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Abstract: Humans have altered ecosystems worldwide, and it is important to understand how this land use
change impacts infectious disease transmission in humans and animals. We conducted a systematic review 305
scientific articles investigating how specific types of anthropogenic land use change influence infectious disease
dynamics. We summarized findings, highlighted common themes, and drew attention to neglected areas of
research. There was an increase in publications on this topic over the last 30 years spanning diseases of humans,
livestock, and wildlife, including a large number of zoonotic pathogens. Most papers (66.9%) were observa-
tional, 30.8% were review or concept papers, and few studies (2.3%) were experimental in nature, with most
studies focusing on vector-borne and/or multi-host pathogens. Common land use change types related to
disease transmission were deforestation/forest fragmentation/habitat fragmentation, agricultural development/
irrigation, and urbanization/suburbanization. In response to anthropogenic change, more than half of the
studies (56.9%) documented increased pathogen transmission, 10.4% of studies observed decreased pathogen
transmission, 30.4% had variable and complex pathogen responses, and 2.4% showed no detectable changes.
Commonly reported mechanisms by which land use change altered infectious disease transmission included
alteration of the vector, host, and pathogen niche, changes in host and vector community composition, changes
in behavior or movement of vectors and/or hosts, altered spatial distribution of hosts and/or vectors, and
socioeconomic factors, and environmental contamination. We discussed observed patterns in the literature and
make suggestions for future research directions, emphasizing the importance of ecological and evolutionary

theory to understand pathogen responses in changing landscapes.
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anthropogenic disturbance has extended on a global scale
(Goudie 2000; Burney and Flannery 2005). Few areas across
the earth have avoided the direct and indirect influence of
humans (Goudie 2000; Burney and Flannery 2005; Foley
et al. 2005). Land alterations include deforestation, range-
land expansion, urbanization/suburbanization, infrastruc-
ture development (railroad, road, power lines), hydrological
alteration (dams, irrigation, canal construction), agricultural
development (crops, livestock), and natural resource
extraction/depletion (mining, logging, hunting) (Foley et al.
2005). Anthropogenic land use changes can negatively im-
pact ecological integrity and biodiversity by disrupting food
web structure and function, altering terrestrial and aquatic
biogeochemical cycles, shifting ecosystem properties, and
introducing non-native species, including pathogens (Mat-
son et al. 1997; Tilman 1999; Foley et al. 2005). Changes in
ecosystem structure and function can also modify host—
pathogen interactions and lead to emergence of infectious
diseases in humans, domestic animals, and wildlife (Patz
et al. 2000; Foley et al. 2005; Dobson et al. 2006; Pongsiri et al.
2009; Keesing et al. 2010).

Land use change has the potential to impact disease
dynamics directly and indirectly by changing the abundance,
demography, behavior, movement, immune response, and
contact between host species and vectors, as well as altering
host community composition. There is a multitude of
pathogens, types of land use conversions, and proposed
mechanisms for altering infectious disease dynamics in hu-
mans and animals, and a summary of the state of the litera-
ture of this emerging field is needed in order to identify gaps
in our understanding and to define future research needs.
This article provides a systematic review of the growing sci-
entific literature of relationships between land use change
and infectious disease in animals and humans. Our aim is to
summarize the existing literature relating to land use change
and infectious disease transmission by asking the following
questions: (1) What types of studies are commonly published
on land use change and infectious disease transmission and
what is their geographical distribution? (2) What pathogen
type, transmission type, and host specificity are most studied
in relation to land use change and infectious disease trans-
mission? We expect, because disease vectors are highly sen-
sitive to environmental change, and anthropogenic change
commonly alters contact between different host species, that
vector-borne as well as generalist (multi-host) pathogens will
be the most common pathogen types of focus in the scientific
literature. (3) What are the most commonly reported re-
sponses of pathogen transmission to land use change (in-

crease, decrease, or no change) and are there any
relationships of type of land use change to pathogen trans-
mission responses? (4) What ecological mechanisms influ-
ence infectious disease transmission in response to land use
change? (5) Are anthropogenic land use change-disease
studies more likely to take place in highly productive eco-
systems? We hypothesize that there will be greater evidence of
land use-infectious disease relationships in highly productive
ecosystems, because these regions may support increased
pathogen diversity and vector and host densities, as well as
higher transmission rates of infectious disease transmission.

