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ABSTRACT

Human activities continue to facilitate biological invasions, profoundly impacting our environment and economy. Plants and

insects constitute the majority of invasions to date, with facilitative links established between them, particularly in terrestrial

habitats. These relationships remain understudied in aquatic environments, including potential associations between aquatic

invasive plants and disease vectors such as mosquitoes. Here, we synthesise current knowledge on the co-occurrence of aquatic

invasive plants and mosquitoes, identify key research gaps and present a conceptual framework underpinned by testable hypoth-

eses on how aquatic invasive plants may influence immature and adult mosquito populations. We provide evidence suggesting

that these plant-mosquito relationships could pose previously unrecognised risks and highlight priority areas for future research

to better understand the potential public health implications of aquatic plant invasions. We call for targeted in situ and ex situ in-

vestigations to test the proposed hypotheses and increase our understanding of the interactions between aquatic invasive plants

and mosquito population dynamics. Testing these hypotheses will inform adaptive, evidence-based management strategies to

simultaneously control aquatic invasive species and vector mosquitoes.

1 | Introduction

Human activities are altering the environment at unprece-
dented rates through habitat destruction, climate change and
pollution (Steffen et al. 2015; Edo et al. 2024; Damor 2024).
Concurrent increases in globalisation accelerate introductions
of non-native species beyond their natural geographical ranges,
boosting numbers of biological invasions (Chapman et al. 2017;
Hulme 2021; Schmidt et al. 2023). These are significant driv-
ers of global biodiversity loss and have profound economic and

social consequences (Malacrino et al. 2020; Cuthbert et al. 2023;
Carneiro et al. 2025). Plants and insects are the most numerous
non-native taxa globally, with growing concerns around their
influence on the environment (Van Kleunen et al. 2020; Kardol
and De Long 2018; Seibold et al. 2019). While plant and insect
invasions are often considered separately, strong macroecolog-
ical links—for example, pollination, seed dispersal, herbivory
and predation—have been made between plant and insect inva-
sions (Bertelsmeier et al. 2024). The consequences of invasions
from both of these taxa are particularly severe in freshwater
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BOX1 |
invasive plants and mosquitoes in recent decades.

Parallel shifts in the global distribution of floating alien

Anexample ofarapidly spreading alien invasive aquatic plant
is Pistia stratiotes (water lettuce), one of the worst aquatic in-
vasive plants (Moore and Hill 2012). Originating from South
America, it has spread across five continents where it is re-
corded as an invasive plant (Madeira et al. 2022). Like many
aquatic invasive plants, water lettuce has high tolerance
for aquatic pollution, reproduces vegetatively and produces
massive numbers of seeds. Its large leaves and root struc-
tures make it a very good competitor in regions where na-
tive floating plant species are rare (Ismail et al. 2015; Xiong
et al. 2023). These aquatic systems are also breeding habitats
for mosquitoes. For example, Aedes albopictus is a prolific
invader worldwide that has been introduced unintention-
ally with commodities—for example, tire or plant trades—
or transport vectors, producing drought-resistant eggs that
allow it to rapidly colonise aquatic environments, including
container-based systems in urbanised environments (Asha
and Aneesh 2014). Both species are highlighted here as they
are globally widespread, well-documented and share paral-
lel global expansions, illustrating potential associations. We
note that these associations are illustrative and do not infer
direct causation—overlaps could reflect environmental
match, introduction pathways and human recording effort
between these taxa.
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FIGURE1 |

ecosystems (Dudgeon et al. 2006; Gallardo et al. 2016), as they are
greatly sensitive to environmental changes (Gallardo et al. 2016;
Agha et al. 2020; Perrin et al. 2022; Carneiro et al. 2025).

