rate of change in habitat fragmentation, rate of
change in habitat diversity) on the community structure
of all microparasites and rodent-borne pathogens (with
similar values of total inertia = 0.26; only the effects of
shifting landscape structure on the community structure
of rodent-borne pathogens are represented on Fig. 5).

Fine-scale habitat characteristics and rodent occurrence
and pathogen infection

Modified landscapes and environmental structures
around the trapped rodents strongly influenced the
probability of occurrence of each of the five species in
the nested core group of rodents (Table 1, Fig. 6). The
synanthropic species Rattus tanezumi and Rattus exulans
were associated with urbanized areas (Fig. 6A) and
deforested environments (Fig. 6D). The agricultural-

associated species Bandicota savilei and Mus cookii were
also found more often in locations with agriculture low
topographical relief (Fig. 6B, E), while B. indica was
common in highly fragmented areas (Fig. 6C).
Highly modified landscapes around the trapped

rodents strongly impacted the probability that rodents
were infected by zoonotic pathogens (Table 2, Fig. 7).
The prevalence of five pathogens was linked to human-
development habitats (hantavirus, L. borgpetersenii,
L. interrogans, B. microti Kobe, and T. lewisi; Table 2).
The occurrence of the bacteria L. interrogans was pri-
marily associated with irrigated agricultural cover, but
also with decreasing agriculture cover on flat land
(Table 2, Fig. 7B). The occurrence of T. lewisi, like han-
tavirus, was associated with agricultural cover on steep
land, but also with human development and irrigated
land (Table 2, Fig. 7A, E). Leptospira borgpetersenii was
associated with irrigated agricultural land and decreased
patch diversity (Table 2, Fig. 7D). The prevalence of
B. microti US was independent of any environmental
characteristics. Interestingly, the predicted prevalence of
the non-zoonotic B. queenslandensis was negatively asso-
ciated with human-dominated habitats; the predicted

FIG. 3. Associations between habitat structure and heterogeneity and habitat change (based on presence/absence of each rodent
species) among the seven study sites, on the first two axes of a principal component analysis (PCA). In dashed blue, estimated rates
of deforestation, increased urbanization, and increased agriculture over the last 30 yr are projected as supplementary variables on
the first two axes of a PCA. The first and second dimensions explained 95% of the total variance.

FIG. 2. Ordered matrices of presence (in black) or absence (white) of (A) rodent species by location, (B) microparasite species
by location, and (C) microparasite by rodent species. Species are ordered from top to bottom with decreasing occurrence (A, B) or
by rodent species for microparasites (C). For a fully nested scenario, all interactions would lie above the isocline (red line). Rodents:
Bandicata indica, Bandicota savilei, Berylmys berdomrei, Berylmys bowersi, Leopoldamys edwarsi, Maxomys surifer, Mus caroli, Mus
cervicolor, Mus cookii, Niviventer fulvescens, Rattus andamanensis, Rattus argentiventer, Rattus exulans, Rattus nititidus, Rattus
norvegicus, Rattus sakeratensis, Rattus tanuzumi. Microparasites: Ha, Hantavirus†, Trypanosoma evansi†, Trypanosoma lewisi†,
Babesia microti† type US, Babesia microti† type Kobe, Babesia BIC002†, Bartonella coopersplainsensis, Bartonella elizabethae†, Bar-
tonella laosensis, Bartonella queenslandensis, Bartonella musii, Bartonella phoceensis, Bartonella rattimassiliensis†, Bartonella triboco-
rum†, Leptospira borgpetersenii†, Leptospira interrogans†, Leptospira kirschneri†, Leptospira weilli† (†, zoonotic species;
red, zoonotic microparasites; blue, non-zoonotic microparasites; with the nested core of co-occurrent rodents and microparasites).
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FIG. 5. Biplot of the canonical component analysis representing the effects of shifting landscape structure (rates of deforesta-
tion, increased agriculture land, human development, habitat fragmentation, and patch density) on the community structure of
rodent-borne pathogens (Hantavirus, Leptospira, Bartonella and Babesia) (total inertia = 0.26) among the seven sites investigated.

FIG. 4. Relationships between zoonotic microparasite species richness and percent of area as (A) human development, (B)
forest cover, (C) agriculture cover, and (D) by human-domination index (first axis of Principal Components Analysis; see Fig. 3).
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prevalence increased with the decrease of the cover of
agriculture on flat land (Table 2, Fig. 7).