Furthermore, we draw attention to understudied patho-
gen systems and landscapes, highlight common trends that
occur across multiple disease systems, and provide suggestions
for conceptual frameworks that help untangle mechanisms of
anthropogenic drivers of infectious disease transmission in
humans and wildlife. Finally, we identify research challenges
and suggest future avenues of research relating to anthropo-
genic land use change and infectious disease.

METHODS: LITERATURE SEARCH AND
CLASSIFICATION OF STUDIES

A literature search using the following search term combi-
nations was conducted in ISI Web of Science and PubMed:
(land use change OR land use OR deforest* OR forest
fragment*OR habitat fragment* OR habitat change OR
habitat loss) AND (disease OR parasite* OR parasitism)
between the earliest date of publication available in October
2012. Additional articles relating to land use change and
disease were also compiled from bibliographic references of
articles gathered from search engines. Irrelevant articles
resulting from the search (e.g., those that were located by the
search terms, but had nothing to with land use change in
relation to infectious disease transmission) were discarded.
Observational and experimental studies (hereafter referred to
as “study” or “studies”) were tallied for the following
qualitative characteristics: pathogen type (pathogen species,
disease caused, type of pathogen (virus, bacteria, fungus,
protozoa, helminth, other), transmission type (direct, vec-
tor-borne, or trophic), host specificity (multi- or single host
pathogen), target land use (agricultural development irri-
gation, cattle grazing, deforestation/forest fragmentation/
habitat fragmentation, urbanization/suburbanization, dam
building, natural resource extraction, and habitat manage-
ment/land restoration), climate

(temperate, tropical),

anthropogenic biomes, disease response to land use change



(positive, negative, none, or complex disease responses to
land use change), mechanism by which land use change
influenced disease transmission (if specified). Although the
original intention was to conduct a quantitative meta-ana-
lysis, the literature surveyed covered such a diversity of
diseases, hosts, and landscapes, and used such a wide variety
of techniques, that this initial goal was impossible. We in-
tended to perform as broad a search as possible, but rec-
ognize that some relevant articles that did not conform to
the search criteria may have been overlooked.

For observational and experimental studies, where
geographic location was available, the anthropogenic bio-
mes included in each study for a subset of descriptive and
experimental studies were also tabulated using Anthromes
v. 1 (Ellis and Ramankutty 2008). Anthropogenic biomes
or “anthrobiomes” are landscape classifications that
incorporate ecological/biome features, human use, and
human population size. Data on net primary productivity
(NPP) in each anthropogenic biome type calculated by Ellis
and Ramankutty (2008) was compared to the number of
the land use-disease studies that took place in each of the
anthropogenic biomes present in the articles reviewed (Ellis
and Ramankutty 2008) by a simple linear correlation test. If
a study took place in more than one anthropogenic biome,
then it was counted more than once, as the comparison was
between study numbers and the NPP of that anthropogenic
biome. Fisher exact tests evaluated associations between
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directionality of disease change (increased, decreased, no
change) in response to land use and pathogen type, path-
ogen transmission mode, and type of pathogen.

