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Abstract

Purpose of Review In this paper, we synthesize the status and trends of studies assessing the effects of landscape structure
and changes on zoonotic and vector-borne disease risk in the Tropical America region (i.e., spanning from Mexico to south-
ern South America). Understanding how landscape structure affects disease emergence is critical to designing prevention
measures and maintaining healthy ecosystems for both animals and humans.

Recent Findings We found that there is a small number of articles being published each year regarding landscape structure
and zoonotic and vector borne diseases in the Tropical Americas region, with a slight growing trend after 2013. We identified
a large knowledge gap on the subject in most of the countries: in 15 of 27 countries, no article was found, and 72% of the
current literature available is concentrated in only three countries (Brazil, Panama, and Colombia). Five diseases represent
about 68% of the available knowledge, which compared to over 200 types of known zoonoses and vector-borne diseases, is
an extremely low number. Most of the knowledge that exists for the region is about landscape composition, with few studies
evaluating configuration parameters.

Summary In general, landscape changes presented a positive effect on zoonotic and disease risk in most of the studies found,
with habitat loss, fragmentation and increases in the amount of edge habitats leading to an increased risk of the diseases
investigated. The continued integration of landscape ecology into disease ecology studies can increase the knowledge about
how land use change is affecting animals and human health and can allow the establishment of guidelines to create land-
scapes that have a low pathogenicity.
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Introduction

Zoonotic diseases, also known as infectious diseases trans-
mitted from animals to humans [1], are a significant global
concern [2]. These diseases result from the transmission
of diverse microorganisms through direct contact, con-
sumption of contaminated substances (i.e., food, water),
or exposure to animals (vectors, hosts, and reservoirs)
[3]. With zoonotic diseases accounting for 75% of known
emerging pathogens [4], they have become a pressing issue
with significant implications for public health. Moreover,
the increasing trends in zoonotic diseases are influenced
by various factors, including population growth, defor-
estation, land use and climate change, and globalization
[5, 6]. Understanding and effectively addressing zoonotic
diseases are paramount, as they not only cause millions of
deaths each year [7] but also result in substantial economic
damages. Therefore, comprehensive knowledge and robust
control measures are vital to mitigate the risks associated
with zoonotic disease emergence and transmission [2, 5,
6] making this topic of utmost societal importance.

Landscape ecology plays a crucial role in understand-
ing the relationship between landscape characteristics and
infectious disease dynamics in specific regions, commu-
nities, and species-specific contexts [8, 9]. Both composi-
tion and configuration aspects can determine host presence
and abundance, transmission rates, disease prevalence, and
consequently spatiotemporal patterns of diseases [10, 11].
Consequently, recent studies have shown how land use type,
habitat fragmentation, and hydrological aspects affect dis-
ease dynamics and transmission [12, 13]. For instance, habi-
tat fragmentation and human encroachment resulting from
the loss of forested areas in Africa have been associated with
increased opportunities for the transmission of the Ebola
virus from animal reservoirs to humans [14, 15]. Similarly,
in both the Amazon Basin and Southeast Asia, the loss of
natural forest and their conversion to agricultural plantations
have been linked to the exacerbated transmission of vector-
borne diseases such as malaria and dengue fever [16, 17].
This happens because deforestation, land use change, and
habitat simplification promote generalist and host species,
increasing their abundance and the risk of zoonotic patho-
gen transmission [6, 18-21]. However, regional context and
species-specific factors further shape this landscape-disease
relationship [12, 22, 23]. Understanding these relationships
through a landscape ecology lens contributes to more effec-
tive disease management strategies [24, 25] and allow better
land use planning, to ensure the establishment of landscapes
with a low pathogenicity [26].

The Tropical America, spanning from Mexico to south-
ern South America [27], is recognized as the most diverse
region in the world, and consequently, harbors a high
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diversity of pathogens [28]. It also faces the higher rates of
land use change (i.e., loss of native vegetation) of the globe
[29], which makes several parts of this region hotspots for
future emerging infectious diseases [30, 31]. Understand-
ing how landscape changes influence the diversity, trends,
and patterns of zoonoses is of paramount importance due
to their potential economic, environmental, and public
health implications globally [5, 32]. However, our current
knowledge about the mechanisms through which land-use
change influences host and pathogen communities and the
risk of cross-species transmissions is limited, especially in
the Tropical America region [33]. These gaps in knowledge
need to be identified and are critical as they hinder our abil-
ity to develop effective strategies for disease prevention and
control [32, 33]. A focused investigation into the mecha-
nisms underlying the impact of land-use change on zoonotic
disease dynamics in the Tropical America is essential to
fill these knowledge gaps and pave the way for informed
decision-making and targeted interventions [9, 32, 33].

