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1  |  INTRODUC TION

Vector- borne diseases (VBDs) have been a major human health prob-
lem in recent decades. Indeed, more than 80% of the world popula-
tion lives in areas exposed to at least one vector- borne pathogen, 

and almost all VBDs occur in the tropics where access to medical 
care, safe drinking water, and sanitation systems is still not guaran-
teed (Golding et al., 2015; WHO, 2014). In addition, an increased 
frequency of epidemic transmission and an expanding geographic 
distribution have been observed for many VBDs (Gubler, 2009; 
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Abstract
In recent decades, the emergence and resurgence of vector- borne diseases have been 
well documented worldwide, especially in tropical regions where protection and de-
fense tools for human populations are still very limited. In this context, the dynamics 
of pathogens are influenced by landscape anthropization (i.e., urbanization, deforesta-
tion, and agricultural development), and one of the mechanisms through which this 
occurs is a change in the abundance and/or diversity of the vectors. An increasing 
number of empirical studies have described heterogeneous effects of landscape an-
thropization on vector communities; therefore, it is difficult to have an overall picture 
of these effects on a global scale. Here, we performed a meta- analysis to quantify the 
impacts of landscape anthropization on a global scale on the presence/abundance 
and diversity of mosquitoes, the most important arthropods affecting human health. 
We obtained 338 effect sizes on 132 mosquito species, compiled from 107 studies 
in 52 countries that covered almost every part of the world. The results of the meta- 
analysis showed an overall decline of mosquito presence/abundance and diversity in 
response to urbanization, deforestation, and agricultural development, except for a 
few mosquito species that have been able to exploit landscape anthropization well. 
Our results highlighted that these few favored mosquito species are those of global 
concern. They, thus, provide a better understanding of the overall effect of landscape 
anthropization on vector communities and, more importantly, suggest a greater risk of 
emergence and transmission of vector- borne diseases in human- modified landscapes.
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Müller et al., 2019). For instance, the incidence of dengue has grown 
dramatically around the world, with a 30- fold increase over the last 
50 years. Several major outbreaks of chikungunya have occurred in 
several places around the world in the last decade, and a resurgence 
of yellow fever has been documented after years of decline in both 
Africa and South America (Gardner & Ryman, 2010; WHO, 2014). 
Therefore, there is an urgent need to understand the global driv-
ers of vector- borne pathogen dynamics to better predict, diagnose, 
monitor, and control future pandemic outbreaks.

One of the main identified drivers of disease emergence is the 
anthropization of the landscape (Despommier et al., 2007; Gibb 
et al., 2020; Morand & Lajaunie, 2018; Patz et al., 2000). Landscape 
anthropization can be defined through three main environmental 
components: urbanization, deforestation, and agricultural develop-
ment. Although these three components have implications for the 
emergence and proliferation of VBDs (Gubler, 1998; Vora, 2008), 
they are closely related; one can be the cause or the consequence 
of the others (DeFries et al., 2010; Nathaniel & Bekun, 2020; Tilman 
et al., 2001). Despite the complex and variable effects of landscape 
anthropization on pathogen dynamics, several systematic reviews 
have highlighted that an increase in pathogen transmission and 
prevalence was usually associated with urbanization, deforestation, 
and agricultural development (Brearley et al., 2013; Gottdenker 
et al., 2014; White, 2015), but the mechanisms behind these land-
scape anthropization effects remain to be investigated.

There is a wide variety of mechanisms in action considering 
the inherent complexity of the spread of VBDs since it involves 
at least three organisms, namely, a parasite, a vector, and a host. 
Endoparasites are not directly exposed to landscape changes during 
their life cycle; these changes can therefore only act on these para-
sites indirectly through their effects on the vector and/or the host 
(Ferraguti et al., 2018). In this context, the expansion of the vector 
in human- modified landscapes has led to the emergence of several 
diseases caused by parasites in humans (Estrada- Peña et al., 2014; 
Morand & Lajaunie, 2018). This is, for example, the case for Chagas 
disease, transmitted by triatomine bugs; trypanosomiasis, trans-
mitted by tsetse flies (Glossina species); filariasis, transmitted by 
phlebotomine sandflies; bilharzia, transmitted by freshwater snails; 
onchocerciasis, transmitted by black flies; and malaria, dengue, 
Rift Valley fever, and West Nile fever transmitted by mosquitoes 
(Morand & Lajaunie, 2018).

During the past century, it has become established that mos-
quitoes are the most important arthropods affecting human health 
(Foster & Walker, 2019) and are the most widely studied taxa among 
invertebrates with medical importance, given their role as vectors 
of many pathogens (Chaves, 2017). Mosquitoes are found on every 
continent except Antarctica and hundreds of millions of dollars 
are spent annually to protect humans from mosquito bites all over 
the world (Diagne et al., 2020; Foster & Walker, 2019). Moreover, 
through a modification of mosquito abundance and diversity, land-
scape anthropization has led to a change in the prevalence of para-
sites responsible for avian malaria in Spain and Cameroon (Ferraguti 
et al., 2016, 2018; Tchoumbou et al., 2020). Numerous empirical 

studies have examined the effects of landscape anthropization on 
mosquito communities, and some authors have concluded that we 
can already draw general patterns. Overall, it has been suggested 
that mosquito abundance and diversity are higher in natural and 
rural areas than in urban areas (e.g., Ferraguti et al., 2020). However, 
no quantitative review on the subject exists in the literature except 
on a particular mosquito genus and/or a particular relationship [e.g., 
land cover and Aedes presence (Sallam et al., 2017), deforestation 
and mosquito abundance (Burkett- Cadena & Vittor, 2018)].

Here, we conducted a comprehensive research review and a 
meta- analysis of the existing literature to highlight the overall im-
pact of landscape anthropization on mosquito presence/abundance 
and diversity as a step towards a better understanding of vector- 
borne pathogen dynamics in human- modified landscapes. We con-
sidered all available studies, whether they used a spatial approach 
(e.g., data that compared several rural and urban sites at a specific 
time), a temporal approach (e.g., data that compared one rural site 
and one urban site across time), or both. We excluded studies that 
did not simultaneously sample disturbed and undisturbed sites since 
mosquito populations could vary significantly from year to year 
(Chase & Knight, 2003; Reisen et al., 2008; Wolda & Galindo, 1981). 
We pooled the effects of the three environmental components (i.e., 
urbanization, deforestation, and agricultural development) to ob-
tain the largest picture of the impacts of landscape anthropization 
and the greatest number of effect sizes. The specific objectives of 
this meta- analysis were (i) to quantitatively test the prediction of a 
decrease in mosquito abundance and diversity in human- modified 
landscapes on a global scale; (ii) to investigate how different mos-
quito species respond to the three environmental components; and 
(iii) to assess whether the response is linked to the ability to transmit 
human pathogens of mosquito species.

2  |  MATERIAL S AND METHODS

2.1  |  Literature search

Peer- reviewed publications were sourced from the following data-
bases: Web of Science Core Collection, KCI- Korean Journal Database, 
MEDLINE, Russian Science Citation Index and SciELO Citation Index 
(http://www.webof knowl edge.com) using a combination of key-
words including Culicidae, presence, abundance, richness, diversity, 
habitat loss, fragmentation, anthropogenic, landscape/land- use 
change, urban, agriculture and forest (Figure 1). The search gener-
ated 1648 studies published until June 2021.

We first eliminated the references that did not fit the purpose 
of our review based on their title and abstract. Then, we excluded 
studies whose objectives were not to test the effect of landscape 
anthropization on mosquito abundance and diversity after a full 
reading of the text. In addition, we excluded studies that did not ful-
fil the following eligibility criteria: the study (i) was written in English; 
(ii) identified mosquitoes to species, (iii) estimated mosquito pres-
ence/absence, abundance, or diversity; (iv) used a clear landscape 
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anthropization gradient; (v) used data sampled the same year in 
each environment; (vi) had at least two sampling points per habitat 
or more than three sampling points on a landscape anthropization 
gradient; (vii) was not a literature review; and (viii) had available raw 
data. This resulted in 107 studies from which data were extracted. 
The process and outcome of the literature search were summarized 
in the Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) flow diagram (Figure 1), as well as in the support-
ing information (Appendix S1).

2.2  |  Data extraction and effect size calculation

For each study, we recorded the response variable studied [mos-
quito presence/abundance or diversity (i.e., species richness, 
Simpson or Shannon index) depending on the study], the mosquito 
taxonomy (genus and species), and the stage (immature or adult). 
We extracted the correlation coefficient between the gradient of 
landscape anthropization (i.e., deforestation, agricultural develop-
ment, or urbanization) and the response variable from text, tables, 
or figures (with the “digitize” R package; Poisot, 2011) within publica-
tions, supplementary materials, or solicited authors. For studies that 
made comparisons of mosquito abundance or diversity between two 
habitat categories (e.g., urban vs. rural), we extracted the means and 
standard deviations. Finally, when proportions of individuals were 
given (i.e., presence/absence between two habitat categories), we 
used the odds ratio (Cooper et al., 2019).

As not all studies reported the same effect size metrics, their di-
rect comparison was not possible. We, thus, used conversions from 
Cooper et al. (2019) and Harrer et al. (2021) to obtain the correlation 
coefficient r, which is a common metric of effect size allowing com-
parison between studies. To comply with the application conditions 
of meta- analytical tests (e.g., the distribution normality of effect 
sizes), we then converted each r into Fisher's Zr (Cooper et al., 2019). 
The transformation from r to Zr is given by Zr = 0.5 × ln((1 + r)/(1 − r)). 
After the analyses, meta- analytic Zr means were back transformed 
into meta- analytic r means to facilitate interpretations.

2.3  |  Meta- analyses

We tested the overall effect of landscape anthropization on mos-
quito diversity (hereafter called meta- diversity analysis) using a 
random- effects model to estimate the mean of the distribution of 
effect sizes. Effect sizes (Zr) were used as the dependent variables, 
and their variance was calculated using the formula: 1/(n − 3) (Cooper 
et al., 2019), where n is the sample size associated with each effect 
size. Sample sizes were determined from the number of sampling 
sessions for studies that used a temporal approach and from the 
number of sampling sites for studies that used a spatial approach. 
For the overall effect of landscape anthropization on mosquito pres-
ence/abundance (hereafter called meta- abundance analysis), we 
ran a multilevel model to consider several types of nonindepend-
ence in the data arising from multiple effect sizes originating from 

F I G U R E  1  PRISMA flow diagram (Liberati et al., 2009) used for this meta- analysis on the effects of landscape anthropization on mosquito 
presence/abundance and diversity.
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the same study or the same species (Figure 2; Appendix S1). We, 
thus, accounted for species-  and study- level nonindependence by 
including mosquito species and study ID as random factors in the 
model. Meta- analytic means and their confidence intervals were 
obtained for the meta- diversity and meta- abundance analyses by the 
intercept test of the random- effects model and the multilevel model, 
respectively.

We tested the random factor “species” with a model comparison 
and a likelihood ratio test (LRT). We also assessed the inconsistency 
in effect sizes among studies by computing I2, which quantifies the 
percentage of variability in the effect sizes that is not due to sampling 
error. In the case of multilevel models, we partitioned I2 between 
the two random factors (i.e., study and mosquito species factors). 
According to Higgins et al. (2003), heterogeneity was considered 
low, moderate, and high when I2 = 0.25, 0.50, and 0.75, respectively.

2.4  |  Mixed- effects meta- regression analyses

After estimating the overall effect of landscape anthropization on 
mosquito presence/abundance, we ran a meta- regression to assess 
the contribution of one moderator to the heterogeneity of effect 
sizes. As in multilevel models, mosquito species and study ID were 
entered as random factors within all models. We identified the mos-
quito's ability to transmit human pathogens as a moderator that 
could explain the heterogeneity of the landscape anthropization 
effects on mosquito presence/abundance. Indeed, Burkett- Cadena 
and Vittor (2018) systematically reviewed the literature focusing 
on mosquito abundance changes between forested and deforested 
areas and showed that vectors of human pathogens are more abun-
dant in deforested areas, while a reverse trend was observed for non- 
vectors. We, thus, tested whether this pattern is still observed with 
a global view of the landscape anthropization effects on mosquitoes 
and with a much larger number of publications (Burkett- Cadena and 
Vittor (2018): N = 17 publications, and neither a meta- analytic ap-
proach was used nor were meta- analytic means provided).

According to Becker et al. (2020) and Wilkerson et al. (2021), 
we identified 14 of the most important VBDs for humans (i.e., ma-
laria, chikungunya, Ross River fever, equine encephalomyelitis, 

O'nyong- nyong, Sindbis fever, yellow fever, dengue, Zika virus dis-
ease, West Nile fever, Japanese encephalitis, Usutu virus disease, 
Rift Valley fever, and lymphatic filariasis) and identified the number 
of these 14 VBDs that were associated with each mosquito species. 
We considered that the number of VBDs associated with a mosquito 
species reflected its ability to transmit vector- borne pathogens. To 
reduce the number of categories in our models, we ranged mosquito 
species into five arbitrary classes of associated VBD numbers (0, 1 to 
3, 4 to 6, 7 to 9, and 10 or more associated VBDs).

As there is an advantage for mosquito species that feed on 
mammals and more specifically on humans in anthropized environ-
ments (due to higher human density) compared to other mosquito 
species, we planned to add a feeding pattern moderator in the 
meta- regression models. We hypothesized that mosquito species 
associated with mammals would be positively affected by landscape 
anthropization while mosquito species associated with birds, am-
phibians and more generally wildlife would be negatively affected. 
However, almost all mosquito species studied in this study feed on 
mammals and there was therefore not enough variability in the feed-
ing preference (Becker et al., 2020; Wilkerson et al., 2021) to test 
this hypothesis.

