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Abstract

The impacts of landscape anthropization on mosquito abundance
and diversity are already well studied, but the underlying ecological factors
behind these effects are still poorly understood. One such underlying
ecological factor may be related to the loss of amphibians in human-modified
landscapes, providing ideal habitats for several mosquito species. In this study,
we conducted a mosquito and amphibian larvae survey in 77 ponds along a
gradient of landscape anthropization in western Switzerland. We used struc-
tural equation models to investigate the direct and indirect effects of building
footprints and several local pond parameters on mosquito abundance and
composition through amphibian abundance. We highlighted that landscape
anthropization increases the presence probability of mosquito larvae and the
proportion of Culex pipiens in mosquito communities. Our results also
suggested that one of the ecological mechanisms underlying these effects is a
reduction in amphibian abundance, limiting competition and predation expe-
rienced by mosquitoes in human-modified landscapes. In addition, we showed
that several local pond characteristics prevent the presence and abundance of
mosquito larvae. Indeed, deep ponds, which promote amphibian abundance,
limit the probability of larval mosquito presence, and large and old ponds have
a lower larval mosquito abundance. Amphibians appear to be effective control
agents of natural mosquito populations. Therefore, the development of mea-
sures to protect amphibians in human-modified landscapes could help to
reduce both mosquito-related nuisances and the risk of emergence of
vector-borne diseases in humans and wildlife.
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INTRODUCTION

The incidence, resurgence, and outbreaks of several
mosquito-borne diseases, including dengue, chikungunya,
and yellow fever, have grown dramatically around the
world these last decades (Gardner & Ryman, 2010; WHO,
2014, 2020). The treatment for these mosquito-borne dis-
eases is mainly supportive, as there is no cure for most of
them; the focus is on reducing the risk of infection
(Lee et al., 2018). One of the risk reduction methods is vec-
tor control by different sterile and/or incompatible insect
techniques (e.g., radiation-sterilized males or Wolbachia-
based sterilization, respectively), which are not always suc-
cessful (Zheng et al., 2019). Therefore, it is important to
determine where and why certain areas are more at risk
of mosquito proliferation than others and identify the
underlying ecological mechanisms that limit this
proliferation.

A large body of literature showed a link between land-
scape anthropization (i.e., urbanization, deforestation, and
agricultural development) and both mosquito abundance
and diversity. Overall, landscape anthropization leads to a
general decline in mosquito diversity by reducing most
mosquito abundance and favoring a few species adapted
to human-modified landscapes that serve as vectors of
human diseases (reviewed by Burkett-Cadena & Vittor,
2018; Perrin et al., 2022; Sallam et al., 2017). However, the
ecological factors behind these landscape anthropization
effects remain to be investigated.

One ecological process that deserves attention is the
loss of mosquito predators and/or competitors in
human-modified landscapes, which provide ideal habitats
for mosquito breeding (Carver et al., 2015). Indeed, the lar-
val stages of mosquitoes develop within a large panel of
aquatic habitats, including human-made containers, tree
holes, puddles, ponds, and wetlands. These habitats are
discrete, and the limited food resources within them lead
to many biotic interactions that impact the development
of aquatic larvae (Mokany & Shine, 2003). These interac-
tions can be negative when a species competes for
resources and/or causes increased predation on mosquito
larvae, but they can also be positive when a species con-
sumes mosquito pathogens and/or reduces predation on
mosquito larvae (Blaustein & Chase, 2007; Juliano, 2009).
In this context, natural predators and competitors of
mosquitoes are amphibians (Brodman & Dorton, 2006;
DuRant & Hopkins, 2008), and several studies have
already shown a negative effect of amphibian density on
larval mosquito density (e.g., Brodman et al., 2003; Rubbo
et al, 2011). At the same time, many studies reported
strong impacts of landscape anthropization on amphibian
community and composition, showing lower species rich-
ness and abundance in human-modified landscapes than

in natural environments (Cordier et al., 2021; Cushman,
2006; Hamer & McDonnell, 2008; Thompson et al., 2016;
Thompson & Donnelly, 2018).

