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 1. INTRODUCTION 1 

1. Introduction 

Mosquitoes are among the most researched arthropods worldwide, not least because of their 

role as pest species and vectors of disease agents (LANE & CROSSKEY 1993). Though much 

about the ecology of different mosquito species and transmission cycles of associated 

pathogens is still unknown. In Germany, mosquito research was neglected for many years 

(KAMPEN & WERNER 2015). One reason was the elimination of malaria in the 20th century, 

after which mosquitoes were not considered important vectors anymore. Recently, interest in 

mosquito research has increased again. One of the triggers was the outbreak of bluetongue in 

2006 in Central Europe (MEHLHORN et al. 2008), although not a mosquito-borne but a biting 

midge-borne disease. Unexpectedly, native biting midges (Ceratopogonidae) of the genus 

Culicoides turned out to be the vectors of the bluetongue virus, which had previously only 

been known to circulate in Africa and, occasionally, southern Europe (WILSON & MELLOR 

2009). This 2006 outbreak impressively demonstrated that native hematophagous insect 

species had the potential of transmitting disease agents, even if they had never before met 

with the specific pathogen. Similarly, the outbreak of West Nile fever (WNF) in the USA in 

1999 has shown that pathogens can be transported over long distances (LANCIOTTI et al. 1999) 

and, once introduced, be transmitted by native potential vectors (HAYES et al. 2005). 

Although in Germany, no large outbreak of a mosquito-associated disease comparable to the 

WNF epidemic in the USA has occurred so far, mosquito-borne pathogens have repeatedly 

been detected in recent years in mosquitoes collected throughout the country. These included 

Batai-, Ťahyňa-, Sindbis- and Usutu viruses as well as filarial nematodes such as Dirofilaria 

immitis, D. repens and Setaria tundra (KAMPEN & WERNER 2015). Among these, Usutu virus 

(USUV) or D. immitis and D. repens are not endemic, but originate from Africa or southern 

Europe and were accidentally introduced (WILLIAMS et al. 1964; GENCHI et al. 2011a). 

In addition to native mosquitoes, which appear to be able to transmit disease agents formerly 

not known in the country, invasive mosquito species are gaining importance in Germany. 

Some invasive species have already succeeded in establishing populations and spreading 

(KAMPEN et al. 2017). The invasive Asian tiger mosquito Aedes albopictus and the Asian 

bush or rock pool mosquito Ae. japonicus, for example, are known vectors of mosquito-borne 

pathogens such as chikungunya virus (CHIKV) or dengue virus (DENV) (GRATZ 2006). 

Autochthonous cases and outbreaks of chikungunya and dengue fever have been observed in 

several European countries following the establishment of invasive Aedes species (Italy, 

France, Croatia, Madeira) (TOMASELLO & SCHLAGENHAUF 2013). Should competent vectors 
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be present and the climatic conditions favourable, transmission of these or other mosquito-

borne pathogens would also be conceivable in Germany. 

Changes in temporal and spatial distribution of vectors and pathogens are attributed to several 

factors, including international trade and travel, anthropogenic activities and climate change 

in general (RANDOLPH & ROGERS 2010). To make accurate risk analyses for Germany, a basic 

understanding of the ecology of mosquito species is necessary. It is important to know, how 

diverse mosquito communities in Germany are, how populations change over the season, and 

if there are vertebrate species preferred by foraging mosquito species as blood hosts. To 

describe these complex processes and relationships, the heterogeneous environment of a 

zoological garden is an excellent location for research. Zoological gardens provide ideal 

living conditions for mosquitoes during their whole life cycle, including numerous breeding 

and resting sites and a variety of potential blood hosts within a confined area (TUTEN 2011b). 

The daily interaction of wild animals and zoo animals, humans and mosquitoes is unique in 

zoos, while findings are transferable to the environment outside the zoo area, since zoos are 

open systems which can be entered and left arbitrarily at least by humans, mosquitoes and 

wild native animals. 
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2. Literature review 

2.1 Mosquitoes in zoos 

Zoological gardens are defined as park-like grounds for the keeping and exhibition of animal 

species. Most modern zoos are concerned to create animal enclosures as close to natural 

habitats as possible. If possible, they present the animals to visitors without fences and bars 

and without a strict separation of different animal species (SUCHANEK 2012). As a result, zoos 

have become islands of high biodiversity, not only providing habitats for the kept animals, but 

also being attractive for wild native animals such as birds and arthropods like mosquitoes. 

This is of major importance, since 600 million people worldwide visit zoos and aquariums 

annually (GUSSET & DICK 2011). 