Finally, we did not test a moderator representing the type of 
disturbance (i.e., urbanization, deforestation, and agricultural devel-
opment) due to the strong correlations between these three envi-
ronmental components.

2.5  |  Publication bias

Publication bias occurs when the publication of studies depends on 
their results (Rothstein et al., 2005). This is especially true for small 
studies where only very large effects become significant. This publi-
cation bias can lead to overestimating or underestimating the overall 
effect size according to a theoretical expectation that could be in-
valid (Harrer et al., 2021). We quantified the publication bias across 
both meta- diversity and meta- abundance analyses using both Egger's 
regression (Egger et al., 1997) and Duval & Tweedie trim- and- fill 
(Duval & Tweedie, 2000) methods (i.e., two publication bias analy-
ses per response variables for a total of four analyses). Following the 

F I G U R E  2  Geographic distribution of 
the 107 studies used in the meta- analysis 
(i.e., blue triangles) testing the effects of 
landscape anthropization on mosquito 
presence/abundance and diversity.
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recommendation of Nakagawa and Santos (2012), we conducted 
Egger's regression and trim- and- fill methods on the residuals for the 
meta- abundance analysis because they account for nonindepend-
ence due to multiple effect sizes originating from the same study or 
the same species.

All calculations were performed with the metafor 
(Viechtbauer, 2010) and meta (Balduzzi et al., 2019) packages avail-
able in R software (version 4.1.1; R Core Team, 2021).

3  |  RESULTS

3.1  |  Summary of the literature review

The 107 studies were published between 1992 and 2021, covered 
52 countries distributed over five continents, with 16, 21, 10, 6, 
28, and 26 publications from Africa, Asia, Europe, Oceania, North 
America, and South America, respectively (Figure 2). The full data 
set comprises 338 effect sizes, including 132 mosquito species, 
with 29 effect sizes obtained from 29 studies for the meta- diversity 
analysis and 309 effect sizes obtained from 98 studies for the meta- 
abundance analysis. The three main landscape anthropization gradi-
ents were studied in the literature (i.e., urbanization, deforestation, 
and agricultural development), but most studies were focused on 
urbanization effects (70% of studies; Appendix S1).

Seventy- one mosquito species studied were mammophilic or op-
portunistic, while only two species were ornithophilic and one spe-
cies was associated with amphibians. To our knowledge, the feeding 
preference of the remaining 58 species is unknown. In addition, the 
most studied mosquitoes in a landscape anthropization context were 
Aedes albopictus (36 studies), Aedes aegypti (25 studies), Culex pipiens 
(20 studies), Culex quinquefasciatus (15 studies), and Aedes vexans (11 
studies), all of which were opportunistic or had a feeding preference 
associated with mammals (Appendix S1).

3.2  |  Overall landscape anthropization effects on 
mosquito presence/abundance and diversity

From the global data set, there was a significant negative overall 
effect size of landscape anthropization on both mosquito diversity 
(r = −0.25, 95% CI: −0.45 to −0.02, p = .03; Figure 3) and mosquito 
presence/abundance (r = −0.13, 95% CI: −0.22 to −0.04, p = .006; 
Figure 4). Overall, we found substantial heterogeneity not caused 
by sampling error in the meta- diversity analysis (I2 = 83%) and in the 
meta- abundance analysis (I2 = 96%). More precisely, based on Higgins 
and Thompson's “rule of thumb” (Higgins et al., 2003), within- study 
variations explained a high amount of heterogeneity (I2 = 53%), 
whereas between- study variations and mosquito species variations 
explained a low amount of heterogeneity (I2 = 16% and I2 = 27%, 
respectively) in effect sizes for the meta- abundance analysis.

The life stage (i.e., adult, immature or both) or type of response 
(i.e., presence or abundance) did not change the results when they 

were added to the models (F2,306 = 2.11, p = .12 and F1,307 = 0.30, 
p = .58, respectively), indicating that these moderators did not  
explain the observed heterogeneity. Therefore, they were not  
considered further.

3.3  |  Are landscape anthropization effects 
associated with mosquito species or the mosquito's 
ability to transit vector- borne pathogens?

Overall, we found a significant difference among mosquito spe-
cies regarding the landscape anthropization effects on mos-
quito presence/abundance (LRT = 32.3, p < .0001; AICcfull = 500, 
AICcreduced = 530). Eight mosquito species had an increased abun-
dance in response to landscape anthropization, while the others had 
a decreased abundance or were not affected by urbanization, de-
forestation, and agricultural development (Figure 4). Moreover, we 
found a significant association between the landscape anthropiza-
tion effects on mosquito presence/abundance and the mosquito's 
ability to transmit vector- borne pathogens (F4,304 = 4.27, p = .002). 
Landscape anthropization led to a decrease in the presence/abun-
dance of mosquito species associated with any or a few VBDs, while 
it led to an increase in the presence/abundance of mosquito species 
associated with many VBDs (Figure 4).

3.4  |  Publication bias

Based on Egger's regression (Egger et al., 1997), there was no sig-
nificant evidence for publication bias for either the meta- diversity or 
the meta- abundance analyses (intercept = −0.33, 95% CI: −1.59 to 
0.92, and intercept = −0.28, 95% CI: −0.88 to 0.33, respectively). 
The trim- and- fill analysis estimated a total of 4 and 27 effect sizes 
missing from the right side of the distribution for the meta- diversity 
and meta- abundance analyses, respectively. In addition, the correc-
tion suggested by this method reduced both the overall effect size 
for the meta- diversity and the meta- abundance analyses (r = −0.16, 
95% CI: −0.37 to 0.07 and r = −0.05, 95% CI: −0.14 to 0.04, respec-
tively). However, as the trim- and- fill method can underestimate the 
true overall effect size when there is no publication bias and signifi-
cant heterogeneity among effect sizes (Peters et al., 2007), all pub-
lication bias analyses did not suggest evidence of a large publication 
bias in our data.

4  |  DISCUSSION

The effects of urbanization, deforestation, and agricultural develop-
ment on mosquito abundance and diversity have been studied in al-
most every part of the world, with data mainly focused on mosquito 
species of importance to human health. Overall, the abundance and 
diversity of mosquitoes are lower in anthropized areas than in natu-
ral areas, although not all species responded similarly. While most 

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6862  |    PERRIN et al.

mosquito species had an abundance that decreased with urbaniza-
tion, deforestation and agricultural development, the abundance of 
mosquitoes that are of global concern increased in human- modified 
landscapes.

Several comprehensive reviews on the effect of land- use 
changes on mosquito ecology identified different trends (Brugueras 
et al., 2020; Burkett- Cadena & Vittor, 2018; Madzokere et al., 2020; 
Sallam et al., 2017; Walsh et al., 1993). First, different mosquito 
species were affected in different ways by deforestation (Sallam 
et al., 2017; Walsh et al., 1993), resulting in some cases a decrease 
but in most cases an increase in infection risk for humans. The un-
derlying mechanisms could be a change in mosquito behaviors such 
as mating, feeding, and oviposition in anthropized environments 
(Madzokere et al., 2020; Walsh et al., 1993). Second, the species fa-
vored by deforestation are mainly the medically important species, 
which, thus, leads to an increase in disease risk in deforested areas 
(Burkett- Cadena & Vittor, 2018; Madzokere et al., 2020). However, 
all these comprehensive reviews did not have a meta- analytical ap-
proach and it is difficult to conclude the overall impact of landscape 

anthropization on mosquito abundance and diversity. Our quan-
titative synthesis provides meta- analytic means of the impacts of 
landscape anthropization on mosquito communities, and our results 
showed that overall, mosquito abundance and diversity were more 
often reduced than increased in human- modified landscapes. These 
results are in line with other studies that showed that urbanization, 
deforestation, or agricultural development cause disturbances that 
affect ecological communities, often leading to an increase in the 
abundance of a small group of species and a general loss of biodi-
versity (Fahrig, 2003; McKinney, 2008; Miller & Kauffman, 1998; 
Newbold et al., 2016).

As suggested by many authors, these results could be explained 
by the reduction in the availability of breeding areas in urban en-
vironments, which led to a lower diversity and a lower surface of 
wetlands (e.g., lower number of tree holes, ditches, vernal pools, and 
leaf axils) for mosquitoes (Ferraguti et al., 2016; Gardner et al., 2014; 
Loaiza et al., 2019; Meyer Steiger et al., 2016a). In human- modified 
landscapes, natural environments (e.g., standing water or vegeta-
tion) are often replaced with artificial elements for human needs 
(e.g., housing, shopping centres, and industries). This reduces mos-
quito abundance and diversity, except for those species capable of 
growing in artificial and/or temporary ponds (i.e., buckets, ornamen-
tal bromeliads, or flowerpots), such as Ae. albopictus or Ae. aegypti 
(Wilke et al., 2019). Moreover, in human- modified landscapes, the 
blood and sugar sources for adult mosquitoes are lower and less di-
verse than in natural habitats, especially in forested areas (Gardner 
et al., 2014). Indeed, the forest habitat has the highest levels of 
terrestrial species diversity, and almost all taxonomic groups are 
slightly more likely to occur with increasing forest cover (Newbold 
et al., 2014). In addition, Aronson et al. (2014) showed that urban-
ization led to lower densities of both animal and plant species on 
a global scale. The preference of mosquitoes for different types of 
habitats could also contribute to the low mosquito abundance and 
diversity in human- modified landscapes because several studies 
showed mosquito species- specific preferences for understory veg-
etation or tree cavities more frequently found in natural environ-
ments (Burkett- Cadena et al., 2008; Burkett- Cadena et al., 2013). 
However, mosquito resting site preference and selection are not 
yet fully understood and the underlying mechanisms remain to be 
determined. Another potential driver of the decrease in mosquito 
abundance and diversity in human- modified landscapes is the im-
plementation of mosquito controls in some urban areas to protect 
human populations. For example, Ferraguti et al. (2016) mentioned 
that larvicide treatments with Bacillus thuringiensis were carried out 
in some of the studied urban areas and may have reduced the mos-
quito populations both in terms of density and diversity.

Despite this overall pattern of a decrease in mosquito abundance 
in response to landscape anthropization, not all mosquito species 
responded in the same way. First, we found a large heterogeneity 
among effect sizes, even within a genus or within the same study. 
These results are not surprising given the variety of mosquito eco-
logical characteristics, such as the difference in dispersal capacities 
(Verdonschot & Besse- Lototskaya, 2014), feeding behavior (Becker 

F I G U R E  3  Effect size of landscape anthropization on mosquito 
diversity for each study and meta- analytic mean (overall) based on 
the correlation coefficient (±95% CI).
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F I G U R E  4  Meta- analytic mean per mosquito species and class of associated VBD (Vector- borne disease) number as well as meta- analytic 
mean (overall) based on the correlation coefficient (±95% CI) for the landscape anthropization effects on mosquito presence/abundance. 
n refers to the number of effect sizes. The colours blue, red, or grey, respectively, showed whether mosquito species was positively, 
negatively, or not affected by landscape anthropization. Ad. = Aedeomyia, Ae. = Aedes, An. = Anopheles, Ar. = Armigeres, Cq. = Coquillettidia, 
Cx. = Culex, Cs. = Culiseta, De. = Deinocerites, Hg. = Haemagogus, Li. = Limatus, Lt. = Lutzia, Ma. = Mansonia, Ps. = Psorophora, Sa. = Sabethes, 
Tx. = Toxorhynchites, Tr. = Trichoprosopon, Ur. = Uranotaenia, Ve. = Verrallina, Wy. = Wyeomyia.
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et al., 2020), larval habitat preference (Almeida et al., 2020), or devel-
opment time (Russell, 1999). In addition, the predation pressure on 
mosquitoes in urban areas is lower than that in rural areas (Carlson 
et al., 2004), which reduces the mechanism of predator- mediated 
coexistence and allows mosquitoes that are adapted to human- 
modified landscapes to proliferate at the expense of other species 
(Kesavaraju et al., 2008). Second, we also found an inconsistency in 
effect sizes within studies even when controlling for heterogeneity 
due to species identity, which could reflect that the abundance of a 
species partly depends on other species present in the community. 
As some species tolerate human- modified environments, they out-
weigh other less tolerant species that are then excluded by compet-
itive exclusion. This is in accordance with Johnson et al. (2008) and 
Lounibos and Juliano (2018) who suggested that competition among 
mosquito species can be an important factor in determining mos-
quito abundance, realized niche and future distribution.

The heterogeneity among the effects of landscape anthropiza-
tion on mosquito abundance is reduced when the ability of mos-
quitoes to be a vector of human diseases is considered. Indeed, the 
abundance of mosquitoes that are of global concern increased with 
urbanization, deforestation, and agricultural development, while the 
abundance of the others decreased. These results may be due to co-
variance between life- history traits and the human disturbance tol-
erance of species. Species with a large home range, fast growth, and 
early reproduction are less prone to elimination after a disturbance 
(Ewers & Didham, 2006; Joseph et al., 2013; Newbold et al., 2018; 
Purvis et al., 2000) but, at the same time, they are the most compe-
tent species for a pathogen (Johnson et al., 2012; Joseph et al., 2013; 
Lee et al., 2008). In other words, considering life- history trade- offs, 
tolerant species to landscape anthropization may have rapid growth 
and high reproductive output at the expense of effective pathogen 
defenses. As suggested by Burkett- Cadena and Vittor (2018), these 
results could also be the consequence of a spatial convergence of 
the pathogen, the host, and the vector through evolutionary pro-
cesses. Resilient species in human- modified landscapes may become 
efficient vectors of pathogens because natural selection may favor 
the evolution of pathogens infecting the most abundant vector, 
thus allowing efficient dispersion. Consequently, the most efficient 
vectors for dispersing human diseases seem to be the species that 
have a better fitness when humans are present in high density (i.e., 
in human- modified landscapes).