In this synthesis we aim to fill this research gap and assess
the knowledge about vector-borne and zoonotic diseases
and landscape structure in the Tropical America region. To
achieve this, we create a conceptual model for the Tropical
America region summarizing the main relationships and
effects found in a landscape ecology perspective; Subse-
quently, we identify knowledge gaps to propose an agenda
regarding landscape ecology and vector-borne and zoonotic
disease for the next five years of research. Our results will
enhance our understanding of disease dynamics in this
region, contribute to improved public health outcomes [9,
19, 32, 33], and allow for better strategies to fill current
knowledge gaps.

Literature Synthesis

To assess the general knowledge about zoonotic/vector-
borne diseases and landscape structure in the Tropical
America region, a syntehsis of the literature was carried
out using five steps, based on Arksey and O’Malley [34]
and Levac et al., [35]: (1) Identifying the goal of the syn-
thesis: the main objective of this systematic map was to
evaluate the existing knowledge on landscape dynam-
ics and disease transmission in the Tropical America,
by answering the question (i) what is the relationship
between landscape structure and the emergence of vector-
borne and zoonotic diseases in the Tropical America? (2)
Identification of relevant articles: a scientific literature
search was conducted using the litsearchr package [36],
which creates a pool of possible keywords relevant to a
field of study. First, we ran a search on 14 March 2023 on
Scopus database using the “naive keywords” (neotropic*
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OR forest OR tropical* OR landscape) AND (zoonotic
diseases OR zoonos* OR infectious diseas* OR diseas*
OR vector* OR virus*), resulting in 1901 articles. Results
were then imported into R, and by using the litsearchr
package [36], important keywords were identified in a key-
word co-occurrence network: (tropical disease OR tropical
region OR neotropics OR forest) AND (infectious disease
OR public health OR risk factor OR zoonotic disease OR
borne disease OR neglected tropical OR zoonotic patho-
gen). A new search using these keywords was performed
on 15 March 2023 on Scopus, and resulted in 54 articles.
To ensure we were covering as many studies as possi-
ble, we used the results from both searches (1930 unique
articles) and conducted a snowball procedure with the
selected articles. The searches were conducted in English
and with no restriction on year (as disease outbreaks can
happen in isolated points in time, we did not restrict the
years of search to capture the largest number of studies
possible). We choose english instead of other languages,
because the results can be replicated by any researcher
of the world. Code with litsearchr search, papers down-
loaded using the naive search, and papers resulting from
the lisearchr search are all available at (https://github.com/
paulaprist/CurrentLandscape.git).

To decide on the inclusion of articles, we use a multi-
step process: (i) five reviewers performed a preliminary
scan of the titles and abstracts, in order to discard those
that were not related to our objectives. As a result, from
1930 unique articles, 103 were included for full reading
and were then further evaluated by two reviewers, who
jointly decided on their inclusion or exclusion. From the
103, 55 more articles were selected for reading after the
snowball procedure, regardless of whether they were an
empirical, modeling or review study. (3) Article selection:
an article was only included in the review if it was writ-
ten in English and addressed some aspect of landscape
ecology and zoonotic/vector-borne diseases. Our inclusion
criterion for the landscape aspect was if quantitative or
qualitative measurements of any landscape structure ele-
ment were performed (i.e., both composition and/or con-
figuration), which would allow a comparison to be made
between the results found and the different elements of
the landscape. For vector-borne and zoonotic diseases, we
included articles that assessed the presence or abundance
of vectors, hosts, or reservoirs, prevalence of infection
in them, or human cases of associated diseases. (4) Data
management: to extract and summarize the data we created
a spreadsheet, including authors, year of publication, title,
geographical location, disease evaluated, landscape feature
evaluated, response found. (5) Analyzing, summarizing,
and reporting the results: we conducted a qualitative analy-

sis synthesizing the main patterns found in the literature.

