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Abstract

Mosquito distribution data in the UK are patchy and much are too old to be useful to describe
the current distribution. Compounding this, species that are particularly challenging to
identify result in them often being collated as complexes rather than species. Within the Culex
pipiens complex, members of which have demonstrated roles as vectors internationally,
morphological discrimination between female Culex pipiens L. and Culex torrentium Martini
cannot reliably be made without using molecular identification methods. This often results in
species discrimination not being made. We also know relatively little about the sugar feeding
preferences of these mosquito species, particularly in terms of males. Male mosquitoes are
generally not considered as targets for control. However, recent research has demonstrated
swarming male targeting strategies that show potential. Therefore, knowledge of these
behaviours might lead to novel approaches for control interventions or improve the

effectiveness of those in development.

In this thesis, current mosquito distribution data were investigated and fieldwork conducted
to add to new species presence data for North Staffordshire and environs. A recently
published wing morphometric technique for the discrimination of Culex pipiens s.s. and Culex
torrentium was tested for suitability for locally collected specimens, and subsequently
optimised and semi-automated using a new coded workflow. Behavioural assays were
conducted to assay behaviour of male Culex pipiens s.s. and Culex torrentium to olfactory cues
associated with sugar feeding from flowers of various species of Apiaceae. Subsequently, a
synthetic chemical lure, derived from the odours of these flowers, was tested in the

laboratory and the field.

Fieldwork surveys collected eleven of the thirty-four British mosquito species within the

survey, adding eight more species to the local record.

The wing morphometric approach for species discrimination, following optimisation, led to
the development of a new computerised approach and workflow that demonstrated 84%

accurate species identification. This technique represents a viable, cost effective,
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identification method for those without access to molecular methods, subsequently leading

to better data relating to their distributions.

In behavioural assays, both Culex pipiens s.s. and Culex torrentium were shown to be attracted
to Apiaceae flowers. However, there was no significant difference in preference to different
flower species within the Apiaceae, nor between the two mosquito species. Following field
and laboratory testing, the synthetic lures were found to have no significant influence on

behaviour or detectable catch rate increase in traps in the field.
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1 General Introduction

1.1 Mosquitoes and Disease

Through their ability to transmit viral and parasitic pathogens to humans, mosquitoes cause
millions of deaths every year and are considered one of the deadliest animals in the world
(WHO 2016). Malaria alone is still one of the largest causes of death, despite the recent
downward trend in human mortality due to the upscaling of mosquito control activities (Bhatt
et al. 2016). Whilst the progress that is being made in the fight against malaria is welcome,
the fight against mosquito-borne diseases is a continually evolving struggle. Emerging and re-
emerging diseases continue to threaten human health, and mosquito-borne diseases feature
strongly within the threat (Taylor et al. 2001). Dengue incidence has risen 30 fold over the
past 50 years (WHO 2016). Similarly, Chikungunya and Zika are spreading geographically, with

countries reporting first outbreaks of disease among their populations (WHO 2016).

Although the diseases mentioned above are mainly restricted to the tropical and sub-tropical
regions (Bhatt et al. 2013; Nsoesie et al. 2016; Samy et al. 2016), temperate climes are also
seeing increasing disease burdens from mosquito-borne diseases and mosquito-borne viruses
(MOBVs) in particular. One striking example of this would be the emergence and rapid
expansion of West Nile virus (WNV) in North America from an initial outbreak in New York in
1999 to a persistent continent-wide cause of morbidity and mortality, affecting 46 US states
by January 2017 (CDC 2017). As all mosquito-borne disease incidence is a result of the
interaction between the mosquito vector, the pathogen and the blood meal host (Dennison
et al. 2014), the distributions of these diseases are typically constrained by the ecological
habitat range of their competent vectors. The level of interaction is further complicated, and
so too the disease distribution, in the case of zoonoses, those diseases which normally exist

in animals but can infect humans.
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1.2 British mosquitoes

Thirty-four mosquito species (Figure 1) are currently listed as present in the British Isles and
are considered as permanent autochthonous residents comprising of six species of
Anophelinae, all are genus Anopheles and twenty-eight species of Culicinae comprising of
seven genera: three Aedes species, one Coquillettidia species, four Culex species, seven
Culiseta species, one Dahliana species, eleven Ochlerotatus species, one Orthopodomyia
species (Harbach & Howard, 2007; Medlock et al., 2005; Medlock & Vaux, 2009; Reinert et
al., 2006, 2009).

Throughout this thesis, mosquito species naming conventions are based on Chandler (2017);
this is the latest relevant checklist for British diptera and reflects most of the updated species
naming conventions (Reinert et al. 2009), although it has not adopted the Ochlerotatus

(Aedes) genus naming suggested in Wilkerson et al. (2015).

Due to the number of species, and the ability of mosquitoes to exploit ecological habitats,
mosquitoes are common across most of Britain (Snow 1986). Urbanisation and changes in
land use have changed much of the British landscape, often reducing biodiversity and
removing habitat niches. However, these changes offer excellent opportunities to generalist
species, such as representatives of the Culex pipiens complex (Vinogradova 2003), which can
tolerate or adapt to change or move quickly to new habitat creation (Becker et al. 2010a).
Urbanisation has been particularly important for mosquitoes (Vinogradova 2003); with
aspects such as the urban heat island (UHI) effect increasing the temperature in cities in
general, and at night in particular (Bohnenstengel et al. 2011). This effectively increases the
habitable ranges for species near their northern range limit, and the length of the breeding
season for others. Strategies such as the creation of urban wetlands to reduce the effect of
the UHI can create new habitats for mosquitoes, and as such require careful consideration
(Medlock and Vaux 2015a). Other factors associated with residential development, such as
the use of artificial water containers for the collection and storage of rainwater, which
increase the availability of predator-free breeding sites (Townroe and Callaghan 2014),

encourages mosquito population growth for those species which can take advantage of these

Page | 2



features (Derraik 2005). Similarly, evidence suggests that climate change is increasing the
length of the breeding season and therefore increasing mosquito abundance, and reducing
duration and severity of winters increasing the overwintering survival rates of important
species such as Culex pipiens s.|., Coquillettidia richiardii and Ochlerotatus punctor (Snow and
Medlock 2006; Bale and Hayward 2010; Townroe and Callaghan 2014; Medlock and Leach
2015; Ewing et al. 2016). These changes can result in increased numbers of mosquitoes
directly adjacent to the human population causing increased interactions between them and

therefore increasing the opportunity for vector-borne disease transmission (Reiter 2001).
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Figure 1 Taxonomic tree of the 34 British Culicidae species. This diagram is based on the taxonomic
checklist from Chandler 2017 and forms the basis of the nomenclature used throughout this thesis
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1.3 British Mosquitoes of potential medical importance

Included here is an overview of those mosquitoes which are permanent inhabitants of the
British Isles and which may be expected to act as vectors in future disease outbreaks, and/or
are demonstrated as acting as pests through nuisance biting. Currently, there is no evidence
of autochthonous mosquito-borne transmission in humans in the UK (Medlock and Vaux
2016). Of the 34 species recorded in the British Isles most will bite humans and at least a
dozen are associated with doing so at such a level as to cause a nuisance (Medlock and

Hansford 2012).

British mosquitoes from the Culex pipiens complex: Culex pipiens s.s., Culex pipiens var.
molestus and Culex torrentium are potentially important as vectors of various diseases within
wildlife reservoirs and as bridge vectors to humans (Fonseca et al. 2004; Hamer et al. 2008),
this complex of species and subspecies is generally referred to as Culex pipiens s.l. in this
thesis. Certain Culex species, particularly Culex modestus and Culex pipiens var. molestus,
could act as direct vectors between humans if the disease was prevalent in humans; their

direct threat to humans is modified by their host-seeking behaviour.

It is important to consider the research from Europe as it may be possible to make predictions
of habitats for British mosquitoes from high quality studies from nearby countries such as
Belgium (Versteirt et al. 2013) where species’ associations with habitat types could be
distinguished. Outside of the UK, Culex pipiens s.l. have been identified as confirmed or most
likely vectors of West Nile Virus (WNV) in a number of outbreaks affecting humans and
livestock. In 1996, an outbreak of WNV in south-eastern Romania caused 17 human deaths;
in this outbreak 393 patients were identified (Tsai et al. 1998). An outbreak of equine
encephalomyelitis, amongst racehorses caused by WNV occurred in the Tuscany region of
Italy in 1998 (Romi et al. 2004). Whilst no WNV was recovered from mosquitoes following
that outbreak, it was considered most likely that Culex impudicus Ficalbi (not found in the UK)
acted as the enzootic vector, and Culex pipiens s.l. as the bridge from avian to equine hosts
(Romi et al. 2004). More recently, in 2010 Culex pipiens s.|. was implicated in an outbreak

WNV lineage 2 in Greece (Papa et al. 2011), in the article the author reported endophilic Culex

Page | 5



pipiens, collected by means of human bait method, as being the dominant mosquitoes in the
rural region of Greece that was affected, this makes it very likely that the anthropophilic var.
molestus sub-species of Culex pipiens was involved in the outbreak. Culex pipiens var.
molestus is an aggressive biter of people (Vaux et al. 2015) as is the recently re-established
Culex modestus; although currently restricted to the south of England, this mosquito species
is aggressively anthropophagic and a principle vector of West Nile Virus in southern Europe
(Golding et al. 2012). Culex modestus was identified as a principal vector of WNV in the
Camargue in France (Balenghien et al. 2008). Magurano et al. (2012) reported an outbreak of
WNV on the island of Sardinia, Italy, in 2011 that led to four human deaths; again, Culex

pipiens s.l. mosquitoes were considered to be the most likely vector species.

Culex pipiens s.l. have been shown to bite humans, rabbits and birds (Service 1971a) and also
frogs, lizards and snakes (Snow 1990), but are typically considered as being preferentially
ornithophilic. In Italy, differential host feeding preference between bird species has been
demonstrated, with different preferences in urban and peridomestic populations of Culex
pipiens s.l. (Rizzoli et al. 2015). Interestingly, Rizzoli et al. (2015) also reported seasonal
variation in avian host preference that was not explained by the change of bird species
abundance caused by bird migration. Those species such as Culex pipiens s.s. and Culex
torrentium, which are considered primarily ornithophilic, can have significant roles in the
amplification, maintenance and dispersal of disease through avian hosts (Farajollahi et al.
2011; Leggewie et al. 2016) as they are competent vectors of several viruses, filarial worms
and avian malaria (Farajollahi et al. 2011). Culex pipiens s.s. has been identified as a
competent vector for WNV and a candidate bridge between avian and mammalian hosts

(Turell et al. 2005; Kilpatrick et al. 2006).

Within the Culex genus, species diagnosis can be challenging. For example, discrimination
between Culex pipiens s.s. and Culex pipiens var. molestus is not possible morphologically
(Becker et al. 2010a) and for dead specimens requires identification by molecular methods
such as those developed by Bahnck & Fonseca (2006). However, where specimens are reared
on to adulthood from eggs or larvae, confidence in species identification, by observation of
behaviour, increases due to Culex pipiens s.l. being eurygamous (requiring an ample space to

mate) and anautogenic (requiring a blood meal for egg creation) and Culex pipiens var.

Page | 6



molestus being stenogamous (needing little space to mate) and autogenous (not requiring a
blood meal before laying eggs); autogeneity is considered sufficient to discriminate between
these subspecies (Farajollahi et al. 2011). Species discrimination between Culex pipiens s.s.
and Culex torrentium is similarly difficult; males can be identified by morphological
differences in their terminalia, but there are no such differences between the females (Becker
et al. 2010a). Elsewhere in Europe Culex torrentium has been shown to be more common
than Culex pipiens s.s. in Sweden (Hesson et al. 2014), and evidence suggests that it is the
principal enzootic vector of Sindbis virus in Sweden (Hubdlek 2008). Taken together, these
factors provide support for the importance of carrying out more research into Culex
torrentium distribution and behaviour as a species and not simply treating Culex pipiens s.l.

as a homogenous species complex.

Ochlerotatus detritus is a persistent biter of humans and is locally common in parts of the UK
(Snow 1990), being the most prevalent species in some coastal and estuarine habitat areas
(Clarkson and Setzkorn 2011) and is associated with significant nuisance biting in these
regions (Medlock and Hansford 2012). In addition to humans, it also feeds on bovids, pigs,
other mammals and birds (Service 1971a) and may, therefore, act as a bridge vector between
species. Oc. detritus has been shown, in the laboratory, to be a competent vector for West
Nile Virus, but showed no evidence of competence for dengue or chikungunya viruses

(Blagrove et al. 2016)

Anopheles mosquitoes are notoriously associated with malaria, and indeed the Plasmodium
vivax strain of malaria was once autochthonous in Britain (Ramsdale and Snow 1995; Dobson
1998) up until the start of the 20™" century, when changes in housing and farming practices
including the separation of human and animal housing caused its incidental eradication
(Ramsdale and Gunn 2005). Members of the Anopheles maculipennis Meigen complex are the
dominant European vector of vivax malaria, three species of this groups have been reported
in Britain: Anopheles atroparvus van Thiel, Anopheles messae Falleroni and Anopheles daciae
Linton, Nicolesu and Harbach (Danabalan et al. 2014). However, vector competency for
malaria is also apparent in other species, such as Anopheles plumbeus Stephens (Bueno-Mari

and Jiménez-Peydrd 2011).
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1.4 What are Mosquito-borne organisms and competent
vectors

Mosquito-borne organisms (MOBOs) are those organisms and viruses which have mosquitoes
acting as the vector between hosts. MOBOs can be zoonotic, normally existing in and
transferred between animals, and to humans from animals, by mosquitoes. They can also be
transferred between humans by mosquitoes without an animal intermediary, other than the

vector mosquito.

Competent vectors are, in general terms, organisms which can acquire, maintain and transmit
microbial agents to other species. Not all competent vectors are blood feeders, freshwater
snails and schistosomiasis for example, and not all blood feeders are competent vectors of all
diseases (Kenney et al. 2017). Within this thesis, competent vector is used to refer to
mosquitoes specifically. For mosquitoes to complete this role they must be able to ingest the
organism/virus in the course of their blood feeding from an infected blood meal host, they
then need to be able to pass the this on to further hosts during subsequent blood feeding
(Chamberlain and Sudia 1961). For onward transmission, there needs to be a sufficient load
of the pathogen transmitted to the host to cause infection in this new organism (Ahmed et
al. 2007). As with all modes of disease transmission, an infection threshold must be overcome
before a successful infection can take place, this requires sufficient inoculum of pathogen to

allow the pathogen to persist in the vector (Hubalek 2008).

The vector competency of a mosquito species is not a constant, and may vary spatially and
temporally (Vaidyanathan and Scott 2007; Leggewie et al. 2016), and in response to
environmental conditions such as temperature (Leggewie et al. 2016; Vogels et al. 2017). The
effect of temperature has been demonstrated experimentally to be sufficient to prevent
transmission of WNV by southern European Culex pipiens s.s. after 14 days incubation at 18
©C, whereas transmission was observed at 23 °C and 28 °C by Vogels et al. (2017). However,
Leggewie et al. (2016) found that northern European Culex pipiens s.s. and Culex torrentium
had high rates of tissue dissemination of WNV by 28 days post infection at 18 °C, and found

no significant difference between dissemination rates between these species at 18 °C and 25
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OC. This suggested that there might be variation between populations, that the failure of
transmission at 18 °C is related to factors other than viral dissemination in the mosquito or
that a longer incubation period is required for transmission to occur. It should be noted that
successful dissemination of virus does not necessarily mean that transmission will occur

(Vogels et al. 2017).

Being a competent vector is only one of the required factors in vector incrimination. In
addition to establishing a species as a competent vector, it is necessary to demonstrate
synchrony between the mosquito species and the cases of diseases, whether human or
animal, and the presence of the pathogen in the mosquito (Beier 2002). There should also be
evidence of direct contact between the mosquito species and host, this is often identified by
human landing/biting catches or by analysis of blood meals. In post outbreak investigations,
it is important to find evidence of the pathogen in the local mosquito population. When all

three states are met then incrimination can be made with high confidence (Beier 2002).

1.5 Are there mosquito-borne organisms in the UK?

Although there are at least 10 mosquito-borne viruses in Europe, belonging to 3 families —
Togaviridae (Sindbis, Chikungunya), Flaviviridae ( West Nile, Usutu, Dengue), Bunyaviridae (
Batai, Tahyfia, Snowshoe hare, Inkoo, Lednice) (Hubalek 2008), there is no published research

suggesting that any MOBOs are currently endemic in the UK (Medlock et al. 2007).

However, (Buckley et al. 2003, 2006) provided evidence that at least three MOBQOs West Nile
virus (WNV), Usutu virus (USUV) and Sindbis virus (SINV), have been introduced to the UK
resident bird population by vector activity of mosquitoes receiving viral infection from
migratory birds. They also found that birds often had neutralising antibodies for combinations
of the viruses discussed; suggesting that the viruses share overlapping habitats. Buckley et al.
(2003) suggested two explanations regarding the lack of bird mortality due to WNV infections:
first that the local bird populations have been exposed to these viruses for many years and

have developed herd immunity, or second that the viral strains found in the UK are avirulent,
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and that the strain in North America, with its resultant high avian mortality, is more virulent

than that found in the UK (Buckley et al. 2003).

West Nile virus is a flavivirus and a member of the Japanese encephalitis group (Hubalek
2008), and originally isolated in 1937 in the West Nile district of Uganda (Smithburn et al.
1940). It is one of the most widespread of the Flaviviridae and is found through Africa, Asia,
Europe, Australia and America (Hubalek 2008). The introduction of WNV to America in 1999
is, perhaps, one of the most studied and discussed MOBO introductions, with almost 13000
publications between 1999 and 20009 listed for the search “WNV America” on Google Scholar.
The WNV outbreak in the USA would serve as a reminder, if one were needed, of the impact
of a novel pathogen into a naive system, and the necessity of horizon scanning research and

surveillance.

Distribution of West Nile fever cases by affected areas, European region and Mediterranean basin (ﬁ
Transmission season 2017 and previous transmission seasons; latest data update 6 Jul 2017 oo

I Current season
Previous season
Earlier seasons
No reported cases
Not included

ECDC. Map produced on: 7 Jul 2017

Figure 2 Distribution map of West Nile fever cases in Europe. As of 06/07/2017, no clinical cases had
been reported for this season. However, we have yet to reach the peak of the mosquito season and
previous West Nile fever reporting period which is typically in August. ECDC (2017)
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Sindbis virus is an alphavirus and member of the American Western equine encephalomyelitis
complex (Hubdlek 2008). Sindbis virus is seen in northern Europe and Scandinavia as well as
Africa, Asia and Australasia (PHE 2014). Culex pipiens and Culex torrentium are enzootic
vectors for Sindbis virus infection in Sweden amongst and between migratory and non-
migratory birds (Hesson, Verner-Carlsson, et al. 2015). Culex torrentium also has a greater
prevalence than Culex pipiens in more northern regions (Hesson et al. 2014). In Sweden Culex
torrentium are found to be more competent vectors of SINV than Culex pipiens (Hesson,
Verner-Carlsson, et al. 2015). Buckley et al. (2003) found serological evidence of SINV in non-

migratory wild birds and sentinel chickens (Buckley et al. 2006) in Britain.

Sindbis virus

Figure 3 Geographic distribution of Sindbis virus in Europe. Black points indicate the locations of virus
isolation; white circles indicate the locations where specific antibodies have been detected. Figure
reproduced from Hubdalek (2008).
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Usutu virus is a flavivirus and member of the Japanese encephalitis group (Hubalek 2008), and
was first isolated in South Africa in 1959 from Culex univittatus (Hubdalek 2008). USUV was
also found in British birds in the form of virus-specific neutralising antibodies in Buckley et al.
(2003), it was subsequently found in sentinel chickens (Buckley et al. 2006); although at the
time there had been no evidence of human morbidity associated with this virus in Europe.
Rather it was related to significant bird mortality (Hubalek 2008; Ashraf et al. 2015). More
recently, however, USUV has been demonstrated to cause human morbidity and to be neuro-
invasive (Ashraf et al. 2015; Grottola et al. 2017) following the first record of human infection

in Europe in 2009 (Pecorari et al. 2009).

