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1.

Introduction

There is an astonishing lack of knowledge regarding the integration of many mosquito
species into ecosystems and their specific role in biological networks. Integral questions
pertaining, for example, to their choice of habitat or preference of hosts need to be answered
in order to understand the numerous relationships within their environment and with humans.
Mosquitoes have been known since time immemorial as annoying pests and linked to
disease. In the Luther Bible, mosquitoes are emphasised as the third plague (Exodus 8,12–
15), with the ability to bring death (Wisdom 16,9), and as organisms that propagate in
waterbodies (Wisdom 19,10) (Evangelical Church in Germany, 2016). Therefore, people
have long been concerned with how to protect themselves from these animals and how to
elude the dangers emanating from them. With efforts during the Renaissance to praise the
divine order, the diversity of species has also begun to be grasped and described (Watkins,
2013). These two aspects, namely the awareness for the need of protection as well as the
development of a classification of species, have mainly contributed to why research on
mosquitoes is still being carried out today.
The first time that mosquitoes came into the focus to transmit disease agents in Germany
was after the discovery of their ability to be vectors of parasitic flagellates (Plasmodium spp.)
which in turn cause the disease malaria (swamp fever) (Bruce-Chwatt & de Zulueta, 1980;
Cox, 2010). The growing awareness at the end of the 19th and beginning of the 20th century
that mosquitoes act as vectors and a lack of cure for the often fatal disease malaria have led
to sanitary actions such as targeted drainage and filling up of larval habitats of mosquitoes.
Since the 1930s, the insecticide dichloro-diphenyl-trichloroethane (DDT) and other pesticides
have intensively and successfully been used against mosquitoes (Brown et al., 1976; BruceChwatt & de Zulueta, 1980; Reiter, 2001). As a result and by the use of malaria drugs,
Plasmodium occurrence decreased until its extinction in most of the European countries in
1972 (de Zulueta, 1973). Therefore, the relevance of mosquitoes as vectors of pathogens
gradually declined in Germany, until it was only a matter of preventing a nuisance in the case
of mass occurrence (Peus, 1950).
For some years now, however, the increased introduction of pathogens and potential
effective mosquito vector species as a result of globalisation and climate change has brought
mosquitoes back into focus as relevant pathogen vectors (Reiter, 2001; Kampen & Werner,
2015). New threats include invasive non-native mosquito species, such as Aedes albopictus
or Aedes japonicus, as effective vectors of life-threatening pathogens like dengue virus,
chikungunya virus and La Cross virus causing diseases as well as the introduction of
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pathogens by travellers from tropical and subtropical countries (Kampen & Walther, 2018;
Robert Koch Institute, 2018).
Research of the biology and ecology of different mosquito species forms the basis for the
proper management of mosquito-related conflicts.
Taxonomy
Within the class of insects (Insecta), mosquitoes (Culicidae) belong to the order Diptera and
are part of the paraphyletic group Nematocera. The mosquito family (Culicidae) is divided
into two subfamilies, Anophelinae and Culicinae. Worldwide, only the three genera,
Anopheles, Bironella and Chagasia, belong to the Anophelinae, while the subfamily Culicinae
comprises 11 tribes with 44 genera (Harbach, 2007). The two most species-rich tribes Aedini
and Culicini also include the two most species-rich genera, Aedes and Culex, of which
species also occur in Germany.
In Germany, 56 mosquito species have been recorded (Becker et al., 2010; Kampen et al.,
2017): 45 native species, six non-native species, and three species with single introductions
and without permanent colonisation (Aedes aegypti, Aedes berlandi, Aedes pulcritarsis). For
two other native (Aedes cyprius, Aedes nigrinus) of the 56 species it is unclear whether they
still exist in Germany.
Morphology
A detailed description of the morphology and anatomy of mosquitoes can be found in the
works of Snodgrass (1993), McAlpine et al. (1981), and Harbach & Knight (1980, 1981). In
the following, all morphological characters that are important for the understanding of this
thesis will be introduced.
All adult mosquitoes have the typical structure of a two-winged nematoceran insect with a
head, thorax, legs, wings, and abdomen (Becker et al., 2010). In female mosquitoes, the
cerci protrude at the end of the abdomen from the last, eighth segment. In male mosquitoes,
the genitalia with the large gonocoxites, the claspettes, and the aedeagus are located in that
segment. Mosquitoes are further characterised by a very long proboscis, long legs and
scales that cover large parts of the body in some species. The legs are subdivided into the
coxa, trochanter, femur, tibia, five tarsal segments, and finally the posttarsus with two claws,
two pulvilli, and, depending on the taxon, an empodium. The wings of mosquitoes are
covered with scales dorsally and ventrally along the longitudinal veins. In some taxa, these
scales can form patches at the dorsal side of the wings, thereby providing characteristic
ornamental patterns. The colour and shape of the body scales, their formation of drawing
patterns and specific grouping to patches can be important determinants in species
4

identification. In addition, fine setae cover all parts of the body including the pleurites, which
are genus- and species-specific parts of the thorax.
In their larval stage, mosquitoes are divided into a head, thorax and abdomen. At the end of
the eighth abdominal segment, the siphon and anal segments are located. Setae and setae
brushes of different shape are distributed on the body surface. Their distribution is so specific
that each seta has received its own name. In most cases, strongly sclerotised spicules and
plates can also be found on the last abdominal segments. The spicules located
ventrolaterally on the siphon are referred to as pecten teeth, and those located laterally on
the eighth abdominal segment are called comb teeth. The shape, number, and distribution of
these spicules are highly indicative for certain species.
Besides morphological characters, genetic markers are used to identify mosquito species.
Important gene sequences used for mosquito identification are CO1, CO2, D2, D3, ITS1,
ITS2, ND4 and ND5 (Harbach, 2013). Curated and comprehensive DNA sequence reference
libraries may allow for the rapid and reliable identification of species in cases in which staff
and taxonomic expertise are limited (Morinière et al., 2019). However, it should be noted that
known DNA sequences can be very similar in different species, which thus cannot be
separated genetically by presently available markers.
Biology
The biology of all mosquito species is, generally speaking, very similar. As holometabolic
insects they have a life cycle that consists of an aquatic phase consisting of the eggs, four
larval stages and the pupal stage, and a terrestrial phase represented by the flying imagines.
Nevertheless, the life cycles can differ from species to species (Clements, 1992; Crans
2004). Firstly, they can be distinguished by whether the eggs are drought-resistant or not.
Accordingly, the eggs may be deposited on moist substrate in soil depressions, above the
waterline, directly on the water surface or attached to the underside of floating leaves,
depending on species. Furthermore, life cycles can be distinguished by which larval habitats
(permanent, temporary) are used and whether one single generation occurs in spring or in
summer, or several generations occur throughout the year. The species also differ in their
ability and mode of surviving dry or cold periods. Overwintering can take place either in the
egg, larval or adult stage, or in several developmental stages equally. This differs depending
on whether there is an obligatory or facultative diapause or a quiescence with fertilised or
nulliparous females, or whether the females remain gonoactive (Theobald, 1901; Marshall,
1938; Cranston et al., 1987).
Mosquitoes have an elongated proboscis, which enables the females of the majority of
species to pierce the skin of a host to absorb blood. Males in general and females of a few
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species (Malaya spp., Toxorhynchites spp.) do not feed on blood but only on nectar or
honeydew (Farquharson, 1918; Collins & Blackwell, 2000). The ingested blood provides
females with proteins that, after digestion, are an important supply for egg development.
Blood uptake is facilitated by secretion of a complex saliva consisting of anti-hemostatic, antiinflammatory and immunomodulatory compounds (Ribeiro & Francischetti, 2003). Both the
blood uptake and the direct injection of saliva enable viruses, protozoa or nematodes to use
mosquitoes as vectors between hosts. In almost all cases, there is an obligatory phase of the
pathogen development taking place inside the mosquito during which the pathogens migrate
into the salivary glands, the proboscis or the head after multiplication (Reiter, 2001). Some of
the pathogens may cause human and animal diseases that are given great societal
relevance due to their medical severity and economic impact.
Although mosquitoes retained their obligatory aquatic larval phase in their life cycle, they
have adapted to various environmental conditions, habitats and hosts.
Distribution
Mosquitoes are found all over the world except for Antarctica and a few islands. Of the more
than 3600 currently accepted species (Wilkerson et al., 2015), the majority is found in the
Neotropical and Oriental regions (Rueda, 2008). Some genera occur in all of the populated
biogeographic regions, and some species show holarctic or tropical (palaeotropical and
neotropical) distribution. Therein, mosquitoes colonise various habitats in different
landscapes, and also their larvae occur in a variety of aquatic habitats (Rueda, 2008). These
can be flowing streams, ponded streams, lake edges, swamps and marshes of different
salinity, shallow permanent ponds, shallow temporary pools, intermittent ephemeral puddles,
natural containers of plant, animal or other origin, and artificial (anthropogenic) containers.
In Germany, some mosquito species are widely distributed from the coast to the high
mountains (for example Culex pipiens complex, Culiseta annulata), as they can live in close
contact with human settlements. Certain species occur only in large riverine landscapes and
lowlands (for example Aedes vexans, Aedes sticticus), in mountain ranges (Aedes pullatus,
Culiseta glaphyroptera), on the coast or in saline inland waters (for example Aedes detritus,
Aedes dorsalis). Other species are distinct open-land species (Aedes flavescens) or typical
deciduous forest species (Aedes rusticus), still others belong to the few species to venture
into

the

spruce

forests

of

high

mountain

ranges

(Aedes communis).