Status and Trends of Research in the Tropical
America Region

We carefully read 158 articles relating landscape variables
and zoonotic/vector-borne diseases, and found that 74 met
our criteria, entering the final analysis (Table 1). Most of
the studies were empirical (64 studies), followed by mod-
eling studies (eight), and meta analysis (two studies). The
selected articles were classified into three main categories
referring to the landscape variables investigated: landscape
composition (i.e., land use and land cover composition and
their relative proportion), landscape configuration (i.e., the
spatial arrangement of the landscape units) and landscape
structure (i.e., landscape composition and configuration
together). Studies that accessed vegetation indexes such
as NDVI were classified as landscape composition studies.
Similarly, studies that evaluated disturbance (i.e., urbani-
zation, agricultural areas, edge habitats) were also classi-
fied as landscape composition studies.

The earliest knowledge found in our synthesis for the
Tropical America region regarding landscape structure
and zoonotic/vector-borne diseases was from 2002, with
a low number of studies being published per year, until it
increased in 2016 (Fig. 1). Despite a boom in the number of
articles in 2021, there is only a small growth in the number
of articles published per year. Even considering that the
total number almost doubled after 2013, we still see less
than 10 studies being published every year (with the excep-
tion of 2021). This shows that this is still an under-explored
topic in the scientific community of this region.

Likewise, 83% of the studies found are concentrated
in five countries: 55% in Brazil (n=41), 11% in Panama
(n=8), 6% in Colombia (n=15), and 5% in Argentina and
Peru (n=4 each). Mexico presented three studies, while
Paraguay two. All the other countries had only one study
each. Two studies were performed in more than one coun-
try (Brazil and Argentina and in the entire Tropical Amer-
icaregion). This shows that there is a large knowledge gap
about landscape-zoonosis dynamics in 15 of the 27 coun-
tries that compose the Tropical America region (Fig. 2).

A total of 16 zoonotic diseases/vector related-diseases
have been studied in the Tropical America region 87 times
(considering that one single article sometimes have ana-
lyzed more than one disease), but again, with a trend of
many studies looking at a low number of diseases. Five
diseases represent 68% of the total current knowledge—
malaria (25% n=22), Chagas disease and Leishmaniasis
(13%, n=11 each), yellow fever (9%, n=_8), and hantavi-
rus (8%, n="17). Spotted fevers, Arboviruses (diseases spe-
cifically transmitted by Culicidae and Aedes aegypti), and
mosquito-borne diseases (studies evaluating mosquitoes
communities) accounted for 13.9% of the studies found

@ Springer
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(with four studies each), while rabies and leptospirosis
6.8%. Cryptosporidium, Giardia spp., Bertiella infection,
and helminths form 9% (n=35). Apparently, this bias is
related to the countries where the studies were conducted;
for instance, all of the top five most studied diseases are
common infections in Brazil, the country with the largest
number of studies.

With respect to landscape parameters, most of the knowl-
edge focuses on understanding how landscape composition
affects the transmission risk of these diseases (50.67%,
n=>56), with 19% (n = 14) of studies assessing both compo-
sition and configuration; and ~5.5% (n =4) focusing only on
the configuration of native vegetation areas.

Most of the studies found a significant relationship
between landscape aspects and disease risk, with more con-
served habitats (higher forest amounts, NDVI and connec-
tivity) showing higher pathogen and host diversity [37-39],
but with lower prevalence and infection intensities [37, 39].
Consequently, these habitats also present a low spillover risk,
which corroborates with the dilution effect hypothesis [40].
For yellow fever virus, it was also found that more conserved
areas can barrier the movement of the virus, decreasing trans-
mission risks for this disease [41]. Habitat loss was appointed
as an important driver of the Brazilian spotted fever [42],
leishmaniasis, malaria [43, 44], and Chagas disease [45].
Likewise, disturbed/impacted areas presented lower patho-
gen and host diversity, but with hosts exhibiting higher abun-
dances and pathogen prevalences and infection intensities
[37, 39] and a higher spillover risk. However, some studies
also found an opposite effect—large amounts of forest areas,
and the closer an individual is to the forest or dense vegeta-
tion areas, higher are the risk of contracting leishmaniasis
and malaria [46, 47]. However, none of these studies had
a landscape ecology design, where some of the potential
cofounding factors are controlled. In addition, none of them
(but see [48]) assessed non linear responses (i.e., for exam-
ple, leishmaniasis reaches a maximum value at intermedi-
ate levels of forest cover and then decreases as forest cover
increases [48]) and potential forest cover thresholds, where
sharp increases in transmission risk can occur when habitat
loss reaches a certain value. But in summary, with the exist-
ing knowledge to date, landscape composition has a positive
association with most of the diseases studied, with habitat
loss and degradation (i.e., urbanization, anthropogenic land
use types) presenting the greatest risk to human health.

