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“That which appears to be chaotic in nature 
is only a more complex kind of order.” 

- Gary Snyder
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1.1	 Infectious disease burden in Europe
In the past century the patterns of human trade and travel, climate conditions, 
and land and water usage, have undergone significant change (Lambin & Meyfroidt, 
2011). The joint effect of these changes have caused rapid transmission of diseases to 
become more prevalent (Lühken et al., 2023), highlighting the interconnectedness 
of human well-being with earth’s natural systems. The need for collaborative 
efforts and shared resources is therefore increasingly emphasized, to mitigate 
the spread of diseases, guarantee access to essential healthcare services, and 
promote equitable health outcomes worldwide, a concept known as planetary 
health (Whitmee et al., 2015).

Infectious diseases constitute a key challenge to planetary health (Myers, 
2017), encompassing a wide array of pathogens including bacteria, viruses, 
and parasites. Among the various mechanisms through which these pathogens 
spread, arthropods play a crucial role as vector* (WHO, 2014). Mosquito-borne 
pathogens, in particular, contribute significantly to the global disease burden, with 
a majority of arthropod-borne disease burden attributed to them (WHO, 2014).

Despite the interconnectedness facilitated by globalization and the changing 
environmental conditions, the current morbidity of infectious diseases, at least 
in Europe is still relatively low (Charalampous et al., 2023; Hilderink et al., 2020; 
Figure 1.1 exemplifying this for the Netherlands), especially when compared 
to tropical regions, where such diseases (e.g. Chikungunya, Dengue, malaria, 
West Nile fever and Zika) are increasingly prevalent (Global Burden of Disease 
Pediatrics Collaboration, 2016; Roser et al., 2021). These figures are in stark 
contrast to historical figures, e.g. in the 19th century, when Europe was more 
susceptible to outbreaks of infectious diseases than recently, with circulation of 
malaria (Boualam et al., 2021; Green, 2018), Cholera, typhoid and tuberculosis 
(Griffioen, 2024; Peters et al., 2021; Wolleswinkel-van den Bosch et al., 1997). 
Understanding whether the abovementioned global changes may eventually lead 
to the return of omnipresent vector borne diseases (hereafter VBD) in Europe as 
a key challenge, may aid the public-health infrastructure to prepare for potential 
re-emergence. For this, identifying changes in the pathogenic landscape*, related 
to the disease ecology, is pivotal (Gratz, 1999). 
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Figure 1.1 Burden of Disease in the Netherlands in 2015, for 17 chapters of the international 
classification of diseases and associated health conditions. The size of the bubbles represents the burden 
of disease, expressed in disability-adjusted life years. Burden of disease for the combined infectious 
diseases is highlighted with a red arrow (Adapted from Hilderink et al., 2020).

1.2	 Pathogenic landscapes
The pathogenic landscape – i.e., the interplay between environment, people, 
vectors, and animal hosts* – is subject to diverse natural processes that operate 
along spatial and temporal axes. Spatially, infectious diseases are influenced 
by factors such as land use types, vector habitat preferences, wildlife habitats, 
and ultimately human interactions with vectors, all of which contribute to the 
geographic distribution and prevalence of diseases (Abella-Medrano et al., 2015; 
Day, 2016; Ferraguti et al., 2023). Temporally, disease dynamics exhibit variations 
driven by climate-induced seasonal changes, fluctuations in vector activity, patterns 
of host migration and movement, and global travel, impacting the likelihood of 
disease transmission and outbreak occurrence (Beck-Johnson, Nelson, Paaijmans, 
Read, & Bjørnstad, 2017; Gratz, 1999; Tatem et al., 2012).

General introduction
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There is a discernible trend of increasing incidence and spread of pathogen outbreaks 
over time, extending beyond natural oscillations (Lühken et al., 2023), suggesting 
that anthropogenic influences such as human activities and environmental changes 
underly these trends. These activities directly affect pathogens via encounter 
rates with vectors, and indirectly affect pathogens via climate change, land use 
change, and water management, thereby impacting habitat quantity and quality 
for reservoir species*, vector species, and human populations (see section 1.4).

Changes in the pathogenic landscape may impact, and be impacted by, shifts in 
the distributions and abundances of reservoir species, vector species, and human 
populations, influencing disease transmission and outbreak potential (Lambin et 
al., 2010). Traditional assessments and interventions for infectious diseases often 
operate in separate disciplines (i.e. ecology, entomology and medical sciences) 
and measures tend to be reactive, initiated only after disease spillover into human 
populations has occurred, thereby often limiting their effectiveness (Laydon et al., 
2023; Sacco et al., 2023).

Proactive measures that anticipate and mitigate outbreaks prior to occurrence 
might lead to more effective responses to disease outbreaks (Laydon et al., 
2023; Meckawy et al., 2022; Sacco et al., 2023; Figure 1.2). By addressing the 
underlying factors driving changes in the pathogenic landscape, proactive 
measures can help prevent the emergence and spread of infectious diseases. A 
holistic assessment, integrating insights from various disciplines, is necessary to 
understand and manage infectious diseases effectively. A One Health* approach 
offers a framework for comprehensive assessment and intervention, considering 
the complex interactions within the pathogenic landscape, to improve disease 
management in a changing world.

Chapter 1
 1

*See textbox 1 for definitions.



5

Figure 1.2 Transmission of infection and amplification in people (bright red) occurs after a pathogen 
from wild animals (pink) moves into reservoir species (e.g., livestock) to cause an outbreak (light green) 
that amplifies the capacity for pathogen transmission to people. Proactive research may provide early 
warning indicators for changes for risk assessment and fitting interventions to limit spillover to people. 
Spillover arrows show cross-species transmission. (Adapted from Karesh et al., 2012).

1.3	 A one health approach towards preparedness
Early detection of infectious disease outbreaks is vital for timely and proactive response 
and effective interventions. Monitoring of early warning indicators, including changes 
in vector populations, wildlife behavior, and environmental conditions, can provide 
crucial insights into potential disease emergence (Becker et al., 2019; Childs et al., 2019; 
Montgomery et al., 2017). Effective interventions, however, require a comprehensive 
understanding of the factors that shape the pathogenic landscape which includes intricate 
interactions between different players, including hosts, vectors, and environmental 
factors. Information on the relative importance of these factors is currently, however, not 
available. Acquiring this information requires interdisciplinary expertise, as interventions 
can then be tailored to target specific vulnerabilities within the pathogenic landscape. 
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To address the interdisciplinary challenges regarding this approach to study infectious 
disease, the One Health PACT consortium was assembled in 2020 (www.onehealthpact.
org), a partnership between (Dutch) national and international partners, to address 
shared health challenges collectively. The project is a collaboration of experts ranging 
from ecological and climate modelling to medical entomology, virology and public health, 
and aims to determine large-scale changes (tipping points) in disease transmission, which 
could lead to outbreaks of VBD. To this end, the project i) generates data on the dynamics 
of humans, vectors, and reservoirs, ii) characterizes arbovirus infections, iii) models the 
complex interplay that drive arbovirus dynamics, and iv) develops interventions and 
surveillance strategies. This thesis plays a central role in this endeavor by investigating 
the ramifications of the effects of land use and change therein on mosquito vector 
populations.

By investigating how anthropogenic activities impact ecosystem dynamics, proactive 
measures, including a surveillance network, can be developed for timely interventions 
to minimize disease risks. Identifying factors that limit disease outbreaks, such as vector 
presence and abundance, further informs these interventions by identifying and predicting 
potential risk sites. Vector ecology plays a crucial role in this process, as vector presence 
and abundance directly influence disease dynamics (Kolimenakis et al., 2021), and since 
effective interventions often target mosquitoes (Aryaprema et al., 2023; Benelli, 2015; 
Benelli et al., 2016; Floore, 2006; Pilger et al., 2010). Thus, integrating insights from 
ecological studies on critical facets of disease transmission, including vector dynamics, 
enables a comprehensive approach to mitigating the impacts of infectious diseases as a 
result of anthropogenic changes in the environment.

1.4	 Mosquito ecology in a changing world
Anthropogenic impacts on disease transmission can occur in a number of ways 1) through 
changes in land use, 2) through changes in water management, 3) through changes in 
climatic conditions, and joined effects of these on overall biodiversity. These factors are 
especially relevant to the transmission of mosquito borne diseases, which are responsible 
for a major part of vector borne disease incidences (van den Berg & Schaffner, 2016; 
WHO, 2017). 

Vector borne diseases may be affected by fragmentation of ecosystems resulting from the 
conversion of natural habitats, e.g. for agriculture and urbanization (Ferraguti et al., 2016, 
2023). Deforestation, in particular, disturbs wildlife habitats, leading to increased human-
wildlife interactions and observed subsequent spillover of pathogens (Gottwalt, 2013; 
Gratz, 1999; Ortiz et al., 2022). Changes in land use can modify vector habitat suitability, 
promoting pioneer species, such as disease-transmitting mosquitoes (Abella-Medrano et 
al., 2015; Steiger et al., 2012). Agricultural practices, including irrigation and deforestation, 
can create nutrient rich breeding grounds for disease vectoring mosquitoes, amplifying 
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disease transmission cycles (Buxton et al., 2020; Rasmussen, 1998; Waters et al., 2021). 
Moreover, urbanization concentrates human populations, facilitating the rapid spread of 
infectious diseases in densely populated areas (Romeo-Aznar et al., 2018).

Water management, and changes therein, may impact pathogen transmission as well 
(Akanda et al., 2020). Changes in water flow patterns, for instance, can create favorable 
conditions for mosquito breeding, leading to increased transmission of VBD (Elias et 
al., 2022). Poor sanitation and wastewater management further exacerbate the risk of 
disease transmission by creating high quality breeding habitats (Lines et al., 1994). 

Climate change-induced alterations in precipitation patterns and water availability can 
further influence disease dynamics by affecting water permeability of soil, thereby creating 
mosquito breeding sites (Caplan et al., 2019; Krol et al., 2023). Rising temperatures can 
expand the geographic range of disease vectors, allowing them to thrive in previously 
inhospitable areas (Kraemer et al., 2015; Lühken et al., 2023; Medlock et al., 2012). 
Ongoing salinization on the other hand may limit their geographic range (Jardine et al., 
2008; Roberts & Irving-Bell, 1997). Finally, climate change can disrupt seasonal patterns, 
prolonging the transmission seasons of VBD (Romeo-Aznar et al., 2018) and increasing 
the frequency and intensity of extreme weather events (Stott, 2016), which can facilitate 
disease outbreaks and exacerbate health risks (Esser et al., 2019). Although all these facets 
can impact mosquito ecology, it is currently unknown what their relative importance is, 
as this is highly context dependent. Their relevance, particularly in the Dutch landscape, 
should therefore be more closely examined.

1.5	 Shifting mosquito habitat dynamics in the pathogenic landscape
Understanding mosquito ecology is crucial to identify how anthropogenic influences 
impact mosquito population dynamics and behavior, and thereby associated disease 
transmission and eventually the pathogenic landscape. The quality and availability of larval 
habitats play a critical role in shaping mosquito populations (Beck-Johnson et al., 2013; 
Radrova et al., 2013; Rejmánková, Grieco, Achee, & Roberts, 2013). Evaluating pressures* 
from environmental variation and human impacts (Lambin et al., 2001; Steiger et al., 2011) 
on habitat quality and availability therefore provides a framework for understanding the 
impacts on mosquito oviposition* behavior and life-history traits*. 

Any one pressure may have multiple (interconnected) influences. For instance, habitat 
quality may directly shape populations, by influencing factors such as development rate, 
mortality and sex ratio (Beck-Johnson et al., 2013; Couret & Benedict, 2014; Knight et al., 
2004). Additionally, habitat quality may alter ovipositioning behavior, thereby impacting 
whether a larval habitat gets colonized at all. Namely, changes in pressures, such as food 
availability, chemical pollution and density of other mosquito larvae, may alter cues that 
inform decision making on where and where not to put one’s eggs (M. Akiner & Eksi, 
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2015; Dhileepan, 1997; J. Li et al., 2009; Mwingira et al., 2020; Rejmánková, Grieco, 
Achee, Roberts, et al., 2013). The identified stressors* therefore provide insight in the 
dynamics and productivity of these habitats and can thus be used to model and predict 
adult abundance. This in turn can be used to inform interventions and thereby limit 
disease risk. Although most current literature focuses on a limited set of single stressors 
(Alcalay et al., 2018), more and more studies demonstrate the importance of synergetic 
and antagonistic effects on population dynamics (Couret & Benedict, 2014; Krol et al., 
2019; Meyabeme Elono et al., 2018; Schrama et al., 2018; Sukiato et al., 2019), highlighting 
the need for a more holistic approach.
 

1.6	 Quantifying effects of stressors on mosquito population dynamics
Mosquito population dynamics are characterized by several parameters dictating 
population size and structure, including development rate, survival rate, sex ratio, and 
oviposition behavior. None of these parameters occur in a vacuum and as a result they 
may impact each other. For instance, high conspecific densities may speed up development 
(Alcalay et al., 2018) and ovipositioning behavior may affect larval survival and population 
growth (Ikeshoji, 1966). These parameters and their interactions determine the size and 
distribution of mosquito populations, in turn influencing transmission of mosquito-borne 
diseases.

Development rate, defined as the duration it takes for mosquitoes to progress from egg 
to adult (Figure 1.3), is dependent on resource availability and expenditure (Beketov & 
Liess, 2007; Huxley et al., 2021; Rivero et al., 2011; Ukubuiwe et al., 2017), with potentially 
life stage specific effects (Clark et al., 2004). Generally limited by the amount of energy 
allocated for growth, development times may adaptively increase as maintenance and 
repair processes to maintain homeostasis become increasingly necessary as a result of 
stress. This stress can be due to various factors impacting metabolic rate (such as food 
availability and temperature) or toxicity (e.g., water quality, salinization and pesticides). 
Under exposure to accumulative stressors, however, there may be selection for early 
maturation (Alcalay et al., 2018; Jourdan et al., 2016). By entering metamorphosis with 
fewer resources, the individual then increases its chances to emerge, at the cost of 
decreased longevity and fecundity (Alcalay et al., 2018; Reisen et al., 1984). 

Chapter 1
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Figure 1.3 Life stages of Culex species mosquitoes (Adapted from CDC, 2022)

Responses in development rate are relatively well known for single stressors like 
temperature, eutrophication, pesticides and conspecific density under static conditions 
(Agnew et al., 2000; Ciota et al., 2014; Couret & Benedict, 2014; Kiarie-Makara et al., 
2015), but increasing evidence suggests that including natural fluctuations, particularly 
for temperature, may exacerbate the effects of a stressor (Beck-Johnson, Nelson, 
Paaijmans, Read, Thomas, et al., 2017; Colinet et al., 2015; Hagstrum & Milliken, 1991). 
While including natural oscillations may yield more accurate and relevant results, it is 
underrepresented, likely as small-scale and affordable experimental systems were until 
recently unavailable (Hagstrum & Milliken, 1991; Hermann et al., 2022). This highlights the 
need for an inexpensive fieldable temperature control system and validation comparing 
commonly used temperature regimes for mosquitoes.

The impacts of the environmental variable salinization are less well known, but nevertheless 
of increasing relevance (Lassiter, 2021). While numerous studies have examined mortality 
associated with salinity (Kengne et al., 2019; Thamer & Abdulsamad, 2005; Van Schie 
et al., 2009), and occasionally sublethal effects such as  development rates (Schuler & 
Relyea, 2018), little is known on sublethal effects for species considered particularly 
vulnerable to salinity, like Cx. pipiens (Kengne et al., 2019). This lack of understanding is 
especially true for interactive stressors like temperature, which could modify ion uptake 
via increased metabolism. Information on the impacts of salinity is even scarcer in regions 
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experiencing ongoing salinization, such as the Netherlands (Oude Essink et al., 2010; 
Pauw et al., 2012). Gradual exposure near the coast in such regions may have caused 
adaptations (Ramasamy & Surendran, 2012), possibly developing more rapidly than in 
their predators, due to differences in generation time, which may cause alleviation in 
predation pressure (Schuler & Relyea, 2018). Understanding the impacts of salinization is 
therefore crucial, as this may inform us whether to regard areas with ongoing salinization 
as potential mosquito hotspots.

Mosquito survival, referring to the percentage of individuals that develop from one 
life stage to the next, is impacted similarly, through effects of resource availability (and 
lack thereof) and expenditure. For instance, minor stress may be overcome if sufficient 
resources are available (Huxley et al., 2021). If limited resources are available, survival 
may be prioritized over reproduction, as described above. As a result, combined and 
synergistic stressor effects may cause increased mortality compared to single stressor 
experiments (Mottram et al., 1994). One such synergistic interaction may involve larval 
competition (Agnew et al., 2000), translating to availability of food resources per capita. 
This interaction is known to depend on larval density (Alto et al., 2012), larval habitat size 
(Wynn & Paradise, 2001) and microbial abundance (Peck & Walton, 2006). A potential 
link with temperature exists via bacterial production and larval competition (Adams et al., 
2010; Ezeakacha & Yee, 2019), but has not been explored in this context. These impacts 
on mortality may be sex-specific, thereby causing shifts in sex ratio. Female mosquitoes 
on average take longer to emerge as a result of their larger body size (Loetti et al., 2011; 
Virginio et al., 2015). As a result, they may be exposed to (accumulative) stress for longer 
periods than male individuals, which may cause increased mortality resulting in a skewed 
sex ratio (Alcalay et al., 2018).

There are many ways in which individuals may deal with stress, such as adaptations 
in morphology and behavior, or by avoiding high-stress locations altogether. Egg-laying 
behavior actively affects the impacts of stressors to which the eggs, larvae and pupae are 
subjected. For instance, gravid females provide their brood with favorable conditions such 
as food availability and lowered competition (Bruno & Laurence, 1979; Hasselschwert 
& Rockett, 1988; Mwingira et al., 2020; Silberbush et al., 2014). As a result, conditions 
under which mosquito larvae theoretically could be present, may not be colonized (M. 
M. Akiner & Eksi, 2015; Day, 2016; Ikeshoji & Mulla, 1970). It is therefore essential to 
determine both the effects of single stressors as well as antagonistic and synergetic effects 
on egg-laying behavior to contextualize the results of the experiments of systemic* and 
external drivers*.

Chapter 1
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1.7	 Interventions
Interventions to mitigate mosquito-borne disease transmission primarily focus on 
mosquito control (Aryaprema et al., 2023; Pilger et al., 2010). Among these interventions, 
a substantial proportion concentrates on the control of mosquito larvae, as immature 
stages are confined in relatively high densities in small habitats and allow for increased 
efficacy (Becker et al., 2013). Such interventions historically often involved the use of 
chemicals like biocides (Nazni et al., 2005; Rochlin et al., 2016). More recently, use of 
toxic secondary metabolites from microorganisms such as Bti has become prevalent 
(Kroeger et al., 2013; Poopathi & Abidha, 2010; Setha et al., 2007). However, these 
chemical methods are short-term solutions, leading to resistance (Hamdan et al., 2005; Li 
et al., 2002) and creating a pesticide treadmill. As competing species are often impacted 
similarly, chemical control may result in rapid recolonization (Meyabeme Elono et al., 
2018) and overcompensation (Neale & Juliano, 2019) by mosquitoes and subsequent 
ecological imbalances (Allgeier et al., 2019; Brühl et al., 2020; Meyabeme Elono et al., 
2018), potentially posing risks to conservation areas. This combined with the limited 
information on food-web effects (Brühl et al., 2020), and the subsequent unknown 
fate of the substances, makes its use risky, especially in conservation areas. As a result, 
development of alternative interventions is increasingly considered. 

In recent years, proactive measures have gained considerable attention as alternatives to 
traditional larvicides. Notably, natural control – i.e., the release or facilitation of predator 
species – has emerged as a promising alternative (Benelli et al., 2016). Many mosquito 
breeding sites, however, especially those in urban and peri-urban areas, lack natural 
predators. Facilitating predatory organisms in these breeding sites therefore presents 
an environmentally sustainable, long-term and potentially effective means of mosquito 
control. This method deters egg-laying (Rubbo et al., 2011; Sougué et al., 2021) and limits 
immature survival whilst lowering growth rates, fecundity and delaying reproduction (S. 
Fischer et al., 2012; Lundkvist et al., 2003; Schrama et al., 2018). Additionally, stressful 
conditions  – including predator presence – promote a more heterogeneous mix of 
developmental stages, as a result of different growth strategies among the mosquito 
larvae (S. Fischer et al., 2012; Knight et al., 2004), which could enable cannibalistic 
behavior (El Husseiny et al., 2018; Koenraadt & Takken, 2003).

The potential predator species for mosquito larval control encompass a diverse array of 
organisms, including aquatic beetles, true bugs, amphibians, and fishes (Covaciu-Marcov, 
2010; DuRant & Hopkins, 2008; Fischer et al., 2012; Lundkvist et al., 2003; Saha et al., 2010; 
Saleeza et al., 2014). These predators exhibit species-specific degrees of effectiveness 
in controlling mosquito larvae, depending on factors such as habitat type, mosquito 
species, and predator-prey interactions. Current information on predator efficiency is, 
however, mainly limited to groups of invertebrate species (Benelli, 2015; Lacey & Orr, 
1994; McDonald & Buchanan, 1981), while amphibians are hypothesized to be far more 
efficient (DuRant & Hopkins, 2008). As such, despite the growing interest in employing 
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natural predators for mosquito control, a critical gap exists in our understanding of 
which species are most suitable for this purpose. 

Additionally, there is a scarce information indicating interactions between predation 
and the environment (Krol et al., 2019; Schrama et al., 2018). Murky – nutrient-rich – 
waters affect larval mosquito feeding behavior (Dadd, 1975; Merritt et al., 1992), and 
may therefore impact predator encounter rates. Eutrophication’s impact on predators is 
uncertain (Schmutzer et al., 2008), potentially affecting their oxygen acquisition (Coffin 
et al., 2021) and hunting efficiency due to increased anti-predator behavior (Tuno et al., 
2004) and reduced vision-based hunting (Abrahams & Kattenfeld, 1997), increasing ways 
for the prey to seek shelter. This highlights the need for a comparison of amphibian and 
invertebrate predator groups, and an assessment of predator effectiveness across the 
eutrophic range.

1.8	 Aims of this thesis  
The primary goal of this thesis is to identify the key drivers of Culex pipiens population 
dynamics in response to anthropogenic drivers (objective f). To gain a comprehensive 
understanding of how the drivers shape Culex pipiens its population dynamics, this thesis 
will assess the main systemic and external pressures (objective a and d) of selected 
stressors, their interactions, and how they interact with the life-history traits and egg 
laying behavior (objective e; Figure 1.4). Additionally, this thesis will assess a potential 
adaptation to ongoing coastal salinization (objective c) and evaluate the impacts of 
temperature fluctuations (objective b), to bring these results into their ecological context.

To address these objectives, the current thesis will focus on Culex pipiens s.l.. This 
species complex, more commonly referred to as the house mosquito, is a cosmopolitan 
assemblage consisting of the species Culex australicus, Culex globocoxitus, Culex pipiens and 
Culex quinquefasciatus. Culex pipiens s.l. is the most abundant mosquito species assemblage 
in the Netherlands, (Ibanez-Justicia et al., 2015) and locally consists of Cx. pipiens pipiens, 
Cx. pipiens molestus and Cx. torrentium. This thesis will treat this assemblage as a whole, 
as the complex is extremely tedious to separate these three species by morphological 
and molecular methods (Harbach, 2012). The species can hibernate and is therefore 
frequently found during winter (Becker et al., 2013; Cianci et al., 2015). It has a wide 
tolerance for temperature and eutrophication levels and is known to occupy almost 
every kind of water source, making it a common nuisance in urban environments (Becker 
et al., 2013). 

Culex as a genus represents the predominant vectors of West Nile virus (WNV), of 
which the Culex pipiens assemblage is the most widespread (Harbach, 2012). Wild 
populations of the common house mosquito have also been confirmed to transmit avian 
malaria, Batai, Sindbis and Usutu (Ibanez-Justicia et al., 2015). An additional aptitude for 
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transmission of Dirofilaria immitis, Tahyna and Zika was verified in lab experiments (Guo 
et al., 2016; Ibanez-Justicia et al., 2015). Due to its high abundance, wide range and its 
aptitude for transmission of a wide variety of diseases, it is important to understand 
the population dynamics of the species. Even more so considering the recent findings of 
WNV in the north-west of Europe, including the United Kingdom and the Netherlands 
(Folly et al., 2020; Vlaskamp et al., 2020). Both for assessment of vector competence 
under different scenarios and as a competitor with invasive species. 

This thesis examines the main external and systemic drivers of population parameters 
for Culex pipiens (Diptera: Culicidae), the common house mosquito in a mesocosm set-
up. For this, the current thesis focuses on the interactions between and within i) systemic 
pressures impacting larval habitat, such as climate variables and nutrient availability and ii) 
external pressures impacting Cx. pipiens larvae, such as predation and density dependence.

Specifically, the work in this thesis has the following objectives:
a.	 Assess the effects of salinization, temperature, eutrophication, larval density 	
	 and relevant interactions on mosquito populations.
b.	 Develop a temperature control system to study the significance of thermal 	
	 variation on mosquito development.
c.	 Evaluate local adaptation of house mosquito populations to salinization along
	 a coastal-to-inland gradient by quantifying their tolerance to varying chloride 
	 concentrations.
d.	 Assess the effectiveness of common amphibian species in controlling mosquito 	
	 populations.
e.	 Determine the influence of selected stressors and their interactions on egg-	
	 laying behavior.
f.	 Identify the main anthropogenic drivers on Culex pipiens population dynamics.
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1.9	 Thesis outline
Chapter 2 investigates the impact of anthropogenic pressures on mosquito 
populations and the potential implications for the transmission of mosquito-
borne diseases. Specifically, the text aims to explore the effects of salinization, 
temperature, and food availability on mosquito populations, as well as the 
interactions between these factors (objectives a and e). This chapter aims to 
provide a comprehensive assessment of the effects of these environmental 
stressors on mosquito population parameters. The presented study provides an 
overview of the main stressors and interactions on Culex pipiens population 
dynamics, thereby providing a basis for predictive models, prevention and 
mitigation strategies.

Chapter 3 further examines the effects of temperature via the development of 
an inexpensive, easily reproducible, and open-source Arduino-based temperature 
control system that can emulate natural sinusoidal fluctuations in temperature 
above ambient levels (objective b). The ultimate goal is to provide a more 
accurate assessment of the relative importance of thermal variation on ectotherm 
development, which could have implications for predicting the effects of large-
scale disturbances like climate change on these organisms.

Chapter 4 evaluates whether (local) adaptation to salinization has occurred in 
populations of the house mosquito along a gradient from coast to inland (objective 
c and e). The study aims to quantify and compare the tolerance of Cx. pipiens 
populations to varying concentrations of chloride in mesocosms, ranging from 
freshwater to the predicted maximum inland surface water concentration of 7.5 
g/L Cl- or the brackish-marine transition zone at almost half the concentration 
of seawater.

Chapter 5 explores the effectiveness of various predator species in controlling 
mosquito populations, with a focus on the European amphibian species smooth 
newt and edible frog as well as the invertebrate species two-spot water beetle 
and backswimmer. The study aims to compare the predator competence of 
these species in different ecological contexts, including levels of turbidity, and to 
determine whether there is a sex-specificity in predator competence among the 
amphibian species (objectives d and e). Additionally, the study aims to examine 
the effect of predator presence on mosquito oviposition behavior and to validate 
predatory behavior on other mosquito genera. In doing so this chapter aims to 
provide insights into the potential of natural predators as a means of controlling 
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mosquito populations, particularly in light of concerns about the effectiveness 
and environmental impact of chemical interventions.

Chapter 6 discusses the obtained insights into main anthropogenic effects 
on Culex pipiens populations, examining their effects and interactions across 
ecological scales (objective f). It is further demonstrated how this understanding 
may enhance ecological realism in experimental vector ecology. A perspective is 
then provided on how these insights into the population dynamics of Culex pipiens 
contribute to epidemiological preparedness, via the processes of surveillance, 
risk-mapping and modelling and landscape design.
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Textbox 1. Terminology surrounding vector ecology

Consistent terminology helps to avoid ambiguity in scientific and regulatory 
discourse. Definitions of terms surrounding vector ecology and anthropogenic 
pressures as adhered to in this thesis are provided below. 