While

Coquilletidia richiardii prefers clean, plant-rich waters, Anopheles plumbeus tolerates heavily
polluted manure pits. Some species only occur in the North German plains (for example
Aedes diantaeus), whereas others (for example Culex hortensis) occur mainly in southern
Germany (Mohrig, 1969).
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As long as mosquitoes do not develop year-round as species in warm regions or sheltered
areas of Germany do, the first adults reappear after hibernation in February and March
(Anopheles maculipennis complex, Culex pipiens complex, Culiseta annulata). The early
spring species hatch from mid-March onwards, mainly in April (Aedes leucomelas), and the
late spring species in May. These spring species can usually be found until June. In the
course of the spring season, summer species are gradually appearing, which reach their
maximum population sizes in July and August which then decline towards November. In
some species (for example Culex pipiens complex), the population size increases steadily
until September or October. The phenology of mosquito species is also due to adaptations to
water temperatures during larval development. Temperature tolerances vary widely between
tropical and arctic species (Anderson & Horsfall, 1963). Under the temperate conditions of
Germany, several species occur that need cool water temperatures and suffer stress when
the temperature increases. These include many spring and forest species and those that
colonise only shaded waters.
Ecological role
Mosquitoes have an important role in the food web. The larvae of the majority of mosquito
species filter and graze microorganisms and detritus directly from the water and from the
bottom (Culicinae) or surface (Anophelinae) of waterbodies. Only a few species are
predatory (Merritt et al., 1992; Wallace & Merritt, 2004; Mogi, 2007). Mosquito larvae are
morphologically adapted to their feeding behaviour. The larvae of the genus Anopheles lie
flat below the water surface and reach the water surface with their heads turned.
Accordingly, they have a flat body, no extended siphon and suitable setae to keep
themselves horizontally under the water surface. Larvae of the genera Culex and Culiseta
float with an extended siphon at the water surface most of the time and dive to the bottom
only from time to time. Species of the genus Aedes move into deeper water layers to search
for food at the bottom or between plant parts. With their numerous, extended cranial setae,
they can manoeuvre well. In contrast to the species mentioned, species of the genus
Coquillettidia filter their food at deeper water layers and anchor themselves to the
aerenchyma of aquatic plants to receive fresh air. When adults probe for nectar on flowers,
they are integrated in a network of pollination to which they contribute (Thien, 1969; Peach &
Gries, 2016; Lahondère et al., 2020).
As typical r-strategists, mosquitoes develop numerous offspring. Their larvae are eaten by a
variety of predators such as insects, crustaceans, amphibians and fish (DuRant & Hopkins,
2008; Medlock & Snow, 2008; Batzer & Murray, 2018). For example, mosquito larvae are an
important food source for pike in flooded areas of large lakes and for amphibians in ponds.
Adult mosquitoes serve as food for spiders, insects (damselflies, dragonflies), amphibians,
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birds and bats (Medlock & Snow, 2008; Chua & Lim, 2012; Wray et al., 2018). Not only
predators, but also pathogens of vectors such as entomopathogenic fungi and nematodes
make use of the high abundance of larvae and adults for their development and reproduction
(Hajek & Leger, 1994; Stuart et al., 2006).
Mosquitoes are suitable vectors of pathogens of vertebrates to reach new hosts before
becoming eliminated in a suffering host (Reisen, 2017). In this regard, the blood feeding of
mosquitoes is an important process for pathogens as it allows the transmission to new
vertebrate hosts. As a consequence, co-evolution between a pathogen and a certain
arthropod vector can be observed. The pathogen thereby takes advantage of components of
the vector saliva for an effective infection of the vertebrate host (Titus & Ribeiro, 1990).
Furthermore, pathogens have been shown to manipulate vector behaviour, for example by
increasing the frequency of host visits and thus blood feeding, to enhance their transmission
(Hurd, 2003, 2010).
Interestingly, mosquitoes have occupied almost all aquatic niches of the various ecosystems.
Due to their reproduction with plenty offspring and the numerous specialisations in their
biology and ecology, mosquitoes are able to colonise various habitats quickly and effectively.
Whereas larval stages make use of the high abundance of microorganisms in aquatic
habitats to develop rapidly, the adults are responsible for reproduction, host finding, and
colonisation of new, suitable habitats. Due to their diversity of specialisation and integration
into various ecosystems, mosquitoes have reached an ecological complexity that makes
them universal dwellers of waterbodies. Extreme examples of niche specialisation include:
the use of inaccessible (tree cavities, oases), temporarily unstable (phytotelmata, rock pools)
and hostile (eutrophic, strongly acidic, partly frozen) habitats for larval development, as well
as the use of blood as a fast and extensive source of proteins and nutrients.
Habitat binding and habitat preference
Habitat binding is a form of specialisation and optimisation of survival and reproduction to a
given variation of the environment, as well as adaptation to an unused space or a used
space with low competition and predation (Wildermuth, 1994; Morrison et al., 2006).
Resources are neither wasted nor spared, but in time of deficiency, resources are preserved.
A habitat preference is the disproportional use of some habitats or resources over others
(Morrison et al., 2006). The strength of the habitat binding is decisive for the distribution of a
population and their ability to survive. Consequently, in case of weak habitat binding, a
species exhibits often a broad habitat tolerance range that can also lie outside of the optimal
range.
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In order to colonise the many different habitats, mosquito species have adapted to and are
bound to the most diverse conditions in the habitats they inhabit. The presence and quality of
suitable habitats and their dynamics in a changing environment is very important to
understand mosquito abundance and distribution. In general, the study of habitat binding and
habitat preference of species is important for nature conservation, biotope management,
renaturation and construction planning. In regard to mosquitoes, these investigations have a
special role in pest control.
Non-native mosquitoes in Germany
If a mosquito species is introduced into a new environment with new habitats due to human
influence, the strength of the binding to the original habitats determines how well this species
can survive or colonise a given area. Some of the introduced species bring along new
features, such as the ability to compete with other species or to transmit pathogens. Animal
species that have been introduced into a new habitat by anthropogenic influences are called
neozoans. Non-native species with an ecological harmful effect or with negative
consequences for humans are further defined as invasive species (COM/2008/789 final; EU
Regulation No. 1143/2014). There is a discussion about the questionable concept of
'invasive species' (Colautti & Richardson, 2009; Russell & Blackburn, 2017). Therefore, the
term 'invasive alien species' is used according to the European Union (EU Regulation No.
1143/2014). Invasive alien species invade new habitats and multiply in large numbers. In
competitive situations they are superior and displace native species. They often do not
integrate themselves into established ecosystems and destroy their food resources.
Mosquito eggs, larvae, and adults are introduced through road transportation and trade in
goods. The introduction routes that play a role are: by plane (Gratz et al., 2000; Gezairy,
2003; Derraik, 2004; Tatem et al., 2006), car (Eritja et al., 2017), train (Campos et al., 1961),
ship (Schaffner & Mathis, 2014, Toma et al., 2017), used tyres (Hawley et al., 1987;
Reiter,1998), and ornamental plants like Dracaena species (Gratz et al., 2000; Scholte et al.,
2007; Demeulemeester et al., 2014). Four mosquito species have been identified in
Germany