Aquatic invasive plants (AIPs) and vector mosquitoes each
pose significant ecological and public health risks (Charles
and Dukes 2007; Ehrenfeld 2010; Lwande et al. 2020; Macédo
et al. 2024), are both strongly associated with (perturbed)
aquatic environments, and are expanding their ranges globally
(Box 1; Figure 1) (Porse et al. 2015; Lozano 2021). AIP distri-
butions are commonly associated with eutrophication, travel,
plant trade (as ornamentals/oxygenators) and warmer waters
(Horan et al. 2002; Wu and Ding 2019). Likewise, distribu-
tions of known vector mosquito species are linked to water
pollution and climate change, as well as unintentional intro-
ductions through trade (i.e., the used tire trade) (Sprenger and
Reiter 1987; Lambin et al. 2010; Perrin et al. 2022). AIPs, partic-
ularly submerged and floating macrophytes, degrade ecological
systems, affecting floral and faunal diversity, as well as social
and economic activities (Hill 2003; McConnachie et al. 2003;
Keller et al. 2018). Mosquitoes are primarily studied as vectors
of pathogens that cause diseases in humans, livestock and wild-
life, contributing significantly to global morbidity and mortal-
ity cases (Harbach and Besansky 2014; Cocke et al. 2022).

Strong links exist between plant and insect invasions, with non-
native plants often preceding and promoting non-native insects,

s

Parallel shifts in the global distribution of aquatic invasive plants and mosquitoes in recent decades. These species depicted do not

represent a causal link, but have been chosen to highlight similar shifts in global distributions across both taxa; Pistia stratiotes (left) and Aedes al-

bopictus (right) (Occurrence Data 2025: GBIF.org accessed 30-05-2025).
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resulting in distinct taxonomic waves at macroecological levels
(Bonnamour et al. 2023; Bertelsmeier et al. 2024). As many insects
feed on or are otherwise closely associated with plants, non-native
plants provide habitats and resources that facilitate non-native
insect establishment (Bertelsmeier et al. 2024). They also may
be involved in the same pathways and occur as co-introductions.
In particular, insect introductions frequently occur accidentally
via the plant trade, resulting in regions with higher non-native
plant richness often having higher non-native insect richness
(Bonnamour et al. 2023). However, these associations could also
reflect environmental filtering processes that affect both non-
native plants and insects between the same origin and recipient re-
gions. Therefore, their distributional overlaps may not necessarily
indicate mutualistic interactions or co-introductions, but in part
reflect similarities in environmental conditions or niches that pro-
mote invasion flows between regions (Liu et al. 2025). Moreover,
plants and insects are among the most diverse taxonomic groups
with an invasion history and would therefore be expected to each
harbour large numbers of non-native species simply based on their
highly biodiverse source pools (Briski et al. 2024). Nevertheless,
given that both native and non-native plants are strong predictors
of insect invasions more broadly (Liebhold et al. 2018), a similar
pattern on the occurrence of AIPs and non-native mosquitoes can
be expected, although this remains to be proven mechanistically
at large scales.

The global distributions and impacts of these taxa are relatively
well studied independently (Wilke et al. 2019), but we know little
about the interactions between AIPs and mosquito populations.
Their relationship is further complicated because mosquitoes dis-
play complex life history strategies—spanning both aquatic and
terrestrial realms—making AIP-mosquito interactions both spe-
cies and life stage dependent (Burkett-Cadena et al. 2013). These
life history differences are also substantial among mosquito gen-
era, for example, with some taxa producing desiccation-resistant
eggs and others requiring aquatic habitats for direct oviposition.
To better understand the potential risks associated with the co-
occurrence of AIPs and mosquitoes, it is essential to investigate
their context-specific interactions. Here, we present a novel frame-
work, underpinned by key hypotheses, to uncover how AIPs may
influence the proliferation of both immature and adult mosquito
stages (Figure 2). We highlight priority areas for future research
to enhance our understanding of the potential health impacts of
aquatic invasive plants and provide evidence that interactions be-
tween these groups could lead to previously unidentified risks.

