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Abstract 
Context Vector-borne diseases (VBD) are a world-
wide public health problem for humans and wildlife. 
’Global Change’ such as habitat alteration and land-
use intensification, biotic exchange, the introduction 
of invasive alien species, and climate change have all 
been linked to an increased occurrence of VBDs.
Objectives To evaluate the impact of land-use and 
land-cover (LULC) on the transmission of VBDs, we 
conducted a systematic review of the existing litera-
ture on the global effects of land use on VBDs. This 
was followed by a meta-analysis to test the relation-
ship between LULC intensification and infection 
prevalence.

Methods Overall, 654 articles met our inclusion cri-
teria for the systematic literature review, and 18 stud-
ies fulfilled the requirements for the meta-analysis.
Results The systematic literature review identified 
162 articles with a total of 2541 data entries on the 
effect of LULC on VBDs. The majority of the stud-
ies were published after 2010, and the spatial distri-
bution of data was biased towards North America 
and Europe. Overall, 193 different hosts and 144 
different vector groups were identified. Avian and 
human malaria were the most frequently named dis-
eases, with humans and Anopheles mosquitoes the 
most common host and vector, respectively. Our 
meta-analysis found that land-use intensity, as well 
as targets (host and vector), significantly impact the 
prevalence of VBDs. Tests for both residual hetero-
geneity and moderators were significant, where lower Supplementary Information The online version 
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land-use intensity and vectors were linked to lower 
VBD prevalence, while medium land-use intensity 
was associated with higher prevalence. Analysis of 
the host sub-model supported these findings, with 
infection prevalence significantly lower in low land-
use intensity.
Conclusions The systematic literature review 
revealed a temporal increase in publications on this 
topic, with a significant rise since 2007 and uneven 
distribution of data across countries, with the United 
States, Spain, and Brazil being the most prominent 
contributors and identified a wide range of pathogens 
and hosts involved in VBD systems, with human and 
avian malaria being the most commonly mentioned 
diseases. We also show, through a meta-analysis, that 
LULC intensification affects VBDs infection preva-
lence. Future studies should incorporate the effects of 
land-use intensity on vector-borne diseases in diverse 
ecosystems to inform management strategies and mit-
igate disease emergence with implications for human, 
livestock and wildlife health.

Keywords Arthropod-borne diseases · Disease 
dynamics · Host–vector–pathogen interaction · Land-
use and land cover change · Land-use intensification

Introduction

Vector-borne diseases (VBDs) are infectious diseases 
that are transmitted to humans or wildlife (the hosts) 
through blood-feeding arthropods (the vectors), such 
as mosquitoes, ticks, or fleas. They have long been 
recognized as a significant public health concern 
worldwide with major economic implications (Kilpat-
rick and Randolph 2012; Franklinos et al. 2019).

Humans and wildlife are at risk of VBD, with 
globally over 80% of the human population threat-
ened by infections (Kilpatrick and Randolph 2012; 
Franklinos et al. 2019). The global burden of VBD is 
overwhelming, with more than 580 million reported 
cases and over one million reported deaths annually 
worldwide (WHO and UNICEF 2017). It is gener-
ally accepted that VBDs are on the rise, driven by 
climate change (Altizer et al. 2006; Pérez-Rodríguez 
et al. 2013a), although optimal temperature range var-
ies depending upon the vector and/or pathogen (e.g., 
for mosquito-borne pathogens). While the impact 
of climate change on VBDs has been well-studied, 

the effects of land-use/land cover (LULC) on dis-
ease dynamics are little understood (Franklinos et al. 
2019), even though it has an unprecedented impact on 
global biodiversity and the environment (Sala et  al. 
2000; Rohr et  al. 2020). This is also one of the key 
points highlighted recently in the “Report of the sci-
entific task force on preventing pandemics” (Alimi 
et al. 2021).

Unfortunately, the magnitude of the VBD problem 
in general has only recently become apparent, espe-
cially highlighted by the United States, with a dou-
bling of the reported numbers of VBDs between 2004 
and 2016 (Rosenberg et al. 2018). Globally, mosquito 
and tick-borne diseases are increasing their incidence 
and geographic distribution, thus affecting new areas 
(Stanaway et  al. 2016; Gilbert 2021) and re-emerg-
ing in regions from which they had previously been 
eradicated. Indeed, mosquitoes, with over 3,500 spe-
cies worldwide, are by far the most common vector 
of pathogens (Tolle 2009), not only responsible for 
the transmission of Plasmodium (malaria), dengue 
virus and West Nile virus, among numerous others, 
but also for emerging and re-emerging diseases such 
as chikungunya and zika (Tolle 2009). Dengue and 
malaria have no affordable and effective vaccine yet, 
but are affecting up to 450 million persons per year 
(Franklinos et  al. 2019). However, mosquitoes are 
not the only important vectors, and in the last dec-
ade there has been a significant increase of tick-borne 
infectious diseases. Some of these diseases, for exam-
ple the Crimean-Congo haemorrhagic fever, have 
very high mortality rates in humans of up to 50% 
(Ergönül 2006; Beaute et al. 2018).