Here, we investigated the impacts of landscape
anthropization on both amphibian abundance and larval
mosquito communities. We considered the influence of
several other biotic and abiotic parameters of ponds that
are known to have significant impacts on mosquito abun-
dance and/or community composition. We collected field
data to characterize larval mosquito presence, abundance,
and community composition as well as the presence and
abundance of amphibians across 77 sampling sites in west-
ern Switzerland. Using path analyses, we then tested the
direct and indirect effects through amphibian abundance
of both landscape anthropization and local pond charac-
teristics on larval mosquito communities. We hypothe-
sized that because of a loss of amphibians, landscape
anthropization modifies competition and/or predation
pressures on mosquito species, resulting in a modification
of larval mosquito community structure.

METHODS
Study area

The study was carried out in the canton of Vaud in several
localities around the town of Lausanne in 2015. In this
year, the canton of Vaud was the third most populous can-
ton of Switzerland with 761,446 inhabitants (Demographic
balance by canton—nhttps://www.bfs.admin.ch/asset/fr/
px-x-0102020000_101, accessed in January 2022). The pop-
ulation in this canton doubled between 1950 and 2015
(StatVD, 2018). This population growth conducted to an
increase in expanding cities and artificial surfaces, as
well as the increased use of chemical fertilizers and mech-
anization, which had negative impacts on biodiversity
(Niwa et al., 2012). Now, more than half of the canton is
covered by housing and infrastructure surfaces (10%), agri-
cultural areas (42%), one-third by wooded areas (32%), and
16% by other unproductive surfaces (OFS, 2021).

Larval mosquito and amphibian collection

We selected 77 ponds along a gradient of landscape
anthropization (Figure 1). Each pond was sampled every
15 days from mid-May to beginning of August, for a total
of six samplings per pond. Small thin-wired dippers of
6 X 6 cm were used for sampling mosquito larvae and nets
of 45 X 30 cm for amphibian larvae. A sampling consisted
of five dipping moves in the middle range and at the
side of ponds. During the five dipping moves, the dipper
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FIGURE 1 Map of the distribution of sampling ponds (red dots) in the canton of Vaud, Switzerland. The green, black, gray, and white
colors represent the forest, building footprint, other surfaces, and undefined surfaces, according to the swissTLM3D geodata provided by the
Federal Office of Topography swisstopo, respectively.

was placed at approximately 20 cm under the surface and
quickly led upward to catch surface and middle-water
mosquito larvae. For amphibian larvae, the net was placed
at the bottom of the water column, at 2 m of the border,
and on the sides of the pond to ensure a catch of
bottom-dwelling amphibians. The number of samplings of
each pond was directly correlated with the size of the pond
following a standardized protocol provided by the IBEM
pond diversity evaluation method (Appendix S1).

Mosquito larvae were placed in 20-mL Eppendorf tubes
containing 70° alcohol and taken back to the lab for counting
and identification. We identified mosquitoes at species level
using Becker et al. (2010). All identified mosquito larvae
were deposited in the collection of the Museum of Zoology
in Lausanne, Switzerland. Identification of amphibian larvae
at species level was made on the field, and all amphibians
were released directly into the pond after the manipulation.

Landscape characteristics around pounds

To define the landscape anthropization level around each
pond, we calculated the percent building cover

(building footprint) and the percent of forest area within
a 200-m-radius buffer surrounding ponds using the
swissTLM3D geodata provided by the Federal Office of
Topography swisstopo (https://www.swisstopo.admin.ch,
accessed in January 2022). A 200-m-radius buffer was
chosen because the bulk of the field sampling consisted
of larvae of Culex sp., which have flight distances of
around 400 m (Verdonschot & Besse-Lototskaya, 2014;
Vinogradova, 2000). In addition, this buffer area
allowed for sufficient landscape variability surrounding
a pond and avoided huge overlap among buffers.
The building footprint and the forest cover were
defined with the Gebaeude_Footprint shapefile and the
entities “Gebueschwald,” “Wald,” “Wald offen,” and
“Gehoelzflaeche” from the Bodenbedeckung shapefile,
respectively. We used the 1.8 version of the geodata
since the flight year of the aerial images used as a basis
for these geodata corresponds to 2015.