Anthropogenic pressures: Human-induced changes or disturbances to natural 
ecosystems.
Community composition: The relative abundance and diversity of species in a 
particular community.
Driver: refers to a process that directly or indirectly influences an ecosystem or 
population. Drivers may include climate change, land use changes, or freshwater 
use. These drivers can have both direct and indirect effects on mosquito 
populations, such as affecting food sources or inducing mortality.
External driver: biotic influences on an ecosystem or population as a result of 
interactions between and within species, such as predation, density dependence, 
and competition.
Host: an organism that harbors and provides a habitat for a pathogen, allowing 
it to live, grow, and potentially cause harm or disease within the host organism. 
Hosts can be humans, animals, plants, or even microorganisms such as bacteria 
or fungi.
Infectious diseases: illnesses caused by pathogenic microorganisms, such as 
bacteria, viruses, fungi, or parasites, which can spread directly or indirectly from 
one person to another, typically through contact with contaminated surfaces, 
bodily fluids, respiratory droplets, or vector species.
Life-history traits: characteristics of an organism that influence its survival and 
reproduction, encompassing traits such as age at maturity, reproductive output, 
and lifespan.
Mesocosm: a controlled environment used to simulate natural conditions. 
Mesocosms are used in ecological research to study the effects of various factors, 
such as temperature, salinity, or pollution, on populations or species communities. 
Mesocosms can vary in size and complexity, but they typically consist of a container 
or enclosure that contains a sample of an ecosystem, such as a pond or a forest, 
along with (a selection of) the organisms that inhabit it. Conditions within the 
mesocosm, such as by changing the temperature or adding pollutants, may be 
manipulated to observe how the species or population respond. Mesocosms 
allow us to conduct experiments in a controlled setting while still capturing some 
of the complexity of natural ecosystems, making them a valuable tool for studying 
ecological processes.
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Natural control: The use of natural predators or other biological agents to 
control pest populations.
One Health: a collaborative interdisciplinary framework embracing the 
interconnectedness between human, animal and environmental health by 
recognizing that addressing health challenges requires an effort across multiple 
disciplines. 
Oviposition: the process of laying eggs. 
Pathogenic landscape: environment concerning the presence, distribution, and 
characteristics of pathogens (disease-causing microorganisms) within a particular 
geographical area or population.
Population parameters: measurable characteristics or attributes of a population. 
These parameters provide information about the size, structure, and dynamics of 
a population and may include, but are not limited to, sex ratio, mortality rate, 
growth rate and density. 
Pressure: refers to an external forces or process that may affect ecosystems or 
populations. These pressures can be natural, such as soil type, or anthropogenic, 
meaning they are caused by human activities like land use practices. These 
pressures can shape ecosystems and influence the abundance and composition 
of species.
Reservoir: a population of organisms in which a pathogen reproduces, often 
without causing disease for the host. Reservoir species play a crucial role in the 
lifecycle of certain infectious agents by serving as a source of infection for other 
susceptible hosts, including humans. Reservoir species may actively participate in 
transmission to other hosts and may amplify or simply maintain the pathogen.
Stressor: refers to any biotic or abiotic factor that can cause stress to organisms 
in an ecosystem. This stress can be i) physical, such as changes in temperature, 
ii) biological, such as predation, or iii) chemical, such as salinization. Stressors can 
directly and indirectly affect various aspects of an organism’s life, such as its egg-
laying behavior, growth, and survival.
Systemic driver: anthropogenically induced influences on an ecosystem or 
population via for instance changes in climate, land use, and water management.
Vector: an organism, typically an invertebrate arthropod like a mosquito, tick, or 
flea, which transmits pathogens from one host to another.
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Highlights

1)	 Impacts of interlinked anthropogenic stressors are relatively 
	 unknown.

2)	 Such stressors include land use change, freshwater pollution, 
	 and extreme weather.

3)	 Full-factorial experiments assessed stressor impacts on disease 	
	 vector Culex pipiens.

4)	 The stressors and their interactions had major impacts on key 	
	 mosquito life-history traits.

5)	 Results show important ramifications for mosquito populations 	
	 and the pathogenic landscape.
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Abstract

Anthropogenic stressors on the environment are increasing at unprecedented 
rates and include urbanization, nutrient pollution, water management, altered land 
use and climate change. Their effects on disease vectors are poorly understood. 
A series of full factorial experiments investigated how key human induced abiotic 
pressures, and interactions between these, affect population parameters of 
the cosmopolitan disease vector, Culex pipiens s.l. Selected pressures include 
eutrophication, salinity, mean temperature, and temperature fluctuation. Data 
were collected for each individual pressure and for potential interactions between 
eutrophication, salinization and temperature. All experiments assessed survival, 
time to pupation, time to emergence, sex-ratio and ovipositioning behavior. The 
results show that stressors affect vector survival, may speed up development 
and alter female to male ratio, although large differences between stressors 
exist to quite different extents. While positive effects of increasing levels of 
eutrophication on survival were consistent, negative effects of salinity on survival 
were only apparent at higher temperatures, thus indicating a strong interaction 
effect between salinization and temperature. Temperature had no independent 
effect on larval survival. Overall, increasing eutrophication and temperatures, and 
the fluctuations thereof, lowered development rate, time to pupation and time to 
emergence while increasing levels of salinity increased development time. Higher 
levels of eutrophication positively impacted egg-laying behavior; the reverse was 
found for salinity while no effects of temperature on egg-laying behavior were 
observed. Results suggest large and positive impacts of anthropogenically induced 
habitat alterations on mosquito population dynamics. Many of these effects are 
exacerbated by increasing temperatures and fluctuations therein. In a world 
where eutrophication and salinization are increasingly abundant, mosquitoes are 
likely important benefactors. Ultimately, this study illustrates the importance 
of including multiple and combined stressors in predictive models as well as in 
prevention and mitigation strategies, particularly because they resonate with 
possible, but yet underdeveloped action plans.

Keywords:	 Interactive effects, Habitat alteration, Mosquito, Planetary 		
		  boundary framework, Salinization, Temperature fluctuations
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2.1. Introduction

Anthropogenic pressures play a pivotal role in shaping ecosystems on a global and 
local scale (Foley et al., 2005; Nelson et al., 2006), and subsequently affect species 
abundance and composition (Barausse et al., 2011; Cecco et al., 2022; Eremeeva 
and Sushchev, 2005). While most insect species are declining due to anthropogenic 
pressures, such as urbanization, agricultural practices, water management and 
climate change (Hallmann et al., 2017; van der Sluijs, 2020), recent evidence shows 
that many mosquito species thrive under these conditions (Colón-González et 
al., 2021; Messina et al., 2019; Roche et al., 2015), thus showing a contrasting 
pattern, particularly in areas of high anthropogenic pressures (Kamdem et al., 
2012; Nilsson et al., 2018; Ramasamy and Surendran, 2016; Schrama et al., 
2020; Steiger et al., 2012). This suggests that human-induced environmental 
changes might have a positive impact on the availability of disease transmitting 
organisms (hereafter vectors), which might also influence the incidence of 
mosquito transmitted pathogens, such as protozoa and arthropod-borne viruses 
(arboviruses) (Franklinos et al., 2019; Kamdem et al., 2012; Neiderud, 2015).

Research on understanding impacts of human-induced changes on infectious 
diseases has until now focused on the large-scale influence of climatic variables such 
as mean temperature for mosquito occurrence and precipitation for mosquito 
abundance (Loetti et al., 2011; Mottram et al., 1994; Petrić et al., 2014; Reisen 
et al., 1984), while the effects of anthropogenic pressures that operate mainly 
on a local scale have been poorly addressed. Such local stressors include effects 
of changes in land use, freshwater use, biogeochemical flows, local temperature 
fluctuations, as well as the interplay between these drivers on microclimatic 
conditions (Rejmánková et al., 2013). While observational studies carried out at 
the landscape scale hint at the importance of these factors (Ferraguti et al., 2016; 
Krol et al., 2022; Schrama et al., 2020; Versteirt et al., 2013), a comprehensive 
understanding of the causal relationships between mosquito population size 
and structure and specific landscape features is lacking (Franklinos et al., 2019; 
Schrama et al., 2020). Moreover, the interactions of the different pressures, which 
often co-occur, have not been investigated in depth (Figure 2.1, supplementary 
Table 2.1). To understand the importance of these key anthropogenic pressures 
on mosquito population dynamics, which might lead to increased vulnerability to 
changes in (combinations of) environmental factors, in-depth experimental work 
is needed.

Chapter 2

 2



25

Fi
gu

re
 2

.1
 O

ve
rv

ie
w

 o
f 

an
th

ro
po

ge
ni

c 
pr

es
su

re
s 

as
 d

riv
er

s 
on

 a
bi

ot
ic 

pr
es

su
re

s 
an

d 
its

 i
m

pa
ct

s 
on

 d
ow

ns
tre

am
 p

op
ul

at
io

n 
pa

ra
m

et
er

s 
of

 
m

os
qu

ito
es

. F
or

 e
ac

h 
of

 t
he

 e
st

ab
lis

he
d 

im
pa

ct
s 

be
tw

ee
n 

pr
es

su
re

s 
an

d 
st

at
es

, i
t 

is 
in

di
ca

te
d 

w
he

th
er

 t
he

 a
ss

oc
ia

tio
n 

is 
po

sit
ive

 (
+)

, n
eg

at
ive

 
(−

) 
or

 b
ot

h 
(+

/−
) 

(b
as

ed
 o

n 
lit

er
at

ur
e 

su
m

m
ar

iz
ed

 in
 S

up
pl

em
en

ta
ry

 T
ab

le
 1

). 
Q

ue
st

io
n 

m
ar

ks
 in

di
ca

te
 h

yp
ot

he
siz

ed
 li

nk
s 

an
d 

in
te

ra
ct

io
ns

 o
f 

pr
es

su
re

s 
w

he
re

 fu
rt

he
r w

or
k 

is 
ne

ed
ed

.

Biting the hand that feeds

 2



26

Here, we experimentally explore the impact of salinization, temperature and 
eutrophication on mosquito populations (Figure 2.1). Freshwater use – more 
broadly defined as water management, thus including biogeochemical flow 
boundaries – mainly impacts eutrophication, temperature, and salinity by a 
variety of pathways, such as dredging of inland water bodies (Lohrer and Wetz, 
2003; Smith and Huang, 2010), water retention (Ceccatelli et al., 2021; Modoni 
et al., 2013; Zhu et al., 2015) and freshwater extraction (de Louw et al., 2013; 
Schmork and Mercado, 1969). Land use change, in which humans transform 
the natural landscape impacts water bodies with respect to dissolved nutrient 
concentrations (potentially leading to eutrophication) and temperature via changes 
in sunlight in cleared areas (Franklinos et al., 2019) and albedo (Adegoke et al., 
2007), respectively. Climate change, caused by greenhouse gas emissions leads 
to increasing mean temperatures and changes in diurnal temperature oscillations 
due to increasing nightly temperatures (Braganza et al., 2004).

Each of these large-scale environmental impacts can be expected to directly 
affect mosquito populations. Salinization, which occurs naturally in coastal areas 
(Don et al., 2006; Lassiter, 2021), is strengthened by climate induced sea-level 
rise, draining of fresh water, management of waterways and exploitation of 
groundwater for agriculture (Pauw et al., 2012; Ramasamy and Surendran, 2012). 
It is known to have species specific impacts on mosquito mortality rates (Jude 
et al., 2012; Kengne et al., 2019; Mottram et al., 1994) and egg laying (hereafter 
ovipositioning) behavior (De Brito Arduino et al., 2015; Navarro et al., 2003; 
Silberbush et al., 2014), but landscape wide responses to changes in salinity 
levels are poorly characterized. Eutrophication has previously been shown to 
influence development speed, survival, sex-ratio (Krol et al., 2019; Merritt et 
al., 1992; Reisen et al., 1984; Rejmánková et al., 2013; Schrama et al., 2018) and 
ovipositioning behavior (Rejmánková et al., 2013), but interactions with other 
stressors, e.g. larval densities of the same species (hereafter conspecific density), 
are not well represented.

While the effects of temperature on mosquitoes have been studied extensively, 
the effects of an increases in temperature fluctuations, which is expected because 
of climate change (Masson-Delmotte et al., 2021), are yet unknown. Temperature 
is known to affect mosquito development speed and mortality levels as well as 
sex-ratio with sex-specific effects (Loetti et al., 2011; Mottram et al., 1994; Petrić 
et al., 2014; Reisen et al., 1984), where increasing temperature generally leads to 
shortened development times and higher mortality. However, the vast majority 
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of experiments focusing on temperature have been performed by manipulating 
(continuous) mean temperatures (Ciota et al., 2014; Kiarie-Makara, Ngumbi, 
and Lee n.d.; Loetti et al., 2011), even though temperature fluctuations have 
previously been hypothesized to influence mosquito development (Alcalay et al., 
2018; Couret and Benedict, 2014; Kiarie-Makara et al., 2015; Mottram et al., 
1994; Spanoudis et al., 2019). As yet, its impact remains severely understudied 
(Alcalay et al., 2018; Beck-Johnson et al., 2017).

Aside from a comprehensive understanding of the isolated effects of the selected 
stressors, there is also a large potential for the influence of non-additive interactive 
effects (Tran et al., 2018). Indeed, a growing number of studies point to the 
ubiquity of interactive non-additive effects between stressors on population 
parameters (Agnew et al., 2000; Alcalay et al., 2018; Couret and Benedict, 2014; 
Schrama et al., 2018), but little is currently known about interactive effects. 
Interaction between eutrophication, larval density and temperature may manifest 
itself as changes in food intake per capita; interaction between salinization and 
temperature might increase energy expenditure for active osmoregulation via 
increased competition (Bradley, 1987; Kengne et al., 2019). The current lack of 
information on solitary and interactive effects of the selected stressors calls for a 
coherent and comprehensive assessment.

This study aims to evaluate and quantify the effects of eutrophication, salinization, 
temperature fluctuations including the interactions between eutrophication 
and conspecific density, temperature and eutrophication, and temperature and 
salinity on multiple mosquito population parameters in a series of mesocosm 
experiments. The cosmopolitan mosquito species Culex pipiens s.l. (hereafter 
denoted as Cx. pipiens) is used as a model species. Cx. pipiens is a known vector, 
e.g., for West Nile virus, Usutu virus, Sindbis virus, and parasites Filarioidea, 
Plasmodium and Hemoproteus (Bravo-Barriga et al., 2016; Gutiérrez-López et 
al., 2016; Hubálek, 2008; Kazlauskienė et al., 2013). It has a wide habitat tolerance 
ranging from clean rainwater-filled containers to strongly polluted temporal 
waterbodies such as ground puddles and even manure tanks (Becker et al., 2013; 
Rejmánková et al., 2013). Wild caught individuals were used – unless mention 
otherwise – without distinguishing between the different (sub)species of the 
species complex. This allowed for a more accurate estimate of the pressures on 
a mixed natural community.
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2.2. Methods

2.2.1. General experimental design
All experiments were carried out in polypropylene mesocosm containers under 
outdoor conditions at the Living Lab field station or at the botanical garden of 
Leiden University, The Netherlands. The experiments focused on semi-realistic 
field conditions, as the temperatures, eutrophication levels and salinities are 
representative of a range of larval habitats (Alcalay et al., 2019; Ikeshoji and Mulla, 
1970; Loeb and Verdonschot, 2008; Oude Essink et al., 2010; Roberts and Irving-
Bell, 1997; Rockett, 1987; Wallis, 1954). The treatments were - unless mentioned 
otherwise - applied to 65 l black polypropylene mesocosms filled up to 30 l and 
placed in a second, fully buried identical mesocosm thus providing an air-filled 
layer of insulation to buffer temperature fluctuations (Krol et al., 2019).

Each mesocosm was filled with tap water and then spiked with a microbial 
community acquired by filtering a standardized amount of water from an adjacent 
lake through a Φ 200 nm plankton net with Φ 53 μm collector, so that each 
volume of water in the mesocosms contained a similar microbial community to 
that found in the same volume of water in the lake. To simulate the different levels 
of eutrophication standardized dried cow manure (2.4 % N; 1.5 % P2O5; 3.1 % 
K2O) was added. The mesocosms were then left to incubate for a minimum of 
one week so that the microbial communities could stabilize. During this period, 
the mesocosms were covered with shading cloth to prevent Chironomidae 
and Culicidae colonization. After the acclimation period, all water within the 
mesocosms was filtered with a Φ 300 μm sieve, to remove large particles and 
any remaining macro-invertebrates. Unless mentioned otherwise, Culex pipiens 
s.l. egg rafts were collected during a four-day period prior to the start of an 
experiment from naturally colonized black plastic buckets at the Living lab field 
station. Larvae were randomly selected and then added in random block design.

During the experiments all containers were covered with emergence traps 
(Cadmus et al., 2016) to prevent i) colonization by Culex pipiens s.l. mosquitoes 
and any other species that might compete with the experimental population, ii) 
mosquito predators from entering and iii) trap emerged adults. The water level was 
kept stable by daily replenishment of the evaporated volume with dechlorinated 
tap water after measurements were taken. The temperature in each mesocosm 
was recorded every thirty minutes for the duration of each experiment by a 
temperature logger (iButton DS1921G#F5D) near the water surface. Abiotic 
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conditions were measured weekly using a HACH HD40 for dissolved oxygen, pH 
and conductivity measurements, an Aquafluor 8000-010 for chlorophyll α and 
turbidity measurements and a Vernier Labquest2 for ammonium, chloride, nitrate 
and phosphor concentrations.

2.2.2. Experiments
2.2.2.1. Eutrophication-density interaction
The experiment on interactive effects of eutrophication and larval densities 
took place between August and October of 2020. Eutrophication levels were 
chosen so as to span the entirety of the oligotrophic-hypertrophic range with 
levels representing a low-eutrophic water body (5 mg/l N-total), a high-eutrophic 
water body (20 mg/l N-total) and a hypertrophic land puddle (100 mg/lN-total) 
(Loeb and Verdonschot, 2008). To simulate the different levels of eutrophication 
standardized dry cow manure (2.4 % N; 1.5 % P2O5; 3.1 % K2O) was added. 
Larval densities representative of 0.1, 1 and 10 egg rafts (20, 200 and 2000 larvae, 
respectively) were used to study the effects of increasing conspecific competition 
(Agnew et al., 2000). The treatments were applied with four replicates in a 
random block design.

Egg laying behavior was not measured within this experiment as the effects of 
eutrophication could be determined from experiment 2.2.2 and the effects of 
larval presence had already been studied (Mwingira et al., 2020).

2.2.2.2. Eutrophication-temperature interaction
The experiment on the interactive effects of eutrophication and temperature levels 
was conducted in 65 l black polypropylene mesocosms filled up to 30 l between 
April and June of 2020. Eutrophication levels were chosen as described in Section 
2.2.1, additionally including a treatment representing rainwater (0 mg/l N-total). 
Temperature levels were selected around the optimal rearing temperature (Loetti 
et al., 2011) and set at 20, 25 and 30 degrees Celsius. Temperature treatments 
were regulated using 200 W heaters (HSaqua).

The treatments were applied with four replicates in a random block design. 
Twenty first instar larvae were added to each of the mesocosms. The low larval 
density served to exclude potential effects of density dependence (Alcalay et al., 
2018). After the experiment, each mesocosm was filtered with a Φ 300 μm sieve 
to remove any remaining (dead) larvae and/or pupae. The emergence traps were 
then removed and ovipositioning choice was scored for five consecutive days.
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2.2.2.3. Salinity and temperature interaction
The experiment on interactive effects of salinity and temperature was conducted 
in white 12 l polypropylene mesocosms filled to 10 l during the months of May 
and June of 2021. The selected salinity levels were representative for the current 
and expected salinity levels encountered at the Dutch coastal areas, freshwater 
(0 g/l chloride), brackish (0.3 g/l chloride) and saline (1 g/l chloride) conditions 
(Oude Essink et al., 2010).

Salinity levels were applied using a natrium chloride stock solution. Temperature 
levels were selected near the optimal rearing temperature (Loetti et al., 2011) 
and set at 27 and 30 degrees Celsius. A eutrophication level of 20 mg N-total 
was applied to minimize competition over resources, as determined by the 
experiment described in Section 2.2.1. The salinity-temperature treatments were 
applied and 200 first instar larvae were added with three replicates in a random 
block design. Any pupa encountered during the experiment was counted and 
removed as the pupae do not eat and have a hardened exoskeleton (Becker et al., 
2010), which limits their interaction with the environment (Balasubramanian et 
al., 2019; Mottram et al., 1994; Patrick and Bradley, 2000). Consequently, data on 
time to emergence and sex-ratio were not collected for this experiment.

To test the effect of salinity on ovipositioning choice, 5 blocks of five 12 l black 
mesocosms were prepared with a concentration that is representative of the 
range between freshwater and saltwater (0, 0.4, 1.6, 16 and 32 g/l natrium 
chloride). The blocks were distributed across the botanical gardens (80 m apart) 
in the shade. Egg rafts were collected for five consecutive days.

2.2.2.4. Temperature fluctuations
The experiment on the effects of increasing levels of temperature fluctuation 
was executed in white 12 l polypropylene mesocosms filled to 10 l between the 
end of March and beginning of May 2021. This experiment took place during 
the overwintering of the natural populations, so that the ambient temperature 
would not overtake the experimental temperatures. During this experiment, the 
water temperature conditions of an average day in June were mimicked. June is 
commonly regarded as the optimal month for mosquito development in NW 
Europe as the amount of sunlight energy is maximal (Becker et al., 2010).

Chapter 2

 2



31

To determine appropriate temperatures, water surface temperatures were 
monitored in three white 8 l containers with an interval of 30 min between the 
months of May and July 2020. From these data a mean, minimum and maximum 
temperature, as well as the temporal interval between these, were derived and 
used to set four treatments of increasing fluctuation with the same amount of 
energy applied per 24 h. These included a constant, block and curve scheme as well 
as a treatment with twice the amplitude of daily fluctuations, hereafter referred 
to as curve2 (Supplementary Figure 2.1). The treatments were temperature-
controlled with thermostats and an Arduino UNO microcontroller. For this 
experiment Culex pipiens pipiens first instar larvae were obtained from culture 
from Wageningen University & Research, The Netherlands. The treatments were 
applied and 200 first instar larvae were added with five replicates in a random 
block design. A eutrophication level of 20 mg N-total was applied to minimize 
competition over resources, as determined during the experiment on interactive 
effects of eutrophication and larval density (see Section 2.2.1). Egg laying behavior 
was not measured within this experiment as temperature was determined to not 
affect larval habitat site selection during the experiment on interactive effects of 
temperature and eutrophication (see Section 2.2.2).

2.2.3. Rearing of larvae
For the experiment on temperature fluctuations Culex pipiens pipiens first instar 
larvae were obtained from culture from Wageningen University & Research, The 
Netherlands.

For the remaining experiments, Culex pipiens s.l. egg rafts were collected during 
the four days prior to the start of an experiment from naturally colonized black 
plastic buckets at the Living lab field station. For this, the buckets were filled with 
6 l hypertrophic water (100 mg N-total). The larvae were subsequently allowed 
to hatch in white 12 l mesocosms containing 10 l of lake water where they were 
kept at ambient temperature until the start of the experiment. Previous pilot 
studies indicated that this type of experiments attracts Culex pipiens only. The 
collected egg rafts were distinguished from those of Culiseta annulata by their 
difference in size (Chapman et al., 2020; Sames et al., 2005).

2.2.4. Measurements and life stage identification
Larval development was measured five days a week by stirring clockwise once 
with a 400 mm wide Φ 200 μm sieve to create a circular water flow to prevent 
the larvae from diving. The sieve was subsequently used to collect the larvae by 
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fully submerging the sieve and moving anti-clockwise twice. All collected larvae 
were morphologically characterized to developmental stage by using the size 
of the head capsule as a morphological indicator (Becker et al., 2010). The 
identifications were compared daily with a previously reared reference collection 
of Cx. pipiens developmental stages. The procedure was repeated up to five times 
until at least five, twenty or a hundred larvae were sampled for the densities of 
20, 200 and 2000, respectively.

Each day, emerged mosquitoes were collected with an aspirator and sex was 
determined based on characteristics including, but not limited to, plumose/
pilose antennae, and the length of the palps (Becker et al., 2010). The survival 
rate was determined by dividing the number of adults that had emerged by 
the applied density. The median time to pupation was defined as the interval 
between the start of the experiment and the first day upon which at least 50 % 
of the subsampled larvae had turned/developed into pupae. The median time to 
emergence was determined by calculating the interval between the start of the 
experiment and capture of 50 % of the emerged adults. When no more pupae 
and adult mosquitoes were found for two subsequent days in a mesocosm, it was 
assumed that there were no living mosquitoes left and the mesocosm was closed 
off.

Ovipositioning behavior was recorded by daily counts of egg rafts per mesocosm 
per day. Encountered egg rafts were removed to minimize the positive feedback 
caused by their presence (Bruno and Laurence, 1979).

2.2.5. Statistical analysis
All data were analyzed in R version 4.04 (R Core Team, 2022). Differences in 
survival, development, sex-ratio and ovipositioning behavior between and 
within eutrophication and density levels, between and within eutrophication 
and temperature levels and between levels of temperature fluctuation, were 
tested with general linear models comparing the number of emerged mosquitos, 
average development stage, the number of emerged mosquitoes per sex and 
the number of egg-rafts respectively. Dissolved oxygen, nitrate, ammonium, and 
chloride levels as well as chlorophyll α concentrations were included as main 
effects. The effects of survival, development and ovipositioning behavior between 
and within salinity and temperature levels, were tested with general linear models 
comparing the number of emerged mosquitos, average development stage and 
the number of egg-rafts respectively. For this, chlorophyll α and dissolved oxygen 
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concentrations were included as main effects. Lastly, the effects of survival and 
development between and within salinity and temperature levels, were tested with 
general linear models comparing the number of emerged mosquitos and average 
development stage. For this, chlorophyll α and dissolved oxygen concentrations 
were included as main effects. All (16) corresponding full models are presented in 
Supplementary Table 2. Covariates and their interactions were stepwise removed 
from the full models during model optimization if not significant and if the Akaike 
information criterion indicated a worse fit of the data.

2.3. Results
As the aim of this paper is to shed light on the effect that anthropogenic pressures 
have on each of the population parameters, the results have been grouped per 
dependent variable. This facilitated the comparison of effects between the 
different pressures. Estimated regression coefficients and standard errors for 
each of the tests are listed in Supplementary Table 2.

2.3.1. Impact of anthropogenic pressures on absolute survival
Absolute survival rate was not impacted by different levels of temperature, 
temperature fluctuations, or combined effects of temperature and eutrophication 
within the ranges tested (p > 0.1). Survival did however decrease under increasing 
temperatures within the saline treatment (F(22,178) = 1.983, p < 0.01, partial 
ω2 = 0.073, power = 0.964). Post hoc analysis revealed significant differences in 
survival between the highest salinity at 30 degrees and lowest salinity at 27 degrees 
for day 7 of the experiment and between the two temperatures at the highest 
salinity for days 7 and 10 (p < 0.05 after Bonferroni correction) (Figure 2.2a). 
Survival also decreased with increased conspecific density (F(2, 25) = 11.613, p < 
0.001, partial ω2 = 0.384, power = 0.994) and decreasing amounts of food per 
capita (F(4, 25) = 5.745, p = 0.002, partial ω2 = 0.358, power = 0.981). Post hoc 
analysis revealed significant differences between the oligotrophic treatment with 
2000 larvae and all other treatments (p < 0.001, Bonferroni correction) as well as 
among the hypertrophic treatments with 20 and 200 larvae (p < 0.05, Bonferroni 
correction; Figure 2.2d).
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2.3.2. Impact of anthropogenic pressures on time to pupation
Development time up to pupation decreased significantly with increasing 
temperatures in both the salinity experiment (F(1,15) = 4.868, p < 0.05, partial 
ω2 = 0.156, power = 0.594; Figure 2.3a) and the experiment on interactive effects 
of eutrophication and temperature (F(2,40) = 38.57, p < 0.001, partial ω2 = 
0.620, power = 1; Figure 2.3c) by 7 and 3 days, respectively. Additionally a trend 
was found for the interaction between temperature and salinity (F(2,15) = 2.709, 
p < 0.1, partial ω2 = 0.140, power = 0.529). Post hoc analysis revealed that this 
was caused by a trend in contrasts between the temperatures within highest 
salinity level (p < 0.06, Bonferroni correction) (Figure 2.3a). Increasing levels 
of temperature fluctuation also decreased development time up to pupation. 
Differences were detected between the constant and curve treatments (χ2 = 
2.017, p = 0.022) and the constant and curve 2 treatments (χ2 = 2.711, Df = 3, 
p = 0.003) (Figure 2.3b). No solitary or interactive effects of eutrophication level 
were found (Figure 2.3c) except at higher densities, where decreasing amounts 
of food per capita resulted in longer development times. This was true when 
manipulating the eutrophication level (F(2, 25) = 22.286, p < 0.001, partial ω2 = 
0.556, power = 1), density (F(2, 25) = 5.924, p = 0.008, partial ω2 = 0.225, power 
= 0.876) and the combination of the two (F(4, 25) = 3.012, p = 0.037, partial ω2 
= 0.191, power = 0.802). Post hoc analysis revealed significant contrasts between 
the oligotrophic treatment with 2000 larvae (a) and all other treatments (b) (p < 
0.001, Bonferroni correction; Figure 2.3d).

2.3.3. Impact of anthropogenic pressures on time to emergence
Development up to emergence was similarly impacted as development times 
decreased with increasing temperatures (F(3, 41) = 230.7, p < 0.001, partial ω2 
= 0.936, power = 1; Figure 2.4b). Increasing levels of temperature fluctuations 
lowered development time (F(3, 14) = 230.7, p < 0.001, partial ω2 = 0.833, power 
= 1). Post hoc analysis indicated differences between the constant treatment (a) 
and all other treatments (b, c) (P < 0.001, Bonferroni correction) and between 
the block (b) and curve treatments (c) (p < 0.05, Bonferroni correction; Figure 
2.4a). Eutrophication did not impact development under low densities but did 
so under higher densities (Figure 2.4c). Decreasing amounts of food per capita 
increased time to emergence when manipulating eutrophication levels (F(2, 25) = 
19.429, p < 0.001, partial ω2 = 0.520, power = 1), density (F(2, 25) = 4.246, p = 
0.026, partial ω2 = 0.160, power = 0.741) and a trend was detected when altering 
both (F(4, 25) = 2.297, p = 0.087, partial ω2 = 0.132, power = 0.672). Post hoc 
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analysis revealed significant contrasts between the oligotrophic treatment with 
2000 larvae (b) and all other treatments (a) (p < 0.001, Bonferroni correction; 
Figure 2.4c).