Our results have several ecological consequences. First, they 
suggest an overall loss of biodiversity and a biotic homogeniza-
tion in human- modified landscapes. This is in accordance with 
McKinney (2006), who showed that landscape anthropization was 
responsible for the homogenization of the environment. In fact, the 
habitat diversity for flora and fauna in an urban area is much less diver-
sified than that in the same area in a natural environment. Likewise, 
the urban habitats of two distant cities (e.g., on two different conti-
nents) are very similar compared with two adjacent natural habitats 
in these two cities. This homogenization process in human- modified 
landscapes leads to a reduction in the species richness of several 
taxa, including mammals, birds, reptiles, amphibians, invertebrates, 

and plants (Chace & Walsh, 2006; Collinge, 2009; McKinney, 2008), 
and thus to the biological uniqueness of local ecosystems (McKinney 
& Lockwood, 1999). Second, the increase in abundance of the most 
efficient vectors for dispersing pathogens, as well as the proximity 
of humans and vectors in human- modified landscapes, increases the 
probability of an encounter between a pathogen and its vector and 
its transmission to the host. This ultimately makes human- pathogen 
interactions more likely in human- modified landscapes. Given the 
emergence and re- emergence of VBDs around the world, it is im-
portant to note that landscape anthropization is a factor that allows 
vectors that are of global concern to thrive.

This meta- analysis highlights several ways to guide future re-
search. First, the availability of raw data should be increased in 
empirical studies, giving clear observed effect sizes rather than 
statistical measures. This would avoid excluding many studies (e.g., 
83 in this meta- analysis) because the data that allow the calculation 
of effect sizes are not provided in the publication and are not or 
no longer available from the authors. Second, most studies have 
focused on mammophilic mosquito species. There are at least two 
reasons for this: (i) these species are important to human health 
and are, thus, of primary interest to the medical community and 
(ii) the mosquito sampling strategy often used in the literature is 
human landing catches, which is the most accurate and unbiased 
method to evaluate exposure to mosquito bites or VBDs in humans 
(Wotodjo et al., 2015). Extending the study of the effects of land-
scape anthropization to other mosquitoes would provide valuable 
information on the epidemiological risks to livestock and wildlife in 
human- modified landscapes. Third, most studies have been based 
on a one- dimensional comparison between disturbed and undis-
turbed sites without incorporating an explicit quantitative approach 
to landscape anthropization effects. Therefore, this did not allow us 
to study the nonlinearity of the relationship between mosquito vari-
ables and landscape anthropization or the presence of thresholds, 
which is important information for the management and conserva-
tion of natural environments.

Specific effects associated with each landscape anthropiza-
tion components on mosquito species have been documented in 
the literature and reviewed (e.g., Norris, 2004; Vora, 2008). First, 
deforestation favored mosquitoes with higher vectorial capacities. 
Hendy et al. (2020) have shown that disease vector species such 
as Ae. albopictus and Ae. aegypti was only found within 100 m from 
the forest edge, while non- vector and forest specialist species were 
detected in low numbers within this area. Second, urbanization cre-
ated many breeding sites and refugia for species capable of using 
them, as well as a stable source of water during the dry season due 
to pipes underneath the streets. For instance, Cx. quinquefasciatus 
and Ae. aegypti breed most successfully in fresh water- filled man- 
made containers and are therefore found primarily around houses 
in urban environments (Valentine et al., 2020). Third, agricultural 
development led to ideal local environments (e.g., higher sedimenta-
tion, shallowest water depth) and climate (e.g., warmer temperature) 
for several mosquito species, including Ae. albopicus or Cx. quinque-
fasciatus (Buckner et al., 2011). Here, we were not able to separate 
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the effects of urbanization, deforestation, and agricultural devel-
opment, although it is essential information in landscape planning. 
There are two reasons for this: (i) most studies only focused on one 
gradient without taking into account the others and (ii) the strong 
correlation between landscape anthropization gradients makes it 
difficult to quantify their relative effects (e.g., the comparison of 
forest and urban environments corresponding to both deforestation 
and urbanization).

5  |  CONCLUSIONS

Our comprehensive review revealed that urbanization, deforesta-
tion, and agricultural development have negative impacts on mos-
quito abundance and diversity on a global scale. However, we found 
heterogeneity in these overall patterns, with a large difference in re-
sponse to landscape anthropization among mosquito species. From an 
ecological point of view, landscape anthropization leads to a general 
decline in mosquito diversity by reducing most mosquito abundance 
and by favoring a few species adapted to human- modified landscapes. 
These few mosquito species do not belong to the same genus, and a 
large variation in response is observed among several mosquito spe-
cies within a genus. This finding indicates that grouping species in 
genera may not be appropriate for studying the effects of landscape 
anthropization because the ability to develop and survive in human- 
modified landscapes could be different even for two phylogenetically 
closely related mosquito species. Taking into consideration the ability 
of a mosquito species to disperse VBDs allowed us to partly explain 
the heterogeneity of effect sizes. The abundance of mosquitoes of 
global concern increased in human- modified landscapes, while the 
abundance of others decreased. This meta- analysis revealed a factor 
that allows vectors of human diseases to thrive, highlighting a positive 
correlation between the abundance of these vectors and landscape 
anthropization. This suggests a greater risk of pathogen spillover in 
human- modified landscapes and given the rapid land use changes for 
the benefit of humans, it is important to take this result into account in 
land- use planning to reduce the probability of VBD emergence.

AUTHOR CONTRIBUTIONS
Antoine Perrin, Olivier Glaizot, and Philippe Christe conceived the 
study. Antoine Perrin developed the methods, screened studies, ex-
tracted data, performed the meta- analysis, and wrote the first draft 
of the manuscript. All authors contributed to data interpretation, im-
proved the drafts, and approved the final version.

ACKNOWLEDG MENTS
We thank all authors for their publications, which enabled this meta- 
analysis, as well as the authors who responded to our requests and 
kindly shared their raw data when possible. We also thank the con-
structive comments made by two reviewers as they contributed to 
improve the manuscript. This research was supported by a grant 
from the Swiss National Science Foundation (grant number 31003A- 
179378). Open access funding provided by Universite de Lausanne.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data and R script for the meta- analysis are available in Dryad Digital 
Repository (DOI: 10.5061/dryad.bcc2fqzfm).

ORCID
Antoine Perrin  https://orcid.org/0000-0001-5100-8473 
Olivier Glaizot  https://orcid.org/0000-0001-9116-3355 
Philippe Christe  https://orcid.org/0000-0002-8605-7002 

R E FE R E N C E S
Aronson, M. F. J., La Sorte, F. A., Nilon, C. H., Katti, M., Goddard, M. A., 

Lepczyk, C. A., Warren, P. S., Williams, N. S. G., Cilliers, S., Clarkson, 
B., Dobbs, C., Dolan, R., Hedblom, M., Klotz, S., Kooijmans, J. L., 
Kühn, I., MacGregor- Fors, I., McDonnell, M., Mörtberg, U., … 
Winter, M. (2014). A global analysis of the impacts of urbaniza-
tion on bird and plant diversity reveals key anthropogenic drivers. 
Proceedings of the Royal Society B: Biological Sciences, 281(1780), 
20133330. https://doi.org/10.1098/rspb.2013.3330

Balduzzi, S., Rücker, G., & Schwarzer, G. (2019). How to perform a meta- 
analysis with R: A practical tutorial. Evidence Based Mental Health, 
22(4), 153– 160. https://doi.org/10.1136/ebmen tal- 2019- 300117

Becker, N., Petrić, D., Zgomba, M., Boase, C., Madon, M. B., Dahl, C., 
& Kaiser, A. (2020). Mosquitoes: Identification, ecology and control. 
Springer International Publishing. https://doi.org/10.1007/978- 3- 
030- 11623 - 1

Brearley, G., Rhodes, J., Bradley, A., Baxter, G., Seabrook, L., Lunney, 
D., Liu, Y., & McAlpine, C. (2013). Wildlife disease prevalence in 
human- modified landscapes. Biological Reviews, 88(2), 427– 442. 
https://doi.org/10.1111/brv.12009

Brugueras, S., Fernández- Martínez, B., Martínez- de la Puente, J., 
Figuerola, J., Porro, T. M., Rius, C., Larrauri, A., & Gómez- Barroso, 
D. (2020). Environmental drivers, climate change and emergent 
diseases transmitted by mosquitoes and their vectors in southern 
Europe: A systematic review. Environmental Research, 191, 110038. 
https://doi.org/10.1016/j.envres.2020.110038

Burkett- Cadena, N., Graham, S. P., & Giovanetto, L. A. (2013). Resting envi-
ronments of some Costa Rican mosquitoes. Journal of Vector Ecology, 
38(1), 12– 19. https://doi.org/10.1111/j.1948- 7134.2013.12004.x

Burkett- Cadena, N. D., Eubanks, M. D., & Unnasch, T. R. (2008). 
Preference of female mosquitoes for natural and artificial resting 
sites. Journal of the American Mosquito Control Association, 24(2), 
228– 235. https://doi.org/10.2987/5662.1

Burkett- Cadena, N. D., & Vittor, A. Y. (2018). Deforestation and vector- 
borne disease: Forest conversion favors important mosquito vec-
tors of human pathogens. Basic and Applied Ecology, 26, 101– 110. 
https://doi.org/10.1016/j.baae.2017.09.012

Chace, J. F., & Walsh, J. J. (2006). Urban effects on native avifauna: A 
review. Landscape and Urban Planning, 74(1), 46– 69. https://doi.
org/10.1016/j.landu rbplan.2004.08.007

Chase, J. M., & Knight, T. M. (2003). Drought- induced mosquito out-
breaks in wetlands. Ecology Letters, 6(11), 1017– 1024. https://doi.
org/10.1046/j.1461- 0248.2003.00533.x

Chaves, L. F. (2017). Climate change and the biology of insect vectors 
of human pathogens. In Global climate change and terrestrial in-
vertebrates (pp. 126– 147). John Wiley & Sons, Ltd. https://doi.
org/10.1002/97811 19070 894.ch8

Collinge, S. K. (2009). Ecology of fragmented landscapes. JHU Press.
Cooper, H., Hedges, L. V., & Valentine, J. C. (2019). The handbook of re-

search synthesis and meta- analysis. Russell Sage Foundation.

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.bcc2fqzfm
https://orcid.org/0000-0001-5100-8473
https://orcid.org/0000-0001-5100-8473
https://orcid.org/0000-0001-9116-3355
https://orcid.org/0000-0001-9116-3355
https://orcid.org/0000-0002-8605-7002
https://orcid.org/0000-0002-8605-7002
https://doi.org/10.1098/rspb.2013.3330
https://doi.org/10.1136/ebmental-2019-300117
https://doi.org/10.1007/978-3-030-11623-1
https://doi.org/10.1007/978-3-030-11623-1
https://doi.org/10.1111/brv.12009
https://doi.org/10.1016/j.envres.2020.110038
https://doi.org/10.1111/j.1948-7134.2013.12004.x
https://doi.org/10.2987/5662.1
https://doi.org/10.1016/j.baae.2017.09.012
https://doi.org/10.1016/j.landurbplan.2004.08.007
https://doi.org/10.1016/j.landurbplan.2004.08.007
https://doi.org/10.1046/j.1461-0248.2003.00533.x
https://doi.org/10.1046/j.1461-0248.2003.00533.x
https://doi.org/10.1002/9781119070894.ch8
https://doi.org/10.1002/9781119070894.ch8


6866  |    PERRIN et al.