value at intermediate levels of forest
cover and then decreases as forest

Leishmaniasis reaches a maximum
cover increases

Outcome

Effect on disease risk
Both positive and negative

Proposrtion of forest
cover

Landscape metrics

measured

classification
Composition

Landscape

Disease (s) measured

Leishmaniasis

Type of study
Empirical

Country of study

Panama

Landscape Configuration Features also Presented a Positive
Effect on the Transmission Risk of Zoonotic/Vector-Borne
Diseases, with Habitat Fragmentation and Increases in the
Amount of Forest Edges Being the Most Important Driv-
ers Habitat fragmentation has lead to an increase in the
infection rate of Anopheles mosquitoes [49], and conse-
quently boosted malaria transmission risk, especially if these

Gottdenker N, Cerezo L,
Minakawa N, Saldafia A,
Calzada JE, Chaves LF
(2016) Macroecological
patterns of American
Cutaneous Leishmaniasis
transmission across the
health areas of Panama
(1980-2012). Parasite
Epidemiol Control.
18;1(2):42-55. https://doi.
org/10.1016/j.parepi.2016.
03.003

Table 1 (continued)
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ID Reference
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2023 4

2022 1

2021 1

2020 4

20194

2018 4

2017 1

2016 4

20154

2014 4

Years

2013 4

2012 4

2011 4

20104

2009 1

2008 1

2007 A

2006 A

2005 1

2002 4

0.0 25 5.0

75 10.0 12.5

Number of Studies

Fig. 1 Number of articles published per year in the Tropical America region about landscape structure and zoonotic/vector borne diseases

forest patches are immersed in an agro-pastoral matrix [50,
51]. For yellow fever virus, a similar response was observed,
with highly fragmented habitats composed by large amounts
of forest edges in interface with agricultural areas, and for-
est roads increasing the movement and potentially transmis-
sion risks [41, 52, 53]. For other diseases, like the Brazilian
spotted fever, not only habitat loss and fragmentation are
important but also isolation between these remnants [42],
while for hantavirus and leishmaniasis, an important land-
scape feature that seems to determine transmission risk is
the amount of sugarcane, coffee and maize present [54-57].
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Despite these indications, no studies have tested effects of
habitat configuration controlling the amount of forest cover
in the landscape, which could potentially affect the results
obtained.

From 74 studies evaluated, four found no significant
relationships between landscape changes and disease risk
[58, 59]. In all of them, the effects of land use types and
degradation on arboviruses, Chagas disease, Cryptosporid-
ium, Giardia spp., and rabies risk were tested. However,
these studies did not test or control for important landscape
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factors, such as percent remaining cover between sampled
points, which may affect the observed outcomes. Never-
theless, this pattern shows that in 95% of the knowledge
found, landscape features affect the transmission risk of
diseases in the Tropical America.