1.6 Future threats: climate change and the impact of land use
change

As discussed, the British Isles are not currently under pressure from autochthonous MOBOs,
but in the face of increased human mobility and transportation of goods, climate change and
land use change, it is, on the balance of probabilities, likely that MOBOs might be introduced
in future (Vardoulakis and Heaviside 2012). In response to the changing and rising threat of
mosquito-borne disease, the European Centre for Disease Control (ECDC) produced the
Guideline for the surveillance of native mosquitoes in Europe (ECDC 2014).This document
clearly describes the importance of surveillance and the generation of increased
understanding of native mosquitoes in mitigation of the increasing mosquito-borne disease
threat. Indeed, the document’s executive summary states that “Vector-borne diseases,
including those transmitted by native mosquitoes, should, therefore, be a high priority for

public and veterinary health authorities across all of Europe.” (ECDC 2014).

A significant body of work is being carried out to see which MOBOs could establish in the UK
as a result of climate (Medlock et al. 2005, 2006; Lindsay et al. 2010; Medlock and Leach 2015)
and land use changes (Lindsay et al. 2010; Medlock and Vaux 2011, 2015a) and findings
suggest that risk will increase over time and that efforts to monitor the situation need to be
continued. The changing nature of distributions is exemplified by the re-introduction, and

apparent establishment, of Culex modestus (Golding et al. 2012), and the recent discovery of
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visiting Aedes albopictus (Medlock et al. 2017), which is second only to Aedes aegyptiin terms
of vector competence for Dengue virus. It has also been demonstrated in the laboratory to
be a competent vector for seven alphaviruses, eight bunyaviruses and three flaviviruses
(Benedict et al. 2007). Post-invasion, the potential for establishment of Aedes albopictus
estimates for the potential range within which it could overwinter under current temperature
conditions have been predicted (Figure 4). These are based on two critical climate parameters
requirements for overwintering of the species: the January temperature isotherm (TJan)
which is related to the eggs surviving winter and annual rainfall (AR) determining the
likelihood of inundation of oviposition sites. If the overwintering conditions for Aedes aegypti
are indeed TJan > 0 °C and AR > 500 mm then most of the UK offers suitable conditions for
overwintering which is considered the standard threshold (Medlock et al. 2006; Vardoulakis
and Heaviside 2012). The ability to overwinter is critical for any invasive species establishment
as the absence of this ability would be a barrier to dispersal (Kolar and Lodge 2001). Provided
that egg survival rates are high enough to support year to year persistence then Aedes
albopictus could become established and potentially increase its cold adaptation still further

as has occurred in North American Aedes albopictus population (Hawley et al. 1989).

A persistent population of Aedes albopictus would present a significant increase in the risk of
mosquito borne disease in the UK. This potential is exemplified by an outbreak of chikungunya
virus in Italy in 2007 that caused symptomatic infection in 205 humans, and one fatality (Rezza
et al. 2007). This outbreak was caused by the importation of the disease by a single infectious
host visiting the area. Initial studies postulated that Aedes albopictus were the most likely
vector in this outbreak (Rezza et al. 2007), this was subsequently confirmed during post
outbreak investigations in which all other locally collected species were found to be free from
the virus, but locally collected Aedes albopictus tested positive for chikungunya (Bonilauri et
al. 2008). Italy was first colonised by Aedes albopictus in 1990 following the importation of

scrap tyres containing eggs from the USA (Romi 2001).

As with their guidance for native mosquito surveillance, the ECDC has issued a technical
report for the surveillance of invasive mosquito species and reinforcing the importance of this

work (ECDC 2012).
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Figure 4 Establishment zones for Aedes albopictus, based on overwintering survival requirements of
(left) TJan 0 °C AR 500 mm, (middle) TJan 1 °C AR 600 mm, (right) TJan 2 °C AR 700 mm. Areas in grey
represent areas for establishment Figure from Medlock et al. 2006.

1.7 Thesis rationale

Despite the future potential for mosquito borne disease in the British Isles, our understanding
of native British mosquitoes is incomplete. The historical mosquito species record, and
distribution data, appear limited and patchy. These data are important as these would form
the basis for mosquito control interventions and planning in response to future disease
outbreaks, they inform climate and land use modelling and good quality mosquito distribution
data are essential for the basis of future ecological studies. The presence of cryptic, sibling,
species in the region, such as Culex pipiens s.s. and Culex torrentium, causes a significant
challenge to the generation of these data as it is often not possible to confidently identify
which species specimens belong to using morphological methods. This has, historically,
resulted in the use of species complexes in distribution data, which is unsatisfactory in the
case of Culex pipiens s.s. and Culex torrentium as they have demonstrated differences in host
preference and vector competencies (Fonseca et al. 2004; Hesson, Verner-Carlsson, et al.

2015).
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Data related to the ecology, distribution and behaviour of target mosquito species form the
basis of control measures (Becker et al. 2010a; Cameron and Lorenz 2013) and are typically
targeted towards females as these are the disease vectors and so ultimately control must
result in their reduction. Male mosquitoes have been largely ignored in mosquito control
interventions as the link between the number of males is not likely to cause a linear reduction
in the threat of disease transmission. However, if male populations can be effectively targeted
and significant reduction of the male population achieved it has been demonstrated that a
population threshold can be reached that causes significant mosquito population through the
reduced availability of breeding age males (Sawadogo et al. 2017). This was achieved by the
application of insecticides directly to swarms of males, but there should also be potential to
achieve this by the deployment of lethal traps adjacent to swarming locations (Diabate and
Tripet 2015). To achieve maximum effectiveness therefore, highly attractive lures should be
employed to effect maximum collection rates by these traps. However, currently there is very
little male specific data that can be applied in these areas of sugar feeding attraction,
necessitating more study to be conducted in this aspect of behaviour to determine whether

such highly attractive baits can be created.

1.8 Thesis aims

There are three aims of this thesis:

1) To investigate the current mosquito distribution data for North Staffordshire and its
environs and to add new species occurrence data.

2) To investigate and optimise a non-molecular, wing morphometric, method for the
diagnosis of species between female Culex pipiens s.s. and Culex torrentium
mosquitoes.

a. Can a wing morphometric analysis be used to discriminate between these
female mosquitoes from the local mosquito population?

3) To examine the olfactory-mediated sugar feeding behaviour of wild male Culex pipiens
s.s. and Culex torrentium to determine:

a. Are these mosquito species attracted to odour emissions from inflorescences
from selected Apiaceae species?

b. Do preferences differ between mosquito and flower species?
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c. Do the proposed synthetic blends based on floral emissions demonstrate
similar preference behaviour to the natural emissions?
d. Do the proposed synthetic blends cause an increase in trapping efficiency in

field testing?

1.9 Thesis structure

Chapter 2 describes the molecular methods of species identification used throughout the

studies undertaken in subsequent chapters.

Chapter 3 reviews current British mosquito distribution data. It then describes the results of
field survey work aimed at improving the local mosquito species record. Particular attention
was applied to the identification of Culex pipiens s.s. and Culex torrentium, in light of their
different potential roles in disease outbreaks in Britain, and the chronic underreporting of

Culex torrentium numbers due to them being homogenised within the Culex pipiens complex.

In chapter 4.1, the method of discrimination between Culex pipiens s.s. and Culex torrentium
using wing morphometrics proposed by Borstler et al. (2014) is validated using wildtype
British specimens from the north Staffordshire region. Chapter 4.2 details the process of
developing, optimising and testing a new wing morphometric method and presents a new

software tool for the species diagnosis of Culex pipiens s.s. and Culex torrentium.

Chapter 5.1 relates to the analysis and quantification of VOCs emitted by flowers from British
representatives of the Apiaceae family. Qualitative and quantitative analyses are conducted
to compare the emission profiles between the species, and to identify the presence of

compounds which have been shown to influence mosquito behaviour.

In chapter 5.2 the design, build and testing process for the dual choice olfactometer to be
used for behavioural assays is presented. The chapter concludes with testing of the physical

units for positional bias and confirmation of the suitability for use.
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Chapter 5.3 examines the olfactory-mediated behaviour of male Culex pipiens s.s. and Culex
torrentium in relation to selected Apiaceae species’ flowers, as potential sugar sources.
Preference was quantified by a novel and conservative preference index, the Expressed
Preference Index (EPI) designed to avoid the exaggeration of preference which is possible in

the high duration assays conducted here when using traditional preference indices.

In chapter 5.4, two synthetic chemical blends, are assayed against male Culex pipiens
mosquitoes using the dual choice olfactometer and tested in the field as additional chemical

lures to augment light trapping.

Chapter 6 contains the general discussion and conclusions for the thesis.
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2 Molecular identification protocols

2.1 PCR Method for the Identification of Culex pipiens s.s. and
Culex torrentium
The identification of many mosquito species can be conducted using traditional
morphometric methods, using dichotomous keys such as those created by Cranston et al.
(1987), Snow (1990) and Becker et al. (2010). However, many research situations obviate the
use of morphological methods, either due to hybridisation between species (Fonseca et al.
2009), due to the presence of cryptic species, as is the case for female Culex pipiens s.s. and
Culex torrentium (Dahl 1988; Becker et al. 2012) or cryptic sub-species such as Culex pipiens
s.s. and the autogenous Culex pipiens var. molestus (Shute 1951; Dahl 1988) or the molecular
forms of Anopheles gambiae (Diabaté et al. 2008). Challenging species discrimination
scenarios such as these have often, historically, resulted in the formation of species
complexes (Becker et al. 2012; Harbach 2012; Obenauer et al. 2013). Relatively recently,
compared to the long history of mosquito research, new molecular methods have increased
the diagnostic power of species identification, opening novel avenues for inter-species
research into the behaviour and ecology of mosquitoes. These new approaches also inform
taxonomy, which is still resulting in rearranging of taxonomic groupings and the identification

of new species (Harbach 2007; Reinert et al. 2009; Wilkerson et al. 2015).

The focus species for the research within this thesis are Culex pipiens s.s. and Culex
torrentium. Therefore, accurate identification of these species was critical. Morphological
identification using dichotomous keys (Snow 1990; Becker et al. 2010a) could be confidently
achieved to genus for all adult specimens; at this point, male species identity could be
determined by examination of the terminalia. However, for females no further morphological
discrimination beyond genus was possible. The potential for the use of the presence or
absence of pre-alar scales for female species discrimination (Cranston et al. 1987) was
considered as a method but discounted due to the unreliability of this approach (Onyeka
1982; Danabalan et al. 2012). Identification based upon 4t instar chaetotaxy, specifically the
number of thoracic dorsal setae on each side and the characteristics of the inset setae on the
anal segment (Becker et al. 2010a), appeared to have some merit. However, in my experience,
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the observation of the presence of occasional bilateral asymmetry and intermediate forms

ruled this method out due to reduced confidence in the accuracy of the method.

When considering which molecular approach to use for identification, three methods
appeared to be the best candidates within the literature. All were based on DNA extraction
and polymerase chain reaction (PCR) and had been shown to work well with for the
identification of Culex pipiens s.s. and Culex torrentium (Smith and Fonseca 2004; Shaikevich
2007; Rudolf et al. 2013). Smith & Fonseca (2004), developed a series of PCR-based assays
which exploit polymorphisms in the acetylcholinesterase-2 (ace-2) gene locus; they designed
and tested multiple primer pairs to allow the identification of Culex pipiens s.s., Culex
quinquefasciatus, Culex pipiens pallens, Culex australicus, Culex torrentium and Culex
pervigilans. Shaikevich (2007) proposed a method based on PCR-restriction fragment length
polymorphism (PCR-RFLP). PCR was used to amplify a 603 bp fragment of the 5’ end of the
mitochondrial cytochrome oxidase C subunit 1 (COI) gene; differentiation assays between
Culex pipiens and Culex torrentium by Bcll restrictase, and Culex pipiens and Culex pipiens var.
molestus by Haelll restrictase. The final candidate method was developed by Rudolf et al.
(2013) and was designed to be a high throughput real time-PCR (rtPCR) method to allow the
identification of large numbers (up to 25) of specimens in batches. This was designed to work
with a multiplex of species-specific primers and probes to facilitate the amplification and
guantification of DNA respectively. Primers were designed based on microsatellite CQ11 gene
loci for Culex pipiens and Culex pipiens var. molestus and on the ace2 gene for Culex

torrentium.

Other molecular methods of species discrimination have been shown to work successfully
with British mosquitoes. For example Herndndez-Triana et al. (2017) used DNA barcoding
methodology (Hebert, Cywinska, et al. 2003; Hebert, Ratnasingham, et al. 2003) to
discriminate between broad species groups. This approach has the advantage of requiring the
PCR amplification of the same 658 bp fragment of the 5’ end of the COI gene for all mosquito
species, which simplifies the method significantly. Subsequent matching of sequence data to
the GenBank database allows species identification. However, the Herndndez-Triana et al.
(2017) approach, whilst powerful, does not discriminate between Culex pipiens s.s. and Culex

torrentium and so was not suitable for use in this study.
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Here we validate Smith's & Fonseca's (2004) ‘Eurasian multiplex’ primer mix which only
contains primers for Culex pipiens and Culex torrentium, alongside the primers, minus the
probes, for the same two species, devised by Rudolf et al. (2013). These were used in end-
point PCR assays for species confirmation of Culex mosquitoes collected in North Staffordshire
and environs, for use in ecological surveying and subsequent empirical study within this
thesis. Shaikevich's (2007) method was not included in the testing and validation here as it
was felt that the additional steps required to conduct the RFLP process was an unnecessary
complication which would not be required should either of the other two methods be judged

as suitable for the purpose of this research.

2.1.1 DNA extraction

All PCR and DNA extraction reagents were stored at -20 °C, except for 5 % Chelex which was
stored at 4 °C. All pipette tips and tubes were autoclaved prior to use. All utensils and the
microscope stage used in the specimen preparation were cleaned with 100 % ethanol prior

to use and between each sample.

DNA was extracted using a Chelex® 100 and Proteinase-K master mix method adapted from
(Walsh et al. 1991), and single legs from mosquito specimens. Due to the high viscosity of the
Chelex® cut-off pipette tips are required when pipetting, and were used whenever necessary.
A single leg was removed using fine forceps, sterilised with 100 % ethanol, from each locally
collected mosquito specimen. For the purpose of this validation, each specimen had been
previously identified, morphologically, as members of the Culex genus. Each leg was
transferred to a labelled 0.2 ml clear tube (Bio-Rad TBS0201) with flat cap (Bio-Rad TCS0803).
The single leg samples were used whole, without physical homogenisation. 5% Chelex® 100
stored in a bottle with magnetic flea was placed on a magnetic stirrer at room temperature.
30 ul per specimen of 5% Chelex® 100 was added to a 1.5 ml Eppendorf tube. Proteinase K
(Bioline BIO-37037) was dissolved into PCR water at 10 mg/ml. 20 pl per specimen of 10
mg/ml Proteinase-K was added to the 1.5 ml Eppendorf previously loaded with Chelex® to

complete the 50 ul per reaction extraction mix.
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Before each DNA extraction, the extraction mix was vortexed to ensure the Chelex® remained
suspended. 50 pl of master mix was added to each single leg specimen tube. Care was taken
to ensure that the leg was submerged in the master mix and that there were no bubbles in
the reaction volume. Samples were then placed in a thermocycler (Techne® 5Prime/02, Cole-
Parmer) with the heated lid turned on at 105 °C, and run at 56 °C for 10 minutes then 96 °C

for 10 minutes. The DNA extracts were then either used immediately or stored at -20 °C.

DNA extraction was tested using a Quant-iT™ High-Sensitivity dsDNA Assay kit (ThermoFisher
Scientific), and a Qubit fluorimeter. Two single leg extractions, from different specimens, and
one double leg extraction from a single specimen were quantified, and both treatments
showed sufficient DNA present for amplification by PCR. Single leg treatments showed 77 ng

mlt and 173 ng ml. Double leg treatment showed 342 ng ml™.

2.1.2 DNA amplification using PCR

DNA amplification was initially trialled using 2 different multiplex primer sets devised by Smith
& Fonseca (2004) and Rudolf et al. (2013). The primers from Smith & Fonseca (2004) use two,
species specific, forward primers, ACEpip and ACEtorr, and a single reverse primer, B1246s,
which is common to both species. These primers target the acetylcholinesterase gene (ACE2).
The Rudolf et al. (2013) primers have species-specific primer pairs which target loci on
different genes, PIP F and PIP R target the CQ11 locus of Culex pipiens s.s., and TORR F and
TORR R, which target the ACE2 gene in Culex torrentium. Details of the primer sequences,
melting points and expected fragment sizes are collated in Table 1, those from Smith &
Fonseca (2004) are quoted from the original article, for Rudolf et al. (2013) these were
calculated (Appendix 1) using Primer-BLAST (Ye et al. 2012). All primers were prepared by
Eurofins Scientific. All primers were received as 100 picomole solutions and diluted 1:10 with

PCR water.
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Table 1 Primers used for discriminatory identification of Culex pipiens s.s. and Culex torrentium
mosquitoes. *Fragment size from Smith & Fonseca (2004). ** Fragment length range for the target
species, from NCBI PrimerBlast (Appendix 1).

Primer Primer sequence Melting point °C Fragment size
Name (bases)*

ACEpip 5' GGAAACAACGACGTATGTACT 3' | 56.05 609*

ACEtorr 5' TGCCTGTGCTACCAGTGATGTT 3' | 60.3 416*

B12346s 5' TGGAGCCTCCTCTTCACGG 3! 60.98

PIP F 5' GCGGCCAAATATTGAGACTT 3! 56.48 163-171**

PIP R 5' CGTCCTCAAACATCCAGACA 3' 57.54

TORRF 5' GACACAGGACGACAGAAA 3! 54.18 116**

TORRR 5' GCCTACGCAACTACTAAA 3! 51.66

The PCR master mixes were optimised, by experimentation, to provide consistent results

using DNA extracted from single legs. Table 2, shows the master mix concentrations for the

PCR reaction using the primers designed by Smith & Fonseca (2004). Table 3, shows the

master mix concentrations for the PCR reaction using the primers designed by (Rudolf et al.

2013). To ensure sufficient master mix volume, when preparing master mixes the volume

calculations were based on n + 1 reactions or n + 10 %, where n is the number of specimens

to process, whichever was the greater. Reactions for all primers took place in a Techne®

5Prime thermocycler using the protocol outlined in Table 4.
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Table 2 Master mix details for the PCR reaction. This multiplex reaction uses primers from Smith &
Fonseca (2004). The two forward primers are species specific, and the reverse primer B1246s is

shared.
Component Volume (pl) Final concentration
PCR water 11
5x reaction buffer 4 1.5 mM MgCl,
ACE-pip 0.4 0.2 mM
ACE-torr 0.4 0.2 mM
B1246s 0.8 0.4 mM
dNTPs 2.5 mM of each 2
GoTag® G2 Colourless 0.2
Bovine Serum Albumin (BSA) 0.3
MgCl2 25 mM 0.8 1 mM

Table 3 Master mix details for the PCR reaction. This multiplex reaction uses primers from Rudolph et

al. (2013).
Component Volume (pl) Final concentration
PCR water 11
5x reaction buffer 4 1.5 mM MgCl;
PIP F 0.4 0.2 mM
PIP R 0.4 0.2 mM
TORRF 0.4 0.2 mM
TORRR 0.4 0.2 mM
dNTPs 2.5 mM of each 2
GoTag® G2 Colourless 0.2
Bovine Serum Albumin (BSA) 0.3
MgCl2 25 mM 0.8 1 mM
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Table 4 Protocol details for the PCR reaction using ACEpip, ACEtorr and B1246s, PIP F, PIP R, TORR F
and TORR R primers. This program was run on a Techne 5Prime thermocycler, with heated lid at 105
°C.