RESuULTS

Trends and Patterns in the Land Use Change-
Infectious Disease Literature

The literature search yielded 305 articles investigating
relationships between land use change and infectious dis-
eases. Published peer reviewed articles on land use change
and diseases from the 1970s to the present increased
markedly in the last decade (Fig. 1). Of the articles evalu-
ated, 94 (30.8%) were literature reviews or “concept” pa-
pers, 204 (66.9%) were observational (longitudinal, cross
sectional, or data-based models), and 7 (2.3%) involved
experimental manipulation. Review and “concept” papers
spanned a variety of journals in human and veterinary
medicine, epidemiology, ecology, and parasitology, indi-
cating cross-disciplinary awareness of relationships between
environmental degradation and infectious disease trans-
mission. Observational and experimental studies are sum-
marized in a Supplementary Information (Table S1) that
shows pathogen, transmission types, geographic locations,
and land use changes studied in relationship to these

pathogens.
Figure 1. Number of studies of
anthropogenic land use change
,‘98 ,‘9@ ,e&,sé\ ,\9& ,\9@,‘9'9 ,s'v ,é:)' and infectious disease, year of

publication, 1975-2012.



622 Nicole L. Gottdenker et al.

100% -

70% A

Proportion of Studies

20% A

10%

Multi vs Single Host

Transmission type

Studies were distributed evenly across pathogen taxa
(viral, bacterial, helminth, protozoa) (Fig. 2). The diversity
of pathogens within each taxa is widespread (Table 1), but
some pathogens are studied with a much higher than
random frequency (i.e., malaria). Most studies focused on
vector-borne pathogens as opposed to direct or trophically
transmitted parasites. Additionally, most pathogens studied
infect multiple hosts rather than a single host. The most
commonly studied pathogens in relation to land use change
for observational/experimental studies were human malaria
(n = 40), Old and New World leishmaniasis (n = 14),
schistosomiasis (n = 11), West Nile Virus (n = 15), Borellia
burgdorferi-Lyme disease (n = 11), and Chagas disease
(n=29). Of 204 observational and experimental studies,
infectious diseases impacting humans were the primary
focus of many studies (76.0%, n = 155). Just under one
half (47.5%, n = 97) studied zoonoses or potential zoo-
noses, and 61.9% (96/155) of the diseases impacting hu-
mans were zoonoses or potential zoonoses. A large
proportion of the pathogens studied in relation to land use
change (approximately 80%) are also within the World
Health Organization’s list of neglected tropical diseases
(www.who.int/zoonoses/diseases/en).

The principal land use changes studied in relation to
disease transmission were deforestation/forest fragmenta-

~—fungus

helminth

Figure 2. Transmission type (VB:
vector-borne), host specialization
(MHP: multi-host pathogen, SHP:
single host pathogen), and patho-
gen type evaluated in observational
and experimental studies of land
use change and infectious disease
Pathogen type (n = 211).

tion/habitat fragmentation, agricultural development/irri-
gation, followed by urbanization/suburbanization, livestock
grazing, dam building/water diversion, logging/natural re-
source extraction, and land restoration (Fig. 3). The geo-
graphic scope of observational and experimental studies
ranged across all continents with the exception of Antarc-
tica. However, studies from Australia/Oceania (n = 8) were
much less common than other regions: North America/
Africa (n = 52),
(n = 41), and South America (n = 37). The proportion of

Central America (n = 66), Eurasia
studies from tropical (53.4%) regions was slightly greater
than temperate (46.6%) regions. Studies also took place in
(n=17),
(n = 4). Very few studies (n = 2) took place across a gra-

arid environments arid/temperate  climates
dient of tropical, dry, and temperate climates.

We found a positive relationship between the estimated
anthrobiome net primary production and the number of
studies on land use change and infectious disease (Fig. 4).