that

are

regarded

as

invasive

alien

species,

namely

Aedes aegypti,

Aedes albopictus, Aedes japonicus and Aedes koreicus (Medlock et al., 2015). It is not
known whether an increasing occurrence of the other three non-native mosquito species
Anopheles petragnani, Culiseta longiareolata and Uranotaenia unguiculata will have negative
ecological or health consequences in Germany (Becker et al., 2016, Kampen et al., 2017,
Tippelt et al., 2017).
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Mosquitoes’ role as vectors
Mosquitoes were linked as vectors of a pathogen to filariasis for the first time in 1878
(Chernin, 1977). Since then the knowledge of important and widely known diseases such as
malaria, yellow fever, dengue or Zika virus disease and the vectors of their causative agents
has increased. But of many mosquito species, especially those that are rarely observed, it is
not known whether they are able to transmit pathogens or whether they are involved in
known transmission pathways.
In Germany, mosquito species such as Aedes albopictus, Aedes japonicus, Aedes vexans,
Culex pipiens, as well as some species of the genus Anopheles are considered important
potential vectors, as they can transmit a number of pathogens (Kampen & Walther, 2018),
which can cause dangerous diseases and harm to humans and animals. The majority of
mosquito species found in Germany are regarded as less or no important vectors, because
transmission of pathogens is not known or affects only non-human hosts, or they only
transmit pathogens that are of minor or no pathogenicity for humans or animals. Both a rapid
and reliable identification of hazards posed by the mosquito species occurring in Germany
and the implementation of targeted prophylactic and reactive measures require a
comprehensive knowledge of the biology, ecology, spatio-temporal occurrence and vector
competence of each reliably identifiable species.
Since vector competence can be influenced by developmental conditions such as elevated
temperatures, vector-incompetent species may produce vector-competent specimens
(Dodson et al., 2012). Higher temperatures do not only accelerate mosquito development,
shorten generation times and increase activity of mosquitoes but also accelerate or simply
enable development of pathogens within the mosquitoes, thus increasing the vector potential
(Reiter, 2001). An increase in average temperatures caused by global warming as well as
longer periods with high temperatures could favour the transmission of pathogens by
mosquitoes in Germany. If vector-competent mosquito species occurred, a single import of a
mosquito-borne pathogen into the distribution range of the vector species would pose a risk
to human or animal health (Kampen et al., 2012). The fact that numerous cases of
introduced dengue, chikungunya and malaria were reported in Germany in recent years is
significant (Krüger et al., 2001; Robert Koch Institute, 2018, 2019). Furthermore, it is
foreseeable that the importance of Aedes albopictus as an efficient vector species will
increase in many regions of Germany. Although much has been studied about the biology,
physiology, distribution and transmission capabilities of Aedes albopictus, its conditions for
occurrence in regions of introduction is not yet fully understood. Therefore, an estimation on
the exact distribution limits of this species had not been possible.
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So far, the vector potential of numerous native mosquito species from Germany is not or only
partially known (Kampen & Walther, 2018). To function as a vector, a mosquito must have
the ability to physiologically absorb and transmit a pathogen (Beerntsen et al., 2000), as well
as to develop in its environment while carrying a pathogen, and effectively pass it on to other
hosts (Reisen, 1989). The vector capacity of a vector-competent mosquito species is
influenced by the vector density, blood host density, blood host preference, biting rate,
duration of extrinsic incubation period of the pathogen, probability of the vector to become
infectious, and duration of its infective life stage (Reisen, 1989). In order to determine the
vector potential based on these factors, a precise knowledge of the distribution and ecology
of the particular mosquito species is required. For example, it is known for Aedes excrucians
that certain pathogens can be transmitted (Kampen & Walther, 2018). This species which is
not very common in Germany belongs to the Annulipes Group, which consists of several
species that are difficult to differentiate and to identify. This is the reason to further
investigate this species group biologically, ecologically and morphologically.
Mosquito monitoring in Germany
Before the Second World War, the mosquito research in Germany was not comparable with
the comprehensive monitoring programmes conducted later on. It rather consisted of
individual and geographically limited studies on mosquito occurrence and ecology, performed
by many authors, most notably Eckstein (1920), Martini (1920) and Peus (1930). In the
1960s, nuisance by mosquitoes occurred in several districts of the German Democratic
Republic (Müller, 1965; Ockert, 1970). Therefore, measures of effective and economically
justifiable pest control were taken, and a targeted and continuous monitoring was
implemented to record the main larval habitats and focal areas of the nuisance of
mosquitoes. For this purpose, an inventory of species and studies on their spatio-temporal
occurrence, biology and ecology were necessary. Such studies were carried out between
1962 and 1984 (Mohrig, 1964, 1965; Müller, 1965; Ockert, 1970; Schuster & Mohrig, 1971;
Dix, 1971, 1972; Harksen et al., 1976; Franke, 1981; Sommer, 1983; Britz, 1986). In the
Federal Republic of Germany, single investigations on the ecology and distribution of
mosquitoes were also carried out during the same time period (Kühlhorn, 1954; Scherpner,
1960; Zielke, 1970; Becker & Ludwig, 1981). Much knowledge was gained during this period
on habitat binding and ecology of certain mosquito species, but other species have been
studied little or not at all.
Due to the lack of up-to-date knowledge on the distribution, temporal occurrence and vector
competence of native mosquitoes for the entirety of Germany, nationwide monitoring
programmes have been launched since 2011 (Kampen & Walther, 2016). As a part of these
programmes, adult traps equipped with carbon dioxide and a chemical mixture as attractants
11

were operated throughout Germany. In addition, larvae were collected on numerous field
excursions. Similarly, since 2005 surveillance programmes for the invasive alien species
Aedes albopictus and Aedes japonicus have been carried out in and around regions where
specimens were recorded before (Pluskota et al., 2008; Tannich, 2015; Koban et al., 2019).
Oviposition traps and adult traps have been set up, and preimaginal stages have been
searched for in various anthropogenic water containers, mostly in cemeteries and on
motorway service stations. Other options of obtaining occurrence data are citizen science
projects, such as the ‘Mueckenatlas’ and the calls for participation by the ‘Kommunale
Aktionsgemeinschaft zur Bekämpfung der Schnakenplage e. V.’, in which citizens catch adult
mosquitoes in their vicinity and submit them for scientific identification (Walther & Kampen,
2017). This method is cost-efficient and can act as an early warning system for vectors,
which can then be tracked and controlled by targeted measures (Kampen et al., 2015).
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2.

Objectives

For both humans and livestock, mosquitoes can act as pathogen vectors and appear as a
nuisance. For that reason, there is a necessity to monitor, control or even eliminate mosquito
populations. Until the mid-20th century, mosquito species that were either not related to
malaria parasite transmission or not highly abundant were rarely surveyed in Germany. On
account of this, basic data on the biology, ecology and distribution of many native species
have insufficiently been recorded, and fundamental knowledge gaps exist, for example,
regarding the vector potential of mosquitoes for pathogens of humans and animals.
Additionally, the introduction of new mosquito species and pathogens in Germany has
increased the risk of so far uncommon diseases and, thus, the urgency to take action. Within
the past 10 years, this urgency has led to increased efforts to monitor mosquitoes in
Germany. The aims are to better describe their spatio-temporal occurrence and predict their
future distribution, especially with regard to the changing climate conditions and the changing
landscape, and to gather data for an informed decision on the implementation of disease
prevention and mosquito control.
In-depth knowledge about habitat binding provides fundamental information about the places
where intense propagation can occur. The understanding of the distribution of mosquitoes,
which relates to their habitat binding, is thereby especially important with regard to mosquito
control strategies, but also with regard to conservation projects in the context of the recently
reported decline in insect diversity (Hallmann et al., 2017).
A reliable morphological and genetic identification of mosquito species provides the basis for
every robust monitoring and mosquito surveillance programme. This has particular relevance
as there are several native and introduced mosquito species in Germany, for which
morphological variances in taxonomically relevant features are reported, complicating their
species determination.
The general aim of this thesis was to gain knowledge about
the current spatial and temporal occurrence,
the habitat binding and habitat preference, as well as
the morphological and genetic features with regard to species identification
of selected mosquito species collected in Germany.
More precisely, Aedes albopictus (SKUSE, 1895) was selected as an invasive alien species
for a study of its distribution pattern and population development in the northernmost known
population in Germany. The native and rare species Aedes refiki MEDSCHID, 1928,
Culex martinii MEDSCHID, 1930 and Culiseta ochroptera (PEUS, 1935) present the opportunity
13

for a detailed investigation of their habitat binding and species identification. Finally, the
Annulipes Group, a group of several native Aedes species, was examined with regard to
peculiarities of their claw morphology.
The following general hypotheses were examined.
-

The distribution of species provides information about their habitat binding (see
Manuscript 1, 2, 3, 4).