Temperature Time Cycles
94° C 5 minutes 1

94° C 30 seconds 35
55°C 30 seconds 35
72°C 1 minute 35
72°C 5 minutes 1

4°C Hold Hold

2.2 Gel electrophoresis

2.2.1.1 Preparation of materials for gel electrophoresis.

A solution of 0.5 M ethylenediaminetetraacetic acid (EDTA) pH 8, was prepared as follows:
46.5 g of EDTA and 200 ml of distilled water were mixed in a 500 ml glass beaker with a
magnetic flea and pH meter; this was then placed on a magnetic stirrer. 4 M NaOH was added
until the pH was 8 and the EDTA was dissolved. The resultant 0.5 EDTA solution was

autoclaved before use and stored at room temperature.

Next, 60.5 g of Tris base (Trizma® Base, Sigma-Aldrich), 15 ml glacial acetic acid and 25 ml of
0.5 M EDTA (pH 8) were added to a 250 ml volumetric flask and dissolved together. Distilled

water was then added to a final volume of 250 ml. This was stored at room temperature.

20 ml of this 50x TAE buffer and 980 ml of distilled water were then mixed in a 1000 ml Duran®
bottle, and stored at room temperature before use. 2.25 g of agarose gel powder was added
to 150 ml of 1x TAE buffer, heated in a microwave oven for ~ 3 minutes before cooling in a
water bath at 60 °C. 7.5 pul of ethidium bromide was added to this solution, as thoroughly

swirled, before pouring the gel and allowing it to set. Resulting in a 1.5 % gel.
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2.2.1.2 Sample loading process

5 ul of each DNA sample was mixed with 1 pl of loading dye in a 1.5 ml Eppendorf tube; this
6 ul was then loaded into the allocated well in a 1.5 % agarose gel. Depending on the number
of samples being processed, a 100 base pair ladder was added to one or both end wells of the
gel plate. The positive controls for Culex pipiens s.s. and Culex torrentium were also added to

wells 2 and 3 of each gel. Gel electrophoresis was carried out at 80 V for ~ 1.75 hours.

2.2.2 Gel Imaging
Gels were imaged using a UVP GelDoc-ItTS2 (Ultra-Violet Products Ltd) imaging system.

Images were stored digitally, and physical prints also collected for analysis.

2.2.3 Gel Analysis

Gel Analyzer (version 2010a) (Lazar 2010) was used to calculate the number of base pairs in

target lanes, to check that the correct bands were being amplified from the specimens.

2.2.4 Validation of the approach

To demonstrate the effectiveness of the DNA extraction method, the primer pairings and their
specific PCR cycles, specimens of Culex pipiens and Culex torrentium, previously identified by
morphological features using established keys (Becker et al., 2010a; Snow, 1990), were
selected as subjects for a confirmatory assay. These specimens were processed in accordance

with the protocols described above.

To ensure that the bands present on the gel were those stipulated by the original primer
design papers, and confirmed by NCBI PrimerBlast, the gel was processed using Gel Analyze
(Ver. 2010a) (Lazar 2010). Figure 5 shows the highlighted target bands which correspond to
those stated as diagnostic in the literature (Smith and Fonseca 2004; Rudolf et al. 2013). Table
5is a comparison of the mean calculated fragment sizes to the expected fragment sizes which
were diagnostic for the species. The fragment sizes for PIP F and TORR F are very close to the
expected values, the fragment sizes for ACEpip and ACEtorr, however, are less close to the
expected value; this is thought to be due to the reduced resolution of the Gel Analyzer
software’s approach at larger fragment sizes. The space between the 400-500 bp ladder and

600-700 bp ladder bands is significantly smaller than that between 100-100 bp. Therefore the
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software has lower resolution. The small SDs indicates that the amplification product is similar

in each case.

Table 5 Expected diagnostic fragment size for a primer/species combination, and the mean calculated
fragment size resulting from the PCR assay. Standard deviation is included to show the consistency
within the method. n=3.

Primer/species Expected fragment Mean calculated SD of the calculation
size fragment size

ACEpip/ Cx. pipiens 609 628 2.89

S.S.

ACEtorr/Cx. 416 429 3.51

torrentium

PIP F/ Cx. pipiens s.s. | 163-171 166 2.31

TORRF / Cx. 116 116 4.04

torrentium

The resulting, annotated, gel image (Figure 6) shows the species as determined by molecular
methods. These species determinations agreed in all cases with the a priori identification
made using dichotomous morphological keys (Becker et al., 2010a). Equally important, is the
agreement between the two different primer arrangements, giving further confidence in the
approach, and meaning that either would be a viable method for further use in the study. The
results using the ACEpip and ACEtorr primers, developed by Smith & Fonseca (2004) were

much easier to reliably interpret by eye due to the ~200 bp difference in the fragment sizes.
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Figure 5 This image has been processed using Gel Analyze software. Having trained the software with
the 100 bp ladders, lanes 1 and 15, the software is able to calculate approximate bp numbers for any
band present on the gel.
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Figure 6 Annotated image of confirmatory PCR gel. *Specimens amplified using Smith & Fonseca
(2003) primers. ** Specimens' DNA amplified using Rudolph et al. (2013) primers.

As a final confirmation, the protocol was used to identify a batch of “unknown” Culex
mosquitoes which were a combination of wild caught adults; adults reared on from larvae
collected in the wild and laboratory cultured mosquitoes of each species. The DNA extraction

and amplification protocol were shown to work equally well with both the collected and
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cultured specimens and, as seen in Figure 7, were sufficient to provide the discriminatory

information required for each case.

I Culex torrentium
I Culex pipiens s.s.
I Culex torrentium
I Culex torrentium
I Culex pipiens s.s.
I Culex pipiens s.s.
I Culex torrentium
I Culex pipiens s.s.
I Culex torrentium
I Culex torrentium
I Culex torrentium
I Culex pipiens s.s.
I Culex torrentium
I Culex torrentium
I Culex pipiens s.s.
I Culex torrentium
I Culex torrentium
I Culex torrentium
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Figure 7 Example of a gel resulting from the PCR method in use to identify unknown Culex mosquitoes
from field collection. The labels above show the species identifications confirmed by the molecular
identification method.

2.3 Discussion

When researching possible problems with the chosen method, which might not have been
apparent during the validation conducted here, it was noted that in geographical regions of
hybridization between Culex pipiens and Culex pipiens var. molestus there could be the
potential for misidentification of Culex torrentium as either of the forms of pipiens when
conducting CQ11 based identifications (Danabalan et al. 2012). However, Culex pipiens var.
molestus was considered as not being present in the populations under study due to there
being no evidence of autogeny during any part of the mosquito culturing undertaken in this

study.

It was decided that having optimised and validated the DNA extraction and PCR amplification

methods, the Smith & Fonseca (2003) primers would be utilised for the end-point PCR
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approach being employed. The main reason for this was that the fragment sizes were much
easier to discriminate by eye using these primers than those designed by Rudolph et al.
(2013). This is to be expected, as Rudolph et al. (2013) designed those primers to be used for
real-time PCR (rtPCR), and would, therefore, use a fluorescent probe and be machine read in

real time.

Throughout this method optimisation and validation, and the wider application of this
approach in the broader study, there was no disagreement between morphological
identification, using dichotomous keys, and the molecular identification. This was a critical
validation of the methods of identification and the veracity of the chosen morphological keys

when applied to local Culex mosquitoes.
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3 Mosquito species present in North Staffordshire and
environs

3.1 Introduction and aims of the fieldwork

The aim of the fieldwork was to investigate which mosquitoes are found in North
Staffordshire and bordering areas of Shropshire and Cheshire to enable to local species record
to be updated, and to investigate their ecology in terms of aquatic habitat preference and
temporal abundance. Efforts were made to collect data from different habitat types typical
of mosquitoes and to sample both the juvenile, aquatic, populations and the adult, terrestrial,

populations.

Multiple sampling methods have been utilised during this study, each focussing on different
aspects of mosquito behaviour and life stages. Thereby facilitating evaluation of the mosquito
population and beginning to address the lack of spatially and temporally proximate data

regarding mosquito abundance and distribution.

As was discussed in the main introduction to this thesis, Culex pipiens s.s. and Culex torrentium
mosquitoes are of particular interest to this study, primarily due to the observed abundance
of Culex torrentium in northern areas of Europe (Hesson et al. 2014), and its demonstrated
competency as an enzootic vector of diseases of medical importance to humans and wildlife
(Lundstrom et al. 1990; Hesson, Verner-Carlsson, et al. 2015). The likelihood that Culex
torrentium has been historically overlooked, due to the difficulty of species diagnosis, and are

therefore underrepresented in the species record for the region seemed very high.

3.1.1 Methods of sampling mosquitoes

Due to their complex life histories, there are multiple approaches to sampling mosquitoes
each targeting a different life stage and/or behavioural drivers. Where some organisms have
clear ‘best” methods for sampling, aerial netting adult butterflies, or light trapping moths for
example, there is no real equivalent for mosquitoes, with literature showing many methods

being successfully applied (Silver 2008a; Becker et al. 2010a).
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All mosquito sampling methods carry some bias towards a certain life stage or behaviour
(Silver 2008a). For example, the use of CO, baited light traps is targeted towards and results
in the capture of female mosquitoes engaged in host seeking (Muturi et al. 2007; Hapairai et
al. 2013) whereas netting of mosquito swarms will typically collect more males (Knab 1906;
Service 1994; Yuval et al. 1994). These factors were considered when designing the sampling
strategy. To try and gather representative species data, therefore, required the application of

various methods, each with different foci.

Broadly, mosquito sampling methods can be grouped by whether they target juvenile or adult
specimens and whether they are active or passive approaches. Active sampling comprises the
traditional adult trapping, larval dipping, baited landing catch and oviposition trapping
methods that are targeted toward mosquito collection specifically (ECDC 2014; Kampen et al.
2015). Passive sampling is being used increasingly to avoid the cost, time and labour
requirements associated with active sampling (Kampen et al. 2015). Passive sampling also
includes broad spectrum trapping within which mosquitoes are collected but where
mosquitoes were not the target species of other sampling effort (ECDC 2014), and increasingly
through citizen science and community involvement (Kampen et al. 2015; Vaux and Medlock

2015).

3.1.2 Sampling the juvenile (aquatic) population.

Sampling the juvenile life stages of mosquitoes is a well-used approach for collecting data on
mosquito populations. Because juvenile mosquitoes are found in water bodies selected for
them by their parent, there is an element of habitat preference which can be investigated

through these collections.

Sampling aquatic habitats by dipping with a vessel of known volume, a ‘dipper’, is amongst
the most widely used methods for sampling and as such is included in the guidance offered
by public health bodies (ECDC 2014), due to its proven efficacy and its low cost. As this is an
active method, the amount of sampling possible is limited by the operator’s time and
resources such as fuel needed for sampling visits to sites. Dipping has the advantage of being
easy to standardise in terms of sampling effort. Another positive aspect of dipping is that it
works regardless of the oviposition strategy employed by the adult mosquito, meaning that
as the larvae are sampled directly, the observer can collect specimens whose egg may have
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been laid above the waterline prior to rewetting, or may have been part of floating raft or laid

singly on the water’s surface.

Dipping is not without drawbacks however, and results can vary somewhat between
operators due to different techniques which can be applied and their ability to avoid eliciting
a ‘flight’ response in the larvae and pupae as they approach and walk at the edge of the water,
therefore a time delay between arrival at the water’s edge and the commencement of
sampling is recommended (Silver 2008b). Different dipping techniques exist and can influence
the species represented in a sample, as each method tends to be more effective at sampling
the larvae of different mosquito species (Silver 2008b). For example, if the dipper is quickly
submerged it will sample differently to a dipper which is slowly lowered into the water such
that the water gently flows into the dipper; the slower method might result in bias toward
shallow diving mosquitoes, such as Anopheles, where the faster method might sample more
of the deeper diving species. Species of Mansonia and Coquillettidia mosquitoes require a
particular dipping technique which scrapes the vertical surfaces of submerged vegetation
when dipping if they are to be properly sampled (Batzer 1993), and may still be under-
recorded by dipping using a conventional dipper as the various techniques devised specifically
for sampling Coquillettidia and Mansonia involve removal or significant disruption of aquatic
plants to dislodge larvae (Lounibos and Escher 1983). Another drawback is that dip sampling
has potential for under-sampling of first and second instar larvae (Sulaiman 1983) in part due
to the reduced time spent at the surface of the water for these early instars (Nielsen and
Nielsen 1953) and potentially due seeing first instar larvae in very turbid water. These
difficulties aside, dipping has been demonstrated to be a very powerful method for sampling
a variety of habitats quickly and in a standardised manner which supports further analysis
(Hutchinson 2004; Snow and Medlock 2008; Medlock and Vaux 2014). Standardisation of
sampling is quite straightforward and generally requires the use of an identical dipping vessel

and dipping technique be applied for the same number of dips at each sampling location.

Another approach to sampling juvenile mosquitoes is to sample eggs prior to hatching; this
method is complicated by the various oviposition site preferences displayed between species
of mosquitoes. Site preference is determined by a number of biological factors related to

maximising embryo offspring survival (Refsnider and Janzen 2010), including avoidance of
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predation (Gibson and Torr 1999; Kiflawi et al. 2003; Logan and Birkett 2007), selection based
on the presence of conspecifics (Kiflawi et al. 2003; Sullivan et al. 2014) and sufficient
nutrition for offspring such as bacteria and other microorganisms associated with
decomposing vegetation (Hazard et al. 1967; Merritt et al. 1992). These factors manifest in a
very broad range of oviposition site types across the various mosquito species including
artificial containers, tree holes, ponds, marshes and plant axils (Bentley and Day 1989).
Together these factors mean that for a comprehensive survey, multiple methods would need
to be employed (Silver 2008a). For abundance studies, where species’ presence has already
been established, sampling methods should be tailored to ensure that they are likely to collect
specimens of all species of interest, even if that means applying multiple methods. However,
this can be labour intensive and requires a good deal of knowledge prior to the
commencement of sampling. In the absence of the species record, best guesses might need
to be made to facilitate egg collection. Often this is carried out using artificial oviposition sites,
a deliberately placed water container configured to collect target species based on their
reported behaviour. The artificial sites range in size, from including small tree hole analogues
such as beer cans, plastic beakers and sections of bamboo (Silver 2008a) to larger vessels such
as household waste bins (Townroe and Callaghan 2014) and mid-sized buckets (Silver 2008a;

Becker et al. 2010a).

Other approaches to assessing preimaginal populations considered included collection using
nets and visual searches. A recent study found that in circumstances such as sampling
Anophelinae in open water, a net yielded better results than a dipper, and performed as well

as a dipper for Culex species (Brisco et al. 2016).

In this thesis, due to the lack of data related to mosquito species in the region (discussed
below), the application of narrowly focussed, species/genus specific, sampling was not
possible and so the more general approaches were taken. Juvenile sampling consisted of

larval dipping, visual searches for eggs, and the use of oviposition traps.
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3.1.3 Sampling the adult population

Sampling the adult population offers many approaches, depending upon the ecological
guestion being asked by a given study, each better suited to one situation than another,
resulting in many different methods being employed across publications (Silver 2008a; Becker
et al. 2010a). Sampling using emergence traps has been successfully used to examine the role
of specific breeding habitats and the rate of emergence from them (Thullen et al. 2002;
Fillinger et al. 2009; Hamer et al. 2011). Data from these studies could be considered more
ecologically relevant to factors associated with adult mosquitoes, such as biting and disease,
as only those individuals which have successfully completed the juvenile life stage can be
included. Emergence traps are positioned on or just above the surface of the water and
typically take either conical (Hamer et al. 2011) or pyramidal (Slaff et al. 1984) form with a
killing/capture jar, or sticky capture surface, at the apex, although prism, cuboid and

cylindrical shapes have also been used successfully (Silver 2008a).

Active, observer reliant, methods such as manually searching for and collection of resting
adult mosquitoes have proven very useful, particularly for mosquitoes which are associated
with human habitation, whether entering homes or making use of outbuildings for diel rest
periods or seasonal diapause. Depending on the aims of the investigation, sampling via the
collection of resting adults can provide lots of information. Mosquitoes spend much of their
time resting (Jaenson 1988) in either natural settings (Service 1971b) or man-made shelters
(Silver 2008a) as part of their diel cycle and during diapause. Because mosquitoes can be
collected during their rest phase, which they spend much of their time and importantly will
continue to participate throughout their adult lives. Therefore, it is possible to sample, males,
blood fed and gravid females of certain species using one method. However, where
mosquitoes use natural structures such as trees and ground vegetation, they become much
harder to locate (Silver 2008a). Sweep netting can be utilised to sample mosquitoes resting

on vegetation that is supple enough to facilitate the use of the technique (Service 1971b).

A traditional method of collecting host-seeking female mosquitoes human or animal bait
trapping, including human landing collection (Silver 2008a). In human landing collection
human acts as both the bait and the collector (Trpis et al. 1995) and would bare a patch of

skin, and wait for the host-seeking female to land searching for a blood meal (Turell et al.
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2008). Landing mosquitoes are collected using an aspirator and retained for identification.
For human or animal, baited traps a means of mosquito interception and collection is typically
placed around the bait, normally in the form of a net, cage or box (Silver 2008a). The bias
inherent in these methods here is obvious, as it targets only actively host seeking female

mosquitoes.

The use of traps for adult mosquitoes is commonplace, with a wide variety of traps available,
each with their own advantages and limitations (Acuff 1976; Hapairai et al. 2013; Liihken et
al. 2014). Most traps employ a lure of some kind to attract mosquitoes close enough to the
trap to ensnare them. Because a lure or lures fitted to traps are designed to exploit behaviour,
they apply a bias to the catch. The bias may be towards particular species or to one sex or the
other. As an example, Mosquito Magnet™ traps emit 1-Octen-3-ol and generate CO; and heat
through the combustion of propane gas. Mosquito Magnet™ traps are therefore very
attractive to host-seeking female mosquitoes, which would be expected to feature in far
greater numbers than the males in the catch by this device. This is perhaps unsurprising as
Mosquito Magnet™ traps were designed as a pest control device rather than ecological survey
apparatus; despite this, they are being used increasingly in mosquito ecological studies

(Hutchinson 2004; Ritchie et al. 2008; Lihken et al. 2014; Vaux et al. 2015).

Even simple light traps depend on mosquitoes being attracted to the light source being used,
and this appears to be affect some species which are underrepresented in catches using these
traps. Light traps are often augmented with secondary lures, such as CO; emission devices to
enhance their catch (Muturi et al. 2007), but again this can result in further reduction of

species represented in the catch.

Attempts to carry out trapping without any type of lure have been utilised at various times,
and typically takes the form of an unbaited net mounted on the roof of a vehicle and be driven
around the region to be sampled (Sanders et al. 2012). These unbaited methods do tend to
result in quite diverse catches including an increased number of species compared to baited
traps (Bidlingmayer 1967). They may still be affected by biases such as only sampling the
portion of the population which fly close to the trap, thereby missing the proportion of the
population that are resting; or in surveys using vehicle mounted suction traps they might have

to follow roads, therefore constraining sampling. Table 6 shows examples of the relative
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abundance differences of mosquito species collected using different trapping method in
previous studies; it clearly shows that trapping methods influence the samples collected.
These biasing factors in unbaited trap sampling were grouped as Environmental, Biological

and Operational by Bidlingmayer (1967).
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3.1.4 Current distribution records

Given that the British Isles have been free of autochthonous mosquito-borne disease for a
century (Hutchinson 2004), data related to the distribution of mosquitoes in England was
found to be limited, and its collection was unevenly distributed. Using data from the National
Biodiversity Network NBN Gateway (NBN) (Figure 8), it was apparent that the South East of
the UK had the best data, and pockets of locally useful information existed for the
Birmingham, North Wales and Sheffield areas. Categorising the data to view the major genera
show different patterns of distribution among them. Figure 9, illustrates the distribution of
Anopheles mosquitoes which, with the exception of Anglesey in North Wales, was relatively
uniform with small aggregations of records across much of the country. This contrasts
somewhat with Figure 10 which shows a much more clumped distribution for the Aedes and

Ochlerotatus genera.