2.3.4. Impact of anthropogenic pressures on sex ratio
The proportion of females increased with increasing temperatures (F(2, 40) 
= 38.57, p < 0.001, partial ω2 = 0.620, power = 1; Figure 2.5b) and between 
the eutrophic and hypertrophic treatments (H(2) = 9.5126, p = 0.015; Figure 
2.5c) within the highest density. The sex ratio was not impacted by temperature 
fluctuations and density within the ranges tested (p > 0.05). No other effects on 
sex ratio were detected.

2.3.5. Impact of anthropogenic pressures on ovipositioning behavior
Egg laying behavior decreased with increasing salinity (F(16,63) = 8.480, p < 0.001, 
partial ω2 = 0.491, power = 1, Figure 2.6a). Post hoc analyses revealed a contrast 
between the treatments 16 g/l and 32 g/l and all lower salinities after day 1 
of the experiment (p < 0.05, Bonferroni correction). Ovipositioning behavior 
also increased with increasing eutrophication (χ2 = 32.857, df = 3, p < 0.001, 
Figure 2.6b). Post-hoc analysis indicated a difference between the hypertrophic 
treatment (b) and all other eutrophication levels (a).
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Figure 2.2 Absolute survival rate across different anthropogenic pressures.
Absolute survival rate depicted as the num

ber of em
erged adults as a fraction of the initial num

ber of larvae at the end of each experim
ent for A. 

effects of salinity at different tem
peratures, B. increasing levels of tem

perature fluctuation, C. effects of increasing eutrophication at different 
tem

peratures and D
. effects of eutrophication at different densities.
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Figure 2.4 M
edian tim

e to em
ergence across different anthropogenic pressures.

Tim
e to em

ergence in days at the end of each experim
ent for A. increasing levels of tem

perature fluctuation, B. tem
perature grouped by eutrophication 

and C. eutrophication grouped by density. a, b, c Significantly contrasting groups.
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Figure 2.6 O
vipositioning behavior across different anthropogenic pressures.

N
um

ber of egg rafts for A. tem
perature grouped by salinity, B. tem

perature grouped by eutrophication. a, b Significantly contrasting groups.
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2.4. Discussion

Anthropogenic pressures are mounting in a fast-changing world. This study 
assessed the life-history responses of Cx. pipiens to the three most prominent 
anthropogenically induced pressures that act directly on the mosquito larval habitat: 
eutrophication, temperature, and salinization. A series of full-factorial mesocosm 
experiments demonstrated that each of these pressures, together shaping the 
larval habitat, are relevant during different immature life-stages. Overall, the 
results suggest large and previously underestimated impacts of multiple pressures 
– both single and interactive – on mosquito population dynamics, well beyond the 
impact of changes in temperatures. However, the direction and magnitude of the 
effect of stressors on the investigated mosquito life history parameters, differs 
profoundly between the investigated stressors. Also, while interactive effects 
between stressors were common, some interactions are more important than 
others. These are further discussed in the following paragraphs.

2.4.1. Impacts of anthropogenic pressures on mosquito survival and development time
While eutrophication and conspecific density had large, consistent effects on 
larval survival, exposure to different temperature regimes and differences in 
salinity levels only showed effect on development time. These results likely 
reflect different physiological processes. Eutrophication acts directly on resource 
competition, temperature acts on metabolic rate and salt has a toxic though 
sublethal effect (Balasubramanian et al., 2019; Emidi et al., 2017). Indeed, under 
decreasing levels of eutrophication, larval survival was markedly lower as a result 
of fierce competition over resources (El Husseiny et al., 2018; Merritt et al., 1992; 
Reisen et al., 1984). This is abundantly clear when comparing the survival under 
the hypertrophic treatment (45 %) to that in the oligotrophic treatment (<1 
%). Similar effects were found when comparing the survival at the highest larval 
densities (40 %) to the lowest densities (55 %) at average eutrophication levels. 
This effect has been reported to be even stronger when several developmental 
stages are present, as mosquito larvae have repeatedly been observed to 
cannibalize on lower instars (El Husseiny et al., 2018; Koenraadt and Takken, 
2003). The effect of salinity had a negatively and stepwise effect on the larval 
energy budget, likely because the toxic chloride needs to be expelled actively 
within Culex larvae (Bradley, 1987; Donini et al., 2007; Bradley and Phillips, 1976; 
Patrick and Bradley, 2000), thus slowing larval development (Clark et al., 2004). 
The higher instars seemed disproportionally more sensitive to this effect, which 
can be explained by the lower surface-to-volume ratio of higher instars. Within 
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the investigated temperature ranges, which mimic optimal rearing conditions, a 
marked effect of temperature on development time was observed, which is in 
line with previously reported effects that relate this to an increase in metabolic 
rate. Overall, the results suggest that single effects of the investigated stressors on 
mosquito population parameters are present in each of the mosquito life history 
parameters and follow directly from the physiological processes they act on.

Although the results of the interactive experiments are far more complex, in 
general terms they follow a very similar pattern. An illustration of this is the 
interactive effect of temperature with salinity and eutrophication. As temperature 
increases the metabolic rate, higher temperatures can be expected to lead to 
speeding up the single effects of both stressors. Indeed, the experimental results 
show that survival rate at oligotrophic conditions was lower when larvae were 
exposed to higher temperatures. Likewise, larval survival at higher levels of salinity 
was lower when larvae were exposed to higher temperatures. As these results 
were all collected within a relevant parameter range for the current northern 
European situation, it is difficult to make any inferences outside this range. For 
example to delta regions in tropical areas that struggle with salinization such as the 
region around the Mekong delta (Bauer et al., 2022). Likewise, higher temperature 
ranges may alter the effect of other stressors. Indeed, several experiments have 
reported lethal effects of temperatures above 30 degrees Celsius (Ciota et al., 
2014; Loetti et al., 2011), but it is unknown whether this might change when 
interacting with other stressors. One effect that might be accentuated is the 
masking effect, where eutrophic conditions could mask temperature stress by 
facilitating rapid emergence, similar to what has been observed with its effect on 
pesticide toxicity (Barmentlo et al., 2018). A comparable exacerbation of stressor 
effects by interaction with mean temperature might be present for increasing 
temperature fluctuations, as these seem to further increase metabolic rates 
which are discussed below. Although the experiments took place during different 
periods of the year, no confounding effects of photoperiod on development 
time were expected, as most experiments were conducted before mid-summer 
and diapause generally sets on after August (Robich and Denlinger, 2005). 
Additionally, diapause-associated developmental alterations take place during 
adulthood (Robich and Denlinger, 2005; Zhou and Miesfeld, 2009), whereas these 
experiments were limited to sub-adult development.
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4.2. Impact of fluctuating temperature regimes
The impacts of higher constant temperature on larval development rate are clear 
and widely acknowledged (van der Have and de Jong, 1996). The experiments 
demonstrated similar effects both prior to and during metamorphosis, irrespective 
of nutrient availability, but strengthened by increased salinity. Moreover, 
the results show that fluctuations in temperature have large effects on larval 
development time, well beyond what was expected. Larval development time, 
at natural temperature fluctuations, was on average 7 days shorter than under 
constant temperature regime. Several authors have previously hypothesized that 
temperature fluctuations might have a large effect on insect growth rate (Alcalay 
et al., 2018; Hagstrum and Milliken, 1991; Loetti et al., 2011). The experimental 
results also show that most of these differences arise during pupation (Figure 2.3). 
This is probably caused by temperature sensitivity of a multitude of enzymatic 
reactions around different optimum temperatures impacting enzymatic activity 
and thereby metabolic rate, possibly as an evolutionary adaptation in cold-
blooded organisms, as has been found in insects in general (Behrens et al., 1983; 
Hagstrum and Milliken, 1991).

2.4.3. Impacts of anthropogenic pressures on sex-ratio of mosquitoes
Anthropogenic pressures may have different effects on male and female 
mosquitoes, thus leading to sex-specific life history trajectories (Alcalay et al., 
2018). For instance, although bigger males and females both live longer (Reisen et 
al., 1984), comparably lower natural selection for size might push males towards 
early maturation, leading to smaller sizes and wing length (Alcalay et al., 2018; 
Loetti et al., 2011; Reisen et al., 1984; Virginio et al., 2015). The longer average 
development time of female mosquitoes may also result in prolonged exposure 
to stress, potentially making them more vulnerable (Hamaidia and Soltani, n.d.; 
Schrama et al., 2018; Virginio et al., 2015). These experiments show that significantly 
fewer females survived under the highest density where food-stress was most 
prominent. Female abundance was higher at higher temperatures, irrespective of 
eutrophication level, which might be due to higher development rates allowing for 
earlier emergence and subsequent lower exposure to competition and chemical 
stressors such as secondary metabolites produced by cyanobacteria. Sex ratio 
was not affected by temperature fluctuations or density, the latter of which 
indicates that cannibalism is opportunistic and does not select for certain sexes, 
which is in line with Loetti et al. (2011)’s notion that sexual dimorphism in growth 
rate only exists from the fourth larval development stage onwards. Overall, our 
findings indicate that expected rising temperatures and nutrient pollution will lead 
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to a higher female survival. As females represent the sex transmitting pathogens, 
this may have implications for disease transmission.

2.4.4. Impacts of anthropogenic pressure on egg-laying behavior of mosquitoes
The results show a pronounced impact on ovipositioning behavior for chemical 
cues (eutrophication and salinization), but no impact of temperature. These 
results are in line with the notion that Cx. pipiens is widely known to actively 
seek and evaluate temporal water bodies by sensing gaseous substances (Becker 
et al., 2013), bacteria (Buxton et al., 2020; Dhileepan, 1997; Hasselschwert and 
Rockett, 1988), pheromones (Day, 2016; Ko and Eliel, 1986; Michaelakis et al., 
2005) and visual cues (Bentley, 1989; Ortiz Perea and Callaghan, 2017). Thus, 
increasing levels of eutrophication, and the higher levels of bacterial activity that 
resulted from this, were indeed preferred during egg laying, as females oviposited 
exclusively in the hypertrophic treatment. Likewise, increasing salinity levels 
impacted ovipositioning behavior, though it is unclear whether ovipositioning 
responded directly to high salt levels or whether it occurred through salt-induced 
changes in bacterial composition. No measurable effect of temperature on 
ovipositioning was observed, which is unexpected as higher water temperatures 
in larval habitats have very large impact on larval development rate, suggesting 
that the response is primarily chemically induced rather than physically. Thus, 
changes in water pollution or salt content may have far ranging consequences 
for ovipositioning, reinforcing some of the previously observed effects on 
development rate and survival.

2.4.5. Implications
The planetary boundary framework (Steffen et al., 2015) is commonly 
acknowledged as a concept defining the global drivers of environmental change 
and the safe operating space for humanity within them. Crossing the boundaries 
increases the risk of large-scale and irreversible environmental changes. There is 
widespread consensus that, for the vast majority of species, crossing the planetary 
boundaries leads to long term negative effects at the individual or population 
level (Wu et al., 2021). So far, evidence for the effects on infectious diseases had 
remained fragmented (Butler, 2012). Our results indicate that mosquito species 
may be suffering far less or even benefiting from large scale environmental change. 
Furthermore, the fact that the effect of most of these stressors was exacerbated 
by increasing temperatures illustrates how ongoing crossing of planetary 
boundaries may lead to even more beneficial habitat conditions. As such, these 
results underscore the importance of changes in environmental conditions 
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(Lambin et al., 2010; Schrama et al., 2020) by identifying its consistent pattern 
across a range of important stressors and climatic conditions. Given the global 
extent and intensity of the investigated anthropogenic pressures, these results 
are likely relevant for a wide array of disease vectors and provides a mechanism 
for the association between ecosystem degradation and disease. Overall, these 
results strongly suggest that the planetary boundary concept has important 
consequences for changes to mosquito abundances and likely feeds through to 
changes in disease risk, thus highlighting the need to further include these in models 
and interventions. The crucial question is, however, whether the mosquitoes are 
better adapted to these changes than their predators and (invasive) competitors, 
whose ranges are expanded due to human activities (Costanzo et al., 2005). As 
such, extended work is needed on interactions with(in) biotic pressures, including 
interspecific competition and predation.
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Supplementary information

Figure S2.1 Treatments of increasing temperature fluctuation. Overview of the four levels of 
temperature fluctuation used during the experiment. All four treatments result in the same 
amount of degree days. The maximum, minimum and mean temperatures as well as the 
daylength were derived by averaging aquatic surface temperatures from May and July 2020.
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Table S2.1 Non-exhaustive overview of relevant literature for each of the established rela-
tionships between pressure and states. 

Pressure State References1

Temperature Development 
speed

(Loetti et al. 2011; Mottram et al. 1994; Petrić et al. 2014; 
Reisen et al. 1984; Spanoudis et al. 2019)

Survival rate (Loetti et al. 2011; Mottram et al. 1994; Reisen et al. 
1984; Spanoudis et al. 2019)

Sex ratio (m/f) (Loetti et al. 2011; Reisen et al. 1984; Spanoudis et al. 
2019)

Salinization Survival rate (Balasubramanian et al. 2019; Bradley and Phillips 1976; 
Clark, Flis, and Remold 2004; Donini et al. 2007; Mottram 
et al. 1994; Silberbush et al. 2014)

Ovipositioning (De Brito Arduino et al. 2015; Hudson 1956; Navarro et 
al. 2003; Ramasamy and Surendran 2012, 2016; Roberts 
and Irving-Bell 1997)

Eutrophication Development 
speed

(Buxton et al. 2020; Krol et al. 2019; Merritt et al. 1992; 
Reisen et al. 1984; Rejmánková et al. 2013; Schrama et al. 
2018)

Survival rate (Krol et al. 2019; Merritt et al. 1992; Reisen et al. 1984; 
Rejmánková et al. 2013; Schrama et al. 2018)

Sex ratio (m/f) (Reisen et al. 1984)

Ovipositioning (Bentley 1989; Bond et al. 2005; Buxton et al. 2020; Day 
2016; Dhileepan 1997; Ikeshoji and Mulla 1970; Navarro 
et al. 2003; Rockett 1987)

1 Studies on direct (experimental) links between pressures and states were collected by 
use of the query ‘“Culex pipiens” AND populations AND (immature OR larva*) AND 
(survival OR development OR “sex ratio” OR “ovipositioning behavior”) AND (eutrophi-
cation OR salinization OR temperature OR “temperature fluctuation”) AND interacti** 
-insecticide’. When no literature was found for this species, additional searches were 
performed for other species within its genus or else for the genera Aedes or Anopheles.

Biting the hand that feeds

 2



48

Table S2.2, Model coefficients. Estimated regression coefficients, standard errors and other 
values for the various statistical analyses of the results of experimental tests on C. pipiens. 

Stressor Population 
Parameter

Formula Variable Estimate Std. Error  t value Pr(>|t|)

Temperature Survival rate survival_rate ~ 
Treatment

(Intercept) 118.4 9.486569 12.4808025 1.16E-09

Treatment-
Block

6.6 13.416035 0.4919486 6.29E-01

Treatment-
Curve

25.2 13.416035 1.8783493 7.87E-02

Treatment-
Curve2

10.2 13.416035 0.7602842 4.58E-01

Sex ratio sex_ratio ~ 
Treatment

(Intercept) 0.97788 0.1040257 9.40E+00 1.12E-07

Treatment-
Block

0.16664 0.1471145 1.13E+00 2.75E-01

Treatment-
Curve

0.17644 0.1471145 1.20E+00 2.49E-01

Treatment-
Curve2

0.090245 1.56E-01 0.5783508 5.72E-01

Time to 
pupation

TTP ~ Treat-
ment

(Intercept) 13.6 5.92E-01 22.988 1.11E-13

Treatment-
Block

-0.6 8.37E-01 -0.717 4.84E-01

Treatment-
Curve

-1.8 8.37E-01 -2.151 4.71E-02

Treatment-
Curve2

-2.6 0.8367 -3.11E+00 0.00677

Time to 
emergence

TTE ~Treatment (Intercept) 21.66667 0.6374553 33.989314 7.43E-15

Treatment-
Block

-7.26667 0.8063242 -9.01209 3.33E-07

Treatment-
Curve

-5.06667 0.8063242 -6.283659 2.01E-05

Treatment-
Curve2

-6.66667 0.8063242 -8.267973 9.31E-07

Eutro:Temp Time to 
pupation

TTP ~ O2 + 
Eutrophication + 
Temperature

(Intercept) 4.148 1.53879 2.696 1.03E-02

O2 0.02741 0.02276 1.204 0.2357

Eutrophica-
tion1

-0.09498 0.72558 -0.131 0.8965

Eutrophica-
tion2

-0.77008 0.55532 -1.387 0.1734
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Eutrophica-
tion3

0.12179 0.37016 0.329 0.7439

Tempera-
ture1

2.34313 0.29348 7.984 9.95E-10

Tempera-
ture2

-1.25789 0.28737 -4.377 8.73E-05

Time to 
emergence

TTE ~ Tempera-
ture

(Intercept) 8.1661 0.1195 68.35 2.00E-16

Tempera-
ture1

4.2339 0.1688 25.08 2.00E-16

Tempera-
ture2

-1.8804 0.1718 -10.94 7.09E-14

Oviposi-
tioning

Rafts ~ Eutrophi-
cation

(Intercept) 1.3333 0.3477 3.835 0.0004

Eutrophica-
tion1

-1.3333 0.6022 -2.214 0.03206

Eutrophica-
tion2

-1.1667 0.6022 -1.937 0.05916

Eutrophica-
tion3

-1.3333 0.6022 -2.214 0.03206

Salinity Survival rate survival_rate 
~Treatment 
* Tempera-
ture * Day + 
Error(Cosm/
(Treatment*-
Day))

Con-
trol:Brack-
ish

0.2407 0.138 1.747 0.2172

Con-
trol:Saline

-0.0224 0.143 -0.157 0.9866

Brack-
ish:Saline

-0.263 0.146 -1.804 0.198

Time to 
pupation

TTP ~ Treat-
ment * Day * 
Temperature 
+ Error(Cosm/
(Treatment*-
Day))

Con-
trol:Brack-
ish

8.12 16.2 0.503 0.8711

Con-
trol:Saline

6.48 18.5 0.35 0.9349

Brack-
ish:Saline

-1.65 18.7 -0.088 0.9958
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Stressor Population 
Parameter

Formula Variable Sum Sq Mean Sq F value Pr(>F)

Salinity Oviposi-
tioning

Rafts ~Location 
* Day + Treat-
ment * Day + 
Error(Cosm/
(Treatment * 
Day))

Day 4211 1052.8 46.883 2.00E-16

Location:-
Day

842 52.6 2.344 0.00861

Day:Treat-
ment

3047 190.4 8.48 2.07E-10

Residuals 1415 22.5

Eutro:Temp Survival 
rate

survival_rate ~ 
Eutrophication + 
Temperature

Eutrophica-
tion

0.3115 0.10382 1.902 0.145

Tempera-
ture

0.1329 0.06646 1.218 0.307

Residuals 2.1286 0.05458

Sex ratio Sex_ratio ~ 

Eutrophication + 

Temperature

Eutrophica-

tion

43.9 14.636 0.896 0.452

Tempera-

ture

7.4 3.692 0.226 0.799

Residuals 653.6 16.34
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Eutro:Density Survival 
rate

Survival_rate ~ 
Eutrophication * 
Density

Density 152.7 76.3 4.246 0.0259

Eutrophica-
tion

698.7 349.3 19.429 8.11E-06

Density:Eu-
trophication

165.2 41.3 2.297 0.0872

Residuals 449.5 18

Time to 
pupation

TTP ~ Eutrophi-
cation * Density

Density 116.2 58.09 5.924 0.00784

Eutrophica-
tion

437.1 218.55 22.286 2.78E-06

Density:Eu-
trophication

118.2 29.54 3.012 0.03708

Residuals 245.2 9.81

Sex ratio Sex_ratio ~ 
Eutrophication + 
Density

Density 0.31 0.1551 0.204 0.817

Eutrophica-
tion

2.875 1.4375 1.888 0.172

Density:Eu-
trophication

1.379 0.3447 0.453 0.77

Residuals 19.038 0.7615

Time to 
emergence

TTE ~ Eutrophi-
cation * Density

Density 152.7 76.3 4.246 0.0259

Eutrophica-
tion

698.7 349.3 19.429 8.11E-06

Density:Eu-
trophication

165.2 41.3 2.297 0.0872

Residuals 449.5 18
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Abstract

Temperature is commonly acknowledged as one of the primary forces driving 
ectotherm vector populations, most notably by influencing metabolic rates and 
survival. Although numerous experiments have shown this for a wide variety of 
organisms, the vast majority has been conducted at constant temperatures and 
changes therein, while temperature is far from constant in nature, and includes 
seasonal and diurnal cycles. As fluctuating temperatures have been described to 
affect metabolic processes at (sub)cellular level, this calls for studies evaluating 
the relative importance of temperature fluctuations and the changes therein. To 
gain insight in the effects of temperature fluctuations on ectotherm development, 
survival, and sex-ratio, we developed an inexpensive, easily reproducible, and 
open-source, Arduino-based temperature control system, which emulates natural 
sinusoidal fluctuations around the average temperature. We used this novel setup 
to compare the effects of constant (mean) temperatures, most commonly used 
in experiments, block schemes and natural sinusoidal fluctuations as well as 
an extreme variant with twice its amplitude using the cosmopolitan mosquito 
species Culex pipiens s.l. as a study organism. Our system accurately replicated 
the preprogrammed temperature treatments under outdoor conditions, even 
more accurately than traditional methods. While no effects were detected on 
survival and sex-ratio within the ranges of variation evaluated, development was 
sped up considerably by including temperature fluctuations, especially during 
pupation, where development under constant temperatures took almost a week 
(30%) longer than under natural fluctuations. Doubling the amplitude further 
decreased development time by 1.5 days. These results highlight the importance 
of including (natural) oscillations in experiments on ectotherm organisms – both 
aquatic and terrestrial – that use temperature as a variable. Ultimately, these 
results have major repercussions for downstream effects at larger scales that may 
be studied with applications such as ecological niche models, disease risk models 
and assessing ecosystem services that rely on ectotherm organisms.

Keywords: Arduino, Culex pipiens, heat wave, larval development, mesocosm, 
microcontroller, mosquito, temperature fluctuations. 
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3.1 Introduction

Temperature is commonly acknowledged as one of the primary forces driving 
ectotherm populations (Mellanby and Gardiner 1997; Newell 1966). Temperature 
influences metabolic rates at cellular and subsequently organismic level (Kuznetsov 
et al. 2016) as a result of differences in optimal temperatures for different 
enzymatic reactions (Rao and Bullock 1954). In extreme cases, survival might be 
affected, as a result of denaturation and impaired membrane function (Bowler 
2018). Experiments using temperature are of major importance to predict the 
effects of large-scale disturbances like climate change on these organisms. 
Global warming affects not only daily mean temperature, but also the daily interval 
in temperature (Colinet et al. 2015; Easterling et al. 1997; Paaijmans et al. 2013). 
Additionally, effects on a local scale exist, wherein effects like urban heat islands 
affect diurnal and seasonal temperature fluctuations. Various studies suggest that 
indeed the diurnal amplitude also might affect the development of ectotherm 
organisms (Kern, Cramp, and Franklin 2015; Kingsolver, Higgins, and Augustine 
2015; Kuznetsov et al. 2016; Ludwig and Cable 1933; Waqas et al. 2020), possibly 
via temperature dependent processes such as growth and cell differentiation  (van 
der Have and de Jong 1996; Ratte 1984). Similar, and possibly sex-specific effects 
(Agnew, Haussy, and Michalakis 2000; Alcalay et al. 2018), have been detected 
for mosquito vectors (Colinet et al. 2015; De Majo et al. 2019; Headlee 1941; 
Huffaker 1944; Ratte 1984), which undergo their subadult development in shallow 
(often temporary) water bodies where drastic temperature changes are common. 
To understand how to manage such anthropogenic impacts, it is thus crucial to 
understand the exact effects of temperature fluctuations on arthropod vector 
development. However, a small-scale and inexpensive experimental system to do 
so was until recently unavailable (Hagstrum and Hagstrum 1970; Hermann et al. 
2022).

Most ecological experimental studies including temperature as a variable 
(i.e., micro- and mesocosms) have hitherto been dependent on decentralized 
temperature regimes in climate cabinets (Greenspan et al. 2016; Hagstrum 
and Hagstrum 1970) or with heating elements set to a constant temperature 
(Bayoh and Lindsay 2004; Brust and Kalpage 1967; Impoinvil et al. 2007; Shapiro, 
Whitehead, and Thomas 2017; Shelton 1973). The latter system occasionally has 
been adapted to a block scheme, where temperatures fluctuate between two 
levels that are fixed over a set amount of time (Alcalay et al. 2018; Spanoudis et 
al. 2019) or by physically moving the study organism between climate chambers 
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(Niederegger, Pastuschek, and Mall 2010). However, the widespread availability of 
micro-controllers (Bolanakis 2019) allow for a well replicated assessment of the 
relative importance of thermal variation. 

To better understand the precise effects of temperature on ectotherm 
development, we developed an inexpensive, easily reproducible, and open-source 
Arduino-based temperature control system. This setup allows for emulation 
of natural sinusoidal fluctuations above ambient temperatures whilst keeping 
the number of degree-days over all treatments the same. Here, as a case 
study to validate the metabolic effects, we compared the effects of commonly 
used constant (mean) temperature and block schemes with natural sinusoidal 
fluctuations, as well as an extreme regime with twice its amplitude. We used the 
mosquito species Culex pipiens (hereafter Cx. pipiens), a cosmopolitan vector 
for a range of viral pathogens including West Nile virus, Sindbis virus and Usutu, 
as a model species. As the subadult stages of this species are aquatic, this allows 
for easy implementation of temperature regimes via immersible heating elements.

3.2 Materials and methods

To study the effects of natural temperature oscillations on metabolic rates in 
aquatic systems, we used the following procedure.

3.2.1 Temperature control system
Our novel temperature control system (holistic intermittent heatwave instrument; 
hereafter HIHI) for investigating the effects of temperature fluctuations is 
comprised of a closed container to hold the electronics, a power supply, the 
internal electronics, and relay-controlled power strips. The setup allows for up to 
eight groups of heaters to be connected per HIHI, for a total of 10 Ampère per 
group. Using 200W heaters, this translates to 80 mesocosms in total.

3.2.1.1 Container
As the HIHI may be used outdoors, care was taken to protect the electronic 
components and their connections from rain/humidity whilst preventing build-
up of heat. Two polycarbonate storage boxes were used were used to house 
the electronic components, one for the microcontroller and relay board, and 
one for the power strips and their connection to the heaters. Holes were cut 
into the bottom of both boxes for ventilation, and into the overhang of the lid 
to allow wires to pass through. The cables were glued in place with hot glue to 
prevent moisture from entering. To allow for sufficient air supply, holes were 
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cut on the bottom of the containers and were placed on a layer of stones to 
allow for aeration. Placement of the containers was limited by the length of the 
power cables and cables of the temperature sensors. In our case we placed the 
containers in the middle of the experimental setup.

3.2.1.2 Power supply
HIHI is operated by one 5v micro-USB power supply, which may be connected 
to a laptop to allow for logging the temperatures from the serial logger included 
in the Arduino IDE or may be connected to a 1A phone charger. The relay board 
operates on grid power (240V).

3.2.1.3 Control box
The control box internal electronics are shown in Table 3.1 and Figure 3.1. The 
costs for the electronics are estimated at 49 euro. The programmed temperature 
is compared to the current surface water temperature, measured by DS18B20 
(i-button) sensors (Maxim integrated, San Jose). Based on this information, each 
treatment is heated or left to (passively) cool via activation or deactivation of the 
heaters connected via an optocoupled relay with a specified interval.

Table 3.1 Components for the temperature controller

Component Quantity Price (€) Specifications Use

Arduino uno 1 24,95 Controls temperature

Temperature 
sensor

4 4x2,95 DS18B20; minimum of 2 per 
treatment

Measures temperature

Optocoupler 
relay module

1 10,00 2ph109375a or equivalent; 
240V/10A per relay; 2 channel 
or more

Turns heaters on or off

Resistors 4 4x0,03 470Ω Limits current to sensors

perfboard 1 0,70 Size approximately 4x6 cm To assemble circuit onto

Insulated 
conductor 
cable

1 0,60 1m Connects components

Female header 
pin

1 0,18 1x6 pins Connector to relay 
module

Total price 48,35

3.2.1.4 Relay-controlled power strips
The power strips are driven by opening the live wire and connecting these to the 
COM and NO connections of their respective relay-group. Heaters were plugged 
into the power strips. Care was taken to adequately distribute the heaters over 
multiple relays as not to overload the relay and/or power strip (commonly rated 
for 10A and 16A, respectively).
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3.2.1.5 Operational process
The operational procedure that the temperature controller undergoes is specified 
in Figure 3.1a. The microcontroller can be pre-programmed with user-specified 
temperature schemes for each time interval (e.g., 1, 2 or 5 minutes). The operational 
code needed to operate the temperature controller may be downloaded from 
GitHub and uploaded using the open-source Arduino integrated development 
environment (Wheat 2011; see data accessibility section). Temperature schemes 
can be altered to any temperature scheme, for instance real-world thermal 
regimes captured from environmental data loggers, by changing the temperature 
arrays. Diurnal temperature fluctuations can be programmed with the “curve 
calculation” Excel file provided in the dryad repository, by changing the interval, 
daylength, mean temperature and amplitude and subsequently copying the 
produced array to the code.