DeFries, R. S., Rudel, T., Uriarte, M., & Hansen, M. (2010). Deforestation 
driven by urban population growth and agricultural trade in the 
twenty- first century. Nature Geoscience, 3(3), 178– 181. https://doi.
org/10.1038/ngeo756

Despommier, D., Ellis, B. R., & Wilcox, B. A. (2007). The role of ecotones 
in emerging infectious diseases. EcoHealth, 3(4), 281– 289. https://
doi.org/10.1007/s1039 3- 006- 0063- 3

Diagne, C., Leroy, B., Gozlan, R. E., Vaissière, A.- C., Assailly, C., Nuninger, 
L., Roiz, D., Jourdain, F., Jarić, I., & Courchamp, F. (2020). InvaCost, 
a public database of the economic costs of biological invasions 
worldwide. Scientific Data, 7(1), 277. https://doi.org/10.1038/s4159 
7- 020- 00586 - z

Duval, S., & Tweedie, R. (2000). Trim and fill: A simple funnel- 
plot– based method of testing and adjusting for publication 
bias in meta- analysis. Biometrics, 56(2), 455– 463. https://doi.
org/10.1111/j.0006- 341X.2000.00455.x

Egger, M., Smith, G. D., Schneider, M., & Minder, C. (1997). Bias in meta- 
analysis detected by a simple, graphical test. BMJ, 315(7109), 629– 
634. https://doi.org/10.1136/bmj.315.7109.629

Estrada- Peña, A., Ostfeld, R. S., Peterson, A. T., Poulin, R., & de la Fuente, 
J. (2014). Effects of environmental change on zoonotic disease risk: 
An ecological primer. Trends in Parasitology, 30(4), 205– 214. https://
doi.org/10.1016/j.pt.2014.02.003

Ewers, R. M., & Didham, R. K. (2006). Confounding factors in the de-
tection of species responses to habitat fragmentation. Biological 
Reviews, 81(1), 117– 142. https://doi.org/10.1017/S1464 79310 
5006949

Fahrig, L. (2003). Effects of habitat fragmentation on biodiver-
sity. Annual Review of Ecology, Evolution, and Systematics, 
34(1), 487– 515. https://doi.org/10.1146/annur ev.ecols 
ys.34.011802.132419

Ferraguti, M., Hernández- Lara, C., Sehgal, R. N. M., & Santiago- Alarcon, 
D. (2020). Anthropogenic effects on avian haemosporidians and 
their vectors. In D. Santiago- Alarcon & A. Marzal (Eds.), Avian ma-
laria and related parasites in the tropics: Ecology, evolution and sys-
tematics (pp. 451– 485). Springer International Publishing. https://
doi.org/10.1007/978- 3- 030- 51633 - 8_14

Ferraguti, M., Martínez- de la Puente, J., Bensch, S., Roiz, D., Ruiz, S., 
Viana, D. S., Soriguer, R. C., & Figuerola, J. (2018). Ecological deter-
minants of avian malaria infections: An integrative analysis at land-
scape, mosquito and vertebrate community levels. Journal of Animal 
Ecology, 87(3), 727– 740. https://doi.org/10.1111/1365- 2656.12805

Foster, W. A., & Walker, E. D. (2019). Mosquitoes (Culicidae). In G. R. 
Mullen & L. A. Durden (Eds.), Medical and veterinary entomology (3rd 
ed., pp. 261– 325). Academic Press. https://doi.org/10.1016/B978- 
0- 12- 81404 3- 7.00015 - 7

Gardner, C. L., & Ryman, K. D. (2010). Yellow fever: A reemerging 
threat. Clinics in Laboratory Medicine, 30(1), 237– 260. https://doi.
org/10.1016/j.cll.2010.01.001

Gibb, R., Redding, D. W., Chin, K. Q., Donnelly, C. A., Blackburn, T. M., 
Newbold, T., & Jones, K. E. (2020). Zoonotic host diversity in-
creases in human- dominated ecosystems. Nature, 584(7821), 398– 
402. https://doi.org/10.1038/s4158 6- 020- 2562- 8

Golding, N., Wilson, A. L., Moyes, C. L., Cano, J., Pigott, D. M., Velayudhan, 
R., Brooker, S. J., Smith, D. L., Hay, S. I., & Lindsay, S. W. (2015). 
Integrating vector control across diseases. BMC Medicine, 13(1), 
249. https://doi.org/10.1186/s1291 6- 015- 0491- 4

Gottdenker, N. L., Streicker, D. G., Faust, C. L., & Carroll, C. R. (2014). 
Anthropogenic land use change and infectious diseases: A review of 
the evidence. EcoHealth, 11(4), 619– 632. https://doi.org/10.1007/
s1039 3- 014- 0941- z

Gubler, D. J. (1998). Resurgent vector- borne diseases as a global health 
problem. Emerging Infectious Diseases, 4(3), 442– 450.

Gubler, D. J. (2009). Vector- borne diseases. Revue Scientifique et Technique 
de l'OIE, 28(2), 583– 588. https://doi.org/10.20506/ rst.28.2.1904

Harrer, M., Cuijpers, P., Furukawa, T. A., & Ebert, D. D. (2021). Doing 
meta- analysis with R: A hands- on guide (1st ed.). Chapman and Hall/
CRC. https://doi.org/10.1201/97810 03107347

Higgins, J. P. T., Thompson, S. G., Deeks, J. J., & Altman, D. G. (2003). 
Measuring inconsistency in meta- analyses. BMJ, 327(7414), 557– 
560. https://doi.org/10.1136/bmj.327.7414.557

Johnson, P. T. J., Rohr, J. R., Hoverman, J. T., Kellermanns, E., 
Bowerman, J., & Lunde, K. B. (2012). Living fast and dying of in-
fection: Host life history drives interspecific variation in infec-
tion and disease risk. Ecology Letters, 15(3), 235– 242. https://doi.
org/10.1111/j.1461- 0248.2011.01730.x

Joseph, M. B., Mihaljevic, J. R., Orlofske, S. A., & Paull, S. H. (2013). 
Does life history mediate changing disease risk when communi-
ties disassemble? Ecology Letters, 16(11), 1405– 1412. https://doi.
org/10.1111/ele.12180

Kesavaraju, B., Damal, K., & Juliano, S. A. (2008). Do natural con-
tainer habitats impede invader dominance? Predator- mediated 
coexistence of invasive and native container- dwelling mosqui-
toes. Oecologia, 155(3), 631– 639. https://doi.org/10.1007/s0044 
2- 007- 0935- 4

Lee, K. A., Wikelski, M., Robinson, W. D., Robinson, T. R., & Klasing, K. 
C. (2008). Constitutive immune defences correlate with life- history 
variables in tropical birds. Journal of Animal Ecology, 77(2), 356– 363. 
https://doi.org/10.1111/j.1365- 2656.2007.01347.x

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gøtzsche, P. C., 
Ioannidis, J. P. A., Clarke, M., Devereaux, P. J., Kleijnen, J., & Moher, 
D. (2009). The PRISMA statement for reporting systematic reviews 
and meta- analyses of studies that evaluate healthcare interven-
tions: Explanation and elaboration. BMJ, 339, b2700. https://doi.
org/10.1136/bmj.b2700

Lounibos, L. P., & Juliano, S. A. (2018). Where vectors collide: The im-
portance of mechanisms shaping the realized niche for modeling 
ranges of invasive Aedes mosquitoes. Biological Invasions, 20(8), 
1913– 1929. https://doi.org/10.1007/s1053 0- 018- 1674- 7

Madzokere, E. T., Hallgren, W., Sahin, O., Webster, J. A., Webb, C. E., 
Mackey, B., & Herrero, L. J. (2020). Integrating statistical and 
mechanistic approaches with biotic and environmental variables 
improves model predictions of the impact of climate and land- use 
changes on future mosquito- vector abundance, diversity and dis-
tributions in Australia. Parasites and Vectors, 13(1), 484. https://doi.
org/10.1186/s1307 1- 020- 04360 - 3

McKinney, M. L. (2006). Urbanization as a major cause of biotic homog-
enization. Biological Conservation, 127(3), 247– 260. https://doi.
org/10.1016/j.biocon.2005.09.005

McKinney, M. L. (2008). Effects of urbanization on species richness: 
A review of plants and animals. Urban Ecosystem, 11(2), 161– 176. 
https://doi.org/10.1007/s1125 2- 007- 0045- 4

McKinney, M. L., & Lockwood, J. L. (1999). Biotic homogenization: A few 
winners replacing many losers in the next mass extinction. Trends 
in Ecology and Evolution, 14(11), 450– 453. https://doi.org/10.1016/
S0169 - 5347(99)01679 - 1

Miller, P. M., & Kauffman, J. B. (1998). Effects of slash and burn agricul-
ture on species abundance and composition of a tropical deciduous 
forest. Forest Ecology and Management, 103(2), 191– 201. https://
doi.org/10.1016/S0378 - 1127(97)00180 - 1

Morand, S., & Lajaunie, C. (2018). Biodiversity and health: Linking life, eco-
systems and societies. ISTE Press; Elsevier.

Müller, R., Reuss, F., Kendrovski, V., & Montag, D. (2019). Vector- borne 
diseases. In M. R. Marselle, J. Stadler, H. Korn, K. N. Irvine, & A. 
Bonn (Eds.), Biodiversity and health in the face of climate change 
(pp. 67– 90). Springer International Publishing. https://doi.
org/10.1007/978- 3- 030- 02318 - 8_4

Nakagawa, S., & Santos, E. S. A. (2012). Methodological issues and ad-
vances in biological meta- analysis. Evolutionary Ecology, 26(5), 
1253– 1274. https://doi.org/10.1007/s1068 2- 012- 9555- 5

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/ngeo756
https://doi.org/10.1038/ngeo756
https://doi.org/10.1007/s10393-006-0063-3
https://doi.org/10.1007/s10393-006-0063-3
https://doi.org/10.1038/s41597-020-00586-z
https://doi.org/10.1038/s41597-020-00586-z
https://doi.org/10.1111/j.0006-341X.2000.00455.x
https://doi.org/10.1111/j.0006-341X.2000.00455.x
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1016/j.pt.2014.02.003
https://doi.org/10.1016/j.pt.2014.02.003
https://doi.org/10.1017/S1464793105006949
https://doi.org/10.1017/S1464793105006949
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1007/978-3-030-51633-8_14
https://doi.org/10.1007/978-3-030-51633-8_14
https://doi.org/10.1111/1365-2656.12805
https://doi.org/10.1016/B978-0-12-814043-7.00015-7
https://doi.org/10.1016/B978-0-12-814043-7.00015-7
https://doi.org/10.1016/j.cll.2010.01.001
https://doi.org/10.1016/j.cll.2010.01.001
https://doi.org/10.1038/s41586-020-2562-8
https://doi.org/10.1186/s12916-015-0491-4
https://doi.org/10.1007/s10393-014-0941-z
https://doi.org/10.1007/s10393-014-0941-z
https://doi.org/10.20506/rst.28.2.1904
https://doi.org/10.1201/9781003107347
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1111/j.1461-0248.2011.01730.x
https://doi.org/10.1111/j.1461-0248.2011.01730.x
https://doi.org/10.1111/ele.12180
https://doi.org/10.1111/ele.12180
https://doi.org/10.1007/s00442-007-0935-4
https://doi.org/10.1007/s00442-007-0935-4
https://doi.org/10.1111/j.1365-2656.2007.01347.x
https://doi.org/10.1136/bmj.b2700
https://doi.org/10.1136/bmj.b2700
https://doi.org/10.1007/s10530-018-1674-7
https://doi.org/10.1186/s13071-020-04360-3
https://doi.org/10.1186/s13071-020-04360-3
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1007/s11252-007-0045-4
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1016/S0378-1127(97)00180-1
https://doi.org/10.1016/S0378-1127(97)00180-1
https://doi.org/10.1007/978-3-030-02318-8_4
https://doi.org/10.1007/978-3-030-02318-8_4
https://doi.org/10.1007/s10682-012-9555-5


    |  6867PERRIN et al.

Nathaniel, S. P., & Bekun, F. V. (2020). Environmental management amidst 
energy use, urbanization, trade openness, and deforestation: The 
Nigerian experience. Journal of Public Affairs, 20(2), e2037. https://
doi.org/10.1002/pa.2037

Newbold, T., Hudson, L. N., Arnell, A. P., Contu, S., Palma, A. D., Ferrier, 
S., Hill, S. L. L., Hoskins, A. J., Lysenko, I., Phillips, H. R. P., Burton, 
V. J., Chng, C. W. T., Emerson, S., Gao, D., Pask- Hale, G., Hutton, 
J., Jung, M., Sanchez- Ortiz, K., Simmons, B. I., … Purvis, A. (2016). 
Has land use pushed terrestrial biodiversity beyond the planetary 
boundary? A global assessment. Science, 353(6296), 288– 291. 
https://doi.org/10.1126/scien ce.aaf2201

Newbold, T., Hudson, L. N., Contu, S., Hill, S. L. L., Beck, J., Liu, Y., 
Meyer, C., Phillips, H. R. P., Scharlemann, J. P. W., & Purvis, A. 
(2018). Widespread winners and narrow- ranged losers: Land 
use homogenizes biodiversity in local assemblages worldwide. 
PLoS Biology, 16(12), e2006841. https://doi.org/10.1371/journ 
al.pbio.2006841

Newbold, T., Hudson, L. N., Phillips, H. R. P., Hill, S. L. L., Contu, S., 
Lysenko, I., Blandon, A., Butchart, S. H. M., Booth, H. L., Day, J., De 
Palma, A., Harrison, M. L. K., Kirkpatrick, L., Pynegar, E., Robinson, 
A., Simpson, J., Mace, G. M., Scharlemann, J. P. W., & Purvis, A. 
(2014). A global model of the response of tropical and sub- tropical 
forest biodiversity to anthropogenic pressures. Proceedings of the 
Royal Society B: Biological Sciences, 281(1792), 20141371. https://
doi.org/10.1098/rspb.2014.1371

Norris, D. E. (2004). Mosquito- borne diseases as a consequence of land 
use change. EcoHealth, 1(1), 19– 24. https://doi.org/10.1007/s1039 
3- 004- 0008- 7

Patz, J. A., Graczyk, T. K., Geller, N., & Vittor, A. Y. (2000). Effects of 
environmental change on emerging parasitic diseases. International 
Journal for Parasitology, 30(12), 1395– 1405. https://doi.
org/10.1016/S0020 - 7519(00)00141 - 7

Peters, J. L., Sutton, A. J., Jones, D. R., Abrams, K. R., & Rushton, L. 
(2007). Performance of the trim and fill method in the presence 
of publication bias and between- study heterogeneity. Statistics in 
Medicine, 26(25), 4544– 4562. https://doi.org/10.1002/sim.2889

Poisot, T. (2011). The digitize package: Extracting numerical data from 
scatterplots. The R Journal, 3(1), 25– 26.