2 | Aquatic Invasive Plants Change Their
Environment

AIPs are ecosystem engineers. They substantially impact the
structure and functioning of the ecosystems they invade (Rilov
et al. 2024), often in long-lasting and sometimes irreversible
ways (Rai and Singh 2020; Rilov et al. 2024). The magnitude and
nature of which depend on species-specific morphological, phys-
iological and biochemical traits, and the characteristics of the
recipient ecosystems (Coetzee et al. 2018). AIPs commonly dom-
inate and structurally transform invaded systems through the
formation of dense vegetative mats. The extent of their surface
area cover changes water clarity, hydrology and trophic status
and reduces light penetration, promoting algal photosynthetic

activity, thereby limiting primary production and food resources
for surrounding biota (Crooks 2002; Santos et al. 2011). The
dense mats increase water stagnation (Merritt et al. 1992; Mack
and Smith 2011), which modifies local conditions such as water
temperature, physicochemistry and turbidity, affecting sur-
rounding aquatic organisms (Urban et al. 2006; Vilas et al. 2017).
The presence of AIP debris or inorganic material may increase
the nitrogen (N) and phosphorus (P) content of the water, sup-
porting the growth of other microorganisms (de Tezanos Pinto
et al. 2007; Kipyab et al. 2015; Ugya et al. 2019). Biomass of AIPs
also contributes to food sources for aquatic organisms, either di-
rectly through decaying organic matter or indirectly by support-
ing microbial communities that aquatic organisms, including
mosquito larvae, feed on (Barber and Hayne 1925). AIPs can also
create favourable microhabitats for aquatic insect communities
whose composition is strongly influenced by biotic and abiotic
cues in their environment (Beketov et al. 2014).

3 | Environmental Changes Affect Mosquitoes

Mosquito species respond in various ways to biotic and abi-
otic factors, including vegetation types, occurrence of preda-
tors and competitors, and aquatic physicochemical conditions
(Rejmankovaet al. 2013; Reinhold et al. 2018; Buxton et al. 2020).
They breed in a wide range of environments, and the character-
istics of suitable breeding sites vary strongly within and between
species (Ammar et al. 2013; McCormack et al. 2019). Breeding
water characteristics determine whether gravid female mos-
quitoes will select or avoid a site for oviposition and whether
larvae successfully develop into adults (Reinhold et al. 2018).
Environmental cues help to identify suitable habitats, such as
the absence of predators, few competitors (Himeidan et al. 2013),
and food availability for larvae (Albeny-Simoes et al. 2014;
Boerlijst et al. 2023). However, responses are context-dependent,
with effects of predators, conspecifics and other environmen-
tal conditions highly varied based on a spectrum of risk and
reward (Vonesh and Blaustein 2010). Furthermore, the level of
risk to mosquito progeny is affected by structural complexity,
with aquatic plants known to mediate the interaction strength
between mosquitoes and their natural enemies by increasing the
availability of enemy-free space, depending on predation tactics
(Cuthbert et al. 2019).

Breeding habitats among key vector mosquito genera are very
diverse. For example, Anopheles mosquitoes, of which a subset
are vectors of malaria parasites, commonly breed in naturally
occurring freshwater habitats like pools, marshes, wetlands
and ponds, where aquatic plants may be present (Wondwosen
et al. 2017; McCormack et al. 2019). Conversely, Aedes mos-
quitoes such as Aedes albopictus and Aedes aegypti, key vec-
tors for dengue and Zika viruses, are more strongly associated
with artificial containers such as rain-filled tires or household
containers (Ferdousi et al. 2015; McCormack et al. 2019), but
also utilise phytotelmata (Johnson and Sukhdeo 2013). Culex
species, which transmit arboviral and filarial pathogens to hu-
mans and animals, breed in a variety of habitats, both natural
(e.g., river edges, rain pools, marshes) and artificial (e.g., cis-
terns and household containers) (Fakoorziba and Vijayan 2008;
Djoufounna et al. 2022). In addition to these genus-dependent
variations, there are also population-dependent differences in
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habitat selection between invasive and native ranges (Cuthbert
et al. 2023). For example, Ae. albopictus breeds in artificial con-
tainers in its invaded range, but historically exploited tree holes
(Cuthbert et al. 2023); Anopheles stephensi has uniquely adapted
to exploit urban containers in Africa, whereas other vectors ex-
ploit larger standing habitats, challenging malaria control ef-
forts (Taylor et al. 2024). Many of these parameters affecting the
quality of the breeding environment can be altered by human
impacts on the environment (Boerlijst et al. 2023), but the role of
AIPs within this is currently unknown.