The building footprint and the forest cover around
ponds were highly correlated (Pearson’s r = —0.9 and
p < 0.0001), we therefore only considered the percent
building footprint as a landscape anthropization gradient
in further analyses (hereafter called building footprint).
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Local pond parameters

To determine the effect of pond-local attributes on
mosquito abundance and composition, we measured a
series of environmental parameters for each pond. First,
the amount of vegetation in mosquito larval habitats is
considered an important factor for the presence and
development of mosquito larvae. The vegetation cover
can serve as shelter against predation (Chirebvu &
Chimbari, 2015) and several species of mosquito larvae
have a biological need for aquatic vegetations (i.e., several
species use plant tissues instead of the air/water interface
to obtain their oxygen; Russell, 1999). However, vegetation
cover can also act as a barrier to spawning females, sup-
port a high diversity of predators, and reduce the amount
of sunlight reaching the water surface, which negatively
affects mosquito larvae growth (Muturi et al., 2008). We
thus estimated the percentage of pond surface covered by
plants (mainly composed of Lemna sp., Nuphar sp., and
Nymphea sp.) once per month and took the mean percent-
age value for each pond (hereafter called pond surface
covered).

The second important factor for the presence and the
development of mosquito larvae is the hydroregime of
ponds (i.e., permanent or temporary; Vanwambeke et al.,
2007; Yazdi et al., 2017). Temporary ponds represent ref-
uges for mosquitoes since mosquitoes have much more
rapid population dynamics than predators, allowing them
to escape control by these predators (Chase & Knight,
2003), even if the risk of drying out is high in very dry
seasons. Ponds were classified as permanent or tempo-
rary (hereafter called hydroregime) based on the likeli-
hood of drying out in summer considering depth and
water supply of ponds.

Third, we recorded the age of ponds (hereafter called
age) as not all ponds in this study were created in the
same year (i.e., the year of creation varied between 1998
and 2014). Several studies already explored predation
and competition pressures on mosquitoes from amphib-
ians in laboratory conditions, mesocosms created during
a few weeks or ponds without accounting for age
(e.g., Brodman & Dorton, 2006; Mokany & Shine, 2003;
Rubbo et al., 2011; Smith & Petranka, 1987), which can
bring a valuable information for the management of wet-
lands, particularly if recent ponds have less species that
can have predation or competition interactions with mos-
quitoes than older ponds.

Finally, we took into account the size of ponds,
because it determines the community structure of mos-
quitoes and other aquatic insects, including predators
(Sunahara et al., 2002). We thus recorded the maximum
depth (in May) and the surface of each pond (hereafter
called depth and surface, respectively).

Statistical analyses

We considered three response variables to characterize
larval mosquito communities in ponds. First, we recorded
the presence of larval mosquitoes in all ponds, and then,
given that they were present, we counted the number of
larvae and calculated the proportion of Culex pipiens. The
proportion of Cx. pipiens is an important measure of the
larval mosquito composition in ponds. Indeed, Cx. pipiens
is associated with many important vector-borne patho-
gens for humans (e.g., equine encephalomyelitis virus,
Sindbis virus, West Nile virus, Japanese encephalitis
virus, Usutu virus, Rift Valley virus, or lymphatic filaria-
sis; Becker et al., 2020; Wilkerson et al., 2021). This
species can live in a large panel of habitats, from natural
to anthropized areas, and feeds opportunistically from a
wide variety of blood hosts (Becker et al., 2020;
Gad et al., 1995; Wilkerson et al., 2021). Therefore, the
identification of environmental factors that drive the rela-
tive abundance of Cx. pipiens is a first step to understand
the global drivers of vector-borne disease dynamics.