Based on the knowledge compiled, we built a conceptual
model summarizing the most common relationships between
landscape change and disease risk (Fig. 3). Natural and pre-
served landscapes (box 1) can harbor a high diversity of
hosts, vectors and consequently, of pathogens. However, in
these areas the abundance of vectors and reservoirs is low,
and consequently pathogen prevalence (box 2). These fac-
tors, coupled with low human-wildlife contact rates, lead
to a decrease in spillover risk (grey arrows, box 3). When
human actions alter this natural environment through habitat
loss (box 4), two possible pathways can alter the distribution
of species and hence the risk of diseases in semi-natural and
anthropogenic landscapes—Iand use changes from natural
to urban (box 5), and from natural to agricultural environ-
ments (box 6).

tina; BR, Brazil; CO, Colombia; CR, Costa Rica; EC, Ecuador; FG,
French Guiana; GU, Guatemala; ME, Mexico; PE, Peru; PG, Para-
guay; PN, Panama; VE, Venezuela

Urbanization leads to a complete alteration of the fauna
communities through the loss of sylvatic species (i.e., spe-
cies that require natural habitats to survive; boxes 7 and 8),
and the consequent increase in the abundance of synan-
thropic species (box 9). The propensity of these species to
live exclusively or occasionally within or near human habi-
tations (synanthropy) has long been recognized to increase
the transmission risk of important zoonoses that threaten
public health [60]. Therefore, in urban environments we nor-
mally see an increase in the transmission risk (red arrow) of
zoonoses and vector-borne diseases linked to these species
(i.e., dengue, zika virus, leptospirosis). However, at the same
time, other diseases will have a reduced risk in highly urban-
ized areas (black arrow), because main hosts and vectors will
not find suitable habitat for their survival in these locations
(e.g., hantavirus, malaria, Chagas disease, leishmaniasis).

When the native vegetation loss gives space to agricul-
tural areas (box 6), such as crops and pasture, for example,
spillover risk will be dependent not only on the amount of
area lost but also on the spatial arrangement of the remaining
habitat areas (boxes 10 and 11). If vegetation loss leads to
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Fig.3 Conceptual model showing the main relationships between
landscape changes and zoonotic spillover risk based on the reviewed
data for the Tropical America. Processes that can increase or decrease

landscapes with a high fragmentation state (box 11), spillo-
ver risk can be enhanced. This may happen because special-
ist species normally are extinct in these landscapes, giving
space to generalist species, which normally act as reservoir
and hosts for zoonotic diseases. These species not only ada-
pat but also thrive in fragmented landscapes, increasing their
abundances and consequently the infection prevalence of the
pathgens they carry. In addition, highly fragmented habitats
normally have increased forest edges, which boost contact
between humans-wildlife, increasing spillover risk (red
arrow). This is a favorable context to the circulation of yel-
low fever virus, for example, as small fragments surrounded
by agro-pastoral activities may support viable populations
of non-human primates and vector species (Alouatta and
Haemagogus spp., respectively), making people who use
the vicinity of the fragments especially vulnerable [50, 61].
However, these effects may be dependent on the amount of
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spillover risk are shown as gray arrows; processes that decrease spill-
over risk are shown as black processes that increase spillover risk are
shown as red arrows. Images designed by freepik.com

habitat remaining, a factor not yet tested for zoonotic dis-
eases (see the “Future of the Disease Ecology in the Tropical
America” section for more details).

If the remaining vegetation is present in a low fragmented
state, with reduced amounts of edge density, spillover risk
can potentially decrease. This happens because in less frag-
mented landscapes the abundance of specialist species are
maintained, with a consequent reduction in the densities of
generalist species (i.e., zoonotic disease hosts and reser-
voirs, [19]), which may contribute to the reduction of con-
tact between generalist-reservoir species and humans [12]
reducing spillover risk.

Based on these findings, we also expect that when forest
restoration is promoted (box 20), it results in an increase
of native habitat amount, which decreases the amount of
edge density, and the interface between humans and wildlife
(box 21), consequently decreasing transmission risk (dashed
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grey arrow). However, there is no evidence to date to support
this hypothesis.

Future of the Disease Ecology in the Tropical
America

Based on the body of empirical evidence found through
the literature synthesis, we discuss some points that have
been little or not at all explored, and that are important to
be studied in the coming years to increase the knowledge
about processes and mechanisms relevant to the effects of
landscape structure on the emergence of zoonoses in the
Tropical America. These gaps vary from investigating the
nexus between simple landscape metrics and prevalence of
infection in hosts, to more complex investigation of mecha-
nisms associated with infectious disease emergence in socio-
ecological systems.