4 | Evidence for Links Between AIPs and
Mosquitoes

Understanding how AIPs influence the development and sur-
vival of vector species is crucial to predict and manage disease

transmission (Figure 2). However, few studies explored the as-
sociation between AIPs and disease vectors, with most research
focusing on water-borne disease associations in Africa (Masifwa
et al. 2001; Aloo et al. 2013). Mosquitoes are sporadically re-
ported to be associated with AIP populations since the early
1900s, with contrasting conclusions (Stone et al. 2018; Honlah
et al. 2019). The majority of these studies are observational and
correlational, lacking scientific evidence for causation (Stone
et al. 2018). Moreover, most approaches assess pairwise inter-
actions between plants and mosquitoes, without considering
wider cascading effects at community or ecosystem scales.
Despite this, these studies provide a glimpse into the mecha-
nisms through which AIPs may influence mosquitoes (Stone
et al. 2018; Cuthbert et al. 2019; Portilla et al. 2021).

The structure of the aquatic plants provides habitat, such
as water axils and leaf pockets, that can offer additional
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ovipositioning and resting sites, attracting mosquitoes (Stone
et al. 2018). For example, Pistia stratiotes (water lettuce) is a
preferred breeding habitat for vectors of rural filariasis and en-
cephalomyelitis in many wetlands (Weldon and Blackburn 1967;
Silver 2007). Ornamental bromeliads, though terrestrial, are
important breeding habitats for a variety of mosquito taxa—
including invasive Ae. aegypti—by retaining water in their
leaf axils (Wilke et al. 2019). Anopheles mosquitoes breed in P.
crassipes and duckweed (Lemna minor L. Lemnaceae) covered
habitats in Lake Victoria (Kenyan shore), an area where ma-
laria contributes to high child mortality (Minakawa et al. 2008).
Salvinia molesta supported oviposition by Culex annulirostris
(Webb et al. 2013). Similarly, the roots of P. stratiotes have been
reported as a favourable breeding site for Mansonia species
(Chandra et al. 2006). In contrast, the thick mats and the struc-
ture of floating AIPs physically block the water surface, prevent-
ing female mosquitoes from ovipositing. Salvinia auriculata,
the eared water fern, inhibits mosquito breeding by preventing
gravid females from accessing the water surface for egg-laying
(Hobbs and Molina 1983).

Besides oviposition, AIPs can also affect egg and larval develop-
ment. Some mosquito taxa (e.g., Coquillettidia spp.) require the
presence of plants for immature development, given specially
evolved adaptations that facilitate respiration directly through
the root systems of floating aquatic plants, illustrating the
strong co-evolutionary history between plants and mosquitoes.
Increased water stagnation can also favour mosquito develop-
ment (Bates et al. 1985; Mack and Smith 2011; Day 2016; Honlah
et al. 2019; Segbefia et al. 2019). Yet, dense mats created by AIPs
may be detrimental to larvae by impeding access to atmospheric
air to breathe (Matheson 1930; Ta et al. 2017). Similarly, P. cras-
sipes in California was reported to lower dissolved oxygen, cre-
ating conditions unfavourable for both mosquito breeding and
development (Ta et al. 2017). Portilla et al. (2021) demonstrated
this suppressive effect by comparing mosquito larval abundance
across open water, water with floating P. crassipes and water
with submerged Egeria densa. Open water had the highest num-
ber of mosquito larvae and competitors, while E. densa effec-
tively reduced mosquito larvae without impacting predators or
competitors.