The distribution of Culex mosquitoes appeared to fit somewhere between the two (Figure
11), with some centres of increased abundance, or simply increased reporting, with a number
of smaller distributed records. The Culex genus records submitted to the NBN contain
specimens referred to as Culex pipiens agg. or only referred to as Culex, highlighting the
difficulty in identifying specimens to species in this genus (NBN 2017). Interestingly, even
those identified as Culex pipiens might leave the reader in doubt, as often there appeared to
be some interchangeability in the use of terms, and the acceptance that within these data, in
a UK setting, Culex pipiens denotes a complex, of species including Culex pipiens s.s., Culex
pipiens var. molestus and Culex torrentium. It was assumed, however, that within the NBN
dataset, Culex pipiens means Culex pipiens s.s., and that Culex and Culex pipiens agg. denote
either incomplete identification beyond genus and the complex of three species (Cx. pipiens
s.s, Cx pipiens var. molestus, Cx. torrentium) respectively. It should be noted that, when using
a strict global taxonomic perspective on the members of the Culex pipiens
complex/assemblage the three member species are Culex pipiens, Culex pipiens var. molestus

and Culex quinquefasciatus Say (Harbach 2012).

The distribution of Culex torrentium (Figure 12) was surprising, with very few records. These
records were limited, for the most part, to the south-east, with another cluster in Sheffield.

Whether this is a result of actual absence or due to underreporting through misidentification,
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or lack of imperative to discriminate between Culex torrentium and the other Culex pipiens
s.l., is unknown, but special care was taken throughout the fieldwork to identify this species
properly where possible. Not all data on British mosquito sampling has been uploaded to
NBN, and a notable omission from the records is that of Service (1994) which related to the
study of male Culex torrentium swarming near residences in and around West Kirkby, situated
to the south west of Liverpool. It was also vital to use a clear naming convention throughout
the study; therefore, Culex pipiens s.I. was used to denote the complex of species, Culex
pipiens s.s. was used for the single species and is synonymous with Culex pipiens pipiens

(Chandler 2017).

The area surrounding Stoke on Trent had very few records of mosquitoes (Figure 13).
Interestingly, many of the records on NBN were for single specimens, and many of the entries
were quite old, with the oldest dating back to 1827. In their paper discussing passive
monitoring of mosquitoes, Kampen et al. (2015) reported only 3 species of mosquitoes for
Staffordshire following their interrogation of the available species records and most of the
sites visited and considered for inclusion this thesis showed that no mosquitoes had been
added to the species record at the time of writing. The age of records was also particularly
important when considering their value in ascertaining the current distribution of
mosquitoes. The northern range boundary of a number of insect species falls within the
British Isles (Hickling et al. 2005) and so it is highly likely that the same applies to mosquitoes.
In the face of climate change, it must also follow that these northern range boundaries are in
constant flux (Benedict et al. 2007; Campbell et al. 2015), causing the distribution of
mosquitoes to increase northward and to increased altitudes (Calistri et al. 2010; Bessell et
al. 2014); whilst also increasing the temporally active season of mosquitoes due to longer,
warmer and wetter summers (Medlock and Leach 2015). This meant that it was not possible
to assume that distribution data from other geographical areas may be suitable for

superimposition onto similar ecotypes within this study area.

The paucity of local distribution data and the potential shift in ranges caused by climate
change (Medlock and Leach 2012), increase urbanisation (Townroe and Callaghan 2014) and
flood mitigation (Medlock and Vaux 2015b) demanded new and ongoing, ecological fieldwork

to assess where mosquitoes are present and to try to evaluate habitat associations thereby
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facilitating improved understanding of mosquito species’ distributions. By the very nature of
the fieldwork, and the lack of data in this geographical area it was an aim of the research to
improve the local species record, by sharing findings with the NBN, either directly or via public
engagement with passive surveillance through Public Health England’s Mosquito Recording
Scheme (MRS). Only through the sharing of data, will it be possible to generate a
comprehensive mosquito distribution description for future use in response to outbreaks of

disease or the arrival of new invasive species such as Aedes albopictus (Medlock et al. 2017).
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area which includes all the sites sampled during this study. None of the records that declare their date
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3.2 An investigation of the mosquito species present in the
North Staffordshire and environs

The principal aim of this chapter was to begin to address the paucity of temporally relevant

data related to mosquito species occurrence in the North Staffordshire and its environs by

surveying a variety of sites within the region. From the data from these surveys it was possible

to conduct some preliminary investigations of other factors related to the mosquito

populations surveyed.
These secondary aims included:

e Visualisation of mosquito temporal abundance in suburban settings.

e Was the spatial distribution of mosquitoes at Wybunbury Moss SSSI NNR evenly
distributed?

e The fitting of a presence/absence analysis model for mosquito larvae in relation to
rural habitat variables.

e A comparison of the mosquito sampling rate between rural and suburban settings

using CDC 512 mini light traps. (Secondary data analysis)

The last of the analyses listed above should be considered as a secondary analysis only. The
data used for this statistical investigation, whilst collected by the author, was not collected
for the purpose of comparison between sites, rather it was part of the general survey data.
Analysis was, therefore, a speculative treatment and limited by the imbalanced data

collection regime and any outcomes should be considered with this limitation in mind.

For the purposes of this study, sites which were outside of the urban areas, those closely
associated with the commercial and industrial centres of the city, and suburban areas, those
typically forming the residential outskirts, of the City of Stoke on Trent and the Borough of

Newcastle Under Lyme were considered to be rural.

3.2.1 Method
3.2.1.1 Rural Field Site selection
During February 2014, the process of identifying sites for inclusion in the ecological field

sampling portion of this study took place. As previously discussed, there was a paucity of
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recently published data for mosquito abundance locally and most potential study sites had
no available records of mosquito presence and those that did have records tended to be of
single individuals. Data were collected from the NBN Gateway for the SJ Ordnance Survey
map square, and from the Chartered Institute of Environmental Health National Pest advisory
Panel for the Midlands of England and for Wales
(http://www.cieh.org/policy/npap_uk_sightings.html). These data were then visualised in
ARC GIS (ESRI 2014) to allow identification of sites, as very often place names were not
included in the data record, especially for older records which may have predated some of
the more recently established nature reserves. The locations within the Chartered Institute
of Environmental Health data were defined by postcodes which were converted to eastings

and northings to facilitate mapping and visualisation.

The aim of the mosquito surveying was first and foremost to discover which species of
mosquito were present in North Staffordshire and the immediate area, therefore site
selection focussed on sites which would potentially have a diverse species composition. The
study sites needed to offer diverse habitats, ideally a mosaic of identifiable habitat subtypes,
which would potentially support a varied group of mosquito species. They would need to be
suitable and safe for a lone-working arrangement to be put in place. As a result of these
criteria, the sites considered most viable for study in the region were managed nature
reserve. From those in the region, nine potential sites were then shortlisted, and following
subsequent habitat assessment, securing of site sampling permits and risk assessment, the

three rural sites to be included in the study were decided upon.

These sites were Jackson’s Coppice and Marsh (378868 Eastings, 32977 Northings), Loynton
Moss (378834 Eastings, 324217 Northings) and Wybunbury Moss (369638 Eastings, 350131
Northings), (Table 7). These sites offered the best balance of habitat suitability and variety,

whilst still being accessible and safe for lone-working.
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Wybunbury Moss National Nature Reserve (NNR) is managed by Natural England and covers
approximately 16.5 hectares and is one of only three known ‘subsistence mires’, or
Schwingmoor, in the British Isles. Located 2 miles south of Crewe in Cheshire, it consists of a
water-filled basin, over 12 m deep, upon which a raft of peat floats. This peat raft is as little
as 1 m thick in places (Figure 14), meaning that the ecological succession is limited by the
ability of the raft to support larger plants and trees as their increased weight caused them to
fall through the peat layer and drown, resulting in a quite unique landscape of isolated
standing dead wood (Figure 15). The central basin is surrounded by woodland, reed swamp
and flower rich meadows. As an NNR it is managed to stem the ecological succession and
invasion of woodland and scrub around the edges of the peat raft and to increase the water
level across the reserve by adding sluice boards to partially block the drains around the site
which had been placed during past attempts at drying the reserve. At the interface between
the Moss, the main drain and the wet woodland areas of the site (Figure 16) juvenile mosquito
activity could be observed from the public footpath even during February. Finding mosquito
activity in the dead of winter was highly encouraging and when considered with the other site

features made this a very desirable place for study.
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Figure 14 View across the floating peat layer at Wybunbury Moss is punctuated by the dead trunks of
trees that have grown too large for the thin peat layer to support; resulting in them sinking through
and drowning. This results in a halting of ecological succession and maintains high light levels for the
ground flora.

Figure 15 At Wybunbury Moss there are several, apparently shallow, exposed pools that do not dry
up even during summer. Presumably, the dip in the surface peat layer allows the underlying water to
maintain the pool.
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Figure 16 At Wybunbury Moss, the interface between the wet woodland, the floating peat layer and
the main drain create a lush, warm and permanently wet region within which mosquitoes were
observable even on the first site visits in February 2014. This photograph is from May 2014.
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Loynton Moss nature reserve is managed by Staffordshire Wildlife Trust (SWT) and is located
6 miles to west of Stafford in Staffordshire and covers an area of 13.40 ha. It comprises a
varied mosaic of habitats surrounding a central Moss, covered in tall reeds (Figure 17). Unlike
Wybunbury Moss, the kettle hole is filled with peat and other soils, resulting in a more
physically stable Moss, which is, therefore, more susceptible to ecological succession as it can
support the weight of larger trees. Away from the central Moss, there are areas of very wet
woodland dominated by alder and silver birch in peaty soils (Figure 18). Staffordshire Wildlife
Trust’s website gives this advice regarding this wet woodland area “Visitors might not
welcome the attention of the Moss’s other family of insects - mosquitos. During the summer
months, these insects are on the wing deterring all but the most determined visitor from
entering the darker, wetter areas of the Moss.” (Anonymous 2017). Dry woodland on sandy
soils make up the raised areas of the site and include many mature and over-mature beech

and oak trees, and supports an extensive ground flora, including many wildflowers.

Figure 17 View across the central Moss at Loynton Moss is dominated by tall reeds. There is relatively
little open water in this area, and once into summer, it is not unusual for it to dry up completely.
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Figure 18 Wet woodland at Loynton Moss is very wet, with several areas as in this photograph where
vegetation is limited to raised islands. Tree roots are very shallow here, and windthrow is very
common and results in deeper pools which retain water when all else has dried.

Jackson’s Coppice and Marsh is also an SWT nature reserve and is located 7 miles to the north
west of Stafford in Staffordshire and covers an area of 8.10 ha. Jackson’s Coppice and Marsh
consists of two distinct habitat types adjacent to each other. Jackson’s Coppice occupies a
south facing hillside and is an ancient woodland remnant, with some other more exotic tree
species added at the end of the 19t century (sweet chestnut, beech and hornbeam). The
orientation, soils and deciduous flora allow for a huge number of bluebells in the spring; the
bulbs of which are an important food source for the large badger sett that thrives on the
Coppice, providing an additional source of mammalian blood for mosquitoes. The mix of trees
on the site and the lack of ground water, due to the hilly nature and sandy soil, made this site
the best candidate for finding juvenile mosquitoes in natural tree holes. The second part of
the nature reserve, Jackson’s Marsh, is an alder carr woodland where the river Sow splits into
a delta before recombining downstream (Figure 19). A raised boardwalk facilitates access

throughout most of the site, with much of the remaining area accessible with caution.
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Figure 19 Marsh delta region of Jackson's Marsh. Fluctuation in water level of the River Sow results in
the formation of many ephemeral pools; providing excellent potential habitats for mosquitoes whose
eggs require wetting and rewetting to trigger hatching.
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3.2.1.2 Site access and permission

Following consultation with Natural England, the relevant permits were secured for sampling
access at Wybunbury Moss NNR for the whole duration of the project. Similar consultation
with Staffordshire Wildlife Trust secured appropriate permits for sampling Jackson’s Coppice

and Marsh and Loynton Moss for the entire length of the project.

3.2.1.3 Suburban site selection

Several suburban locations were selected to sample the mosquito population, both for
juvenile and adult mosquitoes. Suburban sites were selected as these were considered to be
representative of most of the residential regions North Staffordshire, and enabled the study
of peridomestic locations (those close to human habitation). Because the studies were to be
longitudinal in nature and would require the placement of traps, it was important that each
site was secure and have access arrangements facilitating study in the longer term. Suitable
locations were selected in back gardens in Porthill, Stone, Ashley and Kidsgrove (Figure 20).
These gardens were typical residential gardens, with a mixture of flowers, shrubs and trees;
all, with the exception of the site in Stone which comprised hard standing and raised beds,
had a significant portion set to lawn. Samples were also collected from the Staffordshire
University grounds and from outdoor aquatic plant growing containers at Kidsgrove Aquatics

in Kidsgrove (Figure 20).
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Figure 20 Sampling locations used in this study, and site types, as designated by the author.

3.2.1.4 Sampling methods

A rotational strategy for sampling work was scheduled into phases each focussing on different

collection strategies across the sampling sites. Figure 21, gives an overview of the focus of the

fieldwork with regards to the methods described in this chapter, across the three seasons

available to the study.

Adult mosquito collection was conducted using CDC 512 mini light traps, without CO; bait,

and Mosquito Magnet™ traps. These were selected based on their proven effectiveness in
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sampling mosquitoes (Clarkson and Setzkorn 2011; Versteirt et al. 2013; Liihken et al. 2014)
and their availability to the author. Sweep netting was considered but rejected as it could not
be used at all the nature reserves being surveyed. This was primarily due to the presence of
very rare invertebrate fauna located at Wybunbury Moss SSSI NNR and the risk of damaging
their habitat (Piper and Compton 2013). There was little opportunity to effectively collect day
resting adult mosquitoes as none of the rural sites had suitable buildings as have been
successfully sampled in UK surveys (Danabalan 2010; Brugman et al. 2015), such as those
associated with farming, and successfully locating mosquitoes on vegetation is very inefficient

as their distributions are very localised (Service 1971b).

When considering the sampling effort required to gather representative samples using CDC
light traps a priori sample size calculations were not conducted. This was largely due to the
challenge in obtaining relevant data related to the efficiency of CDC light traps in comparable
situations in the UK. Whilst CDC light traps have been used in a number of mosquito studies
in the UK most have also employed CO; as an additional attractant (Hutchinson 2004;
Hutchinson et al. 2007; Lindsay et al. 2010), fewer have used the light trap without the
addition of CO; (Sulaiman 1982; Clarkson and Setzkorn 2011). Although Sulaiman (1982) does
report data related to total catch, four mosquitoes over 13 nights, there is only this single
iteration to utilise which is unlikely to be representative due to its short duration. Clarkson &
Setzkorn (2011) by contrast generated far more data, but unfortunately collated the trapping
data of both CDC light traps and Mosquito Magnet traps together meaning that it was not
possible to derive the trap specific mean and standard deviation required to complete the
calculation. Therefore, the decision was taken to complete as long a study as possible given

the available resources.

A similar challenge was presented when determining the sample size required for the
oviposition sampling. The most complete study using oviposition traps in the UK was perhaps
that conducted by Yates (1979) which targeted Dahliana geniculata in the Monks Wood
National Nature Reserve in Southern England. In this setting high numbers of eggs were
collected using oviposition traps, however the mean per night catch rate and standard
deviation are not reported. Similarly, the data needed to generate near approximations for

these values were not reported, neither the actual number of trap nights per year nor an
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indication of the daily variation were reported (Yates 1979). However, the sampling effort as

designed here exceeds that used in this UK study.

Page | 60



Suburban settings

Light trapping
using CDC
512 mini light
traps

Rural settings

Egg collection
from
containers in
backgardens

2014

v

k J

Trapping using
Mosquito
Magnet™ traps

Egg collection
from
containers in
backgardens

Winter

2015

v

Trapping us-
ing Mosquito
Magnet™
traps

Egg collection
from
containers in
backgardens

Winter

Dipping of Oviposition
aquatic tr_appmg
using cup
habitats traps
F
Dipping of Light trapping
: using CDC
daliafic 512 mini light
habitats traps

2016

Y

Light trapping
using CDC
512 mini light
traps

Figure 21 Overview of the surveying program, showing the method focus for each area each year.
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3.2.1.5 Sampling using oviposition traps.

Due to the difficulties associated with locating and safely sampling from tree holes for
mosquito juveniles, oviposition traps were used to sample tree hole and small container-
dwelling mosquitoes. Historically, sections of bamboo have been used successfully to collect
British mosquitoes (Service 1968). The oviposition traps used were very simple devices
consisting of black plastic beakers which were tied to the trunks of trees (Figure 22). Each
beaker had an 8 mm drain hole drilled below the upper lip to prevent overflow. A hardboard
stick, ~ 2.5 cm wide and 15 cm long, was placed into the water as a site for oviposition for
mosquito species which lay their eggs above the water line. The absorbent nature of the
hardboard and rough surface make it an ideal oviposition site for a number of species (Silver

2008a).

On 23/04/14 and 24/04/14, 102 traps were attached to 51 trees which were selected as trap
sites. These trees were located at Wybunbury Moss (Figure 23), Loynton Moss (Figure 25) and
Jackson’s Coppice and Marsh (Figure 24). Each tree had two traps attached; one trap ~30 cm
from the ground and the second at ~140 cm from the ground. 50 % of the beakers were partly
filled with water collected on site with the other 50 % left empty to allow rainwater to
accumulate naturally; these starting conditions were randomly assigned at the outset of the
study and remained in force for the duration. The intention was to explore whether there was

any influence on the oviposition rate dependent upon the water source and the trap height.

Each trap was checked every 2 to 3 weeks when they were inspected for signs of oviposition
and/or juvenile presence. The oviposition surface was removed from the water and inspected
under a hand lens for eggs, and the surface of the water checked for egg rafts or individual
eggs. The water was removed and checked for larvae, pupae and/or exuviae; following
inspection the water was replaced facilitating maturation over time. Any such specimens
were to be collected and returned to the insectary for identification and rearing on. After
inspection, the water and hardboard were returned, unless the oviposition surface had eggs
on it in which case it was returned to the laboratory for rearing on and replaced with a new
one. These traps continued to be checked until 10" October 2014 when they were collected

from all sites, giving a collection period of 5.5 months.
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Figure 22 Top: An oviposition trap attached to a scots pine tree at Wybunbury Moss in April 2014.
Bottom: a close-up of the attachment and the placement of the oviposition surface.
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Wybunbury Moss Oviposition Trap Locations
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Figure 23 Locations of the oviposition traps placed at Wybunbury Moss. Each white circle represents
the location of 2 traps. The red line indicates the extent of Wybunbury Moss NNR.

Jackson's Coppice and Marsh .
Oviposition Trap Locations

0.16 Miles

Figure 24 Locations of the oviposition traps placed at Jackson's Coppice and Marsh. Each white circle
represents the location of 2 traps. The red line indicates the extent of Jackson's Coppice and Marsh
NR.
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Loyntoh Moss
Oviposition Trap Locations

0.2 Miles

Figure 25 Locations of the oviposition traps placed at Loynton Moss. Each white circle represents the
location of 2 traps. The red line indicates the extent of Loynton Moss NR.