Among 204 observational, experimental, or model studies
that directly measured the response of pathogen infection to
land use, 116 (56.9%) associate land use change with a sig-
nificant increase in infectious disease prevalence, vector
abundance, and/or transmission. A lower number of studies
(n =21, 10.3%) document declines in infectious disease
prevalence or transmission with landscape transformation. A
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Logging/natural
Dam/water resource extraction
diversion wetland (n=6)
changes (n=6)

Land restoration (n=4)

Figure 3. Types of land use change evaluated in anthropogenic land
use change-infectious disease studies (n = 211). Many studies

included more than one type of land use change.
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Figure 4. Relationship of net primary productivity (NPP) for a

particular anthropogenic biome (Ellis and Ramankutty 2008) to the

number of studies taking place in a particular anthropogenic biome.

considerable number of studies (n = 62, 30.4%) demonstrate
variable responses (increase and decrease) to land use change
resulting from complex interactions, such as changes in vector
species composition between habitats, and behavioral or
economic factors interacting with land use-infectious disease
transmission. In four studies (n = 5, 2.4%), there was no
significant association between land use and disease trans-
mission. There was no significant relationship between the
transmission type of the pathogen in the study and the
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directional response to transmission (increased, decreased,
complex, no change; Fisher exact test, P = 0.09), or between
the land use change type in a study, and the directional re-
sponse to transmission (Fisher exact test, P = 0.70). However,
there was a significant association between the pathogen type
studied (bacterial, viral, protozoal, helminth-fungus was ex-
cluded from the analysis) and the directional response to
transmission (Fisher exact test, P = 0.01), with viral and
protozoan pathogens tending to increase in response to
anthropogenic change.

Hpypothesized Mechanisms Leading to Infectious Disease
Change Following Land Conversion

Although many observational and experimental studies
(n=281) did not identify or address drivers of disease
transmission, across our literature review we encountered
at least six common mechanisms by which anthropogenic
land use change was hypothesized or discussed as altering
infectious disease transmission in humans and animals in
observational and experimental studies. These include: (1)
modified niche for the vector, host, and/or pathogen con-
sisting of alterations in habitat architecture, microclimate,
and/or resource availability (n = 61), (2) changes in host
and vector community composition (n = 24), (3) altered
spatial distribution of species (n=9), (4) changes in
behavior or movement of vectors, hosts, and/or species that
interact with them (n = 17), and (5) socioeconomic factors
altering human risk of disease transmission such as envi-
(n=6).
Occasional studies (n = 3) identified changes in stress levels

ronmental contamination/pathogen pollution

and/or host immune status as drivers of disease transmis-
sion in response to anthropogenic disturbance. Table 1
highlights some examples of these mechanistic drivers of
disease in response to land use change.

DiscussioN

Land Use Change and Pathogen Transmission:
What the Current Evidence Suggests

Literature on Infectious Disease and Anthropogenic Land Use
Change Focuses on Vector-Borne Multi-host Pathogens

Over half of the studies reviewed concerned multi-host
pathogens. This observation likely reflects the fact that most
animal pathogens can infect more than one host, and the
applied interest in these pathogens due to their role in the
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emergence of pathogens of public health, veterinary, or
conservation concern. The predominance of vector-borne
and trophically transmitted diseases in the literature may
reflect the fact that vectors or other intermediate host pop-
ulations may increase or respond more rapidly to environ-
mental changes than primary hosts due to their much shorter
generation time. In our review, the percentage of studies
focusing on zoonoses (56.9%) are strikingly similar to the
percentages of pathogens reported to be zoonotic: 61% of all
infectious pathogens, and 60.3% of emerging infectious
diseases are zoonotic (Woolhouse et al. 2001; Fenton and
Pedersen 2005; Jones et al. 2008), suggesting that efforts to
study zoonoses are roughly proportionate to their relative
detection by humans. However, there is also considerable
research interest in host-specific pathogens, such as human
malaria. Also, many studies (n = 46) that investigate how
diseases primarily affecting wildlife populations are influ-
enced by anthropogenic land use change.