Diverse environmental factors can influence the 
transmission and incidence of VBDs by directly 
affecting either the pathogen transmission or vec-
tor behaviour. These factors can also have indirect 
effects on VBDs by altering the life cycles of vectors 
or reservoirs, which ultimately impacts their distribu-
tion and abundance (Caminade et  al. 2019). Despite 
predicted impacts of LULC on biodiversity loss (Sala 
et  al. 2000), there is, with the exception of several 
correlative studies and reviews, little evidence about 
how land-use intensification impacts VBDs and the 
transmission of pathogens. Previous research has 
focused on how global change, as climate variation 
or biodiversity loss in general, affects VBDs (e.g., 
Altizer et al. 2013), generally neglecting other poten-
tial drivers, such as LULC (Sala et al. 2000).
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To address this knowledge gap, we (1) reviewed 
the existing literature on the transmission of VBDs 
globally and (2) analysed the factors related with 
global change that potentially affect transmission 
risk of VBDs, particularly discriminating between 
climate change and LULC effects. Therefore, we 
tested the reliability and availability of data related 
to VBDs and LULC, following a systematic review 
approach. Factors that could affect the VBD infec-
tion prevalence were then analysed using a meta-
analysis approach. Infection prevalence refers to the 
proportion or percentage of individuals in a defined 
population who are infected with a specific pathogen 
at a given point in time (Jovani & Tella 2006). The 
ultimate target of pathogens, i.e., host versus vec-
tors, were analysed separately as they may be medi-
ated by land-use intensity differently, which in turn 
could affect transmission and infectivity. We expected 
that land-use intensification would affect host and 
vector prevalence differently, with an overall higher 
prevalence of VBDs in areas that are more intensely 
impacted by humans. Our results will help to recog-
nize general patterns, if they exist, and we expect to 
advance knowledge of pathogen transmission dynam-
ics by understanding the role of land-use intensity in 
detail.

Methods

The systematic literature search strategy

We performed a systematic review of literature 
using PubMed, Google Scholar and the Web of 
Science (WoS) Core Collection for all papers pub-
lished until October 28th, 2019 (timespan: all years. 
Indexes: SCI-EXPANDED, SSCI, Current Contents 
Connect + Derwent Innovations Index + KCI—
Korean Journal Database + MEDLINE® + Rus-
sian Science Citation Index + SciELO Citation 
Index + Zoological Record) to improve the under-
standing, scope, and outcome of LULC drivers on 
VBD studies. The search criteria and protocol are 
available in Appendix 1. This systematic review fol-
lows the standards of Preferred Reporting Items for 
Systematic reviews and Meta-analysis (PRISMA) 
2020 guidelines (Page et  al. 2021) (Appendix  2). 
Using explicit and systematic methods, all stud-
ies that were relevant to the relationship between 

LULC and VBDs were selected and critically evalu-
ated. We included in the systematic review articles 
that referred to the presence of any VBD in relation 
to host and/or vector data and that contained infor-
mation on LULC. In addition, when information on 
VBD prevalence was available, either in the hosts 
and/or in the vectors, data from these studies were 
collected and analysed. If this information was una-
vailable, but the number of infected individuals 
and the total number of subjects in the population 
were known, prevalence was manually calculated by 
dividing the number of infected individuals by the 
total number of subjects tested in each population.

A PRISMA flow diagram was created that speci-
fies the selection procedure in detail, including all 
the steps carried out (Fig.  1), also indicating which 
number of articles were included or excluded and for 
what reasons. A peer-review was performed indepen-
dently by three authors (MF, SM, SCR) in which each 
person read all the abstracts, followed the inclusion/
exclusion criteria, and produced the final list of publi-
cations for reading the full text. This first filtering was 
carried out by responding to the following questions 
(search terms in Box  1, Appendix  1) about whether 
the study:

• investigates any VBD at any place worldwide?
• includes any LULC information related to infec-

tion prevalence in the hosts and/or vectors, or indi-
cates the geographic coordinates of the sampling 
site to calculate the land-use intensity?

• specifies the VBD vector and/or host species?
• indicates the sample size (N)?
• clearly lists the prevalence of infection in the hosts 

and/or vectors, or was the information inferable 
from the text, tables, or any supplementary mate-
rial accessible, or indirectly deduced from figures?

• clearly lists any error measure, such as standard 
deviation (S.D.), standard error (S.E.) or 95% 
confidence intervals (C.I.), or is this information 
inferable from the figures or tables?

Each reviewer read all the selected articles and 
entered the information of interest and the variables 
into a shared database, following the PRISMA flow 
diagram (Fig.  1). During the second filtering, all 
articles that did not meet the criteria of our objec-
tives were excluded. Finally, tables were completed 
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covering data from all the articles, which contained 
information on the:

 (i) main characteristics of the article (i.e., article 
ID, year of publication, year of sampling, infor-
mation on the host and/or vector species and/
or pathogen of the study, location/province/
country/longitude-latitude, infection prevalence 
in the hosts and/or vectors, sampling size, any 
error measure),

 (ii) LULC classification, studies which describe 
associations with any simplified descriptors 
(e.g., urban, rural, natural); and,

 (iii) details about the kind of the study (e.g., review 
and/or modelling study on VBDs, any predic-
tive, spatial, or epidemiological modelling, 

among other information potentially relevant 
for the study).

Characterisation of land-use intensity

A clear definition of land-use intensity is crucial 
in studies investigating VBDs (Lüdtke et  al. 2013; 
Sehgal 2015; Renner et  al. 2016). Although the 
reviewed articles did not explicitly provide data on 
land-use intensification, they presented informa-
tion on interpreted changes associated with different 
land-use classes, indicating spatial rather than tempo-
ral changes. To avoid potential bias stemming from 
authors’ decisions to provide or withhold unpublished 
data, we did not explicitly request such data.