-

Local habitat characteristics influence the spatio-temporal occurrence of a species
(see Manuscript 1, 2, 4).

-

A strong habitat binding is expected in rare mosquito species, which has an impact
on their distribution (see Manuscript 1, 2, 3, 4).

-

Unknown or underestimated morphological peculiarities exist in variants of rare
species. The detailed characterisation of these peculiarities may improve the
species determination (see Manuscript 2, 4).

More specifically, the following hypotheses were examined for the selected species.
-

The – on average – increasing environmental temperatures in Germany facilitate
the colonisation of new areas by thermophilic and invasive alien species such as
Aedes albopictus. Hourly temperature measurements allow for an identification of
temperature thresholds that are disadvantageous for mosquito overwintering.
These measurements can improve the prediction of changing spatio-temporal
mosquito occurrences (see Manuscript 1).

-

At the study site Jena, the newly recorded Aedes albopictus population will soon
increase in number and surface area it colonises, so that it will establish a stable
population in the long term (see Manuscript 1).

-

Aedes refiki and Aedes rusticus have preferences for the same habitat or share
connected habitats (see Manuscript 2 and thesis discussion).

-

Culiseta ochroptera has a strong habitat binding to specific mire types and larval
habitats in peatlands (see Manuscript 4).

-

There is a species-specific morphological variation in aberrant claw forms within the
species of the Annulipes Group, which gives indications on claw anatomy and for a
precise species differentiation (see Manuscript 5).
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Reprint from Cornelius Kuhlisch, Helge Kampen, and Doreen Werner.
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Culicidae) in Germany.
Zootaxa 4576 (3) (2019): 544–558.
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Manuscript 5:
Reprint from Cornelius Kuhlisch, Helge Kampen, and Doreen Werner.
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Manuscript 1
Cornelius Kuhlisch, Helge Kampen, and Doreen Walther.
The Asian tiger mosquito Aedes albopictus (Diptera: Culicidae) in Central Germany:
Surveillance in its northernmost distribution area.
Acta Tropica 188 (2018): 78–85.
https://dx.doi.org/10.1016/j.actatropica.2018.08.019.

Summary
The invasive Asian tiger mosquito Aedes albopictus was observed further north than all
known distribution areas of this species in Jena in the German federal state of Thuringia in
2015. After indications of local reproduction and a suggested overwintering, surveillance
activities were implemented in spring 2016. In 2017, sporadically appearing specimens were
found in the region again, which indicates their establishment in a region characterised by a
relatively mild climate. To check the suitability of the local climate for Aedes albopictus,
winter temperatures, measured in a cemetery of Jena where larvae had regularly been found
in 2015 and 2016, were analysed and compared with two sites of establishment in southern
Germany. The conditions were similar at all three locations, suggesting that the Jena
population might also be able to survive in the long term. This precise study of temperature
variations has the potential to indicate the species‘ tolerance limits for the possible northward
spread.

Author contributions
Doreen Walther, Helge Kampen and Cornelius Kuhlisch were involved in the development of
the concept, the collection of the mosquitoes and the preparation of the manuscript.
Cornelius Kuhlisch performed the morphological identification of the mosquito specimens,
the analysis and interpretation of the collection data, as well as the literature research. He
further generated, analysed and interpreted the environmental data. Doreen Walther
provided additional collection material and supervised the work. Helge Kampen generated
and analysed the DNA-sequences.
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Manuscript 2
Cornelius Kuhlisch, Helge Kampen, and Doreen Walther.
Two new distribution records of Aedes (Rusticoidus) refiki Medschid, 1928 (Diptera:
Culicidae) from Germany.
Journal of the European Mosquito Control Association 35 (2017): 18–24.

Summary
Aedes refiki is a rare mosquito species which has been reported on in only a few records
several decades ago that nonetheless originated from sites across Germany. During larval
sampling activities, Aedes refiki was rediscovered in Jena and near Mühlhausen (Thuringia)
in the spring of 2016. The larval habitats at the two collection sites represent habitat types
described in France and were regarded as typical for this species. The species identification
is supported by the morphological description and illustration of a dark, intermediate and light
variant of the females caused by the scale pattern on the abdomen and the thorax.
Generated CO1 mtDNA sequences provide the first DNA-barcodes of Aedes refiki for
Germany.

Author contributions
Doreen Walther, Helge Kampen and Cornelius Kuhlisch were involved in the development of
the concept and the preparation of the manuscript. Doreen Walther and Cornelius Kuhlisch
collected the mosquitoes. Cornelius Kuhlisch performed the morphological identification and
examination of the mosquito specimens, the analysis and interpretation of the collection and
morphological data, as well as the literature research. Doreen Walther examined the Diptera
collection at the Natural History Museum Berlin and supervised the work. Helge Kampen
generated and analysed the DNA-sequences.
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Manuscript 3

Cornelius Kuhlisch, Helge Kampen, and Doreen Walther.
Rediscovery of Culex (Neoculex) martinii Medschid, 1930 (Diptera, Culicidae) in Germany.
Parasitology Research 117 (2018): 3351–3354.
https://dx.doi.org/10.1007/s00436-018-6056-7.

Summary
The culicid Culex martinii is an extremely rare species in Germany, with only one reference
in the scientific literature, according to which larvae were found once in 1935 in the eastern
part of Brandenburg. During regular mosquito sampling activities, Culex martinii was
rediscovered in 2017 at one location in the German federal state of Thuringia. Further
specimens were found in the Peus mosquito collection at the Senckenberg Museum
Frankfurt from two sites in southern Germany from 1973 and further specimens from the
above mentioned site in Brandenburg from 1936 and 1951. Generated CO1 mtDNA
sequences provide the first DNA-barcodes of Culex martinii for Germany. Due to its rarity,
little is known on the ecology and nothing on a possible vector role.

Author contributions
Doreen Walther, Helge Kampen and Cornelius Kuhlisch were involved in the development of
the concept and the preparation of the manuscript. Cornelius Kuhlisch collected the mosquito
specimens and performed the analysis and interpretation of the collection data, as well as
the literature research. Doreen Walther examined the Peus mosquito collection at the
Senckenberg Museum Frankfurt and supervised the work. Helge Kampen generated and
analysed the DNA-sequences.
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Manuscript 4

Cornelius Kuhlisch, Helge Kampen, and Doreen Werner.
On the distribution and ecology of Culiseta (Culicella) ochroptera (Peus) (Diptera: Culicidae)
in Germany.
Zootaxa 4576 (3) (2019): 544–558.
https://dx.doi.org/10.11646/zootaxa.4576.3.7.

Summary
Within the scope of a Germany-wide mosquito monitoring program, the rare mosquito
species Culiseta ochroptera was documented several times from 2011 to 2017,
complementing historical data about its distribution and ecology. The records in northern and
eastern Germany represent different types of peatlands and larval habitats. Highest seasonal
population densities were recorded in July and August, caused by the second of at least two
annual generations. The morphological variants of Culiseta ochroptera as described in the
past were assigned to three forms (light, normal, dark), and peculiarities of the three forms
were described and illustrated. The previously noted but neglected presence of
postspiracular scales is recognised as a useful character supporting species identification.

Author contributions
Doreen Werner, Helge Kampen and Cornelius Kuhlisch were involved in the development of
the concept, the collection of the mosquito adults and the preparation of the manuscript.
Cornelius Kuhlisch performed the collection of the larvae, the morphological identification
and examination of the mosquito specimens, the generation of the environmental data, as
well as the literature research. He further analysed and interpreted the collection,
environmental and morphological data. Doreen Werner provided additional collection
material and supervised the work. Helge Kampen generated and analysed the DNAsequences.
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Manuscript 5

Cornelius Kuhlisch, Helge Kampen, and Doreen Werner.
Aberrant claw forms in the Annulipes Group of mosquitoes (Diptera: Culicidae: Aedes) in
Germany.
Zootaxa 4801 (3) (2020): 537–551.
https://dx.doi.org/10.11646/zootaxa.4801.3.6.