Anthropogenic Disturbance has Variable Effects on the
Transmission of Infectious Diseases

Although over half of the studies document an increase in
infectious disease transmission in response to land use
change, this does not mean that most anthropogenic
changes drive increased disease transmission. Bias may
benefit research proposals and publications that support
this finding. Oversampled pathogens (i.e., Plasmodium)
skew trends, so that the majority of pathogens may not
increase with changing landscapes. There are several
examples of declines in disease transmission secondary to
land use change, demonstrating a complex response of
pathogens to environmental change over different spatial
and temporal scales. Prevalence of Trypanosoma cruzi, eti-
ologic agent of Chagas disease in humans, declined in
wildlife over the course of 20 years in the Argentian Chaco,
and this decline was attributed to long-term negative effects
of deforestation on mammalian reservoir abundance and
continued vector control campaigns (Ceballos et al. 2006).
The amount and type of disturbance is also important.
Partial disturbance of landscapes can result in higher hu-
man infection risk for transmission than deforested land-
scapes, as in the case of the zoonotic Puumala virus in
Belgium (Linard et al. 2007; Tersago et al. 2008). Land use
change also frequently leads to complex effects on disease
transmission, especially when more than one host species is
involved. For example, rice irrigation in Kenya increased
mosquito vector abundance, yet lowered childhood malaria

prevalence, presumptively due to zooprophylactic effects of
cattle resulting from changes in mosquito feeding prefer-
ence from humans to cows, which are non-competent hosts
(Mutero et al. 2004). In other studies, such as Ross river
virus, infectious agent transmission does not appear to
respond to anthropogenic landscape change (Jardine et al.
2008).

Although studies often conclude that anthropogenic
land use change increases infectious disease transmission, it
is more difficult to detect if directional responses of path-
ogen transmission are merely context-dependent (e.g.,
dependent on local environmental changes), or if there are
general ecological principles governing pathogen responses
to environmental change, allowing for better prediction.
Clearly, predicting the direction of pathogen responses to
anthropogenic land use change requires an understanding
of the biology and natural history of the pathogen and as
well as identifying the mechanisms of disease transmission
in different epidemiologic situations.

A Wide Range of Mechanisms have been Associated with
Infectious Disease Responses to Anthropogenic Land Use

The most commonly studied mechanisms by which
anthropogenic land use influences disease transmission are
altered niches for the vector, host, or pathogen, changes in
community structure (e.g., species diversity or species
composition), and behavioral changes in hosts or vectors.
Although relationships between vector, host, and pathogen
and their niche requirement responses to land use change
can be better understood within modeling and experi-
mental contexts (Colwell and Rangel 2009), there are few
studies that employ experimental and modeling approaches
to understand land use change and disease transmission.
Many studies also investigate how host and vector com-
munity diversity influence pathogen transmission in re-
sponse to anthropogenic change. However, evaluating
relationships between species diversity and disease trans-
mission can be “value laden” most people want biodiver-
sity to be good for their health (Dobson et al. 2006), but in
some studies, biodiversity—disease relationships appear to
be local and situation-dependent, with no clear directional
relationships between diversity and disease transmission
(Salkeld et al. 2013). Indeed, studies of biodiversity and
disease have generated debate, such as the recent debate
between critics (Randolph and Dobson 2012) and defend-
ers (Ostfeld 2013) of the dilution effect, which hypothesizes
that increasing species diversity leads to decreased disease



risk. Although these debates can be healthy, we suggest that
advances in ecological theory (Dobson 2004) and a clear
definition of the assumptions and limitations of theoretical
frameworks can better guide research design and hypoth-
esis testing to evaluate relationships between land use,
community composition, and disease transmission.

Potentially important, but little studied mechanisms of
infectious disease-land use change relationships include
changes in host and vector behavior, nutrition, immunity,
and altered co-infections or within host-communities (e.g.,
microbiomes) that may respond to anthropogenic change.
Anthropogenic change can alter food resources for hosts
and vectors, and there are complex feedbacks between host
nutrition and immunity. Nutritional depletion may impair
immune function and increase susceptibility to infectious
diseases, and these pathogens can decrease host condition,
resulting in positive feedbacks, or “vicious circles” between
nutrition and disease transmission (Beldomenico and Be-
gon 2010). Although supplemental wildlife feeding can
boost condition for some reservoir hosts and vectors in
areas of anthropogenic development, decreasing their sus-
ceptibility to infectious agents (Hines et al. 2007), these
resources may cause clustering of hosts, and lead to in-
creases in disease transmission due to greater between host
contact or contact with infectious material (Sorensen et al.
2014).