Fig. 1  The Preferred 
Reporting Items for 
Systematic reviews and 
Meta-analysis (PRISMA) 
flow diagram illustrating 
the article selection process 
for the systematic review 
and meta-analyses. The 
total number of identified, 
excluded, and included 
studies are shown
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To ensure comparable data, we manually assigned 
a value of land-use intensity using the "Habitat Clas-
sification Scheme" proposed by Jung et  al. (2020), 
which aligns with the International Union for Conser-
vation of Nature (IUCN) criteria (https:// www. iucnr 
edlist. org/ resou rces/ habit at- class ifica tion- scheme). 
This classification procedure was conducted follow-
ing their interactive global habitat map with a reso-
lution of approximately 100  m (Table  1). Land-use 
intensity was categorized into three classes: high 
(areas with continuous human presence and signifi-
cant landscape alteration, such as artificial habitats), 
medium (areas with human presence but still retain-
ing some extent of natural habitats, including a mix-
ture of natural and artificial habitats), and low (areas 
where human presence is unlikely, and the landscape 
remains largely unaltered, such as natural habitats).

We adopted this classification procedure to ensure 
consistency in the assessment of LULC intensity 
across all analysed articles. While we acknowledge 
the potential limitations associated with the use 
of 2015 LULC data, it is important to note that our 
approach remains appropriate for our meta-analysis, 
given that the included studies were published, on 
average, in 2016. The effect size values extracted from 
the meta-analysis papers exhibit a temporal progres-
sion, with a mean value in 2015, further justifying the 
use of an LULC map corresponding to this specific 
time point. Our method primarily aims to assess the 
deceleration of land-use alteration observed globally 

between 2006 and 2019 (Winkler et  al. 2021). The 
findings of Winkler et  al. (2021) suggest that envi-
ronmental conditions have remained relatively stable 
worldwide over the past two decades. Furthermore, 
to assess the consistency of the LULC classification, 
the Human Footprint Index (HFI) was calculated for 
the same sampling areas from the studies included in 
the meta-analysis (Mu et al. 2022). This metric quan-
tifies the extent of human influence on the environ-
ment, taking into account factors such as population 
density, land use, and infrastructure development (see 
Appendix 3).

Meta-analysis procedure

Articles that met the criteria of specifying (1) infec-
tion prevalence in hosts or vectors per any LULC (if 
possible, we converted parasite intensity and parasi-
taemia into infection prevalence), (2) any measure of 
error (such as S.D., S.E. or 95% CI), (3) the sample 
size (N) and (4) any LULC class/type or land-use 
intensity that were named, quantified, or qualified 
were evaluated using a meta-analysis procedure.

The estimates of infection prevalence were cal-
culated according to multiple combinations of the 
target (if the prevalence was described in the host 
or vector) and the established land-use intensity cat-
egory (high, medium or low). To carry out the meta-
analysis, we estimated the effect size the (yi) and 

Table 1  Relationship 
between land-use and 
land-cover (LULC) class 
definitions, IUCN habitat 
classification, sub-habitat 
classification according 
to the interactive global 
habitat map (Jung et al. 
2020) and LULC intensity

IUCN habitat classification Sub-habitat classification LULC intensity

Artificial Arable Land High
Artificial Plantations High
Artificial Urban Area High
Forest and Artificial Temperate and Arable Land Medium
Forest and Artificial Temperate and Pastureland Medium
Forest and Artificial Temperate and Plantation Medium
Forest and Artificial Tropical dry and Urban Area Medium
Forest and Artificial Tropical Moist Lowland and Arable Land Medium
Forest and Artificial Tropical Moist Lowland and Plantation Medium
Forest Boreal Low
Forest Temperate Low
Forest Tropical dry Low
Forest Tropical Moist Lowland Low
Savanna Savanna Dry Low
Shrubland Tropical dry Low

https://www.iucnredlist.org/resources/habitat-classification-scheme
https://www.iucnredlist.org/resources/habitat-classification-scheme
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sampling variance (vi) using the raw mean (MN) 
method, controlling for the S.D., sampling size and 
infection prevalence with the “escalc” function from 
the “metafor” package in R. To analyse the vari-
ability between studies, we assessed Higgins’ I2 and 
Cochran’s Q method (DerSimonian and Laird 1986). 
We used radial plots as a way to visually assess het-
erogeneity within the meta-analysis when outcomes 
had differing precisions due to heteroscedastic sam-
pling variances (Galbraith 1994). Random-effect 
models were conducted using the estimate of heter-
ogeneity as an inverse-variance model. We assessed 
publication bias using the Eggers test and visually 
inspected the funnel plots. The “trim and fill” method 
was used to estimate the importance of missing stud-
ies not included in the meta-analysis. A multivariate 
linear model was performed, including mixed-effects, 
based on a random-effects model with the "rma.mv" 
function. With this approach, we investigated factors 
potentially contributing to the heterogeneity between 
studies. We used the target and land-use intensity as 
categorical moderators to identify how these factors 
affected the observed yi and vi (Blüthgen et al. 2012). 
We also analysed independently the prevalence esti-
mates in vectors and hosts. For pathogens and dis-
eases, we merged similar names for congruency, 
e.g., we combined "avian Plasmodium" and "avian 
Haemoproteus" into "avian malaria", since the lat-
ter is a more general term used in most studies. We 
fused several pathogen datasets to increase power of 
analysis and model strength for groups with very low 
N, nevertheless we are aware that some of the com-
bined groups might have divergent ecological interac-
tions. Study reference and disease type were included 
as random factors in both the global model and the 
host sub-model. In the vector sub-model, disease was 
excluded because only one type (i.e., human malaria), 
was found in all three LULC intensity categories, 
while others only occurred in one or two LULCs, thus 
not allowing for any comparison. Finally, we used a 
forest plot (Cuijpers 2016) to detect outliers in the 
study effects, where data were regarded as homoge-
neous if the horizontal lines of all studies overlapped 
(Ried 2006). This was achieved by identifying studies 
whose 95% CI did not overlap with that of the sum-
mary effect. Note that if large studies were outliers, 
the overall heterogeneity could be high.