Summary
Specimens of five native mosquito species of the Annulipes Group (Aedes annulipes,
Aedes cantans, Aedes excrucians, Aedes flavescens, Aedes riparius), collected in the
framework of a Germany-wide mosquito monitoring programme, were examined for aberrant
tarsal claws. Twenty types of aberrations detected are illustrated and described regarding
position, size, multiplication and structural modification of the tarsal claw and its basal tooth.
The aberrant and normal basal tooth positions that were found on the claws reveal a basic
blueprint of possible positions on mosquito tarsal claws. Morphological peculiarities and
asymmetric occurrence of the aberrant claw types as well as possible causes for their
formation were discussed with respect to species and gender.

Author contributions
Doreen Werner, Helge Kampen and Cornelius Kuhlisch were involved in the development of
the concept and the preparation of the manuscript. Doreen Werner and Cornelius Kuhlisch
collected the mosquito specimens. Cornelius Kuhlisch performed the generation, analysis
and interpretation of the collection and morphological data, as well as the literature research.
Doreen Werner provided additional collection material and supervised the work.
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4.

Discussion

4.1 Introduction and establishment of new mosquito species in Germany
(Manuscript 1 = M1)
For some years now, Germany has been witnessing the occurrence of non-native mosquito
species. While Aedes albopictus, Aedes japonicus, Aedes koreicus, Anopheles petragnani,
Culiseta longiareolata and Uranotaenia unguiculata have already established populations
(Kampen et al., 2013; Becker et al., 2016; Werner et al, 2016; Kampen et al., 2017; Tippelt et
al., 2017; Walther et al., 2017; Pfitzner et al., 2018; Steinbrink et al., 2019), Aedes aegypti,
Aedes berlandi and Aedes pulcritarsis were found only once (Kampen et al., 2017). Due to
their potency as vectors, the distribution of Aedes albopictus and Aedes japonicus is tracked
extensively (Walther et al., 2017; Koban et al., 2019).
A part of this thesis is dedicated to the course of the occurrence of the invasive alien species
Aedes albopictus (M1) in a natural environment in Jena, its northeastern distribution area in
Germany. The species was first detected and considered established in Germany in the
Upper Rhine Valley (Pluskota et al., 2008, 2016; Walther et al., 2017). The investigations of
this thesis on Aedes albopictus are important for the prediction of the species distribution in
Germany as the climatic conditions in the affected area in Jena seem to be borderline,
allowing the species to colonise in principal but not to build a large and stable population.
Observations of diapause from 2016 to 2018, as indicated by ecological and genetic data
(M1; Lühken et al., 2020), show that the species has established itself in the city of Jena.
In the literature (for example Thomas et al., 2012; Proestos et al., 2016), annual and monthly
mean temperatures are often cited as criteria for the overwintering of biological subjects. A
biological subject such as a mosquito egg can certainly tolerate temperatures below
optimum. However, two cases are conceivable where it will not survive. If, on the one hand,
the temperature falls below a critical value, the subject dies, no matter how long the
temperature falls below this value. If, on the other hand, the temperature falls below a certain
temperature value for a critical period of time, the subject has also no chance of survival and
dies. These considerations have prompted to search for time periods in which the
temperature fell below a specified temperature threshold (M1). In hydrology, a statistical
procedure is used to investigate the duration for which a given temperature threshold is
exceeded. This method is called peak over threshold (POT). The advantage of the POTmethod is the combination of the duration of temperatures below a threshold and of the
associated extreme temperatures. For the application of this method on the population
development of Aedes albopictus in Jena, it was beneficial that temperature measurements
were available at hourly intervals for the whole study period. In the manuscript M1, cold
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periods were investigated, which are characterised by the permanent undercutting of given
temperature thresholds, the associated duration, and the extreme value reached. The
investigations were carried out for the periods 2015/2016 and 2016/2017 and analysed for
different temperature thresholds. As a result, temperature thresholds have been observed
which differed considerably between the frost periods of the two investigation periods. These
differences may be decisive factors for overwintering and thus for establishment in regions
with suboptimal propagation conditions. The application of this POT-method showed that
more informative investigations of climatic conditions are beneficial to detect small
temperature differences. The daily mean temperatures or minimum temperatures alone
would not have been sufficient for these findings. Thus, the thresholds generated by the
POT-method contribute to and may improve the assessment of the colonisation and the
further propagation of Aedes albopictus in the northernmost distribution area.
In their natural habitat, the larvae of Aedes albopictus live of detritus in phytotelmata such as
plant axils, tree holes and tree stumps, as well as fallen leaves and fruit shells (Bonizzoni et
al., 2013; Rosa et al., 2017). Their faecal pellets serve as food for microorganisms (Adler &
Courtney, 2019), as they do themselves in the larval or adult stage for predators such as
tadpoles, insects and spiders (Lounibous et al., 1987; Lehtinen, 2004; Chua & Lim, 2012).
They also fulfil their function as detritus feeders in small anthropogenic waterbodies, which
can be found in various plastic or stone vessels, such as garbage, bowls, cups, vases and
the like (Bonizzoni et al., 2013). In the study area of Jena in Germany, phytotelmata are
hardly to be found in natural habitats and only in the form of tree holes or water pockets in
forked branches or roots. Due to insufficient rainfall, small water accumulations (<200 ml) are
only short-lived and are therefore not available as larval habitats. Larger water accumulations
are protected from warming up to optimal development temperatures due to the cooling by
fluctuating air temperatures (Kitching, 2000; Gossner, 2018). Sufficiently high water
temperatures for a successful larval development can therefore only be found in small water
collections in artificial vessels in a warm environment. Under suitable conditions, these are
used as larval habitats by additional species of the families Ceratopogonidae, Chaboridae,
Chironomidae, Culicidae, Psychodidae and Syrphidae. Larval habitats with low water volume
and low organic matter content are not or hardly used by other species, so that
Aedes albopictus does not face strong competition. Thus, the species is integrated well into
the ecosystem in Germany, in which it occupies new, often unused niches, which has also
been observed in other countries (Derraik, 2006). With regard to climate and habitat
characteristics, a considerable population increase and spread could not be confirmed in
Jena in the near future.
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Without doubt, Aedes albopictus is one of the most important potential vectors of pathogens
in Germany. However, it poses only a theoretical risk so far because the climatic conditions
seems not to be favourable for a major outbreak and appropriate pathogens have to be
introduced into Germany. The question arises whether Aedes albopictus should be
considered solely as an invasive alien species, or whether it is more likely to enrich the
biodiversity in Germany. According to the classification of Davis and Thompson (2000),
Aedes albopictus is considered to be a novel, non-invasive coloniser in Jena and it is
recommended not to use the word ‘invader’. In contrast to Aedes albopictus, the almost
equally dangerous Aedes japonicus has become much more abundant and widespread in
Germany (Koban et al., 2019) and could be regarded as invasive.

4.2 Occurrence of mosquitoes in Germany under habitat loss
(Manuscripts 1–4 = M1–4)
Due to their rarity, hardly any data are available on the distribution of certain mosquito
species (11 of 56) in Germany. With the current decline and loss of various habitats, the
possibility of understanding the importance of these species for the ecosystem could be lost.
Distribution data on rare species provide good information on changes in their habitats and
environments, as changes in their occurrence can be observed faster and more obvious
compared to abundant species (Davies et al., 2004; Raphael & Molina, 2007). This thesis
expands the knowledge on the occurrence of some rare mosquito species in Germany,
namely Aedes refiki (M2), Culex martinii (M3) and Culiseta ochroptera (M4). In addition, the
rare, introduced mosquito species Aedes albopictus (M1) is discussed with respect to the
future population development and distribution in Jena.
Importance of rare species and their occurrence
Rare species have a low spatial frequency. This also applies in cases of high abundance in
habitats with low frequency of occurrence. The majority of species rarity can be attributed to
a high degree of specialisation and, as a result, is characterised by a strong niche
partitioning (Rabinowitz, 1981; Gaston, 1994; Flather & Sieg, 2007). It can thus be expected
that rare mosquito species colonise sites with very specific characteristics.
In Germany, rare mosquito species have no significance for humans due to their rarity and
low abundance and as long as they are no pathogen vectors. Within ecosystems, they enrich
biodiversity and occupy certain habitats and niches from which other organisms can benefit.
The survival of the two rare species Aedes refiki and Culiseta ochroptera is dependent on the
stability and maintenance of a few remaining habitats, as it is often no longer possible for
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them to reach alternative larval habitats. Therefore, the ability to adapt to changing
environmental conditions is also of great relevance for the survival in a changing landscape.
It is important for rare or non-migrating species that their habitats remain conserved.
Culiseta ochroptera, for example, was the only observed mosquito species in some larval
habitats in the study site ‘Dubringer Moor’ (M4). With the extinction of Culiseta ochroptera, an
organism could be lost as part of the biotope in the seasonal course without replacement.
Rare species have a special value for the understanding of an ecosystem and the
interconnections within and between different ecosystems (Raphael & Molina, 2007; Leitão
et al., 2016).
Some