Additionally, few studies evaluate how co-infection or
pathogen communities infecting hosts or vectors change in
response to anthropogenic land use. Because different
parasites such as intestinal helminths and bacteria may
interact with the immune system to increase host suscep-
tibility to or transmission of microparasites, environmental
changes that alter host exposure to one of these agents
(Telfer et al. 2010), such as enteric nematodes, may also
impact transmission of other co-infecting pathogens (Jolles
et al. 2008; Ezenwa et al. 2010, 2012; Ezenwa and Jolles
2011; Budischak et al. 2012). Differences in diet and spatial
interactions induced by land use change may impact mi-
crobiomes within host or vector populations (Ezenwa et al.
2012). Vector microbial communities (e.g., tick microbio-
mes) may also vary in response to environmental change
and ultimately influence pathogen transmission, but this is
an open area of investigation.

Lastly, different types of land use can influence how
hosts, different vectors, and their pathogens can interact.
For instance, in vector-borne diseases such as malaria,

cattle in areas of agricultural development may have a
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zooprophylactic effect on malaria transmission (Mutero
et al. 2004) but can increase the risk of transmission for
some zoonotic tick-borne diseases (Raoult and Roux 1997).
Because of the diverse mechanisms that can influence dis-
ease responses to land use change, multiple working
hypotheses to evaluate relative responses of different
mechanisms are important to clarify the relative impor-
tance of these mechanisms in different situations.

Highly Studied Areas are often Ecologically Productive Areas
of Human Settlement

One possible explanation for this observation is that this
may be related to the tendency for people to settle in high
productivity areas. Because these areas tend to be prefer-
entially for agricultural, pastoral, or forestry uses, areas of
high NPP may represent true hotspots for disease
transmission. Alternatively, they could simply be dispro-
portionately well-studied areas given their proximity to
human settlements, or a combination of the two. Distin-
guishing between these explanations for the relationship
between NPP and infectious disease studies is critically
important for understanding the drivers of disease emer-
gence, and for directing future research, surveillance and
pathogen discovery efforts directed toward landscape and
land use types that may be hotspots for disease emergence.
Additionally, ecotones in these areas may be particularly
important areas for disease transmission because they
facilitate inter-specific or inter-population contacts be-
tween hosts and/or vectors (Despommier et al. 2006).

Experimental Studies Investigating Land Use and Infectious
Disease Transmission are Rare

The paucity of experimental studies (n = 7) relative to the
number of review (n =94) and observational studies
(n = 204) is striking, and may reflect the relative novelty of
this emerging field and/or the challenges implicit in land-
scape level experimental manipulations. There is almost
one review or “concept” paper for every two original re-
search pieces (not that ours helps this ratio). Although
there is a cross-disciplinary awareness of the relationship
between environmental changes and infectious disease
transmission, there is a lack of experimental or analytical
studies evaluating mechanistic drivers of pathogen trans-
mission in response to land use change. Most studies use
observational approaches to compare prevalence or vector
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abundance over temporal (pre- and post-disturbance) or
spatial (comparison of anthropogenically disturbed areas to
relatively undisturbed sites) scales. Given the complex so-
cial, economic, and ecological relationships between land
use change and infectious diseases, experimental ap-
proaches may fall short in providing a true understanding
of why and how disease changes in response to land use.
Predictive understanding of how any particular pathogen
will respond to environmental change will require focused
studies that consider not only shifting patterns of inter-
species contacts, but also the shifts in demography,
behavior, and transmission dynamics within reservoir or
vector populations that accompany land use change.

