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Landscape variation influences trophic cascades in
dengue vector food webs
Robbie Weterings,1,2* Chanin Umponstira,2 Hannah L. Buckley3

The epidemiology of vector-borne diseases is governed by a structured array of correlative and causative
factors, including landscape (for example, rural versus urban), abiotic (for example, weather), and biotic (for
example, food web) factors. Studies of mosquito-borne diseases rarely address these multiple factors at large
spatial scales, which limits insights into how human alterations of landscapes and food webs alter mosquito
abundance. We used structural equation modeling to identify the relative magnitude and direction of landscape,
abiotic, and food web factors on Aedes larvae and adults across 70 sites in northern Thailand. Food web factors were
modeled as mosquito-predator trophic cascades. Landscape context affected mosquito-predator communities in
aquatic and terrestrial environments via cascading food web interactions. Several mosquito predators within these
food webs showed potential as biocontrol agents in mosquito population control, but their potentials for control
were landscape-dependent. In terrestrial food webs, the habitat-sensitive tokay gecko structured mosquito-predator
communities, indicating that a conservation approach to vector control could be a useful addition to existing
control efforts.
INTRODUCTION
Pollution, habitat destruction, and other forms of environmental deg-
radation have often been associated with health risks (1), and as a result,
environmental management is now applied in many ways to mitigate
diseases, such as cholera and malaria. Nevertheless, many aspects re-
main poorly explored, including the role of ecological interactions in
disease control.

Dengue fever, a mosquito-borne disease transmitted by several spe-
cies in the genus AedesMeigen 1818, has been linked to anthropogenic
alterations of the environment, such as deforestation, urbanization, and
climate change (2–5). Althoughmosquito control efforts have increased
tremendously over the past few decades, dengue fever is still rising (6),
with a global estimate of 390 million dengue infections annually (7).
One reason for failing control efforts is the lack of a comprehensive
understanding of Aedes mosquitoes and their role in the broader eco-
logical context of the food webs, habitats, and landscapes in which they
are embedded (8). To develop more effective mosquito control strate-
gies, we need to answer questions such as how do other species interact
with Aedesmosquitoes and what environmental factors affect these in-
teractions? The answers will allow us to start to determine how we
might control Aedes populations using an environmental management
approach (9).

In the context ofmosquito control, predator-prey interactions play a
particularly important role because they drive community dynamics.
Small-scale experimental work shows that numerous predators ofAedes
spp. differ in their predation rates and potential impacts on mosquito
population density. For instance, we showed that, although both
dragonfly and damselfly larvae prey on Aedes aegypti (L. 1762) larvae,
their predation rates differed andwere dependent on predator body size
(10). Further, the few field studies conducted in this system suggest that
local habitat conditions and landscape context affect the dynamics of
these predator-prey interactions.We showed, for example, thatmosquito
larval densities in container-like habitats were strongly affected by
predator colonization rates, which, in turn, were highly dependent
on habitat type and landscape context (11). In general, predation
of only the aquatic larval life stages of mosquitoes has been consid-
ered; however, recent work shows that terrestrial predators, such as
spiders and lizards, can achieve high predation rates on adultmosquitoes
(12–16). These adult mosquitoes, occurring largely in urban areas that
are densely populated by people, are responsible for disease prevalence
and spread.