3.2.1.6 Sampling of the larval population.
A dipper was used to sample larvae from water sources on each site. The dipper was made
from a stainless-steel ladle (360 ml) attached to an extendable handle (minimum length 145

cm, maximum length 214 cm), facilitating safe access to water in ditches and drains.

Stratified random sampling was used to ensure that the different water bodies at each of the
sampling sites were proportionally represented. Each dipping site was mapped, using a
minimum 6 figure grid reference, photographed, and the key habitat data recorded on the

dipping record form (Figure 26) based on that proposed by Gaffigan and Pecor (1997) .
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MOSQUITO DIPPING RECORD FORM

COLLECTOR: RICHARD HALFPENNY T~ LARVALHABITATCOND ITION H
LOCALITY: 7 A_CLEAR WATER: o

PISITION CRID REFIESN) 7 B_TURBID NATER:

DATECOLLECTED(DD-MM-YYVVY: - - T C_PLLUTED BATER:

TIMEQFCAPTURE 7 [_FRESH WATER:

COLLECTINGEFFORTINDIPS: e Do

COLLECTION CODE: T F_STANDING NATER
4-COLLECT TONMETHOD - H
§ A_TURKEY_BASTEH_LASVAL COLLECTION:
§ B_DIPPER_LABVAL COLLECTION:

T G_SLOW FLOK: e
T H_MODERATE FLW:

7 I_FAST FLIN:

T J_EMERGENT WEGETATION: _____

8 C_SE006_LARVAL DILECTINN:

T K_FLOATING YEGETATION:
T L_SUBMESGED VEGETATION:
T M_M) VEGETATION:
T h_ALGAE FRESENT:

5-DEGREECFSHADE - H

B oa_FILL SI%

B B_PARTLAL SHAIE:

T O_PEEMANENT WATER

B C_HEAYY SHADE:

7 P_SEM]-PERMANENT WATER: ____

B D_NO [ATA

7 G_TEMPLBARY RATER
7 R_M) DATA:

G-LARVALHABITATTYFE: H
& D_FALLEN LEAF:
& E_TREE-HOLE: DIF FESOLTS:

& G_LEAP AXIL:

6 H_SRAlL SHELL: [hle:llﬂ}ﬂ' ND-III“E NﬂPﬂpﬂE
6 _ANINAL FOOT-PRINT: 1
0 OB _UAN, BOTTLE, TieE: 1
6 L_IMMESTIC WATER-STOHALGE, BUCKET, BT 3
BB AN M. WATER TANS, C0STEsN: 4
B N_LATRING, SEFTIC TANK: j
# 0 NELL: ]
6 F_SLHTEREANEAS - —?
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6 E_EXMISED MAN., FUDME: g
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6 I M) DATA:

Version 4 21/07/2014

Figure 26 Mosquito dipping form used for recording the habitat, location, time and juvenile mosquito
dipping data
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Where pools of water were too small for a dipper, e.g. trees holes or poached ground, a 30
ml nylon pipette (turkey baster) was used to collect specimens. 10 samples were then taken
using the appropriate method, the dipper always being the preferred method if the water
body was large enough to accommodate its use. Each sample was inspected using the naked
eye, and all juvenile mosquitoes were collected using a disposable pipette, counted and
placed in water tight specimen vials, containing water from the dipping location. These were

then returned to the insectary for rearing on and identification.

To standardise the area available to be sampled at each sampling location the following rule
was applied: if the water body was at a similar level to the surrounding ground level then the
extendable pole was used at its shortest length, where the water was below the surrounding
ground level, many field drains, for example, then the extendable pole would be utilised at its
longest length. Any water, continuous with the target water body, which could be sampled
without causing the operator to move their feet could be included in that location. All

sampling was carried out by the same individual.

3.2.1.7 Rearing-on of wild mosquito collections

During this study, there were two circumstances which required the rearing of mosquitoes.
These were, rearing-on of larvae collected as part of field collections where the principal
concern was to ensure that life stage progressed to adulthood to facilitate species
identification, in this case, the critical endpoint was the availability of a specimen, and as such
there was no requirement to ensure that juvenile feeding was matched between individual
mosquito specimens. The second circumstance was to rear-on specimens for use in
behavioural assays, in this instance, the experimental design required specimens which were
reared under identical feeding, lighting and temperature regimes to avoid unduly influencing
feeding drive in the imagos (Gerberg 1970; Kiarie-Makara et al. 2016). All the mosquito stocks
used in experiments were wild-type, meaning they were reared from egg rafts collected in
the field. Therefore, establishment and maintenance of multigenerational species cultures

were not required.

Where juveniles were retained for rearing on, for species confirmation, they were held in
mesh topped vials (either 20 ml or 25 ml volume) half-filled with water collected from their
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habitat at the time of sampling. In the case of late instars, additional food did not normally
need to be added to these vials. For earlier instars, guinea pig food pellets (own brand guinea
pig pellets, Pets at Home Ltd) were crushed using a pestle and mortar and passed through a
0.1 mm sieve before being fed sparingly, ~0.12 g I'* to support development. Adults were
allowed to emerge into the vial, from where they were collected for identification and

storage.

Where Culex egg rafts were collected and reared for the purpose of generating adults for
experimentation, plastic deli pots (450 ml) were filled with 300 ml aged tap water these were
then topped with mesh. Tap water was aged for 2 days before use to allow off-gassing of
chlorine were used. One egg raft was placed in each pot. Larvae were fed guinea pig food
prepared as noted above at the daily rate of 0.12 g I'* for 15t and 2" instar larvae and 0.25 g I
1for 3" and 4" instars. Immediately prior to adult emergence, each container was placed into
its own, mesh sided, insect rearing cage (32.5 cm x 32.5 cm x 32.5 cm) for emergence and
identification of the adult males. Once identified, the cages were labelled with the species

name, the unique collection code and the date of first imago eclosion.

3.2.1.8 Sampling of the adult population.

3.2.1.9 A peridomestic longitudinal study using light traps.

During 2014, CDC 512 mini light traps, equipped with “air-actuated gate systems” and LCS-2
photo switches (Hock 2016) were placed in two suburban back gardens in Porthill (39 GRW
and 48 OA), Staffordshire. The traps used 6-volt rechargeable batteries (Yucel Y12-6L) rather
than 4 D-cell batteries as supplied with the traps, to minimise costs and reduce waste. Two
pairs of batteries were used in a 4 nights on and 4 nights off rotation to allow continuous 7-
day operation. Traps were positioned with the fan at approximantely 1.5 m above the ground

(Hutchinson et al. 2007).

The traps were set on 6™ March 2014 and checked daily until 8" November 2014 for a total
of 496 trap nights. All mosquito specimens were collected, labelled and stored at -20 °C until

identification.
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3.2.1.10 Wybunbury Moss (rural) study using light traps

During 2015, four CDC 512 mini light traps, configured as in the 2014 peridomestic
longitudinal study, were used to sample the adult mosquito population at Wybunbury Moss.
Traps were placed randomly across the ‘no public access’ portion of the site, and each
sampling session ran for 4 nights. New trap locations were generated at each iteration. As
with the peridomestic suburban study, light traps were positioned with the fan at
approximantely 1.5 m above the ground (Hutchinson et al. 2007), although there was some
limited variation of this height due to variation in anchoring positions at the random trap
locations. The centre of the floating peat raft and reed marsh were excluded for safety
reasons. Specimens were collected, labelled and stored at -20 °C until identification. A total
of 12 such trapping iterations occurred for a total of 192 trap nights. Figure 27 shows

examples of configuration and placement of the light traps ay Wybunbury Moss.

All traps were calibrated before use; such that the photo switches activated the fan motors
within 1 minute of each other as the light level changed. This ensured similar sampling effort
under similar sampling conditions. All specimens were collected and identified to species

where possible*, using morphological identification keys (Snow 1990; Becker et al. 2010a).

* Females of Culex pipiens s.s. and Culex torrentium were morphologically indistinguishable
using conventional methods; meaning that without access to molecular techniques,
identification as Culex pipiens s.1. is typically applied. A potential solution to this problem using
wing morphometric methods was applied and has been included in a separate section in the

results.
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Figure 27 Examples of light trap deployment at Wybunbury Moss. The top image is in the birch scrub
encroaching onto the moss at the north of the site. The bottom image is in amongst the tall reeds at
the edge of the safe area for sampling.

3.2.1.11 Sampling the adult population using Mosquito Magnet traps

To avoid reliance on one trapping mechanism, and to facilitate the utilisation of the CDC light
traps elsewhere, Mosquito Magnet™ Executive (MM330) traps were used to collect adult

mosquitoes in the Ashley, Stone, Kidsgrove and both Porthill (GRW and OA) back garden
settings at the end of 2015 and through 2016.
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Sampling using Mosquito Magnets™ was carried out from October 2015 until October 2016,
with no sampling during the winter period: December 2015 through March 2016. During 2015
sampling was conducted for 7 days and nights per week every other week. This regime was
altered for 2016 to be more efficient in terms of gas consumption. During 2016, for the early
part of the sampling season, April to June, the traps were run every other week for 4 days and
nights per week. During peak season, August through to October they were run every week
for 4 days and nights per week to increase the resolution of the sampling. For 2015 there was
a total of 56 trap nights and 2016 had a total of 276 trap night, yielding a combined total of
332 trap nights.

At the outset of sampling, traps were located in Ashley (Figure 29), Porthill (GRW)(Figure 32),
Kidsgrove (Figure 28) and Stone (Figure 30). However, due to the structural failing of a wall
directly adjacent to the trap location in Stone in July 2016, that trap location became
unavailable on safety grounds, and consequently the trap needed to be removed; it was then
placed in the second Porthill location (OA)(Figure 31); no trapping iterations were missed
during this relocation. The Mosquito Magnet™ Executive traps that were used have some
features to improve gas efficiency, some are user controlled whilst others are factory
parameters. For example, the gas burn rate is set by the manufacturer as was assumed
consistent between the traps; this was supported by the similar longevity of each gas cylinder
used during the study. Another factory set feature is that the traps will turn off whenever
temperatures are below 10 °C, automatically restarting once the temperature rises above this
point. The main user adjustable setting on the Executive model relates to fuel saving, and this
was utilised as follows: during sampling the traps were set up such that they ran for 16 hours
per day, with a 4-hour period during the middle of the day and the middle of the night (fuel
saving setting mode 4). These periods typically show less activity than dawn and dusk
(Jaenson 1988; Yee and Foster 1992; Gary and Foster 2006) for mosquitoes and therefore give

the best balance between fuel use and catch size.
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Figure 28 Placement of the Mosquito Magnet™ Executive trap at Kidsgrove for 2015-2016. The trap
was placed on gravel behind the greenhouse.
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Figure 29 Mosquito Magnet™ Executive placement in the Ashley back garden. Top: close up showing
sheds to the rear of the trap. Bottom: a wide view of the garden. A very small water feature is
embedded in the raised bed ~ 5 m to the left of the trap.
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Figure 30 Placement of the Mosquito Magnet™ trap in a back garden in Stone. This trap needed to be
removed in July 2016 to allow the rebuilding of the adjacent wall. It was relocated to the second
Porthill location (OA).
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Figure 31 The placement of the Mosquito Magnet™ in the second Porthill back garden (OA). This
placement replaced the Stone location after July 2016
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Figure 32 Placement of the Mosquito Magnet™ at Porthill (GRW) at the base of a laurel bush.

Traps were placed in shaded locations where they were least likely to be disturbed during
operation. Throughout the trapping periods, the gardens were under normal use, and no
special rules for utilisation of the surrounding space were discussed with the property owners

beyond those required for safety reasons.

Specimens were collected at the end of each trapping iteration by the removal of the trapping
cage from the device, the door of which was then taped closed for transportation to the
laboratory. Specimens were removed from the trapping cage using a battery-powered

aspirator, prior to storage at -20 °C until identification.

3.2.1.12 Statistical analysis methods

Having collected various data regarding the local mosquito population, a range of statistical
methods were applied to address the aims. Data were stored in an Access® database, spatial
analyses and mapping were carried out using ARCGIS (Ver. 10.2.2) (ESRI 2014). All other
statistical treatments were completed using R Statistical Software (R Development Core Team

2011).
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Species occurrence was collated and reported for all specimens found during the study by all
sampling methods. This comprehensive report includes all life stages and methods. These

data were prepared ready for inclusion in the NBN Gateway dataset.

The data resulting from longitudinal adult mosquito trapping approaches, both light trapping
and Mosquito Magnets™, were used to examine the temporal abundance of mosquitoes and
to explore the relationship between weather and trapping rate. The weather data utilised in
this study was collected at the Keele University Weather station, this weather station is
located 4 miles from the centre of the city of Stoke on Trent. These data were visualised

against time and mean temperature data.

Data collected using light trapping at Wybunbury Moss was analysed to test whether
mosquitoes were evenly distributed across the sampled site, or whether they showed a
clustered distribution. The Hot Spot analysis tool within ARCGIS was used to calculate the
Getis-Ord Gi* statistic for each point (Anonymous n.d.). This statistic calculates the statistical
significance of the number of mosquitoes collected at a single location and relates it to the
nearby collection points. The local sum for a feature and its neighbours is then compared
proportionally to the sum of all mosquito collections. If there is a difference, and that
difference is too large to be caused by chance, then a statistically significant z-score is
produced (Anonymous n.d.). The Getis-Ord Gi* statistic has the important advantage of
neutralising the spatial distribution of the data points, meaning that the actual pattern of the
data points will not bias the results (Getis and Ord 1992).The results of this analysis were

displayed on a map of the site.

The relationship of juvenile mosquito presence or absence was modelled against some of the
habitat features collected during sampling ( using the mosquito dipping data across all sites.
Only predictors from the “Degree of Shade” and “Larval Habitat Condition” were included in
the modelling as there would be a significant interaction between these and those for “Larval
Habitat Type”; for instance, a Tree Hole or a discarded bottle would be unlikely to hold
emergent vegetation. Specifically, the relationship between vegetation and immature
mosquitoes was investigated, as was the combined influence whether locations were under

full sun, partial shade or full shade and observations of water flow.
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For this modelling, the protocol proposed by Zuur et al. (2010) was applied to ensure that the
correct model type was selected for these data. Having carried out the protocol, it was
apparent that the data were not normally distributed, were overdispersed and zero-inflated.
These data characteristics severely limited the number of potential models, and, following
review, it was decided that either a Zero Inflated Negative Binomial Hurdle (ZINB) model or a
Zero Adjusted Negative Binomial Hurdle (ZANB) model (Zuur et al. 2009) would be the most

appropriate.

The ZINB and ZANB models differ in the way that they treat zeros within the data, and a logical
decision needed to be made based on this and the model fit. Within mosquito dipping,

specifically, zeros might be caused by:

1. Absence of mosquitoes due to the habitat being unsuitable

2. Absence of mosquitoes despite suitable habitat

3. Failure of the sampling method to collect mosquitoes that are present within the
water body

4. Failure of the observer to notice, identify or record a mosquito which has been

collected.

In a ZINB model, zeros caused by points 2, 3 and 4 are considered separately, from the Count
model, and are instead used in the zero model. Zeros caused by point 1, which are particularly
important for a habitat suitability model, are retained for inclusion in the Count model; this
is the part of the model where zeros are calculated as being from point 1, or the count is > 0.
In @ ZANB model, zeros from all 4 points are treated by the Zero model, and only records
where the count is > 0 are retained for inclusion in the Count model. The ZANB model makes
no distinction between the different types of zeros (Zuur et al. 2009). Therefore, it was these
2 model types which were trialled with the data. Due to a better fit, in terms of reduced Akaike
information criterion (AIC), and due to the biological interpretation of the likely source of the
zeros, the ZANB models were chosen for inclusion. Following calculation of the initial
saturated models, the models were optimised to the data using the stepAlC function from the

MASS package.

Page | 78



3.2.1.13 Per night catch rate of CDC mini light traps: comparison between
peridomestic and rural locations

Rural and peridomestic trapping data were compared to see if there was a significant
difference in the mosquito capture rate in the different settings. This has several potential
implications. The most obvious being that differences in capture rate could show differences
in the prevalence of mosquitoes between rural and peridomestic suburban locations. It could
also be associated with different levels of light pollution between rural and suburban settings

affecting the conspicuousness of the bulb fitted to the light trap.

Because the data sets held different numbers of observations and ran over slightly different
temporal windows, the peridomestic data was constrained so that it covered the same time
period as the rural survey. A rolling mean was then applied to the peridomestic data such that
each data point would be equivalent to the mean of the four surrounding points. Each rural
data point was divided by 4 to make the value equal to the mean number of mosquitoes

caught per night.

The rural dataset, therefore, consisted of 48 observations, each equal to the mean number of
mosquitoes caught per trap night. The peridomestic dataset, after the treatment above,
consisted of 298 observations, each equal to the mean number of mosquitoes per trap night.
Welch's t-test was applied to the data, where a random sample of 48 observations was
extracted from the peridomestic data set to compare to the 48 observations in the rural data
set. This test was bootstrapped (10000 iterations), and the density plot of p-values was

created to visualise the result.

3.2.1.14 General specimen handling and identification

All catches were sorted at the time of sampling whenever possible, and non-target organisms
were replaced at the source of collection. Mosquito identification was conducted in
laboratory conditions on the adult mosquitoes using the appropriate keys (Snow 1990; Becker

et al. 2010a) and, subsequent to the development of the method, by shape based wing
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morphometric analysis. All items that were taken onto study sites were removed completely

following their use, leaving sites unaltered.
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3.2.2 Results

3.2.2.1 Sampling using Oviposition traps

The 102 oviposition traps placed at Wybunbury Moss, Loynton Moss and Jackson’s Coppice
and Marsh during 2014 yielded no positive results. Despite being in situ from April 23"4/24th
to October 10™, yielding >17000 trap nights, no evidence of mosquito activity was found in
any of the traps over the whole duration of the study. Therefore, it was not possible to
investigate either the effect of height nor presence or absence of organic material on
oviposition rate. A selection of the hardboard oviposition sticks was treated to an additional
series of drying, wetting and cooling events after the traps were removed (Silver 2008a), to
ensure that Aedine eggs had not been overlooked in the field; these also resulted in no eggs

being found.

3.2.2.2 Sampling the juvenile population

Larvae and pupae sampling, using a dipper or large pipette (where required), yielded larger
numbers of mosquitoes than all other sampling methods and 2772 mosquitoes were sampled
from Wybunbury Moss, Loynton Moss and Jackson’s Coppice and Marsh. A broad range of
habitat types was sampled, including, but not limited to, tree holes, land drainage channels
(Figure 34), puddles, poached ground, animal drinking troughs (Figure 33) and discarded

items such as buckets and a half barrel.

Aside from the prearranged sampling trips to the rural field sites other samples were collected
when the opportunity presented itself. Samples were gathered from a single tyre awaiting
refuse collection, and from tarpaulins laid on the ground during Impatiens glandulifera
(Himalayan balsam) removal on the Staffordshire University grounds (Figure 33). Larval
collections were also made at the suburban back garden locations when water had been seen

to collect at those sites.

The summary of the juvenile collections can be seen in Table 8 and include the life stages and
broad habitat types that they were collected from. Of the species that were regularly
collected, few species seemed to have any strict associations, except Dahliana geniculata

which was only found in tree holes. Culiseta annulata, which was common throughout many
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of the sites tended to be found in naturally occurring water bodies, although eggs were

collected from ornamental plant holding troughs at a pond retailer’s premises.