DISCUSSION

Our results confirmed our prediction that decreasing
forest cover and increasing agricultural land, is associ-
ated with a decrease of the total microparasite species
richness harbored by rodents, and a decrease of rodent-
borne pathogens. Our analyses also confirmed our pre-
diction that observed habitat changes favor habitat-gen-
eralist and synanthropic rodents and their associated
microparasites. These findings support other studies that
have found synanthropic rodent species replace habitat
and forest specialist species in heavily disturbed land-
scapes (McFarlane et al. 2012, Kosoy et al. 2015). Our
findings also support the concept that increasing habitat
fragmentation and resultant biodiversity loss on the epi-
demiology of zoonotic diseases (Levi et al. 2016). The
increase of human domination on habitats may favor the
density and abundance of synanthropic rodents, ulti-
mately favoring the spread of the rodent-borne

pathogens associated with them. Most importantly, we
provide evidence that increasing landscape heterogeneity
and human alteration of landscapes, favors infection of
the synanthropic and generalist rodent species by gener-
alist microparasite species that are significant to human
health. Association with these rodent species, which are
often abundant in human dominated landscapes in the
tropics, could have important implication on the circula-
tion and transmission of major pathogens for human
populations.
We found that both rodent species and microparasite

species were nested among localities, suggesting that spe-
cies loss follows a common pattern in both rodents and
their microparasites. In particular, increasing modifica-
tion of land for human use increased habitat generalists
and synanthropic rodents like R. tanezumi and R. exu-
lans and the agriculture specialists B. indica, B. savilei,
and R. argentiventer. Microparasite species were found
to be nested both among localities and among rodent
host species meaning that decreases or increases in their
diversity are related both to habitat characteristics and
rodent diversity. Increasing human alteration of the

TABLE 1. Results of the best GLMM (with logit link function and locality as random factor) explaining the occurrence of the five
rodent species found to have the highest microparasite species richness (see Fig. 2C) from seven localities in Thailand, Lao PDR,
and Cambodia, as a function of surrounding habitat characteristics around individual trapped rodents obtained from land cover
layers (see Appendix S1).

Rodent species and explanatory
surrounding habitat characteristics Estimate P Log likelihood, deviance

Rattus tanezumi �81.1, 182.5 (281)
Human development cover 6.04 (1.80) 0.0008
Edge density 0.004 (0.001) 0.01
Agriculture on flat land cover 1.16 (0.72) 0.11

R. exulans �228.3, 580.9 (419)
Human development cover 18.84 (3.34) <0.0001
Agriculture on steep land 8.25 (1.60) <0.0001
Agriculture on flat land cover 8.05 (1.46) <0.0001
Irrigated agriculture cover 9.71 (1.90) <0.0001
Edge density 0.006 (0.002) 0.008
Forest cover 3.36 (1.43) 0.02
Patch density �2.58 (1.62) 0.11

Bandicota indica �46.6, 105.0 (277)
Patch density 3.51 (1.41) 0.01
Agriculture on flat land cover 4.36 (2.09) 0.04
Forest cover 5.13 (2.6) 0.049

B. savilei �69.5, 346.7 (325)
Agriculture on flat land cover 5.65 (1.01) 0.049
Patch density �18.2 (4.03) <0.0001
Edge density 0.028 (0.006) <0.0001
Human development cover �34.3 (10.0) 0.0006

Mus cookii �173.6, 508.82 (378)
Agriculture on steep land 7.54 (0.10) <0.0001
Irrigated agriculture cover �18.50 (2.93) <0.0001
Patch density 7.12 (1.91) 0.0002
Edge density �0.009 (0.003) 0.001

Notes: The initial models included the following explanatory variables: cover of agriculture on steep land, cover of agriculture on
flat land, cover of irrigated agriculture, cover of forest, cover of human development, patch density, edge density. Estimate of the
logit function is shown with SD in parentheses; residual deviance is shown with degrees of freedom in parentheses. In bold, P < 0.5.
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landscape also supports host-generalist microparasite
species, such as hantavirus, Trypanosoma, Leptospira, or
some Bartonella spp., which are often hosted by numer-
ous species, many of which are either habitat generalist
or synanthropic in nature.