Here, we aimed to determine the role of predation in Aedes popula-
tion dynamics by investigating foodweb trophic cascades in both aquatic
and terrestrial environments. We recorded population densities of
mosquitoes and their predators near buildings within different habitats
and seasons and then modeled the effects of these factors on the aquatic
and terrestrial food webs. The terrestrial food web included adult Aedes
mosquitoes, house geckos (Hemidactylus spp.), tokay geckos (Gecko
gekko, L. 1758), spiders, and domestic cats. The aquatic food web in-
cluded Aedes larvae and a suite of predators that occur in water-filled,
container-like habitats, such as water storage containers, discarded tires,
tree holes, and small pools. We used a comprehensive approach to
modeling dengue vector mosquitoes by including many predator-prey
interactions from both aquatic and terrestrial habitats based on our em-
pirical data set. Before this study, we conducted a series of predation rate
experiments and behavioral studies that provide a strong theoretical
basis for the predator-prey interactions in our models (table S1)
(10–13, 17–19). We used structural equation models to estimate the
strength of possible direct and indirect effects within aquatic and terres-
trial Aedes-predator food webs while controlling for external factors
such as landscape context, seasonality, and habitat characteristics across
70 sites in west Thailand (Fig. 1).
RESULTS
Aedes were exposed to different predators in the terrestrial and aquatic
environments (Fig. 2). In the terrestrial environment, five gecko species
were observed on buildings; of these five species, three were very com-
mon: Hemidactylus frenatus (Schlegel, 1836), Hemidactylus platyurus
(Schneider, 1792), and Gecko gekko. Spider assemblages were domi-
nated by Pholcidae (cellar spiders), mainlyCrossopriza lyoni (Blackwall,
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Fig. 1. Path diagrams for the terrestrial and aquatic SEMs. The terrestrial model (n = 70) used a robust maximum likelihood estimator (A). In the aquatic model (n =
156), turbidity (clear/murky), aquatic plants (presence/absence), and Aedes spp. larvae (presence/absence, due to zero inflation) were modeled as binomial variables,
using a weighted least squares estimation with robust standard errors (B). R2 values represent variance explained. Model fit was assessed using c2 statistics, comparative
fit index (CFI), root mean square errors of approximation (RMSEA), and standardized root mean square residual (SMRS). Solid arrows display paths from independent to
dependent variables, dotted arrows display covariances, circles are latent variables, and rectangles are measured variables. Blue arrows, positive effects; red arrows,
negative effects; gray arrows, nonsignificant effects. Effects represent correlations based on the best fitting covariance structure for each model and might be causative,
but are not so by definition. Path coefficients (standardized effect sizes) are near each arrow. ***P < 0.001, **P < 0.01, *P < 0.05, and •P < 0.1. “Agri. habitat,” “Water
habitat,” and “Forest habitat” are total area of agricultural, surface water, and forested areas in the landscape, which was a 250-m-radius area centered on the focal
building. “Precipitation” represents the total monthly precipitation, and “Temperature” represents the monthly (aquatic model) and two-monthly (terrestrial model)
mean temperature before sampling. “Cont. habitats” represents the number of container-like habitats in the landscape. EC is electrical conductivity, and pH is the
acidity of container habitat water. L. predators, large predators; Mic.-Hetero, micro-Heteroptera.
Weterings, Umponstira, Buckley, Sci. Adv. 2018;4 : eaap9534 21 February 2018 2 of 9
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Fig. 2. A simplified food web that includes Aedes and its predators in the aquatic and terrestrial environment. Blue and white arrows show the direction of energy flow
from prey to predator. In the center of the figure, the life cycle (dark brown arrows) of Aedes shows that adult female mosquitoes lay eggs, which develop into larvae that will
pupate, after which adult mosquitoes will emerge. In these different life cycle stages, Aedes spp. are exposed to different predators in the terrestrial (upper gray area) and
aquatic (lower blue area) environments.
Weterings, Umponstira, Buckley, Sci. Adv. 2018;4 : eaap9534 21 February 2018 3 of 9
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1867). Other common spider families included Salticidae (jumping
spiders) and Araneidae (orb-weaver spiders). Hersiliidae (tree trunk
spiders) were often observed in forest landscapes but were rare in urban
and agricultural landscapes. Gecko and spider diversity and richness, as
well as spider and tokay abundance, were higher in forest landscapes
than in urban and agricultural landscapes (Figs. 3A and4). In the aquatic
environment, many different mosquito larval predators were
encountered in water-filled, container-like habitats including predatory
mosquito larvae belonging to the genera Toxorhynchites (elephant
mosquito) and Lutzia. The most common groups of mosquito larvae
(or egg) predators were Anura (tadpoles), Corixidae (water boatmen),
Notonectidae (backswimmers), Pleidae (pygmy backswimmers),
Weterings, Umponstira, Buckley, Sci. Adv. 2018;4 : eaap9534 21 February 2018
Toxorhynchites sp., and Veliidae (smaller water striders); within
these groups, there was also a large variation in species composition.
Fish, usually guppies introduced by humans, were uncommon. Of
the six aquatic predator groups, tadpoles, water boatmen, pygmy
backswimmers, andToxorhynchites occurredmore frequently in for-
est landscapes than in urban and agricultural landscapes (Fig. 3B).
Aquatic predators were more species-rich in forest landscapes than
in urban, but not agricultural, landscapes. Adult Aedes mosquitoes
were more common in urban and forest landscapes than in agricul-
tural landscapes (Fig. 3A). Aedes larvae were present in 32% of the
container-like habitats; this number was slightly lower in forest land-
scapes than in agricultural and urban landscapes (Fig. 3B).
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Fig. 3. Mean abundance ± SE and % presence of terrestrial and aquatic taxa in or near buildings in three landscape classes. Green bars display forest landscapes,
which were those areas in which forest (canopy cover > 30%) constituted 30% or more of the study area. Red bars are urban landscapes (urban areas constitute 25% or
more of the landscape), and all other areas are considered agricultural landscapes (blue bars). The sample size (n) for the terrestrial species (A) in agriculture, forest, and
urban landscapes was 32, 21, and 17, respectively; for aquatic species (B), this was 63, 57, and 34. Mean abundance of Aedes, house geckos, and spiders was compared
using linear models (significant P values are given in the figure) and Tukey’s post hoc test (groups are noted with letters). For other taxa, we used zero-inflated negative
binomial models. When AIC values were more than two points higher than the null model, the habitat effect was considered significant and Tukey’s post hoc test was
then used on the count and zero-inflated models. Aedes spp. abundance is given as trapped mosquitoes per 24 hours, for spiders, geckos, and tokays; this is the number
of individuals per 100-m2 wall, and for cats, this is the number per household. Abundance of aquatic taxa is given as individuals per water-filled container-like habitats.
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Terrestrial food web model
The terrestrial food web model shows that the species comprising the
Aedes food webs near buildings interact indirectly through trophic cas-
cades. Tokay geckos and cats are at the top of this food web, and their
abundance was significantly correlated with the abundances of other
species through direct and indirect interactions (Fig. 1A and table
S2). Both house geckos and spiders were identified as important preda-
tors of Aedes mosquitoes; however, geckos prey on spiders and thus
have both direct, negative and indirect, positive effects on mosquito
abundance. Landscape type (urban, forest, and agricultural) affected
the nature of these interactions. Tokay geckos were more abundant
Weterings, Umponstira, Buckley, Sci. Adv. 2018;4 : eaap9534 21 February 2018
in forest landscapes than in urban and agricultural landscapes, which
were negatively and nonlinearly related to house gecko densities and
therefore were indirectly correlated with an increase in spider densities
and total predator diversity, resulting in fewerAedesmosquitoes in forest
landscapes (Fig. 5). In contrast, this keystone predatorwasmostly absent
in urban landscapes, which resulted in higher house gecko abundance
and indirectly in lower spider densities, causing a net increase of Aedes
mosquitoes (Fig. 5). This variation in predator communities among
landscape types was also reflected in mean site predator diversity and
predator species richness, where forest landscapes had more diverse
and species-rich predator communities than urban and agricultural
landscapes (Fig. 4). Seasonality also affected Aedes populations; after
periods of increased precipitation and reduced temperature (rainy sea-
son), Aedes populations were generally higher (Fig. 1). Seasonal effects
were partiallymitigated by an increase in spiders, whose abundances also
increased under these circumstances.