Regardless, when evaluating linkages between land use
change and infectious disease emergence, there are logisti-
cal difficulties in pinpointing the mechanism or mecha-
nisms at play. Useful methods that allow for rooting out
and focusing on important research questions related to
causal drivers of infectious diseases driven by land use in-
clude causal diagrams of complex indirect and direct,
relationships between land use and disease transmission,
multiple hypothesis testing/model selection/information
theory approaches, and integrated feedback between
experimental studies, field studies, and computational
models (“triangulation”) (Plowright et al. 2008).

Future Directions for Research

Interdisciplinary, Long-Term Data Collection: Critical for a
Better Understanding of Complex Interactions Between Land
Use and Infectious Diseases

Although there has been an increase in the number of
studies investigating land use change and infectious disease,
there are still many challenges and knowledge gaps.
Anthropogenic land use change is a dynamic process. In
theory, plant and animal community structure and food
web relationships, as well as disease control programs or
infrastructure, may be abruptly disrupted following
anthropogenic disturbance, and continue to reorganize
until a new equilibrium state is reached with corresponding
changes in the level of disease transmission (Fig. 5).
Infectious disease transmission, vector and/or reservoir
abundance, diversity, spatial distribution, and infection risk
may vary at different times and spatial extents post-dis-
turbance. For example, in frontier Amazonia, increases in
malaria transmission during the initial deforestation-set-
tlement phase is followed by an eventual decline in malaria

infection risk as agriculture, infrastructure, and health care
improve (de Castro et al. 2006). Time since environmental
disturbance may also impact disease transmission as well as
control programs. For instance, malaria in areas that were
initially irrigated within a 10-year period were more diffi-
cult to control by vector spraying campaigns and had
higher human disease risk compared to areas that were
under very long-term (30-year) irrigation (Baeza et al.
2014). Furthermore, different successional states post-
deforestation also bring with them corresponding changes
in dominant reservoir host and vector communities that
can potentially impact transmission of zoonotic diseases.
Long-term disease monitoring strategies pre-, during, and
for extended periods post-disturbance can provide a more
complete understanding of how disease dynamics can
change relative to ecosystem state. Supporting long-term
studies is financially and logistically challenging, but nec-
essary for understanding how infectious disease transmis-
sion responds over time to anthropogenic disturbance. This
is essential to avoid developing policy recommendations
that are based on short term, transient effects of land use
change that may over- or under-estimate linkages between
land use change and disease transmission. The complexity
of these systems also poses a challenge, and we encourage
not only the study of exclusively human infections, but also
multi-host pathogens. Finally, addressing complexity re-
quires examination of infectious disease in the larger con-
text of socio-political change, ideally

involving

collaborations among biological and social scientists.
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Figure 5. Conceptual model of how infectious disease transmission
is a dynamic process dependent on the structure and organization of

social and ecological systems.



Integrating Theoretical and Empirical Approaches for Im-
proved Understanding, Prediction, and Prevention of Disease
Transmission Driven by Land Use Change

Can we employ unified theoretical frameworks to under-
stand which pathogen and host traits (e.g., life history) are
most important in affecting shifts in disease transmission
associated with anthropogenic change? Ecological theory
provides conceptual frameworks for directing field studies
of relationships between anthropogenic disturbance and
disease transmission, and their use is emerging in infectious
disease studies (Restif et al. 2012). Metapopulation, multi-
host pathogen transmission, systems theory, and network
theory each provide useful hypothesis-testing frameworks
for understanding and predicting ways that human land
use impacts infectious disease transmission and persistence.
Land use change may alter spatial relationships between
pathogens, hosts, and/or vectors, and metapopulation
theory is useful in terms of understanding and predicting
how disease may persist in these transformed landscapes
(McCallum and Dobson 2002). Measuring connectivity
and subsequent host or vector immigration between habitat
patches may be very important in predicting the long-term
persistence or fade-out of infectious disease in fragmented
or degraded habitats (McCallum and Dobson 2002). Al-
though metapopulation theory has been applied to the
epidemiology of human (Xia et al. 2004) and animal (Beyer
et al. 2011) infectious diseases, there are few studies that
explicitly apply a metapopulation approach to evaluating
relationships between land use change and disease trans-
mission. Source—sink theoretical approaches to modeling
infectious disease may also apply to pathogen-land use
change relationships, as some host species or habitats that
maintain and transmit infection can be considered “sour-
ces,” whereas other hosts or habitats that may be infected
yet cannot maintain the infection nor transmit the patho-
gen may be considered “sinks,” and these “source-sink”
relationships may change in response to environmental
disturbance.