Results

What can we learn from the literature search on 
VBDs?

The literature search returned 3096 unique references 
about the effect of LULC on VBDs in the first search, 
and a further 90 articles were added via the bibli-
ographies of the already included articles (includ-
ing “grey” literature). Of these, 654 articles met our 
criteria for the systematic literature review (listed in 
the complete References in the Supplementary Infor-
mation). However, after reading the title, abstract 
and keywords, we excluded those articles that did 
not fulfil the pre-established criteria; thus, the final 
data set included 162 articles (Table A1), whose full 
texts were analysed, and 2541 data entries recorded 
(Fig. 1).

Reviewed articles can be summarized as follows 
(multiple mentioning of articles possible): 20 stud-
ies (12.3%) modelled aspects of any kind of global 
change and/or prevalence on VBD dynamics (i.e., 
not showing definite data per LULC or prevalence; 
Table  A2); 11 studies (6.8%) were reviews about 
aspects of the effect of global change on host, vec-
tors, or parasites (i.e., not providing any additional 
or new data; Table  A3); and 85 studies (52.5%) 
describe LULC in one of the following ways: agri-
culture, degraded forest, desert, farmland, forest, 
savannah, wetland, or included any landscape metric 
(i.e., not a LULC class but some continuous or dis-
rupted measurement along a different classification 
of natural, rural, urban, or other environment classi-
fication scheme; Table  A4). Additionally, 29 studies 
also discussed LULC according to climate change 
(Table A5).

The earliest study we found was published in 
1979 (Barrett et  al. 1979) and most of the articles 
(73.5%) were published after 2010. Until the 2000s, 
the number of articles per year was between one and 
two, but from 2007 onwards, this rose to an average 
of around 11 publications reaching the maximum in 
2013 and 2016 with 18 publications each (Fig.  2). 
The first study quantifying prevalence (i.e., human 
Plasmodium infections in mosquitoes) with qualified 
but not quantified LULC types was from 2006 (Vit-
tor et al. 2006), while the majority of studies covered 
the last twenty years (Sebaio et al. 2010; Adja et al. 
2011; Laurance et al. 2013; Lüdtke et al. 2013; Alam 
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et  al. 2016; Renner et  al. 2016; Annetti et  al. 2017; 
Bett et  al. 2017; Hernández-Lara et  al. 2017; Ferra-
guti et  al. 2018). Globally, we found studies cover-
ing 68 countries and territories, although data were 
unevenly distributed with most records covering parts 
of North America and Europe (Fig.  3). Indeed, the 
spatial distribution of data was biased towards a few 
countries, with the United States the most predomi-
nant (15.7%), followed by Spain (8.8%), and Brazil 
(7.4%). All other countries contributed less than 4.4% 
each (Table A6).

Within the VBD systems, we found information on 
73 different pathogens, causative agents of globally 
20 different diseases (Table  A7). Avian and human 
malaria were the two most commonly named diseases 
and mentioned in 45.9% and 18.9% respectively of 
the cases in the database, followed by dengue fever 
(7.2%), West Nile fever (6.5%) and Yellow fever, 
Japanese fever and Chaoyang fever (4.4% each). All 
remaining diseases accounted for less than 2% of all 
entries encountered in the database.

Overall, we found 193 different hosts. The most 
common were humans (Homo sapiens, 25.5%), fol-
lowed by house sparrows (Passer domesticus, 13%), 
while all other hosts contributed less than 9.5% each 
(Table  A8). By contrast, we found 144 different 

vector groups, predominated by Anopheles (32.9%) 
and Culex (24.4%) mosquito genera, and all the rest 
represented less than 13.1% each (Table A9).

Drivers of prevalence of infection outcomes: the 
meta-analysis

Not all studies on VBDs that were reviewed were 
suitable for inclusion in the meta-analysis due to a 
lack of quantified data, discussion on the effects of 
land-use intensity on infection prevalence, or the nec-
essary information for statistical analysis. Out of the 
162 reviewed articles, 18 (11.1%) provided the infor-
mation needed to perform a meta-analysis, particu-
larly: Andreadis et al. 2008; Adja et al. 2011; Proietti 
et al. 2011; Laurance et al. 2013; Lüdtke et al. 2013; 
Andreadis et al. 2014; Alam et al. 2016; Renner et al. 
2016; Wilkinson et  al. 2016; Annetti et  al. 2017; 
Bett et  al. 2017; Hernández-Lara et  al. 2017; Ferra-
guti et  al. 2013, 2018; Martínez-de la Puente et  al. 
2018; Amratia et  al. 2019; Jiménez-Peñuela et  al. 
2019 (see Table 2 for the complete dataset used). It is 
important to note that our meta-analysis only covers 
a small subset of all possible LULC types or gradi-
ents available on a global scale. Moreover, the stud-
ies included in our analysis were conducted under 

Fig. 2  Cumulative studies per year related to meta-analyses 
(blue line), review (orange), modelling (grey) and articles with 
defined land-use and land-cover (LULC) information (yellow). 

Note: single studies may cover multiple years of publication 
and may appear in different lines. Reviews are underrepre-
sented due to their exclusion of primary data
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different environmental and temporal contexts, which 
may have influenced the yi in each study (Barendregt 
et  al. 2013). To account for this heterogeneity, we 
employed random-effect models to estimate the yi. 
Our models (Table 3) and forest plot (Fig. 4) showed 
high heterogeneity in yi across all models. The C.I. 
provide information on the precision and statistical 
significance of the included studies. Studies whose 
C.I. do not intersect the null effect line are considered 
statistically significant (Fig.  4), particularly Proietti 
et al. 2011; Laurance et al. 2013; Lüdtke et al. 2013; 
Renner et  al. 2016; Wilkinson et  al. 2016; Annetti 
et  al. 2017; Hernández-Lara et  al. 2017. However, 
even if a study’s C.I. crosses the null effect line and 
is not statistically significant, it still provides valuable 
information, due to its range limits can offer insights 
into the significance and impact of the study’s 
findings.