Aquatic food web model
Our aquatic food web model shows that Aedes presence was negatively
correlated with the abundance of both large predators, such as tadpoles
and backswimmers, and micro-Heteroptera, which included Corixidae
(water boatmen), Pleidae (pygmy backswimmers), and Veliidae (smaller
water striders). The effect of large predators onAedes presence was twice
that of micro-Heteroptera on Aedes. The effects of landscape context on
Aedes presence were indirectly mediated by food web interactions
through a trophic cascade involving large aquatic predators (Fig. 1B
and table S3). Landscapes that contained a greater area of forest and less
agriculture had higher predator abundances, which negatively affected
Aedes presence (Fig. 5). Landscape context directly explained variation
in abundance of large predators, but not in micro-Heteroptera abun-
dance or Aedes larvae presence. No direct or indirect effects explained
a significant amount of variation in micro-Heteropteran abundance.
The presence of aquatic plants was positively correlatedwith large pred-
ator abundance, which, in turn,was indirectly negatively correlatedwith
Aedes presence. The number of container-like habitats in the landscape
had a relatively large, albeit nonsignificant, effect on Aedes presence.
DISCUSSION
Our findings suggest thatAedes populations are controlled by the inter-
action between landscape, abiotic, and biotic factors in terrestrial and
aquatic habitats. In particular, trophic interactions indirectly mediate
complex relationships between dengue vectors and both local- and
landscape-scale conditions. These findings are important validation
for the few existing small-scale, experimental studies (12, 14–16),
showing that mosquito predators in the terrestrial environment are of
major importance for the large-scale natural control of mosquitoes.
These findings have implications for current, integrated vectormanage-
ment strategies, especially regarding biological control (20), because
current practice is focused on the release of aquatic predators in
breeding habitats while ignoring the potential of naturally occurring
aquatic and terrestrial predators.