There are gaps in Regional and Disease Knowledge that
Should be Considered in Future Research Our results
showed that a low number of diseases comprise most of the
knowledge that exists today. Likewise, most of the countries
that compose the Tropical America region have no studies
on this topic. Given the great biodiversity of this region,
coupled with the great diversity of pathogens and the high
deforestation rates and land use change, it is essential that
these knowledge gaps are filled. Not only studies on how
landscape structure affects the risk of these diseases, but
also how host and vector populations are affected by these
changes, as well as the viral communities they carry, are
essential to form a knowledge base and prevent human
action from increasing not only the incidence of these dis-
eases but also of pandemic potential viruses.

Most Studies are Restricted to Assessing the Effects of
Land use Type, but do not Analyze the Effects of Landscape
Dynamics: Effects of Time lag on Responses of Vectors, Hosts,
and Reservoirs Many studies have demonstrated the impact
of native vegetation loss on zoonotic diseases outbreaks [6,
20]. In contrast, the effects of landscape dynamics, which
refer to the changes that occur in the landscape structure
over time, are rarely evaluated (see [62]). These changes
can include alterations in the size, shape, and connectivity
of habitat patches, as well as the fragmentation or expansion
of different land use types [63]. However, to gain a more
comprehensive understanding of which factors are leading to
an increased risk of these diseases, it is essential to analyze
the effects of landscape structure dynamics on vector, host,
and reservoir populations. In addition, it is important to con-
sider that there is a time required for these species to adjust
to the new landscape conditions. These time lag responses
refer to the delay between changes in the landscape and the

subsequent effects on disease dynamics [64]. Understand-
ing the relationship between landscape dynamics and the
time lag responses of vectors, hosts, and reservoirs is cru-
cial for predicting and managing disease outbreaks. There-
fore, we emphasize the importance of conducting long-term
studies with different landscape dynamic aspects to gain a
deeper understanding of this topic. These studies are essen-
tial for implementing appropriate land management strate-
gies that consider the potential health impacts of landscape
modifications.

Studies Evaluating Forest Gain are Completely Miss-
ing There is a substantial body of research that focuses on
the relationship between deforestation and the emergence
of zoonotic diseases. However, the impact of forest gain
or other nature-based solutions on zoonotic disease risks
in the Tropical America has not been empirically investi-
gated. Only two studies, employing modeling and review
approaches respectively, have examined this topic in this
region (see [41, 61])—while a hypothetical restoration sce-
nario presented positive effects in reducing the abundance
of hantavirus reservoir rodents [61], a recent conceptual
framework has shown that the effects of forest restoration
on zoonotic diseases may depend on the existing landscape’s
context [26]. Understanding the potential effects of forest
gain on zoonotic disease risk is crucial for the development
of effective strategies for disease prevention and control, as
well as for promoting ecosystem health, including nature-
based solutions.

Few Studies have Focused on Green Areas within Urban
Contexts Urban landscapes, with their intricate interplay of
green spaces and gray infrastructure can serve as complex
ecosystems that influence the presence and transmission of
zoonotic and vector-bone diseases. For instance, the configu-
ration and distribution of vegetation within urban areas can
directly impact the abundance and diversity of species poten-
tially acting as reservoirs or amplification hosts for zoonotic
and vector-borne. Understanding these relationships is cru-
cial for effective disease prevention and control strategies
in urban settings. Yet, current research on urban landscapes
and zoonotic and vector-borne diseases primarily focuses on
other aspects, such as social determinants of health or the
impact of natural outdoor environments on human health
[65]. Consequently, the specific influence of urban design and
landscape structure on zoonotic disease dynamics remains
largely unexplored. Moreover, the findings from these studies
could inform evidence-based urban planning and design strat-
egies aimed at reducing zoonotic disease risks. Implementing
nature-based solutions, such as strategically incorporating
green spaces and green roofs [66] could help mitigate the
transmission of zoonotic diseases. Additionally, optimizing
building designs and spatial layouts to minimize potential
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disease hotspots and enhance public health measures could
contribute to healthier urban environments.