Page | 82



Figure 33 Examples of manmade habitats within which mosquito juveniles were found. The top image
is a puddle of water collected in a tarpaulin being used for collection, and the bottom a typical cattle
water trough.
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Figure 34 Not all naturally occurring habitats were utilised by mosquitoes during the sampling. The
top image is one of the drainage channels at Wybunbury Moss - this held many mosquitoes. The
bottom image is a drainage ditch at Loynton Moss from which no mosquitoes were sampled. Indeed,
floating vegetation of this type seemed to have an adverse effect on the presence of mosquitoes.
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3.2.2.3 Modelling habitat preference of juvenile mosquitoes
A wide range of count values was returned at each dipping location (Figure 35). The high
number of zeros and the overdispersed nature, where the variance is significantly greater

than the mean, of the data, restricted the available statistical model choices somewhat.

Density plot of the per site number of juveniles from dipping data
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Figure 35 Shows the range of different numbers of mosquito juveniles collected at each dipping site
and the frequency of those totals
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The data were fitted to a zero adjusted negative binomial hurdle (ZANB) model (Zuur et al.

2009).

The saturated model for the relationship of juvenile mosquitoes to vegetation was:

e Formula = Combined_total ~ Emergent_Vegetation * Floating_Vegetation *
Submerged_Vegetation + Algae_Present * No_Vegetation | Emergent_Vegetation

* Floating_Vegetation * Submerged_Vegetation + Algae_Present * No_Vegetation

Where Combined_total is the number of juvenile mosquitoes sampled at that dipping site,
the predictors relate to the vegetation check boxes on the mosquito dipping record form
(Figure 26). Predictors before the | relate to the count part of the ZANB model and those after

II|

" relate to the zero-adjustment model.

The final optimised model for vegetation was:

e formula = Combined_total ~ Emergent_Vegetation + Floating_Vegetation +
Submerged_Vegetation + Algae_Present + No_Vegetation +
Emergent_Vegetation : Floating_Vegetation | Emergent_Vegetation +
Floating_Vegetation + Submerged_Vegetation + Algae_Present +

No_Vegetation + Emergent_Vegetation : Floating_Vegetation

The results of the model are reported in Table 9. The Zero model showed that none of the
predictors had a significant influence on the presence or absence of mosquitoes for these
data. The Count model, which describes the environmental influences in those cases where
mosquitoes were found, showed that in water bodies with only single vegetation types there
tended to be a negative impact on the number of mosquitoes collected by dipping. However,
where both emergent and submerged vegetation was found, the number of mosquitoes

might be expected to be 2.088 (+/- 0.968) times the mean number per sample.
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Table 9 Results of the Zero Adjusted Negative Binomial Hurdle model for the relationship between

juvenile mosquitoes and vegetation.

Model for the number and occurrence of juvenile mosquitoes in relationship to vegetation

type

Zero Adjusted Negative Binomial
Hurdle Model

Count model: (Intercept)

Count model: Emergent_Vegetation
Count model: Floating_Vegetation

Count model: Submerged_Vegetation
Count model: Algae_Present

Count model: No_Vegetation

Count
Emergent_Vegetation:Floating_Vegetation
Count model: Log(theta)

Zero model: (Intercept)

Zero model: Emergent_Vegetation

Zero model: Floating_Vegetation

Zero model: Submerged_Vegetation

Zero model: Algae_Present

Zero model: No_Vegetation

Zero
Emergent_Vegetation:Floating_Vegetation

model:

model:

5.122 (0.565)""
-0.889 (0.548)
-2.022 (0.695)™"
-0.908 (0.395)"
-1.732 (0.385)™""
-1.698 (0.619)™"

2.088 (0.968)"

-0.834 (0.304)""
-0.182 (0.537)
-0.355 (0.519)
-0.532 (0.663)
0.289 (0.376)
0.522 (0.338)
-0.679 (0.623)

-0.879 (0.862)

AIC
Log Likelihood
Num. obs.

923.161
-446.581
204

**p < 0.001, “p < 0.01, ‘p<0.05
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The saturated model for the relationship between juvenile mosquitoes and light levels and

water flow was as follows:

e Formula = Combined_total ~ Full_Sun + Partial_Shade + Heavy_Shade +
Standing_Water + Slow_Flow | Full_Sun + Partial_Shade + Heavy_Shade +

Standing_Water + Slow_Flow

The final optimised model for levels and water flow was:

e Formula = Combined_total ~ Full_Sun + Standing_Water | Full_Sun +

Standing_Water

The results of the model are reported in Table 10. The Zero model showed that where the
water was static (standing water), this had a significant influence on the presence or absence
of mosquitoes for these data; making it 1.786 (+/- 0.634) times more likely to find mosquitoes
in standing water. The Count model, which describes the influence of the predictors on those
cases where mosquitoes were found, showed that for water bodies subjected to full sunlight
there was a significant (p < 0.001) negative influence on the number of mosquitoes collected
by dipping, reducing the expected number of collected mosquitoes by 2.235 (+/- 0.63) times

than the mean number collected.
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Table 10 Results of the Zero Adjusted Negative Binomial Hurdle model for the relationship between
juvenile mosquitoes and water flow and light levels.

Model for the number and occurrence of juvenile mosquitoes in relationship to water
movement and light level

Zero Adjusted Negative Binomial Hurdle Model

Count model: (Intercept) 2.403 (1.020)"
Count model: Full_Sun -2.235 (0.630)™""
Count model: Standing_Water 0.938 (1.019)
Count model: Log(theta) -1.386 (0.426)™
Zero model: (Intercept) -1.985 (0.615)™"
Zero model: Full_Sun -0.851 (0.440)
Zero model: Standing_Water 1.786 (0.634)"
AlIC 924.819

Log Likelihood -455.410

Num. obs. 204

*

"p<0.001, "p<0.01, "p<0.05

3.2.2.4 Sampling the adult population

3.2.2.5 2014 Peridomestic longitudinal study using CDC light traps

Welch's t-test was conducted to compare the mosquito catch rate between the Porthill GRW
(Mean =0.093, SD = 0.52) and Porthill OA (Mean = 0.149, SD = 0.57). There was no significant
difference between the mosquito catch rates at the 2 peridomestic sites (t = -1.1471, p =

0.2519).

Only two mosquito species were collected by the light traps in 2014, these being Culex pipiens
s.s. and Culex torrentium. Traps at both sites collected specimens of each species with both
species captured by the same trap on the same night on several occasions. The cumulative
catch rate was plotted against mean high daily temperature (Figure 36) and mean low daily
temperature (Figure 37). Collection rate reached its peak at the same time as the highest daily
means were achieved for both metrics. Due to the low collection rate, and the lack of any
significant difference between the collections, the data for both traps were combined for

these plots (Figure 36, Figure 37).
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Cumulative mosquito collection against maximum temperature
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Figure 36 Total number of adult mosquitoes caught per night in CDC 512 mini light traps, plotted as a
cumulative curve against the daily maximum temperature. These traps were located in 2 suburban
back gardens.

Cumulative mosquito collection against minimum temperature
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Figure 37 Total number of adult mosquitoes caught per night in CDC 512 mini light traps, plotted as a
cumulative curve against the daily minimum temperature. These traps were located in 2 suburban
back gardens.
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3.2.2.6 2015 Wybunbury Moss (rural) study using CDC light traps

The species caught during this light trapping phase are displayed in Table 11, which also shows the
number caught and the number of trapping iterations within which they were collected. Per trap data
is presented in Figure 38, showing that the highest number of mosquitoes collected in one four-night

trapping sessions was 5.

The number of mosquitoes caught in CDC 512
mini light traps per night at Wybunbury Moss
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Figure 38 Number of mosquitoes caught per four-night light trapping session at Wybunbury Moss.
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Table 11 Species sampled by light trapping at Wybunbury Moss in 2015. 48 trapping iterations of 4
nights duration (192 trap nights) were carried out for these samples. * Specimen too damaged to

identify beyond genus.

Species Number of positive traps Number of individuals
Culex pipiens s.s. 3 4

Culiseta annulata 13 19

Culiseta fumipennis 1 1

Aedes spp. * 1 1

When considered spatially, there appeared to be clustering in the distribution of mosquito

captures. Figure 39 shows the catch data and clustering analysis of the light trap collection

data. Circle colour indicates the clustering score (GiZScore) and the concentric centre region

communicates the level of significance. The two clustered regions, to the north and south-

east, are associated very closely with the regions which held the highest numbers of larvae,

suggesting limited movement away from the larval habitats by the adults.
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Figure 39 Light trap locations used during 2015 at Wybunbury Moss. Spatial relationships within the
data have been modelled in ARCGIS 10.2.2 and show clear, significant clustering - red markers with
centre circle.

3.2.2.7 Per night catch rate comparison between peridomestic and rural locations
The bootstrapped Welch’s t-test provided a density plot (Figure 40) which clearly shows that
there is no significant difference between the mosquito capture rate using CDC 512 mini light
traps in rural or peridomestic settings. The red line on the graph shows where p =0.05 occurs,
and it is clear that for most samples these data the p-value is greater than 0.05. Therefore,
there was no evidence to suggest that there was increased efficacy of these traps in either
rural or suburban setting, nor did this provide support for a difference in abundance of

mosquitoes within these locales.
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Figure 40 Distribution of p- values for bootstrapped Welch's t-test comparisons between rural and

peridomestic catch rates using CDC 512 mini light traps.
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3.2.2.8 2015/2016 Peridomestic study using Mosquito Magnet™ traps
Following the collection and identification of specimens collected using Mosquito Magnet™
traps during 2015 (56 trap nights) and 2016 (276 trap nights), the collection data were collated

and are presented in Table 12.

As expected, female catch rates were very high for these traps, males were represented in
the catch, with male Culex pipiens s.s. and Culex torrentium both represented at several of
the locations. The predominance of female specimens was generally of little consequence in
terms of identification. A key exception to this was for female Culex pipiens s.l. which are not
identifiable to species by traditional morphological means. Therefore, the wing morphometric
method devised in chapter three was applied to these individuals, the results of which are

displayed in Table 13.

The cumulative collection data were plotted for each trap and were plotted as a time series
(Figure 41) which clearly showed that differences between locations were apparent. Allied
with the different species richness between sites, these cumulative curves suggest large

localised differences between mosquito abundance and species richness.

N.B. No data for period 19/08/2016 to 23/08/2016 as the traps exhausted their gas in this

time, with none available to immediately replace it; therefore, the data are excluded.
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Table 12 Summary of the mosquitoes sampled using Mosquito MagnetTM traps in private back
gardens over 332 trap nights. *Morphological identification of females, either Culex pipiens s.s. or

Culex torrentium.

Trap location Species Number of positive | Number of
traps individuals

Ashley (rural) Culex pipiens s.s. 2 3
Ashley (rural) Culex pipiens s.I. * 5 12
Ashley (rural) Culiseta annulata 1 1
Kidsgrove (suburban) Culex pipiens s.s. 8 30
Kidsgrove (suburban) Culex torrentium 3 3
Kidsgrove (suburban) Culex pipiens s.I. * 12 50
Kidsgrove (suburban) Culiseta annulata 7 13
Kidsgrove (suburban) Ochlerotatus rusticus 1 4
Kidsgrove (suburban) Ochlerotatus annulipes 1 1
Kidsgrove (suburban) Anopheles claviger 3 4
Porthill GRW (suburban) | Culex pipiens s.s. 5 8
Porthill GRW (suburban) | Culex torrentium 1 1
Porthill GRW (suburban) | Culex pipiens s.l. * 11 15
Porthill GRW (suburban) | Culiseta annulata 6 7
Porthill GRW (suburban) | Anopheles plumbeus 1 2
Porthill GRW (suburban) | Coquillettidia richiardii 1 1
Porthill OA (suburban) Culex pipiens s.s. 3 3
Porthill OA (suburban) Culex pipiens s.I. * 4 9
Porthill OA (suburban) Culiseta annulata 7 11
Porthill OA (suburban) Anopheles plumbeus 1 1
Porthill OA (suburban) Coquillettidia richiardii 2 2
Porthill OA (suburban) Anopheles claviger 1 2
Stone (suburban) Anopheles maculipennis 1 1
Stone (suburban) Culex pipiens s.I. * 1 2

Table 13 Further identification of female Culex pipiens s.l. specimens using wing morphometric
analysis. 91.8 % of specimens were identified to species with the agreement of species identification
for both wings. 8.2 % had an identification difference between wings and were, therefore, not
allocated to species. Four individual’s wings were too damaged to use.

Location Identified as Culex | Identified as Culex | Not identified to | Specimens not

pipiens s.s. torrentium species - Culex | tested using wing
pipiens s.l. morphometrics

Ashley (rural) 10 3 0 0

Kidsgrove 39 5 5 1

(suburban)

Porthill GRW | 8 6 1 0

(suburban)

Porthill OA |5 1 0 3

(suburban)

Stone (suburban) 1 0 1 0
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Cumulative curves for mosquito collection by Mosquito Magnet traps
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Figure 41 Cumulative capture curves for adult mosquitoes sampled using Mosquito Magnet™ traps
during a sampling period.
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3.2.3 Discussion
This study has achieved its aims of gathering new mosquito species distribution data to add
to the national species record, an evaluation of the effect of vegetation on oviposition site

selection in rural settings and mosquito temporal abundance.

With regard to the local species record, in their 2015 review of passive mosquito surveillance
in the EU Kampen et al. reported the presence of three mosquito species and only three
individual records in the region studied in this thesis (Kampen et al. 2015), and the NBN
showed a few more records (Figure 13) most of the records were very old. This study
facilitates the addition of 325 juvenile mosquito sampling sessions where mosquitoes were
found, plus the adult collection data from light and Mosquito Magnet™ trapping, all of which
contain habitat data and high-resolution spatial data (six-figure coordinates for eastings and
northings). These data constitute a significant contribution to the field, and upon their
inclusion within the public mosquito record will help generate more accurate predictive

models of mosquito distribution and habitat preference (Golding 2013; Golding et al. 2015).

Sampling in 2014 using oviposition traps proved to be highly disappointing. These oviposition
traps were designed to be attractive to both container dwelling mosquitoes and those which
favoured tree holes, but no mosquitoes were recorded using them. However, the traps were
not devoid of life by any means, being visited by slugs, spiders, woodlice, and often oviposited
by drone flies (Eristalis Spp.) as evidenced by the presence of rat-tailed maggots. Whether
there was something fundamentally wrong with the construction of the oviposition traps
employed in this study, such as chemicals leaching from the plastic cups into the water, it was
hard to say; although this was unlikely due to the vessels being used being catering quality
products. It was more likely that the traps were less desirable oviposition sites than the
naturally occurring ones, for example pools, puddles and tree holes found on the site.
Typically, the tree holes sampled during this study dried up for at least some time during the
year, were often partially filled with decomposing leaves, the olfactory products of which
could be smelled by the operator when sampling them. These observations could be critical
to the trap’s lack of success. Periods of desiccation to facilitate oviposition by members of
genera such as Ochlerotatus and Dahliana, which deposit their eggs above the waterline in

anticipation of rising water (Snow 1990; Crans 2004; Khatchikian et al. 2010), olfactory cues
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(Mokany and Shine 2003; Allan et al. 2005) and visual cues (Bidlingmayer 1975; Allan et al.
1987) would be more closely associated with other natural oviposition sites available to the
mosquitoes rather than the artificial traps. However, there is potential for continued use of
these traps, but they might be better suited to an urban setting where container breeding is
the norm. Indeed, in many cases the oviposition traps have been used primarily in an urban
setting where the mosquito species assemblage may be more attuned to opportunistic
container oviposition rather than being highly selective towards specific criteria (Kampen et

al. 2015; Vaux and Medlock 2015; Medlock et al. 2017).

Alternatively, changing the container from plastic to cut sections of bamboo could yield better
results, indeed traps using cut bamboo have been successfully used to sample oviposition of
Dahliana geniculata in the south of England (Yates 1979). In Yates’ study eggs were collected
from June through to November in 1972 (28 oviposition traps) and 1973 (54 oviposition
traps), indicating a 19 week oviposition season for Dahliana geniculata. During 1972, 13889
mosquito eggs were collected, and 6332 collected in 1973 (Yates 1979). Synthetic oviposition
traps made from beer cans, with similar dimensions and volume to the cups used here, trialled
by (Loor and DeFoliart (1969) in Wisconsin, USA, demonstrated the viability of non-organic
containers and highlighted the importance of dark coloration and the presence of organic
debris for the attractiveness of these oviposition traps. When using dark coloured cans,
organic debris or a combination of both, 18 of 21 sampling iterations were positive for
oviposition activity, with as many as 1237 eggs being collected in a single week (Loor and
DeFoliart 1969). As all the containers used in this study were black in colour and 50 % of the
traps were filled with water containing organic matter from the trap location, and all of the
sampling sites were shown by other means to have resident mosquito populations, it was
surprising that there was no evidence of their utilisation by mosquitoes. A possible further
modification would be to remove the hardboard oviposition surface in favour of a cloth one

which has been shown to be very effective (Lenhart et al. 2005).

These traps, or variations thereon, have been shown to work internationally, particularly for
Aedine mosquitoes (Fay and Eliason 1966; Carrieri et al. 2011). They are also currently being
used in the South East of England by Public Health England (PHE) to survey for invasive Aedes

species (Kampen et al. 2015). These PHE traps also yielded negative results with no
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oviposition recorded during their first seasons (Vaux and Medlock 2015), although more
recently invasive Aedes albopictus eggs have been collected in one of them (Medlock et al.

2017).

As expected, sampling the larval/pupal population using a dipper proved to be a highly
efficient method in terms of mosquito species sampled. It also has the advantage over
trapping methods in terms of low financial cost. The approach to dipping taken in this study
was to carry out detailed surveys at the sites requiring multiple visits to locations over an
extended period of time. This methodology allowed the collection of species distribution data
plus data relating to temporal variation helping generate a better understanding of mosquito
ecology at the sites sampled, and was, therefore, the correct approach for this study. An
alternative strategy might have been to make single visits to a wider variety of locations,
thereby creating a mosquito snapshot for each site. Whilst this would certainly have
facilitated the collection of a more spatially diverse dataset, making single visits to sites would
fail to record a number of species which were actually present. For example, some univoltine
(those having one brood of offspring per year) species have a relatively short period of time
within which to complete their development from egg to oviposition of the next

generation(Snow 1990) prior to summer diapause (Clements 1999) and overwintering as

eggs.

Modelling of habitat association to juvenile mosquito catch data was successfully carried out
and fitted the data quite well. As with all models, it is only representative of the data included
in the calculation, and so when considering application as a predictive tool this should be
borne in mind, however the results of the model do describe the sampling experience quite
well. The high adverse effect of habitats with only floating vegetation might be explained by
sampling of land drains which were heavily covered with Lemna spp. (duckweed) which never
resulted in positive collections of mosquitoes. This relationship is interesting as it runs counter
to some of the literature (Golding et al. 2015), although it is important to understand that the
models presented here do not include data related to the co-occurrence of predators in each

habitat, which could be a driver of mosquito absence in these mature land drains.

When sampling the adult population, the CDC 512 mini light traps proved to be suitable

devices, but, perhaps, are not as effective in the UK as in other locations globally due to the
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reduced tendency of British mosquitoes to enter dwellings (Silver 2008a). For this study, the
light traps were used with no bait other than the standard fitted lamp. Often CO; is added as
an additional bait has been shown to bias collections (Acuff 1976; Muturi et al. 2007; Hesson,
Ignell, et al. 2015) and reduce the diversity of the sample (Silver 2008a). Augmentation using
a floral volatile organic chemical (VOC) based bait might help significantly increase the catch
of male specimens, and potentially increase the targeted nature of the trap. Mosquitoes were
always outnumbered in light trap catches by non-target invertebrates, including
microlepidoptera, Chironomidae and Ceratopogonidae. Occasionally the catch also included

more robust flies, such as Lucilia sericata (Meigen).