Our results, that local microparasite diversity is
reduced in fragmented and urbanized landscapes is likely
a result of an overall simplified community. Indeed, the
presence, diversity and density of many rodent species
are positively influenced by vegetation cover (Ernest

FIG. 6. Predicted occurrence by site of the nested core rodent species (see Fig. 2C) based on the best GLMM on surrounding
habitat characteristics (see Table 1) for (A) Rattus tanezumi, (B) Bandicota savilei, (C) Bandicota indica, (D) Rattus exulans, and (E)
Mus cookii, with locality as random factor.
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et al. 2000, Baker et al. 2003), and human activities that
reduce forest cover likely have strong implication on
rodent populations and communities (Levi et al. 2016).
It seems likely that arthropod vectors are also be
impacted by these changes (Pumhom et al. 2015); with
reducing host diversity, there should be a concomitant
reduction in arthropod vector diversity as well. Thus, a
reduction in the abundance or diversity of rodent hosts
or vectors could affect transmission and lead to a reduc-
tion in the overall microparasite diversity. Moreover,
vegetation cover and structure affect microclimatic char-
acteristics (e.g., humidity, ambient temperatures, and
solar radiation) all of which can have important implica-
tions on the free-living stages of Leptospira spp. and
reduce the environmental persistence of many other
pathogens, including hantavirus virions (Hardestam
et al. 2008).
On the other hand, human alteration of the landscape

can create favorable ecological conditions for the persis-
tence and maintenance of some microparasites and their
rodent hosts. For example, irrigation channels and drai-
nage systems provide suitable conditions for Leptospira
spp. survival (Ganoza et al. 2006), while microclimates
generated by human structures can reduce solar

radiation and increase the persistence of UV-sensitive
pathogens such as hantaviruses (Cline et al. 2010). The
selection of synanthropic rodents and the relative abun-
dance that these species can reach in heavily modified
landscapes should also promote the transmission of
some of the pathogens they carry. Indeed, we suspect
that this mechanism explains for the spatial patterning
of four (hantavirus, L. interrogans, L. borgpetersenii,
T. lewisi) of the five rodent-borne pathogens studied. All
four were associated with synanthropic and agricultural
habitat specialist rodents and each showed an increase in
prevalence with either an increase in agricultural cover
on steep land (primarily resulting from forest conver-
sion), an increase in agriculture intensification through
the increased use of irrigated land, or a decrease in the
proportion of forest cover. Simplification of land cover
with decreasing habitat diversity or increased fragmenta-
tion was also found to be associated with an increase in
prevalence of some of these pathogens (i.e., B. rattimas-
siliensis, T. lewisi). In addition, of the Leptospira species
investigated, only one appeared to decrease in prevalence
as a result of increasing human landscape use. These
analyses conducted at fine-scale spatial resolution con-
firm that the zoonotic transmission for certain

TABLE 2. Results of the best GLMM (with logit link function and locality as random factor) explaining the occurrence of the six
rodent-borne microparasites found to be the most prevalent in rodents from seven localities in Thailand, Lao PDR and
Cambodia, as a function of surrounding habitat characteristics around individual trapped rodents obtained from land cover
layers (see Appendix S1).

Microparasite and explanatory
surrounding habitat characteristics Estimate P Log likelihood, deviance

Hantavirus �160.6, 321.1 (1360)
Agriculture on steep land 2.76 (1.01) 0.006
Agriculture on flat land 2.03 (1.06) 0.06

Patch density �3.02 (1.70) 0.08
Bartonella queenslandensis �120.1, 240.1 (1244)
Agriculture on flat land �2.08 (0.96) 0.030
Forest �1.64 (1.13) 0.15
Leptospira interrogans �40.6, 81.3 (461)
Agriculture on flat land �3.74 (1.63) 0.02
Irrigated land 2.48 (1.22) 0.04
Patch density �5.73 (3.03) 0.06
L. borgpetersenii �92.7, 185.5 (461)
Patch density �1.02 (0.49) 0.035
Fragmentation 0.01 (0.006) 0.05
Irrigated �0.04 (0.02) 0.08
Trypanosoma lewisi �130.0, 268.1 (360)
Agriculture on steep land 3.45 (1.30) 0.008
Human development cover 4.85 (2.32) 0.036
Irrigated 3.11 (1.56) 0.045
Patch density 2.69 (1.60) 0.09
Babesia microti US type �203.8, 408.5 (1268)
Fragmentation �0.001 (0.001) 0.35
B. microtiKobe type �72.4, 144.8 (1265)
Fragmentation 0.008 (0.004) 0.05
Irrigated 5.08 (3.40) 0.12

Notes: The initial models included the following explanatory variables: cover of agriculture on steep land, cover of agriculture on
flat land, cover of irrigated agriculture, cover of forest, cover of human development, patch density, edge density. Estimate of the
logit function is shown with SD in parentheses; residual deviance is shown with df in parentheses. In bold, P < 0.5.
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pathogens, likely increases in environments subjected to
agriculture intensification, urbanization and forest con-
version.