Most Studies are Neglecting Landscape Configuration
Aspects Based on our findings, there has been limited
research assessing the impact of landscape configuration on
the transmission risk of zoonotic and vector-borne diseases.
The majority of the existing studies focus on evaluating the
effects of landscape composition, particularly forest loss or
the extent of remaining forest cover on zoonotic diseases,
while disregarding the crucial aspects, such as arrange-
ment of both habitat [67] and matrix [68]. Studies have
demonstrated that these factors have a significant impact on
landscape permeability and species interactions [69], and
they may be more important than remaining coverage [70]
particularly in disease transmission. However, the effects
of habitat configuration are landscape context-dependent
and species-specific, making predictions and generaliza-
tions difficult [71]. In relation to the landscape context, the
size, shape, and proximity of habitat patches can interact
with species traits to shape their responses to fragmentation
[71]. We emphasize the significance of studies on zoonotic
diseases, go beyond the conventional metrics of landscape
composition, and offer a more nuanced understanding of the
role of habitat configuration.

The Synergistic Relationship Between Climate Change and
Landscape Structure and its Effect on Disease Transmission Risk
has been Little Evaluated in Tropical America Regions Climate
is a key factor limiting the distribution and establishment rate
of vector populations [72], human-wildlife contact [73], and
other risk factors that can modify zoonotic risk [74]. Tempera-
ture and precipitation play a key role in limiting the distribu-
tion of vectors and hosts, with temperature increases due to
climate change creating favorable conditions for the expansion
of the distribution range of these two groups of species [75, 76].
Increases in temperature can also lead to an acceleration of the
extrinsic incubation period (i.e., time interval between infection
and the vector’s transmission capacity) [77] increasing the rate
of replication of the pathogen in the vector, which becomes
infectious more quickly, favoring prevalence and intensity of
infection [77, 78]. These conditions are exacerbated by land use
changes, and natural environment fragmentation—deforestation
can heat a local area by as much as 4.5 “C, and can even raise
temperatures in undisturbed forests up to 6 km away [79]. These
climate changes, even on a small scale, can favor the spread and
transmission of diseases, making deforested and fragmented
areas more at risk due to microclimatic conditions that favor
the infectivity of the vectors present—one study in Asia, for
example, found that the conversion from lowland rainforest to
plantations increases suitability for Aedes albopictus develop-
ment by 10.8% [80], while another one in Costa Rica found that
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the effects of the El Nifio Southern Oscillation on the incidence
of Leishmaniasis is exacerbated in places with greater defor-
estation [81]. These relationships between landscape, climate,
and diseases are still little explored, especially in the Tropical
America region, and are essential to better comprise the mecha-
nisms behind spillover risk.

Landscape Effects are Scale-Dependent and it is Essential to
Understand this in Order to Propose Appropriate Manage-
ment Strategies Both landscape composition and configura-
tion parameters have the potential to impact the dynamics of
vector-borne and zoonotic diseases. However, these effects
can be scale-dependent. A study in Southeast Asia, for
example, found distinct effects from different spatial scales
analyzed for zoonotic malaria occurrence [82]. Transmis-
sion dynamics of zoonotic malaria occurs among humans
who live in settlements in deforested sites where the malarial
parasite, Plasmodium knowlesi, is harbored by macaques
(Macaca) and transmitted by anopheline vectors. Forest
cover loss in the previous year influenced P. knowlesi occur-
rence only at small scales (within 0.5 km of households, or
0.78-km?), while fragmentation had higher levels of influ-
ence at larger scales (5 km, or 78-km2) [82]. Another study
found that temperature and human population density at 1
km scale were important drivers of Hendra virus spillover,
while forest cover and pasture were only predictors if con-
sidered in a 100-km radius scale [83]. Understanding these
dynamics and their scales of effect are essential to propose
adequate management and mitigation strategies.

There is a Large gap in Knowledge Between Trade-Offs and
Synergies of Different Zoonotic/Vector-Borne Diseases, Which
Should be Assessed Before Proposing Landscape Manage-
ment Strategies It is reasonable to assume that each vector-
borne and zoonotic disease has its own signature of scale,
composition, and configuration in the human-modified land-
scape. Therefore, a landscape that can decrease the abun-
dance of hosts and/or vectors of one pathogen may also lead
to increases in the abundance of hosts of another pathogen.
One study tried to understand these trade offs and synergies
for three different diseases (malaria, leishmaniasis, and Cha-
gas disease) in the Brazilian Amazon, using the number of
human cases as response variable. They identify that there
are trade-offs between the spatial and temporal aggregation
of these diseases, with few municipalities being considered
critical for more than one disease at the same time [84]. At
the same time synergies between landscape features that
can affect both malaria and cutaneous leishmaniasis were
found—municipalities at risk should be considered those
with more than 50% of forest cover and that are experiencing
deforestation. For Chagas disease, the at-risk landscapes have
continuous forests immersed in a matrix of non-pasture (i.e.,
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crops of Acai trees) [84]. Understanding these trade-offs are
of extreme importance to define the most cost-effective land-
scape management strategies. By knowing that a landscape
management can decrease one zoonosis risk, while increas-
ing another one, actions and control strategies that aim to
change human risk behavior can be prioritized.