Purvis, A., Gittleman, J. L., Cowlishaw, G., & Mace, G. M. (2000). 
Predicting extinction risk in declining species. Proceedings of the 
Royal Society of London. Series B: Biological Sciences, 267(1456), 
1947– 1952. https://doi.org/10.1098/rspb.2000.1234

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R- proje 
ct.org/

Reisen, W. K., Cayan, D., Tyree, M., Barker, C. M., Eldridge, B., & 
Dettinger, M. (2008). Impact of climate variation on mosquito abun-
dance in California. Journal of Vector Ecology, 33(1), 89– 98. https://
doi.org/10.3376/1081- 1710(2008)33[89:IOCVO M]2.0.CO;2

Rothstein, H. R., Sutton, A. J., & Borenstein, M. (2005). Publication bias 
in meta- analysis. In Publication bias in meta- analysis (pp. 1– 7). John 
Wiley & Sons, Ltd.. https://doi.org/10.1002/04708 70168.ch1

Russell, R. C. (1999). Constructed wetlands and mosquitoes: Health 
hazards and management options— An Australian perspective. 
Ecological Engineering, 12(1), 107– 124. https://doi.org/10.1016/
S0925 - 8574(98)00057 - 3

Sallam, M., Fizer, C., Pilant, A., & Whung, P.- Y. (2017). Systematic review: 
Land cover, meteorological, and socioeconomic determinants of 
Aedes mosquito habitat for risk mapping. International Journal of 
Environmental Research and Public Health, 14(10), 1230. https://doi.
org/10.3390/ijerp h1410 1230

Tchoumbou, M. A., Mayi, M. P. A., Malange, E. N. F., Foncha, F. D., Kowo, 
C., Fru- cho, J., Tchuinkam, T., Awah- Ndukum, J., Dorazio, R., Nota 
Anong, D., Cornel, A. J., & Sehgal, R. N. M. (2020). Effect of defor-
estation on prevalence of avian haemosporidian parasites and mos-
quito abundance in a tropical rainforest of Cameroon. International 

Journal for Parasitology, 50(1), 63– 73. https://doi.org/10.1016/j.
ijpara.2019.10.006

Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, 
R., Schindler, D., Schlesinger, W. H., Simberloff, D., & Swackhamer, 
D. (2001). Forecasting agriculturally driven global environmental 
change. Science, 292(5515), 281– 284. https://doi.org/10.1126/
scien ce.1057544

Verdonschot, P. F. M., & Besse- Lototskaya, A. A. (2014). Flight distance of 
mosquitoes (Culicidae): A metadata analysis to support the management 
of barrier zones around rewetted and newly constructed wetlands. 
Limnologica, 45, 69– 79. https://doi.org/10.1016/j.limno.2013.11.002

Viechtbauer, W. (2010). Conducting meta- analyses in R with the meta-
for package. Journal of Statistical Software, 36(3), 1– 48. https://doi.
org/10.18637/ jss.v036.i03

Vora, N. (2008). Impact of anthropogenic environmental alterations on 
vector- borne diseases. The Medscape Journal of Medicine, 10(10), 
238.

Walsh, J. F., Molyneux, D. H., & Birley, M. H. (1993). Deforestation: 
Effects on vector- borne disease. Parasitology, 106(S1), S55– S75. 
https://doi.org/10.1017/S0031 18200 0086121

White, A. (2015). Linking human- disturbed landscapes with pathogen prev-
alence in wildlife: A meta- analysis. Colorado State University.

WHO. (2014). Vector- borne diseases (SEA- CD- 300). WHO Regional Office 
for South- East Asia. https://apps.who.int/iris/handl e/10665/ 
206531

Wilke, A. B. B., Vasquez, C., Medina, J., Carvajal, A., Petrie, W., & Beier, 
J. C. (2019). Community composition and year- round abundance of 
vector species of mosquitoes make Miami- Dade County, Florida 
a receptive gateway for arbovirus entry to the United States. 
Scientific Reports, 9(1), 8732. https://doi.org/10.1038/s4159 8- 019- 
45337 - 2

Wilkerson, R. C., Linton, Y.- M., & Strickman, D. (2021). Mosquitoes of the 
world. JHU Press.

Wolda, H., & Galindo, P. (1981). Population fluctuations of mosquitoes 
in the non- seasonal tropics. Ecological Entomology, 6(1), 99– 106. 
https://doi.org/10.1111/j.1365- 2311.1981.tb009 76.x

Wotodjo, A. N., Trape, J.- F., Richard, V., Doucouré, S., Diagne, N., Tall, 
A., Ndiath, O., Faye, N., Gaudart, J., Rogier, C., & Sokhna, C. (2015). 
No difference in the incidence of malaria in human- landing mos-
quito catch collectors and non- collectors in a Senegalese village 
with endemic malaria. PLoS ONE, 10(5), e0126187. https://doi.
org/10.1371/journ al.pone.0126187

DATA S O U RC E S

Afrane, Y. A., Klinkenberg, E., Drechsel, P., Owusu- Daaku, K., Garms, 
R., & Kruppa, T. (2004). Does irrigated urban agriculture influ-
ence the transmission of malaria in the city of Kumasi, Ghana? 
Acta Tropica, 89(2), 125– 134. https://doi.org/10.1016/j.actat 
ropica.2003.06.001

Alencar, J., Mello, C. F. d., Morone, F., Albuquerque, H. G., Serra- Freire, 
N. M., Gleiser, R. M., Silva, S. O. F., & Guimarães, A. É. (2018). 
Distribution of Haemagogus and Sabethes species in relation to 
forest cover and climatic factors in the Chapada Dos Guimarães 
National Park, State of Mato Grosso, Brazil. Journal of the 
American Mosquito Control Association, 34(2), 85– 92. https://doi.
org/10.2987/18- 6739.1

Almeida, J. F., Belchior, H. C. M., Ríos- Velásquez, C. M., & Pessoa, F. A. C. 
(2020). Diversity of mosquitoes (Diptera: Culicidae) collected in dif-
ferent types of larvitraps in an Amazon rural settlement. PLoS ONE, 
15(10), e0235726. https://doi.org/10.1371/journ al.pone.0235726

Assouho, K. F., Adja, A. M., Guindo- Coulibaly, N., Tia, E., Kouadio, 
A. M. N., Zoh, D. D., Koné, M., Kessé, N., Koffi, B., Sagna, A. B., 
Poinsignon, A., & Yapi, A. (2020). Vectorial transmission of malaria 

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/pa.2037
https://doi.org/10.1002/pa.2037
https://doi.org/10.1126/science.aaf2201
https://doi.org/10.1371/journal.pbio.2006841
https://doi.org/10.1371/journal.pbio.2006841
https://doi.org/10.1098/rspb.2014.1371
https://doi.org/10.1098/rspb.2014.1371
https://doi.org/10.1007/s10393-004-0008-7
https://doi.org/10.1007/s10393-004-0008-7
https://doi.org/10.1016/S0020-7519(00)00141-7
https://doi.org/10.1016/S0020-7519(00)00141-7
https://doi.org/10.1002/sim.2889
https://doi.org/10.1098/rspb.2000.1234
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.3376/1081-1710(2008)33%5B89:IOCVOM%5D2.0.CO;2
https://doi.org/10.3376/1081-1710(2008)33%5B89:IOCVOM%5D2.0.CO;2
https://doi.org/10.1002/0470870168.ch1
https://doi.org/10.1016/S0925-8574(98)00057-3
https://doi.org/10.1016/S0925-8574(98)00057-3
https://doi.org/10.3390/ijerph14101230
https://doi.org/10.3390/ijerph14101230
https://doi.org/10.1016/j.ijpara.2019.10.006
https://doi.org/10.1016/j.ijpara.2019.10.006
https://doi.org/10.1126/science.1057544
https://doi.org/10.1126/science.1057544
https://doi.org/10.1016/j.limno.2013.11.002
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1017/S0031182000086121
https://apps.who.int/iris/handle/10665/206531
https://apps.who.int/iris/handle/10665/206531
https://doi.org/10.1038/s41598-019-45337-2
https://doi.org/10.1038/s41598-019-45337-2
https://doi.org/10.1111/j.1365-2311.1981.tb00976.x
https://doi.org/10.1371/journal.pone.0126187
https://doi.org/10.1371/journal.pone.0126187
https://doi.org/10.1016/j.actatropica.2003.06.001
https://doi.org/10.1016/j.actatropica.2003.06.001
https://doi.org/10.2987/18-6739.1
https://doi.org/10.2987/18-6739.1
https://doi.org/10.1371/journal.pone.0235726


6868  |    PERRIN et al.

in major districts of Côte D'ivoire. Journal of Medical Entomology, 
57(3), 908– 914. https://doi.org/10.1093/jme/tjz207

Bagny, L., Delatte, H., Elissa, N., Quilici, S., & Fontenille, D. (2009). Aedes 
(Diptera: Culicidae) vectors of arboviruses in Mayotte (Indian Ocean): 
Distribution area and larval habitats. Journal of Medical Entomology, 
46(2), 198– 207. https://doi.org/10.1603/033.046.0204

Baldacchino, F., Marcantonio, M., Manica, M., Marini, G., Zorer, R., 
Delucchi, L., Arnoldi, D., Montarsi, F., Capelli, G., Rizzoli, A., & Rosà, 
R. (2017). Mapping of Aedes albopictus abundance at a local scale in 
Italy. Remote Sensing, 9(7), 749. https://doi.org/10.3390/rs907 0749

Banerjee, S., Aditya, G., & Saha, G. K. (2015). Household wastes as larval 
habitats of dengue vectors: Comparison between urban and rural 
areas of Kolkata, India. PLoS One, 10(10), e0138082. https://doi.
org/10.1371/journ al.pone.0138082

Barker, M., & Brewster, C. (2003). Spatiotemporal oviposition and habi-
tat preferences of Ochlerotatus triseriatus and Aedes albopictus in an 
emerging focus of la crosse virus. Journal of the American Mosquito 
Control Association, 19(4), 382– 391.

Barros, F. S. M., & Honório, N. A. (2015). Deforestation and malaria 
on the Amazon Frontier: Larval clustering of Anopheles darlingi 
(Diptera: Culicidae) determines focal distribution of malaria. The 
American Journal of Tropical Medicine and Hygiene, 93(5), 939– 953. 
https://doi.org/10.4269/ajtmh.15- 0042

Bartlett- Healy, K., Unlu, I., Obenauer, P., Hughes, T., Healy, S., Crepeau, 
T., Farajollahi, A., Kesavaraju, B., Fonseca, D., Schoeler, G., Gaugler, 
R., & Strickman, D. (2012). Larval mosquito habitat utilization 
and community dynamics of Aedes albopictus and Aedes japonicus 
(Diptera: Culicidae). Journal of Medical Entomology, 49(4), 813– 824. 
https://doi.org/10.1603/ME11031

Basari, N., Aiman Syazwan, H., Mohd Zairi, Z., & Nur Aida, H. (2016). Larval 
distributions and breeding habitats of Aedes aegypti and Ae Albopictus 
in Kuala Terengganu. Tropical Biomedicine, 33(3), 420– 427.

Bennett, K. L., McMillan, W. O., Enríquez, V., Barraza, E., Díaz, M., Baca, 
B., Whiteman, A., Cerro Medina, J., Ducasa, M., Gómez Martínez, 
C., Almanza, A., Rovira, J. R., & Loaiza, J. R. (2021). The role of 
heterogenous environmental conditions in shaping the spatio-
temporal distribution of competing Aedes mosquitoes in Panama: 
Implications for the landscape of arboviral disease transmission. 
Biological Invasions, 23(6), 1933– 1948. https://doi.org/10.1007/
s1053 0- 021- 02482 - y

Boonklong, O., & Bhumiratana, A. (2016). Seasonal and geographical 
variation of dengue vectors in Narathiwat, South Thailand. The 
Canadian Journal of Infectious Diseases and Medical Microbiology, 
2016, 8062360. https://doi.org/10.1155/2016/8062360

Brant, H. L., Ewers, R. M., Vythilingam, I., Drakeley, C., Benedick, S., & Mumford, 
J. D. (2016). Vertical stratification of adult mosquitoes (Diptera: 
Culicidae) within a tropical rainforest in Sabah, Malaysia. Malaria Journal, 
15(1), 370. https://doi.org/10.1186/s1293 6- 016- 1416- 1

Buckner, E. A., Blackmore, M. S., Golladay, S. W., & Covich, A. P. (2011). 
Weather and landscape factors associated with adult mosquito 
abundance in southwestern Georgia, U.S.A. Journal of Vector Ecology, 
36(2), 269– 278. https://doi.org/10.1111/j.1948- 7134.2011.00167.x

Câmara, D. C. P., Pinel, C. d. S., Rocha, G. P., Codeço, C. T., & Honório, 
N. A. (2020). Diversity of mosquito (Diptera: Culicidae) vectors in 
a heterogeneous landscape endemic for arboviruses. Acta Tropica, 
212, 105715. https://doi.org/10.1016/j.actat ropica.2020.105715

Camp, J. V., Karuvantevida, N., Chouhna, H., Safi, E., Shah, J. N., & 
Nowotny, N. (2019). Mosquito biodiversity and mosquito- borne vi-
ruses in The United Arab Emirates. Parasites and Vectors, 12(1), 153. 
https://doi.org/10.1186/s1307 1- 019- 3417- 8

Cansado- Utrilla, C., Jeffries, C. L., Kristan, M., Brugman, V. A., Heard, 
P., Camara, G., Sylla, M., Beavogui, A. H., Messenger, L. A., Irish, 
S. R., & Walker, T. (2020). An assessment of adult mosquito col-
lection techniques for studying species abundance and diversity in 
Maferinyah, Guinea. Parasites and Vectors, 13(1), 150. https://doi.
org/10.1186/s1307 1- 020- 04023 - 3

Carbajo, A. E., Cardo, M. V., & Vezzani, D. (2019). Past, present and fu-
ture of Aedes aegypti in its South American southern distribution 
fringe: What do temperature and population tell us? Acta Tropica, 
190, 149– 156. https://doi.org/10.1016/j.actat ropica.2018.11.017

Cardo, M. V., Rubio, A., Junges, M. T., Vezzani, D., & Carbajo, A. E. (2020). 
A rural– urban latitudinal study of the distributions of Culex quinque-
fasciatus and Culex pipiens bioforms in their southernmost sympat-
ric fringe. Medical and Veterinary Entomology, 34(1), 34– 43. https://
doi.org/10.1111/mve.12400

Cardo, M. V., Vezzani, D., & Carbajo, A. E. (2013). The role of the land-
scape in structuring immature mosquito assemblages in wetlands. 
Wetlands Ecology and Management, 21(1), 55– 70. https://doi.
org/10.1007/s1127 3- 012- 9279- x

Carlson, J., Keating, J., Mbogo, C. M., Kahindi, S., & Beier, J. C. (2004). 
Ecological limitations on aquatic mosquito predator colonization in 
the urban environment. Journal of Vector Ecology, 29(2), 331– 339.