AIPs may also modify predator-prey dynamics in aquatic en-
vironments. Dense mats formed by AIPs may provide physical
refuge for mosquito larvae, reducing predation risk from fish,
dragonfly larvae and other aquatic predators (Buscemi 1958;
Flores and Carlson 2006). Anopheles larvae prefer habitats with
dense Myriophyllum aquaticum cover, due to increased refuge
from predators and more abundant food resources (Orr and
Resh 1992). Other studies suggest that AIPs can attract mos-
quito predators or promote competing species, which may in
turn suppress mosquito populations (Yang et al. 2005; Flores
and Carlson 2006; Weeks 2019). This could thus foster a trade-
off between concurrent attraction and repellence effects be-
tween plants and predators.

While the direct mechanisms for mosquito colonisation re-
sponses to AIPs are poorly understood, they could result from
a mixture of chemical and physical effects, or indirect effects
through alterations of biotic communities that could in turn
have attractant or repellent effects (Vonesh and Blaustein 2010).

For some species, the release of natural compounds attracts
mosquitoes; for example, root exudates from P. crassipes are
reported to attract Culex quinquefasciatus, a vector of filari-
asis (Turnipseed et al. 2018). Other effects could be chemical,
through influence on nutrients within waterbodies or through
release of compounds associated with allelopathy and growth—
phytochemicals released by P. stratiotes and P. crassipes poten-
tially kill mosquito larvae (Ugya et al. 2019; Jayanthi et al. 2012;
Ma et al. 2019). Flowering AIPs may attract nectar-seeking mos-
quitoes, as adult mosquitoes typically require one sugar meal per
day (Lounibos et al. 1998). This could increase mosquito popu-
lations by providing both a stable sugar source and additional
oviposition sites (Daehler 2001; Gardner 2016; Stone et al. 2018).

5 | Key Hypotheses

The existing literature suggests a multitude of complex inter-
actions between AIPs and mosquitoes which are poorly under-
stood. These pioneering studies have laid the groundwork for this
relatively new area of integrative invasion and vector-borne dis-
ease science. We identified and prioritised the following knowl-
edge gaps: (a) lack of scientific evidence to ensure causation; (b)
limited understanding of the community and ecosystem-scale
consequences of aquatic plant invasions on mosquitoes along-
side indirect effects that may harbour ‘ecological surprises’; (c)
lack of knowledge regarding context-dependent outcomes in
relation to local environmental conditions (Portilla et al. 2021);
(d) outcome-dependence on species traits for both AIPs and
mosquito taxa; and (e) taxonomic and geographic biases that im-
pede holistic understanding of global processes mediating plant-
mosquito interactions (Stone et al. 2018).

To understand the underlying dynamics of the associations be-
tween AIPs and mosquitoes at population and community lev-
els, we propose key testable hypotheses and specific predictions
in relation to the various mechanisms through which aquatic
invasive plants may influence mosquito populations (Table 1).
Broadly, initial evidence for population-level mechanisms is
supported by multiple studies across different contexts, includ-
ing effects on microclimates, provision of resting or oviposition
sites, nutritional resources and predator-free space. However,
evidence for mechanisms remains largely weak or inconclusive,
pointing towards context-dependency regarding species traits
and/or environment. At the community level, evolutionary
and trait-based associations between AIPs and mosquitoes are
largely unexplored, lacking investigations to date.