mosquito

species

in

Germany

are

barely

found

anymore

(for

example

Anopheles atroparvus), or are found only locally (Aedes intrudens, Aedes pullatus, Culiseta
alaskaensis, Culiseta glaphyroptera) (Mohrig, 1969; Kampen et al., 2013; Kampen et al.,
2016). The three native mosquito species Aedes refiki (M2), Culex martinii (M3) and
Culiseta ochroptera (M4), which were investigated in this thesis, all exhibit a rare occurrence
in Germany. Hardly anything was known about their distribution after the last investigations in
the 20th century that comprise only a few records. The corresponding manuscripts M2, M3
and M4 of this thesis provide new collection data and relate them to the historical data. If
these species had previously been considered rare (Peus, 1950; Mohrig, 1969), they still
have to be assessed as rare based on the results of this thesis. The investigations of this
thesis further showed that Culex martinii, whose most recent evidence dates back almost fifty
years and consisted of only a few individual records, still occurs in Germany (M3). The
present studies on the occurrence of these three rare species are not final. It remains an
interesting question for future investigations whether these species will still be found in
regions with historical evidence or in those with currently suitable larval habitats.
It is conjecturable that Aedes refiki and Culiseta ochroptera will become even rarer in
Germany in the future if temporary and permanent waterbodies shrink or disappear due to
increasing drought. For spring species such as Aedes refiki, it is particularly the loss of
temporary vernal pools that is problematic. It has already been reported by Vogel (1933) that
this

species

reacts

sensitively

to

the

destruction

of

local

larval

waterbodies.

Culiseta ochroptera is mainly dependent on persistent peatland waters from autumn to spring
(Peus, 1970), which can, however, dry out due to falling groundwater levels. Following the
increasing degradation of peatlands in Germany (Joosten et al., 2017), peatlands can no
longer regulate water levels sufficiently and are in risk of temporarily falling dry. In contrast,
the distribution of the thermophilic Culex martinii (M3) may even increase in the future if
average temperatures in Germany continue to rise.
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Consequences of the distribution data
The occurrence data obtained in this thesis provide new starting points for further
investigations not only for rare mosquito species, for which it is usually very difficult and
costly to determine their current distribution. The gained knowledge of the occurrence of
Aedes albopictus (M1) is of particular importance for the question what the conditions are
that define the northernmost distribution limits of this species. Several scientists have been
intensively working on this question (Nawrocki & Hawley, 1987; Kobayashi et al., 2002; Mogi
et al., 2012). Following the observation that the investigated area in Jena provides a habitat
for this species despite suboptimal conditions (M1), the climatic conditions of this
northeastern occurrence in Europe can, for example, be used in distribution model analyses.
This will improve the prediction of the future distribution of Aedes albopictus in Europe.
The results obtained in this thesis (M4) allow a targeted and comprehensive planning of the
future research on the distribution and ecology of Culiseta ochroptera. Similarly, the
extended knowledge about the occurrence and the morphological variability, as well as the
first database record of a DNA reference sequence of Aedes refiki (M2) for Germany help to
understand its habitat binding and distribution. On the other hand, the documentation of the
single finding of Culex martinii (M3) is insufficient for the assessment of the temporal and
spatial distribution of this species in Germany. At the site of this finding, the non-native
species Aedes japonicus and Uranotaenia unguiculata were also detected (unpublished
data: April–September 2017, Gierstädt, Fahner Höhe) which may have been introduced from
other parts of Germany or the Mediterranean region. It is therefore possible that the
Mediterranean species Culex martinii had also been introduced.
Changes in climate, rapid decline in insects and survival of rare mosquitoes
The ongoing change of the climate has led and will lead to the fragmentation or loss of many
habitats. This prevents the shifting of the geographic range of species and, thus, reduces the
adaptability of species for climate change and threatens their existence (Hodgson et al.,
2016). Rare species are particularly threatened by the loss of their habitat or niche. For
example, the species Aedes refiki and Culiseta ochroptera will only survive in, or will be
pushed back to, regions that occupy larger surface areas, may buffer influences better, and
are therefore more stable. These two species may have been compensating their geographic
rarity with high local abundances. Their survival may be further ensured by a specialisation in
few remaining refuges or a general utilisation of a broad habitat mosaic of suboptimal
conditions (Williams et al., 2009).
By contrast, in individual cases, currently common or rare species can gain advantages if
their habitat expands due to an increase in temperature or precipitation. Examples in
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Germany