Carver, S., Goater, S., Allen, G. R., Rowbottom, R. M., Fearnley, E., 
& Weinstein, P. (2011). Relationships of the Ross River virus 
(Togoviridae: Alphavirus) vector, Aedes camptorhynchus (Thomson) 
(Diptera: Culicidae), to biotic and abiotic factors in saltmarshes 
of south- eastern Tasmania, Australia: A preliminary study. 
Australian Journal of Entomology, 50(4), 344– 355. https://doi.
org/10.1111/j.1440- 6055.2011.00825.x

Chang, M. S., Hii, J., Buttner, P., & Mansoor, F. (1997). Changes in abun-
dance and behaviour of vector mosquitoes induced by land use 
during the development of an oil palm plantation in Sarawak. 
Transactions of the Royal Society of Tropical Medicine and Hygiene, 
91(4), 382– 386. https://doi.org/10.1016/S0035 - 9203(97)90248 - 0

Chaves, L. F., Hamer, G. L., Walker, E. D., Brown, W. M., Ruiz, M. O., & 
Kitron, U. D. (2011). Climatic variability and landscape hetero-
geneity impact urban mosquito diversity and vector abundance 
and infection. Ecosphere, 2(6), art70. https://doi.org/10.1890/
ES11- 00088.1

Chaves, L. S. M., Bergo, E. S., Conn, J. E., Laporta, G. Z., Prist, P. R., & 
Sallum, M. A. M. (2021). Anthropogenic landscape decreases 
mosquito biodiversity and drives malaria vector proliferation in 
the Amazon rainforest. PLoS ONE, 16(1), e0245087. https://doi.
org/10.1371/journ al.pone.0245087

Chaves, L. S. M., de Sá, I. L., Bergamaschi, D. P., & Sallum, M. A. M. (2016). 
Kerteszia Theobald (Diptera: Culicidae) mosquitoes and bromeliads: 
A landscape ecology approach regarding two species in the Atlantic 
rainforest. Acta Tropica, 164, 303– 313. https://doi.org/10.1016/j.
actat ropica.2016.09.023

DeGroote, J., Mercer, D. R., Fisher, J., & Sugumaran, R. (2007). Spatiotemporal 
investigation of adult mosquito (Diptera: Culicidae) populations in 
an Eastern Iowa County, USA. Journal of Medical Entomology, 44(6), 
1139– 1150. https://doi.org/10.1093/jmede nt/44.6.1139

Deichmeister, J. M., & Telang, A. (2011). Abundance of West Nile 
virus mosquito vectors in relation to climate and landscape 
variables. Journal of Vector Ecology, 36(1), 75– 85. https://doi.
org/10.1111/j.1948- 7134.2011.00143.x

Derraik, J. G. B. (2009). Association between habitat size, brushtail 
possum density, and the mosquito fauna of native forests in the 
Auckland region, New Zealand. EcoHealth, 6(2), 229– 238. https://
doi.org/10.1007/s1039 3- 009- 0238- 9

Di Francesco, J., Choeung, R., Peng, B., Pring, L., Pang, S., Duboz, R., 
Ong, S., Sorn, S., Tarantola, A., Fontenille, D., Duong, V., Dussart, 
P., Chevalier, V., & Cappelle, J. (2018). Comparison of the dynam-
ics of Japanese encephalitis virus circulation in sentinel pigs be-
tween a rural and a peri- urban setting in Cambodia. PLoS Neglected 
Tropical Diseases, 12(8), e0006644. https://doi.org/10.1371/journ 
al.pntd.0006644

Diuk- Wasser, M. A., Brown, H. E., Andreadis, T. G., & Fish, D. (2006). 
Modeling the spatial distribution of mosquito vectors for West Nile 
virus in Connecticut, USA. Vector- Borne and Zoonotic Diseases, 6(3), 
283– 295. https://doi.org/10.1089/vbz.2006.6.283

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/jme/tjz207
https://doi.org/10.1603/033.046.0204
https://doi.org/10.3390/rs9070749
https://doi.org/10.1371/journal.pone.0138082
https://doi.org/10.1371/journal.pone.0138082
https://doi.org/10.4269/ajtmh.15-0042
https://doi.org/10.1603/ME11031
https://doi.org/10.1007/s10530-021-02482-y
https://doi.org/10.1007/s10530-021-02482-y
https://doi.org/10.1155/2016/8062360
https://doi.org/10.1186/s12936-016-1416-1
https://doi.org/10.1111/j.1948-7134.2011.00167.x
https://doi.org/10.1016/j.actatropica.2020.105715
https://doi.org/10.1186/s13071-019-3417-8
https://doi.org/10.1186/s13071-020-04023-3
https://doi.org/10.1186/s13071-020-04023-3
https://doi.org/10.1016/j.actatropica.2018.11.017
https://doi.org/10.1111/mve.12400
https://doi.org/10.1111/mve.12400
https://doi.org/10.1007/s11273-012-9279-x
https://doi.org/10.1007/s11273-012-9279-x
https://doi.org/10.1111/j.1440-6055.2011.00825.x
https://doi.org/10.1111/j.1440-6055.2011.00825.x
https://doi.org/10.1016/S0035-9203(97)90248-0
https://doi.org/10.1890/ES11-00088.1
https://doi.org/10.1890/ES11-00088.1
https://doi.org/10.1371/journal.pone.0245087
https://doi.org/10.1371/journal.pone.0245087
https://doi.org/10.1016/j.actatropica.2016.09.023
https://doi.org/10.1016/j.actatropica.2016.09.023
https://doi.org/10.1093/jmedent/44.6.1139
https://doi.org/10.1111/j.1948-7134.2011.00143.x
https://doi.org/10.1111/j.1948-7134.2011.00143.x
https://doi.org/10.1007/s10393-009-0238-9
https://doi.org/10.1007/s10393-009-0238-9
https://doi.org/10.1371/journal.pntd.0006644
https://doi.org/10.1371/journal.pntd.0006644
https://doi.org/10.1089/vbz.2006.6.283


    |  6869PERRIN et al.

Diuk- Wasser, M. A., Touré, M. B., Dolo, G., Bagayoko, M., Sogoba, N., 
Sissoko, I., Traoré, S. F., & Taylor, C. E. (2007). Effect of rice cultiva-
tion patterns on malaria vector abundance in rice- growing villages 
in Mali. The American Journal of Tropical Medicine and Hygiene, 76(5), 
869– 874.

Dutta, P., Khan, S. A., Bhattarcharyya, D. R., Khan, A. M., Sharma, C. K., 
& Mahanta, J. (2010). Studies on the breeding habitats of the vector 
mosquito Anopheles baimai and its relationship to malaria incidence 
in Northeastern region of India. EcoHealth, 7(4), 498– 506. https://
doi.org/10.1007/s1039 3- 010- 0337- 7

Ebel, G. D., Rochlin, I., Longacker, J., & Kramer, L. D. (2005). Culex restu-
ans (Diptera: Culicidae) relative abundance and vector competence 
for West Nile virus. Journal of Medical Entomology, 42(5), 838– 843. 
https://doi.org/10.1093/jmede nt/42.5.838

Evans, M. V., Hintz, C. W., Jones, L., Shiau, J., Solano, N., Drake, J. M., & 
Murdock, C. C. (2019). Microclimate and larval habitat density pre-
dict adult Aedes albopictus abundance in urban areas. The American 
Journal of Tropical Medicine and Hygiene, 101(2), 362– 370. https://
doi.org/10.4269/ajtmh.19- 0220

Ferraguti, M., Martínez- de la Puente, J., Roiz, D., Ruiz, S., Soriguer, R., & 
Figuerola, J. (2016). Effects of landscape anthropization on mos-
quito community composition and abundance. Scientific Reports, 
6(1), 29002. https://doi.org/10.1038/srep2 9002

Field, E. N., Tokarz, R. E., & Smith, R. C. (2019). Satellite imaging and 
long- term mosquito surveillance implicate the influence of rapid ur-
banization on Culex vector populations. Insects, 10(9), 269. https://
doi.org/10.3390/insec ts100 90269

Früh, L., Kampen, H., Koban, M. B., Pernat, N., Schaub, G. A., & Werner, D. 
(2020). Oviposition of Aedes japonicus japonicus (Diptera: Culicidae) 
and associated native species in relation to season, temperature 
and land use in western Germany. Parasites and Vectors, 13(1), 623. 
https://doi.org/10.1186/s1307 1- 020- 04461 - z

Gardner, A. M., Lampman, R. L., & Muturi, E. J. (2014). Land use pat-
terns and the risk of West Nile virus transmission in central Illinois. 
Vector- Borne and Zoonotic Diseases, 14(5), 338– 345. https://doi.
org/10.1089/vbz.2013.1477

González, M. A., Prosser, S. W., Hernández- Triana, L. M., Alarcón- 
Elbal, P. M., Goiri, F., López, S., Ruiz- Arrondo, I., Hebert, P. D. N., 
& García- Pérez, A. L. (2020). Avian feeding preferences of Culex 
pipiens and Culiseta spp. along an urban- to- wild gradient in north-
ern Spain. Frontiers in Ecology and Evolution, 8, 568835. https://doi.
org/10.3389/fevo.2020.568835

Hendy, A., Hernandez- Acosta, E., Chaves, B. A., Fé, N. F., Valério, D., 
Mendonça, C., de Lacerda, M. V. G., Buenemann, M., Vasilakis, 
N., & Hanley, K. A. (2020). Into the woods: Changes in mosquito 
community composition and presence of key vectors at increasing 
distances from the urban edge in urban forest parks in Manaus, 
Brazil. Acta Tropica, 206, 105441. https://doi.org/10.1016/j.actat 
ropica.2020.105441

Hernández- Valencia, J. C., Rincón, D. S., Marín, A., Naranjo- Díaz, N., 
& Correa, M. M. (2020). Effect of land cover and landscape frag-
mentation on anopheline mosquito abundance and diversity in an 
important Colombian malaria endemic region. PLoS ONE, 15(10), 
e0240207. https://doi.org/10.1371/journ al.pone.0240207

Hertz, J. T., Lyaruu, L. J., Ooi, E. E., Mosha, F. W., & Crump, J. A. (2016). 
Distribution of Aedes mosquitoes in the Kilimanjaro region of 
northern Tanzania. Pathogens and Global Health, 110(3), 108– 112. 
https://doi.org/10.1080/20477 724.2016.1182719

Honório, N. A., Codeço, C. T., Alves, F. C., Magalhães, M. A. F. M., & 
Lourenço- de- Oliveira, R. (2009). Temporal distribution of Aedes 
aegypti in different districts of Rio De Janeiro, Brazil, measured by 
two types of traps. Journal of Medical Entomology, 46(5), 1001– 1014. 
https://doi.org/10.1603/033.046.0505

Hopkins, M. C., Zink, S. D., Paulson, S. L., & Hawley, D. M. (2019). Influence 
of forest disturbance on La Crosse virus risk in southwestern Virginia. 
Insects, 11(1), 28. https://doi.org/10.3390/insec ts110 10028

Hunt, S. K., Galatowitsch, M. L., & McIntosh, A. R. (2017). Interactive ef-
fects of land use, temperature, and predators determine native and 
invasive mosquito distributions. Freshwater Biology, 62(9), 1564– 
1577. https://doi.org/10.1111/fwb.12967

Jeelani, S., & Sabesan, S. (2016). Dengue vector abundance and di-
versity of breeding habitats in Puducherry, South India. Tropical 
Biomedicine, 33(1), 71– 77.

Jegal, S., Jun, H., Kim- Jeon, M.- D., Park, S. H., Ahn, S. K., Lee, J., Gong, Y. 
W., Joo, K., Kwon, M. J., Roh, J. Y., Lee, W.- G., Lee, W., Bahk, Y. Y., 
& Kim, T.- S. (2020). Three- year surveillance of culicine mosquitoes 
(Diptera: Culicidae) for flavivirus infections in Incheon Metropolitan 
City and Hwaseong- si of Gyeonggi- do Province, Republic of 
Korea. Acta Tropica, 202, 105258. https://doi.org/10.1016/j.actat 
ropica.2019.105258

Johnson, B. J., Robson, M. G., & Fonseca, D. M. (2015). Unexpected spa-
tiotemporal abundance of infected Culex restuans suggest a greater 
role as a West Nile virus vector for this native species. Infection, 
Genetics and Evolution, 31, 40– 47. https://doi.org/10.1016/j.
meegid.2015.01.007

Johnson, M. F., Gómez, A., & Pinedo- Vasquez, M. (2008). Land use and 
mosquito diversity in the Peruvian Amazon. Journal of Medical 
Entomology, 45(6), 1023– 1030. https://doi.org/10.1093/jmede 
nt/45.6.1023

Johnson, T., Braack, L., Guarido, M., Venter, M., & Almeida, A. P. G. 
(2020). Mosquito community composition and abundance at con-
trasting sites in northern South Africa, 2014– 2017. Journal of Vector 
Ecology, 45(1), 104– 117. https://doi.org/10.1111/jvec.12378

Johnston, E., Weinstein, P., Slaney, D., Flies, A. S., Fricker, S., & Williams, 
C. (2014). Mosquito communities with trap height and urban- rural 
gradient in Adelaide, South Australia: Implications for disease vec-
tor surveillance. Journal of Vector Ecology, 39(1), 48– 55. https://doi.
org/10.1111/j.1948- 7134.2014.12069.x

Kamaladhasan, N., Tyagi, B. K., Swamy, P. S., & Chandrasekaran, S. (2016). 
Studies on the maintenance of “self- sustained” mosquito vec-
tor population in Vaigai river, South India. Current Science, 110(1), 
57– 68.