The analyses were conducted on two different datasets,
one including all sampling ponds (for the presence/absence
of larval mosquitoes) and the other including only the
sampling ponds containing larval mosquitoes (for the
abundance of larval mosquitoes and the proportion of
Cx. pipiens). We used generalized linear mixed models
(GLMM) to identify environmental parameters contribut-
ing most to the variability in presence, abundance, and
composition of larval mosquito communities in wetlands.
The log(x + 1)-transformed abundance of amphibians,
pond surface covered, age, hydroregime, depth, surface,
and building footprint were included as fixed factors. The
sector of the pond was included as a random factor to con-
sider the potential spatial autocorrelation as several ponds
are sampled in the same area (see Appendix S1). We also
used GLMM to test the effect of landscape characteristics
and local pond parameters on the abundance of
amphibians. In these models, pond surface covered, age,
hydroregime, depth, surface, and building footprint were
included as fixed factors, and the sector of the pond was
included as a random factor. GLMM with Gaussian
(on the log-transformed abundance of mosquito larvae, the
log-transformed abundance of amphibians, and the propor-
tion of Cx. pipiens) and binominal (on larval mosquito pres-
ence) distributed errors were implemented, respectively,
with the Ime and glmer functions of the R packages “nlme”
and “lmed4.” We used variance inflation factors (VIFs)
implemented with the vif function of the R package “car”
to check the absence of collinearity among the explanatory
variables. We did not find any collinearity with all
VIFs < 5 (Zuur et al., 2009). The dredge function of the
R package “MuMIn” (Barton, 2020) was used to identify
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the best candidate model, based on the Akaike information
criterion corrected for small sample sizes (AIC.), among all
possible combinations of explanatory variables.

We used structural equation models (SEMs) to test the
hypothesis that mosquito abundance and composition are
indirectly affected by environmental conditions through

the presence and abundance of amphibians (Figure 2A).
We developed path models based on the best models
selected in the previous analysis. SEMs were fitted using
the psem function implemented in the R package
“PiecewiseSEM” (Lefcheck, 2016). Standardized path coef-
ficients and Fisher's C statistic with their associated
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FIGURE 2 Conceptual structural equation models (A) as well as final path analyses for direct and indirect effects of environmental
conditions on mosquito presence (B) and mosquito abundance and community composition (C). Blue and red arrows represent positive and
negative relationships, respectively. Each path is labeled with its corresponding standardized coefficient. Solid and dashed arrows represent
significant and nonsignificant relationships, respectively. ns, not significant; *p < 0.05; **p < 0.01.
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p value were extracted. Fisher’s C statistic tests the
assumption that there was no missing path among the
independent variables. We used the Shipley’s test of
directed separation to identify missing correlations. SEM
was thus considered reliable (i.e., no missing links or
explanatory variables) with the data when this test was
not significant (p > 0.05).

RESULTS

Overall, 710 mosquito larvae belonging to 12 identified
species were captured in 38 of the 77 sampling ponds
(Table 1). Culex hortensis and Cx. pipiens/torrentium were
the two most abundant species and correspond to 42% and
41% of all individuals, respectively. At the same time, we
sampled 2044 amphibian larvae belonging to three species
in 59 of the 77 sampling ponds (Table 1). Two species of

TABLE 1 Total number of mosquito and amphibian larvae per
species captured in the 77 sampling ponds as well as number of
positive ponds and mean abundance (SD) per positive pond for
each species in the canton of Vaud in 2015.

Mean
No. abundance
positive (SD) per

Species n ponds  positive pond

Mosquito larvae
Aedes gr. cinereus 2 1 2(-)
Anopheles claviger 20 10 2(1)
Anopheles maculipennis 17 9 2(2)
Anopheles sp. 2 2 1(0)
Culex hortensis 301 9 33 (40)
Culex pipiens 294 14 21 (33)
Culex territans 39 13 3(3)
Culiseta marsitans 4 1 4(-)
Culiseta sp. 14 4 4(2)
Ochlerotatus cantans 6 2 3(3)
Ochlerotatus communis 1 1 1(-)
Ochlerotatus flavescens 1 1 1(-)
Ochlerotatus punctor 5 1 5(-)
Ochlerotatus sp. 4 4 1(0)
Total 710

Amphibian larvae
Bufo bufo 631 33 19 (17)
Ichthyosaura alpestris 355 41 9 (6)
Rana temporaria 1058 49 22 (14)
Total 2044

Note: Positive ponds correspond to ponds that contain mosquito or
amphibian larvae.

Anoura represented most of the sample (i.e., Bufo bufo and
Rana temporaria; 83% of all individuals). Finally, the pres-
ence of both mosquito and amphibian larvae was recorded
in 25 ponds.