Land-use intensity in combination with host and 
vector targets significantly affects infection preva-
lence for VBDs (data, yi and vi in Table 2). Indeed, 
the global multivariate model indicated that host ver-
sus vector, in combination with land-use intensity, 
explained significant variation in infection preva-
lence outcomes (Table  3). Both tests for residual 
heterogeneity  (QEdf=29 = 12034.894, p < 0.0001) 
and for moderators  (QMdf=3 = 131.692, p < 0.0001) 
were significant. Analysis of these moderators indi-
cated that vectors and low land-use intensity were 

associated with lower infection prevalence compared 
to hosts and high land-use intensity (Table 3). Infec-
tion prevalence was also positively related to medium 
land-use intensity. Results from our alternative meta-
analysis based on the HFI further support this out-
come (Appendix 3). The significant positive relation-
ship observed between the infection prevalence and 
the HFI supports our broader findings that land-use 
intensity significantly affects infection prevalence for 
VDBs (Table 3, Global Model), regardless of whether 
HFI values were aligned with the sampling year of 
each study (Table  S1) or corresponded to a single 
year (Table S2).

Results from the host sub-model supported these 
general findings, where infection prevalence was 
significantly lower in low land-use intensity (test 
for residual heterogeneity:  QEdf=26 = 12032.500, 
p < 0.0001; test of moderators:  QMdf=2 = 122.524, 
p < 0.0001). When focusing solely on vectors, data 
regarding the three land-use intensity categories were 
only available for human malaria pathogens, thereby 
preventing any additional analysis.

No asymmetry was found in the distribution of the 
values analysed, indicating that there were no outliers 
in the yi (see Appendix  4 for outlier analyses, Figs. 
S2–S4). Here, we examined the impact of temporal 
scale on our results, and our meta-analyses revealed 
that larger magnitudes of effect sizes (the average val-
ues of yi) were well distributed among the different 

Fig. 3  Geographic coverage of the 162 studies included in the 
systematic review. Yellow dots indicate the locations of articles 
included in the meta-analyses (N = 18). The blue colour scale 

represents the number of records extracted from different coun-
tries, with white areas indicating where no data were found
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Table 3  Results of the meta-analyses based on the land-use and land-cover (LULC) intensity for both the global and the host models

Significant relationships (p ≤ 0.05) are highlighted in bold
a Reference category

Model Variable Estimate (± S.E.) Lower 95% C.I Upper 95% CI z p

Global model 
(Hosts + vectors)

Intercept 0.264 ± 0.040 0.1187 0.342 6.681 < 0.001
Target: hosts 0.00a

Target: vectors − 0.254 ± 0.081 − 0.413 − 0.095 − 3.121 0.002
LULC: high 0.00a

LULC: low − 0.037 ± 0.005 − 0.047 − 0.028 − 7.693 < 0.001
LULC: medium 0.007 ± 0.001 0.005 0.009 6.012 < 0.001

Hosts Intercept 0.265 ± 0.043 0.180 0.350 6.110 < 0.001
LULC: high 0.00a

LULC: low − 0.037 ± 0.005 − 0.047 − 0.028 − 7.692 < 0.001
LULC: medium 0.001 ± 0.001 − 0.005 0.009 6.008 < 0.001

Fig. 4  Forest plot presenting the results of vector-borne infec-
tion prevalence from studies included in the meta-analysis. The 
plot features the articles included, presenting the effect size of 
infection (yi) based on the land-use and land-cover (LULC) 
intensity classification for each study on both sides of the null 

effect line (dotted line), along with their respective 95% confi-
dence intervals (C.I.) calculated using a random-effects model. 
The diamond symbol represents the overall outcome of the 
meta-analysis
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years of the studies (Fig. S3A), thus indicating that 
outcomes of our study are robust to different temporal 
scales. Additionally, the yi values extracted from the 
meta-analysis papers exhibit a temporal progression, 
with a mean value in 2015, further justifying the use 
of an LULC map corresponding to this specific time 
point (Jung et al. 2020). When evaluating publication 
bias in the selected studies, the funnel plot asymme-
try tests for all studies included in the meta-analysis 
showed higher variance among effects that had larger 
S.E. and were therefore more susceptible to sampling 
variability (Fig. S5). However, we did not find any 
study potentially missing in our global model (i.e., 
including hosts and vectors); this suggested that there 
was neither a publication bias in our meta-analyses, 
nor that any essential study was missing (regression 
test for funnel plot asymmetry  tdf=31 = 5.594, p < 0.01; 
Appendix 4).

Discussion

While reviewing the impact of LULC on VBDs and 
how humans in a complex and ever-changing world 
affect these dynamics, we came across many studies 
with experimental and modelling evidence, but also a 
range of reviews on the topic. We found from our lit-
erature review that previous research largely focused 
on modelling the effects of global change on spatial 
and temporal disease risks or dynamics (Tonnang 
et al. 2010; Lachish et al. 2011; Loiseau et al. 2012), 
or elaborated climate change scenarios to assess the 
likely development of pathogen transmission (Altizer 
et al. 2006, 2013). However, many studies overlooked 
important global change drivers such as LULC 
change (summarized by IPBES/IPCCC 2022).