Landscape context affects microclimatic conditions at sites and,
therefore, the availability of Aedes breeding habitat. Breeding habitat
availability and microclimatic conditions are considered major
underlying factors of a landscape-Aedes relationship (2, 21). However,
our study suggests that the effects of food web processes exceed these
factors. Landscape context was related toAedes populations within both
the terrestrial and aquatic food webs, but only via indirect effects
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Fig. 4. Predator taxon diversity and richness for the three main predator
groups in different landscape types. In the boxplots, the horizontal bar gives
the median, the box gives the interquartile ranges, the whiskers give the largest
and lowest values with a maximum extent of 1.5 times the interquartile range,
and the values on the x axis show the sample size (n). Diversity is given as Hill
numbers (the exponential of Shannon’s entropy index). Predator richness is given
as rarefied curves, which show the increase in recorded taxa with increasing num-
ber of observed individuals. Confidence intervals were calculated following Chao’s
bootstrap method (30). Curves that are leveling off indicate that predator richness
was estimated well by the sampling. When curves do not level off, it is expected
that more taxa would have been detected with greater sample sizes. (A) Gecko
species diversity on buildings in agricultural (yellow), forest (green), and urban
(red) landscapes. (B) Rarefied gecko species richness curves, (C) spider family di-
versity, (D) rarefied spider family richness curves, (E) aquatic predator diversity
(including invertebrate families, Anura, and fish), and (F) rarefied aquatic predator
richness curves.
5 of 9



SC I ENCE ADVANCES | R E S EARCH ART I C L E
mediated through cascading interactions. Landscape context and hab-
itat type have often been reported to be strongly related to Aedes pres-
ence, but the underlyingmechanism is often simplified to the number of
available breeding habitats and their microclimatic conditions (22, 23).
Our study suggests that food web context may explain these relation-
ships. We observed, for example, that the abundance of top predators,
which were more common in forest landscapes, was related to an in-
crease in total predator richness, which consequently diversified the
food web and was further related to lower Aedes populations in both
the terrestrial and aquatic systems. Our data did not show an effect of
breeding habitats on Aedes in the terrestrial system; however, this effect
may have been captured by the inclusion of seasonality in precipitation
and temperature because container habitats are largely ephemeral and
usually only fill with water during periods of rain as well as by abiotic
factors that differ substantially in new breeding habitats, where preda-
tors are more likely to be absent.