Initially, it was thought that the poor performance of light traps in 2014 might have due to
light pollution in the suburban setting, especially since the traps are only equipped with a
small 6-volt bulb. If this were the case, then it would have been expected that there would be
an increase in the number of mosquitoes caught using these traps in a rural setting where
there would be significantly reduced light pollution, thereby increasing the relative brightness
of the bulb in the trap. This did not turn out to be the case, with differences between the two
settings shown to be statistically non-significant. This calculation did assume that populations
of mosquitoes which might be attracted to the traps at each location were equal, which may
or may not be the case. This comparison between the traps’ effectiveness was based on the
analysis of data collected for another purpose and the sampling effort applied to each setting
was not balanced. Therefore, caution must be applied when considering the outcome of this

analysis.

Light trapping collected a very low number of species, with only two species collected in
suburban settings and four species collected at Wybunbury Moss. Subsequent use of
Mosquito Magnet™ traps, by contrast, collected more mosquito species and collected fewer
bycatch species. Mosquito Magnet™ traps have over recent years become increasingly
important tools for the collection of high quality mosquito data and have been used in many
studies (Hutchinson 2004; Deblauwe et al. 2014; Medlock and Vaux 2015b; Vaux et al. 2015),
and have been shown to outperform CDC light traps (Hoel et al. 2009; Sant’Ana et al. 2014)
as seen in this study. However, they do have drawbacks associated with their use. They are

expensive when compared to light traps, and because of this there may be a barrier to
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purchasing the equipment, and there may be increased security concerns when deploying
them onto public land, indeed, for this study that was deemed too great a risk and restricted
their use to suburban back garden settings. Running costs are also much higher than for light
traps as they require propane gas to operate. However, the increased effectiveness of these

tools as sampling devices outweighs their potential limitations.

That Culex torrentium were collected throughout the study as all life stages, and at almost all
sites runs counter to the latest literature for British Culex mosquitoes, which suggests that
Culex torrentium are a rural species, not featuring in urban collections at all due to their being
more cold adjusted and therefore repelled by increased temperature caused by the urban
heat island effect (Townroe and Callaghan 2014). For their research, Townroe and Callaghan
(2014) studied mosquitoes in and around Reading, which is ~ 130 miles south-east of the
region studied here. Presumably, this distance is sufficient to cause a reduction in
temperature such that Culex torrentium range is not restricted by higher temperatures in
urban settings at this latitude; the yearly average maximum temperature (1981-2000) for the
nearest weather station to this study (Keele) was 12.6 °C whereas for Reading University’s

weather station it was 14.5 °C (‘Keele climate’ 2017).

Aside from the confirmatory records of new species found, perhaps the most important
finding of the field surveys carried out has been that Culex torrentium is found commonly in
urban, suburban and rural settings in the area around Stoke on Trent. It is a good example of
the unreliability of the English species record for mosquitoes in general and highlights how
the species record in its current state provides poor information regarding the distribution of
major potential enzootic disease vector. Only by continued research, complete specimen
identification and sharing of findings can the species record be improved such that it be a
representative description of the distribution of mosquitoes in general and of potential

disease vectors in particular.
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4 |Investigation into wing morphometry as a means of
species discrimination of Culex pipiens s.s. and Culex
torrentium

4.1.1 Introduction

As previously discussed in chapter 1, British Culex pipiens complex mosquitoes are competent
vectors of a variety of mosquito borne organisms (MOBOs), with the potential to cause
disease in humans and animals. Within the complex, the different species each have different
vector competences (Fonseca et al. 2004; Hesson, Verner-Carlsson, et al. 2015) and apparent
differences in geographical distribution (Townroe and Callaghan 2014; Werblow et al. 2014).
It would therefore be very useful to be able to easily and cheaply discriminate between the
species within the complex, to facilitate the collection of ecological and behavioural data that

will help to increase understanding at a species level.

Culex pipiens L. and Culex torrentium Martini are sympatric sibling species which are
morphologically cryptic. As imago, only the males of each species can be discriminated
morphologically. This involves dissection of the male terminalia to examine the characteristic
differences of the structure of the dorsal arm of the aedeagus, and ventral arm of the
paraproct (Figure 42) are visible under low power, ~40x magnification, light microscopy (Snow
1990; Becker et al. 2010b); this is a well-established method and has been shown to be
genuinely discriminatory across many studies (Service 1968; Dahl 1988), and were found to
be 100% consistent with identification by molecular means throughout this study (Chapter 2).
In the larvae both sexes can be identified to species, when in the 4™ instar stage only, by
comparing the branching of setae (spiny hairs) on abdominal segments IlI-V and the presence
of branching of the saddle setae (1-X) (Becker et al. 2010a), although previous studies of
British Culex mosquitoes did not find the branching of saddle setae to be discriminatory

(Service 1968).
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Figure 42 Differences in the terminalia of Culex pipiens s.s. and Culex torrentium. (a) Culex pipiens s.s.
showing the truncated apex of the dorsal arm of the aedeagus, and weakly developed ventral arm of
the paraproct and Culex torrentium (b) showing the twisted and pointed apex of the dorsal arm of the
aedeagus, and strongly sclerotised ventral arm of the paraproct. Diagram adapted from Becker et al.,
2010a

Traditional morphological identification of the female imago of these species is not reliable
(Service 1968; Jupp 1979; Onyeka 1983) as it relies on the presence of pre-alar scales on Culex
torrentium; these scales are very easily dislodged and are therefore often missing, and have
been observed as not present even in pristine Culex torrentium specimens (Service 1968).
Consequently, female imago identification needs to be carried out using molecular methods,
for which there are existing DNA primers (Bahnck and Fonseca 2006; Rudolf et al. 2013).
Although these molecular methods work well, they might not always be available to
entomologists, require expensive equipment and can be time-consuming. Studies have,
therefore, been ongoing to find and demonstrate the consistency of a simple method of
species discrimination, that does not demand access to equipment and apparatus beyond the
reach of most amateur entomologists. The important role played by expert amateur
entomologists (Morris 1987; Hopkins and Freckleton 2002) in supplying species distribution
data to recording centres which then inform resources such as the National Biodiversity Atlas

(NBN 2017) should not be overlooked (Pearson and Shetterly 2006).
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4.1.1.1 Introduction to wing morphometric identification

Wing vein measurements have been successfully demonstrated in various areas of
entomology as species discrimination tools such as with screw worm flies (Hall et al. 2014)
and honey bees (Meixner et al. 2013; Oleksa and Tofilski 2015). Other interesting applications,
which underline the potential power of wing morphology to convey genetic differences
include the identification of Africanised honey bees (Francoy et al. 2008) and gender

identification in bees (Francoy et al. 2009).

Wing morphology is seen to be well conserved within species (Garcia-bellido and Celis 1992;
Birdsall et al. 2000) and a rich source of variation between species. Wing size and shape vary
between individuals of the same species in response to several factors associated with larval
development, these include temperature (Debat et al. 2003), nutritional availability (Garcia-
bellido and Celis 1992) and larval density (Alto et al. 2012). Bilateral differences in wing
morphology in individuals can also exist and often these are related to environmental stress
(Parsons 1990); typically these take the form of fluctuating asymmetry (FA), which are small
random deviations in paired bilateral traits (Hosken et al. 2000) normally distributed R-L
values about the mean (Parsons 1990), and are often related to temperature and larval diet.
Therefore, these asymmetries are often related to species populations near to their range
boundary (Costa et al. 2015) or in regions subject to habitat disturbance (Lens et al. 1999).
Importantly, the magnitude of the changes caused by fluctuating asymmetry is less than that
generated by species. Two other forms of asymmetry are directional asymmetry (DA) where
the asymmetry favours one side over the other in a population, and so the average deviation
from symmetry is other than zero, and antisymmetry (AS) where one side is usually greater
than the other, but the position of the larger side varies randomly in a population, generating
a bimodal distribution (Parsons 1990; Costa et al. 2015). AS and DA are not related to
developmental factors in the same way as FA and do not necessarily indicate that

developmental instability is occurring due to physiological stress (Palmer and Strobeck 2003).

Culicine mosquito wing venation consists of mainly straight veins with several cross-linking
veins; the arrangement and the standard vein nomeclature is shown in Figure 43 (Becker et

al. 2010a). To date the features of interest for discrimination between Culex pipiens s.s. and
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Culex torrentium have been related to the length of vein R2+3 (Borstler et al. 2014), and or

the ratio of the lengths of R2+3:R2 or R2+3:R3 ( (Mohrig (1969) in Borstler et al. (2014)).

fringe scales - ___ A Gy

Figure 43 Wing vein nomenclature as applied to Culicine mosquitoes. C = costa, Sc = Subcosta, R =
radius, Rs = radial sector, M = media, Cu = cubitus, A = anal, Ar = arculus, h = humeral. After Becker et
al. (2010b).

Traditionally, wing features used for species identification have been based simple measures
of vein lengths or the ratio of two wing veins. Typically, measurements are taken with a rule
under a suitable magnification, and then calculations performed to determine which species’
range the result falls into. For example, within the Willistoni, a group of sibling Drosophila, a
number of different wing vein indices were diagnostic of species (Burla et al. 1949). However,
there are many cases, particularly with closely related species, where there might not be a
suitable univariate (single vein length, or section length) or bivariate (ratio of two vein
lengths) means to discriminate between species. Until relatively recently, analysis of wing
morphology would subsequently be ruled out as a method for species discrimination.
Increasingly however, Shape Analysis (Adams et al. 2004), also referred to ‘new
morphometrics’ (Rohlf and Marcus 1993) has been used as a multivariate method to find
sufficient information to discriminate between species where traditional methods have

failed. Shape analysis is a hugely powerful, multivariate, approach to describing the

morphology of any object. In this context shape has a specific definition:

Shape is all the geometrical information that remains when location, scale and

rotational effects are filtered out from an object (Stegmann and Gomez 2002).
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Figure 44 shows an example of four copies of the same shape, whilst they are located, rotated
and scaled differently, they are still the same shape. The removal of scale is particularly
important when applied to mosquito identification as it effectively removes the allometric
growth effect of differential larval feeding introduced earlier. The removal of location and
rotation data is useful as it makes the orientation of specimens for image collection much

simpler, obviating the need to accurately match positions of specimens.

Figure 44 Once rotation, scale and location values are removed, these four shapes would be identical
when analysed under the definition of a shape under shape analysis. after Stegmann & Gomez, 2002.

When the mathematics of shape analysis are applied to biological morphology comparisons,
this becomes Geometric Morphometrics (GM). From early exploratory and method
development studies (Rohlf and Archie 1984; Rohlf 1993) through to cutting edge applications
(Sumruayphol et al. 2016; Wilke et al. 2016), mosquitoes, such is their importance for study,
have always been candidates for new methods of investigation and species discrimination.
Indeed, wing morphometric identification using modern methods has been used to
successfully discriminate between mosquitoes of different genera (Wilke et al. 2016) and also

to identify species within the same genus (Borstler et al. 2014; Sumruayphol et al. 2016).

An alternative approach to computational identification based on morphological shape

characteristics is the application of artificial neural network (ANN) methods. A technique from
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the field of computational intelligence, ANN is less rigid than traditional statistical techniques
and can be applied to data where a proper analytical or statistical model can be found
(Marcondes and Borges 2000). In a study by Lorenz, Sergio and Suesdek (2015), based on
mosquito wing shape characters, it was demonstrated to be a powerful tool, showing
increased species identification accuracy when compared to results from GM discriminant
analyses when applied to 17 mosquito species from three different genera. The application
of ANN to sibling and/or cryptic species requires further investigation (Lorenz et al. 2015), this

however, is beyond the scope of this study.

Other shape comparison studies in fields outside of mosquito ecology (Oleksa and Tofilski
2015; Van Cann et al. 2015) have resulted in some exciting approaches and the development
of new techniques for processing shape data (Jombart 2008; Jombart and Devillard 2010;
Adams and Otarola-Castillo 2013), particularly when using software solutions such as R

Statistical Software (R Core Team 2015).

Although easy to overlook, the ease of capture and storage of high quality digital imagery has
also had complimentary effect on the continued development of these approaches. The
ability to store images, effectively without limit if cloud storage resources are utilised,
provides exciting opportunities for the creation of wing image databases for interrogation for

identification purposes.

4.1.1.2 Wing morphometrics using shape analysis

For the purposes of this document, landmark-based Shape Analysis will be discussed as a two-
dimensional method where insect wings are the target of the analysis. It can, however, due
to its pure math origins, be applied to the analysis of any two or three-dimensional shape or

structure where the specifics of that shape need to be interpreted.

Landmarks are those points of interest on the wing which will form the apices of the shape
being analysed. Insect wings are well suited to this landmark-based approach as the
intersection of wing veins with each other, or the wing edge is very easy to plot precisely, and
as they are fixed anatomical features, they are related to species ontogeny (Comstock and
Needham 1898). Landmarks are selected based on criteria: previous publications (to ease

comparison), apparent differences between species and developmental or functional

Page | 109



reasons. Landmarks must sample sufficient morphological data that if the species can be
discriminated, they will be; collecting too few landmarks at this point might result in a failure
to find discriminatory variables that do exist (Zelditch et al. 2004). A balance must be struck
however, between the effort required to collect the data and function, if a tool is too complex

it might not be used.

In most shape analysis methods referred to in this thesis, more landmarks are collected than
are used in the final analysis (Wilke et al. 2016). This is because at the time of landmark
collection, the final variables diagnostic for species may not yet be known (Zelditch et al.
2004) and will be identified by dimension reducing tools such as Principle Components
Analysis (PCA). Indeed, dimension reduction will reveal the existence of potential univariate
or bivariate measures of discrimination when analysing new species or applying this approach

to a species combination for the first time.

4.1.1.3 Tools

Numerous software tools now exist, facilitating the process of shape analysis, tools such as
Collecting Landmarks for Identification and Characterization (CLIC) software (Dujardin 2016)
and the R Statistical Software (R Core Team 2015) additional packages Geomorph (Adams and
Otdrola-Castillo 2013) and Adegenet (Jombart 2008) take on the mathematical burden of
analysing shape data leaving the focus on developing the best approach to answering specific
biological questions, and to developing workflows which simplify and foster future

exploration.

4.1.1.4 Collection of landmarks

There are many approaches to landmark collection from images. Some software solutions are
written specifically for this purpose, such as MOME-CLIC (Dujardin 2016), TpsDig2
(http://life.bio.sunysb.edu/morph/morphmet/tpsdig2w32.exe) and the Geomorph package
for R (Adams and Otarola-Castillo 2013); other software has functions which allow for the
landmark collection which is incidental to its original purpose, Imagel

(https://imagej.nih.gov/ij/) and Adobe Photoshop for example.

The key attribute for the collection software is that it is capable of accurately recording the

coordinates of the landmarks and can output these coordinates in a manner that facilitates
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analysis; typically, in the form of a text file. As data need to be accurately collected it is
important that the input image is of sufficiently high quality that the operator can distinguish

the morphological features being used.

4.1.1.5 Processing landmark data

The shape of the wing is described by the arrangement and position of the landmarks
collected. These landmarks in their raw form contain information other than that needed for
analysis. These extraneous data are related to rotation, size and position (Zelditch et al. 2004;
Dujardin 2011). Whilst at first these seem necessary, they may be artefacts generated outside
the actual shape of the wing. For example, if there is any difference in the magnification used
to capture the image, even if slight, then this would be included in the analysis. Similarly,
these features may be biologically irrelevant to species discrimination; as wing size is
correlated to the body weight of the imago (Packer and Corbet 1989), which is strongly
influenced by preimaginal feeding (Alto et al. 2012) as well as species, causing a broad range
of overlapping values. The rotation will result from the difficulty inherent in perfectly aligning
the wing on the slide and the slide with the camera. Therefore, these variables need to be
removed using Procrustes superimposition on a consensus configuration before shape

analysis can be performed (Zelditch et al. 2004; Dujardin 2011).

There are multiple approaches to the Procrustes superimposition (Zelditch et al. 2004), but
Generalised Procrustes Analysis (GPA), also referred to as Generalised least squares
Procrustes superimposition (GLS) (Rohlf 1999) but in this document, hereafter, GPA, is
currently the most commonly used (Dujardin 2011). GPA calculates a consensus shape from
within the available sample data and then transforms specimen’s shape coordinate data
relative to the consensus; the differences between the residual coordinates of each specimen
and the residual coordinates of the consensus configuration are the ‘Procrustes residuals’
(Dujardin 2011). Because the post GPA shape data is relative to the consensus shape if new
specimens are added to the data the GPA must be carried out again to generate a new
consensus and relative shapes (Rohlf 1999). GPA results in a transformed dataset with a
curved, non-Euclidean geometry, meaning that a further transformation needs to be applied
to change the data to a Euclidean geometry such that the data may be studied using classical

statistical tools (Dujardin 2011). This is achieved by projecting the GPA shape data into a linear
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tangent space, yielding Kendall’s tangent space coordinates (Rohlf 1999). In the linear tangent
space, the distance between specimens is approximately the same as the Procrustes distances

between the original pairs of landmark configurations for that individual (Adams et al. 2004).

4.1.1.6 Sensitivity and specificity in the discriminant wing morphometric context
The terms sensitivity and specificity are applied to diagnostic tests to report the effectiveness

of the test. They can be defined as (modified from (Lalkhen and McCluskey 2008)):

e Sensitivity is the power of the test to correctly identify true positives i.e. the
proportion of individuals that have the state being tested and are reported correctly
by the test as having that state.

e Specificity is the test’s ability to correctly report true negatives i.e. the proportion of
individuals that do not have the state being tested and are reported correctly by the

test as not having that state.

Often applied to diagnostic testing of disease in medical settings they help in the diagnosis of
illness by testing whether an individual has a disease or not. Some tests are described as
having a high sensitivity and so seek to identify whether an individual has the disease state.
Alternatively, a test that has high specificity can be applied; in this case seeking to

demonstrate that the individual does not have a disease state.

Both situations are somewhat different to the challenge of the wing morphometric challenge
presented here. This is because in the medical testing examples used above the tests identify
either the presence or absence of the disease state but offer no guidance beyond that; the
next stage in diagnosis requires the clinician to make a judgement as to which disease to test
for next. This is not the case in the analyses of wing morphometrics using a discriminatory
approach as conducted here. Because all the specimens tested have been previously
identified using reliable morphological methods as being either Culex pipiens s.s. or Culex
torrentium, meaning that in all cases specimens can only be one of these species, an individual

sensitive result for Culex pipiens s.s. must also be a specific result for Culex torrentium.

For the reasons outlined above, within the field of species discrimination using wing
morphometrics it is challenging to apply the terms sensitivity and specificity to the results due

to the inherent perspective associated with these terms. In a two species test a correct

Page | 112



classification against the true species identity is sensitive in one perspective and specific in
the other perspective. Due to this, and in agreement with other investigations in this field
(Lorenz et al. 2012, 2017; Borstler et al. 2014; Wilke et al. 2016), the reporting of the
discriminatory power of the wing morphometric analyses presented here are in terms of the
accuracy of the classification given by the approach against the true classification established
using molecular means. The second metric reported in the results section is the precision,
that being a measure of the consistency of the result provided by the model being tested

when applied repeatedly to the dataset.
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4.1.2 Assessment of the application of Borstler’s et al. (2014) wing
morphometric identifcation method to British Culex mosquitoes

To assess the applicability of wing morphometric shape analysis as a method for the diagnosis
of species a study was conducted based upon the methods and findings of Bérstler et al.
(2014). The study also aimed to investigate any drawbacks of the methods proposed by
Borstler et al. (2014) and consider areas of the process which might be simplified for increased

ease of use.