Changes in LULC can have significant impacts 
on the composition and diversity of host and vec-
tor species, potentially leading to the loss of cer-
tain species and the introduction of new ones. This 
alteration in species composition is closely linked 
to changes in biodiversity. It is well-established that 
human activities are associated with biodiversity loss 
(e.g.,Eglington and Pearce-Higgins 2012; Naeem 
et al. 2012). Moreover, at the local or regional level, 
biodiversity loss can either accelerate pathogen trans-
mission rates (Patz et  al. 2000) by providing more 
pathogen reservoirs or decrease transmission by 
reducing the number of vectors or hosts (Cardinale 

et al. 2012). For instance, any induced shifts in migra-
tion-phenology and species movements (Ishtiaq and 
Renner 2020) will likely affect pathogen dynamics 
because migratory species can be sensitive to LULC 
and land-use intensification (Hickling et al. 2006).

Current predictions suggest that LULC changes 
can have an impact on VBDs. However, our sys-
tematic review has revealed that empirical evidence 
supporting this association can yield outcomes 
depending on the specific pathogen system under 
investigation (Chasar et al. 2009; Loiseau et al. 2010). 
For instance, in forest ecosystems, the literature has 
described a response of Haemosporidians to changes 
in forest management, types, and structure (Chasar 
et  al. 2009; Loiseau et  al. 2010; 2012; Lüdtke et  al. 
2013; van Hoesel et al. 2019, 2020). Moreover, vari-
ations between Hawaiian mesic and xeric forests have 
been shown to explain some prevalence and para-
sitemia in both avian haemosporidian and avian pox 
infections (van Riper et  al. 1986; 2002). In tropical 
regions, human-induced changes to the environment 
can significantly influence the composition of hae-
mosporidian communities (Muriel et al. 2021). Glob-
ally, activities such as forest management and frag-
mentation, urbanization, and agricultural expansion 
have been associated with outbreaks of various infec-
tious diseases, including Lyme-Borreliosis (Borrelia) 
in the northeastern United States (LoGiudice et  al. 
2003), Nipah virus in Malaysia (Chua et  al. 1999), 
and human malaria in regions of the Global South 
(Vittor et al. 2006; Franklinos et al. 2019). However, 
the impact of agricultural systems on parasite preva-
lence, similar to forest systems, remains uncertain 
due to inconsistent results, with outcomes depending 
on the specific land-use type, vector, host, and para-
site system being studied (Machault et al. 2011; Loi-
seau et al. 2013; Pérez-Rodríguez et al. 2013b).

Within the context of LULC conversion, deforesta-
tion, which is considered one of the greatest threats 
to biodiversity (Tilman et al. 2017) and human health 
(Wilkinson et  al. 2018), has been predicted to influ-
ence disease dynamics (Guégan et  al. 2020). How-
ever, the number of studies examining the effects of 
deforestation on VBDs remains limited compared to 
the global scale of this threat (Sehgal 2010, 2015). In 
the Amazon region, for example, there is an increas-
ing understanding of the relationship between VBD 
proliferation and forest destruction, but conflicting 
results have emerged and remain unresolved (Tucker 
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Lima et  al. 2017). Some studies suggest that defor-
estation increases malaria risk (Vittor et  al. 2006, 
2009), while others argue the opposite (Valle and 
Clark 2013), and one study found no clear relation-
ship (Barros and Honorio 2015). Recent research 
proposes that deforestation may enhance malaria 
transmission through ecological mechanisms such 
as creating more breeding habitats for vectors, while 
simultaneously, malaria can reduce deforestation due 
to its impact on local economic activity (MacDonald 
and Mordecai 2019). The ambiguity of these rela-
tionships, influenced by the amount of research con-
ducted, highlights the importance of studying VBDs 
from a One-Health perspective, as the host-vector-
parasite dynamics can vary significantly depending 
on the conservation status of the study areas. It is 
clear that we are only beginning to grasp the poten-
tial impacts of LULC on VBDs and human/wildlife 
health, emphasizing the need for further research in 
this field.

While forests have received considerable atten-
tion in relation to VBDs and pathogens, other LULC 
types, such as urban areas, may exhibit altered pro-
cesses and more complex interactions compared to 
forested areas (Bradley and Altizer 2007; Bailly et al. 
2016; Amratia et  al. 2019). We found several stud-
ies examining malaria risk in urban environments, 
often in comparison to rural sites, for both humans 
and wildlife (Parker et  al. 2015; Hernández-Lara 
et  al. 2017; Abella-Medrano et  al. 2018; Jiménez-
Peñuela et  al. 2019). However, to date, no defini-
tive trend regarding the impact of urbanization on 
malaria risk has emerged. There seems, however, a 
pattern towards higher infection prevalence in those 
areas where human land-use is more intense. Finally, 
our literature review revealed that mosquitoes were 
the most representative vector, especially the genera 
Anopheles and Culex that play a crucial role as vec-
tors in the transmission of human and avian malaria, 
as well as viruses such as West Nile virus (WNV). 
In fact, they are responsible for more than half of the 
reports analysed in this review, highlighting the sig-
nificant role of Culicidae in VBDs (Benelli and Dug-
gan 2018).

Complex responses to land management were also 
found, with contradicting results (Vittor et  al. 2006; 
Proietti et al. 2011; Laurance et al. 2013; Benelli and 
Duggan 2018). Agricultural systems, similar to forest 
systems, have also been predicted to increase parasite 

prevalence (Machault et al. 2011; Loiseau et al. 2013; 
Pérez-Rodríguez et al. 2013b). However, the response 
is still unclear due to lack of consistent results, and it 
depends on various factors such as the land-use type, 
vector, host, and parasite system under investigation. 
For instance, extensive agriculture has been found 
to reduce the risk or transmission of VBDs (Sarkar 
et  al. 2012). This can be attributed to factors such 
as the use of pesticides and regular land cultivation, 
which can decrease the abundance of disease vectors, 
including mosquitoes (Li et al. 2014). Conversely, an 
increase of VBDs in extensive agricultural systems 
was reported, where higher mosquito abundance and 
increased disease risk was found in areas with exten-
sive rice agriculture (Mwangangi et al. 2010).