Our piecewise SEM selection process yielded a final
path model that represented the data well for mosquito
presence (Fisher's C=1521, df=8, and p=0.74;
Figure 2B) and for mosquito abundance and Cx. pipiens
proportion (Fisher's C = 15.10, df =14, and p = 0.37;
Figure 2C). Hydroregime, pond surface covered, and sur-
face are included in the final model for the presence of
mosquito larvae, but the coefficients are not significant
(Figure 2B). This suggests a nonsignificant trend whereby
small temporary ponds with a low vegetation cover have a
lower presence probability of mosquito larvae than large
permanent ponds with a high vegetation cover. However,
we found a significant negative effect of amphibian abun-
dance on mosquito presence and Cx. pipiens proportion in
the community, and we showed that amphibian larvae
were more abundant in deep ponds and less anthropized
areas (Figure 2C). This result suggests an indirect positive
effect of landscape anthropization on mosquito communi-
ties (i.e., on the presence probability of mosquito
larvae and on the proportion of Cx. pipiens) through a neg-
ative effect on amphibian abundance. We also found a
positive correlation between the proportion of Cx. pipiens
and the abundance of mosquito larvae in ponds
(Figure 2C). Finally, our SEM analysis showed that the
older the pond, the lower the abundance of mosquito
larvae (Figure 2C).

DISCUSSION

Our results were in line with the large body of works show-
ing worldwide negative effects of landscape anthropization
on amphibian abundance and diversity (Cordier et al.,
2021; Cushman, 2006; Hamer & McDonnell, 2008;
Thompson et al., 2016; Thompson & Donnelly, 2018). In
addition to a detrimental impact of landscape anthropi-
zation on the presence of European tree frog (Hyla arborea)
calling males (Pellet, Guisan, & Perrin, 2004; Pellet, Hoehn,
& Perrin, 2004), our findings indicate a negative effect on
larval abundance of amphibians within ponds in western
Switzerland.

Interestingly, our results showed that the reduction of
amphibian abundance is responsible for an increase in
the presence probability of larval mosquitoes in ponds.
This is consistent with other studies that found reduced
numbers of larval mosquitoes in ponds containing larval
amphibians (Brodman et al., 2003; Rubbo et al., 2011).
First, this negative link between amphibian and mos-
quito abundance could be explained by a significant
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predation pressure exerted by amphibians, as already
highlighted by many studies (e.g., Blaustein et al., 2014;
Brodman & Dorton, 2006; DuRant & Hopkins, 2008). For
instance, Watters et al. (2018) have shown that amphib-
ian larvae were able to consume as many mosquito larvae
as mosquitofish (Gambusia sp.), which are well-known
predators used for mosquito biocontrol (Pyke, 2008).
Second, numerous studies revealed a presence of both
interference and exploitation competition between mos-
quito and amphibian larvae (e.g., Blaustein & Margalit,
1994, 1996; Mokany & Shine, 2002, 2003; Stav et al.,
2010). If amphibian larvae are more competitive than
mosquito larvae (e.g., for resource exploitation), this
could explain the negative link between the abundance
of mosquito and amphibian larvae. However, additional
laboratory work must be conducted to validate this
hypothesis. Third, this result could be linked to a choice
of adult mosquitoes for an optimal egg-laying site (Rubbo
et al.,, 2011). Although some studies have noted that ovi-
position avoidance is weak in response to amphibian
presence (Blaustein et al., 2014; Vonesh & Blaustein,
2010), mosquitoes use chemical and biological cues to
detect the presence of larval predators and/or competitors
to avoid ovipositing in an unfavorable environment for
their larvae (Blaustein et al., 2004; Herrera-Varela et al.,
2014; Munga et al., 2006; Vonesh & Blaustein, 2010).