are

species

such

as

Aedes albopictus,

Aedes japonicus,

Culex martinii,

Culiseta longiareolata and Uranotaenia unguiculata, which are thermophilic or use small
anthropogenic waterbodies for larval development. In summary, a loss of biodiversity caused
by climate change and anthropogenic influences will lead to increased vector-borne
transmission of zoonotic disease agents (Ostfeld & Keesing, 2000), and therefore the
ecosystems and its biodiversity should be preserved (Keesing et al., 2010).
Outlook for the considered species
Due to the potential risk of Aedes albopictus (M1) to transmit pathogens dangerous to
humans, support for their populations will not be provided. For Aedes refiki (M2),
Culex martinii (M3) and Culiseta ochroptera (M4), conservation measures to improve their
habitats are recommended in order to secure their populations and counteract a decline.
For Aedes albopictus (M1), it is very likely that the species will persist at the study site Jena,
unless comprehensive control measures are taken. Since climatic conditions are sufficient
only within the Saale Valley and it is not possible for the species to spread over the adjacent
plateaus (Hoffmann et al., 2014), a natural spread can only occur along the Saale Valley.
Due to the colder climate in southern direction, a spreading may be possible as far as Kahla,
whereas in northern direction, Aedes albopictus may spread only slowly and no further than
the city boundaries (Maua, Ilmnitz, Zwätzen) due to an insufficient amount of preferred
habitats because of sparse human settlement. However, these distribution predictions still
need to be verified. This so far still rare species in Germany will profit from its adaptation to
anthropogenic habitats and the continuing warming of the climate, and will establish itself in
further locations near Jena, even if not far-reaching.
For Aedes refiki (M2), it is difficult to assess the persistence in the Saale Valley of Jena,
since due to the general lack of water accumulation, suitable larval habitats are rare and only
present at places that are marginally influenced by humans. The larval habitats are often
located in the side valleys of the Saale Valley, and so far apart from one another that they
are not easily reached due to the short flight range of the species (Becker et al., 2010). This
makes Aedes refiki very susceptible to extinction. A more favourable prognosis may be made
for their populations in the regions of the ‘Hainleite’, the ‘Dün’, certainly also the ‘Hainich’ and
the Upper Unstrut Valley, as well as in North Western Pomerania. Further investigations in
Hesse, Baden-Wuerttemberg and Mecklenburg that have yet to be carried out could produce
additional records of Aedes refiki. However, there are still too many open questions and a
lack of sufficient distribution and ecology data to assess the developments of populations of
this species in Germany reliably. The few known local records of the species and the limited
extent of the areas with possible habitats in the peripheral regions of the Thuringian Basin in
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Central Germany and in the forests between Ribnitz-Damgarten and Stralsund in northern
Germany cast doubt on a stable population development. Therefore, Aedes refiki can be
regarded as endangered in Germany.
For Culex martinii it is likely that the records obtained in the past in Southwest Germany,
especially in the Upper Rhine Valley, will be confirmed in the future. Since the Thuringian
study site described in this thesis (M3) was also found to be a distribution area of
Uranotaenia unguiculata (unpublished data: 1♀, 23.09.2017, Gierstädt, Fahner Höhe; 1♂,
03.09.2018, Großfahner), a thermophilic species with similar habitat preferences, this site
seems to be suitable for a possible occurrence of Culex martinii in the future. Due to the
current lack of further records in Germany, Culex martinii should be considered highly
endangered. However, it may benefit from the continuing climate warming.
For Culiseta ochroptera, additional, albeit localised, occurrence reports are expected from
Germany. This is especially the case with areas that are similar to the peatland areas and
aquatic habitats described in this thesis (M4). In Saxony, this would apply for example to the
'Presseler Heidewald und Moorgebiet' as well as the 'Niederspreer Teichgebiet'. The survival
of the species at the sites identified in this thesis (M4) is only ensured if the peatland areas
are preserved and protected from further degradation and destruction. In many smaller and
severely degraded peatlands it is likely that the populations of Culiseta ochroptera will
decline or disappear with the partial or full loss of suitable larval habitats. An example for
degradation is the Stobber Valley in the ‘Märkische Schweiz’ near Buckow, where the
species was found by Peus in the past (unpublished data: 1♀, 01.11.1954, Buckow, Stobber
Valley). However, neither the larval habitats as described in this thesis, nor the species itself
were found during the investigations for this thesis in the Stobber Valley (M4). In
Brandenburg, the average annual precipitation has declined in recent decades, resulting in a
general decline in groundwater levels and surface runoffs (Germer et al., 2011). Due to the
drainage in the last decades and the strong eutrophication, peatlands in Brandenburg have
decreased sharply (Landgraf, 2007). As a result, the occurrence of Culiseta ochroptera in
Brandenburg is strongly endangered, except in the southernmost distribution areas. In spite
of the numerous collections in the Saxon peatland area near Dubring, the species will
probably decline in this area in case of the predicted reduction of mean precipitation and
mean climatic water balance from April to September (Winter et al., 2013). Since the
situation in peatland areas will deteriorate throughout Germany (Joosten et al., 2017), the
occurrence of Culiseta ochroptera is increasingly endangered and depends on the
preservation of the various peatland habitats.
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4.3 Habitat binding
(Manuscripts 1–4 = M1–4)
The predictions on the occurrence and development of the mosquito species discussed in
the previous section (4.2) require knowledge about their habitat binding and preference. In
the following, the focus will therefore be on these two aspects.
Habitat binding and preferences of considered species
Taking critical climatic conditions into account, the investigations on Aedes albopictus (M1)
allow conclusions on its habitat binding and preferences. As already considered in section
4.1, the investigations in Jena provide information on the relevance of critical temperature
conditions during overwintering and at the beginning of population development in spring.
Nevertheless, long-term studies are necessary to specify the climatic preferences of this
species.
Aedes albopictus prefers a variety of natural and artificial small waterbodies in its habitat –
ranging from the size of a drinking bottle cap to the size of a rain water barrel – for egg
deposition. Since the eggs are laid slightly above the water surface and hatch when the
water level rises, water containers are preferred which have a small inner diameter or a small
volume that make fluctuations in the water level more likely to occur. At the study site Jena,
larvae were found mostly in artificial containers with volumes of 100 ml to 400 ml but in
individual cases even up to 100 litres. These containers remained mostly unused by other
insects, suggesting that Aedes albopictus had few competing species.
In comparison to the other mosquito species investigated in this thesis, temperature plays a
particularly important role for the habitat binding of Aedes albopictus. In the original tropical
distribution area, sufficiently high water temperatures are omnipresent due to little diurnal air
temperature variation and high solar radiation (Scheffers et al., 2013; Rosa et al., 2017,
2018). However, in northern regions of Germany such as Jena, heat-promoting conditions
are necessary in order to provide suitable habitats. Such heat-promoting conditions can be of
natural origin, as in the case of the study site Jena through its specific geological makeup, as
well as of anthropogenic origin, for example through a special urban climate. Cool ambient
temperatures have a great influence on the temperature of small larval waters and thus on
larval development. Aedes albopictus prefers larval habitats whose water temperatures does
not deviate too much from a range of 25–30 °C (Delatte et al., 2009). In the northern part of
Germany, natural small waters such as water pockets and tree holes are generally too cold
(<25 °C) and therefore probably not suitable as larval habitats (Kitching, 2000; Gossner,
2018). At the study site Jena, artificial waters such as flower vases or water bowls were used
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for egg deposition in partially shaded, warm and rarely sunny environments. Larval
development in such places was also observed (M1).
The investigations showed that habitat binding of Aedes albopictus is also linked to a regular
water supply. In a dry environment, this can lead to water level fluctuations, whereas the
waters rarely dry up completely for a long time period. In addition, the water should be clear
and hardly polluted organically. For example, in small, artificial water containers in
cemeteries of Jena, water renewal often occurs as a result of plant care. In the study area,
suitable habitats with the described conditions could only be found in settlements, especially
in cemeteries and garden markets (M1).
In combination with the habitat descriptions by Gilot (1971), the habitat studies of
Aedes refiki in this thesis (M2) allow to expand our knowledge and draw better conclusions
on potential habitats and the possible occurrence of Aedes refiki in Germany. Although the
observed habitat preferences in Germany correspond to those in France, the limited data
records are not yet sufficient to comprehensively characterise the habitat binding of
Aedes refiki in Germany. The historical and current occurrence data summarised for
Aedes refiki (M2) revealed commonalities with those of Aedes rusticus (Mohrig, 1969). These
give further information on the habitat binding of Aedes refiki. Nevertheless, it could not be
clarified to what extent the habitat preferences of the two species are similar or whether they
only overlap. Aedes refiki can be found in regions in which Aedes rusticus has its primary
distribution range in Germany. These regions include the Baltic Sea coast, ‘NienburgerGeest’, the Westphalian Basin and ‘Wetterau’. Thus, the habitat preferences of these two
closely related species seem to be similar in these regions (Mohrig, 1969). Characteristic for
these regions, as well as for all other sites with Aedes refiki records, are the presence of a
mild climate and of different soil types (Parabraunerde, Tschernosem, Pseudogley,
Rendzina) based on loess, loam or products of limestone weathering. These soil types have
a high silt to clay content, which gives the soil a good water retention capacity. The soil is
calcareous to moderately acidic with a good supply of nutrients.
The fact that Aedes refiki overwinters both as eggs and larvae is important for habitat
binding, as it is for Aedes rusticus, too (Kirchberg & Petri, 1955). In contrast to other spring
species, the larvae of both species can hatch as soon as their overwintering habitats are
flooded in late autumn or with the beginning of snow melt in winter, as hatching apparently
cannot be prevented (Mohrig, 1969). The overwintering larvae are, however, sensitive to
prolonged or very cold frosts. Larval development in spring also takes a little longer
compared to other spring species, which leads to a delayed hatching of adult mosquitoes.

81

These parallels between Aedes refiki and Aedes rusticus in their regions of occurrence and
in their overwintering characteristics might allow for an extended characterisation of the
habitat of Aedes refiki in Germany. The most important conditions are mature forests with
thermally favoured, alkaline waters and reduced risk of frost. The habitat consists of a large
forest area with a sparse deciduous or mixed forest with old trees. A large forest area
reduces wind speed, so that the temperature remains constant and the habitats are
protected from cooling. This also reduces the risk of strong and long frost periods. Old tree
populations create open structures with sunlit, warm areas. Due to the above-mentioned soil
types, a suitable forest with numerous water accumulations of alkaline condition can be
formed. This habitat favours the survival of Aedes refiki, which only has a short flight range
and is therefore dependent on local conditions.
Aedes refiki only occurs in certain regions and habitats in Germany (M2). Besides the
abundance of water, the mild climate and the lime bedrock, the forest structure could also be
a factor relevant for its occurrence. In the past, forests with open structures had been created
by various forms of land use such as grazing by livestock and the cultivation of willows (Salix
spp.) and hornbeam (Carpinus betulus) for coppicing (Hausrath, 1982). The resulting forest
may have supported the distribution and spread of the Atlanto-Mediterranean species
Aedes refiki to Northeast Germany. It is assumed that after the Pleistocene glaciation, a
repopulation of the European zoogeographical region by mosquitoes occurred particularly
from the Mediterranean area (Medvedev et al., 2017). With the end of these traditional forms
of forest use and a further change of land use, the distribution of Aedes refiki was reduced to
few regions where, for example, these open forests were preserved. As adults do not move
far from the larval waters, suitable larval waters should not be located far apart. The
landscape structure has therefore an influence on the spread and survival of species with
low-dispersal capability (Thomas, 2000; Tscharntke et al., 2012). Due to the current
destruction and fragmentation of many habitats and the loss of habitat diversity, it is difficult
for such species to colonise habitats and establish functioning populations on the one hand,
and to ensure that there is sufficient genetic exchange between populations to adapt to
changing environmental conditions on the other (Seibold et al., 2019). If local extinction
should occur, the population cannot be easily replaced from the outside, and the species will
most likely disappear from these specific regions.
The search for larval habitats of Culex martinii (M3) was not successful, so that only the
characteristics of the region of the single adult catch could be interpreted as a whole. These
characteristics did not differ from the habitats described in the literature (Peus, 1950;
Vaňhara, 1986).
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For the investigated species Culiseta ochroptera (M4), it is now possible to provide more
precise information on habitat binding and occurrence than was previously possible and
done. The obtained records, together with the historical records, illustrate a comprehensive
distribution range of this rare species for Germany over the last decades. The habitat
characteristics of the respective collection sites could also be combined with those of the
investigations carried out in the ‘Dubringer Moor’. The habitat requirements were only
roughly

described

by

previous

authors

(Peus,

1935;

Mohrig,

1969).