Aquatic predators are preferentially considered as biocontrol agents
for mosquitoes (24) because it is relatively easy to add an aquatic pred-
ator to a small, confined container-like habitat. However, we demon-
strate here that terrestrial predators are also important for the control
of mosquitoes around houses. Geckos and spiders have previously been
proposed as potential biological control agents (15, 16), but these sug-
gestions have received little to no attention. The use of terrestrial pred-
ators in biological control should be reconsidered because these
predators (geckos and spiders) also occur inside buildings, where most
of the blood-fed Aedes mosquitoes reside. Aedes mosquitoes that have
consumed a bloodmeal have a higher chance of carrying a dengue virus
(blood feeding is the main source of pathogen transmission to themos-
quito) and aremore likely to reproduce (25). By reducingmosquitoes in
these residential environments, where humans are most vulnerable and
exposed, the effects of multiple forms of control can be maximized.
However, in western-designed buildings, which are sealed for air
conditioning, these predators are less commonand tend to be unwanted
in western cultures due to the risk of salmonella infection, fecal
droppings, and poisoning, in the case of certain spider species (25, 26).
Hence, the application of biological control using the species in the
terrestrial system modeled here may be restricted to the developing
world where spiders and geckos are more likely to be present in homes.
Where appropriate, a combined terrestrial and aquatic conservation
Weterings, Umponstira, Buckley, Sci. Adv. 2018;4 : eaap9534 21 February 2018
vector control approach would increase the colonization of predators
in these habitats and is, therefore, most likely to be successful in the long
term.We have previously shown that landscape characteristics, such as
land use and habitat isolation, affect the colonization rates of aquatic
predators (11).Manipulating the local environment by increasing urban
green space, such as gardens and parks, could facilitate colonization by
aquatic predators and potentially also terrestrial predators.

Conservation biological control may be one important step toward
sustainable and effective management of disease vectors. Through the
conservation of natural enemies, vector populations can be reduced by
readily available species and cost-effective interventions. For agricultural
pests, the idea of conservation-based control methods has been well
studied (26) and, in several cases, has already been successfully imple-
mented (27–29). We believe that, within mosquito-predator systems, a
similar approach is also likely to be successful. Our data suggest that in
these systems (i) mosquito populations are landscape-dependent, with
these effects mediated through predators, (ii) predator diversity is im-
portant due to the different life stages of mosquitoes, and (iii) coloniza-
tion rates play a crucial role in the establishment of predator-mosquito
communities (11). Although source reduction is one of the most effec-
tive, direct measures to reduce mosquito abundance, it is often im-
possible to completely reduce dengue vectors using source reduction
only, especially in developing countries where discarded containers
are common. Here, a combination of control measures may lead to a
more efficient and effective control of mosquitoes. Our models suggest
that Aedes mosquitoes are part of complex food webs that are affected
by landscape context through various trophic cascades in both terres-
trial and aquatic systems, which are strong indicators that landscape
management and conservation biological control have a great deal of
potential in the control of Aedes mosquitoes.
MATERIALS AND METHODS
Study area
Data were collected at 70 sites in the Kamphaeng Phet province, north-
west Thailand, between February 2014 and October 2014. This period
included all three seasons: the end of the cool season (February), the hot
season (March to June), and the rainy season (July to October). All sites
were centered on one-story buildings with stone walls. All species data
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Fig. 5. Predicted values based on structural equation models. In (A), the change in species abundance as an effect of changes in tokay density is given (individuals
per 100 m2). Aedes spp. abundance (trapped individuals per 24 hours) is shown in yellow with a small dashed line, spider density (individuals per 100 m2) is shown in
blue with a large dashed line, and gecko density (individuals per 100 m2) is shown in red with a solid line. In (B), the change in species abundance is shown as an effect
of change in forest cover. The probability of Aedes spp. presence is shown in yellow with a small dashed line, and the total abundance of large predators is given in blue
with a large dashed line. Solid colors represent 95% confidence intervals.
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were collected from all the walls of each focal building or in close prox-
imity to it (<1 m) during a 3-day period.