Moreover, the reduction of amphibian abundance is
also responsible for mosquito community changes. We
found a decrease in Cx. pipiens relative abundance in
response to the increased amphibian abundance in ponds
found in less anthropized areas. Our results were in line
with studies that showed an increase of Cx. pipiens
abundance in response to landscape anthropization
(e.g., Deichmeister & Telang, 2011; Gonzdlez et al., 2020;
Mayi et al., 2020; Reiskind et al., 2017; Trawinski &
Mackay, 2010; Yazdi et al., 2017). Our results suggest that
amphibians could be a factor regulating the abundance
of Cx. pipiens, limiting its abundance in natural environ-
ments. Although no work to our knowledge has already
demonstrated an amphibian feeding choice towards
Cx. pipiens larvae, predation could only be linked to the rel-
ative abundance of the different species. Amphibian larvae
would consume relatively more Cx. pipiens larvae in ponds
where they are overrepresented, with a stabilizing effect on
the diversity of the mosquito community. The absence or
low presence of amphibians in anthropized environments
could then explain the increase in Cx. pipiens in the com-
munity. However, at this stage, we cannot completely
exclude a higher survival of Cx. pipiens, compared to other
mosquito species, in small, temporary, and polluted ponds
where amphibians are absent, explaining the negative link
between amphibian abundance and Cx. pipiens proportion
in the community.

In addition to landscape composition around sampling
sites, our results suggest that some local characteristics of
ponds influence mosquito community composition. First,
we found that the first years following a pond creation is
particularly productive for mosquito larvae. It could be due
to the rapid colonization of newly constructed wetlands by
mosquitoes (Schéfer, 2004) compared to their competitors
and predators. Mosquitoes are opportunist aerial colonizers
that can colonize a pond within a few days after its creation,
while it can take several years for their predators (Batzer &
Wissinger, 1996; Chase & Knight, 2003). Second, we found
that water depth of ponds favors the abundance of amphib-
ians and thus negatively impacts mosquito abundance. This
result is not surprising considering the positive link already
shown between amphibian reproductive effort and water
depth (DiMauro & Hunter, 2002). Rubbo et al. (2011) also
suggest that deeper ponds can have longer hydroperiods
and that common amphibians, such as R. temporaria or
B. bufo, breed preferentially in ponds with longer
hydroperiods. Our results therefore suggest that the creation
of deep ponds and the protection of older ponds both maxi-
mize amphibian abundance and limit mosquito-related
nuisances in urban areas.

Although our study is a first step toward establishing
a causal link between amphibians and mosquitoes in
human-modified landscapes, future studies should test
experimentally the real effect of competition and
predation of amphibians on mosquito larvae. Studies
have already shown that amphibian larvae were able to
predate mosquito larvae (e.g., Blaustein et al., 2014;
Brodman & Dorton, 2006; DuRant & Hopkins, 2008), led
female mosquitoes to lay fewer eggs and was responsible
for a lower survival of mosquito larvae when they are in
a pond (Rubbo et al., 2011). However, we do not know
which mosquito species and how many are consumed by
amphibians in the 77 ponds of our study. This informa-
tion could help identify which amphibian species is the
most important and interesting from a management per-
spective in mosquito control and will confirm experimen-
tally the causal pattern highlighted in this study between
amphibians and mosquitoes in their natural habitats.

MANAGEMENT IMPLICATIONS

Our results, conducted at different times, with different
predictors and response variables, showed a constant nega-
tive effect of landscape anthropization on amphibian com-
munities, which adds to the lack of breeding ponds in
western Switzerland (Pellet et al.,, 2002; Pellet & Neet,
2001). The underlying causes of these declines of amphib-
ians in human-modified landscapes have long been identi-
fied and include the low vagilities and high vulnerability of
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these species when they moved between seasonal habitats
through inhospitable terrain, as well as their high vulnera-
bility to pathogen, invasive species, and environmental pol-
lution (reviewed by Cushman, 2006).

Although many wetlands have been destroyed in
an attempt to reduce the habitat of mosquito larvae
and therefore the associated disease risk, this destruction
has been shown to lead to the isolation of ponds, which
affects predators more negatively than mosquitoes
(Chase & Shulman, 2009). This study highlights an alter-
native option to the destruction of wetlands; maintaining
amphibian populations in human-modified landscapes
might limit the presence and abundance of mosquito spe-
cies of human concern. In addition, deep and old ponds
that maintain a high abundance of amphibians could also
be factors to consider in management plans to limit
mosquito-related nuisances. Considering the widespread
decline in amphibians these last decades, our study
shows that their protection is essential since these species
could act as biological control agents against mosquitoes
and therefore be involved in ecological processes with
important implications for human health.
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