Human Behavior and Socioeconomic Aspects are Important
Drivers in Determining Disease Risk and can also be Determined
by Landscape Parameters The risk of zoonotic disease transmis-
sion is dependent on interacting ecological and human behavio-
ral and socioeconomic factors [85, 86]. Humans are especially
vulnerable for zoonotic pathogens when slaughtering, butcher-
ing, or consuming raw meat from wild animals [87], for exam-
ple. In addition, human behaviors or costums that can lead to
human-wildlife interactions can also lead to an increased risk
of disease spillover, and these behaviors will change according
to the landscape features close to these populations. Hunting
is normally increased in fragmented landscapes, putting more
people at risk for zoonotic spillover if compared with intact for-
est areas. Similarly, human cases of Marburg virus in Kenya
were associated with visits to caves that house infected bats
[88], while drinking untreated water can result in exposure to
diverse pathogens, such as Leptospira leptospirosa spp. [89].
Despite its extreme importance, human risk behaviors are rarely
taken into account in landscape epidemiology studies. Similarly,
socioeconomic factors, which are also directly linked to zoonotic
emergence [90] are understudied in a landscape ecology per-
spective. The lack of access to nutritious food, for example, is
associated with an increased risk for multiple health conditions
[91], while housing conditions can also be important factors
to prevent or favor contact between humans, animal hosts, and
zoonotic pathogens [92]. Identifying populations at risk [56],
risky behaviors and customs and socioeconomic factors that
lead to increased exposure of people to pathogens, and under-
standing how landscape features affect these drivers may be a
key element in mitigating the risk of zoonotic disease transmis-
sion. Even if we manage landscapes by keeping host and vec-
tor density controlled, as well as the chance of contact between
humans and these animals, risky human behavior can lead to
the spread of pathogens and increased risk of transmission even
in low pathogenicity landscapes. For instance, effective long-
term community projects around natural areas have proven to
reduce illegal resource extraction activities inside protected areas
in Uganda through social change [93]. This type project likely
decreases the contact between people and wildlife and as a con-
sequence, reduces disease risk. At the same time, higher land-
scape accessibility (measured as combining terrain ruggedness,
elevation, friction, slope, aspect, and tree cover) lead to more
illegal resource extraction in the park, an important threat to
biodiversity conservation. This example shows how health and
biodiversity conservation is connected in fragmented landscapes
and supports the idea that the environment needs to be managed

under a One Health perspective, thinking about the intercon-
nectedness between people’s health, animal health, and environ-
mental health [94]. Therefore, it is essential to better understand
interconnectedness and behaviors and socioeconomic factors
that lead to increased disease transmission risk in order to pre-
vent spillovers from occurring in Tropical America landscapes.

Conclusions

Our synthesis has shown that the scientific production link-
ing landscape change to zoonoses in the Tropical America
still has been incipient and mainly focuses on malaria, yellow
fever, Hantavirus, and Chagas disease. There is an urgent need
for research connecting landscape ecology and disease ecol-
ogy, so stakeholders can make science-informed decisions for
land use management, and public health plans can be devel-
oped considering landscape pathogenicity. Despite significant
knowledge gaps, our results point out that landscape structure
affects dynamic processes of disease emergence, leading to con-
sequences for ecosystem services and public health. Research
on complex topics largely relies on capacity building and invest-
ment in research and development in the Tropical America and
more broadly in the Global South. We plead for the enforcement
of support in research on these topics in the Tropical America,
which can be guided through interdisciplinary approaches such
as One Health and Nature Based solutions.
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