Species data
Mosquitoes were collected using baited BG-Sentinel traps (Biogents)
(31). These traps were deployed on three different sides of each focal
building for 24 hours spread over a 2-day period, resulting in a total
of 72 trapping hours per site. Every 24 hours, traps were emptied and
mosquitoes and other insects were transported to the laboratory. In
some cases, traps were compromised by rain or wind. These values were
removed from the data, after which the total number of Aedes mos-
quitoes per site (building) was averaged over a 24-hour period. Because
of physical damage, it was not possible to identify all mosquitoes to
species level. Therefore, all mosquitoes belonging to the genus Aedes
were used for analysis. For specimens that could be identified to spe-
cies (n = 255 of 415 individuals), 91% belonged to either A. aegypti
(67%) orAedes albopictus (25%), whichwas considered sufficient to jus-
tify this generalization to the family level. A. aegypti and A. albopictus
differ in some aspects of their ecology, such as habitat preferences
and larval competition (25), and so, because we did not differentiate
these species, any separate effects of these species within the food
web will be confounded. However, they are both diurnal species, se-
lect similar breeding habitats, feed mostly on human hosts, generally
only fly short distances, and are the main vectors of dengue fever
(25); therefore, the effect on the overall conclusions is likely to be
minimal.

All spiders that were present on all the outer walls and overhangs
were counted during a single survey and identified to species where pos-
sible. Afterward, thewalls and overhangsweremeasured to calculate the
total surface area, which was used to calculate the spider density and
allowed comparison of densities among different buildings. Geckos
were counted half an hour after dusk. House geckos are attracted to ar-
tificial lights; therefore, we placed a 12-V light near a wall of the focal
building, lit 30 min before counting, to standardize the light among
buildings. All geckos were identified to species level. Geckos were
grouped into two categories: house geckos (mainly Hemidactylus spe-
cies) and the larger tokays (Gekko gecko). Species counts were divided
by the total sampling surface to calculate density. The number of cats
that were residents of the focal building was determined by a short in-
quiry with residents/landlords.

Bats (Chiroptera) were also included as a predator in the terrestrial
system. We used an ultrasound bat detector (Batcon) with digital re-
corder to record echolocation calls of bats. We recorded 5 min of
echolocation calls at 7 to 15 random locations (depending on weather)
around the focal building and repeated this for three nights. Recordings
were later analyzed, and, where possible, the species was identified using
an existing databank for local species. A preliminary analysis of the first
30 sites showed no signs of a relationship between bat feeding activity
and Aedes abundance; therefore, sampling was discontinued and bats
were not included in the study further.

Mosquito larvae and aquatic predatorswere sampled across a variety
of container-like aquatic habitats within a 250-m-radius area centered
on the focal buildings. A total of 154 container-like aquatic habitatswere
sampled within these areas by emptying the complete content into a
sieve (400-mmmesh). All aquatic faunawas identified to order level with
the exception of Heteroptera, which were identified to family, and
Culicidae, which were identified to genus. For later analysis, aquatic
predators were divided into two groups: large predators and micro-
Heteroptera. Micro-Heteroptera contained all species from the fa-
Weterings, Umponstira, Buckley, Sci. Adv. 2018;4 : eaap9534 21 February 2018
milies Corixidae, Pleidae, and Veliidae, and large predators included
all other predators such as Coleoptera, Odonata,Diplonychus spp., fish,
Gerridae, Anura, Notonectidae, Lutzia spp., Naucoridae, Ranatra spp.,
and Toxorhynchites spp. We created these two groups based on strong
allometric effects within the order of Heteroptera with regard to mos-
quito predation (18). Mosquito larvae were identified using the
Illustrated Keys to the Mosquitoes of Thailand I–VI. Acidity was mea-
sured using pH paper (Merck KGaA). EC and temperature were mea-
sured using an ECmeter (Mettler Toledo FG3-I). Turbidity was visually
assessed and categorized into two classes: clear or cloudy.