Kurucz, K., Manica, M., Delucchi, L., Kemenesi, G., & Marini, G. (2020). 
Dynamics and distribution of the invasive mosquito Aedes koreicus 
in a temperate European city. International Journal of Environmental 
Research and Public Health, 17(8), 2728. https://doi.org/10.3390/
ijerp h1708 2728

Lau, K. W., Chen, C. D., Lee, H. L., Low, V. L., Moh, H. H., & Sofian- Azirun, 
M. (2017). Ovitrap surveillance in Sarawak, Malaysia: A comprehen-
sive study. Tropical Biomedicine, 34(4), 795– 803.

Lee, J. M., Wasserman, R. J., Gan, J. Y., Wilson, R. F., Rahman, S., & Yek, S. 
H. (2020). Human activities attract harmful mosquitoes in a tropical 
urban landscape. EcoHealth, 17(1), 52– 63. https://doi.org/10.1007/
s1039 3- 019- 01457 - 9

Li, Y., Kamara, F., Zhou, G., Puthiyakunnon, S., Li, C., Liu, Y., Zhou, Y., Yao, 
L., Yan, G., & Chen, X.- G. (2014). Urbanization increases Aedes al-
bopictus larval habitats and accelerates mosquito development and 
survivorship. PLoS Neglected Tropical Diseases, 8(11), e3301. https://
doi.org/10.1371/journ al.pntd.0003301

Loaiza, J. R., Rovira, J. R., Sanjur, O. I., Zepeda, J. A., Pecor, J. E., Foley, D. 
H., Dutari, L., Radtke, M., Pongsiri, M. J., Molinar, O. S., & Laporta, 
G. Z. (2019). Forest disturbance and vector transmitted diseases in 
the lowland tropical rainforest of central Panama. Tropical Medicine 
and International Health, 24(7), 849– 861. https://doi.org/10.1111/
tmi.13244

Lourenço- de- Oliveira, R., Castro, M. G., Braks, M. A. H., & Lounibos, L. 
P. (2004). The invasion of urban forest by dengue vectors in Rio de 
Janeiro. Journal of Vector Ecology, 29(1), 8.

Mahadev, P. V. M., Fulmali, P. V., & Mishra, A. C. (2004). A preliminary 
study of multilevel geographic distribution and prevalence of Aedes 
aegypti (Diptera: Culicidae) in the state of Goa, India. The Indian 
Journal of Medical Research, 120, 173– 182.

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10393-010-0337-7
https://doi.org/10.1007/s10393-010-0337-7
https://doi.org/10.1093/jmedent/42.5.838
https://doi.org/10.4269/ajtmh.19-0220
https://doi.org/10.4269/ajtmh.19-0220
https://doi.org/10.1038/srep29002
https://doi.org/10.3390/insects10090269
https://doi.org/10.3390/insects10090269
https://doi.org/10.1186/s13071-020-04461-z
https://doi.org/10.1089/vbz.2013.1477
https://doi.org/10.1089/vbz.2013.1477
https://doi.org/10.3389/fevo.2020.568835
https://doi.org/10.3389/fevo.2020.568835
https://doi.org/10.1016/j.actatropica.2020.105441
https://doi.org/10.1016/j.actatropica.2020.105441
https://doi.org/10.1371/journal.pone.0240207
https://doi.org/10.1080/20477724.2016.1182719
https://doi.org/10.1603/033.046.0505
https://doi.org/10.3390/insects11010028
https://doi.org/10.1111/fwb.12967
https://doi.org/10.1016/j.actatropica.2019.105258
https://doi.org/10.1016/j.actatropica.2019.105258
https://doi.org/10.1016/j.meegid.2015.01.007
https://doi.org/10.1016/j.meegid.2015.01.007
https://doi.org/10.1093/jmedent/45.6.1023
https://doi.org/10.1093/jmedent/45.6.1023
https://doi.org/10.1111/jvec.12378
https://doi.org/10.1111/j.1948-7134.2014.12069.x
https://doi.org/10.1111/j.1948-7134.2014.12069.x
https://doi.org/10.3390/ijerph17082728
https://doi.org/10.3390/ijerph17082728
https://doi.org/10.1007/s10393-019-01457-9
https://doi.org/10.1007/s10393-019-01457-9
https://doi.org/10.1371/journal.pntd.0003301
https://doi.org/10.1371/journal.pntd.0003301
https://doi.org/10.1111/tmi.13244
https://doi.org/10.1111/tmi.13244


6870  |    PERRIN et al.

Manica, M., Filipponi, F., D'Alessandro, A., Screti, A., Neteler, M., 
Rosà, R., Solimini, A., Torre, A. D., & Caputo, B. (2016). Spatial 
and temporal hot spots of Aedes albopictus abundance inside 
and outside a south European metropolitan area. PLoS Neglected 
Tropical Diseases, 10(6), e0004758. https://doi.org/10.1371/journ 
al.pntd.0004758

Manica, M., Riello, S., Scagnolari, C., & Caputo, B. (2020). Spatio- temporal 
distribution of Aedes albopictus and Culex pipiens along an urban- 
natural gradient in the Ventotene Island, Italy. International Journal 
of Environmental Research and Public Health, 17(22), 8300. https://
doi.org/10.3390/ijerp h1722 8300

Masaninga, F., Muleba, M., Masendu, H., Songolo, P., Mweene- Ndumba, 
I., Mazaba- Liwewe, M. L., Kamuliwo, M., Ameneshewa, B., Siziya, 
S., & Babaniyi, O. A. (2014). Distribution of yellow fever vectors in 
Northwestern and Western Provinces, Zambia. Asian Pacific Journal 
of Tropical Medicine, 7, S88– S92. https://doi.org/10.1016/S1995 
- 7645(14)60210 - 8

Mayi, M. P. A., Bamou, R., Djiappi- Tchamen, B., Fontaine, A., Jeffries, C. 
L., Walker, T., Antonio- Nkondjio, C., Cornel, A. J., & Tchuinkam, T. 
(2020). Habitat and seasonality affect mosquito community com-
position in the west region of Cameroon. Insects, 11(5), 312. https://
doi.org/10.3390/insec ts110 50312

McCann, R. S., Messina, J. P., MacFarlane, D. W., Bayoh, M. N., Vulule, 
J. M., Gimnig, J. E., & Walker, E. D. (2014). Modeling larval malaria 
vector habitat locations using landscape features and cumulative 
precipitation measures. International Journal of Health Geographics, 
13(1), 17. https://doi.org/10.1186/1476- 072X- 13- 17

McClure, K. M., Lawrence, C., & Kilpatrick, A. M. (2018). Land use and 
larval habitat increase Aedes albopictus (Diptera: Culicidae) and 
Culex quinquefasciatus (Diptera: Culicidae) abundance in Lowland 
Hawaii. Journal of Medical Entomology, 55(6), 1509– 1516. https://
doi.org/10.1093/jme/tjy117

Medeiros- Sousa, A. R., de Oliveira Christe, R., de Castro Duarte, A. M. R., 
Mucci, L. F., Ceretti- Junior, W., & Marrelli, M. T. (2019). Effects of 
anthropogenic landscape changes on the abundance and acroden-
drophily of Anopheles (Kerteszia) cruzii, the main vector of malaria 
parasites in the Atlantic Forest in Brazil. Malaria Journal, 18, 110. 
https://doi.org/10.1186/s1293 6- 019- 2744- 8

Meyer Steiger, D. B., Ritchie, S. A., & Laurance, S. G. W. (2016a). Land 
use influences mosquito communities and disease risk on remote 
tropical islands: A case study using a novel sampling technique. The 
American Journal of Tropical Medicine and Hygiene, 94(2), 314– 321. 
https://doi.org/10.4269/ajtmh.15- 0161

Meyer Steiger, D. B., Ritchie, S. A., & Laurance, S. G. W. (2016b). Mosquito 
communities and disease risk influenced by land use change and 
seasonality in the Australian tropics. Parasites and Vectors, 9(1), 387. 
https://doi.org/10.1186/s1307 1- 016- 1675- 2

Moncayo, C., & Edman, J. D. (2000). Application of geographic informa-
tion technology in determining risk of eastern equine encephalo-
myelitis virus transmission. Journal of the American Mosquito Control 
Association, 16(1), 28– 35.

Murphy, A., Rajahram, G. S., Jilip, J., Maluda, M., William, T., Hu, W., 
Reid, S., Devine, G. J., & Frentiu, F. D. (2020). Incidence and epide-
miological features of dengue in Sabah, Malaysia. PLoS Neglected 
Tropical Diseases, 14(5), e0007504. https://doi.org/10.1371/journ 
al.pntd.0007504

Naranjo- Díaz, N., Hernandez- Valencia, J. C., Marín, A., & Correa, M. M. 
(2020). Relationship between land cover and Anophelinae species 
abundance, composition and diversity in NW Colombia. Infection, 
Genetics and Evolution, 78, 104114. https://doi.org/10.1016/j.
meegid.2019.104114

Ndenga, B. A., Mutuku, F. M., Ngugi, H. N., Mbakaya, J. O., Aswani, P., 
Musunzaji, P. S., Vulule, J., Mukoko, D., Kitron, U., & LaBeaud, A. D. 
(2017). Characteristics of Aedes aegypti adult mosquitoes in rural 
and urban areas of western and coastal Kenya. PLoS ONE, 12(12), 
e0189971. https://doi.org/10.1371/journ al.pone.0189971

O'Brien, V. A., & Reiskind, M. H. (2013). Host- seeking mosquito distri-
bution in habitat mosaics of southern great plains cross- timbers. 
Journal of Medical Entomology, 50(6), 1231– 1239. https://doi.
org/10.1603/ME13007

Oduola, A. O., Olojede, J. B., Oyewole, I. O., Otubanjo, O. A., & Awolola, 
T. S. (2013). Abundance and diversity of Anopheles species (Diptera: 
Culicidae) associated with malaria transmission in human dwell-
ings in rural and urban communities in Oyo State, Southwestern 
Nigeria. Parasitology Research, 112(10), 3433– 3439. https://doi.
org/10.1007/s0043 6- 013- 3522- 0

Oliveira- Christe, R., Medeiros- Sousa, A. R., Fernandes, A., Ceretti- Júnior, 
W., & Marrelli, M. T. (2020). Distribution of Culex (Microculex) 
(Diptera: Culicidae) in forest cover gradients. Acta Tropica, 202, 
105264. https://doi.org/10.1016/j.actat ropica.2019.105264

Overgaard, H. J., Ekbom, B., Suwonkerd, W., & Takagi, M. (2003). 
Effect of landscape structure on anopheline mosquito density 
and diversity in northern Thailand: Implications for malaria trans-
mission and control. Landscape Ecology, 18(6), 605. https://doi.
org/10.1023/A:10260 74910038

Overgaard, H. J., Olano, V. A., Jaramillo, J. F., Matiz, M. I., Sarmiento, D., 
Stenström, T. A., & Alexander, N. (2017). A cross- sectional survey 
of Aedes aegypti immature abundance in urban and rural household 
containers in central Colombia. Parasites and Vectors, 10(1), 356. 
https://doi.org/10.1186/s1307 1- 017- 2295- 1

Petruff, T. A., McMillan, J. R., Shepard, J. J., Andreadis, T. G., & Armstrong, 
P. M. (2020). Increased mosquito abundance and species richness 
in Connecticut, United States 2001– 2019. Scientific Reports, 10(1), 
19287. https://doi.org/10.1038/s4159 8- 020- 76231 - x

Prussing, C., Saavedra, M. P., Bickersmith, S. A., Alava, F., Guzmán, 
M., Manrique, E., Carrasco- Escobar, G., Moreno, M., Gamboa, 
D., Vinetz, J. M., & Conn, J. E. (2019). Malaria vector species in 
Amazonian Peru co- occur in larval habitats but have distinct lar-
val microbial communities. PLoS Neglected Tropical Diseases, 13(5), 
e0007412. https://doi.org/10.1371/journ al.pntd.0007412

Ramirez, P. G., Stein, M., Etchepare, E. G., & Almirón, W. R. (2018). 
Composition of anopheline (Diptera: Culicidae) community and 
its seasonal variation in three environments of the city of Puerto 
Iguazú, Misiones, Argentina. Journal of Medical Entomology, 55(2), 
351– 359. https://doi.org/10.1093/jme/tjx215

Reiskind, M. H., Griffin, R. H., Janairo, M. S., & Hopperstad, K. A. (2017). 
Mosquitoes of field and forest: The scale of habitat segregation in 
a diverse mosquito assemblage. Medical and Veterinary Entomology, 
31(1), 44– 54. https://doi.org/10.1111/mve.12193

Reiter, P., Cordellier, R., Ouma, J. O., Cropp, C. B., Savage, H. M., Sanders, 
E. J., Marfin, A. A., Tukei, P. M., Agata, N. N., Gitau, L. G., Rapuoda, 
B. A., & Gubler, D. J. (1998). First recorded outbreak of yellow fever 
in Kenya, 1992- 1993. II. Entomologic investigations. The American 
Journal of Tropical Medicine and Hygiene, 59(4), 650– 656.