Lastly, to summarize the effects of climate change 
on VBDs, an unclear pattern in which climate change 
can contract or expand the distribution ranges of 
disease emerged (Altizer et  al. 2013). It is widely 
acknowledged that accelerated climate warming 
has already led to changes in the prevalence or inci-
dence of many infectious diseases (Bayoh and Lind-
say 2004). The impacts of climate change on VBDs 
depend on various factors, including habitat, animal 
community composition, host and vector species, and 
the specific pathogens involved. Generally, warmer 
and wetter conditions can accelerate the transmis-
sion of certain diseases (Altizer et al. 2013). Climate 
may influence vector abundance, as higher average 
temperatures contribute to increased vector spread, 
higher transmission rates, and greater pathogen prev-
alence (Ogden and Lindsay 2016). Warmer tempera-
tures can accelerate the larval development of inverte-
brates while simultaneously reducing the lifespan of 
adult vectors (Harvell et  al. 2002). The relationship 
between climate/temperature and VBDs has been 
inferred from the life history of many vectors (Bayoh 
and Lindsay 2004) and experimentally tested (Bayoh 
and Lindsay 2004; Palinauskas et  al. 2015). Most 
vectors, such as dipteran insects and ixodid ticks, 
are exothermal organisms. Although specific details 
may vary among species and life stages, most vec-
tors thrive within relatively narrow ranges of optimal 
temperature and humidity. Moreover, there is a direct 
link between the incubation temperature of parasites 
inside vectors and the development of parasites, such 
as Haemosporidians, which develop optimally under 
specific vector temperature conditions (Palinauskas 
et al. 2015).
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Factors including spatial and temporal dynamics, 
data availability and quality, as well as scale and reso-
lution, contribute to the intricacies involved in study-
ing the effects of land-use changes on VBDs. These 
complexities become evident when considering land-
use change, which has significantly accelerated in 
numerous regions worldwide, particularly in forested 
areas (FAO 2015; Winkler et al. 2021). Additionally, 
the impacts of land-use changes on VBDs can differ at 
local, regional, and global scales. For instance, LULC 
exhibits regional dominance with different areas 
experiencing varying degrees of tropical deforesta-
tion, agricultural expansion, temperate reforestation, 
afforestation, cropland intensification, and urbaniza-
tion (Song et  al. 2018). Across all climate domains, 
montane systems have gained tree cover, while many 
arid and semi-arid ecosystems have lost vegetation 
cover (Song et  al. 2018). Choosing an appropriate 
scale for analysis is therefore crucial to capture the 
relevant processes and patterns, but it can add com-
plexity due to the need for spatially explicit data and 
the challenges of scaling up or down findings.

Meta-analysis lessons

Our meta-analyses revealed a significant relation-
ship between land-use intensity, or human landscape 
alteration, and the prevalence of VBDs, depending on 
whether we considered the host, vector, or both tar-
gets. These findings suggest that LULC play a cru-
cial role in determining the prevalence of infection in 
both vertebrate hosts and insect vectors (Chasar el al. 
2009). Specifically, we observed that lower land-use 
intensity and vectors were associated with lower prev-
alence of VBDs, whereas medium land-use intensity 
was linked to higher prevalence. Additionally, higher 
HFI values facilitate the prevalence of vector-borne 
diseases in both vector and host populations. These 
findings strengthen the reliability of the categorical 
classification system used, further supporting that the 
most pronounced effects on VBD prevalence occur 
during the early stages of land use degradation. For 
instance, fragmented forest areas exhibit high malaria 
prevalence due to the increased availability of breed-
ing sites for vectors and accelerated life cycles result-
ing from elevated temperatures in these regions 
(Laurance et  al 2013). Both meta-analyses further 
supported these general outcomes. Similarly, effects 
of land use on hosts have been observed in recent 

WNV outbreaks in Europe, where land use, particu-
larly in agriculture and rural environments classified 
as medium land-use intensity in this study, has been 
identified as a key factor (Giesen et  al. 2023). It is 
important to note that the land-use intensity catego-
ries used in our study are simplifications and may not 
fully capture the complexity of anthropogenic actions. 
Nonetheless, despite our relatively straightforward 
classification, our findings emphasize the significance 
of considering land-use intensity when investigating 
the prevalence of VBDs. Future studies should aim to 
use continuous measures (e.g., Beyer et  al 2020) or 
provide comprehensive definitions for any land-use 
categories employed.

Three main outcomes are therefore essential to 
consider while interpreting the result on VBDs: (i) 
vector-borne diseases are responding to land-use 
intensification; (ii) while many more vector taxa were 
included, the number of studies for vector sub-mod-
els was low compared to studies working on hosts 
and we should either provide more evidence in field/
laboratory studies or continue to rely on modelling 
approaches. However, the test for heterogeneity indi-
cated that differences between studies were explained 
by moderators included in the model (host or vec-
tor combined with LULC intensity) and were there-
fore not random. Lastly, (iii) the test for moderators 
showed that both LULC intensity together with host 
and vectors affected the prevalence of infection.