Our findings have implications for several rodent-
borne diseases that are considered reemerging or emerg-
ing diseases in Southeast Asia (Coker et al. 2011,

FIG. 7. Predicted prevalence of the nested core rodent-borne microparasites (see Fig. 2C) based on the best GLMM on sur-
rounding habitat characteristics (see Table 2) explaining the infection of rodents by (A) hantavirus†, (B) Leptospira interrogans†,
(C) Leptospira borgpetersenii†, (D) Bartonella queenslandensis, (E) Trypanosoma lewisi†, (†zoonotic species) (see Appendix S1:
Table S9).
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Blasdell et al. 2015, 2016). Globally, China reports the
highest number of human hantavirus cases annually, but
only isolated cases have so far been reported from other
Southeast Asian countries. However, as many murid spe-
cies have been identified as hantavirus hosts, including
several synanthropic species such as Bandicota indica,
B. savilei, or R. tanezumi, increased human exposure
may occur in these landscapes (Morand et al. 2015).
Leptospirosis emerged in Thailand in the mid-1990s with
a major outbreak occurring in 2000 (Tangkanakul et al.
2005). Pathogenic Leptospira species show no real host
specificity toward particular rodent species, but differ-
ences in their habitat requirements can impact their
occurrence, with L. interrogans linked to rodents living
in humid habitats (rice fields and forests) and L. borg-
petersenii to both humid and dry habitats (Cosson et al.
2014).
The number of human cases of bartonellosis has also

been reported to have increased in Thailand, collectively
caused by several Bartonella species hosted by rodents,
in particular (Watt et al. 2014, Jiyipong et al. 2015,
Klangthong et al. 2015). Bartonella species identified in
human cases include B. elizabethae, B. rattimassiliensis,
and B. tribocorum (Kosoy et al. 2010), which have each
been found in at least one synanthropic rodent species:
B. elizabethae in R. exulans and R. tanezumi; B. ratti-
massiliensis in R. tanezumi; B. tribocorum in R. exulans,
R. tanezumi, and R. norvegicus (Jiyipong et al. 2015).
In the past decade, the number of reports of atypical

cases of human Trypanosoma lewisi-like and Try-
panosoma evansi infections increased considerably, par-
ticularly in Malaysia and Thailand (Truc et al. 2013).
Pumhom et al. (2015), investigating the environmental
niche of T. lewisi and T. evansi in rodents in the same
localities as the present study, found a high prevalence
of infection by T. lewisi in rodents living near human
settlement and in areas with a high proportion of human
development. They also demonstrated that infection of
rodents by T. evansi was explained by increased land-
scape patchiness and high coverage of land by rain-fed
agriculture. Together with the present results and the
recent human case reported in Vietnam (Van Vinh Chau
et al. 2016), this shows that land use changes in favor of
agriculture and urbanization, present an increasing risk
of spillover of trypanosomes to humans in this region.
Our study was designed to perform comparative anal-

yses among sites. Such a comparative study lacks the
explanatory power of long-term studies, but retrospec-
tive data on rodent-borne pathogens in Southeast Asia
are scarce, and there have been no long-term studies per-
formed in the countries investigated here. Our results
emphasize the need for the implementation of long-term
surveillance of rodent-borne pathogens and diseases in
this rapidly changing region. Long-term studies would
enable an in depth analysis of the epidemiological
dynamics of rodent-borne diseases and how these vary
with land use changes, climate changes, and socioeco-
nomic changes. First, by using a comparative, time-series

analyses of the hypothesized dilution effect, it would
avoid “snapshot analyses” and potential biases by taking
into account confounding effects (Salkeld et al. 2013,
Civitello et al. 2015). Second, it would allow an assess-
ment of how the turn-over of rodent-borne pathogens
(or beta microparasite diversity) impacts the risk of
emergence and/or epidemics of the infectious diseases
that are linked to the favorable influences of habitat
changes on synanthropic rodent species. Moreover,
increasing the number of localities will permit to investi-
gate the scaling effect of landscape on the pattern of
community assemblages of rodents and rodent-borne
pathogens assemblages at various levels from broad level
to fine level (see Presley et al. 2010). A better under-
standing of all of these would greatly aid future predic-
tions of human disease risk.
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