Seasonality
Daily precipitation and temperature data were retrieved from the Trop-
ical Rainfall Measurement Mission (~25-km resolution) and Terra
MODIS satellite (1-km resolution), respectively (online Data Pool,
courtesy of the NASA Land Processes Distributed Active Archive
Center). These data were used to calculate variables that represent
weather conditions over a certain period before each sampling date
(1-, 2-, 4-, and 8-week mean temperature and total precipitation). Dur-
ing the preliminary analysis, the 4-week mean temperature explained
most variation in the species data for the aquatic food web, and the
8-week mean temperature explained most variation in the terrestrial
food web and was therefore used in the respective models. For precip-
itation, this was the 4-week total precipitation for both food webs. For
each site, the temperature and precipitation values were used that cor-
responded to the location of the centered building.

Analysis
Food webs are systems in which a set of species forms a complex net-
work of feeding relationships (32). To assess the effects of habitat type
on the predator-prey interactions of adult Aedes mosquitoes and mul-
tiple predators, it is important to evaluate the complete network. For
example, certain predator species may reduce mosquito densities but
simultaneously feed on other predator species. Hence, the indirect effect
(predation of predators) mitigates the direct effect (mosquito preda-
tion). Therefore, the total effect of the predator on mosquito popula-
tions is a combination of its direct and indirect effect. Our models were
focused on predator-prey relationships, and we therefore did not in-
clude any competitive interactions in the food webs. However, a Culex-
Aedes competitive relationship could have played a role in the aquatic
system because they often co-occurred (33, 34). Nevertheless, Aedes is
a superior competitor (33, 34), and EC, which correlates with food avail-
ability (35), was not significantly related to Aedes presence. We there-
fore conclude that a competitive interaction would not have strongly
affected our models.

Structural equationmodeling (SEM) is amultivariate technique that
allows modeling of both direct and indirect effects using observed, as
well as unobserved or “latent,” variables (36, 37). The latent variables
not only generally encompass unmeasurable parameters, such as sea-
sonality or habitat, but also can quantify unmeasured interactions be-
tween species in food webs (36). SEM has already been applied on
several occasions to food webs, including systems with mosquito larvae
(38–40). Modeling these complete ecological networks in this manner
results in a better understanding of system processes (36).

Before the analyses, a hypothetical framework was created con-
taining all hypothesized relationships (Fig. 1) (36). Relationships were
based on a series of predator-prey experiments that we conducted pre-
viously (2, 11–13, 17–19) and on existing literature (table S1). This
framework was then tested using SEM. This method is referred to
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as “confirmatory factor analysis” (36). Changes in this framework
should be minimized (36). SEM analyzes the network of relationships
by implying a set of covariances with which it reproduces the observed
covariancematrix by estimatingmodel parameters (36).When the ob-
served covariance matrix and estimated covariances are not signifi-
cantly different following a c2 test, the model is considered a good
fit to the data.

We started modeling all individual paths in the SEM using linear
models based on a priori hypothesized trophic interactions. In the
terrestrial model, some relationships between predators and prey
were nonlinear because of density dependency. We developed several
equations using nonlinear least square regression to linearize such rela-
tionships. Of these equations, those of the form f ðxÞ ¼ a⋅ð1þ xÞ�b

resulted in the best fit based on the lowest AIC (Akaike information
criterion) score. The response variables in the linearized predator-prey
relationships were square root–transformed to reduce heteroscedasticity
in the nonlinear relationships.

A robust maximum likelihood estimator was used, where normal-
ity was not achieved (36). In the aquatic model (n = 156), turbidity
(clear/murky), aquatic plants (presence/absence), and Aedes spp. lar-
vae (presence/absence, due to zero inflation) were modeled as binomial
variables, using a weighted least squares estimation with robust max-
imum likelihood estimator (41).

The terrestrial model included two latent variables: “landscape” and
“seasonality.” The landscape (250-m-radius sampling areas) variable
was based on several component factors, including the amount of forest
habitat, agricultural habitat, andwater habitat (lakes, rivers, and canals).
The seasonality variable was based on two component variables: tem-
perature andprecipitation. The aquaticmodel also included a latent var-
iable representing the abiotic characteristics of the habitat including EC,
acidity, and turbidity. All analyses were conducted in RStudio version
0.96.331 built on R 3.0.2 using the “lavaan” package (42).
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