3.2.2 Validation tests
Two exploratory studies were performed as generic validation to 1) determine 
the interval with which the temperature controller should operate and 2) to 
determine and correct for any bias present in the programmed temperatures. 
These tests were performed in white polypropylene carbonate 12L buckets (31,6 
x 32,5 x 25,5 cm), which were also used for the proof of principle experiment.

3.2.2.1 Interval calculation
The interval for the temperature controller was determined by recording the 
time needed to either warm or passively cool the 12L bucket by 0.1°C. This was 
done by taking the average time over 2°C heating/cooling. Using 200W HS-aqua 
heaters, a 2-minute interval proved sufficient, as this allowed the container to 
either cool by 0.1°C or to heat up by 0.08°C during the allotted time. From this, 
a heat transfer coefficient could be derived to predict intervals that may be used 
for similar setups (surface, volume and humidity) under a range of temperatures 
as compared to ambient air temperature (Table 3.2).
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Table 3.2 Predicted intervals to cool 0.1°C derived from Newtons law of cooling, a heat transfer 
coefficient of 623587 W/(m2K), a diameter of 32 cm, relative humidity of 68% and variable temperature 
interval as compared to ambient air temperature.

Temperature 
difference (°C)

Interval 
(minutes)

20 0.69

18 0.77

16 0.87

14 1.00

12 1.16

10 1.40

8 1.75

6 2.34

4 3.52

2 7.13

3.2.2.2 Bias correction
Adherence to the programmed temperatures specified in section 2.3 was 
validated by use of a one-day pilot. The setup was allowed to run normally, and 
the number of degree-days, equal to the sum of the mean temperature per 15 
minutes for a 24-hour period, was estimated for each treatment by calculating 
the approximation of the surface between each (2-minute interval) timepoint as 
a trapezoid. Using this data, a bias of +0.1C was found, after which the formulas 
were corrected, and the pilot was run again to validate that the bias had been 
reduced (supplementary Table S3.1).

3.2.3 Temperature treatments 
Recent insect development models propose that ectotherm metabolism and 
development do not respond additively to temperature fluctuations (Wu, Shiao, 
and Okuyama 2015), and are dependent on a variety of temperatures (Kuznetsov 
et al. 2016; Ludwig and Cable 1933; Newell 1966; Waqas et al. 2020; Wu et 
al. 2015) for optimal cell growth and differentiation (van der Have and de Jong 
1996; Ratte 1984). This could result in variation across populations as a result 
of (local) adaptations (Sternberg and Thomas 2014). As to our knowledge an 
optimum diurnal temperature fluctuation has hitherto not been established for 
our model species, we chose to simulate as much realism as possible, and thus 
used temperatures associated with the peak of the mosquito season for our 
latitude. Because of this we simulate an average day at the peak of the Dutch 
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mosquito season. To ensure the number of degree days to be consistent across 
the four treatments of increasing fluctuation, we used the following procedure. 
Based on aquatic surface temperatures measured in May and July 2020, we 
determined mean, minimum, maximum temperature, and the temporal interval 
between these (Supplementary Figure S3.1). These temperature metrics were 
used to create four treatments with equal mean (Figure 3.2) using the methods 
described in the operational code (see data availability section).

Figure 3.2 Visual representation of the programmed temperature regimes of increasing levels of 
temperature fluctuation. The area under the graph – indicative for the amount of energy in the aquatic 
system – is the same for all treatments. The temperatures mimic an average day in June (2020) in the 
Netherlands.

3.2.4 Proof of principle experiment
In order to validate the reliability of the proposed system, and the effect of 
temperature fluctuations on the development and (sex-specific) survival of an 
ectotherm organism, a proof-of-principle experiment was conducted at the 
living lab field station of Leiden University, the Netherlands (Boerlijst et al. 2023). 
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The current experiment used the mosquito Cx. pipiens as a model organism. 
The experiment took place between the end of March and beginning of May of 
2021 and took 34 days. As the outside temperatures are relatively low in that 
period, this allowed us to mimic the natural temperature conditions of an average 
day in June 2020, because the ambient temperatures sufficiently low to cool 
down the buckets to the desired temperatures. June is commonly regarded as 
the optimal month for mosquito development in NW Europe as the amount of 
sunlight energy, a direct determinant of the water temperature, is at its maximum 
(Becker et al., 2010). The experiment, containing four temperature treatments 
(Figure 3.2), had 5 replicates each consisting of white polypropylene carbonate 
12L buckets (31,6 x 32,5 x 25,5 cm; Figure 3.3; Supplementary Figure S3.1). The 
containers are representative of the artificial containers that Cx. pipiens is known 
to colonize (Koenraadt and Harrington 2008). Within these small, temporary 
water bodies, fluctuation of temperature is highest and there is little competition 
and predation (Kumar and Hwang 2006).

Figure 3.3 Overview of the experimental setup. Panel a shows the mesocosms covered by emergence 
traps and the HIHI and power strips in the middle. Panel b shows the HIHI, with the Arduino and circuit 
board to the left, and the relay board to the right.

Each bucket was filled with 10 liters of dechlorinated tap water and a standardized 
community of algae and bacteria, collected with a plankton net (250 µm with a 
53 µm collector) from a neighboring lake (Dellar, Boerlijst, and Holmes 2022). 
The filtered algae and bacteria obtained were divided equally over all containers 
so that one liter of water in the set-up contained as much microbes as a liter of 
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ditch water. An eutrophic environment (20 mg/L N-total; Loeb and Verdonschot 
2008) was created, using cow manure pellets (2,4% N; 1,5% P2O5; 3,1% K2O) 
to minimize intraspecific competition (Boerlijst et al. 2023). The buckets were 
thereafter covered with a 0.1mm mesh to prevent natural colonization and left 
to acclimatize for one week. 200 first instar larvae were then added to each 
container and the four treatments were semi-randomly assigned within a 
Latin square design (Appendix 3). During the experiment, an emergence trap 
(Cadmus, Pomeranz, and Kraus 2016) was used to prevent colonization, protect 
the mosquitoes from predators and to prevent the emerged mosquitoes from 
flying out. Evaporated water was replenished daily using dechlorinated tap water 
stored at ambient temperature.

Life-stage specific development and sex-specific emergence rates were included 
as dependent variables. Additionally, dissolved oxygen concentration, turbidity 
and chlorophyll α concentration were measured as indicators for resource 
competition due to their relation with bacterial and algal metabolism (Ansa-
Asare, Marr, and Cresser 2000; Coolidge 2017).

3.2.4.1 Study organism
Culex pipiens var. pipiens egg rafts were obtained from the rearing facility of 
Wageningen university, the Netherlands. The larvae were subsequently allowed 
to hatch in a white plastic bucket containing 10 liters of lake water where they 
were kept at ambient temperature until the start of the experiment.

3.2.4.2 Measurements
The temperature in each mesocosm was recorded every 15 minutes for the 
duration of the experiment by a temperature logger (iButton DS1921G#F5D) 
placed 5cm under the water surface to i) measure the temperature near the water 
surface where mosquito larvae spend most of their time (Becker et al. 2010) and 
ii) prevent the loggers from emerging due to evaporation. Larval development 
was measured 5 days a week and time to pupation, time to emergence, survival 
rate and sex-ratio were determined congruent with the methods of Boerlijst et al, 
2022. Dissolved oxygen concentration (DOC), chlorophyll α and turbidity levels 
were measured weekly with a Hach HD40 and Aquafluor 8000-010, respectively, 
using manufacturers protocols.
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3.2.5 Statistical analysis
All data were analyzed in R version 4.04 (R Core Team 2018). To compare the 
amount of energy per day between the different treatments, we calculated the 
degree days in unit of hour per day per mesocosm as approximated integral of 
the iButton measurements with trapezoidal integration from the pracma package 
(Borchers 2022). Adherence of the treatments to their respective programmed 
temperatures was analyzed using an ANOVA on a linear mixed effect models 
with the formula: Temperature ~ time + predicted temperature + (1|Cosm) + 
(1|Day) for the block, curve and curve 2 treatments. As all predicted values for 
the constant treatment are equal to its mean, we analyzed this treatment using 
a Wilcoxon rank sum test. The block treatment was analyzed using the (10) 
days prior to the short circuit of this treatment (Figure 3.4a). Effects on the life-
history of the within day variation within the full experiment (Supplementary Figs. 
S3,4) are described in the discussion. Daily mean temperature for each of the 
respective treatments was assessed using a two-way ANOVA using the formula 
Degree days ~ Day + Treatment + Day:Treatment. Data from day eight was 
excluded as a blown fuse within the field facility had disrupted the block and 
constant treatments. 

Differences in time to pupation, time to emergence, survival and sex-ratio 
were assessed with general linear models comparing the number of emerged 
mosquitos, average development stage, the number of emerged mosquitoes per 
sex respectively whilst using DOC, chlorophyll α and turbidity as main factors. 
Covariates and their interactions were stepwise removed from the full models 
during model optimization if not significant and if the Akaike information criterion 
indicated a worse fit of the data. All full models are presented in supplementary 
Table S3.2. 

3.3 Results

To assess the effect of temperature fluctuations on culicid metabolic rate, data was 
collected on 1) temperature, to allow for comparison with target temperatures 
and thus HIHI accuracy and 2) life-history traits to detect developmental 
differences across different levels of thermal fluctuation.
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3.3.1 Temperature series
To compare the reliability of our proposed system, we compared predicted and 
actual temperature measurements per 15 minutes for each treatment (Figure 
3.4a). A 0.5°C difference was detected in temperature between the predicted 
and actual measurements (W = 5963, p < 0.001). No significant differences were 
detected for the block (F1,1 = 0.01, p = 0.94), constant (F1,1 = 0.003, p = 0.97), 
curve (F1,1 = 0.43, p = 0.63) and curve 2 (F1,1 = 1.63, p = 0.42) treatments.

The daily mean temperatures derived from the iButtons were subsequently 
compared per day across treatments with increasing temperature fluctuation to 
detect differences in energy input (Figure 3.4b). Differences were detected over 
time (F20 = 8.972; p < 2e-16; power = 1) across treatments (F3 = 144.66; p < 
2e-16; power = 1), also interactively (F60 = 4.759; p < 2e-16; power = 1). Post 
hoc pairwise t-tests indicated differences between Constant and the treatments 
curve and curve 2 at day 3 and 7 (p < 0.05). Further differences were detected 
between Block and the treatments Constant from day 11 onwards (p < 0.05), 
Curve at day 9-18, 20 and 22 (p < 0.05) and curve 2 at day 9 (p < 0.05). 

3.3.2 Life-history effects
Absolute survival rate and sex-ratio were not impacted by different levels of 
temperature fluctuation within the ranges tested (p>0.1). No differences in DOC, 
chlorophyll and turbidity were found between the treatments.

Increasing levels of temperature fluctuation decreased development time up to 
pupation (Figure 3.5). Differences were detected between the constant and curve 
treatments (χ2= 2.017, p = 0.022) and the constant and curve 2 treatments (χ2 
= 2.711, Df = 3, p = 0.003). Increasing levels of temperature fluctuations also 
lowered time to emergence (F(3, 14) = 230.7, p < 0.001, partial ω2 = 0.833, power 
= 1). Post hoc analysis indicated differences between the constant treatment and 
all other treatments (P<0.001, Bonferroni correction) and between the block and 
curve treatments (p<0.05, Bonferroni correction). Differences in development 
time exacerbated during pupation (Figure 3.5, Supplementary Figures. S3.5-6, 
Table 3.3).
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Table 3.3 Differences in median time to pupation (∆TTP) and median time to emergence (∆TTE) for 
each contrasting treatment. Increase/decrease indicates whether differences enlarged or reduced during 
pupation.

Treatment ∆TTP 
(days)

∆TTE 
(days)

∆TTE-∆TTP 
(days) 

∆TTE / 
∆TTP (%) 

Increase / 
decrease

Block – Constant -2.4 -7.3 -4.8 291 Increase

Block – Curve -0.5 -2.2 -1.7 440 Increase

Block – Curve 2 0.2 -0.6 -0.8 -300 Decrease 

Constant – Curve 2.0 5.1 3.1 253 Increase

Constant – Curve 2 2.6 6.7 4.0 247 Increase

Curve – Curve 2 0.7 1.6 0.9 229 Increase
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3.4 Discussion

Here we developed a system to assess the effect of thermal fluctuations 
on ectotherm metabolic rate. Our HIHI system accurately replicated 
the preprogrammed temperature treatments under outdoor conditions. 
Comparatively, it performs even more accurately than the traditional Constant 
and Block regimes, which tend to overshoot and overcompensate due to the 
thermostat its accuracy of approximately one degree Celsius (Figure 3.4a) as 
compared to the 0.5 degrees Celsius accuracy of the temperature sensor in the 
proposed setup. The new system was successfully applied to assess the impact of 
temperature fluctuations on the development of Culex mosquito larvae.

Fluctuations in temperature in our proof-of-principle study had large effects 
on larval development time, in line with recent models of insect development 
(Colinet et al. 2015; Kuznetsov et al. 2016; Vajedsamiei et al. 2021; Waqas et al. 
2020; Wu et al. 2015), but we did not detect any effect on survival or sex-ratio. 
Median time to pupation decreased with increasing levels of fluctuation from 16 
to 13 days. This effect became even larger during pupation itself with median 
time to emergence ranging from 22 to 14 days. This is in line with the notion of 
Kingsolver et al. (2015), that the effect of temperature fluctuations varies across 
developmental stages. Natural (curve) temperature fluctuations resulted in an 
average decrease of 7 days (or a third of the development time), as compared 
to constant temperatures. For both time to pupation and time to emergence, 
most of the differences in development appear when comparing the constant to 
natural levels of fluctuation. When comparing Constant to Curve2, thus doubling 
the amplitude, development decreased by another 1.5 days. Development under 
the block treatment resembled the natural fluctuation remarkably well, which 
might partially be explained by the deviation from the preprogrammed mean 
temperature and occasionally higher amplitude as a result of the short circuit 
for this treatment after the first 10 days (Supplementary Figs. 3,4). However, the 
effects of the treatment surpass the change in development rate that might be 
explained by just a 2°C increase alone (Loetti, Schweigmann, and Burroni 2011), 
which suggests that there are additional biological processes at play, with life-
stage specific effects. 

The remarkable difference during the pupation phase sheds light on the required 
additional biological explanation. Pupae solely metamorphize, as their pupal 
enclosure only allows for respiration, not feeding (Becker et al. 2010). This indicates 
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that interaction with their environment is limited during this stage. As such, the 
difference in development time with different temperature fluctuations during 
this life stage is largely internally regulated. Although temperature fluctuations 
have been described to affect metamorphosis disproportionally (Banahene et al. 
2018; Niederegger et al. 2010), we hypothesize that larval stages might be more 
severely affected than currently visible. During the stages prior to metamorphosis, 
by other interactions with the environment (competition, food availability, etc.), 
because of which could mask the effect of thermal fluctuations is less noticeable. 
Below we elaborate on the possible biological processes underlying the effects of 
temperature fluctuations on metabolic rate.

Plastic responses to thermal stress, as a part of environmentally induced phenotypic 
change (plasticity), have been previously described in other ectotherm organisms 
to be correlated to gene activation, sometimes leading to life-stage-specific 
tolerances (Belén Arias, Josefina Poupin, and Lardies 2011). Although some 
gene-specific responses and adaptations are documented (Clark and Worland 
2008), there is a very poor understanding of system-wide responses (Gracey et 
al. 2004). It might be assumed that combined with enzymatic activity (Rao and 
Bullock 1954), adaptations like gene-activation and its effect on metabolic rate 
might make development under (natural) variable temperatures more favorable. 
The exact modus operandi behind this pattern, and the relative importance of 
temperature and genetic dependence on temperature fluctuations, however, 
remains unknown and requires further study.

Overall, our results strongly suggest that including thermal oscillations in 
experiments likely results in substantial differences in estimations of key life history 
parameters (e.g. development time), in our case for mosquitoes. Based on a large 
body of historical (pre-1970’s) as well as more recent literature, there are good 
reasons to believe that our results are highly similar to those of a large range of 
ectotherm organisms (De Majo et al. 2019; Hall and Warner 2020; Kuznetsov et 
al. 2016; Newell 1966; Spanoudis et al. 2019; Waqas et al. 2020; Wu et al. 2015). 
We speculate that the reason for this is that developmental mechanisms are highly 
conserved. As such, temperature fluctuations, and systematic impacts thereon – 
like climate change and urban heat islands – should be considered in experimental 
work determining the effects of temperature and its interactions. Given that 
development time of multiple other ectotherm organisms has been shown to be 
affected by fluctuating temperatures, these findings may have implications ranging 
far beyond those for mosquitoes.
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Our novel temperature control system (HIHI) allows for a crucial step, when 
aiming to include ecological realism in experimental setups. Our system provides 
an economic means to simulate natural fluctuations under field-like conditions 
above ambient temperature and provides a major improvement as compared 
to currently used systems. A remaining question is whether further steps need 
be taken when emulating climatic conditions. Fluctuations at different mean 
temperatures have been described to affect ectotherm organisms non-linearly 
(De Majo et al. 2019; Kingsolver et al. 2015; Wu et al. 2015), with species specific 
optimal means (Niederegger et al. 2010). As such there is a need to implement 
thermal fluctuations in experiments on for instance the effects of heat spikes and 
more complex fluctuations (Greenspan et al. 2016) on (potentially sex-specific) 
mortality and assessing severeness of metabolic effects in other organisms. These 
alterations could be implemented by simply adapting the temperatures within the 
code. When doing this, we urge future users to verify the interval using a similar 
pilot as in section 2.2.1 as passive cooling is dependent on a multitude of variables 
including, but not limited to, ambient temperature, humidity and volume/surface 
ratio. The current setup does not allow for active cooling as such equipment is 
costly and likely introduces significant additional disturbance. Therefore, without 
adaptations, the current setup is limited to temperature regimes above ambient 
temperatures, or experiments using phenological forcing. Regions with distinct 
seasonal temperature variations may thus be better suited for the proposed 
equipment in its current form. As such, alterations would be necessary if cooling 
below ambient temperature is desired. For instance, by circulating of cooling 
water via heat exchangers or using a jacketed mesocosm (Potter 2023; Silverberg, 
Gagnon, and Lee 1995). Alternatively, ambient heating could be minimized by using 
shading cloth (Schrama et al. 2018; Sukiato et al. 2019). Adaptation to terrestrial 
setups might be preferable, which can be done similar to the works of Cheng et 
al. (2011) and  Greenspan et al. (2016) i.e. by introducing a humidity sensor and 
ultrasonic transducer. Similarly, more complex systems should be considered to 
assess, incorporating interactive effects related to water flow of e.g., presence of 
organic matter, salinity, vegetation, etc. As such our tool provides a reliable and 
cost-effective means for a broad range of applications. 
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Supplementary information

Section 1 Supplementary figures and tables

Figure S3.1 Average surface water temperature of a day in June 2020 at the experimental 
site (green). From this data a sinusoidal curve was constructed using the day-length, mean, 
minimum, maximum temperature, and interval (purple).

Figure S3.2 Overview of the experimental design. The circles show the containers with 
treatments with increasing temperature fluctuation. There was one-meter distance between 
all containers. The temperature sensors indicate DS18B20 sensors used in real time by the 
HIHI (for Curve and Curve2) or thermostat (for Constant and Block) to activate/deactivate the 
heaters per treatment.
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Table S3.1 Proportion of degree days in each of the treatments during the calibration pilot
Prior to calibration After calibration

Treatment Degree-days Proportion respec-

tive to constant (%)

Degree-days Proportion 

respective to 

constant (%)

Constant 741.77 100.0 894.05 100.0

Curve 1 753.58 101.6 896.03 100.2

Curve 2 766.45 103.3 885.20 99.0

Table S3.2 Estimated regression coefficients and standard errors for each of the tests
Population 
Parameter Formula Treatment Estimate Std. Error t value Pr(>|t|)

Survival rate survival_rate ~ 
Treatment (Intercept) 118.4 9.486569 12.4808025 1.16E-09

Block 6.6 13.416035 0.4919486 6.29E-01

Curve 25.2 13.416035 1.8783493 7.87E-02

Curve2 10.2 13.416035 0.7602842 4.58E-01

Sex ratio sex ratio ~ 
Treatment (Intercept) 0.97788 0.1040257 9.40E+00 1.12E-07

Block 0.16664 0.1471145 1.13E+00 2.75E-01

Curve 0.17644 0.1471145 1.20E+00 2.49E-01

Curve2 0.090245 1.56E-01 0.5783508 5.72E-01

Time to pupa-
tion

TTP ~ Treat-
ment (Intercept) 13.6 5.92E-01 22.988 1.11E-13

Block -0.6 8.37E-01 -0.717 4.84E-01

Curve -1.8 8.37E-01 -2.151 4.71E-02

Curve2 -2.6 0.8367 -3.11E+00 0.00677

Time to emer-
gence

TTE ~Treat-
ment (Intercept) 21.666667 0.6374553 33.989314 7.43E-15

Block -7.266667 0.8063242 -9.01209 3.33E-07

Curve -5.066667 0.8063242 -6.283659 2.01E-05

Curve2 -6.666667 0.8063242 -8.267973 9.31E-07
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Figure S3.4 Raw data of measured temperatures as compared to the programmed 
temperatures over time for the daily fluctuation regimes of increasing levels of fluctuation. 
Panel a shows the measured temperatures over time and the programmed regimes in as 
lines up to the short circuit. Panel b shows the measured temperatures over time and the 
programmed regimes as lines for the entire duration of the experiment.
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Figure S3.5 Counts per life stage for constant, block, curve 1 and curve 2. The proportion 
of the life stages at each timepoint has been extrapolated to the total number of emerged 
adults for each respective container. As mortality over time was not measured, the sum of the 
life stages at each timepoint has been assumed to be equal to the total number of emerged 
adults for each respective container, except for day 0, which is equal to the starting density. 
Subsequently, for visualization purposes, all mortality is assumed to occur between day 0 and 
1. Median time to pupation and 95% pupation in the control treatment are indicated by solid 
and dashed lines respectively. Median time to pupation in the other treatments are indicated 
by a red arrow.
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Figure S3.6 Counts per life stage for constant block, curve 1 and curve 2. As mortality over 
time was not measured, the sum of the life stages at each timepoint has been assumed to be 
equal to the total number of emerged adults for each respective container. As mortality over 
time was not measured, the sum of the life stages at each timepoint has been assumed to 
be equal to the total number of emerged adults for each respective container, except for day 
0, which is equal to the starting density. Subsequently, for visualization purposes, all mortality 
is assumed to occur between day 0 and 1. Median time to pupation and 95% pupation in 
the control treatment are indicated by solid and dashed lines respectively. Median time to 
pupation in the other treatments are indicated by a purple arrow.
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Section 2 Build instructions HIHI

The following are building instructions for the temperature control module. The 
module consists of two groups of connections. First, the incoming signals, from 
the temperature sensors, connected to a common ground (black) and 5V (red), 
and each a separate digital pin (D8-12) for their signal (yellow). Secondly, the 
outgoing signal, going to the relay board. The relay board is powered by the Vin 
(red) and ground (black) and is driven by two data lines from digital pin 3 and 4 
activating and deactivating the relays. The relay board is connected using female 
header pins for easy storage. Optionally, the control module can be mounted on 
the Arduino like a shield using male header pins.

Figure S3.8 Overview of the temperature control module
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Step 1. Components list			 
•	 Arduino uno
•	 DS18B20 temperature sensor (4x)
•	 4 Channel octocoupler relay interface board (e.g. 2ph109375a)
•	 Resistors 470 Ω (4x)
•	 perfboard
•	 Red and black insulated wire (approx. 50cm each)
•	 Soldering iron and solder
•	 Female header pin 1x6; as connector to the relay board
•	 Optional: male header pin (1x14 and 1x8 as shown or 1x1 for each of the 

four corners; to mount the PCB to the Arduino)
•	 Optional: 20cm metal wire (for cable management and to secure the 

wires to the relay module)

Step 2. Circuit diagram

 
Figure S3.9 Schematic overview of the temperature control module, with a circuit diagram 
(left) and an example of the corresponding physical layout (right).
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Step 3. Building process
-	 Insert all components into the perf board in a similar arrangement to the 

circuit diagram (Figure S8) and bend the legs to prevent them from falling 
out.

-	 Optionally, insert the header pins into unused connections on the Arduino. 
Lay the PCB on top  so that it rests flat on the header pins. 

-	 Connect all wires:
o	 Relay module: Vin - 12V, GND – GND, D3 – Relay 1, D4 – Relay 

2
o	 Sensor1: GND – GND, 5V – VCC, D8 & R1 – Data
o	 Sensor2: GND – GND, 5V – VCC, D9 & R2 – Data
o	 Sensor3: GND – GND, 5V – VCC, D10 & R3 – Data
o	 Sensor4: GND – GND, 5V – VCC, D11 & R4 – Data
o	 Resistors: 5V – R1 & R2 & R3 & R4

-	 Solder the connections alternating between components, so that they can 
cool sufficiently.

-	 Optionally, cut the metal wire into 4cm strands and secure the wires 
leading to the relay module at the bottom of the control unit, so that 
stress on the wires will not damage the solder joint. You may use any 
remaining wire for cable management.

-	 Insert the female header pins into the relay module (Figure S3.11) and 
solder the respective wires in place. Take care not to heat each connection 
for too long as this may cause the plastic to melt.
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Figure S3.10 Overview of the control module. 
Connections are indicated using the perf board its indices from A-T (left-right) and 1-14 
(bottom-top). The ground (A9) and 5v (A11) connections are split across the temperature 
sensors at the top (N9-13, Q9-14). Their data lines in yellow at the bottom left (E1-5) are 
connected directly to digital pins 8-12 at the top right (T11-14), and via resistors at the 
bottom left (B1-5) to the 5v connector (via the underside of the board; B11). The relay module 
is powered by the Vin (B8) and ground (N9) and driven by digital pins 3 and 4 of the Arduino 
(T4,5).
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Step 4 Connect the power strips
-	 Using a set of pliers, remove 3cm of the outer insulation of each power 

strip, at roughly 10cm from the plug.
-	 Cut the blue wire and strip 1cm of insulation of each end.
-	 Screw open the common and normally closed ports of the respective 

relays, insert one end of the blue wire into each of the ports and screw 
the ports shut to secure the wire.

Figure S3.11 Overview of the relay module.
The input from the control board (left) consists of (from top to bottom) the ground in black, 
data line relay 1 in red, data line relay 4 in red and 5v in red. The output to the power strip 
(right), here shown for relay 1, is connected to the common (middle) and normally closed (NC; 
bottom) port of the relay.

Step 5. Upload the script
Connect the Arduino using the supplied USB connector to your computer and 
upload the script using Arduino IDE.
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Step 6. Check functionality
-	 Prepare a glass of cold water
-	 Power the Arduino. 
-	 Take the temperature sensors into your hand and heat them up to body 

temperature. 
-	 Confirm that the relays open by auditory (hearing the relay ‘click’) and 

visual cues (using the led indicator).
-	 Drop the sensors into the cold water
-	 Confirm that the relays close by auditory (hearing the relay ‘click’) and 

visual cues (using the led indicator).
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Abstract

Salinity, exacerbated by rising sea levels, is a critical environmental cue affecting 
freshwater ecosystems. Predicting ecosystem structure in reaction to such changes 
and their implications for the geographic distribution of arthropod disease vectors 
requires further insights into the plasticity and adaptability of lower trophic 
level species in freshwater systems. Our study investigated whether mosquito 
populations of Culex pipiens, typically considered sensitive to salt, have adapted 
due to gradual exposure. Mesocosm experiments were conducted to evaluate 
responses in life history traits to increasing levels of salinity in three populations 
along a gradient perpendicular to the North Sea coast. Salt concentrations up 
to the brackish-marine transition zone (8 g/L chloride) were used, upon which 
no survival was expected. To determine how this process affects oviposition, a 
colonization experiment was performed by exposing the coastal population to the 
same concentrations. While concentrations up to the currently described LD50 
(4 g/L) were surprisingly favored during egg laying, even the treatment with the 
highest salt concentration was incidentally colonized. Differences in development 
rates among populations were observed, yet the influence of salinity was evident 
only at 4 g/L and higher, resulting in only a one-day delay. Mortality rates were 
lower than expected, only reaching 20% for coastal and inland populations and 
41% for the intermediate population at the highest salinity. Sex ratios remained 
unaffected across the tested range. The high tolerance to salinity for all key life-
history parameters across populations suggests that Culex pipiens is unlikely to 
shift its distribution in the foreseeable future, with potential implications for the 
disease risk of associated pathogens.

Keywords: Adaptation; Culex pipiens; Environmental change; Mosquito; 
Population dynamics; Oviposition experiments; Salinization
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4.1 Introduction

Salinization of fresh water in coastal areas, especially in low-lying deltas, is a natural 
process that is currently exacerbated by anthropogenic drivers, such as climate 
change-induced sea level rise, land subsidence and saline ground water seepage, 
strengthened by the removal of overlying freshwater (van Baaren & Oude Essink, 
2009). Saltwater infiltration is commonly acknowledged to negatively affect 
agricultural yield and freshwater ecosystem services (Bonte & Zwolsman, 2010). 
The underlying physical processes of salinization are relatively well described 
(Khan et al., 2011; Lassiter, 2021), and animal diversity at large is understood 
to decrease under transitory conditions (Telesh et al., 2013). However, little is 
known about the direct and indirect effects of salinization on animal populations 
inhabiting (currently freshwater) ecosystems in deltas, especially for species that 
are disease vectors.

The cosmopolitan house mosquito Culex pipiens species complex is a known 
vector for a variety of pathogens, including West Nile virus, Usutu and avian 
malaria (Bravo-Barriga et al., 2016; Gutiérrez-López et al., 2016; Hubálek, 2008; 
Kazlauskienė et al., 2013). It has a wide habitat tolerance, ranging from clean 
rainwater-filled containers to strongly polluted temporal waterbodies, such as 
ground puddles, and even manure tanks (Becker et al., 2013; Rejmánková et al., 
2013). Similar to other mosquito larvae typically associated with freshwater, it 
accumulates organic osmolytes to combat ionic pressure instead of active ion 
transport (Chown & Nicolson, 2004) and is known to be quite vulnerable to 
changes in salinization relative to other mosquito species (Abou-Attia et al., 2000; 
Kenawy et al., 2013; Kengne et al., 2019) with a median lethal dose (LD50) of 4 
g/L and a lethal dose (LD100) of 6-10 g/L chloride for acute salinity stress (Brown 
& Platzer, 1978; Chidester, 1916; Kengne et al., 2019).

Although a variety of responses to salinization exist among invertebrates (Chown 
& Nicolson, 2004), general trends exist in the whole invertebrate community. 
Salinization has been shown to shape insect community structures, negatively 
affecting diversity (Bleich et al., 2011; Silberbush et al., 2005) via decreased food 
availability (Ersoy et al., 2022; van Dijk et al., 2019). Although mosquitoes have 
previously been described to react quite similarly (Balasubramanian et al., 2019; 
Telesh et al., 2013), it has also been hypothesized that their short generation 
time (when compared to that of many other macrofauna species, including 
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their predators (Verberk et al., 2008)) might enable mosquitoes to adapt faster 
(Carlson et al., 2014; Martin & Palumbi, 1993; Thomas et al., 2010). This could 
subsequently cause a relative increase in population size in transitory systems 
due to the alleviation of predation pressure and the relative increase in food 
resources (Silberbush et al., 2005). Such a fast adaptation rate is observed for 
a variety of other stressors, such as pesticides (Hamdan et al., 2005; Nazni et 
al., 2005; Ser & Cetin, 2019). These adaptations are similar to the response to 
salinization, i.e., by affecting the excretion of harmful compounds (Asakura, 1980; 
Chown & Nicolson, 2004). This renders it likely that mosquitoes are better able 
to adapt to increasing salinity than other insect species.

Salinization affects mosquito habitat quality and may thus lower larval survival. 
However, this depends on how well the larvae are adapted to temporary (i.e., 
flooding) and continuous salinization events and processes, causing species-
specific effects (Kengne et al., 2019). These adaptations in osmoregulation 
include physiological (reduced surface area of anal papillae or active transport of 
ions) (Akhter et al., 2017, 2017; Donini et al., 2007) and behavioral adaptations 
(increased metabolism and uptake of organic compounds in hemolymph) (Aly & 
Dadd, 1989; Bradley, 1987; Bradley & Phillips, 1976; De Brito Arduino et al., 2015; 
Donini et al., 2007; Patrick & Bradley, 2000), resulting in tolerance that changes 
across life stages (Mottram et al., 1994) and differ between sexes (Alcalay et al., 
2018). Namely, female mosquitoes tend to be less strongly selected for early 
maturation, which may lead to prolonged exposure to stress as compared to 
males (Boerlijst et al., 2023). With time, has adaptations to salinization caused 
species-specific preferences during oviposition (Boerlijst et al., 2023; Navarro 
et al., 2003; D. M. Roberts & Irving-Bell, 1997; Silberbush et al., 2014), further 
shaping mosquito community composition.

At the population level, commonly considered intolerant species such as Culex 
pipiens s.l. (hereafter denoted as Cx. pipiens) might be affected by salinization 
in a variety of ways. Salinization might cause i) no change when tolerance via 
for instance plastic behavior proves sufficient, ii) local extinction of the species 
if tolerance is insufficient, iii) displacement when unfavorable conditions are 
perceived during ovipositing, or iv) local adaptation leading to possibly increased 
tolerance due to gradual, continuous exposure.
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This study aimed to evaluate whether (local) adaptation to salinization occurred, 
by quantifying and comparing the tolerance of Cx. pipiens populations along a 
gradient from coast to inland. We expected increasing levels of adaptation (i.e. 
lower mortality, more rapid development and a balanced sex-ratio) closer to the 
coast as a result of gradual exposure, To this end we performed a mesocosm 
experiment. We varied concentrations from zero to eight grams of chloride per 
liter with intervals of two grams, i.e., from freshwater to the predicted maximum 
inland surface water concentration of 7.5 g/L Cl- (Delsman et al., 2020), or the 
brackish-marine transition zone (Dahl, 1956), at almost half the concentration of 
sea water.

4.2 Materials and methods
4.2.1 Collection and rearing of experimental populations
Culex pipiens egg rafts were collected during the two days prior to the start of an 
experimental round from one set of naturally colonized black plastic mesocosms 
in peri-urban areas of the cities of Leiden, Utrecht and Nijmegen, representing 
coastal (7 km to sea), intermediate (43 km to sea) and inland (108 km to sea) 
mosquito populations, respectively. All populations were collected at similar 
altitude (2-5 m asl). For this purpose, the mesocosms were filled with 6 liters of 
hypertrophic water (100 mg N-total), after which they were placed under tree 
cover. The larvae were subsequently allowed to hatch in 50 mL Falcon tubes, 
where they were kept at ambient temperature until the start of the experiment. 
Previous pilot studies have indicated that this type of experiment attracts Cx. 
pipiens and Culiseta annulata only (Boerlijst et al., 2023; Dellar et al., 2022).The 
collected egg rafts were distinguished from those of Culiseta annulata by their 
difference in size (Chapman et al., 2020; Sames et al., 2005).

4.2.2 Experimental setup
The setup consisted of 45 white plastic 12 L mesocosms, each with a 200-Watt 
aquarium heater. The experiments were conducted under standardized outdoor 
conditions (Boerlijst et al., 2023) at the Hortus botanicus, Leiden, The Netherlands. 
The aquarium heaters were programmed at a minimum temperature of 20°C 
for optimal development, whilst allowing for natural fluctuations, so that the 
development was representative of field conditions during the peak of the Dutch 
mosquito season (Beck-Johnson et al., 2017; Boerlijst et al., 2023; De Majo et al., 
2019). Namely, as increased temperature heightens metabolism, ion uptake and 
transport may be increased, making it imperative to work under such conditions.
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All 45 mesocosms were filled with eight liters of dechlorinated tap water (kept 
at constant level during the experiments), a natural concentration of microbes, 
a high concentration of nutrients and a specific concentration of sea salt (Jozo, 
Rotterdam, The Netherlands). For the natural concentration of microbes, one 
liter of water from a local lake was filtered per liter of tap water using a 250 μm 
plankton net and 53 μm collector. The high concentration of nitrogen prevents 
food from being a limiting factor and thus minimalizes cannibalism (Koenraadt & 
Takken, 2003). This was achieved by adding 20 mg/L N in the form of dry cow 
manure (2.4% N, 1.5% P2O5, and 3.1% K2O) to the water. The mesocosms 
were randomly allocated to five increasing concentrations of commercially 
available sea salt – 0 g/L, 2 g/L, 4 g/L, 6 g/L, and 8 g/L Cl – and split into two 
rounds of experiments due to spatial constraints, which are described below. 
The treatments were representative of freshwater (Oude Essink et al., 2010), the 
highest measured salinity in a Dutch ditch (Geest et al., 2022), the LD50 (Kengne 
et al., 2019), the highest measured salinity in seepage water (Geest et al., 2022), 
and the highest reported LD100 for Cx. pipiens (Kengne et al., 2019), respectively 
(Table 4.1). In the first round, 0 g/L, 2 g/L, and 6 g/L Cl- were used, and in the 
second round, 0 g/L, 4 g/L, and 8 g/L Cl- were used.

Table 4.1 Conversion table salinity treatments

Chloride Total salts

g/L (‰) ppm % g/L (‰) ppm %

Fresh water 0.0 0 0.0 0.0 0 0.0

Maximum ditch 2.0 2002 0.2 3.6 3604 0.4

LD50 4.0 4005 0.4 7.3 7308 0.7

Maximum seepage 6.0 6007 0.6 11.0 11013 1.1

LD100 8.0 8009 0.8 14.6 14617 1.5

Typical sea water 18.9 18921 1.9 34.5 34539 3.5

For each of the concentrations, a mixture of water, microbes, nutrients, and 
sea salt was prepared (Boerlijst et al., 2023; Dellar et al., 2022), and salt was 
added over the course of four days in equal parts to limit osmotic stress to the 
microbial community. The mixture was thereafter covered with fine mesh (0.1 
mm) to prevent additional colonization and subsequently left to acclimatize for 
a period of two weeks. After the acclimation period, the water was divided over 
the experimental mesocosms using a 500 μm sieve to filter out any detritus and 
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macroinvertebrates. After filtering, 100 second instar larvae were added, and 
the aquarium heaters were turned on. Allocation of the populations and saline 
concentrations was performed in a Latin square, leading to 5 replicates for each 
population-concentration combination. During the experiment, the mesocosms 
were once again closed off using mesh to prevent predation and colonization 
from the outside and to ensure that the emerged mosquitoes could not escape. 
Temperature, chlorophyll-a concentration, turbidity, and conductivity were 
measured as potential covariates using a Hach HQ40d multi and Turner designs 
Aquafluor. Before the second round of the experiment, the original mixtures 
were collected, and the concentrations were increased from 2 g/L to 4 g/L and 
from 6 g/L to 8 g/L. The mixtures were once again left to acclimatize and were 
subsequently allocated to a new Latin square.

4.2.3 Measurements of population parameters
Larval development was measured five days a week. First, the water was stirred 
clockwise once with a 400 mm wide Ø 200 μm sieve to create a circular water 
flow and prevent the larvae from diving. The sieve was subsequently used to collect 
the larvae by fully submerging the sieve and moving it counterclockwise twice. All 
the collected larvae were morphologically characterized to developmental stage 
by using the size of the head capsule as a morphological indicator (Becker et al., 
2010). The identifications were compared daily with a previously reared reference 
collection of Cx. pipiens developmental stages. The procedure was repeated up to 
five times until at least twenty larvae were sampled.

Pupa were collected daily, after which they were allowed to emerge in 50 ml 
falcon tubes. Sex was determined based on characteristics, including plumose/
pilose antennae and the length of the palps (Becker et al., 2010). The proportion 
of total survival was determined by dividing the number of emerged adults by the 
original density of 100 larvae. The proportion of survival , used for visualization, 
were calculated by subtracting the mean of the control per population from the 
absolute survival rate. The time to pupation was determined after completion of 
the experiment. Time to pupation was defined as the interval between the start 
of the experiment and the first day upon which at least 50% of the subsampled 
larvae had turned/developed into pupae. The median time to emergence was 
determined by calculating the interval between the start of the experiment 
and capture of 50% of the emerged adults. When no more pupae and adult 
mosquitoes were found for two subsequent days in a mesocosm, it was assumed 
that there were no living mosquitoes left and the mesocosm was closed off.
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4.2.4 Ovipositioning behavior
The ovipositioning behavior of the coastal population was determined in a 
separate experiment at the Hortus botanicus Leiden, The Netherlands. Five 
clusters – each consisting of one black, plastic 8 L bucket for each of the five 
salt concentrations – were placed around the botanical gardens at a distance 
of at least 58 m from each other to prevent the clusters from interfering with 
each other. The water, microbial community and salinity levels were prepared as 
described in the previous section. Ovipositioning behavior was recorded by daily 
counts of egg rafts per mesocosm for a total of twelve days. Encountered egg 
rafts were removed to minimize the positive feedback caused by their presence 
(Bruno & Laurence, 1979).
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Figure 4.1 Proportion of normalized total survival per population across increasing salinization levels as 
a. boxplot with outliers as dots and b. dose-response curve with standard error. Total survival is depicted 
as the number of emerged adults at the end of the experiment as a fraction of the initial number of 
larvae.
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4.2.5 Statistical analyses
All data were analyzed in R version 4.2.2 (R Core Team, 2018). Variance across 
experimental rounds was normalized based on the observed variance across the 
experimental rounds per population per salinity. Log-logistic regression was used 
to determine the LD50 and LD100 using the drc package (Ritz et al., 2015). 
Linear mixed effects models were used to test for (normalized) differences in 
survival, development time (to pupation and emergence) and sex ratio across 
the different salinity levels. The salinity level, population, experimental round, 
average turbidity, conductivity and chlorophyll-a concentration were included as 
covariates. The individual mesocosms were included as random effect. The effect 
on ovipositioning behavior was explored similarly; a linear mixed model was 
applied using salinity level as main effects and day and location as random variables. 
All models (Supplementary Table 4.1) were optimized by Akaike information 
criterion using stepwise regression with backwards elimination. Dependent 
variables were tested for normality and assessed using quantile quantile plots and 
Levene’s test (P = 0.05).

4.3 Results

4.3.1 Effect of salinity on total proportion of survival
The total proportion of survival decreased with increasing salinity for all 
populations (F(4,85)=5.60, p<0.001, partial η2 =0.281), with 18%, 42% and 20% (p< 
0.001, p=0.005, and p=0.001 for coastal, intermediate and inland respectively; 
Figure 4.1) from 4 g/L onward (Supplementary Table S4.2). Differences in slope 
were detected between the coastal and intermediate population (t(30,27) = -2.51, 
p.adj<0.001), coastal and inland population ((t(30,28) = -3.83, adj =0.031), but not 
between the intermediate and inland populations (t(28,27)=0.69, p. adj >0.05).

4.3.2 Effect of salinity on development rates
A minor increase in the time to pupation (Supplementary Figure S4.1) and time 
to emergence (Figure 4.2) was detected with increasing salinity. Development 
to emergence was equally slowed for all populations. On average, the larvae 
exposed to 8 g/L took 1 day longer to emerge than those exposed to 0 g/L NaCl 
(t(4,71) = -2.849, p<0.041, partial η2 = 0.412; Figure 4.2; Supplementary Table 
S4.3).
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Figure 4.2 Normalized median time to emergence in days per population across increasing salinization 
levels as a. boxplot with outliers as dots and b. dose-response curve with standard error.

4.3.3 Effect of salinity on sex ratio
A minor difference in sex ratio was detected with increasing salinity or among 
any of the populations (F(2,62) = 3.266, p=0.045, partial η2 = 0.102; Figure 
4.3; Supplementary Table S4.4), between.the coastal and inland populations 
(p.adj=0.013).

4.3.4 Effect of salinity on ovipositioning behavior
Oviposition decreased with increasing salt concentration (F(4,297) = 25.863, 
p<0.001, partial η2 =0.273; Figure 4.3; Table 4.2; Supplementary Table S4.5). The 
average oviposition rate decreased by 67% to 1.5 rafts or approximately 300 eggs 
(Becker et al., 2010) at 2 g/L and subsequently by 11% to 1 or approximately 200 
eggs at 4 g/L. Oviposition rates at 6 g/L were almost negligible at 9%.

Taking it with a grain of salt

 4



98

0

2

4

6

8

Salinity (g/L)

Eg
g 

ra
fts

a

0

2

4

6

8

0 2 4 6 8
Salinity (g/L)

Eg
g 

ra
fts

b

Figure 4.3 Daily ovipositioning behavior across increasing salinization levels, showing the number of egg 
rafts for each salinization level as a. boxplot and b. dose-response curve with standard error.

Table 4.2 Summary statistics on the ovipositioning rates for each salinity comparison

Contrast Estimate SE t ratio Adj. p value

0 g/L - 2 g/L 1.52 0.665 2.285 0.1997
0 g/L - 4 g/L 1.92 0.667 2.879 0.07
0 g/L - 6 g/L 4.69 0.665 7.058 <.0001***
0 g/L - 8 g/L 5.79 0.665 8.711 <.0001***
2 g/L - 4 g/L 0.4 0.663 0.604 0.9724
2 g/L - 6 g/L 3.17 0.661 4.802 0.0016**
2 g/L - 8 g/L 4.27 0.661 6.464 0.0001***
4 g/L - 6 g/L 2.77 0.663 4.183 0.0055**
4 g/L - 8 g/L 3.87 0.663 5.841 0.0002***
6 g/L - 8 g/L 1.1 0.661 1.663 0.4824
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4.4 Discussion and conclusion

Contrary to our expectations, our results suggest that investigated populations of 
Cx pipiens are highly tolerant to salinization, irrespective of their proximity to the 
current coastline. At the highest salinity (Figure 4.1), representative of almost half 
the concentration of sea water, more than half of the larvae survived for all tested 
populations, instead of the expected 0% (Brown & Platzer, 1978; Chidester, 
1916; Kengne et al., 2019). Differences in development rates among populations 
were observed, yet the influence of salinity was evident only at 4 g/L or higher, 
resulting in a minor delay (Figure 4.2). The sex ratios remained unaffected across 
the tested range, indicating no expected effect on potential population growth 
(Figure 4.3). Our data additionally suggest that, although concentrations up to 
the previously described LD50 (4 g/L) were favored during egg laying, Cx. pipiens 
readily lays eggs under conditions of up to 6 g/L Cl- and, incidentally, under 8 g/L 
Cl-. This finding is in line with observational data, as Cx. pipiens has recently been 
repeatedly observed to inhabit Dutch salt marches (pers. comm. J.G. van der 
Beek), which suggests a more congruent link between ovipositioning behavior 
and larval survival than has been described for other species (D. Roberts, 1996; 
D. M. Roberts & Irving-Bell, 1997; Yee et al., 2020).

Our observations are striking in contrast to the previously described LD100 
of 6-7 g/L Cl- in the USA and France (Brown & Platzer, 1978; Chidester, 1916; 
Kengne et al., 2019). There are several methodological differences that exist 
between the current study and previous literature: i) the use of second-instar 
larvae, which might increase the potential for physiological changes in response 
to saline conditions (Bradley, 1987) compared to the use of older larvae; ii) the 
use of eutrophic conditions, which, by increasing the energy budget of the larvae, 
might allow for higher metabolic rates, increasing the ability to expel the ionic 
waste (Bradley & Phillips, 1976); and, finally, iii) gradual acclimation of the locally 
sourced microbial community, which might have allowed for a higher microbial 
abundance and thus food availability during the experiment. The latter might 
have allowed for increased uptake of organic compounds, which may reduce 
the effects of the water’s osmolality (De Brito Arduino et al., 2015). While the 
relevance of each of these differences in setup cannot be distinguished with the 
current setup, the difference in total survival between our study and the earlier 
findings is far greater than might be explained by changes in methodology.
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As our experimental setting is more representative of field conditions, the 
currently described responses might be more ecologically relevant than those 
described in previous studies under controlled conditions in the laboratory, as 
these generally use alternate food sources (e.g. fish feed), tap water without 
a natural microbial community (Kauffman et al., 2017), or laboratory-reared 
communities of a laboratory colony with a single subspecies. Given the ecological 
relevance of the setup applied, the observed pattern might be representative 
of populations in the Netherlands and possibly even for many other, low-lying 
deltas. Based on these results, we speculate that similar patterns may exist 
for other mosquito species that inhabit lowland delta areas, such as Culiseta 
morsitans, Culex modestus and perhaps even Aedes aegypti, which would imply 
that the current LD50 and LD100 should be reassessed. Taken together, the 
difference in the responses of our study and laboratory studies suggests that, 
while a wide range of mosquito species are typically associated withfreshwater 
systems (Multini et al., 2021), they may exhibit substantial plasticity and/or (local) 
adaptation to increasing salinization.

The current results suggest that coastal house mosquito populations will persist 
and will not show salinity-induced inland dispersal or local reductions in survival. 
The ecological implications are that they may instead locally increase in population 
size, despite the presence of predators. Many freshwater predator groups, including 
dragonflies and damselflies (Golovatyuk & Shitikov, 2016) and mayflies and true 
bugs (Dunlop et al., 2008), have longer generation times and may be vulnerable to 
salinization within the range tested. However, this assumption remains to be tested. 
Species diversity in transitory systems tends to decrease between freshwater and 
saline water (Bleich et al., 2011; Telesh et al., 2013), while total insect abundance 
may remain unchanged (Silberbush et al., 2005). Consequently, species that are 
able to persist in such systems may experience alleviation of predation pressure, 
causing population sizes to increase over time and strengthening nuisance and 
disease risk. However, additional information is needed, as many studies on the 
tolerances of predator species are prone to methodological limitations similar to 
those of prior work on mosquitoes themselves. Nevertheless, house mosquito 
nuisance in coastal areas is likely to persist during the foreseeable future, and our 
results suggest that it is not unlikely that other mosquito species in coastal areas 
are similarly able to adapt to increasing salt levels even though their predators 
cannot.
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Electronic appendix

Time to pupation

Lambda = 2
Formula: ((Day^lambda - 1)/lambda) ~ Treatment + (1 | Cosm)
Data: DR_MTP

Analysis of Variance Table
          		  npar 		  Sum Sq 		 Mean Sq	 F value
Treatment    	 4 		  2006.8   	 501.7  		  7.2123
REML criterion at convergence: 1608

Scaled residuals: 
    Min      	 1Q  		  Median      	 3Q     		  Max 
-2.4045 	 -0.4825  	 0.2376  		 0.6180  		 2.1521 

Random effects:
 Groups   	 Name        	 Variance 	 Std.Dev.
 Cosm     	 (Intercept)  	 0.00    		  0.00    
 Residual             		  72.94    	 8.54    
Number of obs: 228, groups:  Cosm, 45

Fixed effects:
            	 Estimate 	 Std. Error 	 t value
(Intercept)  	 28.0353    	 0.9263  		 30.265
Treatment2  	 -6.4149    	 1.4862  		 -4.316
Treatment4    	 7.4111     	 1.8609  		 3.983
Treatment6    	 1.4353     	 1.7330   	 0.828
Treatment8    	 6.6869     	 1.8866   	 3.544

Correlation of Fixed Effects:
           		 (Intr) 		  Trtmn2 	 Trtmn4 	 Trtmn6
Treatment2 -	 0.623                     
Treatment4 -	 0.498  		  0.310              
Treatment6 	 -0.535  		 0.333  		  0.266       
Treatment8 	 -0.491  		 0.306  		  0.244  		  0.262
optimizer (nloptwrap) convergence code: 0 (OK)
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(Intercept)   	 Treatment2   	 Treatment4   	 Treatment6   	 Treatment8 
1.479537e-80 	 2.393689e-05 	 9.253775e-05 	 4.084389e-01 	 4.802100e-04 
Contrast                		  estimate   SE    	df 	 t.ratio 	 p.value
Treatment0 - Treatment2    	 6.415 	 1.49  	 48.5   	 4.299  	 0.0008
Treatment0 - Treatment4   	 -7.411 	 1.86 	 114.8  	 -3.977  	0.0011
Treatment0 - Treatment6   	 -1.435 	 1.74  	 83.3  	 -0.825  	0.9221
Treatment0 - Treatment8   	 -6.687 	 1.89 	 118.0  	 -3.540  	0.0051
Treatment2 - Treatment4  	 -13.826 1.99 	 200.8  	 -6.936  	<.0001
Treatment2 - Treatment6   	 -7.850 	 1.88 	 101.5  	 -4.183  	0.0006
Treatment2 - Treatment8  	 -13.102 2.02 	 134.3  	 -6.497  	<.0001
Treatment4 - Treatment6    	 5.976 	 2.18 	 159.6   	2.737  	 0.0530
Treatment4 - Treatment8    	 0.724 	 2.30 	 183.5  	  0.314  	0.9979
Treatment6 - Treatment8   	 -5.252 	 2.20 	 194.7  	 -2.382  	0.1245

Note: contrasts are still on the ( scale 
Degrees-of-freedom method: kenward-roger 
P value adjustment: tukey method for comparing a family of 5 estimates 

Time to emergence
Lambda = 2
Formula: ((Day^lambda - 1)/lambda) ~ Treatment + (1 | Cosm)
REML criterion at convergence: 1256

Analysis of Variance Table
         		  npar 		  Sum Sq 		 Mean Sq 	 F value
Treatment    	 4 		  2006.8   	 501.7  		  7.2123

Scaled residuals: 
Min       	 1Q   		  Median       	 3Q      		 Max 
-2.24368 	 -0.80490  	 0.09433  	 0.95199  	 1.45162 

Random effects:
Groups   	 Name        	 Variance 	 Std.Dev.
Cosm     	 (Intercept)  	 0.00    		  0.00    
Residual             		  69.56    	 8.34    
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Number of obs: 180, groups:  Cosm, 44
Fixed effects:
            	 Estimate 	 Std. Error 	 t value
(Intercept)   	 30.713      	 1.011  		  30.366
Treatment2 	 -2.820    	 1.505  		  -1.874
Treatment4     	 7.587      	 2.379   		 3.189
Treatment6     	 1.347      	 1.951   		 0.690
Treatment8     	 6.631      	 2.317   		 2.861

Correlation of Fixed Effects:
           		 (Intr) 		  Trtmn2 	 Trtmn4 	 Trtmn6
Treatment2 	 -0.672                     
Treatment4 	 -0.425  		 0.286              
Treatment6 	 -0.518  		 0.348  		  0.220       
Treatment8 	 -0.436  		 0.293  		  0.186  		  0.226
optimizer (nloptwrap) convergence code: 0 (OK)

(Intercept)   	 Treatment2   	 Treatment4   	 Treatment6   	 Treatment8 
3.139731e-71 	 6.262380e-02 	 1.695946e-03 	 4.908814e-01 	 4.742289e-03

Contrast                		  estimate   	 SE	 df 	 t.ratio 	 p.value
Treatment0 - Treatment2    	 2.820 		  1.51  	 37.4   	 1.864  	 0.3541
Treatment0 - Treatment4   	 -7.587 		  2.39 	 129.2 	 -3.172  	0.0160
Treatment0 - Treatment6   	 -1.347 		  1.97  	 60.0  	 -0.685  	0.9591
Treatment0 - Treatment8   	 -6.631 		  2.33 	 116.2 	 -2.849  	0.0407
Treatment2 - Treatment4  	 -10.407 	 2.44 	 160.6 	 -4.273  	0.0003
Treatment2 - Treatment6  	 -4.167 		  2.02 	  66.9  	 -2.062  	0.2486
Treatment2 - Treatment8  	 -9.451 		  2.37 	 122.5  	 -3.983 	 0.0011
Treatment4 - Treatment6  	 6.240 		  2.74 	 133.5  	 2.277  	 0.1590
Treatment4 - Treatment8  	 0.956 		  3.01 	 160.6  	 0.318  	 0.9978
Treatment6 - Treatment8  	 -5.284 		  2.69 	 174.0  	 -1.968  	0.2862
Note: contrasts are still on the ( scale 
Degrees-of-freedom method: kenward-roger 
P-value adjustment: tukey method for comparing a family of 5 estimates
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Sex-ratio

Lambda = 0.3838384
Formula: ((SRlog_corrected_rel^lambda - 1)/lambda) ~ City + (1 | Cosm)
REML criterion at convergence: 151

Analysis of Variance Table
    	  	 npar  		  Sum Sq 		 Mean Sq 	 F value
City    		  2 		  0.23147 	 0.11573  	 3.0896

Scaled residuals: 
Min       	 1Q   		  Median       	 3Q      		 Max 
-1.43023 	 -0.85746  	 0.08101  	 0.65570  	 2.71416 

Random effects:
 Groups   	 Name        	 Variance 	 Std.Dev.
 Cosm     	 (Intercept) 	 0.0000   	 0.0000  
 Residual             		  0.6493   	 0.8058  
Number of obs: 62, groups:  Cosm, 45

Fixed effects:
             	 Estimate 	 Std. Error 	 t value
(Intercept)   	 -1.9143    	 0.1758 		 -10.887
Intermediate   	 0.1141     	 0.2487   	 0.459
Inland   		 0.4615     	 0.2518   	 1.833

Correlation of Fixed Effects:
            	 (Intr) 	 CtyUtr
Intermediate	 -0.707       
Inland 		  -0.698  	0.494
optimizer (nloptwrap) convergence code: 0 (OK)

(Intercept)  	 Intermediate	 Inland 
1.520655e-15 	 6.481710e-01 	 7.199709e-02
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Total proportion of survival

Lambda = 0.5858586
Formula: ((ASR_corrected_rel^lambda - 1)/lambda) ~ City + Treatment +  (1 | Cosm)
REML criterion at convergence: 36.4

npar  		  Sum Sq 		 Mean Sq 	 F value
City         	 2 		  0.63438 	 0.31719  	 8.2936
Treatment    	 4 		  0.85740 	 0.21435  	 5.6047

Scaled residuals: 
Min       	 1Q   		  Median       	 3Q      		 Max 
-2.06181 	 -0.55392 	 -0.00123  	 0.56390  	 2.81515 

Random effects:
Groups   	 Name        	 Variance 	 Std.Dev.
Cosm     	 (Intercept) 	 0.01721  	 0.1312  
Residual             		  0.05761  	 0.2400  
Number of obs: 85, groups:  Cosm, 45

Fixed effects:
             	 Estimate 	 Std. Error	 t value
(Intercept)  	 -0.66000    	 0.06881  	 -9.591
Intermediate   	  0.20807    	 0.07248  	  2.871
Inland	  	 0.23742    	 0.06967  	  3.408
Treatment2   	  0.14136    	 0.09428  	  1.499
Treatment4   	 -0.05414    	 0.09205  	 -0.588
Treatment6   	 -0.33562    	 0.09216  	 -3.642
Treatment8   	 -0.22498    	 0.09021  	 -2.494

Correlation of Fixed Effects:
            	 (Intr) 	 Intermediate 	 Inland 	   Trtmn2   Trtmn4   Trtmn6
Intermediate	 -0.510                                   
Inland 		  -0.485  	0.481                            
Treatment2  	 -0.467 	 -0.007 		  -0.051                     
Treatment4  	 -0.497 	 -0.003  		 0.005  	   0.493              
Treatment6  	 -0.499 	 0.027 		  -0.022  	  0.364       0.371       
Treatment8  	 -0.501 	 -0.002 		  -0.016  	  0.371       0.379      0.517
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(Intercept)  Intermediate 	 Inland	     Treatment2   Treatment4   Treatment6   
Treatment8 
9.914e-15  5.302e-03 	 1.050e-03   1.379e-01     5.582e-01      4.919e-04     1.480e-
02
Contrast           	 estimate     	 SE   	 df 	 t.ratio 	 p.value
Coastal - Intermediate	 -0.2081 	 0.0744 	78.0  	 -2.798  	0.0176
Coastal - Inland   	 -0.2374 	 0.0713 	69.7  	 -3.332  	0.0039
Intermediate - Inland  	 -0.0294 	 0.0742 	77.5  	 -0.395  	0.9175

Results are averaged over the levels of: Treatment 
Note: contrasts are still on the ( scale 
Degrees-of-freedom method: kenward-roger 
P value adjustment: tukey method for comparing a family of 3 estimates

Contrast                		  estimate     	 SE   	 df 	 t.ratio 	 p.value
Treatment0 - Treatment2  	 -0.1414 	 0.0945 	63.9  	 -1.496  	0.5691
Treatment0 - Treatment4  	  0.0541 		 0.0922 	62.4  	  0.587  	0.9765
Treatment0 - Treatment6  	  0.3356 		 0.0923 	62.3  	  3.637  	0.0049
Treatment0 - Treatment8   	 0.2250 		 0.0902 	60.8  	  2.493  	0.1056
Treatment2 - Treatment4   	 0.1955 		 0.0942 	41.6  	  2.076  	0.2494
Treatment2 - Treatment6   	 0.4770 		 0.1054 	75.3  	  4.526  	0.0002
Treatment2 - Treatment8   	 0.3663 		 0.1037 	74.9  	  3.533  	0.0062
Treatment4 - Treatment6   	 0.2815 		 0.1035 	74.9  	  2.719  	0.0605
Treatment4 - Treatment8   	 0.1708 		 0.1017 	74.5  	  1.680  	0.4521
Treatment6 - Treatment8  	 -0.1106 	 0.0897 	38.5  	 -1.233  	0.7323

Results are averaged over the levels of: City 
Note: contrasts are still on the ( scale 
Degrees-of-freedom method: kenward-roger 
P value adjustment: tukey method for comparing a family of 5 estimates 

Slope
group1	 group2		  n1    n2    statistic	 df	     p		  p.adj
Coastal	Inland		  30    28	   -3.8344723    55.9619    0.000321	 0.000963
Coastal	Intermed.	 30    27    -2.5086395    49.80637  0.015		 0.031
Inland.	 Intermed.	 28    27    0.6902263     47.41384   0.493	 0.493 
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Ovipositioning behavior

Lambda = -0.1818182
Formula: ((Egg_rafts^lambda - 1)/lambda) ~ Treatment + (1 | Location) + (1 | Day) + 
(1 | Cosm)
Random effects: REML criterion at convergence: 1504.2

Analysis of Variance Table
          		  npar 		  Sum Sq 		 Mean Sq	 F value
Treatment    	 4 		  887.19   	 221.8  		  25.863

Scaled residuals: 
Min       	 1Q   		  Median       	 3Q      		 Max 
-2.23494 	 -0.70171  	 0.00891  	 0.77327  	 2.20855 

Random effects:
 Groups	 Name        	 Variance 	 Std.Dev.
 Cosm     	 (Intercept) 	 0.3772   	 0.6142  
 Day      	 (Intercept) 	 0.8563   	 0.9254  
 Location 	 (Intercept) 	 0.6625   	 0.8139  
 Residual             		  8.5758   	 2.9284  
Number of obs: 297, groups:  Cosm, 25; Day, 12; Location, 5

Fixed effects:
            	 Estimate 	 Std. Error 	 t value
(Intercept)  	 -1.1741     	 0.6538  		 -1.796
Treatment2   	 -1.5191     	 0.6648  		 -2.285
Treatment4   	 -1.9195     	 0.6666  		 -2.880
Treatment6   	 -4.6923     	 0.6648  		 -7.059
Treatment8   	 -5.7911     	 0.6648  		 -8.711

Correlation of Fixed Effects:
           		 (Intr) 		  Trtmn2 	 Trtmn4 	 Trtmn6
Treatment2 	 -0.514                     
Treatment4 	 -0.513  		 0.504              
Treatment6 	 -0.514  		 0.506  		  0.504       
Treatment8 	 -0.514  		 0.506  		  0.504  		  0.506

(Intercept)   	 Treatment2   	 Treatment4   	 Treatment6   	 Treatment8 
7.357064e-02 	 2.303516e-02 	 4.280169e-03 	 1.260673e-11 	 2.397374e-16
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Contrast                		  estimate	 SE   	 df 	 t.ratio 	 p.value
Treatment0 - Treatment2     	 1.52 		  0.665 	 16.1   	 2.285  	 0.1997
Treatment0 - Treatment4     	 1.92 		  0.667 	 16.3   	 2.879  	 0.0700
Treatment0 - Treatment6     	 4.69 		  0.665 	 16.1   	 7.058  	 <.0001
Treatment0 - Treatment8     	 5.79 		  0.665 	 16.1   	 8.711  	 <.0001
Treatment2 - Treatment4    	 0.40		  0.663 	 16.0   	 0.604  	 0.9724
Treatment2 - Treatment6     	 3.17 		  0.661 	 15.8   	 4.802  	 0.0016
Treatment2 - Treatment8     	 4.27 		  0.661 	 15.8   	 6.464  	 0.0001
Treatment4 - Treatment6    	 2.77 		  0.663 	 16.0   	 4.183  	 0.0055
Treatment4 - Treatment8    	 3.87 		  0.663 	 16.0   	 5.841  	 0.0002
Treatment6 - Treatment8     	 1.10 		  0.661 	 15.8   	 1.663  	 0.4824

Note: contrasts are still on the ( scale 
Degrees-of-freedom method: kenward-roger 
P value adjustment: tukey method for comparing a family of 5 estimates 

Table S4.1 Differences in survival rate over the salinity gradient 
Contrast           	 Estimate     	 SE   	 Df 	 T.ratio 	p value
Coastal - intermediate	 -0.2081 	 0.0744 	78.0  	 -2.798  	0.0176
Coastal - inland   	 -0.2374 	 0.0713 	69.7  	 -3.332  	0.0039
Intermediate - inland  	 -0.0294 	 0.0742 	77.5  	 -0.395  	0.9175
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Table S4.2 Summary statistics on the survival ratios for each salinity comparison per 
population
Population	 Coastal							     
	 Contrast			  Estimate	SE	 Df	 T.ratio	 P.value
	 0 g/L	 -	 2 g/L	 -0.131	 0.095	 62.9	 -1.378	 0.6437
	 0 g/L	 -	 4 g/L	 0.0714	 0.0951	 63.2	 0.751	 0.9434
	 0 g/L	 -	 6 g/L	 0.3519	 0.0927	 61.5	 3.796	 0.003
	 0 g/L	 -	 8 g/L	 0.2125	 0.0927	 61.7	 2.293	 0.1611
	 2 g/L	 -	 4 g/L	 0.2023	 0.0998	 41.2	 2.028	 0.2711
	 2 g/L	 -	 6 g/L	 0.4828	 0.1061	 73.3	 4.551	 0.0002
	 2 g/L	 -	 8 g/L	 0.3434	 0.1061	 73.3	 3.237	 0.0152
	 4 g/L	 -	 6 g/L	 0.2805	 0.1064	 73.3	 2.635	 0.0744
	 4 g/L	 -	 8 g/L	 0.1411	 0.1064	 73.5	 1.327	 0.6757
	 6 g/L	 -	 8 g/L	 -0.1394	 0.0946	 37.4	 -1.473	 0.5857
								      
Population	 Intermediate							     
	 Contrast			  Estimate	SE	 Df	 T.ratio	 P.value
	 0 g/L	 -	 2 g/L	 -0.131	 0.095	 62.9	 -1.378	 0.6437
	 0 g/L	 -	 4 g/L	 0.0714	 0.0951	 63.2	 0.751	 0.9434
	 0 g/L	 -	 6 g/L	 0.3519	 0.0927	 61.5	 3.796	 0.003
	 0 g/L	 -	 8 g/L	 0.2125	 0.0927	 61.7	 2.293	 0.1611
	 2 g/L	 -	 4 g/L	 0.2023	 0.0998	 41.2	 2.028	 0.2711
	 2 g/L	 -	 6 g/L	 0.4828	 0.1061	 73.3	 4.551	 0.0002
	 2 g/L	 -	 8 g/L	 0.3434	 0.1061	 73.3	 3.237	 0.0152
	 4 g/L	 -	 6 g/L	 0.2805	 0.1064	 73.3	 2.635	 0.0744
	 4 g/L	 -	 8 g/L	 0.1411	 0.1064	 73.5	 1.327	 0.6757
	 6 g/L	 -	 8 g/L	 -0.1394	 0.0946	 37.4	 -1.473	 0.5857
								      
Population	 Inland						    
	 Contrast			  Estimate	SE	 Df	 T.ratio	 P.value
	 0 g/L	 -	 2 g/L	 -0.131	 0.095	 62.9	 -1.378	 0.6437
	 0 g/L	 -	 4 g/L	 0.0714	 0.0951	 63.2	 0.751	 0.9434
	 0 g/L	 -	 6 g/L	 0.3519	 0.0927	 61.5	 3.796	 0.003
	 0 g/L	 -	 8 g/L	 0.2125	 0.0927	 61.7	 2.293	 0.1611
	 2 g/L	 -	 4 g/L	 0.2023	 0.0998	 41.2	 2.028	 0.2711
	 2 g/L	 -	 6 g/L	 0.4828	 0.1061	 73.3	 4.551	 0.0002
	 2 g/L	 -	 8 g/L	 0.3434	 0.1061	 73.3	 3.237	 0.0152
	 4 g/L	 -	 6 g/L	 0.2805	 0.1064	 73.3	 2.635	 0.0744
	 4 g/L	 -	 8 g/L	 0.1411	 0.1064	 73.5	 1.327	 0.6757
 	 6 g/L	 -	 8 g/L	 -0.1394	 0.0946	 37.4	 -1.473	 0.5857
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Figure S4.1 Normalized median time to pupation in days per population across increasing salinization 
levels as a. boxplot with outliers as dots and b. dose-response curve with standard error.
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Figure S4.2 Normalized male to female sex ratio (transformed as natural logarithm) at the end of the 
experiment per population across increasing salinization levels as a. boxplot with outliers as dots and b. 
dose-response curve with standard error
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Table S4.3 Model summary statistics on the time to emergence for each salinity comparison and 
population.
		  Estimate	 St.E.		  t value		  p value
(Intercept)   	 30.713	     	 1.011		  30.366		  3.139731e-71
Treatment2 	 -2.82	     	 1.505		  -1.874		  6.262380e-02
Treatment4     	 7.587	     	 2.379		  3.189		  1.695946e-03
Treatment6     	 1.347	     	 1.951		  0.69		  4.908814e-01
Treatment8     	 6.631	     	 2.317		  2.861		  4.742289e-03

Table S4.4 Model summary statistics on the male:female sex ratio for each population
			   Estimate	 Std. Error	 t value		  p value
(Intercept)		  -1.9143		 0.1758		  -10.887		 1.52E-15
Inland population	 0.1141		  0.2487		  0.459		  6.48E-01
Intermediate population	0.4615		  0.2518		  1.833		  7.20E-02

Table S4.5 Model summary statistics on the ovipositioning behavior for each population
		  Estimate	 Std. Error	 t value		  p value
(Intercept)	 -1.1741		 0.6538		  -1.796		  7.36E-02
Treatment2	 -1.5191		 0.6648		  -2.285		  2.30E-02
Treatment4	 -1.9195		 0.6666		  -2.88		  4.28E-03
Treatment6	 -4.6923		 0.6648		  -7.059		  1.26E-11
Treatment8	 -5.7911		 0.6648		  -8.711		  2.40E-16
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Abstract

Mosquito-borne diseases are on the rise globally due to the shifting distribution 
of key mosquito vector species. One Health approaches, like natural control, 
are gaining attention as a potential solution, especially given the link between 
increasing mosquito abundances and the biodiversity crisis. However, the 
effectiveness of different natural predators and their role in an ecological context 
remain poorly understood. This study compares the predator effectiveness of 
the common European amphibian species Lissotriton vulgaris and Pelophylax kl. 
esculentus to that of the common invertebrate predators Agabus bipustulatus and 
Notonecta glauca. We used the cosmopolitan mosquito Culex pipiens, known for 
transmitting pathogens like the West Nile virus, as a model species. We assessed 
predation rates, sex-specific effectiveness in amphibians, the interaction with 
eutrophication in Lissotriton vulgaris and the impact of amphibian presence on 
mosquito oviposition behavior. The tested amphibians proved to be effective 
mosquito predators, consuming between 4-8 times as many larvae per individual 
as compared to the invertebrates in this research. No difference in effectiveness 
was detected between the two amphibian species, nor between their sexes or 
the levels of eutrophication. Predator presence deterred oviposition behavior 
across the entire experimental setup, thus suggesting the ability of mosquitoes to 
react to a (purported) landscape of fear. The combined effect of deterring egg 
laying and lowering mosquito survival highlight the potential of natural predation, 
and particularly of amphibian species as natural larval control agents. Overall, 
our results highlight the importance of conserving these –globally threatened – 
species and facilitating them in urban and rural environments.

Keywords: Amphibian, biological control, control agent, Culex pipiens, Lissotriton 
vulgaris, Pelophylax kl. esculentus, urban green spaces
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5.1 Introduction

In recent decades, distributions of several mosquito species that are key vectors of 
diseases have been shifting rapidly (Neiderud, 2015; Steiger et al., 2012). This has 
contributed to an expansion of pathogen distributions and associated increases 
in disease risk globally (Colón-González et al., 2021; Kraemer et al., 2015; Roche 
et al., 2015). Despite extensive mosquito control efforts by governments and 
healthcare sectors in the global south, and increasing efforts in the global north 
(Medlock et al., 2012), mosquito-borne diseases continue to emerge and re-
emerge across the world (Ferguson, 2018).

Control of larval mosquitoes is strongly geared towards chemical interventions. 
In general, these measures are expensive, and their long-term effectiveness has 
been widely questioned (Hamdan et al., 2005; Nazni et al., 2005; Paris et al., 
2011). Furthermore, direct or indirect effects on non-target organisms pose 
additional threats for biodiversity loss (Antwi & Reddy, 2015; Lawler, 2017; Moura 
& Souza-Santos, 2020; Thompson et al., 2020). As this decline in biodiversity 
may cause alleviation in predation pressure, mosquitoes may thrive on the long-
term. Promoting ecologically healthy systems, i.e., ecosystems with an abundance 
of natural predators, as part of a One Health approach, has therefore gained 
increasing attention. With this came an increasing interest in natural control 
(Benelli et al., 2016), but more information is needed on which natural predators 
effectively suppress mosquito populations (in ephemeral water bodies), or how 
(neighboring) habitats could be adapted to facilitate them (Carlson et al., 2004).

The importance of natural control agents, and how their effectiveness differs in 
an ecological context, remains poorly understood (Shaalan & Canyon, 2009). 
Even though, predator-prey relationships are generally well-studied, information 
in the context of mosquitoes is relatively scarce. This is particularly worrisome as 
large-scale decreases in potential predator populations were recently reported 
(Eisenhauer et al., 2023; Kehoe et al., 2021). Impacts on public health are therefore 
hard to predict, as loss of natural control agents may necessitate alternative forms 
of mosquito control.

To gain insight into the role of different species of mosquito predators, species 
specificity is likely to be a key factor. In general, predator effectiveness – i.e. 
kill rate or consumed prey over time – is a species-specific interaction, as anti-
predator behavior differs across species and may enhance or impair kill rates 
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(Ohba & Ushio, 2015; Sih, 1986). Meta analyses of predation efficiency exist for 
groups such as dragonflies and damselflies (Priyadarshana & Slade, 2023) and 
mayflies (Dasrat & Maharaj, 2021), which prey on mosquitoes during their aquatic 
life stages (Dasrat & Maharaj, 2021; Priyadarshana & Slade, 2023). However, these 
analyses are limited to specific groups of (often invertebrate) predators (Benelli, 
2015; Lacey & Orr, 1994; McDonald & Buchanan, 1981), while vertebrate 
predators have been hypothesized to be far more efficient predators (DuRant & 
Hopkins, 2008). 

Particularly amphibians are a poorly understood mosquito predator group 
(Benelli, 2015), while incidentally been proven to be potentially effective natural 
agents, because like mosquitoes, they often depend on ephemeral water bodies 
(Brodman & Dorton, 2006a; DuRant & Hopkins, 2008). Aside from lowering 
mosquito survival, there may be other direct or indirect inter-specific interactions 
that adversely impact the development of mosquito larvae in shared habitats (Alto 
et al., 2012; Fischer et al., 2012; Meadows et al., 2017). Tadpoles, for instance, may 
prey on mosquito eggs, compete with larvae, predate on mosquito larvae during 
their later developmental stages and affect habitat choice (Weterings, 2015). 
Competitive effects with mosquitoes have been shown to prevent successful 
recolonization by mosquitoes in crustacean competitors (Kroeger et al., 2013), 
and as such, predator species with herbivore immature stages like frogs, may 
deter, limit and prevent mosquitoes from establishing. A broad scale inventory of 
predatorial capacity including vertebrate taxa is hitherto lacking and therefore it 
is not well known how predation by different predators compare across different 
ecological contexts. 

As such, we aimed to compare the predator effectiveness of two common 
European amphibians — the smooth newt (Caudata: Lissotriton vulgaris) and 
the edible frog (Anura: Pelophylax kl. esculentus) — against two common 
European invertebrate mosquito predators found in ephemeral habitats: the two-
spot water beetle (Coleoptera: Agabus bipustulatus; Culler & Lamp, 2009) and 
backswimmer (Hemiptera: Notonecta glauca; Saha et al., 2010) across a range 
of ecologically realistic conditions. Experiments were conducted to assess i) the 
predator effectiveness of selected invertebrate and vertebrate species across 
different levels of eutrophication, ii) whether there is a sex specificity of predator 
effectiveness of selected amphibian species, and iii) the effect of predator presence 
on mosquito oviposition behavior. 
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To address these aims, we conducted a series of experiments determining and 
comparing the predation rate on Culex pipiens. We focus on Culex pipiens s.l., 
a common and cosmopolitan species with a wide tolerance to temperature and 
eutrophication, known to occupy almost every type of water body (Becker et 
al., 2010a). Culex as a genus represents the predominant vectors of West Nile 
virus, Usutu, Avian malaria and Dirofilariasis amongst other pathogens, of which 
the Culex pipiens species group is the most widespread (Harbach, 2012). Wild 
populations of Culex pipiens have been confirmed to transmit Avian malaria, 
Batai, Sindbis and Usutu (Ibañez-Justicia et al., 2015). Due to its locally high 
abundance, wide distribution range and its aptitude for transmission of a variety 
of pathogens, it is an important vector and nuisance species. Culex pipiens thrives 
in small aquatic systems (Buxton et al., 2020),, especially under hypertrophic and 
subsequently anoxic conditions (Boerlijst et al., 2023). 

Predatory behavior on the mosquito genera Aedes and Anopheles was validated 
for L. vulgaris and Pelophylax kl. esculentus to determine whether our results 
could translate to other mosquito taxa. Adult frogs were used as development of 
the mouthparts allow for carnivorous diet only during the short window between 
Gosner stages 42 and 46 (Gosner, 1960; Johansson et al., 2010).

5.2 Methods

5.2.1 Experimental setup
The experiments consist of i) a comparison in predator effectiveness of L. 
vulgaris, A. bipustulatus and N. glauca, ii) an assessment of L. vulgaris predator 
effectiveness across different eutrophic levels, iii) a large-scale comparison of sex-
specific predator effectiveness of L. vulgaris and P. esculentus, iv) an assessment of 
amphibian presence on mosquito oviposition, and v) a comparison of amphibian 
predator effectiveness on Aedes and Anopheles larvae. All experiments were 
performed in a full factorial setup under outdoor conditions. 

5.2.1.1. Pre-experimental conditions
For each experiment, we used a set of similar pre-experimental conditions. A 
series of mesocosms (Table 5.1) was placed in a randomized full-factorial grid. 
The mesocosms are representative of the artificial containers that Cx. pipiens 
is known to colonize (Koenraadt & Harrington, 2008). Each mesocosm was 
filled with dechlorinated tap water and a standardized community of algae and 

Chapter 5

 5



121

bacteria, collected with a plankton net (250 µm with a 53 µm collector) from 
the lake next to the Living Lab field station (Leiden, The Netherlands), where 
all selected predator species naturally occur. The filtered algae and bacteria 
obtained were divided equally across all mesocosms so that one liter of water 
in the set-up contained as much microbes as a liter of ditch water (Dellar et 
al., 2022). Eutrophic levels representative of Dutch ditches (4-10mg/L N-total; 
Loeb and Verdonschot 2008) were created, using cow manure pellets (2,4% N; 
1,5% P2O5; 3,1% K2O) (Boerlijst et al., 2023). As such, 4 and 8 mg N-total was 
used for experiment 2 and 4mg N-total for all other experiments. After a day of 
acclimation, the contents of the mesocosms were stirred and strained through a 
300µm sieve to remove any large particulate matter. The mesocosms were then 
covered with a 0.1mm mesh to prevent natural colonization by mosquitoes and 
predators and to prevent the emerged mosquitoes from flying out. The bacterial 
community was thereafter left to acclimatize for one week. 

Table 5.1 Mesocosm set-up for each of the experiments

Experiment Mesocosm Replicates (treatment/control)
1 16L white polypropylene 3/3
2 16L white polypropylene 8/4
3 48L black polypropylene 11 /14
4 48L black polypropylene 11/14
5 48L black polypropylene 8

Evaporated water was replenished daily using dechlorinated tap water stored 
at ambient temperature. To maximally mimic field conditions and to limit the 
amount of stress of the predators, natural shelter for salamanders in the form of 
a handful of Canadian waterweeds (Elodea vulgaris), a stone to climb out of the 
water, and an air stone connected to an air pump (Vt AP-10) were provided in 
each mesocosm. Prey densities of 50 third/fourth instar mosquito larvae were 
added to each mesocosm.
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5.2.1.2 Experiment 1: comparing predator effectiveness 
Kill rates of different vertebrate vs invertebrate predators were assessed in May 
2020. The experiment consisted of four predator treatments, with either one 
individual of L. vulgaris, A. bipustulatus, N. glauca, or no predator (control). Each 
treatment combination had three replicates. The experiment took place on 6 
May 2020 and had a duration of one day. The number of mosquito larvae, pupae 
and adults were counted 1, 2 and 3 hours after the mosquito larvae were placed 
in the mesocosm.

We focused on predator species that are able to survive such conditions by i.e. 
their ability to breath air and migrate over land, like true bugs (Fischer et al., 2012), 
beetles (Lundkvist et al., 2003a) and amphibians (Brodman & Dorton, 2006a). 
Similarly, we focused on larger predator species as they are less temperature 
dependent (Van Der Have & De Jong, 1996), and as food intake increases with 
size of the animal (DuRant & Hopkins, 2008; Jennings et al., 2002). Both L. vulgaris 
and P. esculentus are known to feed while in and under water (Anamaria et al., 
2011; Blommers-Schlösser, 1992; Covaciu-Marcov, 2010; Sas et al., 2007, 2009; 
Tyler, 1958)2010; Sas et al., 2007, 2009; Tyler, 1958 and Nematocera larvae have 
been incidentally described as a food source (Anamaria et al., 2011; Covaciu-
Marcov, 2010; Sas et al., 2007). 

5.2.1.3 Experiment 2: Predation across eutrophication
The impact of eutrophic conditions on predator effectiveness was assessed by 
taking two eutrophication treatments (4mg/L N-total and 8mg/L N-total) and 
two predation treatments (L. vulgaris, control), with eight L. vulgaris replicates 
and four control replicates. The experiment took place at the beginning of May 
2020 and had a duration of 5 days. The number of mosquito larvae, pupae and 
adults were counted 2, 4, 6, 12, 14, 16, 18, 36, 38, 40, 42, 52 and 62 hours after 
L. vulgaris had been placed in the mesocosm. We performed daily chlorophyll a 
and turbidity measurements using an Aquafluor 8000-010 using manufacturers 
protocols, as these are indicators for both visibility and resource competition 
due to their relation with bacterial and algal metabolism (Ansa-Asare et al., 2000; 
Coolidge, 2017).

5.2.1.4 Experiment 3: sex-specific Amphibian predator effectiveness
Amphibian predator effectiveness was assessed by imposing three predation 
treatments (L. vulgaris, P. esculentus, control Due to limitations in availability, we 
used two male, and nine female replicates for L. vulgaris, seven male, and four 
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female replicates for P. esculentus, and fourteen control replicates. The experiment 
took place in June 2021. A terrestrial resting spot was included in each mesocosm 
in the form of a 180x87x41mm brick placed vertically in the water (Figure 5.1). 
The number of mosquito larvae, pupae and adults were counted after 1, 2, 4, 8, 
24, 28, 32, 48, 56 and 72 hours, starting 40 hours after the predators were put 
into the mesocosms.

The experiment was repeated directly after the first round to determine whether 
the 40-hour food deprivation affected predatory behavior. This second round 
was performed in triplicate, for which a selection of the predators was used, with 
two male and one female replicate for P. esculentus and three female replicates 
for L. vulgaris. The other predators were removed from the setup and placed in 
experiment 5.

Figure 5.1 Overview of experimental setup for amphibian predator effectiveness; experiment 3 (left). 
Contents of the mesocosms are shown on the right including the stone as resting spot and air stone for 
oxygen (top right), and waterweeds as natural shelter (bottom right).
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5.2.1.5 Experiment 4: Oviposition behavior
Mosquito oviposition behavior was assessed in the experimental setup of 
experiment 3 After the second round of the experiment, all lids were taken off 
and all remaining predators were removed. The water from each mesocosm was 
strained through a 300µm sieve to remove any remaining larvae. The mesocosms 
were then left open for two weeks during which egg rafts were counted and 
removed daily. The water in each mesocosm was filtered daily using a 300µm 
sieve to prevent colonization by other (predator) species.

5.2.1.6 Experiment 5: Comparison with other mosquito genera
Predatory behavior on the mosquito genera Anopheles and Aedes was assessed 
using a glass 40x30x30cm aquarium filled with 20L low eutrophic (4mg/L N total) 
water. Two L. vulgaris or two P. esculentus were placed in the aquarium and 
left to acclimate for five minutes. Three larvae of either Aedes sp. or Anopheles 
maculipennis were then added, and feeding was recorded for five minutes after 
which the remaining mosquito larvae were removed using plastic pipettes. The 
predators were then collected and released at their capture location. This was 
repeated until all larvae had been eaten. Due to limited availability, only seven 
Aedes larvae and five Anopheles larvae were used in total. 

5.2.2 Rearing of mosquito larvae
Egg rafts of Cx. pipiens were collected during two weeks prior to the start of an 
experiment at the experimental site. To this end, three 8L black polypropylene 
buckets were filled with three liters hypertrophic water, which has shown to be 
an attractive oviposition environment to female Cx. pipiens (100mg N-total/L; 
Boerlijst et al., 2023), after which they were placed under tree cover. The larvae 
were subsequently allowed to hatch in the buckets, where they were kept at 
ambient temperature until the start of the experiment. Previous studies indicated 
that the used conditions attract Cx. pipiens and Culiseta annulata only (Boerlijst 
et al., 2023; Dellar et al., 2022). The collected egg rafts were distinguished from 
those of Culiseta annulata by their difference in size (Chapman et al., 2020; Sames 
et al., 2005).
 
5.2.3 Sourcing predators
All predators were captured from the neighboring lake of the Living Lab field 
station using an aquatic net. The two invertebrate species, A. bipustulatus and N. 
glauca, were collected on the day of the experiment and were identified using 
the Freshwater Life field guide (Greenhalgh & Ovenden, 2007) whilst making 
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sure all individuals were of similar size. The two vertebrate species L. vulgaris and 
P. kl. esculentus were collected during the two days prior to the experiment. All 
predators were kept individually in the experimental setup until the start of the 
experiment to prevent cannibalistic behavior.

5.2.4 Statistical analysis
All data were analyzed in R version 4.3.2 (R Core Team, 2018). Linear (mixed 
effects) models were used to test for differences in predator effectiveness 
across the experiments. Boxcox transformation was applied when applicable 
(Supplementary Table S5.1). All models, including random effects, were optimized 
by Akaike information criterion (Table 5.2). Dependent variables were tested 
for normality and assessed using Quantile Quantile-plots and a Levene’s test 
(P = 0.05). Absolute mortality rates were used for statistical analysis, whereas 
proportion of mortality due to predation were used for visualization purposes. 
The proportions of mortality due to predation were calculated by subtracting the 
background mortality, here defined as the mean mortality in the control group 
per time point. As such, variance in control is not visualized, but was evaluated 
and thus accounted for.

Table 5.2 Linear model after selection per experiment

Experiment Linear model
Relative effectiveness Mortality ~ Predator

Predation across eutrophication Mortality ~ Eutrophication + Hours

Amphibian predator effectiveness Mortality ~ Predator * Hours + Temperature + Er-

ror(Cosm / (Predator * Hours))

Oviposition behavior Egg rafts ~ Predator * Day + Error(Cosm / Day)

5.3 Results

5.3.1 Experiment 1: Assessing predator effectiveness
All predators successfully captured and consumed mosquito larvae (Figure 5.2; 
Supplementary Table S5.1). No difference in predator effectiveness was detected 
between A. bipustulatus and N. glauca (t(3,8) = -0.985, p>0.05, partial η2 = 0.173, 
power = 1). However, differences between the vertebrate and invertebrate 
predators were found as L. vulgaris consumed on average four times as many 
larvae as A. bipustulatus (t(3,8) = -4.924, p<0.01, partial η2 = 0.909, power = 1) 
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and eight times as many larvae as N. glauca (t(3,8) = -5.909, p<0.001, partial η2 = 
0.876, power = 1).

Figure 5.2 Proportion of mortality due to predation (%) per predator species at the end of the experiment 
(a), and over time (b).
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5.3.1.2 Experiment 2: Predation across eutrophication
Lissotriton vulgaris was successful in capturing mosquito larvae irrespective of 
eutrophication level (t(3,92) = --1.814, p>0.05, partial η2 = 0.008, power = 0.136; 
Supplementary Table S5.2), and their kill rate increased over time (t(9,92) = 
13.545, p < 0.001, partial η2 = 0.666, power = 1).

5.3.2 Experiment 3: sex-specific amphibian predator effectiveness
5.3.2.1 Short-term food deprivation
After a 40-hour food deprivation, approximately half of the (50) mosquito larvae 
within the experiment were eaten after 1-2 hours, which steadily progressed 
during subsequent hours (f(10,266) = 200.948, p <0.001, partial η2 = 0.875, 
power = 1; Figure 5.3; Supplementary Table S5.3) and differed between predator 
treatment (f(20,266) = 5.253, p< 0.001, partial η2 = 0.282, power = 1). A minor 
effect of temperature was detected (f(1,266) = 8.279 , p < 0.01, partial η2 = 
0.031, power = 0.835). Post-hoc analysis showed higher mosquito mortality for 
P. esculentus (t = -4.016, p < 0.01) and L. vulgaris (t = -2.667, p < 0.05) compared 
to the control from 2 hours onwards. No difference between the two predator 
species was detected (t = 1.195, p > 0.05). No difference between sexes was 
detected (Supplementary Figure S5.1).
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Figure 5.3 Proportion of mortality due to predation (%) over time (after 40-hour food deprivation) per 
predator type depicted as boxplot with outliers as dots (a) and dose-response curve with standard error 
up until the asymptote is reached (b). 
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5.3.2.2 No short-term food deprivation
Similar kill rates were found without 40-hour food deprivation, with the majority 
of the prey consumed during the first two hours. Mosquito mortality increased 
over time (f(8,35) = 147.777, p <0.001, partial η2 = 0.965, power = 1; Figure 5.4; 
Supplementary Table S5.4) per predator treatment (f(16,35) = 8.977, p< 0.001, 
partial η2 = 0.763, power = 1). No effect of temperature was detected (f(13,35) 
= 0.647, p > 0.05, partial η2 = 0.744, power = 1). Post-hoc analysis showed 
higher mosquito mortality for P. esculentus (t = -15.251, p < 0.001) and L. vulgaris 
(t = -15.163, p < 0.001) compared to the control from 1 hour onwards. No 
difference between the two predator species was detected (t = 0.406, p > 0.05). 
No difference between sexes was detected (Supplementary Figure S5.2).

Figure 5.4 Proportion of mortality due to predation (%) over time per predator type without food 
deprivation, depicted as boxplot with outliers as dots (a) and dose-response curve with standard error 
up until the asymptote is reached (b). 
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5.3.3 Experiment 4: Oviposition behavior
During the two-week period, a total of 32 mosquito egg-rafts were laid, of which 
27 in the control treatment (Supplementary figure S5.3; Supplementary Table 
S5.5). All rafts were deposited in the mesocosms located at the border of the 
experimental setup. Differences were detected across the predator treatments 
(Χ2 = 24.86, df = 6, p < 0.001, Kramers-v = 0.19, power = 0.82). Post-hoc analysis 
revealed differences between the control and L. vulgaris (Χ2 = 8.63, df = 3, p < 
0.05) and between the control and P. esculentus (Χ2 = 18.95, df = 3, p < 0.001).

5.3.4 Comparison other genera
The experiment to confirm whether other representative species from other 
mosquito genera were also consumed by the same predators was successful 
and confirmed that all 7 Aedes and 5 Anopheles larvae were eaten (Supplemental 
video).
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Discussion

The aim of this study was to assess the potential of amphibians to control 
mosquitoes, as part of a One Health approach, by determining the predator 
effectiveness of a range of relevant mosquito predators in temperate regions. 
Here, we report effects on different mosquito life stages, both during larval 
development and oviposition. Both amphibians (L. vulgaris and P. esculentus) 
exhibited similar and notably high larval consumption of Cx. pipiens, regardless 
of preceding food deprivation. Lissotriton vulgaris consumed four times more 
than A. bipustulatus and eight times more than N. glauca. Additionally, breeding 
sites with prior amphibian presence deterred egg-laying, also for neighboring 
breeding sites. These effects appear more significant and ecologically diverse 
than previously reported, adding to the evidence that ephemeral and permanent 
water bodies with an abundance of natural predators might effectively reduce 
mosquito populations without the need for ecologically harmful larvicides (Dale 
& Knight, 2012). 

To date, most interventions to suppress mosquito populations involve the use 
of chemicals like biocides. However, these chemical methods are short-term 
solutions, leading to resistance (Hamdan et al., 2005; Li et al., 2002) and creating 
a pesticide treadmill undermining ecosystem health. As competing species are 
often impacted similarly, chemical control may result in rapid recolonization 
(Meyabeme Elono et al., 2018) and overcompensation (Juliano, 2007; Neale & 
Juliano, 2019) by mosquitoes and ecological imbalances (Allgeier et al., 2019; 
Brühl et al., 2020; Meyabeme Elono et al., 2018), posing risks, especially to 
conservation areas. This combined with the limited information on food-web 
effects (Brühl et al., 2020), and the subsequent unknown fate of the substances, 
makes its use in conservation areas risky. In contrast, biological control, using 
naturally occurring predators, presents a less problematic approach. By actively 
releasing or facilitating predators, it may offer a more sustainable and preventive 
strategy. This method deters egg-laying (Rubbo et al., 2011; Sougué et al., 2021) 
and limits immature survival whilst lowering growth rates, fecundity and delaying 
reproduction (Fischer et al., 2012; Lundkvist et al., 2003b; Schrama et al., 2018). 
Additionally, stressful conditions – including predator presence –¬ promote a 
more heterogeneous mix of developmental stages, as a result of different growth 
strategies among the mosquito larvae (Fischer et al., 2012; Knight et al., 2004), 
which could enable cannibalistic behavior (El Husseiny et al., 2018; Koenraadt & 
Takken, 2003). Indeed, results from our study highlight the importance of seriously 
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considering such measures, not only because they are likely cost-effective, but 
also because they may be far more sustainable than chemical alternatives. 

An important remaining question is how these effects translate into more 
ecologically complex settings. Natural ephemeral ecosystems may be more 
biologically and physicochemically complex than the mesocosm setup used, 
which might lower real world impacts. For instance, the current experiments did 
not consider alternative prey, such as chironomids, which are commonly found 
alongside mosquito larvae (Dinithi & Hemantha, 2020; Leisnham et al., 2007; Talaga 
et al., 2020). Therefore, this study does not account for effects of prey preference. 
However, both currently assessed amphibian species hunt opportunistically 
(Kovács et al., 2014; Roşca et al., 2013). As mosquito larvae spend most time 
at the top of the water column (Becker et al., 2010b), consistently dive as anti-
predator behavior (Awasthi et al., 2012), and often occur at high densities, they 
are considered easy prey. It can therefore be assumed that they would provide 
a prominent food source if available, even in complex communities, which is 
confirmed by their relative abundance in the stomach contents of both amphibian 
species (Brodman & Dorton, 2006b; Tyler, 1958). Moreover, Cx. pipiens often 
selects for breeding habitats with minimal competition and predation (Alcalay 
et al., 2019; Dhileepan, 1997), which further reduces potential effects of prey 
preference on predator behavior.

Similarly, the current study evaluated predator effectiveness at the individual 
level, without considering the effect of relative predator densities. Invertebrate 
predators may be present in much higher densities than amphibians. Consequently, 
although L. vulgaris and P. esculentus individuals consume more larvae, this effect 
may be less pronounced at the community level. Especially when re-evaluating 
predator effectiveness across average predator biomass, i.e., larvae consumed 
per gram (Supplementary Table S5.6), invertebrate predators seem much more 
effective in the short term. However, amphibians, which can readily move between 
water bodies and have stomachs capable of digesting large amounts of prey 
simultaneously (Bissattini et al., 2021; Brodman & Dorton, 2006b; Tyler, 1958), 
may still prove to be important predators in influencing mosquito populations 
over longer periods.

Our results suggest that tested amphibians are highly effective mosquito predators, 
irrespective of species, without discernible differences in kill rates between sexes 
or among similarly sized individuals of amphibians or invertebrate predators. 
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When applying these findings to other mosquito groups, it is essential to consider 
that mosquito larvae exhibit species-specific feeding behaviors that influence their 
position in the water column (Dadd, 1975; Merritt et al., 1992). Understanding 
these behaviors is crucial for assessing predator effectiveness, particularly in 
scenarios of static predatory behavior, necessitating comprehensive testing across 
diverse mosquito groups and predator species. However, it is noteworthy that 
a predominant anti-predator response among most mosquito larvae is diving 
(Awasthi et al., 2012; Sih, 1986). Notably, we found that L. vulgaris effectively preys 
on larvae of Culex, Aedes, and Anopheles, primarily in proximity to the container 
bottom, to which the larvae flee upon disturbance. Pelophylax esculentus was 
found to sit and wait floating at the water surface, we hypothesize until the larvae 
re-emerge after diving, consistent with previous literature (Anamaria et al., 2011; 
Kovács et al., 2014). As such, it is probable that our findings also translate to 
similar predation rates for other mosquito species. 

When considering the effectiveness of predation under different abiotic 
conditions, it is important to recognize their interconnected nature (Krol et al., 
2019). Typically, murky and nutrient-rich waters have a positive impact on larval 
mosquito feeding behavior (Dadd, 1975; Merritt et al., 1992), thus benefitting Cx. 
pipiens’ survival (Boerlijst et al., 2023). Hence, it was expected that eutrophication 
would affect the capacity of predators to kill mosquito larvae (Schmutzer et al., 
2008), which could operate either through lowered oxygen acquisition (Coffin 
et al., 2018), lowered hunting efficiency due to increased anti-predator behavior 
(Tuno et al., 2004), or reduced vision-based hunting (Abrahams & Kattenfeld, 
1997). Surprisingly, eutrophication levels did not affect predation levels, with L. 
vulgaris successfully capturing mosquito larvae regardless, suggesting unaffected 
predation behavior, possibly mediated due to alternative olfactory or tactile cues 
(Ranta et al., 1990). 

The observed effects of predators on ovipositioning may ultimately be even 
more important than the direct effects of larval killing, suggesting that mosquito 
predators are successful in establishing a mosquito landscape-of-fear. Ovipositing 
rates were relatively low, as adult female mosquitoes mostly refused to deposit 
eggs anywhere near our experimental setup. This effect was far stronger than 
the deterrence by abiotic factors such as salt or nutrient availability (Boerlijst et 
al., 2023, 2024), or relative to some invertebrate predators (Eitam & Blaustein, 
2004; Why et al., 2016), indicating that these predators remain in control, even in 
between meals and during temporary absence.
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Overall, our results suggest that amphibian predators may have important long 
term negative effects both on mosquito larval and egg stages. However, relative 
abundances of predator species play a crucial role for their effectiveness, meaning 
that despite the amphibians’ higher effectiveness, their overall impact could be 
mitigated by their lower densities when compared to invertebrates. Still, given 
their substantial impact on ovipositioning rates, and their ability to readily move 
over land to colonize new ephemeral habitats, amphibians are likely relevant actors 
in controlling mosquito larval populations for relatively small urban habitats. As 
such, facilitating endemic amphibians, and endemic mosquito predators at large, 
in anthropogenic landscapes may prove to be a valuable and effective component 
of One Health approaches to mosquito control.
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Electronic appendix

Figure S5.1 Proportion of mortality due to predation (%) over time (after 40h fast) per 
predator type depicted as (a) boxplot per sex with outliers as dots and (b) dose-response curve 
with standard error up until the asymptote is reached. Predator sex is indicated by a circle for 
female, triangle for male. 
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Figure S5.2 Proportion of mortality due to predation (%) over time per predator type without 
fast depicted as (a) boxplot per sex with outliers as dots and (b) dose-response curve with 
standard error up until the asymptote is reached. Predator sex is indicated by a circle for 
female, triangle for male. 
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Figure S5.3 Oviposition behavior depicted as the number of egg-rafts counted per day per 
predator treatment over the two weeks.
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Table S5.1 Anova table experiment 1
Estimate Std. Error t value Pr(>|t|)  Signif

(Intercept) 77.33 7.18 10.770 3.79e-05 ***
PredatorAga-

bus bipustu-

latus

-50.00 10.15 -4.924 0.00265 ** 

PredatorNot-

onecta glauca

-60.00 10.15 -5.909 0.00105 ** 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table S5.2 Anova table experiment 2
Estimate Std. Error t value Pr(>|t|) Signif

(Intercept) -4.27542 13.15893 -0.325 0.7488    
Control + extra 

eutrophic

-1.62077 2.07676 -0.780 0.4448    

Smooth newt + 

eutrophic

-26.25201 1.72704 -15.201 4.36e-12 ***

Smooth newt + 

extra eutrophic

-28.55619 1.73145 -16.493 1.03e-12 ***

Eutrophication 0.11022 0.04109 2.682 0.0147 *

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table S5.3 Anova table experiment 3 round 1
Df Sum Sq Mean Sq F value Pr(>F) Signif

Time 10 47.07 4.707 200.948 < 2e-16 ***
Temperature 1 0.19 0.194 8.279 0.00434 **
Predator:Time 20 2.46 0.123 5.253 4.15e-11 ***
Residuals 266 6.23 0.023

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table S5.4 Anova table experiment 3 round 2
Df Sum Sq Mean Sq F value Pr(>F) Signif  

Time 8 10.702 1.3377 147.777 < 2e-16 ***
Temperature 1 0.006 0.0059 0.647 0.425    
Predator:-

Time

16 1.300 0.0813 8.977 1.8e-09 ***

Residuals 47 0.425 0.0091

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table S5.5 Ovipositioning counts depicted as egg-rafts per day per predator treatment.
Predator

Rafts control frog newt
0 118 110 105
1 18 0 5
2 3 0 0
3 1 0 0
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Table S5.6 Calculations average weight per predator species and corresponding maximum kill 
rates per gram of predator
Species Length 

(mm)

Weight 

(mg)

kill rate/

gram

Reference 

length

Reference 

weight

Formula

A. bipus-

tulatus

6.5-7.5 1.90-2.71 2215 (Ohba & 

Takagi, 

2010)

(Smock, 

1980)

0.019*L^2.46

N. glauca 15-16 14.86-17.42 747 (Reynal-

di et al., 

2011)

(Smock, 

1980)

0.019*L^2.47

L. vul-

garis

66.1-

81.8

7070.97-

13611.03

3 (Bozkurt 

et al., 

2016)

(Santini et 

al., 2018)

10^-4.375 * 

L^3.215

P. escu-

lentus

35.3-

48.6

22812.96-

64797.45

1 (Socha & 

Ogielska, 

2010)

(Santini et 

al., 2018)

10^-4.744 * 

L^3.073
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6.1	 Introduction
The necessity of applying a One Health approach in emerging infectious disease 
challenges is increasingly acknowledged (Breitschwerdt, 2014; Destoumieux-
Garzón et al., 2018; Ellwanger et al., 2022; Little, 2013). While One Health 
inherently implies interconnectedness of animal, human and environment health, 
many studies regarding the ecological side of One Health have largely resorted 
to simplified lab settings (De Brito Arduino et al., 2015; Ohba & Takagi, 2010; 
Saleeza et al., 2014) and/or focused on isolated effects of anthropogenic stressors 
(Kiarie-Makara et al., 2015; Sih, 1986). Such experiments fail to acknowledge 
that anthropogenic stressors, an omnipresent feature of most ecological systems 
these days, interact with the integrity of these ecological systems instead of acting 
purely as an external force, thus lacking ecological realism. Only recently there 
has been a shift towards less controlled environments allowing higher degree of 
ecological realism, such as field labs (Cano-Rocabayera et al., 2020; Silberbush et 
al., 2005). These experimental settings thereby allow for the inclusion of stressor 
interactions (Abrahams & Kattenfeld, 1997; Alcalay et al., 2018; Krol et al., 2019; 
Muturi et al., 2010), and environmentally realistic application of stressors (Beck-
Johnson et al., 2017; Hall & Warner, 2020; Vajedsamiei et al., 2021). 

The realization that ecological realism is key when aiming for a One Health 
approach to VBD represents the basis upon which this thesis is built. This work 
which aims to identify the main anthropogenic drivers, their stressors and relevant 
interactions on Culex pipiens (Cx. pipiens) population dynamics, and how these 
feed through in a One Health approach to Culex-transmitted pathogens. To make 
this ambitious goal attainable, and enable a structured evaluation of stressors, 
I classified all stressors into a nested hierarchy of three levels of increasing 
spatial scale (section 6.3). In the previous chapters I discussed my findings on the 
importance of interactive effects between stressors, which are the norm rather 
than the exception (Chapter 2), that realistic application of stressors massively 
affects stressor impacts (Chapters 2 and 3), that the ecological context of the 
populations evaluated – such as prior (gradual) natural exposure to the stressors 
– affects stressor impact (Chapter 4) and that bottom-up and top-down 
stressors indirectly impact mosquito populations via habitat selection (Chapters 
2, 3, 4 and 5). Based on these findings, this concluding chapter will evaluate how 
systemic (bottom-up), external (top-down) and other stressors act and interact 
across ecological scales (Figure 6.1). This informs us how these should be applied 
in studies on experimental vector ecology, to make them more ecologically 
realistic. Furthermore, these insights offer a novel perspective on how higher 
understanding of ecological realism of Cx. pipiens contributes to (epidemiological) 
preparedness, via the processes of surveillance, risk-mapping and modelling and 
landscape design. Overall, this is an important step in the acknowledgement of 
the importance of ecological processes in the One Health approach.
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Figure 6.1 Overview of scales within which the drivers and pressures act on mosquito populations 
visualized as three concentric layers of increasing opacity. Bottom-up stressors, like eutrophication and 
salinization affect water quality and together with microclimate act on the microhabitat level, the 
innermost layer representing the direct surroundings of the larvae. External stressors, like competition 
and predation, impact community composition on the mesohabitat level, the intermediate layer. Finally, 
landscape characteristics, such as soil type and vegetation together with macroclimate act on the 
macrohabitat level, the outermost layer, representing the entire water body.

6.2	 Applying ecological realism to One Health
One Health, as an interdisciplinary approach, recognizes the interconnectedness 
between human, animal and environmental health. It thereby (albeit hitherto 
largely theoretically) acknowledges that changes in ecosystems may impact all 
domains and that holistic, collaborative efforts that touch on these changes may 
benefit everyone involved (Cunningham et al., 2017; Danasekaran, 2024; K. M. 
Smith et al., 2019). By considering ecological processes, One Health approaches 
hold the potential to develop more effective strategies for health issues, but to 
date an actual, practical implication of this potential is largely lacking. Breaking 
this deadlock necessitates accurate knowledge on how, often complex, ecological 
processes interact and impact us. Ecological complexity – the interconnectedness 
of living systems across multiple scales, processes and interactions – originates 
from the field of multitrophic interactions, and stem from the simple observation 
that organisms interact many other organisms in their environment (Anand et al., 
2010; Harvey et al., 2015). Disease transmission similarly depends on complex 
interactions between organisms, and is influenced by various other abiotic and 
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biotic factors (Su et al., 2022), across multiple spatial scales (Laporta & Sallum, 
2014). More ecological realism, via the inclusion of higher levels of ecological 
complexity, should therefore be considered for infectious disease studies, as 
current approaches may be overly reductionist (de Garine-Wichatitsky et al., 
2022; Maurer, 1999; Su et al., 2022).

6.3	 The scales of ecological realism
Environmental complexity can be explored spatially, by dividing it into three 
(hierarchical) scales of spatial structure: microhabitat, habitat and (macrohabitat): 
the landscape. These scales distinctly affect habitat selection, adding to their 
relevance (Alcalay et al., 2019; Nikookar et al., 2015). The different scales separate 
the ecological interactions into bottom-up, top-down and macro-environmental 
pressures, respectively (Figure 6.1). Below I elaborate on how the ecological 
complexity that was included in this thesis plays out, and shapes ecological 
dynamics, at all three scales. Additionally, I discuss some of the immediate 
implications of my findings at each of these three scales.

6.3.1 microhabitat
Small, localized physical and chemical conditions of the immediate surroundings 
of a given organism are defined here as the microhabitat. This scale is comprised 
of effects from, and spatial distribution of, compounds acting on water quality. 
For mosquitoes, the main relevant pressures at this scale are eutrophication, 
salinization and micro-climate that shape the larval microhabitat, all of which are 
further elaborated below. Larvicidal compounds such as heavy metals (El-Sheikh 
et al., 2010), plant metabolites (Al-Doghairi et al., 2004; David et al., 2000, 2001) 
and insecticides (Hamaidia & Soltani, 2016; Li et al., 2002) act on this scale as 
well, but are not further evaluated as this thesis focuses on naturally occurring 
ecological pressures. 

Eutrophication results in nutrient accumulation in aquatic system, and is an 
important regulator of the potential primary biomass production, primarily 
achieved by microbes (Edwards et al., 2006). Nutrient enrichment is therefore 
indicative of the direct (Aly & Dadd, 1989) and indirect (Merritt et al., 1992) food 
availability. The species-specific effects of eutrophication on mosquitoes have 
been well documented (Buxton et al., 2020a; Krol et al., 2019; Schrama et al., 
2018), and Cx. pipiens has previously been described to prefer high eutrophication 
levels (Hasselschwert & Rockett, 1988; Rejmánková et al., 2013). However, these 
studies commonly simplify eutrophication as food availability, without considering 
its interactions with larval density and temperature (Edwards et al., 2006), which 
were tested in Chapter 2. The results of Chapter 2 confirm that Cx. pipiens 
has a strong preference for the most eutrophic state if presented with a gradient 
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from oligotrophic to hypertrophic conditions during oviposition behavior. While 
temperature did not interactively affect development and survival, eutrophication 
and larval density did interact inversely (Chapter 2). This suggests that temperature 
and associated microbial activity did not reduce resource competition at the 
time scale tested. Depth of the habitat, affecting temperature fluctuations, will 
therefore be unlikely to affect food availability, meaning that permanent and 
ephemeral water bodies should be considered equally, based on their eutrophic 
level. As eutrophication continues to rise globally (Smith et al., 2006), it continues 
to be one of the most important underlying drivers of Cx pipiens abundance. 
Countering these effects should therefore receive priority if the goal is to lower 
the abundance of Cx pipiens.

Unlike eutrophication, salinization is typically considered detrimental to freshwater 
organisms (Dahl, 1956). While several physical adaptations in salt water tolerant 
mosquitoes exist (Akhter et al., 2017; Donini et al., 2007), Cx. pipiens is mostly 
limited to regulation of drinking rate and active secretion (Aly & Dadd, 1989; 
Bradley, 1987; Bradley & Phillips, 1976). Consequently, Cx. pipiens is relatively 
vulnerable to salinization (Figueroa et al., 2016; Kengne et al., 2019). Analysis on 
the Dutch populations in Chapter 4, however, revealed a higher tolerance than 
expected, which I hypothesize is caused by gradual historical exposure (Oude 
Essink et al., 2010; van Baaren & Oude Essink, 2009). Additionally, an interaction 
between temperature and salinity delayed development under brackish conditions 
(Chapter 2), implying that the increased active expulsion of ions under higher 
temperatures may have impacted larval energy budget. As a result, salinization is 
unlikely to affect Cx. pipiens populations directly, unless in ephemeral water bodies 
which may experience higher maximum temperatures. Overall, these findings 
suggest that abundances of Cx. pipiens will likely (locally) increase with increasing 
salinization, but more work is needed to understand the full implications of this 
stressor.

Micro-climate is a result of the interplay between the landscape characteristics 
macro-climate, vegetation cover and spatial habitat structure. From the point 
of view of mosquito larvae, several elements of the microclimate are rather 
unimportant, including light intensity and dissolved oxygen (Muturi et al., 2008; 
Vezzani & Albicócco, 2009) while (fluctuations in) temperature are considered 
very important (Beck-Johnson et al., 2017; De Majo et al., 2019; Vajedsamiei et al., 
2021). In this work, we show that including temperature fluctuations, both natural 
and through block-schemes, similarly reduced development time by approximately 
one third compared to a constant temperature of the same mean (Chapters 
2 and 3). Additionally, the majority of this difference arises during pupation 
(Chapter 3). As pupae do not eat (Becker et al., 2010), suboptimal development 
under static temperatures may then result in mosquitoes of decreased fitness. 
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This highlights the importance of including natural fluctuations, in experimental 
work and modelling practices on climatic effects in vector ecology.

Overall, the ecological interactions at the micro habitat scale underscore the 
importance of these regulating factors, and potential interactions with larval 
density but no interactions with the facets of micro-climate, such as temperature. 
Moreover, these findings underscore that, at the micro-habitat scale, the handling 
perspective should be geared towards reducing the impact of isolated stressors by 
mitigating anthropogenic disturbance (e.g. limiting eutrophication by decoupling 
the water table near agriculture). 

6.3.2 mesohabitat
The biotope – the system of biotic interactions within the larvae their spatial 
range – is here defined as the mesohabitat    . This scale is defined by the impact 
of biotic interactions, for example the impact of competitors and predators 
(Braks et al., 2004; Knight et al., 2004; Murrell & Juliano, 2008).

Due to the surface-dwelling nature of mosquito larvae, reliance on atmospheric 
instead of dissolved oxygen (Muturi et al., 2008), and the preference of Cx. pipiens 
for semi-temporary water bodies (Becker et al., 2010), most competition originates 
from other mosquito larvae (Becker et al., 2010). This may be simplified to density 
dependency effects for competition within the same species (Beck-Johnson et al., 
2013; Couret & Benedict, 2014). Such intraspecific competition mainly impacts 
development, as extremely small amounts of resources are needed for survival 
(Chapter 2). Competition mostly delays development (Chapter 2), but high 
densities may promote early maturation (Knight et al., 2004; Meyabeme Elono et 
al., 2018), predominantly in males (Alcalay et al., 2018), to escape competition. 
However, since mosquitoes actively select for eutrophic habitats (Buxton et al., 
2020a; Hasselschwert & Rockett, 1988), with low competition (Mwingira et al., 
2020), such conditions are unlikely to exist naturally. 

Predation is one of the strongest selective forces, directly limiting survival (Culler 
& Lamp, 2009; DuRant & Hopkins, 2008; Knight et al., 2004; Kovács et al., 
2014). Although many predators potentially consider mosquito larvae as prey, 
the range of actual predators on Cx. pipiens may be far more limited, due to 
the preference of Cx. pipiens for ephemeral water bodies. This implies that any 
potential predator needs to be able to disperse over land or through the air. The 
preference of Cx. pipiens for highly eutrophic water, which is generally related to 
higher turbidity and low concentrations of dissolved oxygen (Coffin et al., 2021), 
may further limit the range of predators to those able to breathe atmospheric 
oxygen and hunt with decreased vision. Based on these notions, Chapter 5 
dove into the species that may be successful predators of mosquito larvae. All 
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selected predator species were competent antagonists of Cx. pipiens. Among 
these common predator groups, amphibians outperformed all other groups on 
an individual level, irrespective of eutrophication levels (Chapter 5). Facilitating 
(amphibian) predator presence may therefore prove to be a valuable nature-
based solution to limit mosquito presence, as the living community affect habitat 
suitability both directly and indirectly.

6.3.3 landscape
The landscape is defined here as one or multiple habitats and their immediate 
surroundings. Landscape characteristics may then consist of pressures over 
multiple habitats, including detritus type (Murrell & Juliano, 2008), soil type (Krol 
et al., 2023), vegetation (Laporta & Sallum, 2014; Medeiros-Sousa et al., 2017) 
and macro-climatic conditions such as temperature (Ciota et al., 2014). 
Although effects of pressures at a landscape level, such as mean temperature and 
nitrogen deposition, may impact mosquito larvae directly (Chapter 2), I propose 
that the majority of landscape-wide effects occur during ovipositing. Namely, 
we find that female mosquitoes actively evade habitats where their offspring 
has a low chance of survival, and select for environments where the contrary 
is the case (Chapters 2, 4 and 5), contrasting literature on other mosquito 
species indicating that ovipositing may be decoupled from potential larval survival 
(Roberts, 1996; Roberts & Irving-Bell, 1997; Yee et al., 2020). Our findings show 
that habitat selection during egg-laying may be affected by poor water quality 
(Chapter 4), limited resources (Chapter 2) or predation (Chapter 5). In 
the latter case, habitats close to those deemed unfavorable are evaded as well 
(Chapter 5). However, even though some habitats are avoided, ovipositing does 
take place at the comparatively ‘most suitable’ habitat (Kennedy, 1942). Perceived 
habitat quality thus seems to be dependent on water quality, resource availability 
and community structure (mainly competitors and predators) on a case-by-case 
basis. At the landscape level, these choices are affected by spatial context. I.e., 
larval habitats that may seem to be poor choices individually, may be the best 
option available, and therefore may still be colonized depending on the context. 

6.4	 Implementing realism in experimental design
Considering the abovementioned spatial scales of environmental complexity can 
help to determine how ecological realism may be incorporated into experiments, 
by providing context and relevance for its different facets. To address the 
complexities, ecological realism is here subdivided into stressor interactions, 
spatiotemporal ranges and treatment application. These aspects recognize the 
complexity of ecological systems, by acknowledging 1) the multifaceted nature of 
ecological systems, 2) the variability and often cyclic nature of ecological stress 
over time and space and 3) the unintended potential of experimental conditions 
modifying stressor impact.
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6.4.1 	 Stressor interactions
Stressors have distinct direct impacts on mosquito populations (section 6.3), 
but there may be several indirect interactive effects as well. Stressors rarely 
operate in isolation (Chapter 2), and often co-occur (Figure 6.2), highlighting 
the importance of considering potential interactions among stressors. These 
interactions may occur within a spatial scale, as with competition and predation 
(Knight et al., 2004), or act across them, e.g., temperature often interacts with 
pollutants like salts (Chapter 2) and pesticides (Muturi et al., 2011). Inter-scale 
interactions are particularly noteworthy when evaluating interspecies dynamics, 
where antagonists are often subject to the same stressors, but with different 
tolerances. For example, predation may interact with eutrophication (Krol et 
al., 2019), salinity levels (Silberbush et al., 2014), temperature (Lundkvist et al., 
2003) and habitat complexity (Buxton et al., 2020c). Similarly, competition can be 
impacted by temperature (Costanzo et al., 2005), vegetation (Laporta & Sallum, 
2014) and detritus (Murrell & Juliano, 2008).

Unintended stressor interactions may also occur, as many stressor impacts 
are density dependent. Alcalay (2018) found that larval density interacted with 
temperature and dissolved solute concentration – an indicator for evaporation 
– increasing development time and lowering survival rates. Alto (2012) found an 
additional interaction between density and nutrition, increasing male to female 
sex-ratio, consistent with our findings regarding food availability (Chapter 2). 
Larval densities may therefore be an often implicit, but potential confounding 
factor. Chosen densities should therefore be consciously evaluated, even when 
effects of density dependence were not directly evaluated. The same holds true 
for interactive effects with temperature, for which effects of fluctuations remain 
underrepresented. Therefore, it is crucial to consider interactive effects, intended 
and unintended, for accurate assessment of processes acting on mosquito 
populations.
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Figure 6.2 Overview of systemic and external drivers on abiotic pressures and its impacts on downstream 
population parameters of mosquitoes. For each of the established impacts between pressures and 
states, it is indicated whether the association is positive (+), negative (−) or both (+/−). 

6.4.2	 Spatiotemporal ranges
Including spatial and temporal variation in stressor levels is crucial for realistic 
experimental outcomes. Temporally, different types of stressors act within 
differing time frames. Ranges of top-down stressors acting on habitat level may 
be assessed relatively quickly. For instance, predation pressure acts over several 
days (Chapter 5), while competitive and micro-climatic effects impact mosquito 
larvae over several weeks (Chapter 2). Microhabitat stressors, such as chemical 
pollutants, however, may affect mosquitoes differently across various life stages 
(Clark et al., 2004, Chapters 2 and 4), and potentially across generations, as 
demonstrated for ecotoxicological effects on other organisms (Nederstigt et al., 
2022; Tran et al., 2018). However, most current mosquito experiments evaluate 
direct toxicity for single stressors on single life stages (Kengne et al., 2019), while 
multigenerational experiments with changing or transient stressors remain scarce. 
This is problematic, as valuable information on stressor impact is then lost. Both 
for life stage dependent sensitivity, and for temporal changes in toxicity, due to 
gradual increases in exposure (Mottram et al., 1994), changes in bio-availability 
(Schleier III & Peterson, 2013) and degradation of pollutants (David et al., 2001).
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Spatially, chemical and climatic stressors display stratification. Effective treatments 
and measurements should therefore be tailored to the location in the water 
column that mosquito larvae predominantly inhabit, typically the water surface 
(Chapters 2, 3 and 4). Consequently, measuring stressors like temperature at 
higher depths, or using air temperature as indicator, misrepresents actual surface 
water temperatures, and may thereby cause inaccurate results (Asare et al., 2016; 
Paaijmans et al., 2008). However, up until recently, using air temperatures has 
been the norm for modelling practices (Asare et al., 2016; Erraguntla et al., 2021). 
Biotic interactions are similarly stratified, as effects of competition or predation 
may be limited if the antagonist resides in a different layer (section 6.3.2), or when 
a competitor uses different feeding methods (Merritt et al., 1992). Chemical 
stressors may express differing levels of bioavailability depending on the place 
in the water column, as polar substances like pyrethrins can bind to sediment 
(Schleier III & Peterson, 2013), depending on the (controlled-release) formulation 
used (Andriessen et al., 2015; Mapossa et al., 2021). As such, relevant timeframes 
and spatio-temporal processes should be evaluated to inform realistic stressor 
application. 

6.4.3 	 Treatment application and relevance
Realistic application of treatments relies on the principles from realistic stressor 
interactions and ranges as well as the relevant spatial scale. For instance, landscape 
characteristics such as vegetation should be considered when evaluating predation, 
as vegetation may interact by providing a resting spot for predators (Chapter 
5), as well as by creating a predator refuge (Bond et al., 2005). When simulating 
the micro-climate, natural fluctuations should be considered. For example, 
natural temperatures are cyclic in nature, and their inclusion may severely impact 
population parameters (Chapter 3). Such spatiotemporal changes in exposure 
are important for chemical stress as well, as reported by Viaene (2016). 

When considering the relevance of particular stressor treatments, it is important 
to consider the populations used. The historical context of populations should 
therefore be evaluated and reported when assessing effects of stressors which 
may have caused local adaptations. For instance, Kengne (2019) reported on 
salinity tolerance of multigenerational lab populations originating from Cévenne, 
France, explicitly mentioning potential bias as a result of local adaptations and 
inbreeding depression. Differences in historical exposure may indeed partially 
explain the large discrepancy in tolerance found for Dutch populations (Chapter 
4), stressing the importance of communicating and contextualizing geographic 
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origin. Finally, the relevance of each treatment should be evaluated by assessing 
colonization by the relevant species (Chapters 2, 4 and 5). Information on habitat 
preferences for colonization and its potential discrepancies with other population 
parameters may inform whether certain conditions may create population sinks, 
potential hotspots, cause dispersal or will simply not affect populations.

6.5	 Future strategic research areas
In my analysis of the main anthropogenic drivers of Cx. pipiens population 
dynamics, I have strived to be as complete as possible within the limits of a 
4-year PhD project. However, some areas of research were not evaluated, even 
though they do require further testing. These include an evidence-based link 
between mosquito population dynamics and disease risk, community evaluation 
of salinization impacts and generalization of the found impacts for other mosquito 
species. In doing so, the current findings could more easily and accurately be 
applied to mosquito-borne disease preparedness.

A major and consistent assumption in the field of vector ecology, mine including, 
regards the translation of population dynamics to disease risk. Namely, it is 
assumed that these stressors not only affect mosquito abundances, but thereby 
also modify the probability of transmission, and hence influence disease dynamics 
and ultimately disease risk. There is some emerging evidence that modifying 
mosquito abundances indeed influence transmission (Kolimenakis et al., 2021), 
but a lot on this topic is still unknown. Vector-borne diseases, by definition, are 
limited to transmission by their vector, but information on the minimum viable 
vector density, is scarce. This is caused by a disconnect with vector-host dynamics, 
for which a framework has only recently been established (Thongsripong et al., 
2021), which highlights that additional information is needed on (stressor impacts 
on) human-mosquito contact rates. Such information should include stressor 
impact on dispersal capacity, biting rates and biting behavior (Thongsripong et al., 
2021). This could then be combined with information on the impacts of growth 
conditions on vector competence (Esser et al., 2019) to assess vector-borne 
disease risk semi-quantitatively (Petrić et al., 2014).

This thesis provides some indications that coastal areas experiencing ongoing 
salinization may be potential risk sites for disease transmission. Central to this 
idea are the assumptions that predation might become lower in these areas 
and that Cx. pipiens willingly colonizes saline water bodies. These factors should 
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be evaluated further. Firstly, the impacts of ongoing salinization on mosquito 
predator communities should be assessed either experimentally or by field 
survey to determine whether freshwater predators show similar plasticity or 
adaptations or whether alternative predator species take their place. Secondly, 
egg-laying behavior during the salinization experiments used freshwater bacterial 
communities, which were self-selected during acclimatization. Although these 
self-selected community and their medium attracted gravid mosquitoes up to 
moderate salinities, bacterial activity may have been limiting egg laying behavior 
under the most saline conditions. In the light of ongoing salinization, further 
evaluation is needed to understand this mechanism, as even higher salinities may 
prove to be sufficiently ‘attractive’ when using bacterial communities natural to 
these areas. 

And last but not least, the hypotheses in this thesis should be evaluated for other 
mosquito species to test their generality. Although the processes on which the 
stressors and their interactions act should be comparable across species, whether 
their relative importance remains the same, remains to be tested.

6.6 Implications in a one health context
One of the aims of this thesis was to identify the main anthropogenic drivers 
impacting Cx. pipiens its population dynamics (Figure 6.2), to support the 
development of practical tools, approaches and risk-assessment in One Health 
PACT to intervene in, and enhance preparedness against, mosquito-borne 
outbreaks in a changing world. The work presented in this thesis describes 
anthropogenic impacts at three habitat scales. Each scale is impacted by a 
combination of stressors that will shape the size and structure of mosquito 
populations. Similarly, each scale contains a set of these parameters that could 
be acted on as potential interventions for risk of pathogen transmission, either 
directly harnessing stressor impact, or by using relevant interactions. 

Most traditional interventions act as bottom-up stressors at the microhabitat scale, 
encompassing common insecticides, either as chemical compound (i.e. DDT), 
or as bacterium producing larvicidal compounds (Bti) (Geetha & Manonmani, 
2008; Rochlin et al., 2016). However, these are short-term interventions, as 
they impact the population size, but not the habitat quality, thereby allowing for 
recolonization as soon as the effectivity has faded (Benelli et al., 2016). Because 
of this, as well as concerns with increasing insecticide resistances, interventions 
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at the mesohabitat scale are gaining increasing attention (Abagli & Alavo, 2019; 
Chen et al., 2005; Kumar & Hwang, 2006). By employing mosquito predators 
as biocontrol agents as reinforcement or standalone. In doing so mosquito 
populations may be suppressed for longer periods (Talaga et al., 2020). Using 
predator assemblages further improve effectivity (Buxton et al., 2020b), potentially 
limiting confounding effects of habitat complexity as well (Buxton et al., 2020c). 
These effects at landscape scale should inform which (combination of) predator 
species could most effectively limit mosquito populations, by assessing their 
mobility within the water body (Alto et al., 2005; Buxton et al., 2020c) as well as 
dispersal capacity across water bodies (Brodman & Dorton, 2006; Raghavendra 
et al., 2007; Chapter 5). In doing so, natural dispersal may be facilitated so that 
mosquito habitat suitability is definitively decreased. This may provide a more 
long-term and less challenging method to be exhaustively achieved compared to 
local interventions like draining standing water, or luring gravid mosquitoes, as has 
been proposed by Wong (2012). 

Although the current thesis insinuates that predator free, (anthropogenically) 
disturbed habitats are the most conducive to mosquito populations (Chapters 
2-5), it is unclear how well these results translate to more ecologically complex 
habitats. The currently used mesocosms are the preferred habitat for Cx. pipiens 
(Becker et al., 2010), but more complex habitats are known to be colonized as well 
(Krol et al., 2023). Similarly, without information on the link between mosquito 
population dynamics and disease transmission (Section 6.5), it is impossible 
to make any definitive statements on future disease risk based on the current 
results. The information in this thesis can however give indications on how to 
identify potential hotspots by their abiotic conditions and ecological community, 
thereby allowing effective interventions when outbreaks do occur. Similarly, it is 
currently impossible to state the extent to which mosquito populations should 
be managed to prevent outbreaks. Nevertheless, the findings within this thesis 
do support the notion that potential hotspots may be preempted by facilitating 
healthy ecosystems at or near the site.

6.7 Conclusion
In this thesis, I argue that integrating ecological realism into infectious disease 
studies, is crucial to develop more effective strategies. This includes recognizing 
interactions across microhabitat, habitat and landscape scales, and incorporating 
realistic stressor interactions, ranges and treatment application, as described 
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in this thesis. To this end, I have chosen a spatial and systems-based approach, 
following from the principles of One Health. I have shown that stressors interact 
across all three spatial scales, affecting Cx. pipiens in its natural habitat, not in 
isolation from its habitat. I have shown that several stressors have impacts reaching 
further than commonly evaluated impacts, especially when including realistic 
application. Additionally, I have shown that changes in climate often interact with 
other anthropogenic impacts and should therefore be evaluated conjunctly. This 
thesis shows that more care should be taken to include ecological realism for 
accurate and relevant results that reach further than their experimental setting. 
Especially within holistic and multidisciplinary frameworks like One Health, where 
interactions are the norm. 

These results give an overview of the main anthropogenic drivers, and their 
interactions, acting on Cx. pipiens population dynamics, thereby laying the 
foundation for predictions of how their populations will shift with our changing 
world. Similarly, this thesis provides insight in the drivers that effective interventions 
should act on. This lays a basis for proactive mitigation of Culex-borne disease 
risk, by furthering our understanding of human impacts on Cx. pipiens. Further 
scientific endeavors are needed to extend these findings to other species.
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Anthropogenic change has significantly altered ecological systems. There is 
substantial worry that this will lead to increased transmission of infectious disease. 
As such, establishing relations between elements of anthropogenic change 
and infectious disease is a key challenge. In Europe, current morbidity caused 
by infectious diseases is comparatively low, which stands out in contrast to its 
history. Investigating current changes in land-use, water management and climate 
from a One Health perspective – which acknowledges the interconnectedness 
between human, animal and environmental health – aids in preparedness against 
(re-)emergence.

Among the various mechanisms through which infectious disease pathogens 
spread, arthropods, and mosquitoes specifically, play a crucial role as vector. 
These mosquito-borne diseases are dependent on their vector for transmission. 
Understanding how changes in the interplay between the environment, vector 
populations, and animal and human hosts relate to the increasing incidence and 
spread of pathogens, is crucial in anticipating and mitigating outbreaks. 

Even though often complex, ecological processes are central to this understanding. 
Currently, most One Health studies rely on simplified lab experiments or isolated 
effects, thereby lacking ecological realism and relevance. In this thesis I aim to 
identify the main anthropogenic impacts on the cosmopolitan disease vector Culex 
pipiens’ population dynamics, whilst demonstrating the importance of including 
ecological complexity. To this end, I limited myself to interactions between and 
within bottom-up, top-down and macro-environmental pressures impacting Cx. 
pipiens larvae. 

Biting the hand that feeds
Anthropogenic impacts like altered climate, nutrient pollution and water 
management affect larval mosquito habitats via key abiotic pressures, most 
notably temperature, eutrophication and salinization. These pressures are widely 
assumed to affect subadult development and survival, and (perceived) habitat 
quality during egg-laying, but interactive impacts are poorly understood. To assess 
relevant interactions between these selected pressures, I performed a series of 
full-factorial mesocosm experiments. My results suggest large and positive impacts 
of anthropogenic impacts on mosquito populations, including accelerated growth 
and increased survival. Many of these impacts are exacerbated by increasing 
temperatures.
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Furthermore, I show that stressor impacts rarely operate in a vacuum, and 
instead often co-occur, stressing the importance of evaluating their interactions. 
As the processes upon which the stressors and their interactions act should 
be comparable across species, but with potentially differing relative importance, 
experiments including stressor interactions should be the norm. Doing so will 
provide a basis for the ecological complexity needed to translate experimental 
findings to ecosystems. 

When striving for ecological realism, it is essential to consider not only ecological 
complexity, but also realistic stressor application (including cyclic fluctuations), 
contextualization of test populations, and synergies with mitigation measures. 
The following sections explore these themes through investigation of selected 
pressures.

In the heat of the moment
Temperature is commonly acknowledged as one of the primary forces driving 
ectotherm vector populations. Although numerous experiments have been 
conducted on various species, the majority has been conducted using constant 
temperatures, while temperatures in nature follow diurnal fluctuations. Such 
temperature fluctuations have previously been described to impact metabolic 
processes at (sub)cellular level. In this thesis I developed an inexpensive method to 
study the impacts of temperature fluctuations in mesocosm experiments at the 
whole-organism level. By comparing the commonly used constant temperatures 
and block schemes to the simulated temperature fluctuation of an average day 
in June, I demonstrate that temperature fluctuations significantly decreased 
development time compared to constant temperatures. The majority of this 
difference occurs during the pupal development, when the mosquitoes do not 
eat, and interact the least with their environment.

Including natural fluctuations in temperature thus allows for a more accurate 
assessment of stressor impacts and its derived relative importance, which 
could have significant implications for the predicting the effects of large-scale 
disturbances in temperature regimes like climate-change. 

Taking it with a grain of salt
Salinization, exacerbated by sea-level rise, land subsidence and freshwater 
extraction is a critical environmental cue affecting freshwater ecosystems. 
Salinization is commonly acknowledged to negatively affect biodiversity and 
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ecosystem services, but little is known about the direct and indirect effects of 
animal populations under transitory conditions. Physiological and behavioral 
adaptations in mosquitoes exist, resulting in species specific tolerances, within 
which Cx. pipiens is commonly considered intolerant. Nevertheless, gradual 
exposure combined with their relatively short generation times may have driven 
local adaptation. To assess whether local adaptation to salinization exists, I 
quantified and compared tolerance of three populations along a gradient from 
coast to inland, expecting an improved tolerance near the coast. Mortality was 
considerably lower than expected at the currently described maximum lethal 
dose (LD100), with negligible impacts on development rates. Salinity tolerance 
was highest in the coastal and inland populations, with a significantly lower 
tolerance for the intermediate population. 

These variations in tolerance can be partially attributed to geographic origin 
and historical context. This highlights the need to consider the population used 
in experiments and the following need to communicate and contextualize the 
geographic origin of the populations used in experiments.

Clashing in murky waters
There has been an increasing interest in One Health strategies like natural 
predation to combat mosquito-borne diseases, but at the same time we are 
witnessing widespread losses in biodiversity. In the last chapter of this thesis, I 
evaluated predator effectiveness against Cx. pipiens. We compared two European 
amphibians, the smooth newt (Lissotriton vulgaris) and middle green frog (Pelophylax 
kl. Esculentus) to the predatorial capacity of two ubiquitous invertebrates, including 
the two-spotted diving beetle (Agabus bipustulatus) and common backswimmer 
(Notonecta glauca). Results indicated that amphibians consumed 4-8 times more 
mosquito larvae than the selected invertebrates, with no significant differences 
between amphibian species, their sex, or eutrophication levels. Additionally, the 
presence of predators deterred mosquito egg-laying, suggesting a landscape of 
fear. 

These findings underscore the potential of amphibians as natural mosquito 
control agents, both by limiting survival and preventing colonization altogether, 
emphasizing the need to prioritize conservation of these threatened species in 
both urban and rural landscapes.
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Concluding remarks
Overall, results in this thesis emphasize the need to include ecological realism 
for accurate and relevant results that reach beyond their experimental setting. 
Especially within holistic and multidisciplinary frameworks like One Health, where 
interactions are the norm.

I have given an overview of the main anthropogenic drivers, and their interactions, 
acting on Cx. pipiens population dynamics. The findings thereby provide a 
foundation for predictions of how their populations will shift with our changing 
world. By furthering our understanding of the drivers that effective interventions 
should act on, this lays a basis for proactive mitigation of Culex-borne disease risk.
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Menselijke invloeden hebben ecologische systemen flink aangetast. Algemeen 
wordt er aangenomen dat dit aanzienlijke invloed heeft op de verspreiding 
van infectieziekten, wat kan leiden tot allerlei uitdagingen op het gebied van 
volksgezondheid. Onderzoek naar veranderingen in landgebruik, waterbeheer en 
klimaat vanuit een One Health-perspectief – dat de onderlinge verbondenheid 
tussen de gezondheid van mens, dier en milieu erkent – draagt bij aan het begrip 
van, en de eventuele voorbereiding op, (her)opkomst van ziekten.

Onder de verschillende mechanismen waardoor pathogenen zich verspreiden, 
spelen ongewervelden, en specifiek muggen, een cruciale rol als vector. Deze door 
muggen overdraagbare ziekten zijn afhankelijk van hun vector voor overdracht. 
Om beter te kunnen anticiperen op uitbraken van vector-overgedragen ziekten, 
is het belangrijk om inzicht te krijgen in het samenspel tussen vectorpopulaties, 
hun gastheren, en het milieu.

Hoewel vaak complex, is een beter inzicht in de onderliggende ecologische 
processen essentieel in deze benadering. Veel One Health-studies baseren zich 
op vereenvoudigde laboratoriumexperimenten of geïsoleerde effecten, waardoor 
ecologisch realisme en/of relevantie beperkt is. In deze thesis identificeer ik de 
belangrijkste menselijke invloeden op de populatiedynamiek van de wereldwijd 
verspreide ziektevector Culex pipiens s.l. (ofwel de gewone huismug), en probeer ik 
de ecologisch realistische impact in experimenten te onderzoeken. Hiervoor heb 
ik mij beperkt tot interacties tussen en binnen waterkwaliteit, biotiek (competitie 
en predatie) en klimaat drukfactoren.

Biting the hand that feeds
De habitats van muggenlarven worden door mensen aangetast via 
klimaatverandering, (nutriënt)vervuiling, en waterbeheer. Aan de hand van 
abiotische drukfactoren – met name in de vorm van temperatuur, eutrofiëring, 
en verzilting, worden de ontwikkeling en overleving van onvolwassen muggen 
beïnvloedt. De effecten per drukfactor zijn uitvoerig beschreven, maar de interacties 
tussen deze invloeden zijn nog onvoldoende begrepen, hoewel deze vaak samen 
voorkomen. Om relevante interacties tussen deze geselecteerde drukfactoren te 
beoordelen, heb ik een reeks full-factorial mesocosm-experimenten uitgevoerd. 
Mijn resultaten suggereren dat menselijke invloeden vaak een grote en positieve 
impact hebben op de ontwikkeling en het overleven van muggenpopulaties. 
Veel van deze effecten worden versterkt door een interactie met toenemende 
temperaturen.
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Deze thesis toont aan dat de drukfactoren, die vaak gelijktijdig optreden, samen 
een ander effect hebben dan ieder van de factoren in isolatie. Dit benadrukt het 
belang van het overwegen van hun interacties. De drukfactoren en hun interacties 
haken hierbij aan op basale processen die spelen bij verschillende muggensoorten, 
maar met mogelijk verschillende relatieve belangrijkheid. Om deze reden zouden 
dergelijke interacties standaard meegenomen moeten worden in vector-ecologisch 
onderzoek. Dit biedt een basis voor de ecologische complexiteit die nodig is om 
bevindingen uit de experimenten te vertalen naar ecosystemen.

Voor ecologisch realisme is het onvoldoende om alleen rekening te houden met 
ecologische complexiteit. Het is ook belangrijk om drukfactoren realistisch toe te 
dienen (door natuurlijke fluctuaties mee te nemen), de context van testpopulaties 
te overwegen, en synergiën met mitigatie strategieën te beschouwen. De 
onderstaande tekst onderzoekt deze thema’s aan de hand van geselecteerde 
drukfactoren.

In the heat of the moment
Temperatuur wordt algemeen erkend als een van de belangrijkste invloeden op 
koudbloedigen. Er zijn dan ook talrijke experimenten met temperatuureffecten voor 
vectorsoorten uitgevoerd. Het merendeel hiervan vond plaats onder constante 
temperaturen, terwijl temperaturen in de natuur dagelijkse schommelingen 
vertonen, wat het metabolisme via (sub)cellulaire processen beïnvloedt. In 
dit proefschrift test ik een goedkope en simpele methode om de impact van 
temperatuurschommelingen in mesocosm-experimenten te bestuderen. Door 
de veelgebruikte constante temperaturen en blokregimes te vergelijken met de 
gesimuleerde temperatuurschommeling van een gemiddelde dag in juni, laat ik 
zien dat fluctuaties in temperatuur de ontwikkelingstijd aanzienlijk verkorten 
vergeleken met constante temperaturen. Het grootste deel van dit verschil treedt 
op tijdens de metamorfose van pop naar adult, wanneer de muggen niet eten en 
het minst interageren met hun omgeving.

Het meenemen van natuurlijke temperatuurschommelingen maakt het mogelijk 
om de invloed van drukfactoren, en hun relatieve belangrijkheid nauwkeuriger 
te beoordelen. Dit kan belangrijke implicaties hebben voor de voorspelling van 
grootschalige verstoringen zoals klimaatverandering.
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Taking it with a grain of salt
Verzilting is een cruciale drukfactor in zoetwaterecosystemen, bekend om de 
negatieve impact op biodiversiteit en ecosysteemdiensten. Er wordt algemeen 
aangenomen dat het belang van deze factor toe zal nemen door zeespiegelstijging, 
bodemdaling, en zoetwateronttrekking. Toch is er weinig bekend over de directe 
en indirecte effecten op populaties die onder overgangsomstandigheden leven. 
Fysiologische- en gedragsaanpassingen in muggen uiten zich in soortspecifieke 
toleranties, waarbij Cx. pipiens wordt beschouwd als intolerant. Toch kan 
geleidelijke blootstelling, in combinatie met relatief korte generatietijden, lokale 
aanpassing hebben gestimuleerd. Om te beoordelen of de huismug zich heeft 
aangepast aan verzilting, heb ik de tolerantie van drie populaties langs een 
kust-naar-land-gradiënt gekwantificeerd en vergeleken, met de verwachting dat 
tolerantie aan de kust is verbeterd. De sterfte was aanzienlijk lager dan verwacht 
bij de (huidig beschreven) maximum lethale dosis (LD100) en de impact op de 
ontwikkelingssnelheid was verwaarloosbaar. Zouttolerantie was het hoogst in de 
kust- en binnenlandse populaties, met een aanzienlijk lagere tolerantie voor de 
tussenliggende populatie.

Deze variaties in tolerantie kunnen gedeeltelijk worden toegeschreven aan de 
geografische oorsprong en de daaruit volgende historische context van de geteste 
populaties. Dit benadrukt de noodzaak om rekening te houden met de context 
van de populatie die in experimenten wordt gebruikt, en om de geografische 
oorsprong van de gebruikte populaties te communiceren en te contextualiseren.

Clashing in murky waters
Er is in toenemende mate interesse in One Health-strategieën, zoals natuurlijke 
predatie, om door muggen overgedragen ziekten te bestrijden, terwijl biodiversiteit 
wijdverspreid afneemt. Dit laatste hoofdstuk van mijn thesis evalueert de 
effectiviteit van predatoren tegen Cx. pipiens. We vergeleken twee Europese 
amfibieën, de kleine watersalamander (Lissotriton vulgaris) en de middelste groene 
kikker (Pelophylax kl. esculentus) met twee veelvoorkomende ongewervelden, 
de gewone snelzwemmer (Agabus bipustulatus) en het gewone bootsmannetje 
(Notonecta glauca). De amfibieën consumeerden 4-8 keer meer muggenlarven 
dan de onderzochte ongewervelden, zonder verschillen tussen de amfibiesoort, 
het geslacht, en de verschillende eutrofieringniveaus. Bovendien zorgde de 
aanwezigheid van predatoren voor sterke ontmoediging van muggen om hun 
eieren te leggen. Dit suggereert de aanwezigheid van een landscape of fear, ofwel 
de ruimtelijke beoordeling van predatiedruk door een prooi.
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Deze bevindingen benadrukken het potentieel van amfibieën als natuurlijke 
muggenbestrijdingsmethode, zowel door het beperken van overleving als door 
kolonisatie geheel te voorkomen. Dit accentueert het belang van het behoud van 
deze bedreigde soorten in zowel stedelijke als landelijke gebieden.

Slotopmerkingen
In dit proefschrift heb ik een overzicht gegeven van de belangrijkste menselijke 
drukfactoren, hun interacties, en gevolgen, op de populatiedynamiek van Cx. 
pipiens. Zoals u hebt kunnen lezen zijn deze effecten aanzienlijk en kunnen ze 
elkaar versterken. In mijn studies heb ik laten zien hoe het mogelijk is om tot 
nauwkeurige en relevante resultaten te komen, die verder reiken dan strict 
gecontroleerde experimentele omstandigheden. Daarmee benadrukt dit werk de 
noodzaak om ecologische realisme zoveel mogelijk te integreren in experimenteel 
ecologische studies, wat met name van groot belang is binnen het kader van One 
Health, waar interacties de norm zijn. 

Ook biedt dit werk een grondslag voor voorspellingen over veranderingen in 
muggenpopulaties in een veranderende wereld. Dit vergroot ons begrip van 
de drukfactoren waarop effectieve interventies zich moeten richten. Op deze 
manier vormt deze thesis een basis voor het anticiperen op en verminderen van 
het risico op door Culex-overdraagbare ziekten.
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