Most pathogens infect more than one host, and theo-
retical models of multi-host pathogen transmission and
maintenance (Dobson 2004) can be applied to predictions
of land use change effects on infectious disease. Multi-host
models evaluate how gains and losses of particular species
can lead to increased or decreased transmission. In order to
predict how changes in species diversity in response to
anthropogenic disturbance will affect the transmission of
multi-host pathogens, it is important to identify the sour-
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ces of heterogeneity and differences in life history among
host species that influence their relative importance for
pathogen persistence. Variation among species in suscep-
tibility and competence, behavioral factors associated with
pathogen exposures, as well as in population abundance,
can influence relative transmission rates between and
within species and thus the transmission consequences of
species removals resulting from land use change or disease
control strategies such as culling or vaccination. Pathogen
dynamics within novel hosts are also important to consider,
because ongoing transmission within populations of new
host species (i.e., true multi-host pathogens) may require
fundamentally different control strategies than constant re-
introduction by cross-species transmission.

Multidisciplinary Approaches
networks and pathogen diversity, socioeconomic and

In addition to complex host

political factors also interact with land use change to im-
pact infectious disease transmission. Socioeconomic con-
ditions can influence access to social services, such as
vaccination, medical treatment, and vector control, causing
individuals and populations to be at greater risk for diseases
that respond positively to anthropogenic disturbance. El
Nino Southern Oscillation (ENSO) climactic variability,
poverty (lack of access to financial resources and political
power), and deforestation interact to affect the risk of
American cutaneous leishmaniasis in Costa Rica (Chaves
et al. 2008). Therefore, multidisciplinary approaches to
understanding relationships between environmental change
and socioeconomic conditions are critical to effectively
predict and prevent disease emergence in these complex
landscapes.

Incorporation of Evolutionary Perspectives A  virtually
unexplored question in theory and practice is how infec-
tious diseases may evolve in response to anthropogenic
landscape transformation. Changes in host resource avail-
ability (i.e., the parasite’s environment), a likely occurrence
in many altered ecosystems, may shift transmission
dynamics or host—pathogen interactions in ways that
change pathogen virulence. For instance, fragmentation of
populations with a large degree of social structure, where
avirulent strains have evolved, may select for an alternate
stability of a highly virulent strain (Boots and Bowers
2004). Higher densities of host species that thrive under
new environmental conditions could also allow for in-
creased virulence. These shifts in virulence could, in turn,
affect the likelihood of disease emergence by cross-species
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transmission or the impacts of emergence in terms of
morbidity and mortality (Dennehy et al. 2006). Empirical
studies that test theories of how landscape transformation
can alter pathogen virulence and host shifts are important
to incorporate into disease monitoring strategies in rapidly
changing landscapes.

CONCLUSION

There is a growing body of evidence that anthropogenic
land use change can directly and indirectly influence dis-
ease transmission in humans, wildlife, and domestic ani-
mals. Although there are many cases in which land use
change is associated with increased disease transmission,
there is a great deal of uncertainty regarding the direction,
magnitude, and mechanisms of anthropogenic disturbances
on infectious disease transmission and persistence. Future
research programs should be transdisciplinary, incorpo-
rating ecological theory and principles and experimental
methods in order to understand, predict, prevent, and
manage land use change-related disease emergence.
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