Thus,

Culiseta ochroptera was described as a general bog or peatland species, whereas larval
habitats were not or only scarcely described. The investigations on larval habitats showed
that Culiseta ochroptera is not a pure bog species and has a broad tolerance to different
water conditions or water types in peatlands. Therefore, Culiseta ochroptera has not a strong
binding to a specific habitat. The results should provide sufficient information for finding the
species in its habitats.
Impact of habitat binding on abundance
Habitat binding influences species abundance through strength of binding and frequency of
habitat (Boyce et al., 2016). The different habitat bindings of Aedes albopictus, Aedes refiki,
Culiseta ochroptera and Culex martinii affect their distribution and frequency in their own
way. This allows a mosquito species such as Aedes albopictus to develop high abundances
in settlements, while no suitable larval habitats can be found outside settlements (M1). In
urban areas, various kinds of containers are often available to Aedes albopictus that are
compatible as larval habitats for this species. Finally, in the study area of Aedes albopictus
local climatic particularities and water conditions were decisive. Culiseta ochroptera is not
bound to a special peatland type and can use a variety of boggy waters for reproduction. Due
to the degradation of the peatlands in Germany, as well as the low presence of suitable larval
habitats, only small populations can establish. Only in extensive peatlands (for example
‘Dubringer Moor’) and in those with a hardly disturbed water balance can even larger species
abundances be reached (M4). Since suitable habitats are rare in Germany and are not of
large expanse, the species is not common. For Aedes refiki and Culex martinii no exact
statements can be made due to the very limited collection data. Aedes refiki seems to have a
stronger habitat binding, which is linked to certain water, soil and forest types. The
abundance of this species appears to be very dependent on the abundance of larval habitats
and the stability of the habitat and does not reach large values anywhere in Germany. Since
Culex martinii is so rare in Germany, the climatic conditions could be decisive, as with
Aedes albopictus. In other parts of the Palaearctic distribution range of Culex martinii,
different larval habitats have been described in the past (for references see M3).
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4.4 Contribution to species identification
(Manuscripts 2–5 = M2–5)
The reliability of all statements about the occurrence and habitat binding of mosquitoes
depends on reliable species identification, which is therefore of utmost importance.
Vector surveillance studies usually use methods where traps capture mainly female adults by
using attractants such as complex lure mixtures, carbon dioxide gas and light. But the
determination of female adults can be difficult (Becker et al., 2010). The morphological
differentiation and identification of certain mosquito species in Germany, especially of the
female sex, is not clear (Aedes cinereus/Aedes geminus) or sometimes not possible at all
(Anopheles claviger complex, Anopheles maculipennis complex, Culex pipiens complex
except Culex pipiens/Culex torrentium). Females are identified by using the body scaling, but
the scales are easily lost in nature after only a few days after hatching, which makes the
morphological identification of older specimens difficult. However, it is almost always possible
to clearly identify male adults using the genitalia (hypopygium). The only exceptions are the
already mentioned members of the Anopheles species complexes. Male adults can be
collected particularly well by net catches or by rearing larvae from dipper samples in contrast
to carbon dioxide-baited traps. The recording of a species by morphologically identifying
individuals in the larval stage is possible but less reliable (Becker et al., 2010). For the
majority of species, it is therefore necessary that the larvae are in the fourth developmental
stage, in which the relevant characters for identification are fully developed. In addition to
that, it is advantageous if several larval specimens are available, as some characters are
highly variable such as the number, position and degree of branching of setae, comb scales
and pecten teeth.
If morphological or genetic reference material is not available for certain species, it may be
difficult to determine the correct species affiliation for an investigated specimen. Additional
problems arise when morphological characters are untypically formed or when characters
that are relevant for identification are lacking due to damage. Furthermore, morphological
identification becomes difficult or impossible if the variants of the distinguishing characters
overlap (Annulipes Group, Communis Group), or the distinguishing characters differ only
slightly (for example Culiseta fumipennis/Culiseta morsitans) so that a series of individuals is
required for differentiation, or if the individuals belong to the species complexes already
mentioned (Anopheles claviger complex, Anopheles maculipennis complex, Culex pipiens
complex). As a solution for these problems, genetic approaches to determine the species are
presently the only possibility of identification. Molecular species identification is also helpful if
researchers have little experience in morphological identification, or if only very few difficult
or damaged specimens are available.
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As already mentioned, high morphological variability or the lack of reference material can
lead to uncertainties in the species identification of mosquitoes. In this thesis, more clarity on
the naturally occurring variability of scaling was achieved for the rare species Aedes refiki
(M2) and Culiseta ochroptera (M4). In particular, the light to dark scaling forms of these two
species can be visually reconstructed by the presented illustrations and corresponding
descriptions. Thus, principal difficulties in morphologically identifying the species Aedes refiki
and Culiseta ochroptera in Germany could be dispelled.
For a more reliable identification of Culiseta ochroptera, the presence of postspiracular
scales was highlighted (M4), a character which had already been mentioned by Jaenson et
al. (1984), but has not received further attention in identification keys and the literature so far.
These postspiracular scales make it particularly easy to distinguish Culiseta ochroptera from
the similar species Culiseta fumipennis and Culiseta morsitans even in a poor state of
conservation. In all specimens of Culiseta ochroptera investigated in this thesis, the
postspiracular scales were hardly affected in damaged specimens and at least a few were
always present (M4). During the investigation of the variability of the postspiracular scales,
regional differences in number and shape were observed. These should be considered as an
additional feature in future investigations.
Even when applying genetic approaches, it is not or only insufficiently possible to correctly
identify all mosquito species in Germany. Hindrances to a correct identification are that
reference gene sequences for identification (for example CO1, ITS1, ITS2, ND4 and ND5)
are not available for comparison, or that gene sequences are not informative, for example
variable, enough to unambiguously determine the species. This thesis has contributed to the
availability of CO1 gene sequences of the mosquito species Aedes refiki, Culex martinii and
Culiseta ochroptera for Germany (M2, M3, M4).
Importance of aberrations for morphological differentiation and identification
Aberrations are only relevant for species identification if they occur in morphological
characters which are important for species differentiation. In the worst case, it makes
identification impossible, unless the aberration is species-specific. In certain cases, they may
also reflect anatomical, physiological, or molecular processes and even phylogenetic
relationships (Brust, 1966; Taylor, 1982; Percival-Smith et al., 2005; Narita et al., 2010;
Janssen, 2013). Within the investigated species of the Annulipes Group (M5), the observed
aberrations had no influence on the reliability of the species identification, but instead
provided an additional indication for species affiliation in a few cases. A recognisable
variation of the aberrant claw morphology, which was characteristic but not specific for a
species, could observed in Aedes annulipes and Aedes flavescens (M5). The investigations
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of the claws of selected species belonging to the Annulipes Group were the first to describe a
diversity of twenty aberrant claw types (M5). The detailed descriptions of the aberrant claw
types offer the possibility to better classify claw aberrations in the future. A claw scheme was
developed which describes in detail the different possible positions of a basal tooth on a claw
(M5). This claw scheme improves the anatomical descriptions of aberrant claw types. The
observation that the developed basic blueprint of a mosquito claw applies to several and
probably all mosquitoes and beyond, opens another field of research in the developmental
biology of arthropods.
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