Limitations of the study

Our literature review predominantly focuses on the 
last two decades, with a scarcity of studies from ear-
lier periods. This poses a challenge as older studies 
could have provided insights into long-term changes, 
but their limited availability hinders their analyti-
cal relevance for our study. However, LULC data 
used in our study were valid to assess land-use type 
and intensity for the study period considered. As an 
example, deforestation and land-cover change in Asia 
vary across specific countries, with some exhibiting 
a slowing down while others experiencing increased 
speed over time (Estoque et  al. 2019; Suarez-Rubio 
et al. 2020). Such complexities highlight the need to 
assess the spatial and temporal dynamics of forest 
cover (LULC in general)  in different regions and to 
determine its effects of VBD dynamics. Understand-
ing these dynamics requires detailed data on land-use 
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patterns and disease occurrence over time, although 
collecting such data can be challenging, particularly 
in large regions or areas with limited resources. Simi-
larly, disease surveillance data in regions with limited 
monitoring systems or data collection efforts may be 
incomplete or biased, leading to uncertainties in the 
analysis.

Additionally, our study was subject to certain limi-
tations due to insufficient or incomplete information 
on the status of LULC, or gaps, in the coverage of 
studies on pathogens, vectors and their hosts. Accu-
rate and reliable data on land-use changes and VBDs 
are crucial for studying their relationship. However, 
obtaining comprehensive and up-to-date data on land-
use changes can be challenging as LULC has vary-
ing impacts on the mechanisms of VBD transmission. 
For instance, habitat fragmentation is often associ-
ated with an increase in tick-borne diseases (Lauter-
bach et  al. 2013), whereas deforestation may affect 
the intensity of mosquito-borne diseases (Franklinos 
et  al. 2019). To account for these impacts, we 
attempted to distinguish between different impacts of 
LULC intensity on the prevalence in the host and/or 
vectors. However, the information available was not 
always extractable or reported to be able to include 
it in a meta-analysis. Indeed, one of the largest per-
sisting challenges in performing a meta-analysis is 
identifying appropriate studies that can be included 
and that report required data, such as the prevalence 
of infections and correction-measures such as S.D., 
used in analyses to estimate the precision of the study 
results and to calculate the overall yi. Unfortunately, 
only some of the studies included the necessary data 
to calculate the prevalence and S.D. Furthermore, 
the variability in the way that studies are conducted 
and reported can also make it challenging to compare 
results across studies. For example, different studies 
may use different methods for diagnosing infections, 
different sampling techniques, or different defini-
tions of an infection. These differences can introduce 
bias or confounding variables into the meta-analysis, 
which make it more difficult to obtain accurate esti-
mates of the overall yi.

Open data and data gaps

The limited availability of "open data" currently 
restricted the dataset for our meta-analysis. This 
information is vital to fully understand the direction 

and magnitude of the effects of land-use intensifica-
tion on VBDs. To achieve this goal, several research 
gaps need to be addressed: first, studies should report 
easily extractable and reproducible indicators on sam-
pling effort (N), infection prevalence in host and/or 
vector and, most importantly, information on the vari-
ability or dispersion of a set of values, such as S.D., 
S.E., and/or 95% CI (open data approach, as propa-
gated, for example, by the European Union). Second, 
studies should accurately describe and/or classify 
LULC to match the intensity of land-use change. 
Addressing these gaps entails obtaining more com-
prehensive empirical data to understand the impact of 
land-use changes on VBDs. Therefore, future studies 
should incorporate information on LULC to deter-
mine the impact on the transmission of VBD, and 
all conclusions should be considered in the overall 
context of the interacting effects of global change, 
as well as the interaction of hosts, vectors, and their 
pathogens.

Future research directions

Future studies should incorporate the independent 
and interactive effects of land-use intensity into VBD 
analyses in natural and human-dominated ecosys-
tems in order to fill some persistent knowledge gaps 
for the disease with relevance to humans and wildlife. 
These efforts should aim to cover most climate zones, 
but with a specific focus on the tropics since: (1) to 
date, few LULC studies have focused on these, and 
(2) tropical forests undergoing land-use change are 
global hotspots for outbreaks of emerging infectious 
diseases and are postulated to be reservoirs for other 
infectious diseases. Additionally, if possible, studies 
should include modelling approaches combined with 
experimental manipulation. All studies must comply 
with a strict “open data” policy (but considering all 
privacy issues if human data are involved) to maxi-
mize the availability of evidence for future studies. At 
least the latter will greatly diminish a current impedi-
ment to some meta-analytic studies.

By identifying opportunities to mitigate LULC 
driven disease emergence, we will be better pre-
pared to face the future challenges of VBDs, which 
will impact global health systems and ultimately 
the worldwide economy. Understanding the differ-
ent effects of land-use intensity on VBDs is relevant 
for the implementation of specific management 
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strategies, according to vector or host habitat types. 
Thus, LULC should be included in strategies to con-
trol malaria, chikungunya virus, Lyme-borreliosis, 
and other VBDs, all of which can have significant 
negative implications for humans, livestock and wild-
life (Kilpatrick and Randolph 2012; Stanaway et  al. 
2016; WHO and UNICEF 2017; Rohr et al. 2020).

While the impact of land-use change on VBD 
risk has been shown to be significant (Sehgal 2010, 
2015; Lüdtke et al. 2013; Renner et al. 2016), it often 
receives less attention in discussions due to the focus 
on more recent timescales and the presumed immedi-
ate effects of other global change processes and their 
interactions on VBDs (Sala et  al. 2000; Reid et  al. 
2005). While this may be true for the effects of cli-
mate change on vectors (i.e., temperature affects dip-
teran vector development), LULC is likely to affect 
hosts (van Hoesel et  al. 2019, 2020) (i.e., resource 
availability is altered) in a more direct and imminent 
way.
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