Rey, J. R., Nishimura, N., Wagner, B., Braks, M. A. H., O'Connell, S. M., 
& Lounibos, L. P. (2006). Habitat segregation of mosquito arbovi-
rus vectors in south Florida. Journal of Medical Entomology, 43(6), 
1134– 1141.

Roche, B., Léger, L., L'Ambert, G., Lacour, G., Foussadier, R., Besnard, 
G., Barré- Cardi, H., Simard, F., & Fontenille, D. (2015). The spread 
of Aedes albopictus in Metropolitan France: Contribution of envi-
ronmental drivers and human activities and predictions for a near 
future. PLoS ONE, 10(5), e0125600. https://doi.org/10.1371/journ 
al.pone.0125600

Rodriguez, A. D., Rodriguez, M. H., Hernandez, J. E., Dister, S. W., Beck, 
L. R., Rejmankova, E., & Roberts, D. R. (1996). Landscape sur-
rounding human settlements and Anopheles albimanus (Diptera: 
Culicidae) abundance in southern Chiapas, Mexico. Journal of Medical 
Entomology, 33(1), 39– 48. https://doi.org/10.1093/jmede nt/33.1.39

Rubio- Palis, Y., Bevilacqua, M., Medina, D. A., Moreno, J. E., Cárdenas, L., 
Sánchez, V., Estrada, Y., Anaya, W., & Martínez, Á. (2013). Malaria en-
tomological risk factors in relation to land cover in the Lower Caura 

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1371/journal.pntd.0004758
https://doi.org/10.1371/journal.pntd.0004758
https://doi.org/10.3390/ijerph17228300
https://doi.org/10.3390/ijerph17228300
https://doi.org/10.1016/S1995-7645(14)60210-8
https://doi.org/10.1016/S1995-7645(14)60210-8
https://doi.org/10.3390/insects11050312
https://doi.org/10.3390/insects11050312
https://doi.org/10.1186/1476-072X-13-17
https://doi.org/10.1093/jme/tjy117
https://doi.org/10.1093/jme/tjy117
https://doi.org/10.1186/s12936-019-2744-8
https://doi.org/10.4269/ajtmh.15-0161
https://doi.org/10.1186/s13071-016-1675-2
https://doi.org/10.1371/journal.pntd.0007504
https://doi.org/10.1371/journal.pntd.0007504
https://doi.org/10.1016/j.meegid.2019.104114
https://doi.org/10.1016/j.meegid.2019.104114
https://doi.org/10.1371/journal.pone.0189971
https://doi.org/10.1603/ME13007
https://doi.org/10.1603/ME13007
https://doi.org/10.1007/s00436-013-3522-0
https://doi.org/10.1007/s00436-013-3522-0
https://doi.org/10.1016/j.actatropica.2019.105264
https://doi.org/10.1023/A:1026074910038
https://doi.org/10.1023/A:1026074910038
https://doi.org/10.1186/s13071-017-2295-1
https://doi.org/10.1038/s41598-020-76231-x
https://doi.org/10.1371/journal.pntd.0007412
https://doi.org/10.1093/jme/tjx215
https://doi.org/10.1111/mve.12193
https://doi.org/10.1371/journal.pone.0125600
https://doi.org/10.1371/journal.pone.0125600
https://doi.org/10.1093/jmedent/33.1.39


    |  6871PERRIN et al.

River Basin, Venezuela. Memórias Do Instituto Oswaldo Cruz, 108(2), 
220– 228. https://doi.org/10.1590/0074- 02761 08022 013015

Rufalco- Moutinho, P., Kadri, S. M., Alonso, D. P., Moreno, M., Carrasco- 
Escobar, G., Prussing, C., Gamboa, D., Vinetz, J. M., Sallum, M. A. 
M., Conn, J. E., & Ribolla, P. E. M. (2021). Ecology and larval pop-
ulation dynamics of the primary malaria vector Nyssorhynchus 
darlingi in a high transmission setting dominated by fish farming in 
western Amazonian Brazil. PLoS ONE, 16(4), e0246215. https://doi.
org/10.1371/journ al.pone.0246215

Saleh, F., Kitau, J., Konradsen, F., Kampango, A., Abassi, R., & Schiøler, 
K. L. (2020). Epidemic risk of arboviral diseases: Determining the 
habitats, spatial- temporal distribution, and abundance of immature 
Aedes aegypti in the urban and rural areas of Zanzibar, Tanzania. 
PLoS Neglected Tropical Diseases, 14(12), e0008949. https://doi.
org/10.1371/journ al.pntd.0008949

Sallam, M. F., Michaels, S. R., Riegel, C., Pereira, R. M., Zipperer, W., 
Lockaby, B. G., & Koehler, P. G. (2017). Spatio- temporal distri-
bution of vector- host contact (VHC) ratios and ecological niche 
modeling of the West Nile virus mosquito vector, Culex quinque-
fasciatus, in the city of New Orleans, LA, USA. International Journal 
of Environmental Research and Public Health, 14(8), 892. https://doi.
org/10.3390/ijerp h1408 0892

Sallam, M. F., Xue, R.- D., Pereira, R. M., & Koehler, P. G. (2016). Ecological 
niche modeling of mosquito vectors of West Nile virus in St. John's 
County, Florida, USA. Parasites and Vectors, 9(1), 371. https://doi.
org/10.1186/s1307 1- 016- 1646- 7

Sherpa, S., Renaud, J., Guéguen, M., Besnard, G., Mouyon, L., Rey, D., & 
Després, L. (2020). Landscape does matter: Disentangling founder 
effects from natural and human- aided post- introduction dispersal 
during an ongoing biological invasion. Journal of Animal Ecology, 
89(9), 2027– 2042. https://doi.org/10.1111/1365- 2656.13284

Smith, J., Amador, M., & Barrera, R. (2009). Seasonal and habitat effects 
on dengue and West Nile virus vectors in San Juan, Puerto Rico. 
Journal of the American Mosquito Control Association, 25(1), 38– 46. 
https://doi.org/10.2987/08- 5782.1

Sota, T., Mogi, M., & Hayamizu, E. (1992). Seasonal distribution and 
habitat selection by Aedes albopictus and Ae. riversi (Diptera: 
Culieidae) in northern Kyushu, Japan. Journal of Medical 
Entomology, 29(2), 9.

Talaga, S., Dejean, A., Azémar, F., Dumont, Y., & Leroy, C. (2020). Impacts 
of biotic and abiotic parameters on immature populations of 
Aedes aegypti. Journal of Pest Science, 93(3), 941– 952. https://doi.
org/10.1007/s1034 0- 020- 01214 - w

Thongsripong, P., Green, A., Kittayapong, P., Kapan, D., Wilcox, B., & 
Bennett, S. (2013). Mosquito vector diversity across habitats in 
central Thailand endemic for dengue and other arthropod- borne 
diseases. PLoS Neglected Tropical Diseases, 7(10), e2507. https://doi.
org/10.1371/journ al.pntd.0002507

Trawinski, P. R., & Mackay, D. S. (2010). Identification of environmental 
covariates of West Nile virus vector mosquito population abun-
dance. Vector- Borne and Zoonotic Diseases, 10(5), 515– 526. https://
doi.org/10.1089/vbz.2008.0063

Valentine, M. J., Ciraola, B., Jacobs, G. R., Arnot, C., Kelly, P. J., & 
Murdock, C. C. (2020). Effects of seasonality and land use on the 
diversity, relative abundance, and distribution of mosquitoes on 
St. Kitts, West Indies. Parasites and Vectors, 13(1), 543. https://doi.
org/10.1186/s1307 1- 020- 04421 - 7

Vijayakumar, K., Kumar, T. K. S., Nujum, Z. T., Umarul, F., & Kuriakose, 
A. (2014). A study on container breeding mosquitoes with 

special reference to Aedes (Stegomyia) aegypti and Aedes albopic-
tus in Thiruvananthapuram district, India. Journal of Vector Borne 
Diseases, 51, 27– 32.

Vittor, A. Y., Pan, W., Gilman, R. H., Tielsch, J., Glass, G., Shields, T., 
Sánchez- Lozano, W., Pinedo, V. V., Salas- Cobos, E., Flores, S., & 
Patz, J. A. (2009). Linking deforestation to malaria in the Amazon: 
Characterization of the breeding habitat of the principal malaria 
vector, Anopheles darlingi. The American Journal of Tropical Medicine 
and Hygiene, 81(1), 5– 12.

Westby, K. M., Adalsteinsson, S. A., Biro, E. G., Beckermann, A. J., & 
Medley, K. A. (2021). Aedes albopictus populations and larval hab-
itat characteristics across the landscape: Significant differences 
exist between urban and rural land use types. Insects, 12(3), 196. 
https://doi.org/10.3390/insec ts120 30196

Spence Beaulieu, M. R., Hopperstad, K., Dunn, R. R., & Reiskind, M. H. 
(2019). Simplification of vector communities during suburban suc-
cession. PLoS ONE, 14(5), e0215485. https://doi.org/10.1371/journ 
al.pone.0215485

Wilk- da- Silva, R., Mucci, L. F., Ceretti- Junior, W., Duarte, A. M. R. d. C., 
Marrelli, M. T., & Medeiros- Sousa, A. R. (2020). Influence of land-
scape composition and configuration on the richness and abun-
dance of potential sylvatic yellow fever vectors in a remnant of 
Atlantic Forest in the city of São Paulo, Brazil. Acta Tropica, 204, 
105385. https://doi.org/10.1016/j.actat ropica.2020.105385

Yazdi, F., Nikookar, S. H., Fazeli- Dinan, M., Hosseini, S. A., Yazdi, M., 
Ziapour, S. P., & Enayati, A. (2017). Diversity and species compo-
sition of mosquitoes (Culicidae: Diptera) in Noor County, northern 
Iran. Tropical Biomedicine, 34(1), 14– 21.

Young, K. I., Mundis, S., Widen, S. G., Wood, T. G., Tesh, R. B., Cardosa, 
J., Vasilakis, N., Perera, D., & Hanley, K. A. (2017). Abundance and 
distribution of sylvatic dengue virus vectors in three different land 
cover types in Sarawak, Malaysian Borneo. Parasites and Vectors, 
10(1), 406. https://doi.org/10.1186/s1307 1- 017- 2341- z

Zahouli, J. B. Z., Utzinger, J., Adja, M. A., Müller, P., Malone, D., Tano, Y., & 
Koudou, B. G. (2016). Oviposition ecology and species composition 
of Aedes spp. and Aedes aegypti dynamics in variously urbanized 
settings in arbovirus foci in southeastern Côte D'ivoire. Parasites 
and Vectors, 9(1), 523. https://doi.org/10.1186/s1307 1- 016- 1778- 9

Zittra, C., Vitecek, S., Obwaller, A. G., Rossiter, H., Eigner, B., Zechmeister, 
T., Waringer, J., & Fuehrer, H.- P. (2017). Landscape structure af-
fects distribution of potential disease vectors (Diptera: Culicidae). 
Parasites and Vectors, 10(1), 205. https://doi.org/10.1186/s1307 
1- 017- 2140- 6

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Perrin, A., Glaizot, O., & Christe, P. 
(2022). Worldwide impacts of landscape anthropization on 
mosquito abundance and diversity: A meta- analysis. Global 
Change Biology, 28, 6857–6871. https://doi.org/10.1111/
gcb.16406

 13652486, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16406 by B

cu L
ausanne, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1590/0074-0276108022013015
https://doi.org/10.1371/journal.pone.0246215
https://doi.org/10.1371/journal.pone.0246215
https://doi.org/10.1371/journal.pntd.0008949
https://doi.org/10.1371/journal.pntd.0008949
https://doi.org/10.3390/ijerph14080892
https://doi.org/10.3390/ijerph14080892
https://doi.org/10.1186/s13071-016-1646-7
https://doi.org/10.1186/s13071-016-1646-7
https://doi.org/10.1111/1365-2656.13284
https://doi.org/10.2987/08-5782.1
https://doi.org/10.1007/s10340-020-01214-w
https://doi.org/10.1007/s10340-020-01214-w
https://doi.org/10.1371/journal.pntd.0002507
https://doi.org/10.1371/journal.pntd.0002507
https://doi.org/10.1089/vbz.2008.0063
https://doi.org/10.1089/vbz.2008.0063
https://doi.org/10.1186/s13071-020-04421-7
https://doi.org/10.1186/s13071-020-04421-7
https://doi.org/10.3390/insects12030196
https://doi.org/10.1371/journal.pone.0215485
https://doi.org/10.1371/journal.pone.0215485
https://doi.org/10.1016/j.actatropica.2020.105385
https://doi.org/10.1186/s13071-017-2341-z
https://doi.org/10.1186/s13071-016-1778-9
https://doi.org/10.1186/s13071-017-2140-6
https://doi.org/10.1186/s13071-017-2140-6
https://doi.org/10.1111/gcb.16406
https://doi.org/10.1111/gcb.16406

	Worldwide impacts of landscape anthropization on mosquito abundance and diversity: A meta-analysis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Literature search
	2.2|Data extraction and effect size calculation
	2.3|Meta-analyses
	2.4|Mixed-effects meta-regression analyses
	2.5|Publication bias

	3|RESULTS
	3.1|Summary of the literature review
	3.2|Overall landscape anthropization effects on mosquito presence/abundance and diversity
	3.3|Are landscape anthropization effects associated with mosquito species or the mosquito's ability to transit vector-borne pathogens?
	3.4|Publication bias

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT



