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Abstract
Biological control is a longstanding approach in the management of populations of
pests, vectors and invasive species. Mosquitoes are major vectors of pathogens and
parasites which induce unrivaled morbidity and mortality through disease. Emergent
insecticide resistance and environmental concerns have recently driven increased
interest in biological control approaches for the management of vector mosquito
populations. Copepods have been particularly successful biocontrol agents for
mosquitoes. However, the efficacy of biological control agents is mediated by
context-dependencies, which are often poorly understood. A functional response
(FR) approach is frequently used to derive per capita ecological impacts of
biocontrol agents towards target organisms, and can be applied to quantify contextdependencies of interaction strengths. However, the use of FRs alone fails to account
for population-level effects (i.e. Numerical Response, NR). This study examines the
efficacy of multiple biocontrol agents towards vectorially-important mosquito
species, whilst explicitly considering the effects of environmental context. I develop
a novel metric to quantify and compare biocontrol agent impacts under contextdependencies, Relative Control Potential (RCP), which blends per capita (FR) and
population-level (NR proxies) impacts. I demonstrate that RCP can integrate
environmental contexts that mediate consumer-resource interactions, such as
climatic warming, which can drive interspecific differences between biocontrol
agents. I establish that both predatory cyclopoid and calanoid copepods typically
exhibit a Type II FR irrespective of abiotic contexts (temperature, habitat
complexity, water clarity), and thus propose their efficacy in supressing mosquito
populations is robust to different aquatic environments where mosquitoes breed.
Copepod-mosquito interaction strengths increased concurrently with temperature,
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suggesting that offtake rates may keep pace with greater mosquito proliferations
anticipated under climatic warming. Maximum feeding rates of cyclopoid copepods
were unaffected by habitat complexity, and FRs were not impacted by water clarity
regime shifts. This suggests that copepods are reliant on hydromechanical rather than
visual cues in detecting mosquito prey. However, the presence of alternative prey
resulted in species-specific shifts in FR magnitude and form in cyclopoid copepods.
Whilst Culex mosquitoes avoided copepods when selecting oviposition sites, the
application of domestic pond dye created an attractant, where oviposition in
predator-treated water was favoured. As predation by copepods was unaffected by
dyed environments, the use of pond dye and predators in combination could promote
population sink effects. I also propose the use of calanoid copepods in vector control
for the first time, and demonstrate their efficacy in field-based trials that target
container-based aquatic environments where vector mosquitoes breed. Finally, I
demonstrate that the stocking of invasive mosquitofish can impact the overall biotic
resistance of communities towards mosquito prey through interguild predation,
coupled by naïveté that is often prevalent in previously fishless aquatic ecosystems.
Intermediate mosquito predators were naïve to mosquitofish cues, and mosquitofish
actively killed such trophic groups. Therefore, I suggest that the use of non-native
biocontrol agents should be avoided, and instead that practitioners should apply
native organisms for the biocontrol of mosquito populations. This work demonstrates
(1) the utility of FRs in determining interaction strengths of biocontrol agents and
target organisms under context-dependencies; (2) a metric which can be used to
predict and compare the impacts of potential biocontrol agents based on per capita
and population-level impacts; (3) that both cyclopoid and calanoid copepods exhibit
high predatory potential towards mosquito prey, which is often context-independent.
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Chapter 1
General introduction

1

1.1. Biological control
Biological control stems from the broader pheneomenon of ‘natural control’,
as proposed by Smith (1919), where it was recognised that the natural environment
is always exerting pressure on populations through both biotic and abiotic factors. In
1964, DeBach further refined biological control as a concept, by explicitly referring
to biotic factors which affect a particular species (DeBach, 1964). That is, the
difference between populations with and without a particular biotic factor can be
used to quantify the effect size of a biological control agent. Conceptually, biological
control encompasses the deliberate use of natural enemies to achieve a reduction in
the numbers of target organisms. Such natural enemies may be predators, parasites,
parasitoids, competitors, pathogens or toxins from microorganisms (DeBach, 1964;
Huffaker and Messenger, 1976; Woodring and Davidson, 1996). Vertebrate and
invertebrate predators consume prey, with predation rates contingent on capturing
and handling processes (Holling, 1959). Parasites are dependent on their host
organism for resources during some or all of their life history stages, whilst
microbial pathogens cause disease in target organisms (Price, 1970; Rodríguez-Pérez
et al. 2012).
Presently, biological control can be split into two facets, namely ‘natural’
and ‘applied’; the former requires no human intervention (Rodríguez-Pérez et al.
2012). The latter, ‘applied’ branch, can be further divided into three types: (1) classic
biological control, whereby a foreign or exotic natural enemy is introduced to a
country or region where it does not exist; (2) the increase in native natural enemies
through either inoculative (whereby the natural enemy can become established from
a single release) or inundative releases (whereby temporary control is achieved by
the agent, constrained by lifespan; many releases may be necessary); (3) promotion
2

of natural enemies through conservation of their natural habitats, for instance
through select agricultural practices. Biological control often presents a relatively
cost-effective and environmentally friendly means of controlling target organisms,
with many success stories of eradications and population reductions (Bellows, 2001).
Cost and benefit analyses have generally shown biocontrol to be more economically
efficient in managing pests than other approaches such as chemical control (van
Lenteren, 1993, 2012). Indeed, cost-benefit ratios have been shown to be fourfold
higher for biocontrol as compared to chemical control (Tisdell, 1990;
Neuenschwander, 2001; van Driesche & Bellows, 2011). However, improved
collaboration between scientists and practitioners could allow for more cost-effective
biocontrol research and implementation (Barratt et al. 2018), and the cost
efficiencies compared to emerging control measures require elucidation. Biocontrol
success stories include cacti control in Australia with the moth Cactoblastis
cactorum (Raghu and Walton, 2007) and control of the yellow fever mosquito Aedes
aegypti in Vietnam using cyclopoid copepods (Nam et al. 2012). Yet, classical
biological control, in particular, has been scrutinised in public perception due to
numerous, high-profile disastrous releases (e.g. Lampo and De Leo, 1998). Here, as
a novel organism is introduced into a new range, there is an inherent risk of adverse
ecological and socio-economic impact associated with non-target effects (Simberloff
and Stiling, 1996). Notorious examples include the introduction of cane toads to
Australia (Howarth, 1991) and mongoose to Hawaii (Hays and Conant, 2007).
Accordingly, the unpredictability of biological control agent impacts necessitates
examinations of the ecological effects of agents under various environmental
contexts prior to their release. This is further addressed in Chapter 8, and
exemplified using the mosquitofish study system (Pyke, 2008).
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1.2. Mosquitoes and their control
Mosquitoes are classified within the order Diptera (two-winged flies), and all
species are grouped within the family Culicidae (Snow, 1990). Two sub-families
make up the Culicidae family: Anophelinae and Culicinae (Harbach, 2014). In
totality, there are over 3,500 mosquito species known across tropical, temperate and
arctic regions of the world (Harbach, 2014). The Culicidae family contains some of
the most ecologically and epidemiologically important blood-sucking arthropods in
the world (Lounibos, 2002).
As with many aquatic insects, mosquitoes have complex life histories which
comprise both aquatic and terrestrial stages. Mosquitoes lay their eggs, either
individually or in batches depending on the species, directly onto water or in
substrate that will be flooded. Once eggs hatch, larvae progress through four
successive instar stages, before pupating. Each of the larval and pupal stages are
completed in the water. Adults subsequently emerge, typically of 4 – 10 mm in
length, with scale-covered wings and body, and a long proboscis (Harbach, 2014). In
the majority of mosquito species, females require a blood meal from a vertebrate
host in order to produce eggs (Cranston et al. 1987). Their biting behaviour makes
mosquitoes a substantial nuisance, and facilitates efficient transmission of pathogens
and parasites which enable disease transmission by select mosquito species.
Pathogens and parasites vectored by mosquitoes induce unrivaled morbidity
and mortality through disease in human populations (Becker et al. 2010). Millions of
deaths per year are caused by mosquito-borne diseases, such as malaria, dengue,
chikungunya and yellow fever (World Health Organisation, 2018). Malaria alone
accounts for over 400,000 deaths per year, and the most vulnerable groups include
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children (World Health Organisation, 2018). Furthermore, mosquito-borne disease
transmission is dynamic, with surges in infection rates and new pathogen and
parasite strains emerging over time (Benelli and Mehlhorn, 2016). Although most
mosquito-borne disease occurs in the tropics, diseases are also vectored by
mosquitoes in temperate regions of the world (Becker et al. 2010). In particular,
West Nile virus outbreaks have occurred and caused mortality in Europe and the
USA in recent years (Ruiz et al. 2007; Lambrechts et al. 2010; Monaco et al. 2011;
López-Ruiz et al. 2018). Furthermore, the human-mediated spread and proliferation
of non-native mosquito species, coupled with ongoing climate change, is increasing
the risk of mosquito borne disease circulation in invaded ranges, particularly in
temperate countries (Schäffner et al. 2012).
In the UK, there are more than 30 native species of mosquitoes; proliferations
of existing species are likely to intensify with ongoing urbanisation and climate
change (Townroe and Callaghan, 2014), with conditions also becoming increasingly
favourable (i.e. warmer and wetter) for vectorially-efficient invasive mosquito
species (Caminade et al. 2012). In Ireland, however, mosquito species richness is
relatively impoverished, with about 20 species recorded (Ashe et al. 1991; Robert et
al. 2019). Within the UK, the principal West Nile virus vector in continental Europe,
Culex modestus, has become established in recent years (Golding et al. 2012), and
the Asian tiger mosquito, Aedes albopictus, has been recurrently detected in England
(Medlock et al. 2017; Vaux et al. 2019). Although in situ disease circulation is not of
current public health concern in the UK (Blagrove et al. 2016), the risk of disease
outbreaks is increasing, particularly surrounding the establishment of invasive
disease vector mosquitoes. Aedes albopictus is a prolific and noteworthy invasive
mosquito in temperate region given its cold-tolerance and ability to colonise artificial
5

habitats in human environments (Lambrechts et al. 2010). Aedes albopictus is a
vector of human virus types such as dengue, chikungunya and Zika, and has been
implicated in human disease outbreaks in other parts of Europe (Rezza et al. 2007;
La Ruche et al. 2010). Indeed, Ae. albopictus is known to compete for resources with
the native Cx. pipiens, which also colonises artificial container-style aquatic habitats
(Marini et al. 2017).
Given their public health importance and nuisance biting behaviours, a
plethora of control measures have been developed and implemented to manage
mosquito populations globally (reviewed by Becker et al. 2010). The World Health
Organisation identifies several discrete Phases for the implementation of vector
control strategies (World Health Organisation, 2016, 2017). Phase I comprises initial
laboratory evaluations, Phase II includes small-scale field studies and non-target
effect evaluations, and Phase III comprises large-scale field efficacy assessments
which consider community acceptance and operational issues. For mosquito
larvicides, over 80 % mortality is generally required across the Phases for an
approach to be satisfactorily effective. Based on Phase III trial results, the World
Health Organisation will make suggestions for pilot implementations (i.e. Phase IV).
Control measures for mosquitoes span from straight-forward environmental
approaches, such as source reductions to reduce breeding habitats for mosquitoes
(e.g. Fonseca et al. 2013), to cutting-edge genetic techniques that seek to control or
eliminate populations via genetic modification (reviewed by Baldacchino et al.
2015). Often reductions in breeding habitats are the first port-of-call to combat the
proliferation of mosquito populations. Where mosquitoes exploit container-style
environments, simply emptying or covering aquatic habitats can help to reduce
mosquito abundances (Marciel-de-Freitas and Lourenço-de-Oliveira, 2011).
6

However, often source reduction projects are reliant on community involvement,
which can be unreliable, ineffective and inconsistent due to variations in regional
cultures (Baldacchino et al. 2015). Mechanical control methods, such as the
deployment of lethal traps, have also been suggested as a viable approach to reduce
mosquito populations (Kline, 2007; Baldacchino et al. 2015).
Genetic manipulations are actively and increasingly persued by researchers
seeking to control mosquito populations (McGraw and O’Neill, 2013). A range of
genetic techniques have been proposed to control populations, such as the sterile
insect technique, reliant on the mass introduction of sterile males, as well as the
release of mosquitoes carrying dominant lethal or homing endonuclease genes
(Alphey et al. 2010; McGraw and O’Neill, 2013; Bourtzis et al. 2016). The sterile
insect technique has been applied to suppress Ae. albopictus populations in Italy
(Bellini et al. 2013) and has led to Ae. aegypti reductions of 95 % in Brazil (Carvalho
et al. 2015). Genetic techniques have also recently been shown to display combined
efficacy with biopesticidal approaches, in turn reducing the numbers of sterile males
needed to eradicate mosquito populations (Pleydell and Bouyer, 2019). Many genetic
methods, however, have yet be tested empirically (Fu et al. 2010; Wise de Valdez et
al. 2011; Labbé et al. 2012; Baldacchino et al. 2015). Genetically modified mosquito
strains have also been recently shown to inadvertently transfer genetic material into
wild populations, raising questions about the non-target effects of genetic techniques
(Evans et al. 2019). Moreover, maintaining high wild proportions of genetically
manipulated individuals has proven costly and reduced implementation success over
longer timescales (Flores and O’Neill, 2018). There has additionally been a distinct
lack of consideration for Culex mosquitoes in genetic approaches. Nevertheless,
large-scale programs which utilise genetic techniques may facilitate effective
7

species-specific population control in future, given significant vector mosquito
reductions demonstrated following numerous releases (e.g. Bellini et al. 2013;
McGraw and O’Neill, 2013; Carvalho et al. 2015).
Mosquito control protocols are presently highly reliant on chemical
insecticides (Becker et al. 2010), with insect growth regulators and pyrethroids often
used to control mosquitoes across different life stages. Four insecticidal compound
classes categorise most products: pyrethroids, organochlorines (DDT),
organophosphates and carbamates. Of these approaches, pyrethroids are permitted
for applications to insecticidal nets (Cameron and Lorenz, 2013). However,
increasing awareness for non-target effects of insecticides on native biota, coupled
with emerging insecticide resistance by disease vectors, has recently reverted
attention back to environmental and biological control measures (Cameron and
Lorenz, 2013). Natural enemies such as arthropods, fish, fungi, plant
extracts/semiochemicals and biological toxins (Bacillus thuringiensis israelensis,
Bti; Bacillus sphaericus, Bs) have been applied to control popuations of disease
vectors (Howard, 2013; Roux and Robert, 2019). For example, recent developments
have identified fungal pathogens which can drive population suppressions over short
timescales in mosquitoes (Lovett et al. 2019), and Bti has been shown to be effective
both alone and in combination with other biocontrol agents (Fry-O’Brien and Mulla,
1996). Here, I focus on the use of natural enemies to manage mosquito populations
via biological control. Whilst groups such as birds, bats, reptiles and spiders are
known to feed on adult mosquito stages (Medlock and Snow, 2008), I examine
predatory arthropod control agents for immature larval Culex mosquito stages.
The application and exploitation of biological agents for mosquito control
was recognised at first in the nineteenth century, when predators such as dragonflies
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were introduced (Lamborn, 1890). Yet, mass production of many effective predators
has proven difficult, with practicalities and cost issues acting as impediments to
applied success. In the past, these problems led to large-scale introductions of
predatory, easily-bred fish such as Gambusia affinis (western mosquitofish) and G.
holbrooki (eastern mosquitofish), which were transported widely throughout the
world from the 1900s onwards (Bellini et al. 1994; Legner, 1995; Walton, 2007;
Chandra et al. 2008). However, the effectiveness of these fish in the field has been
questionable (Pyke 2008), with many accounts documenting their invasiveness and
impacts on native vertebrate/invetebrate communities (e.g. Blaustein, 1992; Howell
et al. 2013; Sloterdijk et al. 2015). There have therefore been calls to avoid the use of
non-native species for biological control of mosquitoes entirely (see Azevedo-Santos
et al. 2016; Coelho and Henry, 2017). Indeed, the use of fish and other vertebrates is
often impractical in minute or transient aquatic habitats where many vectoriallyefficient mosquito species breed (Becker et al. 2010).
Following the discovery of synthetic insecticides in the 1940s and 1950s,
biological control of mosquitoes was disregarded widely; however, as
aforementioned, interest has risen again in recent decades in light of insecticide
resistance and environmental concerns (e.g. Marcombe et al. 2011; Dusfour et al.
2011). Becker et al. (2010) describe a ‘renaissance’ of biological control applications
in mosquito population management taking precedence from the 1960s and 1970s.
The literature surrounding mosquito antagonists in the present day is immense (e.g.
Notestine, 1971; Lacey and Lacey, 1990; Medrano, 1993; Legner, 1995; Kumar and
Hwang, 2006; Quiroz-Martínez and Rodríguez-Castro, 2007; Mogi, 2007; Medlock
and Snow, 2008; Shaalan and Canyon, 2009; Rodríguez-Pérez et al. 2012; Bukhari et
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al. 2013; Howard, 2013; Lazaro et al. 2015; Shaalan and Canyon, 2018; Roux and
Robert, 2019).
Several articles comprehensively review the efficacy of predators of
mosquito larvae, including Quiroz-Martínez and Rodríguez-Castro (2007) and
Shaalan and Canyon (2009). Medlock and Snow (2008) additionally discuss the suite
of natural enemies and parasites of mosquitoes in a British context, however
appraisals for natural enemies of mosquitoes in the UK and, particularly, Ireland are
scarce overall. Predation of adult mosquitoes has been regarded as ineffective in
providing suitable control (Collins and Washino, 1985). An extensive range of
predatory invertebrates have, however, been documented to consume and regulate
mosquitoes, and particularly in their aquatic larval ontogenic stage where mosquito
populations are most concentrated spatially and vulnerable to predation (Kumar and
Hwang, 2006). These predators include examples from several orders, specifically
Odonata, Hemiptera, Coleoptera, Diptera and Cyclopoida.
Notonectids (Hemiptera: Notonectidae) have been shown to be effective
larval mosquito consumers in many laboratory experiments (e.g. Fischer et al. 2012,
2013; Cuthbert et al. 2019b) and exhibit a capacity to strongly impact the structure of
aquatic communities (Murdoch et al. 1984). The predatory potential of notonectids
was initially realised by Graham (1939). Yet, the effectiveness of notonectids in the
field at controlling mosquitoes is questionable due to ovipositional deterrence
(Chesson, 1984; Blaustein et al. 1995), coupled with efficiencies reduced by biotic or
abiotic context-dependencies such as habitat complexity (Hampton, 2004; Cuthbert
et al. 2019b). Dragonflies (Odonata: Anisoptera) and damselflies (Odonata:
Zygoptera) have also been reported to consume mosquitoes in both adult and larval
life stages (e.g. Saha et al. 2012), however the presence of indirect interactions in the
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context of complex guilds within odonate communities and differing prey
selectivities limits the efficiencies of these species as applied biocontrol agents
(Barry and Roberts, 2014).
Larvae of several dipterans have been assessed in the control of mosquitoes,
including chaoborids (Diptera: Chaoboridae) (Borkent, 1980; Cuthbert et al. 2019e)
and, most extensively, species of Toxorhychites (Diptera: Culicidae). The latter is a
genus of mosquito which, in its larval form, predates on other, smaller larval
mosquito species which are often vectors of disease. This includes Ae. aegypti, with
which it shares a common breeding habitat. Adult female Toxorhynchites do not
require a blood-meal for egg development and are thus not regarded as pests or
vectors (Collins and Blackwell, 2000). Species of this genus have been extensively
tested for biocontrol in many tropical and sub-tropical regions globally, and all larval
instars are deemed predatory. The development to adulthood of one Toxorhychites
spp. larva has been reported to require approximately 5000 first-instar prey, or 300
fourth instar prey (Steffan and Evenhuis, 1981; Focks et al. 1982). Furthermore,
prepupal, wasteful killing has been observed by Tx. brevipalpis (Corbet and
Griffiths, 1963) and Tx. amboinensis (Taylor, 1989). Success has been limited in
field-based applications however (e.g. Annis et al. 1989, 1990), with issues arising in
respect to the ability to sustain long-term populations of the biocontrol agent as they
are free to disperse across landscapes in their adult stage.
Copepods are small crustaceans which thrive in abundance in most aquatic
habitats worldwide (Williamson and Reid, 2001). Large species of cyclopoid
copepods are efficient predators of mosquito larvae in a range of container habitats,
such as rain-filled tyres (Marten et al. 1994; Nam et al. 1998; Chapters 2, 3, 5, 6;
Figure 1.1). These small crustaceans have had the most success in applied biocontrol
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of mosquitoes using predators (Marten and Reid, 2007; Nam et al. 2012). The ability
of these crustaceans to prey upon mosquito larvae has been long recorded (Hurlburt,
1938; Bonnet and Mukaida, 1957; Fryer, 1957; Marten and Reid, 2007), and their
success is attributable to their high numerical abundance and ability to reproduce
following inoculation into both artificial and natural habitats, alongside a tolerance
for stagnant and polluted water conditions (Marten and Reid, 2007; Chapters 2, 3).
Further, cyclopoid copepods are unaffected by the bacterial biocontrol agent Bti,
which can be used in combination with the copepods in the early stages of
introduction if mosquito levels are already high, to achieve immediate larvicidal
effects (Marten et al. 1993). For instance, in Vietnam, the use of copepods within the
Mesocyclops genus led to the suppression of Ae. aegypti from entire communes,
alleviating 300,000 people from dengue virus risk (Kay and Nam, 2005). Moreover,
many cyclopoid copepods have broad thermal tolerances and can survive
temperatures down to 0 °C and beyond 35 °C (Marten and Reid, 2007). Furthermore,
several species of cyclopoid copepods are able to produce dormant eggs which can
withstand periods of desiccation, or else are able to enter diapause and survive in
damp substrate later in their life history. Thus, this group of copepods is well
adapted for ephemeral aquatic habitats where mosquitoes often successfully
colonise. Mass production of cyclopoid copepods is also feasible and has
demonstrated large-scale, community-wide efficacy and practicality (e.g. Kay and
Nam, 2005), with mass production protocols well-established in the literature (see
Suárez et al. 1992; Marten and Reid, 2007). Yet, other groups of copepods (e.g.
calanoids) have seldom been considered in mosquito control, and this is addressed in
Chapters 6 and 7.
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Figure 1.1. Cyclopoid copepod capturing mosquito larva (Source: Marten and Reid,
2007).
However, aside from success stories in Vietnam (Nam et al. 1998), evidence
for the efficacy of copepods in vector control strategies remains limited. Single
interventions using copepods have provided equivocal results, with more large-scale
intervention studies required across additional geographical areas and environments
to ensure repeatibility (Lazaro et al. 2015; Horstick et al. 2018). Moreover, there is a
lack of best practice guidelines for applications of copepod agents, with issues
surrounding study designs, statistics and data quality impeding comprehensive
efficacy assessments (Lazaro et al. 2015). Further, some copepod species are known
to be intermediate hosts of Guinea worm (Dracunculus spp.), which are consumed
by copepods and may enter human hosts if they consume copepods in drinking
water. Accordingly, it is not advisible to use copepods for biocontrol in some areas,
such as parts of Angola, Chad and South Sudan where there may still be cases of
Guinea worm in circulation (World Health Organisation, 2019). Whilst the parasite
is not lethal to humans, it causes severe pain and disability. Introduction of non13

native copepods by practitioners should also be avoided as this may damage native
biodiversity and result in biological invasions (Coelho and Henry, 2017). In
addition, the Ross-MacDonald model suggests that control measures for disease
vectors are most sensitive to changes in adult mosquito survivorship, and thus efforts
targeting adults may be more effective than larvicidal applications using agents such
as copepods (Fillinger and Lindsay, 2011).
Oviposition site selection is a further component of importance in the
selection of predators for the biological control of mosquitoes, and has been
reviewed by Vonesh and Blaustein (2010). Natural selection favours individuals
which are able to actively evade predation through ovipositional avoidance of ‘risky’
habitats containing predators (Sih, 1986; Blaustein and Chase, 2007), and through
preference for ‘rewarding’ habitats which exhibit a high nutritional load for offspring
to develop (Thompson, 1988). Indeed, dipterans such as mosquitoes are often
presented with extensive habitat choice across an array of water bodies in which to
oviposit. In this light, whilst research has often focused on the consumptive effects
of biological control agents, non-consumptive (i.e. non-trophic) effects with respect
to behavioural responses such as oviposition are equally important to consider. These
behavioural responses may also take the form of morphological, developmental or
life history changes (e.g. Bond et al. 2005), and have significant consequences for
predator-prey interactions. Indeed, indirect, trait-mediated effects of predators on
prey may be as strong as direct, density-mediated effects, owing to their ability to
influence entire populations (Peacor and Werner, 2001; Trussell et al. 2004, 2008).
Within the literature, there is a degree of contention regarding whether it is
more beneficial, from a biocontrol perspective, to attract oviposition towards net
sinks of mosquitoes, where an effective predator may exist, or to deter it to other
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areas with fewer human hosts (Vonesh and Blaustein, 2010). Le Menach et al.
(2005) argue that increased blood feeding rates, regardless of larvicidal status, due to
attraction around water bodies could harbour increased disease transmission.
However, the effects of predators on mosquito oviposition traits are complex and
often species-dependent, with certain studies revealing explicit avoidance of certain
predators (Angelon and Petranka, 2002; Eitam et al. 2002; Eitam and Blaustein,
2004), some indicating indifference (Juliano et al. 2009; Cuthbert et al. 2019e), and
other even suggesting attraction to predators such as copepods (Torres-Estrada et al.
2001; but see Chapter 3). Further, oviposition responses are often congruent to
coevolutionary context. For example, Ohba et al. (2012) report differential responses
between adult Ae. albopictus and Cx. tritaeniorhynchus mosquitoes, with the latter
able to detect and avoid oviposition habitat options with predatory chemical cues,
whilst Ae. albopictus could not due to mismatched coevolution with resident
predators. Further, Sih (1986) reported stronger responses by Cx. pipiens to
predatory cues than Ae. aegypti. However, even if mosquitoes oviposit in habitats
containing predators, larvae of mosquitoes often detect and respond to chemical cues
by altering foraging activities and, in turn, exhibit morphological changes, with
fitness implications (Benard, 2004; Lind and Cresswell, 2005; Johansson and
Mikolajewski, 2008). For example, development often takes longer and adults
emerging from waterbodies containing predators are often smaller and less fecund
(Grill and Juliano, 1996; Hechtel and Juliano, 1997; Knight et al. 2004; Bond et al.
2005; Costanzo et al. 2011; Figure 1.2). Thus, the impacts of biological control
agents on mosquitoes can manifest in different ways, and effects are often highly
context-dependent.
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Figure 1.2. Adult life stage of Culex.
1.3. Functional response and numerical response as tools in biocontrol agent
examination
The functional response quantifies the relationship between the availability of
a resource and the rate at which the resource is consumed (Solomon, 1949; Holling,
1959; Juliano, 2001). The measure has been applied broadly in classical behavioural,
community and population ecology (e.g. Sabelis, 1992; Soluk, 1993; Barbeau et al.
1998; Jeschke et al. 2002; van Leeuwen et al. 2007). Three forms of functional
response are typically characterised, each with distinct implications for prey
population stability (Hassell, 1978): (1) the Type I functional response (FR; linear,
density-independent) occurs where consumption increases linearly with prey density
variations until a plateau, limited by handling time restraints; (2) the Type II FR
(hyperbolic, inversely density-dependent), regarded to impart population instability
due to most, if not all, prey being consumed at low densities, exhibits a decelerating
consumption rate with resource density until an upper asymptote is reached, again as
a result of handling time restrictions; (3) the Type III FR (sigmoidal, densitydependent) is often exhibited in predator-prey interactions when a significant search
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time is required where prey densities are low (Figure 1.3). Furthermore,
theoretically, there are less common Type IV and Type V response forms (Hassell,
1978; Abrams, 1982; Taylor, 1984; Turchin, 2001), the former of which may be
driven by dangerous prey (e.g. Líznarová and Pekár, 2013) or predator confusion at
high prey densities due to swarming (e.g. Jeschke and Tollrian, 2005).

Figure 1.3. Different common categorical functional response forms (Types I, II and
III).
The numerical response (NR) quantifies the change in the consumer
reproductive rate resulting from a change in prey density, and also accounts for
immigration effects. When the NR is combined with the FR, the total response (TR)
results as the product (Solomon, 1949; Holling, 1959). Functional responses and
NRs have been extensively applied by ecologists in examining the potential impacts
of natural enemies on prey populations (O’Neil, 1990; van Driesche and Bellows,
2011). Indeed, the use of FRs and NRs enables biocontrol agent implications for
overall target population stability to be inferred, alongside the potential efficacies of
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agents following inoculative releases. However, criticisms have emerged with
regards to the empirical transparency of simplistic experimental designs in
quantifying the top-down regulation of target populations (Kindlmann and Dixon,
2001; Lester and Harmsen, 2002), with ecological impact often heavily contextdependent (Dick et al. 2014; Chapters 2, 3).
Mosquitoes exhibit the characteristics of type-r strategists, whereby
reproductive rates are high and the life cycle is relatively rapid. Given this capacity
to reach high densities and develop rapidly, biocontrol agents must exihibit high
population-level offtake rates in order to effectively cirvumvent adult mosquito
population growth. Amongst the most desirable characteristics of biological control
agents targeting mosquitoes are: (1) a capacity to consume prey from early instars
onwards (Ellis and Borden, 1970), alongside a preference for late instars to negate
competition alleviation among remaining prey (Juliano, 2007); this may negate
paradoxical consumptive effects, particularly as low density larval habitats produce
better disease vectors (Juliano et al. 2014); (2) a preference for mosquito larvae over
alternative prey in aquatic habitats (Quiroz-Martínez and Rodríguez-Castro, 2007;
Chapter 5), but also an ability to consume non-target prey when mosquitoes have
been eradicated to promote biocontrol agent sustainability (Murdoch et al. 1985); (3)
a Type II, destabilising FR with high maximum feeding rate, short handling time and
high attack rate (Juliano, 2007), alongside favourable switching propensities (Begon
et al. 2007). Indeed, Type II FRs are conducive to high levels of ecological impact at
low prey densities, and can thus destabilise target populations (Murdoch and Oaten,
1975; Juliano, 2001; Dick et al. 2014).
Functional responses have been applied sparsely in studies assessing the
efficiency of biological control candidates in mosquito control, with many efforts
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comparatively dated, and all dealing with invertebrate predators under various
environmental contexts. Fischer et al. (2013) assessed the effects of habitat
complexity on the FR of the notonectid Buenoa fuscipennis towards Cx. pipiens and
alternative prey. Here, the presence of refuge decreased the magnitude of the Type II
FR, and also stimulated a transition in the preference dynamics of the predator
towards Chironomus sp., which the predator preferred in complex habitats.
Cladocerans were also found to be preferred over mosquitoes across habitat
complexities in the study. These results illustrate the value in assessing additional
abiotic and biotic contexts to derive emergent effects on FRs and preferences (e.g.
Wasserman et al. 2016b, c). However, whilst FRs are useful in inferring per capita
impacts on single target prey, there is value in additionally investigating switching
behaviour, as many predators of mosquito larvae are polyphagous, which may infer
stability to prey through avoidance of rare mosquito prey (e.g. Murdoch and Oaten,
1975; Begon et al. 2007; Cuthbert et al. 2018).
Type II FRs have been most common in the literature towards mosquito
larvae, which is typical of invertebrate predators in a simplified laboratory setting.
Functional responses have also been assessed in the context of mosquito control by
odonates, whereby attack rates and handling times were found to vary across instar
sizes of Cx. quinquefasciatus by the larval odonate Ceriagrion coromandelianum
(Saha et al. 2012). Onyeka (1983) also tested the FRs of the odonates Sympetrum
striolatum and Coenagrion puella towards Cx. pipiens, detecting Type II FRs, and
Chandra et al. (2016) revealed Type II FRs by Rhodothemis rufa towards Cx.
quinquefasciatus between predator sexes.
Russo (1983) assessed the FR of the predacious dipteran Tx. rutilus, finding
handling times to fall with the increasing instar stage of the predator, and also
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investigated multiple predator effects of conspecifics. Similarly, Hubbard et al.
(1988) discerned a Type II response by Tx. rutilus towards Ae. aegypti, and found
indications of antagonism between multiple predators. Type II FRs were detected by
the predatory dipteran Tx. moctezuma towards Ae. aegypti by Sherratt and Tikasingh
(1989). This FR Type has also been revealed by the decapod Macrobrachium
borellii towards Cx. pipiens (Collins, 1998), the nepid Laccotrephes griseus (Ghosh
and Chandra, 2011), the notonectids A. sardea, A. bouveri and Notonecta hoffmani
towards Cx. quinquefasciatus (Fox and Murdoch, 1978; Saha et al. 2007; Mondal et
al. 2014), multiple coleopterans upon Cx. tritaeniorhynchus (Ohba and Takagi,
2010), the naucorid Naucoris congrex (McCoull et al. 1998), and the belostomatids
Diplonychus rusticus and D. annulatus towards Cx. quinquefasciatus (Saha et al.
2007). Type II FRs were also displayed by the belastomatid D. indicus towards Ae.
aegypti and Cx. quinquefasciatus (Venkatesan and Sivaraman, 1984). Kumar and
Rao (2003) additionally investigated the FR of the cyclopoid Mesocyclops
thermocyclopoides towards An. stephensi and Cx. quinquefasciatus, with some
indication of an emergent Type IV response at highest densities of early instars,
potentially driven by a ‘confusion’ effect (Jeschke and Tollrian, 2005). Generally,
Type II FRs are typical of predatory invertebrates in laboratory contexts.
Further to the above use of FRs in applied mosquito control, recent work has
advanced the use of FR to predict the impact of invasive species and test novel
hypotheses (Dick et al. 2014). There are many inherent parallels and opportunities
between the biocontrol and invasion sciences. Indeed, classic work by Elton (1958)
in invasion science recognised that greater recipient community diversity enables
enhanced biotic resistance towards unwanted species, including insect pests.
Furthermore, the many records of failed and successful agent introductions can assist
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in addressing questions in relation to failed or successful invasions (Zenni and
Nuñez, 2013), and the FR approach lends itself to impact predictions across multiple
scientific fields. In a mosquito control context, differences in anti-predator responses
between native and invasive prey types to native predators have been quantified
using a FR approach, and with mosquito larvae as prey. To exemplify this, Zuharah
and Lester (2011) illustrated a higher magnitude FR towards the invasive Ae.
notoscriptus over the native Cx. pervigalans in New Zealand by the notonectid A.
wakefieldi. Switching behaviour towards the exotic species was also detected in the
study. Similarly, Griswold and Lounibos (2005) found higher magnitude FRs and a
preference towards the invasive Ae. albopictus over the native Ochleronatus
triseriatus by two dipteran predators; these observations may account for empirical
coexistence, particularly given the strong competitive capacity for resources by Ae.
albopictus (e.g. Kesavaraju et al. 2008). Variations in behaviour (e.g. motility rates)
with respect to foraging activity may account for such differences in vulnerability to
predation between invasive and native prey by altering encounter rates (e.g. Ohba
and Ushio, 2015). In Chapter 8, naïveté of intermediate predator groups to invasive
higher predator cues is also examined using a FR approach, in the context of biotic
resistance towards mosquito prey across multiple trophic levels.
The incorporation of NR (i.e. population-level) proxies into ecological
metrics has developed substantially in recent years (Dick et al. 2017; Dickey et al.
2018; Chapters 2, 3). Whilst derivations of the NR of species have proven nebulous
in comparison to the FR across ecological systems, the integration of readilyavailable proxies for NR can yield high explanatory and predictive power with
respect to ecological impact (Dick et al. 2017). Indeed, the integration of abundance
or fecundity (i.e. NR proxies) alongside per capita (i.e. FRs) interaction strengths
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has further advanced ecological impact predictions in a practical and intuitive way
(Laverty et al. 2017b; Chapters 2, 3). The applicability of these measures has been
demonstrated in the context of both invasive species impacts (Dick et al. 2017) and
biological control agent selection (Chapters 2, 3), which often share similar
fundamental research questions. Indeed, the utility of both attack rate (a) and
maximum feeding rate (1/h) parameters from the consumer functional response has
been displayed (Chapters 2, 3). Approaches to FR parameter estimation (i.e. a, h)
have also improved in recent years, which offer both mechanistic and
phenomenological insights into interaction strengths (Jeschke et al. 2002; Pritchard
et al. 2017). Attack rates (a; search efficiency) correspond to the initial slope of FR
curves, and thus high attack rates can be particularly destabilising to low density
prey populations. Handling times (h), on the other hand, correspond to the time taken
to capture, subdue, consume and digest individual prey items (Jeschke et al. 2002),
and can be reciprocated to infer asymptotic maximum feeding rates (1/h). Maximum
feeding rates, in turn, align with the offtake rate of individual consumers at higher
prey densities.
The Type II FR was originally described mathematically by Holling (1959),
with the renowned Holling’s disc equation. However, the derivation of Type III FRs
have proven more convoluted mathematically (but see Real, 1977). Empirically,
sigmoidal Type III FRs can be driven by predator learning (Dawkins, 1971; Krebs,
1974; Real, 1977) or prey switching (Akre and Johnson, 1979; Cuthbert et al. 2018),
and thus are more likely to occur in complex trophic structures with multiple
coexisting prey types for generalist consumers (Murdoch and Oaten, 1975; Kalinkat
et al. 2011). The Holling’s disc equation assumes a constant supply of resources (e.g.
prey; Holling, 1959). Whilst the replacement of prey can provide more robust
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parameter estimation and reveal subtle differences between consumers (Alexander et
al. 2012; Dick et al. 2014), providing a constant supply of prey over long
experimental periods can be logistically challenging. Modelling approaches have,
however, been developed to account for non-replacement of prey (Royama, 1970;
Rogers, 1972), such as Rogers’ random predator equation for Type II FRs. Although
the random predator equation is implicitly challenging to solve given the presence of
a predictor variable (number of prey consumed, Ne) on both sides of the equation
(see Chapter 2), functions have been developed to make such equations solvable (see
Bolker, 2008). Whilst reliable parameter estimations are compromised when
variations in consumption rates are high (Houck and Strauss, 1985), optimised
experimental designs can facilitate robust parameter estimation and ecological
relevance. This can be achieved by standardising experimental conditions, such as
prior predator experiences, predator sizes, experiment times and prey characteristics.
1.4. Objectives
The overarching aim of this thesis is to quantify species- and population-level
efficacies of biocontrol agents towards Culex mosquitoes under contextdependencies. Biocontrol investigations in this study are targeted towards containerbreeding mosquitoes, and Culex is known to colonise container-style habitats in
urban areas (Townroe and Callaghan, 2014). For all experimental sample sizes,
sufficient statistical power was assured (> 0.80). The Chapter-specific aims and
objectives follow.
In the second Chapter, I aim to examine the effects of climatic warming on
copepod-mosquito interactions strengths. The objectives are:
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To quantify the effects of increasing temperature on copepod FRs
towards mosquito prey.



To examine the effects of temperature change on copepod NR proxies
(abundance and fecundity).



To develop a new metric (Relative Control Potential; RCP) for
comparing biocontrol agent impacts under environmental change.

In the third Chapter, I aim to examine the interspecific relative efficacies of
copepod biocontrol agents towards mosquitoes, as well as the effects of habitat
complexity and ovipositional deterrence on agent impacts. The objectives are:


To compare copepod biocontrol agents using the RCP metric,
integrating FRs and NR proxies.



To quantify habitat complexity effects on copepod FRs towards
mosquito prey.



To examine oviposition behaviours of mosquitoes in the presence of
copepod biocontrol agents and black pond dye.

In the fourth Chapter, I aim to examine the effects of black pond dye on
copepod-mosquito interaction strengths. The objectives are:


To quantify the effect of the presence of black pond dye on copepod
FRs towards larval mosquitoes.



To examine whether responses to dye are consistent between
copepod species.
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In the fifth Chapter, the aim is to examine the influence of alternative prey on
the interactions between copepods and mosquitoes. The objectives are:


To decipher whether the presence of background alternative ciliate
prey alters the FR form and magnitude of copepods towards target
mosquitoes.



To deduce whether the feeding response to alternative prey differs
between copepod species.

In the sixth Chapter, the aim is to examine whether a new species from an
unexamined copepod group, the calanoids, may be considered for mosquito
biocontrol. The objectives are:


To deduce whether the new calanoid copepod displays a predatory
FR towards mosquito prey.



To examine how mosquito prey size influences the FR form and
magnitude of the calanoid copepod.

In the seventh Chapter, I aim to examine the efficacy of calanoid copepods
under a water clarity gradient and test copepod effectiveness in field-based trials.
The objectives are:


To quantify the effects of a water clarity gradient on the FR of
calanoid copepods towards mosquito prey.



To test the the efficacy of calanoid copepods in outdoor containerstyle aquatic habitats under different predator and mosquito prey
combinations.
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In the eighth Chapter, the aim is to examine the trait- and density-mediated
impacts of invasive mosquitofish on intermediate mosquito predator groups. The
objectives are:


To test the influence of visual and chemical mosquitofish cues on
intermediate copepod predator FRs towards larval mosquitoes.



To examine predatory behaviour towards copepods by mosquitofish
under different copepod prey proportions and sex ratios.
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Chapter 2
Biological control agent selection under environmental change using functional
responses, abundances and fecundities; the Relative Control Potential (RCP)
metric

The contents from this Chapter are published in:
Cuthbert, R.N., Dick, J.T.A., Callaghan, A. and Dickey, J.W.E. (2018). Biological
control agent selection under environmental change using functional
responses, abundances and fecundities; the Relative Control Potential (RCP)
metric. Biological Control, 121: 50–57.
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2.1. Introduction
Biological control has been applied to manage pests, vectors and invasive
species in a variety of ecological systems (O’Neil, 1990; Marten and Reid, 2007; van
Driesche and Bellows, 2011; Calvo et al. 2016; Chapter 1). However, attempts to
reveal agent efficacy through the coupling of functional and numerical responses
(FRs, NRs) are limited in practice, reducing our predictive capacity for populationlevel effects (but see Heisswolf et al. 2009; Costa et al. 2017). Further, natural
systems are characterised by a number of abiotic and biotic context-dependencies
that can alter species interaction strengths, including structural complexity (BarriosO’Neill et al. 2015; Chapter 3), temperature (Wasserman et al. 2016b; South et al.
2017b), dissolved oxygen (Laverty et al. 2015), parasitism (Bunke et al. 2015;
Laverty et al. 2017a) and multiple/higher predators (Alexander et al. 2013; BarriosO’Neill et al. 2014; Chapter 8). Thus, rapid and reliable FR and NR derivations
under context-dependencies are critical for the future of biocontrol strategies.
Effects associated with environmental change can be particularly profound in
modulating natural systems. Indeed, climate change, coupled with urbanisation, is
stimulating an unprecedented change in the population dynamics and status of
mosquito vectors and their transmission of disease (Townroe and Callaghan, 2014;
Medlock and Leach, 2015; Siraj et al. 2017), with mosquito invasions increasing
with the transportation of goods and humans (e.g. Yee, 2016; Medlock et al. 2017).
The Culex pipiens complex is widespread globally and act as one of the primary
vectors of West Nile virus in the USA and continental Europe (Hubalek and
Halouzka, 1999; Fonseca et al. 2004). Freshwater cyclopoid copepods exhibit
marked potential for the biological control of mosquitoes (Marten and Reid, 2007;
Baldacchino et al. 2017), and have been operationalised in large-scale field
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applications (Kay and Nam, 2005). However, we require rapid assessment of the
relative biocontrol potential of such agents under changing climatic conditions. In
this study, I therefore present and apply a new metric, based on FRs and NRs, to
compare the efficacy of two native and widely-distributed copepods, Macrocyclops
albidus (Jurine) (Cyclopoida: Cyclopidae) and Megacyclops viridis (Jurine)
(Cyclopoida: Cyclopidae) under current and predicted temperature regimes.
Functional response form and magnitude are both powerful predictors of the
impacts of consumers on resource populations across taxonomic and trophic groups
(Dick et al. 2014, 2017). However, as FRs only assess per capita impacts,
incorporation of the Numerical Response (NR), that is the consumer population
response, is also required to discern the Total Response (TR) of consumers,
whereby:
TR = FR × NR
(Equation 1)
In comparison to FRs, NRs are inherently more nebulous and difficult to quantify
(Dick et al. 2017). Thus, simple consumer abundance (AB) has recently been
proposed as a proxy for the numerical response, giving the ‘Impact Potential’ (IP)
metric, which has proved robust in predicting ecological impact in the context of
invasion biology (Dick et al. 2017; Laverty et al. 2017b):
IP = FR × AB
(Equation 2)
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where FR is the maximum feeding rate (reciprocal of handling time) and AB is a
measure of consumer field abundance. In the context of biocontrol, I can express this
as ‘Control Potential’, CP:
CP = FR × AB
(Equation 3)
where FR is the maximum feeding rate as above. However, in addition, I propose
that attack rate be used as a second measure of FR. The attack rate parameter
describes the slope of the FR curve at low prey densities and high attack rates can
thus be particularly destabilising to prey populations. CP as an absolute measure is,
however, rather meaningless, and needs a comparator. Thus, where two or more
biocontrol agents require assessment as to their relative potential efficacies, CP can
become ‘Relative Control Potential’ (RCP):
FR agent A

AB agent A

RCP = (FR agent B) × (AB agent B)
(Equation 4)
where RCP = 1, I predict no difference between biocontrol agents; for RCP < 1, I
predict agent A to have lesser efficacy than agent B; whereas when RCP > 1, agent
A is predicted to have greater efficacy than agent B. Further, increasing values above
1 indicate increasing relative efficacy of agent A compared to agent B.
Furthermore, I propose the use of fecundity as a second proxy for NR, which
enables the incorporation into RCP of how quickly biocontrol agents can proliferate.
Error can also be incorporated into the RCP metric depending on data availability,
using a probability density function (pdf) to generate confidence intervals (CIs) and
probabilities that RCP > 1 or > 10 (see Dick et al. 2017). Moreover, as
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environmental gradients such as temperature can have profound impacts on
consumer-resource interactions (Englund et al. 2011; Rall et al. 2012), RCP can be
used to compare the efficacy of each biocontrol agent across environmental
gradients. Here, I apply the RCP metric (Equation 4) to compare the biological
control potentials of the copepods M. albidus and M. viridis towards the mosquito
complex Cx. pipiens over a temperature gradient reflective of current and future UK
climate change scenarios. I also apply the Q10 coefficient to further illustrate feeding
activity responses of the two agents across temperatures (Bennett, 1990).
2.2. Materials and methods
2.2.1. Animal collection and rearing
Macrocyclops albidus and M. viridis were collected at Glastry Clay Pit
Ponds, Northern Ireland (54°29'18.5"N; 5°28'19.9"W) in January 2017 and kept in
Queen’s Marine Laboratory, Portaferry, N. Ireland, at 25 ± 2 °C under a 16:8
light:dark regime and 50 – 60 % relative humidity, since these conditions stimulated
proliferation. Cultures were initiated using ovigerous females, placed individually
into 250 mL cups with dechlorinated tap water and fed ad libitum with Chilomonas
paramecium Ehrenberg (Cryptomonadales: Cryptomonadaceae) and Paramecium
caudatum Ehrenberg (Peniculida: Parameciidae) to obtain nauplii. Starter cultures of
these protozoans were available commercially (Sciento, Manchester, England) and
cultured under the same laboratory conditions in 2 L glass beakers using autoclaved
wheat seeds, with C. paramecium providing nourishment for nauplii and early
copepodids and P. caudatum for late copepodids and adults. Adult copepods were
identified by Maria Holyńska, Museum and Institute of Zoology, Warsaw, Poland.
Copepods were mass-reared in 10 L tanks and fed ad libitum on the protozoan diet.
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At maturity, copepods were maintained at 12 ± 2 °C under a 12:12 light and dark
regime and acclimatised for 7 d prior to experimentation in 5 L holding arenas of 22
cm diameter fed ad libitum on the protozoan prey.
Culex pipiens were obtained from a laboratory colony established at the
University of Reading, England several years prior, originating from field-collected
mosquitoes at the Pirbright Institute, Surrey, England. The colony was sustained
under the same conditions as the copepod cultures, at 25 ± 2 °C in 32.5 × 32.5 × 32.5
cm cages (Bugdorm, Watkins and Doncaster, England) and fed three times per week
with defibrinated horse blood (TCS Biosciences, England) using a Hemotek® bloodfeeding system (Hemotek Ltd., England) and additionally provided with cotton pads
soaked in a 10 % sucrose solution. Cages contained black cups filled with 200 mL
dechlorinated tap water for oviposition. Egg rafts were extracted three times per
week and placed into larval bowls containing 3 L dechlorinated tap water, and fed ad
libitum with ground guinea pig pellets (Pets at Home, Northern Ireland) until
pupation.
2.2.2. Experimental procedure
Non-ovigerous adult female M. albidus and M. viridis (1.6 – 1.8 mm and 2.0
– 2.3 mm body length excluding caudal setae, respectively) were selected for
experiments. I selected non-ovigerous females to standardise predators as cyclopoids
are sexually dimorphic (Laybourn-Parry et al. 1988) and to eliminate cannibalism of
hatching juveniles (Toscano et al. 2016). First instar Cx. pipiens larvae (1.1 – 1.3
mm) were used as prey. Functional response experiments were undertaken in
transparent polypropylene arenas (42 mm diameter) containing 20 mL dechlorinated
tap water from a continuously aerated source in a 12:12 light and dark regime over
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24 hours at temperatures representing reasonable current autumn/winter (12 °C),
spring/summer (16 °C) and future spring/summer (20 °C) conditions in the UK (±
0.1 oC; Clifton NEIB water baths; Hulme et al. 2002; Hammond and Pryce, 2007).
Dissolved oxygen was monitored using a YSI model 550A meter (England) to
ensure levels remained above 80 % saturation. Both predators and prey were
acclimatised to the two elevated temperatures over a two hour period prior to
experiments; temperatures were increased every 30 minutes by either 1 °C or 2 °C
(i.e. to 16 °C or 20 °C). Following the acclimatisation period, I added single adult
females of either M. albidus or M. viridis to containers with prey densities of 2, 4, 8,
15, 30 and 60 (n = 4 per experimental group). Controls consisted of four replicates at
each prey density and temperature in the absence of predators. Predators were
individually starved for 24 hours in containers of the same volume and diameter as
the experimental arenas before being transferred to containers holding the
corresponding prey density. Predators were removed from experimental arenas after
24 hours, with the numbers of prey alive counted to derive the numbers killed in
each replicate.
2.2.3. Data manipulation and statistical analyses
Statistical analyses were undertaken in R (R Core Development Team, 2018).
Here, my approach to FR analysis is phenomenological as opposed to mechanistic,
and thus my results are comparative across standardised experimental conditions (see
Jeschke et al. 2002; Dick et al. 2014). Logistic regression of proportion of prey killed
as a function of prey density was used to infer FR types; Type II FRs are
characterised by a significant negative first order term and Type III FRs by a
significant positive first order term followed by a significant negative second order
term. To account for prey depletion, I fitted Rogers’ random predator equation for
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conditions without prey replacement (Rogers, 1972; Trexler et al. 1988; Juliano,
2001):
𝑁𝑒 = 𝑁0 (1 − exp(𝑎(𝑁𝑒 ℎ − 𝑇)))
(Equation 5)
where Ne is the number of prey eaten, N0 is the initial density of prey, a is the attack
rate, h is the handling time and T is the total experimental period. The Lambert W
function was applied due to the implicit nature of the random predator equation
(Bolker, 2008). Attack rates and maximum feeding rates ‘1/h’ were nonparametrically bootstrapped (n = 30) to facilitate modelling of FR parameters with
respect to ‘predator’ and ‘temperature’ factors and their interactions. Bootstrapped
parameters were analysed using generalised linear models (GLMs) assuming a quasiPoisson distribution. F-tests were used in a step-deletion process to compare
deviance between models (Crawley, 2007). I applied Tukey’s comparisons to infer
specific pairwise differences using the ‘multcomp’ package in R (Hothorn et al.
2008).
Benthic survey data for M. albidus and M. viridis (as Acanthocyclops viridis)
derived from Tinson and Laybourn-Parry (1986) were used to calculate RCP based
on maximum field abundances using pooled bootstrapped mean maximum feeding
and attack rates across all three temperatures. To calculate RCP using fecundity, I
used results from Laybourn-Parry et al. (1988) to discern the proportion of total
consumed energy devoted to reproduction across corresponding temperatures for the
two copepods:
𝑃𝑟
Fecundity = ( ) × 100
𝐶
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(Equation 6)
where Pr is the quantity of energy expended through the production of eggs and C is
the total energy consumed at a given temperature (Table 2.1). Reproductive energy
proportions at 16 °C were supplemented with those available for 15 °C. I generated
‘RCP biplots’ to present the RCP (see Laverty et al. 2017b) of the two predators
using both the abundance (AB) and fecundity (FE) proxies for the numerical
response.
I additionally calculated Q10 values to further quantify the effects of increased
temperature on feeding rates and compare how these varied between predatory
cyclopoids:
10

𝑄10

𝐹𝑅2 (𝑇2 −𝑇1 )
=(
)
𝐹𝑅1
(Equation 7)

where Q10 is a coefficient without units, FR1 is the maximum feeding rate at
temperature T1 and FR2 is the maximum feeding rate at temperature T2. The Q10
coefficient assesses how temperature increases of 10 °C affect the rate of biological
processes (Bennett, 1990); values of 1 – 1.5 are associated with a thermal plateau
and values of 2 – 4 indicate substantive increases in activity as temperature increases
(Huey, 1982; Bennett, 1990).
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Table 2.1. Fecundity (%) calculations, entailing proportion of total consumed energy
(C) devoted to production of eggs (Pr) in adult female M. albidus and M. viridis
across 12 °C, 16 °C and 20 °C. Data relating to energetics adapted from LaybournParry et al. (1988; n = 5).

Species

Temperature
(oC)

C (mJ)

Pr (mJ)

Fecundity
(%)

M. albidus

12

31210

2355

7.55

M. albidus

16

26150

2907

11.12

M. albidus

20

29150

3691

12.66

M. viridis

12

34433

2851

8.28

M. viridis

16

25311

3020

11.93

M. viridis

20

24960

1671

6.70

2.3. Results
Prey survival in control treatments was a minimum of 98.5 % across
temperatures, and thus experimental deaths were attributed to predation by copepods,
which was also directly observed. Type II FRs were found in all predator and
temperature combinations, as indicated by significantly negative first order terms
(Table 2.2; Figure 2.1). Overall, attack rates (initial FR slopes; see Figure 2.1) for M.
albidus were significantly higher than for M. viridis (F1, 178 = 7.25, p = 0.01) and
increased significantly with temperature (F2, 176 = 74.41, p < 0.001). There were
significant increases in attack rates between 12 °C and 16 °C (z = 5.61, p < 0.001),
and 12 °C and 20 °C (z = 6.75, p < 0.001), but not between 16 °C and 20 °C (z =
1.20, p = 0.45). There was a significant ‘predator × temperature’ interaction (F2, 174 =
3.09, p = 0.05), reflecting significantly greater attack rates by M. albidus only at 12
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°C (z = 3.42, p = 0.01; Table 2.2; Figure 2.1). Overall, maximum feeding rates
(asymptotes of FR curves; see Figure 2.1) did not differ significantly between the
two predators (F1, 178 = 2.88, p = 0.09), but increased significantly with temperature
(F2, 176 = 110.29, p < 0.001; Figure 2.1). There were significant increases in
maximum feeding rates between all temperature levels (12 °C – 16 oC, z = 4.23, p <
0.001; 16 °C – 20 oC, z = 4.79, p < 0.001; 12 °C – 20 oC, z = 8.81, p < 0.001). There
was a significant ‘predator × temperature’ interaction (F2, 174 = 3.46, p = 0.03),
reflecting a non-significant difference between maximum feeding rates of M. albidus
at 20 °C and M. viridis at 16 °C (z = 2.48, p = 0.13), compared to a significantly
lower maximum feeding rate of M. albidus at 16 °C in comparison to M. viridis at 20
°C (z = 6.24, p < 0.001).
The RCP calculations integrating field abundances with maximum feeding
and attack rates are presented in Table 2.3. Macrocyclops albidus displays much
higher abundance than M. viridis, driving greater RCP using both FR parameters
(Figure 2.2a and 2.2b). There is a general increase in the proportion of total
consumed energy devoted to reproduction as temperature increases (Table 2.1).
Anomalous to this is the response to warming of M. viridis at 20 °C, with fecundity
here falling markedly (Table 2.1). There are relatively similar levels of RCP for the
two species illustrated at both 12 °C and 16 °C, followed by a substantial decrease in
efficacy of M. viridis at 20 °C (Table 2.4; Figures 2.2c and 2.2d). Indeed, the
certainty of the RCP using fecundity strengthens at peak temperatures (Table 2.4).
Under both NR proxies, differential efficacies between predators were more
pronounced using the attack rate parameter (Figure 2.2). The Q10 coefficients for the
two predators across the temperature gradient indicate that between 12 °C and 20 °C
both the feeding rates of M. albidus and M. viridis were highly responsive to
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temperature increases. There was a marked difference between the predators in the
incremental drivers of this response, with M. viridis exhibiting a rapid increase
between 12 °C and 16 °C which slowed between 16 °C and 20 °C. Conversely, M.
albidus was consistent in its feeding response to increased temperatures (Table 2.5).
Table 2.2. Results of logistic regression to denote functional response type across all
predator and temperature treatments, alongside the starting attack rate (a) and
handling time (h) parameter estimates and associated p-values generated using the
Rogers’ random predator equation.

Species

Temperature
(oC)

First
order
term

p

Attack
rate (a)

p

Handling
time (h)

p

M. albidus

12

-0.02
----

< 0.001

1.28

< 0.001

0.07

< 0.001

M. albidus

16

-0.03

< 0.001

1.92

< 0.001

0.04

< 0.001

M. albidus

20

-0.04

< 0.001

2.37

< 0.001

0.04

< 0.001

M. viridis

12

-0.03

< 0.001

0.95

< 0.001

0.07

< 0.001

M. viridis

16

-0.03

< 0.001

1.90

< 0.001

0.04

< 0.001

M. viridis

20

-0.04

< 0.001

2.19

< 0.001

0.03

< 0.001
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Figure 2.1. Functional responses of M. albidus (a, b, c) and M. viridis (d, e, f)
towards first instar Cx. pipiens larvae at 12 °C (a, d), 16 °C (b, e) and 20 °C (c, f)
over the 24 hour experimental period. Means are ± SE at each prey density (n = 4).
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Table 2.3. Mean Relative Control Potential (RCP) using maximal abundances from
Tinson and Laybourn-Parry (1986; n = 8) for M. albidus and M. viridis, alongside
uncertainties reflected through 60 % CIs and probability that the RCP output exceeds
1 using bootstrapped maximum feeding and attack rates. Asterisks denote significant
levels of certainty that the RCP score is greater than 1 (* > 95 %, ** > 99 %, *** >
99.9 %).

Agent A, agent
B comparison

Mean FR
parameter (±
SD)

Mean
abundance (ind.
m-2 ± SD)

RCP

CIs
pRCP > 1 (%)

M. albidus, M.
viridis

1/h: 22.80 (±
8.37), 24.41 (±
10.55)

6727 (±
16.77
1018.23), 562 (±
288.50)

6.79 – 23.78
99.97***

M. albidus, M.
viridis

a: 1.98 (± 0.72),
1.77 (± 0.67)

6727 (±
19.34
1018.23), 562 (±
288.50)

8.18 – 27.35
99.99***
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Table 2.4. Mean Relative Control Potential (RCP) using fecundities (%) across
temperature change for M. albidus and M. viridis alongside uncertainties reflected
through 60 % CIs and probability that the RCP output exceeds 1 using bootstrapped
maximum feeding and attack rates. Asterisks denote significant levels of certainty
that the RCP score is greater than 1 (* > 95 %, ** > 99 %, *** > 99.9 %).

Agent A,
agent B
comparison

Temperature
(oC)

Mean FR
parameter (±
SD)

Fecundity
(%)

RCP

CIs
pRCP > 1 (%)

M. albidus,
M. viridis

12

1/h: 15.88 (±
4.36), 13.99
(± 2.67)

7.55, 8.28

1.07

0.77 – 1.34
51.93

M. albidus,
M. viridis

16

1/h: 22.12 (±
7.64), 25.98
(± 9.68)

11.12, 11.93

0.90

0.53 – 1.21
32.58

M. albidus,
M. viridis

20

1/h: 30.42 (±
5.24), 33.25
(± 6.73)

12.66, 6.70

1.80

1.39 – 2.17
98.21*

M. albidus,
M. viridis

12

a: 1.43 (±
7.55, 8.28
0.52), 1.05 (±
0.34)

1.37

0.82 – 1.83
66.71

M. albidus,
M. viridis

16

a: 2.17 (±
11.12, 11.93
0.51), 2.02 (±
0.39)

1.04

0.77 – 1.28
49.04

M. albidus,
M. viridis

20

a: 2.34 (±
12.66, 6.70
0.75), 2.24 (±
0.54)

2.09

1.39 – 2.69
95.34*
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Figure 2.2. Relative Control Potential biplots comparing M. albidus and M. viridis
using abundance estimates (a, b; n = 8) and fecundity calculations (c, d; Table 2.1),
with functional response parameters of maximum feeding (a, c) and attack rates (b,
d). Functional response parameters in abundance biplots are pooled bootstrapped
estimates across all temperatures (n = 90); those in fecundity plots are temperaturespecific estimates (n = 30). Increasing Control Potential is read from bottom left to
top right. Abundance and functional response parameter means are ± SE.
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Table 2.5. Q10 coefficient values associated with mean bootstrapped maximum
feeding rates for both predators between temperature gradients.

Species

Temperature (oC)

Mean max.
feeding rate (1/h)

Q10 value

M. albidus

12 – 20

15.88 – 30.42

2.25

M. albidus

12 – 16

15.88 - 22.12

2.29

M. albidus

16 – 20

22.12 – 30.42

2.22

M. viridis

12 – 20

13.99 – 33.25

2.95

M. viridis

12 – 16

13.99 – 25.98

4.70

M. viridis

16 – 20

25.98 – 33.25

1.85

2.4. Discussion
Biological control of pests, disease vectors and invasive species can be
effective (e.g. Hajek, 2007; Nam et al. 2012; Veronesi et al. 2015), but efforts to
predict the efficacy of natural enemies are limited when per capita effects (e.g.
Functional Responses, FRs) are solely considered (Lester and Harmsen, 2002;
Fernández-arhex and Corley, 2003). The complementary agent population response
(e.g. Numerical Response, NR) is, however, somewhat nebulous and more difficult
to derive, with proxies for the NR required to allow rapid assessment of the overall
impact of a consumer (i.e. Total Response, TR; Dick et al. 2017). Recent
developments that combine functional and numerical responses (or their proxies)
into the comparative Relative Impact Potential metric (RIP; Dick et al. 2017) yield
high explanatory and predictive power for the ecological impacts of invasive species.
Indeed, this RIP approach was 100 % successful at identifying high impact invasive
species, and the metric correlated tightly with degree of ecological impact (i.e.
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reduction of native species populations). Hence, the present RCP metric is promising
to assess the efficacy of biocontrol agents, which are chosen on the same basis
regarding impact on populations of target species (see Dick et al. 2017). Further
value in the application of RCP surrounds the integration of context-dependencies
associated with environmental change, which can strongly affect interactions
between consumers and their resources (e.g. oxygen availability: Laverty et al. 2015;
habitat complexity: Barrios-O’Neill et al. 2015). Thus, I present the new Relative
Control Potential (RCP) metric that uses per capita and consumer population
responses to compare efficacy among biocontrol agents and can allow predictions of
changes in such efficacies under context-dependencies.
The risk of mosquito-borne disease at continental scales has reached
unprecedented levels in recent decades (Medlock and Leach, 2015). Arboviruses
such as Zika, West Nile, dengue and chikungunya present enormous public health
concerns, with disease dynamics shifting rapidly under environmental change
(Benelli and Mehlhorn, 2016; Siraj et al. 2017). Agricultural systems will
additionally be impacted (Chevalier, 2013). This risk necessitates the formation of
techniques to assess and compare the potential efficacies of biological control agents.
Here, RCP revealed M. albidus as a more effective agent than M. viridis.
Temperature was shown to mediate changes to the FR parameters of M. albidus and
M. viridis, driving higher magnitude FRs through increasing attack rates and
decreasing handling times. The temperature-dependence of attack rates reported here
contrasts to suggestions that this FR parameter is temperature-independent (Rall et
al. 2012; Dell et al. 2014). I show that both predators exhibit high maximum feeding
rates that exceed 30 of the West Nile virus vector Cx. pipiens per day at 20 °C.
Critically, the Type II FRs found are indicative of a capacity to destabilise prey
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populations due to high proportional consumption at low prey densities (Long and
Whitefleet-Smith, 2013). Macrocyclops albidus and M. viridis show strong
similarities in their per capita consumption, although the attack rates of M. albidus
were significantly greater overall, illustrated by steeper gradients in the FR curves at
low densities. As a result, M. albidus may be more effective in controlling Cx.
pipiens populations.
I demonstrate that integrating field abundances with RCP reveals far stronger
control efficacies of M. albidus compared to M. viridis. The utility of abundance
estimates lies in the projection of how many conspecifics may engage in the
predator-prey (or other consumer-resource) interaction and it is thus a useful NR
proxy. On the other hand, incorporating measures of fecundity estimates how rapidly
biological control agents can reproduce when introduced. Using fecundity, I
demonstrate temperature-dependencies of control efficacy. Large fecundity
variabilities are illustrated in the RCP biplots, with the reproductive allocation of M.
viridis declining rapidly at 20 °C, whilst that of M. albidus continues to rise. The
reduction in fecundity shown by M. viridis at 20 °C is concurrent with a slowing
feeding activity response discerned through Q10 analysis, whereas M. albidus
displays a consistent incremental increase in feeding with warming. Overall, M.
albidus displays greater potential for the control of West Nile virus vector Cx.
pipiens than M. viridis, particularly under climate change projections where our
certainty for differential efficacy increases (e.g. Hulme et al. 2002). This differential
efficacy is more pronounced when the attack rate parameter is considered. An
increased metabolic demand could enable M. albidus to sustain efficiency in the
consumption of Cx. pipiens, which proliferate more rapidly at higher temperatures,
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particularly in domestic and peri-domestic habitats in urbanised environments
(Townroe and Callaghan, 2014).
In this study, temperature had a profound effect on predator-prey interactions.
It has been suggested that interaction strengths of ambush predators such as the
benthic copepods examined here are temperature independent (Awasthi et al. 2012;
Novich et al. 2014). Thus, marked thermal dependencies may result, rather, from
individual prey foraging responses to temperature change, wherein motility and
velocity may increase with warming. These interactions make predator-prey systems
highly specific to both the species (Englund et al. 2011) and environment (Broitman
et al. 2009), with optimal foraging patterns of ectothermic prey potentially peaking at
intermediate temperatures (Englund et al. 2011; Kalinoski and DeLong, 2016).
Contrastingly, for endothermic pairs, such interactions are often independent of
changes to environmental temperatures (Dell et al. 2014). In this study, feeding rates
of candidate biocontrol agents peaked at the highest temperature, however the rate of
increase slowed between 16 °C and 20 oC, as compared to between 12 °C and 16 oC;
this trend was particularly marked for M. viridis. Notably, these temperatures are
well within the thermal tolerances of common cyclopoid copepods (Marten and
Reid, 2007). Temperature additionally has a substantial influence on the
development of the focal prey, Cx. pipiens, driving significant reductions in
development times under conditions of warming (Loetti et al. 2011; Ruybal et al.
2016), and necessitating increased foraging intensity. Yet, increases in Cx. pipiens
mortality due to drivers outside of predation are also evident as temperatures rise due
to thermal stressors (Ruybal et al. 2016). Macrocyclops albidus has been proven
particularly effective against the invasive arbovirus vector Ae. albopictus following
field trials (Marten, 1990a; Veronesi et al. 2015). Previous research has suggested
47

that copepods are more efficient consumers of Aedes spp. than Culex spp. as a result
of morphological variations between the genera (Marten and Reid, 2007). However,
laboratory trials have shown similar levels of overall predation by M. albidus
towards both Ae. albopictus and Cx. pipiens (Veronesi et al. 2015), as well as by
Mesocyclops annulatus (Micieli et al. 2002). Further field trials are required to
elucidate whether their efficiencies towards Cx. pipiens translate empirically,
particularly as it is the major West Nile virus vector in the USA and Europe
(Hubalek and Halouzka, 1999; Fonseca et al. 2004) and part of one of the most
widespread mosquito complexes in the world (Harbach, 2012).
In conclusion, this is the first study to develop and apply the new RCP metric
to biological control agent selection. I demonstrate that the integration of abundance
and fecundity estimations can provide a means to differentiate between biocontrol
agents that display similar per capita efficacies across temperature gradients. I
additionally illustrate the value in the use of maximum feeding and attack rates for
instructing agent selection. Adaptations of this metric have been applied successfully
in the context of invasion biology to explain and predict the ecological impact of
invasive species (Dick et al. 2017; Laverty et al. 2017b), and similar fundamental
principles enable its application to the selection of biocontrol agents. Overall,
temperature increases will induce greater per capita predation pressure by predatory
copepods towards Cx. pipiens and likely other mosquito species. Copepod
applications to waterbodies can form an integral part of mosquito control efforts
(Baldacchino et al. 2015), with large-scale field trials having proved successful (e.g.
Kay and Nam, 2005), particularly given their ability to thrive in both natural and
artificial waterbodies (Marten and Reid, 2007). Importantly, copepods can be
augmented synergistically using existing control methods, such as the use of
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bacterial Bacillus thuringiensis var. israelensis (Bti; Kosiyachinda et al. 2003).
Nanoparticles have additionally been found to heighten predation by copepods
(Murugan et al. 2015). The straightforward derivation of the RCP metric, and its
visual representation in biplots, will allow comparisons of biological control agents
across many ecological systems, and could increase cost-effectiveness of natural
enemies in the long-term. Further proxies for the numerical response, such as
biocontrol agent longevity or biomass, can be integrated into the RCP metric as per
the requirements of the assessed system or biocontrol approach, increasing the
robustness and flexibility of the method. Moreover, the additional integration of a
qualifier to account for target organism responses under matched environmental
change scenarios could bolster the power of the RCP metric in reliably selecting
biocontrol agents, and this is worth further consideration in future research.

49

50

Chapter 3
Interspecific variation, habitat complexity and ovipositional responses modulate
the efficacy of cyclopoid copepods in disease vector control

The contents from this Chapter are published in:
Cuthbert, R.N., Callaghan, A. and Dick, J.T.A. (2018). Interspecific variation,
habitat complexity and ovipositional responses modulate the efficacy of
cyclopoid copepods in disease vector control. Biological Control, 121: 80–
87.
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3.1. Introduction
Mosquitoes continue to endanger public health globally through the
transmission of vector-borne diseases, which account for hundreds of thousands of
deaths annually (World Health Organisation, 2018). Transmission rates of
arboviruses and the ecology of their vectors are shifting rapidly under environmental
change (Medlock and Leach, 2015; Benelli and Mehlhorn, 2016), and at different
spatiotemporal scales (Townroe and Callaghan, 2014; Cunze et al. 2016).
Furthermore, incursions and proliferations of highly invasive mosquito species are
occurring as a direct result of anthropogenic activity (e.g. Yee, 2016; Medlock et al.
2017), with implications for public health and persistence of native species (Juliano,
2010; Schäffner et al. 2013). Thus, the development of effective strategies to assist
or augment the control of vectors of mosquito-borne disease is critical. These
strategies in turn rely on rapid and reliable assessments of the efficacy of biocontrol
agents under relevant environmental contexts.
Culex quinquefasciatus Say (Diptera: Culicidae) is a member of the Cx.
pipiens complex, which are vectors of diseases such as West Nile virus, Sandbis
virus, St Louis encephalitis, Rift Valley fever virus and lymphatic filariasis (Turell,
2012; Manimegalai and Sukanya, 2014). This mosquito breeds rapidly in artificial,
urban environments, enabling a high potential for human contact (Yee, 2008).
Furthermore, the species is characterised as being invasive, exhibiting the potential
to negatively impact and replace native species (Juliano and Lounibos, 2005).
Climate change may additionally bolster the potential of Cx. quinquefasciatus to
invade novel ecosystems through range expansion (Samy et al. 2016). Cyclopoid
copepods have had marked success in the biological control of Aedes aegypti
mosquito larvae (e.g. Kay and Nam, 2005), and predatory impacts have been
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demonstrated towards Culex spp. (e.g. Calliari et al. 2003; Tranchida et al. 2009;
Chapter 2). Furthermore, the global distribution, high fecundity, environmental
hardiness, voraciousness and ease of mass-production of copepods enable high levels
of potential impact on target populations, whilst negating the need for potentially
ecologically harmful species introductions (Marten and Reid, 2007). Yet, while
interspecific variations in control efficiencies between cyclopoids have been
demonstrated (Marten, 1989), as well as demographic variations across differing
species strains (Marten, 1990b), many candidate copepod species are yet to be
examined in the context of mosquito control.
Functional responses (FRs), which discern the per capta intake rate of a
resource as a function of its availability (Holling, 1959, 1966), exhibit great utility in
the quantification of interspecific differences in consumer-resource interactions
(Dick et al. 2017). The search, capture and handling components of FRs can be
highly informative in the contexts of biological control (O’Neil, 1990; van Driesche
and Bellows, 2011) and invasive species (Dick et al. 2014). Indeed, high impact
invasive species are strongly associated with higher maximum feeding rates driven
by low handling times (Dick et al. 2017), and this associates strongly with
measurable changes in affected populations (i.e. ecological impact). Functional
response form and magnitude can also be significant with respect to prey population
stability; a Type II FR is deemed to have potentially population destabilising effects
due to high levels of proportional predation at low prey densities, whilst a Type III
FR may impart stability to prey by providing refugia at low prey densities (Holling,
1959). Moreover, coupling such per capita effects with corresponding numerical
responses at the consumer population-level can bolster the robustness of predictions
of consumer impacts on resources (Dick et al. 2017; Chapter 2). These approaches
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thus yield high potential in the comparison of efficacies of potential biocontrol
agents. Further, context-dependencies, such as habitat complexity, can modify the
nature of interactions within predator-prey systems and can be quantified using a FR
approach (e.g. Barrios-O’Neill et al. 2015; South et al.2017a). Habitat complexity
may enable physical refuge for prey, directly affecting interaction strengths, and,
accordingly, the structuring of ecological communities (e.g. Alexander et al. 2012).
These interactions are often specific to predator-prey pairings, with habitat
complexity having been found to also heighten predation (e.g. Alexander et al.
2015).
Besides direct consumptive effects, trait-mediated indirect interactions
(TMIIs), including behavioural responses of target organisms to predators, can exert
strong effects on predator-prey dynamics (e.g. Alexander et al. 2013), and can be as
strong or stronger in their population effects (Peacor and Werner 2001; Trussell et al.
2004, 2008). Behavioural responses of mosquitoes to predator cues can be marked,
yet also species-specific (e.g. Vonesh and Blaustein, 2010; Zuharah and Lester,
2011). Thus, considering oviposition selectivity among potential habitats by
mosquitoes is of integral importance to biological control, particularly for species
which invest all of their eggs in one environment at one time, such as Cx.
quinquefasciatus (Wachira et al. 2010). Broadly, natural selection favours
individuals that are able to actively evade predation through avoidance of oviposition
habitats containing predators (Sih, 1986; Blaustein and Chase, 2007). Water
colouration, serving as a proxy for nutritional load, has also been demonstrated to
significantly attract oviposition by Culex mosquitoes (Ortiz-Perea and Callaghan,
2017). The effects of the presence of copepods on oviposition of mosquitoes has
been seldom considered; however, Torres-Estrada et al. (2001) found that Ae.
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aegypti preferentially oviposited in water treated with the copepod Mesocyclops
longisetus due to the emission of attractive compounds. This finding is an oddity in
the context of the general avoidance by mosquitoes of other predators (Vonesh and
Blaustein, 2010).
Here, I quantify the FRs of three locally-abundant and widespread cyclopoid
copepods, Macrocyclops albidus, Macrocyclops fuscus (Jurine) and Megacyclops
viridis towards larvae of the mosquito Cx. quinquefasciatus. I then combine
maximum feeding rate and attack rate estimations generated from the FRs with
reproductive effort data from Maier (1994) to compare the Relative Control Potential
(RCP; Chapter 2) among the three species. Benthic habitat complexity is integrated
in a separate experiment to assess potential context-dependencies relevant to the
efficacy of copepods in their predation of Cx. quinquefasciatus. Furthermore, I
utilise pairwise choice tests to assess the ovipositional responses of Cx.
quinquefasciatus to the predators in several bioassays consisting of visual and
chemical cues from predatory copepods, and examine whether the integration of
pond dye reduces avoidance behaviour by the mosquito species, hence enhancing
biocontrol efforts. Thus, I seek to decipher the most effective biocontrol agent using
the RCP metric, and consider the effects of habitat complexity and target prey
behavioural responses on agent efficacies.
3.2. Materials and methods
3.2.1. Experimental organisms
The focal predators were collected cultured as per Chapter 2 and maintained
at 25 ± 2 °C under a 16:8 light:dark regime. The prey, Cx. quinquefasciatus, were
obtained from a laboratory colony maintained at the same conditions as the
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predators. Culex quinquefasciatus were originally collected in Cyprus in 2005 by Dr
A. Callaghan and had been reared in laboratory conditions at the University of
Reading since then. Mosquito rearing for this species group was identical to that
detailed in Chapter 2.
3.2.2. Functional responses and Relative Control Potential
Adult, non-ovigerous female M. albidus (1.6 – 1.8 mm body length), M.
fuscus (1.9 – 2.1 mm body length) and M. viridis (2.0 – 2.3 mm body length) were
selected for experiments to standardise predators as cyclopoids are sexually
dimorphic (Laybourn-Parry et al. 1988). Predators were starved for 24 hours to
standardise hunger levels. Prey, first instar Cx. quinquefasciatus (1.1- 1.3 mm), were
provided to copepods at six densities (2, 4, 8, 15, 30, 60, n = 3 per density) in 20 mL
arenas of 42 mm diameter, and allowed to settle for three hours prior to the addition
of individual predators. Predators were allowed to feed for 24 hours, after which they
were removed and remaining live prey counted. Controls consisted of three
replicates at each prey density without a predator. I integrated reproductive effort
data derived from Maier (1994) with maximum feeding rates and attack rates to
calculate RCP among the three predators (see Chapter 2).
3.2.3. Habitat complexity
Adult female M. albidus (1.6 – 1.8 mm body length) were selected for
experiments and starved for 24 hours to standardise hunger levels. Prey, first instar
Cx. quinquefasciatus (1.1- 1.3 mm), were provided at the same densities (n = 3 per
experimental group) and in the same arenas as before, and also allowed the same
acclimation. However, arenas exhibited either ‘low’ or ‘high’ complexity, with ‘low’
complexity treatment arenas being vacant and ‘high’ complexity arenas containing
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five polypropylene caps (7 mm diameter, 10 mm height), arranged in a uniform array
(Figure 3.1) and positioned using non-toxic mounting putty. As before, predators
were allowed to feed for 24 hours before being removed and remaining live prey
counted. Controls consisted of three replicates at each prey density and complexity
level without predators.

Figure 3.1. Illustration of low and high habitat complexity treatment arenas used.
3.2.4. Ovipositional responses
I assessed ovipositional preferences of Cx. quinquefasciatus with pairwise
choice tests. Recently emerged female Cx. quinquefasciatus were blood fed for the
first time over a 24 hour period. Following this, each experimental replicate
consisted of cages (32.5 × 32.5 × 32.5 cm; Bugdorm, England) containing 20 bloodfed females and a 10 % sucrose solution, refilled ad libitum. Mosquitoes were
maintained in these cages for 144 hours in bioassay 1, and 168 hours in following
bioassays, at 25 °C ± 2 °C and in a 16:8 light:dark regime. In all bioassays, control
and treatment cups were established 48 hours before being added to cages in 80 ml
arenas of 6.5 cm diameter using water from a continuously aerated source. Adult
female M. albidus were used to produce all bioassays and were fed with mosquito
larvae ad libitum prior to use. In bioassay 1, three copepods were physically present
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in the treatment cups when added to the cages (n = 7 per experimental group). In
bioassay 2, three copepods were removed from the treatment cups immediately
before being added to cages (n = 13 per experimental group). In bioassay three, ten
copepods were ground up using a pestle and mortar and added to treatment cups (n =
7 per experimental group). In bioassays 4 and 5, three copepods were added to
arenas containing black liquid pond dye (0.3 g L-1, Dyofix, United Kingdom, n = 7
per experimental group). Controls lacked predators, and those in bioassays 1–3 and 5
consisted of dechlorinated tap water, whilst controls in bioassay 4 consisted of dyed
dechlorinated tap water. Paired cups were added to opposing corners within cages in
a randomised design and mosquitoes given 48 hours to oviposit. Following this, cups
were removed and the numbers of egg rafts counted.
3.2.5. Statistical analyses
Functional response analyses were undertaken as per Chapter 2. Estimates of
attack rate, handling time and maximum feeding rate (1/h) were non-parametrically
bootstrapped (n = 30) to provide means and standard errors (SEs). I calculated RCP
(see Chapter 2) using maximum feeding and attack rates with reproductive effort
data (clutch weight produced per female body weight per day) from Maier (1994) as
a proxy for the numerical response:
RCP = (

FR agent A
RE agent A
)×(
)
FR agent B
RE agent B
(Equation 8)

where FR represents maximum feeding or attack rates, and RE is reproductive effort.
For the oviposition experiment, I used Shapiro-Wilk and Bartlett tests to
assess normality and homoscedasticity for each treatment pair, respectively. Where
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data were normal and homoscedastic, I employed paired t-tests for analysis of
oviposition data. Wilcoxon tests were used where data did not meet the assumptions
of a parametric test. I calculated oviposition activity index (OAI) values (Kramer and
Mulla, 1979), which enable data to be standardised as proportions for graphical
visualisation:

OAI =

(NT − NC)
(NT + NC)
(Equation 9)

where the oviposition activity index (OAI) is a function of the number of egg rafts
laid in treated water (NT) relative to controls (NC). The OAI ranges from -1 to 1,
with 0 indicating no preference between options. Positive values indicate that greater
preference is demonstrated for the treatment rather than control cups, whilst negative
values show preference for controls.
3.3. Results
3.3.1. Functional responses and Relative Control Potential
Prey survival in controls exceeded 99 % and thus most prey deaths were
attributed to cyclopoid copepod predation. Type II FRs were found for each predator
(Table 3.1; Figure 3.2). Macrocyclops albidus demonstrated the shortest handling
times and, inversely, highest maximum feeding rates, followed by M. viridis, which
exhibited shorter handling times and higher maximum feeding rates than M. fuscus
(Table 3.2; Figure 3.3a, b). Attack rates varied among the predators; M. fuscus
exhibited greater attack rates than M. albidus, which in turn exhibited greater attack
rates than M. viridis (Table 3.2; Figure 3.3c).
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Relative Control Potential (RCP) calculations and probabilities are illustrated
in Table 3.2. When maximum feeding rates were used in the RCP metric (Figure
3.4a), M. albidus exhibited greater efficacy in controlling Cx. quinquefasciatus than
both M. fuscus (RCP = 2.73) and M. viridis (RCP = 1.33). Megacyclops viridis
exhibited a greater efficacy compared to M. fuscus (RCP = 2.13). With attack rates
incorporated into the RCP metric (Figure 3.4b), M. albidus demonstrated similar
efficacy predictions to M. fuscus (RCP = 0.96), and greater efficacy than M. viridis
(RCP = 1.42). Megacyclops viridis exhibited a lower efficacy than M. fuscus here
(RCP = 0.71). These calculations are bolstered graphically in Figure 3.4 using RCP
biplots, with M. albidus showing greatest efficacy overall when maximum feeding
rates are integrated, and similarities in efficacies projected between these predators
when attack rates are applied.
Table 3.1. First order terms resulting from logistic regression (proportion of prey
killed versus prey density) for each predator species, alongside functional response
parameter estimates (h, handling time; a, attack rate) resulting from Rogers’ random
predator equation.
Predator

First order

p

h

p

a

p

term
M. albidus

-0.03

< 0.001

0.03

< 0.001

2.11

< 0.001

M. fuscus

-0.05

< 0.001

0.04

< 0.001

3.85

< 0.001

M. viridis

-0.02

< 0.001

0.04

< 0.001

1.36

< 0.001
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Figure 3.2. Functional responses of M. albidus (a), M. fuscus (b) and M. viridis (c)
towards Cx. quinquefasciatus prey over a 24 hour experimental period. Means are ±
SE (n = 3 per density).

Figure 3.3. Bootstrapped functional response parameters (handling time, a;
maximum feeding rate, b; attack rate, c) of M. albidus, M. fuscus and M. viridis
towards Cx. quinquefasciatus. Means are ± SE (n = 30 per parameter).
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Table 3.2. Relative Control Potential (RCP; means) calculations between species
using bootstrapped (n = 30 per parameter) maximum feeding rates (1/h) and attack
rates (a) with reproductive effort data (Maier, 1994). Uncertainties are reflected
through CIs. Asterisks denote significant levels of certainty that the RCP score is
greater than 1 (* > 95 %, ** > 99 %, *** > 99.9 %).
Agent A, agent

FR (± SD)

Parameter

B comparison

Reproductive

RCP

effort

M. albidus, M.

35.72 (±

fuscus

7.15), 24.06

M. albidus, M.

(± 5.41)
35.72 (±

viridis

7.15), 26.30

M. viridis, M.

(± 4.82)
26.30 (±

fuscus

4.82), 24.06

M. albidus, M.

(± 5.41)
2.04 (±

fuscus

0.36), 4.03

M. albidus, M.

(± 1.20)
2.04 (±

viridis

0.36), 1.42

M. viridis, M.

(± 0.29)
1.42 (±

fuscus

0.29), 4.03

1/h

0.35,

pRCP > 1 (%)
2.73

0.20

1/h

0.35,

0.37,

1.33

0.35,

2.13

0.35,

0.96

0.37,
0.20

0.68 – 1.21,
39.10

1.42

0.37

a

1.60 – 2.60,
99.35**

0.20

a

1.02 – 1.61,
82.13

0.20

a

2.03 – 3.36,
99.94***

0.37

1/h

CIs (60 %),

1.09 – 1.71,
87.82

0.71

0.49 – 0.90,
12.63

(± 1.20)
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Figure 3.4. Relative Control Potential biplots integrating mean bootstrapped
maximum feeding rate (a) and attack rate (b), and reproductive effort (Maier, 1994),
for each predator. Increasing efficacy is projected from bottom left to top right.
Means are ± SE (n = 30 per FR parameter).
3.3.2. Habitat complexity
Prey survival in controls was 100 %, and thus all prey deaths in treatment
groups were attributed to predation by cyclopoid copepods. Type II FRs were
observed under both levels of habitat complexity (Table 3.3; Figure 3.5). Handling
times and maximum feeding rates were similar between both levels of habitat
complexity (Figure 3.6a, b). Attack rates were higher in low compared to high
complexity treatments (Figure 3.6c).
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Table 3.3. First order terms resulting from logistic regression (proportion of prey
killed versus prey density) for each level of habitat complexity, alongside functional
response parameter estimates (h, handling time; a, attack rate) resulting from
Rogers’ random predator equation.
Habitat

First order

p

h

p

a

p

complexity term
Low

-0.03

< 0.001

0.04

< 0.001

1.68

< 0.001

High

-0.02

< 0.001

0.04

< 0.001

0.90

< 0.001

Figure 3.5. Functional responses of M. albidus towards Cx. quinquefasciatus prey
under low and high habitat complexity over a 24 hour experimental period. Means
are ± SE (n = 3 per density).
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Figure 3.6. Bootstrapped functional response parameters (handling time, a;
maximum feeding rate, b; attack rate, c) of M. albidus towards Cx. quinquefasciatus
under low and high habitat complexity. Means are ± SE (n = 30 per parameter).
3.3.3. Ovipositional responses
In bioassay 1, significantly fewer egg rafts were laid in cups containing
copepods in comparison to controls (W = 45, p = 0.01). However, in bioassays 2 and
3, no significant differences in oviposition levels were detected between the
chemical treatments with predatory cyclopoids removed (t = 1.41, df = 12, p = 0.18),
or with ground cyclopoids (W = 29.5, p = 0.55). In bioassay 4, significantly fewer
egg rafts were oviposited in dyed water containing predatory copepods compared to
dyed water alone (t = 5.35, df = 6, p = 0.002). In bioassay 5, significantly more egg
rafts were laid in cups treated with both dye and copepods compared to undyed,
predator-free controls (t = 5.60, df = 6, p = 0.001). Figure 3.7 illustrates OAI scores
for each of the five treatments graphically.
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Figure 3.7. Oviposition activity index values (OAI, ± SE) shown by Cx.
quinquefasciatus resulting from pairwise tests with predator-free controls and
treatments cups inoculated with: (a) three physically-present M. albidus (n = 7); (b)
the cues emitted by three removed M. albidus (n = 13); (c) ten ground M. albidus (n
= 7); (d) three physically-present M. albidus in dyed water with a dyed control (n =
7); (e) three physically present M. albidus in dyed water with an undyed control (n =
7). Controls in bioassays (a) – (c) comprised undyed arenas. OAI values of 0 indicate
no preference between predator-control treatments, with values closer to -1
indicating an increasing preference for controls (i.e. predator avoidance), and those
closer to 1 indicating increasing selection for predator-treated water. Labels above
indicate significance levels resulting from statistical tests using raw oviposition data
(p: * < 0.05, ** < 0.01, *** < 0.001, NS ≥ 0.05).
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3.4. Discussion
The development and application of control strategies to combat mosquitoborne disease is of immense public health importance (Benelli and Mehlhorn, 2016),
particularly in light of changes to population dynamics being driven by globalisation,
urbanisation and climate change (Townroe and Callaghan, 2014; Medlock and
Leach, 2015), as well as emergent context-dependencies (e.g. Fischer et al. 2013;
Chapter 2). Biological control of mosquitoes using predatory agents can be an
effective tool to assist or augment control strategies targeting important disease
vector species (e.g. Nam et al. 2012). In this context, the coupled use of functional
and numerical responses (or their proxies) provides a robust comparative framework
to decipher and project the potential efficacy in controlling target organisms by
agents (see Dick et al. 2017; Chapter 2). Consumer-resource interactions are,
however, subject to a range of context-dependencies which may modulate interaction
strengths, such as habitat complexity (Barrios-O’Neill et al. 2015; Alexander et al.
2015), temperature (Wasserman et al. 2016b; Chapter 2) and parasitism (Laverty et
al. 2017a). Such effects may reduce or nullify the potential of agents in the field, and
thus are critical to consider during biocontrol agent evaluations. Furthermore,
elucidating behavioural responses, such as those relating to ovipositional choice, of
target organisms is imperative to derive a holistic view of agent efficacy, particularly
in ecological systems where organisms are not confined to a single habitat patch,
such as is often the case with container-breeding mosquitoes in urban and peri-urban
environments (Silberbush and Blaustein, 2011; Townroe and Callaghan, 2014).
Here, I applied functional responses (FRs) to assess the potential predatory
impact of three native cyclopoid copepods towards Cx. quinquefasciatus, a
container-breeding mosquito and capable vector of diseases such as West Nile virus
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and lymphatic filariasis (Turell, 2012; Manimegalai and Sukanya, 2014). Further, I
examined the impact of habitat complexity on interaction strengths in this predatorprey system and discerned the ovipositional responses of Cx. quinquefasciatus to
predatory cues. The focal predators, M. albidus, M. fuscus and M. viridis all
exhibited potentially population destabilising Type II FRs towards first instar Cx.
quinquefasciatus. This characteristic encompasses high levels of killing at low prey
densities, limiting conditions for prey refugia (Holling, 1959) and, concurrently,
avoids the compensatory effect of reduced competitive interactions in surviving
mosquito prey (Juliano, 2007). This destabilising FR may thus reduce the likelihood
of size refuge attainment in prey, given that cyclopoid copepods only effectively
consume early instar mosquito larvae (Marten and Reid, 2007). Macrocyclops
albidus exhibited the highest magnitude FR of the predators, characterised by
comparatively low handling times and thus high maximum feeding rates.
Macrocyclops fuscus demonstrated the greatest attack rates, indicating strong per
capita efficacies at lower prey densities. Macrocycops albidus has already shown
promise during previous trials for the control of arbovirus vectors (e.g. Marten,
1990a; Veronesi et al. 2015), however the predatory potential of the congeneric M.
fuscus had yet to be examined prior to this study. The use of RCP illustrates that M.
albidus exhibits the highest efficacy for the control of Cx. quinquefasciatus when
maximum feeding rates are integrated, particularly given the comparatively low
reproductive effort of M. fuscus (Maier, 1994). When attack rates are used in the
RCP metric, similarities between M. albidus and M. fuscus are deduced. However, in
a meta-analysis of the impacts of invasive species, the maximum feeding rate
combined with numerical response proxies gave 100 % association with degree of
ecological impact. That is, the ‘offtake rate’ of prey, sometimes known as the ‘total
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response’, was the best predictor of consumer impact on resources (Dick et al. 2017;
Laverty et al. 2017b). Also, the attack rate in experiments where prey are not
replaced following consumption may be artificially constrained (Alexander et al.
2012). Thus, I propose that, while attack rates may give insight into predation at low
prey densities, it is the maximum feeding rate combined with numerical response
proxies that gives best RCP predictions.
Habitat complexity was found to modulate interactions between M. albidus
and Cx. quinquefasciatus through a reduction in attack rates where complexity was
present. However, the Type II FR exhibited was robust to variations in habitat
complexity, and thus population destabilising effects towards disease vectors such as
Cx. quinquefasciatus may be sustained under such conditions. Indeed, habitat
structure has previously been demonstrated to affect survivability of mosquito prey
to predatory copepods (e.g. Rey et al. 2004), however, density-dependent effects (i.e.
FRs) had yet to be considered. My results contrast to other studies whereby
variations to benthic habitat structure fundamentally change the nature or magnitude
of the observed FR (e.g. Alexander et al. 2012; but see Alexander et al. 2015).
Furthermore, handling times and thus maximum feeding rates were largely
unaffected by habitat complexity, and hence feeding magnitudes of M. albidus are
maintained under these contexts. These traits favour the application of M. albidus as
a biocontrol agent given the dynamic nature of container-style habitats within which
Cx. quinquefasciatus colonises (Bohart and Washino, 1978; Meyer and Durso,
1993).
Predator avoidance by culicids during oviposition is common (see Vonesh
and Blaustein, 2010), yet interspecific variations with respect to coexistence patterns
are commonplace (e.g. van Dam and Walton, 2008). Furthermore, interacting
69

environmental factors and density-dependent effects may further modulate
oviposition responses (Silberbush and Blaustein, 2011; Silberbush et al. 2014).
Pairwise choice tests have been deemed more powerful and advocated over multiplechoice comparisons when examining responses to predatory cues (Silberbush and
Blaustein, 2011). Avoidance behaviours have been deemed stronger for mosquito
species which oviposit directly onto waterbodies, such as Culex spp. (Vonesh and
Blaustein, 2010). My results are indicative of predator avoidance behaviour of Cx.
quinquefasciatus towards M. albidus when the copepod is physically present. Yet,
these effects were dependent upon the nature of the aquatic environment. Generally,
this contrasts with limited results which demonstrate positive selection by Ae.
aegypti for sites treated with cyclopoid copepods (Torres-Estrada et al. 2001). I
found no evidence for avoidance behaviour in the presence of chemical cues of M.
albidus. Mosquitoes within the Cx. pipiens complex have been shown to prefer black
dyed water when selecting oviposition sites, likely as a result of greater perceived
depth or a higher nutritional load for their progeny (Ortiz-Perea and Callaghan,
2017). Here, when both predator and control treatments were dyed, Cx.
quinquefasciatus continued to avoid M. albidus in pairwise tests. However, when the
control treatment was undyed and predator-free, Cx. quinquefasciatus demonstrated
clear preference for dyed, predator-treated water. These results indicate interactive
complexity, whereby the preference towards dyed habitats overrides the avoidance
stimulus relating to physical predator presence. Thus, the use of dye in combination
with predator inoculations may foster more effective biocontrol potential in certain
environments.
In conclusion, the use of FR demonstrates strong predatory impact and
potential for the application of cyclopoid copepods in biocontrol strategies,
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particularly in light of Type II forms conducive to population destabilising effects. I
illustrate that this overarching FR form is robust to interspecific variations and
habitat complexities, however, variations in underlying FR parameters are apparent
among cyclopoid species and habitat complexities. The integration of reproductive
effort estimations allows the better resolution of differential RCP between the
species, favouring the use of M. albidus over other comparators overall. These
results corroborate generally with the success of cyclopoid copepods in mosquito
control during field trials, whereby large-scale eradication has been achieved (Kay
and Nam, 2005; Nam et al. 2012), and the particular interest in the use of M. albidus
in field-based trials which has been demonstrated (e.g. Marten, 1990a; Veronesi et
al. 2015; Chapter 2). Understanding the non-consumptive effects of predators is
central to biocontrol applications and broader concerns relating to predator-prey
interactions (Preisser and Bolnick, 2008; Vonesh and Blaustein, 2010). Here, I
demonstrate context-dependent avoidance behaviour of Cx. quinquefasciatus in
response to copepod predators, yet highlight that the combined use of dye may
bolster the efficacy of biocontrol releases due to favoured oviposition in these
conditions. Additional field-based research to elucidate the effects of dye on
community structure and predatory impact is thus warranted.
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Chapter 4
The predatory impact of cyclopoid copepods on larval mosquito Culex pipiens is
unaffected by dyed environments

The contents from this Chapter are published in:
Cuthbert, R.N., Callaghan, A. and Dick, J.T.A. (2018). Dye another day: the
predatory impact of cyclopoid copepods on larval mosquito Culex pipiens is
unaffected by dyed environments. Journal of Vector Ecology, 43: 334–336.
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4.1. Introduction
The control of vectors of parasitic diseases and arboviruses urgently requires
the development of innovative measures to enhance efficacies. Cyclopoid copepods
have had the most success in the predatory biological control of vectorially important
mosquitoes, with marked per capita feeding rates bolstered by high abundances and
suitability for container-style habitats (Marten and Reid, 2007; Chapters 2, 3).
Indeed, their application to waterbodies has resulted in the complete eradication of
dengue fever from entire communities (e.g. Kay and Nam, 2005). However,
oviposition by mosquitoes is highly selective in response to predators, with many
mosquito species capable of detecting and avoiding predatory cues within
environments fostering high densities of aquatic predators (see Vonesh and
Blaustein, 2010; Chapter 3). Thus, predator cues may have strong trait-mediated
consequences which may impact effective mosquito biocontrol, and so developing
measures to counteract such cues is of importance for population management.
The use of pond dyes is popular in urban areas where mosquitoes proliferate,
and is increasingly applied to enhance reflection and as a means of reducing the
growth of algae in waterbodies (Ortiz-Perea and Callaghan, 2017). The application
of black pond dye has been shown to be a particularly strong oviposition attractant
for Culex mosquitoes, whereas other coloured dyes have no effect (Ortiz-Perea and
Callaghan, 2017, Ortiz-Perea et al. 2018). The strength of attraction to black dye is
strong enough to reverse predator avoidance behaviours by mosquitoes (Chapter 3).
Thus, exploration of the use of black pond dye combined with predatory biocontrol
agents is warranted. In particular, it is necessary to identify biocontrol agents that are
not reduced in their efficacy due to pond dye effects, such as interference with the
visual predation capacity of such agents. Here, I assess the impact of commercial
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black pond dye on the functional responses (FRs; rate of resource intake under
varying densities) of two predatory cyclopoid copepods, Macrocyclops albidus and
Megacyclops viridis, towards larvae of Cx. pipiens, an efficient vector of West Nile
virus (e.g. Di Sabatino et al. 2014).
4.2. Materials and methods
Experimental organisms were obtained as per Chapters 2 and 3. To derive
FRs, I supplied prey densities of 2, 4, 6, 8, 15 or 30 newly hatched first instar Cx.
pipiens (1.1 – 1.3 mm) to adult female M. albidus or M. viridis (respective body
lengths excluding caudal setae: 1.6 – 1.8 mm and 2.0 – 2.3 mm) over a 6 hour
experimental period during light conditions (n = 4 per experimental treatment). I
starved non-ovigerous adult female copepods individually for 24 hours before the
experiment to standardise levels of hunger. Experiments were undertaken in arenas
of 42 mm diameter containing 20 mL of dechlorinated tap water from an aerated
source. Treatments either had 0.3 g L-1 black liquid pond dye added, in line with the
manufacturer’s recommendations (Dyofix, Leeds, England), or remained undyed, in
a fully factorial design, i.e. with the three factors being ‘dye presence/absence’,
‘predator species’ and ‘prey supply level’. The source of dye was also continuously
aerated to eliminate any variability in dissolved oxygen concentrations between
treatments. Prey were allowed to settle for two hours in the assigned dye treatment
before the addition of predators in a fully randomised array. After six hours, the
predators were removed and remaining prey alive were counted to derive those
killed. Controls were four replicates at each prey density and dye treatment, without
the presence of a predator.
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Functional response analyses were undertaken as per Chapter 2, but
implemented the frair package in R (Juliano, 2001; Pritchard et al. 2017). I nonparametrically bootstrapped (n = 2000) a and h parameter estimates to construct 95
% bias-accelerated and corrected confidence intervals (CIs) around FR curves. This
process enables the direct visual comparison of FRs through inspection of CIs (see
Pritchard et al. 2017).
4.3. Results
Mosquito larvae survival in predator-free controls exceeded 99 % across
treatments, and thus prey deaths in predator treatments were attributed to direct
predation by cyclopoids. Type II FRs were found under all treatments (Table 4.1), as
indicated by significantly negative first order terms. Bootstrapped (n = 2000) 95 %
CIs overlapped across the entirety of the FR curves for both M. albidus and M.
viridis, under both dyed and undyed treatments (Figure 4.1); as such, no significant
difference in FR parameters (attack rate, handling time) can be assumed across all
treatments among effects.
Table 4.1. Results of logistic regression considering prey killed as a function of prey
density, and parameter estimates resulting from Rogers’ random predator equation.
Predator

Dye

First order

a, p

h, p

M. albidus

No

term,
-0.05,p< 0.001

0.93, < 0.01

0.16, < 0.001

M. albidus

Yes

-0.06, < 0.001

1.68, < 0.05

0.19, < 0.001

M. viridis

No

-0.04, < 0.01

0.72, < 0.01

0.14, < 0.01

M. viridis

Yes

-0.06, < 0.001

0.96, < 0.01

0.19, < 0.001
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Figure 4.1. Functional responses (n = 4 per experimental group) of predatory
copepods (a, M. albidus; b, M. viridis) towards first instar Cx. pipiens, with (dashed
curve) and without (solid curve) pond dye (0.3 g L-1) over a 6 hour experimental
period. Shaded areas indicate bootstrapped (n = 2000) 95 % CIs.
4.4. Discussion
Predation by cyclopoid copepods can be effective in the control of disease
vector mosquitoes (e.g. Kay and Nam, 2005) as a result of marked per capita
predatory impacts coupled with high abundances and fecundities (Chapter 2). Here, I
further demonstrate strong and destabilising predatory efficacies of two cyclopoid
copepods irrespective of the addition of commercial pond dye. Such pond dyes are
increasingly popular and have been demonstrated to attract mosquito oviposition
(Ortiz-Perea and Callaghan, 2017; Chapter 3). Thus, understanding the predatory
impacts of such biocontrol agents in dyed environments is essential. Critically, the
recurrence of Type II FRs exhibited in this study is associated with localised
extinctions due to high proportional prey intake at low densities, corroborating with
field efficacies of cyclopoid copepods in biocontrol. Indeed, attack rates and
handling times were similar between dyed and undyed treatments. Further, previous
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research has demonstrated similar maximum feeding rates of cyclopoids in both
simple and complex habitats (Chapter 3). My results here suggest a reliance of
copepods on hydromechanical rather than visual cues when foraging, and are in
agreement with copepod feeding results across diurnal variations reported in Hwang
and Strickler (2001).
Culex mosquitoes are especially evasive of predators when selecting
oviposition sites (Vonesh and Blaustein 2010), with the use of black pond dye found
to profoundly attract their oviposition (Ortiz-Perea and Callaghan 2017; Chapter 3).
Therefore, my results indicate that, as predatory impacts of cyclopoid copepods are
unaffected by the presence of pond dye, their use in combination with dye may
facilitate population sinks characterised by high rates of oviposition coupled with
high predation rates. This may increase the vulnerability of mosquitoes to predation
at the landscape level, and is pertinent given that oviposition site selectivity is
currently the greatest hindrance to effective larval mosquito control. I suggest further
research to elucidate the effects of pond dyes on broader community interactions
within aquatic ecosystems in relation to biocontrol agent selection.
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Chapter 5
The effects of alternative prey on control of mosquitoes by cyclopoid copepods

The contents from this Chapter are published in:
Cuthbert, R.N., Callaghan, A. and Dick, J.T.A. (2019). The effect of the alternative
prey, Paramecium caudatum (Peniculida: Parameciidae), on the predation of
Culex pipiens (Diptera: Culicidae) by the copepods Macrocyclops albidus
and Megacyclops viridis (Cyclopoida: Cyclopidae). Journal of Medical
Entomology, 56: 276–279.
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5.1. Introduction
Predatory cyclopoid copepods have proven especially efficacious in the
biocontrol of mosquitoes which vector pathogens and parasites (Marten and Reid,
2007; Chapters 2, 3, 4). Indeed, copepod efficacy has proven particularly high in
artificial, human-mediated aquatic environments (Townroe and Callaghan, 2014;
Veronesi et al. 2015). Although predation efficiencies of copepods have proven
robust to abiotic environmental contexts such as habitat complexity (Chapters 3) and
water clarity (Chapters 4), quantifications of biotic effects associated with alternative
prey on their predatory impacts are lacking.
Within ecosystems, the presence of alternative prey can drive patterns of
coexistence and thus impart stability to populations through frequency-dependent
prey selection processes which alleviate predation pressures towards specific prey
through switching (Murdoch, 1969; Cuthbert et al. 2018). Accordingly, alternative
prey may reduce biocontrol agent efficacies towards target organisms. Cyclopoid
copepods have been shown to exhibit potentially population destabilising Type II
FRs towards larval mosquito prey (Chapters 2, 3, 4). However, effects of alternative
prey, which often coexist with larval mosquitoes, on copepod-mosquito interaction
strengths have not been comprehensively assessed. Ciliate protists are ubiquitous in
aquatic habitats where mosquito immatures occur (Duguma et al. 2017). Thus, since
alternative prey may reduce predatory impact and hence natural enemy efficacy
towards mosquitoes, here I examine the effects of a common alternative ciliate prey
on the biocontrol efficiency of cyclopoid copepods towards larvae of the mosquito
vector complex Culex pipiens.
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5.2. Materials and methods
The focal organisms were collected and cultured as per Chapter 2. To
quantify the effects of alternative prey on the FR of both copepod species, I
employed a factorial 2 × 2 × 6 experimental design with respect to ‘predator species’
(M. albidus/M. viridis), ‘alternative prey’ (present/absent) and ‘prey supply’ (prey
densities of either 2, 4, 6, 8, 15 or 30). Culex pipiens first instar larvae (1.1 – 1.3
mm) were supplied to adult female M. albidus (1.6 – 1.8 mm) or M. viridis (2.0 – 2.3
mm) over a six hour experimental period (n = 5 per experimental treatment).
Experiments were undertaken in polypropylene arenas of 42 mm diameter containing
20 mL of dechlorinated tap water from an aerated source. For the alternative prey
treatment, I added 3 ml of P. caudatum culture (approx. 150 ciliates ml-1 before
addition to 17 ml dechlorinated tap water) to experimental arenas. This concentration
aligns with densities used in other studies (Reiss and Schmid-Araya, 2011). I starved
non-ovigerous adult female copepods individually for 24 hours before the
experiment to standardise hunger levels. To eliminate dissolved oxygen variability
among treatments, I bubbled oxygen into the P. caudatum culture for 2 minutes prior
to its dissemination. Prey were allowed to settle for two hours before the experiment
was initiated through the addition of predators. After six hours during the
photoperiod, the predators were removed and remaining live prey counted. Controls
were five replicates at each prey density and alternative prey treatment in the
absence of a predator.
I compared overall prey consumption (numbers eaten) with respect to the
‘predator species, ‘alternative prey’ and ‘prey supply’ factors using a GLM assuming
a Poisson distribution and log link as counts were not overdispersed. Non-significant
factors and interactions were removed to generate the most parsimonious model
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through a step-deletion process using χ2 for model selection via analysis of deviance
(Crawley, 2007).
I inferred FR types as per Chapter 2. I additionally used locally weighted
scatterplot smoothing (LOWESS; 9/10 smoothing factor) to further examine
proportional consumption across varying prey densities. I then fit flexible functional
response models using the frair package in R (Pritchard et al. 2017), which can
integrate a scaling exponent (q) if the results of logistic regression are equivocal
(Real, 1977; Wasserman et al. 2016a):
Ne = N0 (1 – exp(bN𝑞0(hNe – T)))
(Equation 10)
where Ne is the number of prey eaten, N0 is the initial prey density, b is the search
coefficient, h is the handling time, q is the scaling exponent and T is the total time
available. Where a categorical Type II functional response is evidenced, the scaling
exponent q may be fixed at 0, whilst responses are increasingly sigmoidal where q >
0. I then non-parametrically bootstrapped (n = 2000) initial b and h parameter
estimates to construct 95 % confidence intervals (CIs) around FR curves, as per
Chapter 4.
5.3. Results
Prey survival in controls was 99.9 % overall, and thus I assumed that prey deaths in
treatments resulted from predation, which was also evidenced through partially
consumed remains of larval mosquitoes. Overall, significantly more prey items were
consumed by M. viridis than M. albidus (χ2 = 3.95, df = 1, p = 0.05), whilst predation
was significantly reduced in the presence of alternative prey for both species (χ2 =
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8.40, df = 1, p = 0.004). The alternative prey effect was consistent between predators
as there were no interactions between the ‘predator species’ and ‘alternative prey’
factors (χ2 = 0.73, df = 1, p = 0.39). Further, overall consumption was significantly
greater as more prey were supplied (χ2 = 114.86, df = 5, p < 0.001). No further
significant interactions were found for the ‘predator × prey supply’ (χ2 = 1.47, df = 5,
p = 0.92), ‘alternative prey × prey supply’ (χ2 = 2.75, df = 5, p = 0.74), or ‘alternative
prey × predator × prey supply’ terms in the model (χ2 = 2.59, df = 5, p = 0.76).
Both M. albidus and M. viridis exhibited Type II FRs when no alternative prey were
available (Table 5.1; Figure 5.1a, b). Macrocyclops albidus also displayed a
categorical Type II FR in the presence of alternative prey (Figure 5.1a). However, in
the presence of alternative prey, the FR form of M. viridis was equivocal between
Type II and Type III (Figure 5.1b). Thus, for this treatment, a scaling exponent was
integrated, where the FR was deemed to be moving towards being a sigmoidal Type
III (q = 0.83; Table 5.1).
The search coefficient b trended towards being lower under the presence of
alternative prey, whilst handling time h tended to be higher, and thus maximum
feeding rate 1/h lower (Table 5.1; Figure 5.2a, b). Shaded FR CIs overlapped only at
low prey densities in the case of M. albidus (Figure 5.2a), and thus maximum
feeding rates were significantly greater in the absence of alternative prey for this
species. On the other hand, in the case of M. viridis, FR CIs overlapped at all except
the lowest prey densities (Figure 5.2b). This reflects the sigmoidal FR form and low
search coefficient b in the presence of alternative prey for M. viridis. Where there
were no alternative prey, FR CIs of the two copepod species converged across all
prey supplies, and thus FRs were not significantly different within this treatment.
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However, where there were alternative prey present, at intermediate densities the FR
CIs of M. albidus were significantly lower in comparison to M. viridis (Figure 5.2).
Table 5.1. Results of logistic regression for both Type II and Type III models,
considering prey killed as a function of prey density, and parameter estimates
resulting from the flexible functional response models.
Macrocyclops albidus

Megacyclops viridis

No

Yes

No

Yes

First term

-0.04

-0.03

-0.03

-0.02

p value

0.001

0.03

0.006

0.11

First term

-0.07

-0.10

-0.04

0.02

p value

0.35

0.25

0.54

0.78

Second term

0.0007

0.002

0.0003

-0.001

p value

0.71

0.43

0.88

0.58

b

0.63

0.35

0.62

0.11

h

0.13

0.18

0.08

0.16

q

Fixed at 0

Fixed at 0

Fixed at 0

0.83

(a) Alterative prey
(b) Logistic regression
Type II response

Type III response

(c) Parameter estimates

85

Figure 5.1. Functional response forms determined from proportion of prey consumed
under differing initial prey densities for M. albidus (a) and M. viridis (b) preying on
larvae of Cx. pipiens without (solid lines; circles) and with (dashed lines; triangles)
alternative prey (P. caudatum). Relationships are presented using locally-weighted
scatterplot smoothing lines with means ± SE (n = 5 per experimental group).

86

Figure 5.2. Functional responses (n = 5 per experimental group) of predatory
copepods M. albidus (a) and M. viridis (b) towards first instar Cx. pipiens, without
(solid lines) and with (dashed lines) alternative prey (P. caudatum) over 6 hour
experimental period. Shaded areas indicate bootstrapped (n = 2000) 95 % CIs.
5.4. Discussion
Biotic contexts such as the presence of alternative prey can affect derivations of
ecological impact between consumers and resources (Médoc et al. 2018), and is
relevant in the biocontrol context as multiple prey items often occur simultaneously
within ecosystems. Indeed, for generalist consumers, prey switching and prey
preferences can have a marked influence on ecological impacts (Murdoch 1969;
Bolnick et al. 2002; Cuthbert et al. 2018). Such biotic contexts are neglected where
experimental designs focus upon singular prey species, and thus impact
quantifications and transfer of results to empirical applications are inherently
restricted. Several species of cyclopoid copepods have proven effective in field
applications targetting mosquitoes which vector pathogens and parasites (Marten and
Reid, 2007). As cyclopoid copepods are known to feed on a range of organisms

87

(Kumar et al. 2008), understanding the effects of such alternative prey on their
biocontrol efficacy is vital for mosquito control efficacy assessments.
The present study demonstrates that the presence of alternative prey can significantly
influence the predation efficiency of cyclopoid copepods towards mosquito vectors.
My results corroborate with Rey et al. (2004) and Kumar et al. (2008), where
alternative prey significantly reduced mosquito consumption by cyclopoid copepods.
For both species here, the presence of alternative prey reduced the overall strength of
interactions with larval mosquito prey. Whilst the Type II FRs exhibited by both
copepods here in the absence of alternative prey corroborate with other studies
(Chapters 2, 3, 4), I found that the presence of alternative prey can drive speciesspecific shifts in FR form and magnitude. For M. albidus, whilst the Type II FR was
sustained in the presence of alternative prey, maximum feeding rates were
significantly reduced. On the other hand, for M. viridis, FR form shifted towards a
sigmoidal Type III in the presence of alternative prey whilst maximum feeding rates
were similar to where alternative prey were absent. Thus, whilst the Type II FR
demonstrates that M. albidus may offer high and sustained predation levels at low
prey densities, M. viridis may give refuge to mosquito prey at low prey densities due
to an increasingly sigmoidal FR. Indeed, M. albidus has been regularly
operationalised in biocontrol and has proven particularly efficacious in field
applications, and thus my results corroborate with these field-based trends in light of
sustained population destabilising Type II FRs (Marten and Reid, 2007). My results
suggest that cyclopoid copepods are able to still effectively reduce mosquito
numbers in the presence of alternative prey. However, future examinations of
biocontrol agents should seek to incorporate assessments as to the effects of multiple
alternative prey types on ecological impact prior to agent release.
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Chapter 6
Calanoid copepods: an overlooked tool in the control of disease vector
mosquitoes

The contents from this Chapter are published in:
Cuthbert, R.N., Dalu, T., Wasserman, R.J., Callaghan, A., Weyl, O.L.F. and Dick,
J.T.A. (2018). Calanoid copepods: an overlooked tool in the control of
disease vector mosquitoes. Journal of Medical Entomology, 25: 1656–1658.
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6.1. Introduction
Predation is a key biotic process underpinning structuring of populations and
communities within ecosystems (Solomon, 1949; Murdoch, 1969; Carpenter et al.
1985), and can be an effective means of vector control (e.g. Marten and Reid, 2007).
Biological control of mosquito-borne disease vectors has often integrated copepods
as predatory agents (Marten and Reid, 2007; Chapters 2, 3, 4, 5). While the efficacy
and viability of copepods in the biocontrol of disease vectors has been frequently
explored (e.g. Chapters 2, 3, 4, 5), this work has all focused on cyclopoid copepods,
ignoring other copepod groups (Marten and Reid, 2007). Freshwater calanoid
copepods have remained unexamined in mosquito biocontrol (but see Chapter 7),
labelled as a herbivorous group that is unable to handle mosquito prey (e.g. Marten
and Reid, 2007). Predatory calanoid copepods do, however, exist and can be
relatively large in size (Suárez-Morales et al. 2015; Wasserman et al. 2016a;
Cuthbert et al. 2019d), making them biocontrol candidates. Further, cyclopoid
copepods have been shown to be unable to effectively handle late instar larval
mosquito prey (Marten and Reid, 2007), and predators often display reduced capture
efficacy towards resources which are relatively large or small (Vonesh and Bolker,
2005). Thus, identifying agents that can handle larval mosquito prey throughout
ontogenetic variation is important for reducing size refuge effects.
Calanoid copepods form part of zooplankton assemblages which dominate
ephemeral aquatic ecosystems, facilitated through in situ hatching of dormant eggs
(Dalu et al. 2016). These atypical ecosystems are understudied in arid regions given
their impermanency and spatial heterogeneity, with interaction strengths between
predators and their prey poorly constrained (though see Wasserman et al. 2016a).
Thus, examining the predatory potential of calanoids towards basal mosquito prey at
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differing ontogenetic stages would be informative towards interaction strength
quantifications within ephemeral systems where mosquitoes often breed, further to
the potential role of calanoid copepods in biocontrol. Accordingly, in this study I
examine, using FRs, the predatory potential of Lovenula raynerae Suárez-Morales,
Wasserman and Dalu (Calanoida: Diaptomidae), a recently described and
remarkably large freshwater calanoid (Suárez-Morales et al. 2015; Figure 6.1),
towards different sized larvae of the vectorially-important Culex pipiens mosquito
complex in order to constrain biocontrol efficacy and potential size refuge effects.

Figure 6.1. Adult male L. raynerae.
6.2. Materials and methods
Adult L. raynerae were collected from an ephemeral pond in Bathurst,
Eastern Cape, South Africa (33°29'21.4"S 26°49'48.4"E) using a 200 μm mesh net
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and transported in source water to a controlled environment room at Rhodes
University, Grahamstown. Copepods were acclimated at 25 ± 1 °C and under a 12:12
light:dark regime for 7 days, being fed on a standard diet of crushed fish flakes for
the first 5 days (Aqua Plus, Grahamstown) and starved for the last 2 days in
continuously aerated 25 L tanks containing dechlorinated tapwater. The focal prey,
larvae of the Cx. pipiens complex, were cultured using egg rafts collected from
artificial containers within the Rhodes University campus, and reared to the desired
size class in the same laboratory using a diet of crushed rabbit pellets (Agricol, Port
Elizabeth, South Africa), supplied ad libitum. Non-gravid adult female copepods (5.1
± 0.1 mm) were selected for experimentation and provided either early (1.4 ± 0.1
mm) or late (4.4 ± 0.2 mm) instar mosquito prey at six densities (2, 4, 8, 16, 32, 64; n
= 4 per treatment group) in arenas of 5.6 cm diameter containing 80 mL
dechlorinated tapwater from a continuously aerated source. Prey were allowed to
settle for two hours before the addition of predators. Once predators were added they
were allowed to feed undisturbed for five hours, after which they were removed and
remaining live prey counted. Controls consisted of a replicate at each density and
prey size class without a predator.
Overall prey consumption with respect to ‘prey size’ and ‘prey density’
factors and their interactions was analysed using GLMs assuming a Poisson error
distribution. I removed non-significant terms and interactions stepwise to obtain the
minimum adequate model using likelihood ratio tests. Functional response analyses
were undertaken as per Chapter 2. I used a non-parametric bootstrap procedure (n =
2000) as per Chapter 4. I subsequently used the difference method (see Juliano,
2001) to undertake pairwise comparisons of FRs with respect to the attack rate and
handling time parameters via indicator variables.
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6.3. Results
No prey deaths occurred in controls and so mortality was deemed a result of
predation by copepods, which was directly observed towards both prey sizes. Overall
predation was significantly greater towards early instar prey compared to later instar
prey (χ2 = 79.39, df = 1, p < 0.001) and increased significantly with increasing prey
supplied (χ2 = 200.03, df = 5, p < 0.001). No significant ‘prey size × prey supply’
interaction was detected (χ2 = 4.06, df = 5, p = 0.54). Type II FRs were detected for
both prey sizes (Table 6.1; Figure 6.2), and 95 % confidence intervals did not overlap
across any prey supplies. Attack rates were significantly higher towards early instar
prey (z = 3.65, p < 0.001), evidenced by the steeper initial gradient in the FR curve.
Handling times were significantly reduced for smaller prey items (z = 3.15, p = 0.002),
with a greater maximum feeding rate reached here.
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Table 6.1. First order terms and significance levels resulting from logistic regression
of the proportion of prey eaten as a function of prey density, and functional response
parameter estimates (attack rate, a; handling time, h) across differing prey treatments
with significance levels resulting from Rogers’ random predator equation with
bootstrapped (n = 2000) 95 % CIs. Functional response parameters are estimated per
hour (T = 5).
Prey size

First

order a, p

95 % CIs (a) h, p

95 % CIs (h)

term, p
Small

-0.04, < 0.001 1.08, < 0.001

0.55 – 3.07

0.19, < 0.001

0.13 – 0.25

Large

-0.03, < 0.001 0.20, < 0.001

0.11 – 0.42

0.47, < 0.001

0.30 – 0.69
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Figure 6.2. Functional responses of non-gravid adult female L. raynerae towards
early and late instar larval Cx. pipiens prey over the total five hour experimental
period. Shaded areas represent bootstrapped (n = 2000) CIs. Points are raw data (n =
4 per treatment group).
6.4. Discussion
The application of FRs is relevant within the predatory biocontrol context,
providing a mainstay to the derivation of predator-prey interactions (Murdoch and
Oaten, 1975). Here, I demonstrate that the calanoid copepod L. raynerae can handle
mosquito larvae throughout their ontogeny, with a potentially population-destabilising
Type II FR exhibited towards both early and late instar mosquito prey. These results
are promising when compared to similar studies on cyclopoid copepod predation
efficiency (e.g. Chapters 2, 3, 4, 5). Indeed, when prey was not limited, L. raynerae
individuals consumed several multitudes more culicid larvae than all cyclopoids
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investigated (Marten and Reid, 2007). For example, in Chapter 3, M. albidus exhibited
maximum feeding rates of 1.5 Culex hour-1, whilst L. raynerae here consumed 5 Culex
hour-1. In addition, unlike L. raynerae predation as highlighted in this study, studies
on cyclopoids have shown that late-stage mosquito larvae experience refuge given the
relatively large size of these prey (Marten and Reid, 2007).
Lovenula raynerae attack rates were significantly greater, whilst handling
times significantly lower and, inversely, maximum feeding rates higher, for small prey
compared to large prey. However, the calanoid copepod examined here may foster
localised extinctions of mosquito populations under certain conditions across their
ontogeny. This is due to high levels of consumption at low resource densities, in light
of the Type II FR form exhibited for each prey size (Murdoch and Oaten, 1975).
Indeed, these results corroborate with those of Wasserman et al. (2016a) whereby a
destabilising Type II FR towards daphniids was exhibited by L. raynerae. Though L.
raynerae can handle particularly large quantities of early instar prey, predation on late
instars was marked relative to the predator size. As such, the strength of these biotic
interactions may drive profound impacts upon mosquito prey in aquatic systems,
particularly as their predation has proven robust to environmental variations (see
Chapter 7). However, as context-dependencies e.g. temperature (Chapter 2) and
alternative prey (Chapter 5) can influence predator-prey interaction strengths,
examinations of additional environmental effects on predation rates of such calanoid
copepods towards target prey are urgently required (see Cuthbert et al. 2019d).
In summary, I demonstrate that, contrary to suggestions that freshwater
calanoids offer little value for biocontrol (Marten and Reid, 2007), L. raynerae offers
much potential. The species is a voracious, carnivorous copepod, able to consume
much higher numbers of mosquito prey than cyclopoid copepods which are frequently
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considered in vector control strategies. My findings suggest high and destabilising
predatory pressures from L. raynerae towards mosquito prey, with the potential to
drive eradications. Moreover, as L. raynerae is an ephemeral pond specialist species
and produces desiccation-resistant eggs, applications of their dormant eggs to transient
aquatic habitats which foster mosquitoes may be efficacious for vector control
strategies. Thus, I propose further investigation into the predatory role of calanoid
copepods, an extremely diverse and widespread crustacean group, in the structuring
of populations and communities within aquatic ecosystems, alongside examinations
of their efficacy as part of vector control strategies.
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Chapter 7
Efficacious predation of container-breeding mosquitoes by a newly-described
calanoid copepod across differential water clarities

The contents from this Chapter are published in:
Cuthbert, R.N., Dalu, T., Wasserman, R.J., Coughlan, N.E., Callaghan, A., Weyl,
O.L.F. and Dick, J.T.A. (2018). Muddy waters: Efficacious predation of
container-breeding mosquitoes by a newly-described calanoid copepod
across differential water clarities. Biological Control, 125: 25–30.
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7.1. Introduction
Natural enemies can efficaciously suppress vectorially-important mosquito
populations (Marten, 1990a; Marten and Reid, 2007; Baldacchino et al. 2017;
Chapters 2, 3, 4, 5; but see Thomas, 2018), and have successfully induced
community-wide disease extirpations (Kay and Nam, 2005; Nam et al. 2012).
However, many candidate biocontrol agents remain entirely unexplored, or
underexploited in the context of container-style aquatic habitats where vectoriallyefficient mosquitoes can proliferate en masse (e.g. Townroe and Callaghan, 2014).
Biological control of larval mosquito populations by deliberate application of
predatory copepod species has proven to be highly efficacious (reviewed by Marten
and Reid, 2007). Presently, however, only those present within the cyclopoid order
have been examined and utilised for control (but see Chapter 6). Yet, copepods
represent a vastly extensive group of crustaceans, comprising a broad range of orders
adapted to both ephemeral and perennial hydrologic ecosystems (Dussart and
Defaye, 2001). Despite previous erroneous categorisation as herbivorous, considered
unable to prey upon mosquito larvae (Marten and Reid, 2007), predatory calanoid
copepods exist and can exert profound trophic impacts in aquatic environments
(Wasserman et al. 2016a; Dalu et al. 2016, 2017a, c; Cuthbert et al. 2019d; Chapter
6). Moreover, certain calanoid copepod species can be atypically large in size (e.g.
Suárez-Morales et al. 2015), and can therefore handle larval mosquito stages
throughout their ontogeny (Chapter 6). This contrasts to cyclopoid copepods which
impart a size-refuge to larger prey (Marten and Reid 2007). Therefore, examining the
efficacy of calanoid copepods towards container-breeding mosquitoes across ranging
environmental contexts is of pertinence for the applied biocontrol of mosquito-borne
disease vectors.
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Environmental context-dependencies can cause substantial variations in
natural enemy impacts on target populations (e.g. Chapter 2). As vectorially-efficient
mosquito species are adapted to breed in a highly variable range of aquatic habitats
(see Becker et al. 2010), understanding the implications of environmental context is
integral to robust quantifications of biocontrol agent impacts on target mosquito
species. Further, finding biocontrol agents that are also robust to environmental
variability would be desirable. In particular, water clarity is highly variable in
hydrological environments, and variations in water clarity can affect food webs
though alterations of predation efficacy by visual predators (e.g. van de Meutter et al.
2005; Lunt and Smee, 2015), manipulations of microhabitat structures and
temperature regimes (e.g. Meysman et al. 2006; Paaijmans et al. 2017), and by
directly impacting filter feeders (e.g. Rellstab and Spak, 2007), including larvae of
many mosquito species. In addition, disease vector mosquitoes have been shown be
attracted to low-water clarity habitats due to perceived higher nutritional loads or
greater depth (Ortiz-Perea and Callaghan, 2017; Chapter 3), with concurrent
implications for mosquito abundances (e.g. Medlock and Vaux, 2014). Therefore,
identifying biocontrol agents to target disease vector mosquitoes which are not
impacted by turbid environments is crucial for successful field applications in
diverse aquatic habitats (Chapter 3).
Given that density- and context-dependencies of per capita impact may affect
the viability of biocontrol agents in regulating target organisms (O’Neil, 1990; van
Driesche and Bellows, 2011; Chapters 2, 3, 4, 5), and the regulatory efficacy of
many agents is yet to be explored, here, I examine the predatory potential of
Lovenula raynerae towards larvae of the disease vector complex Culex pipiens in
container-style environments. Lovenula raynerae is a predatory ephemeral pond
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specialist species which hatches from dormant eggs within sediment during the early
stages of hydroperiod (Suárez-Morales et al. 2015; Wasserman et al. 2016a). Such
ephemeral aquatic systems are highly varied with respect to their water clarity,
particularly as a result of bioturbation which can heavily impact ecosystem
functioning (e.g. Waterkeyn et al. 2016). Although high predatory impacts of L.
raynerae have recently been described upon larval mosquitoes across their ontogeny
(Chapter 6), further research is required to elucidate additional context-dependencies
of their impact, alongside assessments of their use in container-style habitats which
foster disease vector mosquitoes (Townroe and Callaghan, 2014). Therefore, the
present study examines the FRs of L. raynerae towards larvae of the mosquito Cx.
pipiens across a water clarity gradient, and also assesses the predation potential of
the copepod in outdoor artificial container-style habitats under varying modes of
predator and prey density.
7.2. Materials and methods
7.2.1. Experimental protocols
Experimental organisms were obtained as per Chapter 6. I conducted two
experiments to discern the efficacy of the calanoid copepod L. raynerae in mosquito
control. In the same CE room as Chapter 6 (25 ± 1 °C, 12:12 light:dark), I quantified
the effect of a water clarity gradient on the predatory impact of L. raynerae towards
larval mosquito prey. Adult male L. raynerae were starved for 48 hours prior to
experimentation. Here, males were selected for experimentation to provide
standardisation of predator type, given the various reproductive stages of female
copepods that may influence predation rates. Functional responses of copepods were
constrained under three water clarity treatments, conducive with the variability
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observed in ephemeral systems (Cuthbert, pers. obs.). Water clarity was defined as 0
%, 50 % and 100 % against a predefined scale using a water clarity tube
(GroundTruth, South Africa) by diluting turbid water to the prescribed clarity, with
each treatment continuously aerated and filtered (200 μm) prior to use. Culex pipiens
(3.3 ± 0.2 mm) larvae were established at five prey densities (2, 4, 8, 16, 32; n = 4
per density) in 80 mL arenas of 5.6 cm diameter containing the appropriate clarity
treatment. Once predators were added, they were allowed to feed undisturbed for six
hours, after which they were removed and remaining prey counted to derive those
killed. Controls consisted of three replicates at each density and clarity treatment
without predators.
I then ascertained the efficacy of L. raynerae in outdoor artificial containerstyle habitats at regulating Cx. pipiens populations. This was done in a partially
shaded outdoor location within the Rhodes University campus, South Africa, similar
to the environments from which Cx. pipiens rafts were collected. Culex pipiens
larvae (1.89 mm ± 0.08) were added at two densities (50, 100), to 2 L arenas of 13.5
cm diameter, each containing 1.5 L filtered (200 μm) aerated water from the
copepod collection site and 0.3 g of crushed rabbit food pellets. Then, three predator
densities were added (0, 4, 8) in a fully randomised array. I maintained copepod sex
ratios of 3:1 male:female across predator treatments (i.e. 0:0, 3:1, 6:2) to minimise
cannibalism (Lavens and Sorgeloos, 1996). After 72 hours, the predators were
removed and remaining live mosquito prey counted to derive the number eaten. I
conducted at least three replicates per experimental group. Water temperatures
within arenas were found to be within the 16 – 20 °C range across the duration of the
experiment.
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7.2.2. Statistical analyses
Generalised linear models (GLMs) assuming a Poisson error distribution
were used to examine the effects of ‘water clarity’ and ‘prey density’ on raw prey
consumption. Functional response analyses were undertaken as per Chapter 4. The
difference method (see Juliano, 2001) was employed to compare FR attack rates and
handling times between treatments with respect to the ‘water clarity’ factor. I applied
Bonferroni corrections to account for multiplicity of comparisons (i.e. α = 0.017).
Furthermore, I employed a non-parametric bootstrapping procedure (n = 2000) as
per Chapter 4.
Then, GLMs assuming a quasibinomial error distribution, as residuals were
found to be over-dispersed relative to degrees of freedom, were used to model
mortality rates with respect to the ‘predator density’ and ‘prey density’ factors in the
outdoor experiment. Here, I used Tukey’s comparisons via the ‘multcomp’ package
in R (Hothorn et al. 2008). In all cases, non-significant terms and interactions were
removed stepwise to obtain models with maximal parsimony (as per Crawley, 2007).
7.3. Results
In the FR experiment, survival in control groups was 100 % and so
experimental deaths of larval mosquitoes were attributed to predation by copepods,
which were also observed eating the larvae. Overall consumption was not
significantly affected by water clarity (χ2 = 1.76, df = 2, p = 0.42) but increased
significantly with higher prey densities (χ2 = 80.45, df = 4, p < 0.001). The
consumptive effect of ‘prey density’ was not dependent on the water clarity as the
‘water clarity × prey density’ effect was not significant (χ2 = 7.46, df = 8, p = 0.49).
Type II FRs were detected in all water clarity treatments (Table 7.1; Figure 7.1).
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Functional response parameters (attack rate, a; handling time, h) did not differ
significantly between any water clarity treatment pairs (Table 7.1; Figure 7.1; a, low
– medium, z = 0.64, p = 0.52; a, medium – high, z = 0.25, p = 0.80; a, low – high, z =
0.87, p = 0.39; h, low – medium, z = 0.55, p = 0.58; h, medium – high, z = 0.79, p =
0.43; h, low – high, z = 0.32, p = 0.75).
In the outdoor experiment, overall, the presence of L. raynerae resulted in
significant larval mosquito reductions given that the ‘predator density’ factor
significantly affected mortality rates (F2, 17 = 72.59, p < 0.001; Figure 7.2). Greater
mortality rates were found between all incremental predator density increases (0 – 4,
z = 6.69, p < 0.001; 4 – 8: z = 4.35, p < 0.001; 0 – 8, z = 9.90, p < 0.001).
Significantly greater mortality rates of larval mosquito prey were demonstrated
under the lower prey density treatments overall (F1, 16 = 10.23, p = 0.006; Figure
7.2). There was no ‘predator density × prey density’ interaction (F2, 14 = 1.37, p =
0.29), and so the efficacy of L. raynerae at different densities was robust to treatment
variations associated with prey density.
Table 71. First order terms generated from logistic regression of proportional prey
consumption as a function of prey density alongside parameter outputs from Rogers’
random predator equation across water clarity regimes.
Water clarity

First order term, p

a, p

h, p

0%

-0.06, < 0.001

1.57, < 0.001

0.11, < 0.001

50 %

-0.04, < 0.001

1.20¸ < 0.001

0.09, < 0.001

100 %

-0.05< 0.001

1.08, < 0.001

0.12, < 0.001
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Figure 7.1. Functional responses of L. raynerae towards larval Cx. pipiens prey
across a water clarity gradient (low, 0 %; medium, 50 %; high, 100 %). Shaded areas
represent bootstrapped (n = 2000) CIs.

Figure 7.2. Mortality rate (± SE) of larval Cx. pipiens at different densities in
outdoor trial resulting from the presence of predatory copepod L. raynerae at three
densities.
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7.4. Discussion
Here, for the first time, I demonstrate high per capita predation potential of
an ephemeral pond specialist calanoid copepod, L. raynerae, towards vector
mosquito prey irrespective of water clarity regime. Equally, in outdoor trials, I show
that this species can substantially reduce larval mosquito abundances in containerstyle habitats which frequently foster vectorially-efficient mosquito species
(Townroe and Callaghan, 2014). Copepods are highly efficacious predatory
biocontrol agents for disease vectoring mosquitoes (Marten, 1984; Marten and Reid,
2007; Chapters 2, 3, 4, 5, 6). Although biocontrol examinations have hitherto
focused on cyclopoid copepods, other groups of copepods are also predatory and
thus may be of value in biocontrol strategies (Wasserman et al. 2016a; Chapter 6).
Functional responses of the calanoid copepod L. raynerae were not
significantly affected by variations in water clarity, either in terms of form or
magnitude. In a predation context, both FR form and magnitude are powerful
predictors of the interaction strengths between predators and prey (Dick et al. 2014),
and may be combined with predator population responses to holistically assess
ecological impact (Dick et al. 2017; Chapters 2, 3). The present study observed Type
II FRs regardless of water clarity regime. Therefore, L. raynerae is effectively able
to locate, capture and handle prey at low densities, even in highly turbid conditions.
These results are pertinent as ephemeral aquatic ecosystems, both natural and
artificial, are highly varied with respect to their water clarity regime, for instance due
to detritus inputs or bioturbation (Cuthbert, pers. obs.). Indeed, bioturbation
associated with biocontrol agents can also affect the viability of multiple
management interventions in aquatic habitats which target larval mosquitoes (e.g.
Fry-O’Brien and Mulla, 1996). Mosquitoes often exhibit predator avoidance
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behaviours when selecting oviposition sites (see Vonesh and Blaustein, 2010), and
water clarity can offset this avoidance behaviour under certain conditions (Chapter
3). For this reason, identifying predatory agents which are unaffected by water
clarity variations is imperative for effective biocontrol applications. My results
suggest a reliance on hydromechanical cues by this predatory calanoid copepod
when detecting and capturing mosquito prey, as opposed to visual cues, which may
account for the lack of overall consumptive variation between water clarity
treatments. Indeed, these results corroborate with those demonstrating a lack of
reliance on visual signals in cyclopoid copepods when detecting prey across diurnal
and water clarity regime shifts (e.g. Hwang and Strickler, 2001; Chapter 4).
Attack rates of L. raynerae were relatively unaffected by variations in water
clarity, and even trended towards being higher under lower water clarities. Attack
rates correspond to the initial slope steepness in FR curves, and thus high attack rates
can be particularly destabilising to prey populations at low prey densities. On the
other hand, handling times reflect the asymptote in FR curves, and can be
reciprocated to infer maximum feeding rates of predators (Dick et al. 2014; Chapter
2). Here, although larval mosquitoes can exhibit high responsiveness to predatory
cues (e.g. Zuharah and Lester, 2011), it is feasible that low water clarity increases
vulnerability to predation in larval mosquito prey, in turn enhancing the capture
efficiency by predators at low prey densities. Furthermore, handling times were not
significantly different across the water clarity gradient in the present study, and so
maximum feeding rates were similar between treatments. Yet, handling times
trended towards being lowest, and thus maximum feeding rates highest, at
intermediate water clarities. Hence, I present strong and sustained destabilising
predatory impacts of the calanoid copepod L. raynerae towards varying prey
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supplies of larval Cx. pipiens irrespective of this environmental context. Importantly,
although FR examinations here only considered males, female L. raynerae are also
voracious consumers of larval mosquitoes, with the potential to kill over five first
instar larvae per hour and the ability to handle late instar prey (Chapter 6). This
intake rate is considerably higher than cyclopoid copepods which are often used in
biological control, and which also impart a size refuge to late instar mosquito prey
(Marten and Reid, 2007).
The study also highlights that the L. raynerae predation efficiency observed
under controlled laboratory conditions also persists in outdoor environments exposed
to natural conditions, where vector mosquitoes proliferate. In outdoor experiments
within container-style habitats, L. raynerae induced substantial mortality rates in
larval mosquito populations. As vectorially-important mosquitoes increasingly
proliferate in such artificial, container-style habitats (Townroe and Callaghan, 2014),
exploring the suitability for biocontrol agents over longer-term experiments in these
environments is critical for empirical derivations of their efficacy. Indeed, these
aquatic habitats can often be minute and ephemeral in nature, negating the use of
larger larval mosquito antagonists, such as fish (see Azevedo-Santos et al. 2016). My
results demonstrate that, over the experimental period, higher densities of L.
raynerae exhibited higher predation capacities relative to lower densities towards all
prey supplies. Thus, multiple L. raynerae conspecifics may be additive in their
consumption of Cx. pipiens larvae. Moreover, as L. raynerae is an ephemeral pond
specialist and is capable of producing dormant, drought-resistant eggs, applications
of this species to ephemeral aquatic habitats which foster mosquitoes may enable
predator hatching in situ prior to, or simultaneous with, colonisation by mosquitoes.
Although my results are theoretically promising in this respect, further research is
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required to test the efficacy of single applications of dormant eggs of L. raynerae
over recurrent hydroperiods, and thus over longer experimental times overall.
Furthermore, examinations of prey preferences and cannibalism in L. raynerae
towards juveniles would be of value in further discerning factors that may impede
their applied efficacy in biocontrol. However, it has been proposed that the most
efficacious copepod species in biocontrol are able to curtail overpopulation and
growth stunting via cannibalism of juveniles when the population becomes too high
relative to the food supply (Marten and Reid, 2007).
In conclusion, my results suggest that calanoids and other copepod groups
warrant further consideration as biocontrol agents of disease vector mosquitoes. In
particular, ephemeral pond specialist species, such as L. raynerae, may be
particularly promising candidates, as they are often particularly large, develop
rapidly, exhibit dormancy, and have adapted to occupy relatively high trophic levels
(Dalu et al. 2017a, c). Further, their especially large size may make L. raynerae less
vulnerable to higher-order predation as compared to physically smaller copepod
species. Generally, biotic interactions within ephemeral aquatic ecosystems are often
poorly studied due to spatial and temporal heterogeneity (Dalu et al. 2016, 2017b),
and thus these systems hold much potential for biocontrol agent exploration, as
demonstrated in the present study. My results show strong and destabilising
predatory impacts of L. raynerae towards larvae of Cx. pipiens across a water clarity
regime, which may enable consistently high impacts upon target populations under
differing environmental conditions. Furthermore, I show efficacious predatory
potential of this species in artificial container-style habitats in outdoor environments.
Future research should test additional environmental contexts as to their effects on
biotic interaction strengths between biocontrol agents and target organisms, and
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further explore the sustained potential of calanoid copepods over longer
hydroperiods within container-style habitats which harbour disease vector
mosquitoes.
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Chapter 8
Intermediate predator naïveté and sex-skewed vulnerability influence mosquito
control by mosquitofish

The contents from this Chapter are published in:
Cuthbert, R.N., Dalu, T., Wasserman, R.J., Dick, J.T.A., Mofu, L. Callaghan, A.
and Weyl, O.L.F. (2018). Intermediate predator naïveté and sex-skewed
vulnerability predict the impact of an invasive higher predator. Scientific
Reports, 8: 14282.
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8.1. Introduction
Invasive species incursions and proliferations are accelerating and present an
enormous threat to environments and economies globally (Simberloff et al. 2013;
Seebens et al. 2017). The mosquitofish, Gambusia affinis (Baird and Girard)
(Cyprinodontiformes: Poeciliidae), is one of the most widespread fish globally,
having been introduced extensively in mosquito control efforts in recent decades
(Pyke, 2005). Further, it is regarded as one of the world’s worst invasive species
(Lowe et al. 2000), inducing negative impacts on native fish, amphibians and aquatic
invertebrates (Pyke and White, 2000; Richard, 2002; Haiahem et al. 2017). The
effectiveness of mosquitofish in biological control has been fundamentally
questioned (Pyke, 2008), and their application has been recorded to, paradoxically,
increase mosquito proliferations due to interguild predation upon intermediate
trophic groups such as notonectids (Hoy et al. 1972). In turn, this has resulted in calls
to cease the use of such non-native fish in biological control efforts (Azevedo-Santos
et al. 2017). Furthermore, mosquitoes have been shown to comprise less than 1 % of
the diet of G. affinis, whilst zooplankton compose a majority (Mansfield and
McArdle, 1998), demonstrating generalist feeding strategies that reduce biological
control efficacy of the mosquitofish. Yet, scientists currently lack holistic impact
quantifications of such invasive species upon ecosystems outside of their native
range.
Freshwater ecosystems are particularly vulnerable to invasions due to high
human-mediated propagule pressure and interconnectedness enabling rapid
establishment and spread (Sala et al. 2000; Leprieur et al. 2008). Indeed,
anthropogenic modifications of freshwater systems, such as flow manipulation
(Planty-Tabacchi et al. 1996) and impoundment construction (Nilsson et al. 2000),
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can further heighten vulnerabilities to invaders (Tickner et a. 2001; Alexander et al.
2015). Naïveté of native communities can exacerbate suppressive interactions with
invasive species, especially in insular ecosystems (e.g. freshwaters) where there are
no trophically analogous natives (Ricciardi and Atkinson, 2004; Cox and Lima,
2006; Berglund et al. 2009; Paolucci et al. 2013). In particular, prey naïveté to
unfamiliar cues or behaviours can profoundly increase impacts by invasive predators
compared to native equivalents (Salo et al. 2007; Polo-Cavia et al. 2010).
Reciprocally, naïveté can also influence biotic resistance between naïve native
predators and invasive prey through processes such as prey preferences and
switching with native prey (Li et al. 2011; Alvarez-Blanco et al. 2017; Cuthbert et al.
2018). However, invasion science has been slow to develop predictive methods to
quantify invader impacts, and currently lacks quantitative approaches to forecast
how prey naïveté and demography may affect invader impact strengths in recipient
environments at multiple trophic levels.
Invasive fishes such as mosquitofish have been especially damaging to
freshwater ecosystems, driving extinctions of indigenous species (Mack et al. 2000).
Human-mediated introductions of fish into novel, previously fishless systems risk
fundamentally altering species compositions and diversities through processes such
as predation (Dalu et al. 2017b; Haiahem et al. 2017). A key challenge therefore
surrounds the quantification and prediction of invasive higher predator impacts on
underlying trophic groups. These impacts can be profound (Barrios-O’Neill et al.
2014), and may manifest in trophic cascades driven by both consumptive, densitymediated indirect interactions (DMIIs; Abrams, 1995; Abrams et al. 1996), and nonconsumptive, trait-mediated indirect interactions (TMIIs; Abrams, 1995; Abrams et
al. 1996). Critically, TMII effects may be as impactful as those resulting from direct
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consumption (Peacor and Werner, 1997; Trussell et al. 2004; Paterson et al. 2013).
These effects can, in turn, be dependent on coevolutionary histories between trophic
groups, or ‘adaptive lag’ of native assemblages (Carlsson et al. 2009), and aquatic
systems present an ideal platform to examine indirect, TMII effects due to the
prevalence and ease of manipulation of water-borne predator cues (Alexander et al.
2013). However, predicting impacts by invasive species on native prey can be
complicated due to density- and context- dependencies, which may be non-additive
in effect (Kuebbing et al. 2015; Wasserman et al. 2016c; Liu et al. 2018). The
detection of kairomones from a familiar higher predator can modify foraging
intensity of intermediate predators towards basal prey (Mowles et al. 2011). This
may manifest in modulations to the form and magnitude of FRs (Alexander et al.
2013). However, in cases where an intermediate predator is exposed to a novel
threat, these responses may be nullified due to naïveté and, thus, predation
vulnerability may not be alleviated.
Another classic concept within consumer-resource ecology surrounds prey
switching, or frequency-dependence of predation (Murdoch and Oaten, 1975). Prey
switching may be a powerful indicator when utilised alongside FRs to examine
consumptive traits and impacts. However, prey switching has hitherto remained
under-applied in invasion science, reducing our capacity to predict invader impacts
(but see Cuthbert et al. 2018). Characteristically, when consumers exhibit a prey
switching propensity, disproportionately more of the abundant prey type are
consumed whilst disproportionately fewer rare prey are consumed (Hughes and
Croy, 1993). This can foster stability in diverse prey populations, enabling
coexistence patterns to emerge. Indeed, prey switching can be a key driver of the
sigmoidal, stabilising Type III FR (Murdoch and Oaten, 1975). Furthermore,
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switching between intraspecific prey types can have demographic implications,
particularly if prey consumption is sex-skewed. In turn, this can lead to emergent
inequalities in sex ratios which may affect the population persistence of lower
trophic groups (Murdoch, 1969; Wasserman et al. 2018b). As such, quantifying prey
switching propensities between intraspecific prey forms can elucidate likely
demographic and density-mediated outcomes for prey species following novel higher
predator introductions.
In the present study, I thus use FR and prey switching experiments to
quantify the impact of G. affinis on native trophic groups which are vulnerable to
localised extinctions (Dalu et al. 2017b). I examine the responsiveness of an
intermediate predator, endemic to South Africa, the open-water calanoid copepod
Lovenula raynerae to water-borne mosquitofish cues, using mosquito larvae of
Culex pipiens as a basal prey. The Cx. pipiens mosquito complex is widespread
globally, and colonises an extensive range of aquatic habitats, including temporary
ponds. Calanoid copepods are also widespread and form an abundant and important
component of freshwater ecosystems (Dussart and Defaye 2001). Lovenula raynerae
is an ephemeral pond specialist species (Dalu et al. 2017b), and thus has evolved
within fishless aquatic systems. Given a limited distribution, this copepod is highly
vulnerable to environmental change. Indeed, mosquitofish have been documented to
invade ephemeral systems (Poizat and Crivelli, 1997; Cucherousset et al. 2007), and
L. raynerae have been detected in longstanding fishless systems where fish may
persist if introduced (Cuthbert pers. obs.). Thus, the potential for impact of
mosquitofish on such vulnerable populations is high. My approach examines
responsiveness of L. raynerae consumption to visual and chemical mosquitofish cues
and thus naïveté to predation by the novel invader. Additionally, I examine prey
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switching propensities of mosquitofish between female and male copepods,
elucidating whether predation of L. raynerae by G. affinis will affect prey population
viability through the establishment of sex-skewed ratios. Thus, I aim to illustrate the
likely trait- and density-mediated impacts of the introduction of an invader on an
intermediate predator and the cascade to its mosquito prey.
8.2. Materials and methods
8.2.1. Animal collection and maintenance
Gambusia affinis (34.7 ± 1.0 mm) were sourced from irrigation ponds within
the Sundays River Valley, Eastern Cape, South Africa (33° 26' 23.38” S, 25° 42'
25.67” E) by seine netting in the austral summer 2017. Fish were transported in
continuously aerated source water to a controlled environment room at Rhodes
University, Grahamstown, maintained at 25.0 ± 1.0 °C and under a 14:10 light:dark
regime. Fish were housed in continuously aerated 25 L aquaria containing
dechlorinated tapwater and fed on a standard diet of Cx. pipiens ad libitum for at
least 12 d prior to experimentation. Lovenula raynerae and Cx. pipiens were
collected as per Chapter 6.
8.2.2. Experimental design
I conducted two experiments to examine the impacts of the invasive fish G.
affinis on the intermediate predator L. raynerae. Both experiments were undertaken
in the environment room (25.0 ± 1.0 oC, 14:10 light:dark) using strained (20 μm),
aerated water. First, individual adult male copepods (4.4 ± 0.1 mm) were selected for
experimentation following collective starvation for 48 hours and provided Cx.
pipiens larvae (2.2 ± 0.1 mm) in transparent glass arenas of 5.6 cm containing 80 mL
water at five densities (2, 4, 8, 16, 32; n = 4 per density and treatment). The 80 mL
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inner experimental arenas were each placed within a larger opaque polypropylene
outer arena of 16.5 cm diameter containing 800 mL water. I employed a fully
factorial 2 × 2 experimental design with respect to predatory cues of G. affinis.
Factor 1 comprised chemical cues (present/absent) and Factor 2 visual cues
(present/absent). For chemical cues (Factor 1), a 2 L cue accumulation tank was
established. In this tank, G. affinis were stocked at a density of 0.5 fish L-1 and left
unfed for 48 hours prior following the standard diet. The G. affinis treated water (cue
water) was then used as the medium within the 80 mL experimental arenas. To
implement visual cues (Factor 2), regular water was again used within the
experimental arenas, but a single G. affinis was placed within the outer 800 mL arena
and allowed to move freely, yet unable to consume the L. raynerae within the glass
inner arena. Mosquito larvae and mosquitofish were added to the inner and outer
arenas, respectively, two hours before the addition of the copepod predators and
allowed to settle. Following their addition to the inner arena, copepods fed
undisturbed for six hours, after which they were removed and the remaining prey
counted to derive those killed. Controls consisted of a replicate at all treatments in
the absence of predators in order to constrain background mortality driven by
processes outside of predation.
Secondly, adult female and male copepods (female, 4.8 ± 0.1 mm; male, 4.4
± 0.1 mm) were supplied at seven different ratios (30:0, 25:5, 20:10, 15:15, 10:20,
5:25, 0:30 individuals; n = 4 per ratio) to G. affinis, which had been starved for 24
hours. These ratios reflect the varying proportions of L. raynerae in aquatic
ecosystems (see Wasserman et al. 2018b). Experiments were undertaken in arenas of
16.5 cm diameter containing 2 L water from a continuously aerated source. Once
introduced, fish fed undisturbed for thee hours, after which they were removed and
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remaining living copepods counted and sexed. Controls consisted of a replicate at all
treatments in the absence of predators.
8.4.3. Statistical analyses
Generalised linear models (GLMs) assuming a Poisson error distribution
were used to analyse overall prey consumption for ‘chemical cue’, ‘visual cue’ and
‘prey supply’, and their interactions. Non-significant terms and interactions were
removed stepwise from the model to facilitate parsimony, with χ2 used for model
simplification via analysis of deviance (Crawley, 2007). Functional response
analyses were undertaken as per Chapter 2. I used the ‘difference method’ (Juliano,
2001) to compare attack rate and handling time parameters generated from FRs
across treatments. To account for multiplicity, I compared coefficients against
Bonferroni-adjusted p-values. Functional responses were non-parametrically
bootstrapped (n = 2000) to generate confidence intervals, allowing the FRs to be
considered in population terms (Pritchard et al. 2017).
In the preference experiment, as residuals were overdispersed, GLMs
assuming a quasi-Poisson error distribution were used to compare overall prey
consumption with respect to ‘sex’ and ‘proportion’, with F-tests used for model
simplification. Again, non-significant terms and interactions were removed stepwise
(Crawley 2007). Manly’s α (Manly, 1974; Chesson, 1983) assuming no prey
replacement was used to determine prey preferences between prey across the varying
provision ratios:
𝛼𝑖 = (ln((𝑛𝑖0 − 𝑟𝑖 )/𝑛𝑖0 )) / ∑𝑚
𝑗=1 (ln((𝑛𝑗0 − 𝑟𝑗 )/𝑛𝑗0 ))
(Equation 11)
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where ai is Manly’s selectivity index for prey type i, ni0 is the number of prey type i
available at the start of the experiment, ri is the number of prey type i consumed, m
the number of prey types, nj0 the number of prey type j available at the start of the
experiment and rj is the number of prey type j consumed. The value of αi ranges
from 0 to 1, with 0 indicating complete avoidance and 1 indicating complete positive
selection. In a two-prey system, values of 0.5 are indicative of null preference.
Manly’s α indices were transformed to reduce extremes (Smithson and Verkuilen,
2006) (0s, 1s) prior to analysis:
𝑎𝑡 = (𝛼𝑖 (𝑛 − 1) + 0.5)/𝑛
(Equation 12)
where αt is the transformed output and n is the sample size. Beta regression using the
‘betareg’ package (Cribari-Neto and Zeileis, 2010) in R was used to compare
Manly’s α values between ‘sex’ and ‘proportion’, and their interactions. Akaike’s
Information Criterion was used to confirm that models minimised information loss
(lower values indicate a better fit).
8.3. Results
Prey survival in controls exceeded 99 % in both experiments, thus I assumed
experimental deaths were due to predation, which I also observed directly. In the FR
experiment, overall consumption by copepods was not significantly affected by the
presence of G. affinis chemical cues (χ2 = 0.09, df = 1, p = 0.76), visual cues (χ2 =
0.02, df = 1, p = 0.88), or interaction between these cues (χ2 = 0.10, df = 1, p = 0.76).
Overall prey consumption was significantly greater under increasing prey supplies
(χ2 = 30.61, df = 4, p < 0.001). Further interactions among ‘chemical cue’, ‘visual
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cue’ and ‘prey supply’ were non-significant and thus were removed stepwise from
the model.
As first order terms were significantly negative in each experimental
treatment (Table 8.1), I deemed all FRs to be categorically Type II. Attack rates of L.
raynerae did not differ significantly between cue-free and G. affinis cue treatments
(chemical cue: z = 0.63, p = 0.53; visual cue: z = 0.30, p = 0.76; both cues: z = 0.31,
p = 0.76), and there was no significant difference within cue treatments (all p ≥
0.44). Handling times of L. raynerae also did not vary significantly between cue-free
and G. affinis-treated waters (chemical cue: z = 0.99, p = 0.32; visual cue: z = 0.32, p
= 0.75; both cues: z = 0.20, p = 0.84), and there was, again, no significant difference
within cue treatments (all p ≥ 0.24). Confidence intervals overlapped amongst all
FRs across the entire spectrum of prey supplies, further illustrating similarities in
attack rate, handling time and, inversely, maximum feeding rate parameters between
different cue treatments (Figure 8.1).
Mosquitofish displayed strong preference for female over male copepods at
all prey proportions with the exception of extreme ratios (30:0, 0:30), wherein prey
choice was necessarily restricted to one copepod sex (Table 8.2; Figure 8.2). Thus,
prey switching did not occur between male and female copepod prey, with
preference for female copepods exhibited even when presented at relatively low
proportions relative to males. Overall consumption was significantly greater for
females than males (F1, 54 = 20.22, p < 0.001), and was significantly affected by the
proportion of prey available (F6, 48 = 10.89, p < 0.001), with greater consumption for
a specific prey type exhibited when it was available in higher proportions. There was
no significant ‘sex × proportion’ interaction (F6, 42 = 1.01, p = 0.44), and thus this
interaction was removed from the model. Manly’s α preference indices were
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significantly greater for females, suggesting an overall preference for this prey type
(χ2 = 31.17, df = 1, p < 0.001; Table 8.2). Manly’s α values were additionally
significantly affected by the proportions of prey available (χ2 = 58.82, df = 6, p <
0.001), and there was a significant ‘sex × proportion’ interaction (χ2 = 15.08, df = 6,
p = 0.02), with greater preference for females shown at intermediate prey ratios
(Figure 8.2).
Table 8.1. First order terms and significance levels resulting from logistic regression
of proportion of prey eaten as a function of prey density, alongside functional
response parameter estimates across cue treatments with significance levels resulting
from the Rogers’ random predator equation (attack rate, a; handling time, h).
Chemical cue

Visual cue

First

order a, p

h, p

term, p
No

No

-0.05, < 0.01

0.66, < 0.05

0.23, < 0.01

Yes

No

-0.06, < 0.001

1.24, > 0.05

0.35, < 0.001

No

Yes

-0.07, < 0.001

0.80, < 0.05

0.26, < 0.001

Yes

Yes

-0.04, < 0.01

0.54, < 0.05

0.21, < 0.01
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Figure 8.1. Functional responses of male L. raynerae towards larval culicid prey
without cues of G. affinis compared to functional responses in the presence of a)
chemical cues, b) visual cues and c) both cues. Shaded areas around functional
responses represent bootstrapped (n = 2000) CIs.
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Table 8.2. Mean untransformed Manly’s α preference index values for female or
male L. raynerae displayed by mosquitofish across varying proportions (n = 4 per
treatment). Index values range from 0-1, with 0.5 indicating no preference and
values closer to 1 indicating increasing preference.
Proportion supplied

Sex

Manly’s α (± SE)

1.00

Female

1.00 (± 0.00)

0.83

Female

0.73 (± 0.16)

0.67

Female

0.75 (± 0.14)

0.50

Female

0.92 (± 0.05)

0.33

Female

0.68 (± 0.12)

0.17

Female

0.63 (± 0.21)

0.00

Female

0.00 (± 0.00)

1.00

Male

1.00 (± 0.00)

0.83

Male

0.37 (± 0.21)

0.67

Male

0.32 (± 0.12)

0.50

Male

0.08 (± 0.05)

0.33

Male

0.25 (± 0.14)

0.17

Male

0.27 (± 0.16)

0.00

Male

0.00 (± 0.00)
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Figure 8.2. Proportion of female and male L. raynerae in diet of G. affinis as a
function of the proportion supplied. The dashed line indicates the expected value if
there was no preferential selection between the two prey types. The dotted sigmoid
line represents a hypothetical switching pattern and means are ± SE (n = 4 per
experimental group).
8.4. Discussion
In this study system, I forecast trait- and density-mediated impacts of a
widespread, invasive fish, the mosquitofish G. affinis, on an endemic intermediate
predator, the calanoid copepod L. raynerae. I apply FR (Solomon, 1949; Holling,
1959) and prey switching (Murdoch and Oaten, 1975) approaches experimentally,
showing firstly that the feeding magnitude of L. raynerae is not significantly affected
by either chemical or visual cues of G. affinis. Secondly, my study highlights the
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much higher susceptibility of female over male L. raynerae copepods to G. affinis
predation. Therefore, I show that the potential for invader impact is high, given that
the invasive mosquitofish readily consumes and impacts populations of naïve
intermediate predators of mosquito larvae, which may affect overall biotic resistance
towards mosquito prey. In addition, invader impact may have implications for L.
raynerae demographics as the copepod exhibits sex-skewed vulnerabilities to the
invasive fish. These results are pertinent given that Wasserman et al. (2018b)
showed, conversely, that natural predation on L. raynerae by common aquatic
insects resulted in lower risk levels for females. Thus, augmented vertebrate
predation through G. affinis introductions would likely have implications for L.
raynerae population sex demographics in natural systems, having a further
destabilising effect which may reduce population persistence of threatened endemic
populations.
Predatory copepods, such as L. raynerae, often dominate small aquatic
ecosystems which are of high importance for biodiversity in arid environments
(Brendonck and De Meester, 2003; O’Neill and Thorp, 2014). The small ecosystems
which L. raynerae dominate function entirely differently to other aquatic systems,
and are characterised by restricted higher trophic structuring (Dalu et al. 2016). Thus,
copepods such as L. raynerae are likely important natural enemies of mosquito
larvae in these ecosystems (Chapters 6, 7). Populations within these habitats are
especially vulnerable to augmented higher order predation through species
introductions (Dalu et al. 2017b). Indeed, given the orientation of this copepod to
surface waters, vulnerabilities of the species to fish predation may be bolstered by
indifferent foraging intensities in the presence of predator cues shown here, coupled
with a pronounced association with the upper water column where mosquitofish
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forage (Mansfield and McArdle, 1998). Biotic contexts such as higher predator risk
can have a substantial impact on predator-prey interaction strengths (Alexander et al.
2014; Barrios-O’Neill et al. 2014), but can often be dependent on coevolutionary
context (Wisenden and Maillard, 2001; Cox and Lima, 2006; Carlsson et al. 2009;
Sih et al. 2010). Indeed, invertebrates have been found to be generally responsive to
higher predator cues arising from different diets (Paterson et al. 2013). Such
responses frequently reduce predatory impacts exerted upon basal prey by
intermediate predators (Alexander et al. 2013). Here, in contrast, I demonstrate
naïveté of L. raynerae to unfamiliar predators, as indicated by the recurrence of Type
II FRs and similarities in FR parameters (attack rates, handling times) between cue
treatments. The exhibited Type II form here corroborates with results of Wasserman
et al. (2016a), and Chapters 6 and 7, where destabilising FRs of L. raynerae were
also constrained with daphniids and culicids as a basal prey.
In addition to indirect interactions, selectivity by higher-order predators can
have direct implications for the demographics of recipient ecosystems (Wasserman et
al. 2018b). Higher male copepod vulnerability to predation has been recurrently
hypothesised due to risks associated with mate-searching and copulation (Kiørboe,
2006; Gusmão and McKinnon, 2009). Indeed, Wasserman et al. (2018b) illustrated
that predation of L. raynerae by native hexapods is selective towards males due to
the processes of copulation. Here, however, I find the opposite in the presence of an
invasive higher predator, with high, frequency-independent selectivity demonstrated
towards females, which are larger and less motile than males (Cuthbert et al. 2019c).
The lack of prey switching exhibited here is indicative of an absence of prey refuge
for female L. raynerae when available in lower proportions, which may have stark
implications for demographics and the reproductive success in mature zooplankton
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populations following invasive fish introductions, and, in turn, biocontrol. The
mechanisms of higher-order predatory pressure from fish operate entirely differently
from invertebrates; where partial prey consumption is often exhibited by
invertebrates, fish consume prey whole (Wasserman et al. 2018b). Therefore, the
selective tendencies of higher-order fish predation towards females exhibited here
may be compounded by the nullification of risk-evasion responses of females when
copulating, with copulating pairs perceived, rather, as a single prey unit by fish. This
is particularly relevant in light of the extended copulation period of L. raynerae and
associated reduced instantaneous escape speed (Wasserman et al. 2018b). Thus, the
introduction of invasive fish may fundamentally alter the demographics of prey
populations in aquatic systems ecosystems previously dominated by invertebrates,
potentially increasing extinction risk and lowering overall biotic resistance towards
mosquito prey.
The spread of invasive species continues to circumvent biogeographical
barriers and reduce biodiversity, and impacts on recipient communities can be
intensified due to naïveté in recipient ecosystems (Salo et al. 2007; Polo-Cavia et al.
2010). Here, I illustrate, through the coupled use of experimental FR and prey
switching approaches, that endemic intermediate predators in insular aquatic
ecosystems are naïve to cues from the invasive mosquitofish G. affinis, and that
selective predation by mosquitofish may affect the population structuring and
persistence of native species. Furthermore, G. affinis will consume endemic
intermediate predators of mosquito larvae that have themselves been suggested for
use in mosquito biocontrol (Chapters 6, 7). The frequency-independent preferences
for female copepods demonstrated here by mosquitofish defies the selective
preference for male copepods which has been typically posited (Kiørboe, 2006;
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Gusmão and McKinnon, 2009). Thus, the introduction of invasive mosquitofish for
vector control could fundamentally shift the dynamics in recipient ecosystems, with
effects on intermediate predators that potentially nullify or reverse attempts to
control important vector mosquitoes through interguild predation (Hoy et al. 1972). I
advocate that the use of FRs and prey switching offer robust and quantitative insights
into the coupled direct and indirect impacts of invasive species on native
populations. Prior examinations of such impacts could help to curtail damaging
introductions, for instance through ‘classical’ biological control approaches which
seek to release non-native agents into novel environments.
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Chapter 9
Synthesis
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9.1. Overview
Biological control of vector mosquitoes has proven efficacious for the control
of human disease (e.g. Kay and Nam, 2005; Roux and Robert, 2019). However, the
effective biocontrol of mosquitoes is reliant on firm understandings of mosquito
ecology, alongside quantifications of context-dependencies which may modulate the
ability of agents to control mosquitoes in changing environments (Chapters 2, 3, 4,
5). Mosquitoes continue to endanger the health of humans and livestock globally
through the inadvertant transmission of pathogens and parasites which cause disease
(World Health Organisation, 2018). Ongoing environmental change, coupled with
human-mediated transport of species, is heavily influencing the distribution and
abundance of disease vector mosquitoes, with the potential to exacerbate disease
transmission rates in coming years (Townroe and Callaghan, 2014; Yee, 2016;
Benelli and Mehlhorn, 2016; Medlock et al. 2017). This thesis furthers
understandings of how both abiotic (e.g. habitat complexity and temperature) and
biotic (e.g. multiple predators and alternative prey) environmental variabilities
influence the interactions between biocontrol agents and mosquitoes, and provides
novel tools which may assist in population management strategies for pests, invasive
species and disease vectors. In particular, this work provides effective tools for the
control of Culex mosquitoes which can proliferate in container-based aquatic habitats
in urban areas.
Functional responses (FRs) have been used commonly in the quantification
of per capita biological control agent efficacies (O’Neil, 1990; van Driesche and
Bellows, 2011). Conversely, Numerical Responses (NRs) are somewhat more
nebulous to quantify; however, proxies have recently been suggested for use in
inferring ecological impacts (Dick et al. 2017). Using FRs and NR proxies, I
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developed the Relative Control Potential (RCP) metric and biplots which enable the
rapid and user-friendly derivation of biocontrol agent efficacies, both quantitatively
and visually (Chapters 2, 3). Further, I exemplified the utility of the RCP metric
under shifting environmental contexts which will modulate both the FRs and NRs of
agents, such as climate change (Chapter 2). Given climate change, combined with
urban heat islands, is expected to increase mosquito proliferations in densely humanpopulated areas (Townroe and Callaghan, 2014), the identification of agents which
are tolerant to warming is critical. In my study, copepod predatory impacts were
shown to increase with temperature, and thus anticipated warming may allow for
heightened predatory impacts which could dampen mosquito proliferations in urban
container-style habitats. The metrics developed here are applicable to any consumerresource system, allowing ecological impacts to be compared robustly and efficiently
between different potential biocontrol agents. Therefore, the RCP metric provides a
powerful tool for practitioners to predict and compare effects of biocontrol agents
under context-dependencies using readily-available ecological data, and future work
should validate the approach in other systems.
Pond dyes have been identified as oviposition attractants for mosquitoes
(Ortiz-Perea and Callaghan, 2017; but see Ortiz-Perea et al. 2018). In Chapter 3, I
demonstrated that the presence of pond dye offsets predator-avoidance behaviour in
gravid female mosquitoes in specific environments. Therefore, the combined
presence of dye and predators could facilitate population sinks, characterised by high
rates of oviposition and predation which could reduce mosquito populations. I
furthered this area of research in Chapter 4, displaying that the presence of pond dye
does not influence the predation potential of cyclopoid copepods, which are in turn
heavily reliant on hydro-mechanical as oppose to visual cues in detecting and
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handling larval mosquitoes (Hwang and Strickler, 2001). Given the high selectivity
of gravid mosquitoes among aquatic habitats (Vonesh and Blaustein, 2010),
identifications of such measures to offset predator avoidance behaviour are critical
for mosquito population management strategies. The use of pond dye provides a
novel tool that could enhance the efficacy of biocontrol agents. Whilst further
research into the use of cyclopoid copepods in field-based releases is required
(Lazaro et al. 2015), the combined use of pond dye should be tested in parallel to
quantify the empirical efficacy of this potential sink effect.
Trophic structuring in complex ecological communities often comprises
multiple resource (e.g. prey) types that can mediate prey preferences and prey
switching patterns (Murdoch and Oaten, 1975; Cuthbert et al. 2018). Using FRs, in
Chapter 5 I demonstrated that the emergent biotic context of alternative prey can
result in significant, species-specific effects on the interaction strengths between
biocontrol agents and target prey. My results demonstrated the importance of
considering biotic context, such as prey selectivity traits, in the comparative
assessment of generalist biocontrol agents prior to their release into the natural
environment. Such insights provide helpful insights into the likelihood of non-target
biotic effects. I have shown that copepod predatory impacts remain marked even in
the presence of alternative prey, which further suggests their high value for
biocontrol applications.
Whilst cyclopoid copepods have been demonstrated to be particularly
efficacious predatory biocontrol agents for the regulation of mosquitoes (Marten and
Reid, 2007; Chapters 2, 3, 4, 5), there has been a paucity of research into the
potential efficacies of other copepod groups. In Chapter 6, I considered, for the first
time, the efficacy of calanoid copepods in mosquito control, and demonstrate that
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their per capita efficacy can far surpass that of cyclopoids copepods which have
been commonly integrated in vector control strategies. In Chapter 7, I further
evaluated calanoid copepods for controlling container-breeding mosquitoes, which
often proliferate in urban and peri-urban environments and foster high disease risk to
humans. I demonstrated that predation by the calanoid copepod Lovenula raynerae
towards container-breeding mosquitoes is high and context-independent, and that
this species can significantly reduce the abundances of mosquitoes in outdoor
environments. My results suggest urgent large-scale investigation into the efficacy of
this species group in biocontrol for container-breeding mosquitoes is needed, with
reported reductions of wild mosquitoes in excess of 85 %. Importantly, this is above
requirements outlined by the World Health Organisation (2016) for the assessment
of larvicidal vector control approaches.
Biotic context dependencies are profound in mediating interactions between
biocontrol agents and target organisms (e.g. alternative prey, Chapter 5). The
presence of multiple predators across different trophic levels can further influence
predator-prey interactions (e.g. Barrios-O’Neill et al. 2014). In Chapter 8, I
examined the influence of the invasive mosquitofish Gambusia affinis on the
predatory impact of intermediate consumers, in the context of cascades to their
shared mosquito prey. I demonstrated that, in insular systems that are fishless,
stocking of mosquitofish for vector control could influence the overall biotic
resistance of communities towards mosquito prey through coupled naïveté of
intermediate predators and interguild predation of other consumers of mosquitoes.
Here, my results suggested that the stocking of non-native fish may have adverse
consequences for ecological communities, but could also, perversely, increase
mosquito proliferations (Hoy et al. 1972; Azevedo-Santos et al. 2016). Whilst
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selection of biocontrol agents which display additive or synergistic multiple predator
effects is desired (Cuthbert et al. 2019a), introduced species which impede the
efficacy of resident predators should be avoided entirely.
Overall, Chapters 2 and 3 developed and exemplified a novel metric which
can aid the comparative assessment of biocontrol agents across contextdependencies; Chapter 4 explored a potential population sink that could improve
population management strategies for the biocontrol of mosquitoes; Chapter 5
demonstrated the influence of alternative prey in complex ecosystems on the
efficiencies of biocontrol towards target organisms; Chapters 6 and 7 proposed a
novel group of biocontrol agents for the management of disease vector mosquitoes,
and demonstrated their efficacy in aquatic habitats which harbour high densities of
mosquitoes; Chapter 8 demonstrated the potential impact of the stocking of nonnative fish on ecosystems, in the context of total, community-wide biotic resistance
towards mosquito prey. When viewed in combination, my results suggest high
predatory impacts of both cyclopoid and calanoid copepods irrespective of various
environmental contexts which necessitates their further consideration in vector
control strategies. In particular, further research is required to decipher their efficacy
in regulating Culex mosquitoes in container-style environments in large-scale field
trials, given most published work has focused on Aedes hitherto (Marten and Reid,
2007), and often with data quality issues (Horstick et al. 2016).
9.2. Specific findings for mosquito control
In recent years there has been increasing interest in environmental or
biological control measures to manage mosquito populations in light of emergent
insecticide resistance alongside concurrent environmental concerns (Marcombe et al.
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2011; Dusfour et al. 2011; Cameron and Lorenz, 2013; Roux and Robert, 2019).
Biological control is a useful tool which can be applied to help control vectoriallyimportant mosquitoes (Becker et al. 2010). In this thesis, copepods displayed a
strong efficacy in biocontrol examinations towards larval Culex mosquitoes in
container-style aquatic habitats. Cyclopoid copepods are well-established predators
of larval mosquitoes and have been shown to drive up to 100 % reductions in
populations of Aedes (reviewed by Marten and Reid, 2007). Indeed, their application
has been documented to eliminate vectorially-important mosquito species, such as
the principal dengue vector Ae. aegypti in entire Vietnamese communities (Kay and
Nam, 2005). Although the efficacy of cyclopoid copepods is marked, we have little
understanding of how context-dependencies (e.g. climate change, Chapter 2; habitat
simplification, Chapter 3) will influence their impacts on mosquito populations in
future, nor of any candidate agents in the UK and Ireland. Further, there have been
no biocontrol assessments of other copepod groups outside of the cyclopoids, despite
the high diversity, distribution and abundance of copepods in freshwaters worldwide
(Dussart and Defaye, 2001). Furthermore, relatively few studies have considered
Culex control with copepods (Marten and Reid, 2007). Therefore, the results in this
thesis provide valuable information into the efficiencies of a new group of biocontrol
agents towards an underexamined group of vector prey.
All of my Chapters displayed considerable predatory efficacy of copepods
towards target mosquito prey. Therefore, their integration into existing and emerging
biocontrol strategies requires further consideration by practitioners and stakeholders
concerned with public health, such as the World Health Organisation on a global
scale, or Public Health England on a national scale. However, there are a number of
outstanding issues with copepod applications which must be addressed. First, whilst
139

predatory copepods have proven effective in field-based settings, their large-scale
efficacies should be further replicated in countries other than Vietnam (Kay and
Nam, 2005). Second, whilst the results presented here focus on container-style
environments, Culex mosquitoes are known to breed in a broader range of aquatic
habitats, and applications of copepods to large, permanent waterbodies may be less
effective. This may be due to the presence of higher predators which can, in turn,
reduce copepod predator populations (Chapter 8). Third, applications of copepod
predators may be logistically challenging in areas such as underground waterbodies
where mosquitoes may colonise, or could be hampered if communities entirely
empty water containers withholding predator populations. It is also important to
consider the role of certain copepods species as intermediate hosts for Guinea worm
parasites which adversely affect human health (World Health Organisation, 2019).
Nevertheless, in accordance with the vector control protocol Phases of the World
Health Organisation (2017), larger-scale examination of copepods is needed to
operationalise their use, given the strong results presented in this thesis.
In Chapter 2, I demonstrated that simulated climate warming will increase the
interaction strengths (i.e. predatory impacts) between two native cyclopoid copepods
and larval Cx. pipiens mosquito prey, a principal vector of West Nile virus. In
general, there is little work on natural enemies for mosquitoes in a UK and Ireland
context (but see Medlock and Snow, 2008). Further, coupled climatic change (i.e.
warmer and wetter climate) and urbanisation are fostering greater abundances of
mosquitoes in the British and Irish Isles which are capable of vectoring disease in
urban environments (Townroe and Callaghan, 2014). Given that the per capita
offtake rate and numerical response proxies (i.e. abundance, fecundity) of biocontrol
agents displayed a general trend of increase in Chapter 2 with warming, it is likey
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that native natural enemies of mosquitoes in the UK will retain sufficient interaction
strengths to offset increasing mosquito abundances associated with ongoing
environmental change. Further, in Chapter 3, I demonstrated that per capita
predation efficiencies towards the tropical West Nile vector mosquito Cx.
quinquefasciatus are largely robust to interspecific and habitat complexity variations,
whilst numerical response proxies inferred using the RCP metric improve the
resolution of biocontrol agent selection. However, whilst high efficacies of copepods
towards Culex mosquitoes are displayed in this study, reduced Culex control
efficacies compared to other mosquito genera such as Aedes have been shown
(Marten and Reid, 2007). As such, copepod impacts may be even higher towards
other mosquito groups.
Chapter 3 also demonstrated that Cx. quinquefasciatus generally exhibits
oviposition avoidance behaviour when predatory copepods are present in aquatic
habitats. Many mosquitoes are evasive of habitat patches containing natural enemies
(reviewed by Vonesh and Blaustein, 2010), and this presents a major challenge to
mosquito biocontrol through active selection of predator-free space. Whilst there
have been suggestions that mosquitoes are attracted to cylopoid copepod-treated
water within which they lay eggs (e.g. Ae. aegypti, Torres-Estrada et al. 2001), my
results in Chapter 3 demonstrated significant avoidance of this group. Whilst the
drivers for this disparity between species are unclear, it may relate to differential
experimental contexts between studies. Although predator avoidance is speciesspecific, and often reliant on coevolutionary background (e.g. Ohba et al. 2012), my
results demonstrated that biocontrol efficiencies towards Cx. quinquefasciatus using
copepods could be hampered through ovipositional avoidance. However, the use of
pond dyes, which have been shown to attract mosquito oviposition (Ortiz-Perea and
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Callaghan, 2017), alongside predators, could bolster biocontrol and offset avoidance
behaviour. Indeed, in Chapter 3, the use of black pond dye and predators in
combination reversed ovipositional avoidance behaviour, and instead caused
significant attraction to predator-treated habitats by Cx. quinquefasciatus.
Furthermore, in Chapter 4, I demonstrated that the presence of the pond dye does not
impede predatory impact of cyclopoid copepods towards mosquito prey. This
suggests a reliance on hydromechanical cues rather than vision for the detection of
mosquito prey by cyclopoid copepods, an effect which could hamper the biocontrol
potential of other visual predators, such as fish. Accordingly, the use of predators
and pond dyes in combination could be a powerful tool that enhances mosquito
control efforts through coupled attraction and unimpeded predatory impact, thus
facilitating a population sink effect. These promising results should be further
examined in field-based trials in future to better understand their potential to enhance
biocontrol agent efficacies towards container-breeding Culex mosquitoes in the
British and Irish Isles and elsewhere.
In Chapter 5, I demonstrated that alternative prey mediates impacts of
cyclopoid copepods towards target mosquito prey. Conceptually, prey preference
and switching are longstanding processes in classical ecology (see Murdoch and
Oaten 1975) and are important to consider in biocontrol as generalist predators are
often exposed simultaneously to multiple prey types which may impede their applied
efficiency (e.g. Kumar et al. 2008). Using FRs, alternative ciliate prey, which are
ubiquitous to aquatic habitats where mosquitoes breed, reduced the interaction
strengths (i.e. search efficiency, maximum feeding rate) between the copepods M.
albidus and M. viridis and their mosquito prey. The nature of the effects of
alternative prey also manifested differently between the two copepod species,
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demonstrating the importance of species-specific differences for predicting the
impacts of biocontrol agents. Simple laboratory evaluations of biocontrol agents
often neglect such biotic context, and thus reduce transparency of results to the real
world. However, in my experiment, both predators were able to effectively consume
larval mosquitoes in the presence of alternative prey, and would likely still be
efficacious in the population management of mosquitoes. In particular, M. albidus
displayed a population-destabilising Type II FR even in the presence of alternative
prey, and this, coupled with the results in Chapters 2, 3 and 4, make this species a
particularly promising agent for mosquito control.
Calanoid copepods have never previously been considered for predatory
biocontrol of mosquitoes (Chapters 6, 7), despite their diversity and prevalence in
freshwaters (Dussart and Defaye, 2001). Indeed, this copepod group has even been
branded herbivorous and thus suggested to be of no use in the population
management of vector mosquitoes (Marten and Reid, 2007). In Chapter 6, I
contrastingly proposed the use of the calanoid copepod L. raynerae in the biocontrol
of disease vector mosquitoes. This species in an ephemeral pond specialist that often
occupies relatively high trophic positions due to its size and internal recruitment to
temporary aquatic ecosystems (Dalu et al. 2016). As mosquitoes are also welladapted to successfully breed in patchy, ephemeral aquatic environments, I proposed
that this copepod species is a particularly important natural agent for the suppression
of vector populations, and particularly in southern Africa where it is endemic
(Suárez-Morales et al. 2015). I found that this species can consume multitudes more
mosquito prey than cyclopoid copepods which are frequently used in biocontrol
(Marten and Reid, 2007; Chapters 2, 3, 4, 5). Thus, this species group warrants
further investigation in a mosquito control context, and particularly through large143

scale field trials in container-based systems where it may reduce the prevalence of
disease vector Culex species.
In Chapter 7, I further explored the use of L. raynerae in Culex control. I
demonstrated that predation by this calanoid copepod is robust to turbidity variations
that are often naturally present in aquatic habitats where mosquitoes breed. Indeed,
my results here mirrored those of Chapter 4 in many respects, where dye was used to
approximate a water clarity gradient. Thus, it is also likely that this species is reliant
on hydromechanical signalling to detect prey. As L. raynerae has only been recently
described (Suárez-Morales et al. 2015), little autoecological information is present.
Thus, my results also provided valuable insights into the context-dependencies of
interaction strengths within austral ephemeral ecosystems, which are themselves
poorly studied due to the spatial and temporal heterogeneity of such habitats (Dalu et
al. 2017b). Importantly, I also presented results of outdoor-based experiments in
Chapter 7, which gave significant evidence that this copepod species can induce
substantial reductions in mosquito populations within artificial container-style
habitats that disease vector mosquitoes can exploit (Townroe and Callaghan, 2014).
Although laboratory-based experiments are often useful for comparative or
phenomenological examinations of biocontrol agents under shifting environmental
contexts, in an applied sense, it is crucial to validate results using field-based
methods. Therefore, further studies should prioritise assessment of this species group
in well-designed large-scale field trials targeting container-breeding mosquitoes.
Although the work in this thesis has focused on the use of native natural
enemies for use in the biocontrol of mosquitoes, non-native species have been
introduced in many cases to further biocontrol efforts (e.g. Pyke, 2008). The
mosquitofish G. affinis has been broadly introduced globally to assist in the
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management of mosquito populations. However, the species has become invasive in
many countries (Lowe et al. 2000), with documented negative implications for
groups such as aquatic invertebrates and amphibians (e.g. Pyke and White, 2000;
Richard 2002; Haiahem et al. 2017). In Chapter 8, I examined the direct and indirect
effects of G. affinis on intermediate predators of mosquitoes, and cascades to shared
prey of the Cx. pipiens complex. Focusing on the proposed biocontrol agent L.
raynerae (Chapters 6, 7), I showed that the introduction of mosquitofish could
influence overall biotic resistance towards mosquito populations through the
targeting of other mosquito predators. Further, in systems that were previously
fishless, introductions of mosquitofish could exacerbate mosquito problems by
fundamentally altering ecological communities, with impacts heightened by naïveté
(Salo et al. 2007; Polo-Cavia et al. 2010). In Chapter 8, the copepod L. raynerae was
naïve to mosquitofish cues, and mosquitofish actively predated intermediate copepod
predators, with a sustained preference for reproductively active females. This, in
turn, could influence population persistence of intermediate mosquito predators.
Indeed, the stocking of mosquitofish has been recorded to paradoxically increase
mosquito abundances in other systems (e.g. Hoy et al. 1972). This work suggested
that the use of non-native predators for biocontrol should be avoided; instead, there
is often a plethora of analogous natives that can have a similar impact on target prey,
without an associated invasion risk (Azevedo-Santos et al. 2017).
Whilst copepod applications have been shown to be effective in reducing
numbers of larval mosquitoes (Kay and Nam, 2005), results are limited given the
only large-scale field applications have been undertaken by a single reearch group in
Vietnam (Horstick et al. 2016). Thus, more effectively designed studies in different
geographical areas are required to improve the data quality to inform large-scale
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vector management (Lazaro et al. 2015). Contrastingly, applications of other control
methods have more consistently reported efficacies, with results supported by higher
level study designs such as randomised control trials (Horstick et al. 2016). For
example, pyriproxyfen, temephos and Bti have all demonstrated up to 100 %
reductions in larval mosquito abundances, yet with more variable effects on adult
populations (Horstick et al. 2016). Moreover, modelling approaches have suggested
that targeting immature mosquito stages is less effective for vector control than adult
stages (Fillinger and Lindsay, 2011), and larvicidal studies often fail to assess the
impacts of interventions on adult populations or disease transmission rates (Wilson
et al. 2015). Indeed, the Ross-MacDonald model for malaria transmission indicates
that circulation is most sensitive to changes in adult mosquito populations (Ross,
1911; MacDonald, 1952, 1957). Given that 90 % adult population reductions are
predicted to be required to impede disease circulations (Focks et al. 2000), studies
focusing on larval control should explicitly include monitoring of adult mosquito
stages. Nevertheless, the high efficacies of copepods examined in this thesis warrant
their use in large-scale field trials to inform further implementation, yet such trials
should concurrently monitor adult mosquito abundances as well as larval numbers.
9.3. A new metric to assess biological control agents
In Chapters 2 and 3, I presented a new and powerful way to quantify and
compare the ecological impacts of biocontrol agents towards target organisms, the
RCP metric. I additionally showed that this approach could explicitly integrate
essential environmental context dependencies that may modulate the efficacy of
agents (e.g. temperature). Whilst FRs have been a staple in the derivation of per
capita efficacies of natural enemies (Solomon, 1949; O’Neil, 1990), integrations of
NRs into biocontrol agent examinations are relatively sparse (but see Heisswolf et al.
146

2009; Costa et al. 2017). I addressed this methodological shortcoming by developing
a novel metric which blends FR parameters which inform ecological impact (i.e.
attack rate, maximum feeding rate) (Dick et al. 2014), with NR proxies which
account for population-level responses of agents (i.e. abundance, fecundity) (Dick et
al. 2017). By integrating temperature gradients, I illustrated in Chapter 2 that
considerations for NR proxies such as fecundity can reveal differences between
agent efficacies which would not be captured using a FR approach alone. In Chapter
3, I further applied the RCP metric to compare the efficacy of biocontrol agents
towards a potentially invasive vector mosquito species, again integrating fecundity
estimates with FR parameters. The approaches I presented in this thesis parallel with
recent developments in invasion science that seek to quantify ecological impacts of
invasive species, relative to ecologically analogous natives (Laverty et al. 2017; Dick
et al. 2017).
Following from Laverty et al. (2017), In Chapters 2 and 3 I presented biplots
which enabled the graphical illustration of biocontrol agent efficacies. Here, FR
parameters (i.e. attack rate, maximum feeding rate) are presented in conjunction with
NR proxies (i.e. abundance, fecundity) to visually project levels of potential
ecological impact of biocontrol agents, and thus their efficacy in supressing target
organisms. Both the RCP metric and biplots also facilitate the incorporation of error
through the use of standard deviations and probability density functions (as per Dick
et al. 2017). In turn, this enables the derivation of confidence intervals and
probability values, further enhancing the empirical reliability of the metric, given the
inherent variability that can exist within populations via, for instance, ontogenetic or
reproductive status variations (e.g. Alexander et al. 2013; Cuthbert et al. 2019d).
This metric should be further integrated into biocontrol agent assessments across
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multiple ecological systems given its robustness and capability to incorporate
multiple environmental contexts.
9.4. Overall conclusions and applications
The data and results presented in this thesis provide valuable information
surrounding the biocontrol of disease vector Culex mosquitoes in container-style
environments. With a focus on freshwater copepods, I demonstrated how a range of
important environmental contexts can influence levels of ecological impact between
biocontrol agents and target organisms. As with many ectotherms, predatory impact
on mosquitoes increases concurrently with temperature due to greater metabolic
costs in copepods (Chapter 2; but see Englund et al. 2011; Kalinoski and DeLong,
2016). Habitat complexity (Chapter 3) and water clarity (Chapters 4, 7) did not
modulate FR forms in copepods, and predators demonstrated a retained ability to
target and consume mosquitoes in the presence of alternative prey and higher
predators (Chapters 5, 8). Therefore, the strong utility of copepods in the biocontrol
of disease vector mosquitoes has been elucidated in this thesis, alongside the more
general implications of environmental modulations for predator-prey interactions in
these ecosystems. My results further suggest the applicability of copepods to
container-style aquatic habitats within which disease vector mosquitoes proliferate,
and that their use may aid population management strategies. In a UK context, my
results provide insights into the range of biocontrol agents for mosquitoes which are
naturally present; these findings are valuable in light of the emerging mosquito
problem in the UK associated with ongoing climate change and anthropogenic
invasive species incursions (Townroe and Callaghan, 2014; Medlock et al. 2017). In
particular, climatic warming is expected to worsen the mosquito problem in the UK,
yet the results here have shown that copepods can continue to dampen mosquito
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populations even as temperatures increase. Further, in their review, Medlock and
Snow (2008) failed to identify copepods as natural enemies of mosquitoes in the UK,
despite their diversity and broad distribution. Therefore, my results provide novel
insights into the range of biocontrol agents available in a UK context.
My research also presented promising results in outdoor field trials, where
the applications of novel copepod agents resulted in significant population reductions
of vectorially-important mosquitoes (Chapter 7). However, further large-scale
research would be required before implementing copepods as a biocontrol agents
(World Health Organisation, 2017). Furthermore, I examined the influence of
mosquito behaviour (i.e. oviposition deterrence) on the potential efficacy of
copepods (Chapter 3; but see Chapter 4). As with many mosquitoes (Vonesh and
Blaustein, 2010), adults selectively avoided these predators when selecting
oviposition sites. However, this effect was dependent on surrounding environmental
context, with the use of black pond dye as an attractant potentially reversing
avoidance behaviours (see Ortiz-Perea and Callaghan, 2017). Thus, I presented a
powerful combination which could enhance population-level mosquito control
measures. My results show that it is important for stakeholders involved in the
biological control of mosquitoes to consider not only direct predatory impact, but
also to assimilate behavioural responses by target prey towards biocontrol agents,
which may act as impediments to their efficacy.
The RCP metric presented in Chapters 2 and 3 is conceptually applicable to
comparative derivations of biocontrol agent efficacies in all consumer-resource
systems targeting pests, invaders and vectors. The rapid assessment of biocontrol
agents is desirable given often limited resources, and the RCP metric is of
considerable value in this respect given its ease of use. Whilst additional contexts
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can further influence the efficacy of biocontrol agents (e.g. target organism
responses), the coupled use of FR and NR proxies alone has proven robust in
quantifications of ecological impacts in other fields (Dick et al. 2017). Therefore, in
a similar vein, I propose that the RCP metric is reliable across any ecological system
that comprises biocontrol agents utilising a target resource. My framework lends
itself to the examination of additional context-dependencies that can influence
efficacy of biocontrol agents, and could be, for instance, applied to decipher
synergistic or antagonistic multiple predator effects (MPEs) between multiple agents
that could result in cascades to prey, via risk enhancements or reductions. Whilst
practitioners should strongly consider the value of biocontrol in the management of
mosquitoes given the marked potential shown in this study, it is important to note
that its use in combination with other population management approaches could
further bolster efficaciousness.
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