Borstler et al. (2014) tested univariate, bivariate and multivariate methods for species
identification of female Culex pipiens and Culex torrentium. They used the open source
software package MOME CLIC to map and analyse the distribution of wing vein junctions to
create a species-specific wing “shape” template for multivariate analyses using R Statistical
software (R Core Team 2015). For their study, they used Culex pipiens s.s. and Culex
torrentium mosquitoes collected between 2008 and 2012, predominantly from a range of
habitats and at varying life stages. Specimens were collected from various sites across
Germany, some of which had multiple collections at the same time, therefore their specimens
will have included some reproductively isolated groups (either temporally or geographically)
and other which may not be isolated (Slatkin 1987). The classification accuracy of the
discriminant model within the training data using the multivariate approach was > 97%
accurate. Using their findings, they went on to devise a manual method of measurements.
Their method was very successful and gave a high proportion of correctly identified test
individuals with over 91 % accuracy. Inter-species variation was sufficiently high to allow
Borstler et al. 2014 to use a simple ratio of the length of wing vein R2+3:R3 to correctly
identify the species of over 90 % of their specimens. However, the results from Borstler et
al.(2014) run counter to those of Service (1968), who focussed on British Culex pipiens s.s.
and Culex torrentium specimens, and a study of Russian Culex pipiens s.s. and Culex torrentium
mosquitoes (Fedorova and Shaikevich 2007), neither of which were able to find reliable
methods using the wing vein index R2+3/R2 or R3. Neither Service (1968) nor Fedorova &
Shaikevich (2007) carried out a multivariate analysis of wing shape. Therefore, confirmation
of the applicability of this method needed to be carried out using specimens from the UK,
specifically from North Staffordshire and environs, before it could be used to identify

specimens collected in the field for the wider ecological study presented within this thesis.
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Whether British Culex pipiens s.s. and Culex torrentium are more like British Culex from 1968,
or present-day Germany needed to be determined through new observations and analysis.
Only then can the use of wing morphometric features, to discriminate between these species,

be adopted or rejected.

4.1.2.1 Method
For this study, the method was closely based upon that of Borstler et al. (2014) to ascertain
whether their approach would have similar discriminatory power described in that paper,

using German Culex pipiens s.s. and Culex torrentium, when dealing with British specimens.

All mosquitoes were collected from the field, in the North Staffordshire region of England
throughout 2014, as larvae and eggs prior to rearing on in the insectary, as detailed previously
(3.2.1.7). Specimens did not include any laboratory cultured mosquitoes; they should,
therefore, be considered morphologically representative of the wild populations sampled. 25
male Culex pipiens s.s and 25 male Culex torrentium were used as type specimens to train the
algorithm. It should be noted that this is a deviation from the method used by Borstler et al.
(2014), where they trained their algorithm with 42 Culex torrentium and 40 Culex pipiens s.s.
specimens; the reduction in training specimens was due to availability of suitable specimens
during this initial investigation. Each individual was identified morphologically by dissection
of the genitalia, with reference to keys (Snow 1990; Becker et al. 2010b). The left wings of
each mosquito were removed and placed on temporary dry slide mounts before being viewed
using a 40x magnification dissecting microscope. Images were then captured using a 12-

megapixel digital camera viewing through the microscope eyepiece.

Images were then processed using the COO module of the Collecting Landmarks for
Identification and Characterization (CLIC) software package (Dujardin 2016). The user
interface presents the user with tools, such as zoom, landmark editing including deletion and
replacement allowing the user to review all landmark positions prior to saving the coordinate
data to a text file. Thirteen landmark features were plotted at selected wing vein intersections
(Figure 45). The specific order, and therefore subsequent numbering, of the landmarks, must
be replicated on each wing being processed; failure to do so would effectively generate a
different shape for the wing resulting in gross inaccuracies due to not transforming and

comparing like with like (Rohlf 1993; Zelditch et al. 2004; Borstler et al. 2014).
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Figure 45 A Culex sp. mosquito wing image showing the 13 specific wing landmark locations are
plotted using the MOME-CLIC interface

Once all 50 training specimens were digitised and landmarked the resultant text file was
imported into the MOG package of CLIC for shape data preparation. The user interface for
MOG is quite straightforward and leads the user through the steps of shape analysis. One
challenge in learning to use this software is that the various supporting texts and reports
frequently change language between English, French and Spanish. As previously discussed,
the collated raw landmark data needs to be transformed to remove data related to location,

scaling and rotation, the data transformation of which is shown in Figure 46.

Page | 116



*3|qISIA AIpeal SI UOoI193]|0d yJewpue| Jo uialred ay3 uolysodwiiadns $93SNJ204d dY3 4o da3ls |eul) 9yl SUIMO||04 ‘USSS 9 UBD Sy "PIAOWDJ UOIILIO] WO
uolleleA yum elep :1y3i woypog ‘|erowad 9jeds 1sod elep ayl :1}9| wollog ‘uoliejsuedy ysod eyep :3y3i do] ‘wJioj med 419yl uj elep 43| do] ‘uonyisodwiiadns
$915NJ204d SulINp uollew.ojsued) Jo S93e3s Jnoj 9yl ul elep 3ujuled} 9yl WoJ) S34Ned) dyJewpue| Sulm wWnjauallol xajn) pue ‘s's suardid xajn) 9y 2ndi4

o @ Ja *..

(o)
& ¢ 5o
&P P A
.* .. (o) °
uollejo.-3sod buljess-3sod
WNIUaJi0]} Xa|ND @ G7 WINIUSJI0} X3ND @ GZ
suaidid Xa|ND) @ GZ suaidid X3|nD @ gz

e ey oo
e )
oo\ o. o’

oo‘

%o
uone|sues}-aid &, ®o °
sjulod uo013D9sSIRUI UIRA Buim €T
WwNuaLio} Xaind @ Gz WwNRUa.I0} X3Ind g Gz

suaidid X3|nD @ g7 suaidid x3|nD @ g7



4.1.2.1.1 ldentification of unknown specimens

Following preparation and analysis of training specimen landmarks, the software was ready
to receive unknown specimens for discriminatory processing, which is loaded following the
cues in the MOG package. To test the effectiveness of the software in discriminating between
Culex pipiens s.s. and Culex torrentium, “known unknown” specimens were used. These were
mosquitoes that had been identified in the same manner as the training specimens. The
known unknowns did not include any of the specimens used for training and had their
landmarks plotted after the training data was collected, in a separate processing session;
replicating the typical scenario for an applied setting. For this pilot study testing, all known
unknowns were male Culex torrentium (n = 10). Identification of unknown specimens was
calculated using two different algorithms built into the MOG package, one based on the

Procrustes distance and one on Mahalanobis distance.

4.1.2.2 Results

The training data confirmed that the two species groups had morphological differences which
could be used to assign unknown specimens to groups. Figure 47 shows the grouping of
principal components 1 and 2 within the training data. There was incomplete separation of

the species groups when plotted against the first two principal components, this however
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does not include the influence of the remaining components which are available to

calculations related to identification of unknown mosquito specimens (Table 14).

25 0
25 @

PCA X=PC1, Y=PC2

Figure 47 Principal component analysis of the wing morphometric landmarks for the training data. It
is important to note that the discriminatory analysis uses all the features for discrimination and not
just the principal component. The dots represent individual specimens and the squares represent the
species centroids.

Table 14 Principal components that contributed to the difference between the two species groups and
the magnitude of that contribution.

PC No.

10

11

12

13

14

Contribution

0.31

0.26

0.10

0.08

0.06

0.04

0.04

0.03

0.02

0.02

0.01

0.01

0.01

0.01

Procrustes classification showed a 90% accuracy when identifying the Culex torrentium known

unknowns, whereas the Mahalanobis classification was only 50% accurate (Table 15).
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Table 15 Results from the wing morphometric identification process. All specimens in this test were
Culex torrentium. The Procrustes analysis was 90% accurate, compared with 50% for the Mahalanobis

classification approach.

Unknown specimen number

All Culex torrentium

Procrustes Identification

Mahalanobis Identification

1 Culex torrentium Culex pipiens
2 Culex torrentium Culex pipiens
3 Culex torrentium Culex pipiens
4 Culex torrentium Culex torrentium
5 Culex torrentium Culex torrentium
6 Culex pipiens Culex pipiens
7 Culex torrentium Culex torrentium
8 Culex torrentium Culex torrentium
9 Culex torrentium Culex pipiens
10 Culex torrentium Culex torrentium
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4.1.2.2.1 Canthe wingvein R2+3/R3 index be used to discriminate between Culex pipiens
s.s. and Culex torrentium reliably?

In this section, the data were checked to see if it is possible to use a reduced dimension
approach against the data already collected. The ratio between wing vein R2+3 and R3 (Figure
48) was investigated to determine whether it was discriminatory between locally collected

Culex pipiens s.s. and Culex torrentium.

Figure 48 The 3 landmarks being called from the database, using an SQL query, to facilitate the

calculation of the ratio of wing vein R2+3 and R3. This is a putative discriminating feature for Culex

pipiens s.s. and Culex torrentium.

There was a significant difference between the distribution of the ratios of R2+3/R3 between
the species (Figure 49). However, there was an overlap between the ratios (Table 16 and
Figure 50) which weakened the discriminatory power of this metric. This was exemplified
when using the wing vein ratio R2+3/R3 to predict species identification of both wings of the
known unknown data, 50 of 77 wings were assigned to the correct species (64.94 %).
However, if only the right wings from the known unknown data were used in the unknown
data, then 12 of 38 were assigned to the correct species (31.58 %). Whether there is a

measurable difference between left and right wings should therefore be investigated.
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Figure 49 Wing vein ratio R2+3 to R3 for Culex pipiens s.s. and Culex torrentium. ANOVA showed that
the difference between the species was significant (p = < 0.001)

Table 16 The mean ratios of wing vein R2+3/R3 for Culex pipiens s.s. and Culex torrentium. Whilst there
is a significant difference between the species, there is also sufficient overlap that a bilateral
measurement cannot be used to differentiate an individual mosquito’s species.

Species Mean R2+3/R3 | Standard Minimum Maximum
ratio Deviation

Culex pipiens 0.2166 0.0404 0.1337 0.3930

S.S.

Culex 0.2995 0.0395 0.2015 0.4157

torrentium
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Figure 50 Linear discriminant analysis plot of the R2+3/R3 wing vein index of Culex pipiens s.s. and
Culex torrentium shows that the species are only partly separated by this ratio.

4.1.2.2.2 Discussion

Results showed that the Borstler et al. (2014) method had mixed results with mosquitoes
collected in North Staffordshire; significant multivariate and bivariate differences between
the species were found, but identification of “unknown” specimens showed mixed success.
Procrustes analysis gave the most accurate method for identification, with Mahalanobis
distance being less accurate. That there was such disagreement between the two approaches
was somewhat frustrating and reduced confidence in the power of the model to identify new
specimens i.e. those not involved in creating the model. Dujardin et al. (2010) found that
Mahalanobis identification was very powerful but sensitive to outliers, perhaps with the small
data set used in this validation study this sensitivity was seen and resulted in the incorrect

identifications.

Using the wing vein ratio, R2+3/R3 was found to be unsuitable for the identification of Culex
pipiens s.s. and Culex torrentium for these locally collected specimens. The overlap between
the ratios was considerable, therefore ruling out this approach of species discrimination.
These findings are quite different to those of Borstler et al. (2014) who found quite disparate
ratios and a very precise tool for species discrimination; they are, however, similar to those

of Service (1968), who studied British specimens and of Fedorova & Shaikevich (2007), who
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worked with Russian examples. It appeared, therefore, that British Culex pipiens s.s. and Culex
torrentium were more similar morphologically than those found in Germany by Bérstler et al.
(2014) and is supportive of the notion that more localised studies are required before any

general approach can be assumed, even in these cryptic, sibling, sympatric species.

Despite these mixed results, there was some discriminatory power using wing morphometry
and therefore potential in the approach to be applied to British Culex pipiens s.s. and Culex
torrentium mosquitoes. However, a more in-depth analysis would be needed to ascertain the
best approach to take with regard to identification of which features the principal
components relate to, and to optimisation of landmark collection to ensure all between
species variance is captured. By conducting further study the user can be informed of the
accuracy of wing morphometric discrimination between Culex pipiens s.s. and Culex

torrentium and choose whether or not it is sufficient to justify the use of this method.

When considering a complete study, it was important to reflect on the work involved in
processing the wing data used in the pilot. The process seemed quite user intensive in places.
Whilst the method of collecting the wing morphology landmarks using the COO module of
CLIC was quite intuitive and user-friendly, the subsequent data handling and processing using
the MOG module of CLIC could be somewhat frustrating with a series of button clicks
required. A more automated approach might have been preferable. Result output was
considered to be appropriate for the communication of results for a single treatment but
lacked the flexibility needed to compare different approaches and landmark collection
regimes. For example, if the user wanted to try only 12 of the landmarks rather than all 13,
or, perhaps, wanted to reorder them, then the user was tasked with either recollecting the
landmarks from the images or painstakingly editing many text files. This was unsatisfactory
and it afforded ample opportunity for operator measurement or data manipulation error
which could influence the comparison between approaches. Therefore, a new post-
processing procedure written specifically to facilitate the manipulation of variables applied to

calculations, whilst leaving the original data pristine for subsequent tests is required.

For ease of identification male mosquitoes were used for this study; the final application,
however, will be for the identification of female Culex pipiens s.s. and Culex torrentium. The

results from this study can only be considered as suggestive of a potential sufficient disparity
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between species wing shapes for this method to be useful, and that the correct identification
rates may vary from those seen in male mosquitoes. Part of further studies should explore
whether there is a significant difference between the male and female wing morphology, as
has been shown to exist in other insects (Francoy et al. 2009), and other mosquito species
(Christe et al. 2016). During this study, only morphological identification of mosquitoes
needed to be carried out as these had shown to be accurate for males of these species.
However, further studies using female mosquitoes require the morphological identifications
to be supported by molecular identification using PCR. These DNA identifications will allow
the use of female wild caught mosquitoes to be used in the shape analysis training data, and
tailor the approach to the specific need in the field — the discrimination of female Culex pipiens
s.s. from female Culex torrentium mosquitoes, as it is here that we lack any other reliable

morphological feature based approach (Becker et al. 2010a).

In this study, wings were removed, flattened and placed on temporary dry slide mounts prior
to being imaged; this approach has the advantage of being quick and very easy, it did,
however, prevent the retention of reference materials which it might be desirable to retain
as reference materials to underpin the approach. Additionally, there is the potential for some
movement of the wing in the vertical axis, potentially allowing parallax errors to cause a slight
variation in apparent values in the horizontal plane. Therefore, for all subsequent work,
permanent slide mounts will be prepared and stored as reference specimens, in case further

replication or verification be required.

The results of the complete study, following the adjustments suggested above, will then be
guantified, analysed and reported. If the approach can be shown to function as intended,
then a simplified workflow to use as an identification tool should be created, based on the
best configuration from the findings, for utilisation in the wider study within this thesis, and
should also be made available to other entomologists to help cheaply and quickly
discriminate between female Culex pipiens s.s. and Culex torrentium. In an effort to further
reduce the equipment needed and time taken to capture the wing images, thereby
facilitating the use of this method by amateur entomologists, the further study will also
investigate the use of a flatbed scanner to capture the wing venation data from the

prepared slides.
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4.1.3 Wing morphometric species diagnosis between British Culex
pipiens s.s. and Culex torrentium

In chapter 4.1.2 it was demonstrated that the wing morphometric approaches, using either
the ratio of veins R2+3 and R3 or the length of R2+3 alone, described by Borstler et al. (2014)
could not be applied directly to British specimens due to overlapping value ranges between
Culex pipiens s.s. and Culex torrentium. As noted by Borstler et al. (2014), overlaps of this
nature had been described previously in Britain (Service 1968), and it was interesting to see
that they still persisted even after almost 50 years. However, despite the overlap in this
measure, which effectively ruled out the use of univariate and bivariate methods of species
discrimination, there was sufficient potential in the multivariate analysis, as shown in the
partially successful identification of unknown specimens, to conduct a full analysis. In this

chapter, this analysis is conducted.

Within this chapter, a method of accelerated collection of digital images of mosquito wings
using a flatbed scanner is tested against using a microscope mounted digital camera. The
expectation was that the resultant method would be made more cost efficient; by replacing
the necessity of an expensive microscope and camera with and cheaper digital scanner.
Budget microscopes of this kind cost over £850 in the UK (Cole-Parmer 2018), compared with
under £60 for the scanner used in these experiments (Canon 2018). This, therefore, would be
more accessible to amateur entomologists. The ability to capture multiple images at once
using a scanner would also facilitate higher throughput, making it a more attractive

alternative for higher volume sampling.

Having determined the appropriate method of image collection, a new analysis pathway was
coded in R Statistical Software (R Core Team 2015) and used to test the capability of
multivariate analysis of shape data related to wing morphometry to discriminate between
female Culex pipiens s.s. and Culex torrentium. The relationship of other variables was also
explored in this section, including male versus female wings, to investigate whether gender
dimorphism existed in these species (Francoy et al. 2009; Christe et al. 2016) and left versus
right wings to observe whether evidence of directional asymmetry (DA) exists. The analyses
being employed would not be sensitive to fluctuating asymmetry (FA) (Parsons 1990) or as

calculations are based on consensus values of multiple individuals and not at the individual
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level. Similarly, it would not be expected to detect antisymmetry (AS) as the random
distribution of the symmetries in the population would be hidden by the even distribution
about the mean. However, it would detect DA if the magnitude of the asymmetry was large

enough to move the shape centroid of one wing compared to the other.

Subsequently, the optimal number and identity of wing landmarks were explored, and the
accuracy of the method analysed for data within the identification model and for new
specimen data. Finally, a new software tool to simplify the analytical process, such that it
could be used as a tool for species discrimination between female Culex pipiens s.s. and Culex

torrentium was designed and is presented.
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4.1.3.1 Testing the use of a flatbed digital scanner to collect wing images
4.1.3.1.1 Introduction and Aims

Capturing high-quality images of mosquito wings from slides individually using a microscope
can be time-consuming. Therefore, it was hoped that it might be possible to capture multiple
slides at once using a flatbed scanner. The idea being that multiple slides could be placed on
the scanner at one time, and after scanning at high resolution, the resultant image would be
of high enough quality to be suitable for the wing detail to be used for identification purposes.
Flatbed scanners have been shown to be useful in other biological digitisation settings
(Sullivan et al. 2012), and could be applied for this purpose. The intention of using a flatbed
scanner was that this would save time by being able to capture many images at once and
make the technique and data available to amateur entomologists who may not have access
to microscopes with mounted cameras. There are purpose built commercial solutions to
microscope slide digitisation (Garcia Rojo et al. 2003), but these are not being considered here
as they are primarily designed for clinical settings and would be even less likely to be available

to entomologists that molecular methods.

4.1.3.1.2 Method

4.1.3.1.2.1 Preparation of permanent slide mounts

All mosquito specimens were stored at -20 °C from death until the time of use, although card
mounted or pinned specimen preservation would provide equally viable specimens (Walker
and Crosby 1988). After defrosting at room temperature for at least two hours, each wing was
carefully removed from the thorax using fine-tipped forceps under a dissecting microscope
under low magnification (~20x). Both wings were placed face down on a flat glass microscope
slide, with the wing/body joint at the centre, so that when viewed from above the left wing
will be on the left of the slide, to avoid any confusion. If the wings were particularly heavily
scaled, such that wing vein intersections were obscured, then scales were removed by gently
brushing away with a fine paintbrush. Wings were then inspected, if damage or distortion was
observed then, the wings and specimen were discarded. A small piece of 1 mm graph paper

was placed adjacent to the wings as a permanent scale reference.

After inspection, four drops of D.P.X. (Sigma-Aldrich) slide mountant (~ 0.09 g) was added,
and the wings flattened again, if necessary, before being covered with a glass coverslip. Each
wing slide was labelled, with the specimen’s unique reference number, the sex, and
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morphological identification, if known (Figure 51); species DNA identification and verification
(Chapter 2) took place after the process of wing removal. The slides were then left to cure at
room temperature for at least 24 hours before any imaging took place. Post-curing,