Given that current evidence for the proposed hypotheses re-
mains largely weak at both population and community levels
(Table 1), it is particularly important that we anticipate ecolog-
ical ‘surprises’ on interactive outcomes. These unanticipated
outcomes occur where expected responses within natural
systems deviate from observed outcomes (Doak et al. 2008;
Lindenmayer et al. 2010; Filbee-Dexter et al. 2018). In the con-
text of AIP-mosquito interactions, such ‘surprises’ may result
from the ecological complexity inherent in context-dependent
systems that mediate patterns of biological invasion, where
interacting biotic and abiotic factors may alter interactions
between both taxa. Surprises are expected to be especially
pervasive given that AIPs could mediate both the population
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dynamics of mosquitoes and their natural enemies in differ-
ent ways over time, particularly given the complexity of the
mosquito life history on land and in water. This requires un-
derstanding of factors such as ecological novelty, habitat as-
sociation, phenology and trophic interaction strength across
food web components. These factors could in turn mediate
their competence to transmit pathogens. Furthermore, as eco-
systems are increasingly exposed to anthropogenic pressures
(Filbee-Dexter et al. 2017), and AIPs can affect microclimatic
conditions, interactions between AIPs and mosquitoes, along
with associated abiotic factors, may result in shifts of vector-
borne disease risks in unpredictable ways. This suggests that
it is crucial to employ flexible and adaptable vector manage-
ment strategies to address unpredictable shifts in vector-borne
disease risks, which may result from the presence of AIPs.
Nevertheless, given the overall transformative role of AIPs in
invaded systems, these invasions should be controlled wher-
ever possible to reduce ecological harm and with biosecurity
procedures strengthened to mitigate introduction and second-
ary spread. We thus call for increased mechanistic consider-
ation of the role of AIPs in the management of mosquito-borne
disease risk to better inform response planning.

6 | Concluding Remarks and Future Perspectives

Globalisation continues to promote the introduction of non-
native species (Blackburn et al. 2011; PySek et al. 2020).
Environmental changes create conditions that facilitate their
establishment and invasion success (Hulme 2021). Although
strategies to prevent invasions remain a high priority, not all in-
vasions can be avoided (Early et al. 2016). Understanding the un-
foreseen and unintended consequences of biological invasions
is therefore crucial to improve preparedness and promote pro-
active management actions, particularly along socio-economic
dimensions including health.

We propose that AIPs can promote mosquitoes and synthesise
potential mechanisms into a conceptual framework (Figure 2A).
This framework portrays testable predictions (Table 1) on how
these plants could boost mosquito numbers through providing
predator-free space, food, substrate and improved microclimate.
To move beyond observational studies, we call for in situ and
ex situ experimental investigations to test these hypotheses and
deepen our understanding of the interactions between AIPs
and mosquito population dynamics. The strength and sign of
these effects are likely to be context-dependent due to both bi-
otic (e.g., community assembly, ecological novelty) and abiotic
(e.g., climatic conditions, global change) factors. We identified
key environmental variables and functional traits of both plants
and mosquitoes (Figure 2B) that are expected to mediate these
mechanistic pathways. This conceptual framework and associ-
ated context-dependencies assist in the design of future studies
and could help to generalise their results pertaining to the po-
tential connection between AIP and mosquitoes.

If future research confirms associations, the implications would
necessitate a shift towards improved harmonisation between
invasion ecology and medical entomology. As vector mosqui-
toes continue to present a significant global challenge to human
health (Benedict et al. 2007; Agha et al. 2020; Cocke et al. 2022),

such findings would underscore the urgency of managing
aquatic invasions not only to protect ecosystems and biodiver-
sity, but also to safeguard human health, particularly in regions
endemic to high mosquito-borne disease burdens. Managing
aquatic plant invasions would not only become an ecological pri-
ority but also a public health necessity. Testing these hypotheses
would inform adaptive, evidence-based management strategies
to control both aquatic invasive species and immature mosqui-
toes. We call on the scientific community to address this gap
through targeted, interdisciplinary research—bridging invasion
ecology and public health—to provide a comprehensive under-
standing of the cascading impacts of aquatic plant invasions.
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