Zoos provide numerous breeding sites for mosquitoes, mainly artificial ones, such as plastic 

containers or rain barrels, but also natural ones such as ponds, tree holes or bromeliads 

(TUTEN 2011a). Through the close contact between animals and humans in zoos, the 

accidental entry of a mosquito-borne pathogen, for example by migrating birds, could quickly 

lead to a disease outbreak (TUTEN 2011b). In addition to WNF and Usutu fever, avian 

malaria, eastern equine encephalomyelitis and dirofilariasis are well-known diseases 

occurring in zoos worldwide (ADLER et al. 2011). Affected species are mainly owls and 

penguins, which are susceptible to West Nile virus (WNV), USUV and avian malaria 

parasites (LUDWIG et al. 2002; HUIJBEN et al. 2007; STEINMETZ et al. 2011). In 2006, 

however, WNV was also detected in a diseased polar bear, and in 2012 in two orcas in a zoo 

setting (DUTTON et al. 2009; JETT & VENTRE 2012), demonstrating that unexpected animal 

species can be infected by mosquito-borne pathogens, too. The isolation of USUV from two 

captive owls (Strix nebulosa) from the Zoological Garden Berlin in 2015 (ZIEGLER et al. 

2016) underline the importance of zoos in the research and monitoring of mosquito-borne 

diseases in Germany.  

Ecological studies in zoos regarding the general phenology of Culicidae as well as analysis of 

blood meal patterns can be decisive for a basic understanding of mosquito biology, 

transmission sources and pathways of associated pathogens. According to a study on the 

blood feeding ecology of mosquitoes collected in two zoos in South Carolina, USA, 

mosquitoes accept both captive and wild animals as well as humans as blood hosts (TUTEN et 

al. 2012). This emphasizes the risk of pathogen transmission by bridge vectors that have a low 

host preference and facultatively feed on different taxonomic groups of vertebrates such as 

birds and humans. The Culex pipiens complex which occurs widespread in Germany, contains 

such indiscriminate blood suckers. Essentially, unattended and often unknown artificial 
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breeding habitats are the origins of larger mosquito populations in zoos, while water sources 

designed for zoo animals are usually well monitored and less commonly serve as mosquito 

larval habitats (TUTEN 2011a).  

Zoological gardens also gain importance as epidemiological sentinel stations, not least 

because diseased animals are discovered much faster in zoos than in nature. Many zoos have 

established collections of serum and tissue samples and have detailed medical records 

available that could be beneficial not only for animal health but also for public health 

(MCNAMARA 2007). Compared to mosquito monitoring outside zoos, monitoring inside zoos 

by pooling resources is more cost-effective, irrespective of the public and can be done 

routinely (H. Tuten, University of Illinois, Prairie Research Institute, personal 

communication). While several zoos in Europe have been studied in more detail, such as the 

Zuerich Zoo in Switzerland (SCHOENENBERGER et al. 2015) and the London Zoo in England 

(QUINTAVALLE PASTORINO et al. 2015), pertinent research in Germany is missing.  

 

2.2 Mosquito biology and development 

Although water is obligatory for immature mosquito development, life cycle strategies vary 

between species. Mosquito species can be classified according to the different types of 

breeding sites they use. One such breeding site classification was presented by LAIRD (1988) 

who differentiates between above-ground water and subterranean water breeding sites on the 

one hand and natural and artifical breeding sites on the other hand. This classification 

provides a good overview about the large range of potential habitats mosquitoes can use for 

larval development. Among above-ground waters, nine categories are defined: 

1. Flowing streams 

2. Ponded streams 

3. Lake edges 

4. Swamps and marshes 

5. Shallow permanent ponds 

6. Shallow temporary ponds 

7. Intermittent ephemeral puddles 

8. Natural containers 

9. Artificial containers 

Subterranean waters are divided into natural and artificial habitats. In a study by YEE et al. 

(2012) mosquito composition is different between tree-holes (natural container) and car tyres 

(artificial container), despite both being small and temporary habitats. Typical tree-hole 
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mosquitoes like Aedes geniculatus lay their eggs on the side of tree cavities above the water 

level, and larval development begins when the water level rises (MARSHALL 1938). Other 

container breeders are more indiscriminate in their acceptance of larval habitats, using not 

only natural tree-holes for larval development, but also a variety of small artificial containers 

such as flower pots, rain water barrels or discarded tyres. General container breeders often 

occur in the vicinity or right in the middle of human settlements, where they find a variety of 

breeding opportunities. 

Another biological adaptation describes mosquitoes developing in shallow temporary ponds. 

These mosquitoes lay their eggs on the surface of humid substrates with immature 

development beginning when the pond fills with water, thus stimulating larval hatching. Some 

species are adapted to ponds which build after the snow-melt in forests, for example spring 

species such as Aedes cataphylla and Ae. communis. Other species like Aedes vexans and Ae. 

sticticus prefer floodplains and hatch at higher temperatures during the summer months 

(BECKER 1989). As a result, different landscape structures can produce different mosquito 

communities.  

Based on the diversity of existing larval habitats, zoological gardens represent a distinct 

ecosystem for mosquitoes (TUTEN 2011a). In addition to a variety of artificial containers such 

as used tyres or buckets and bowls, zoos provide ponds, waterfalls and tropical rainforest 

plants right next to an arctic penguin enclosure. This results in a high diversity of possible 

mosquito breeding sites within a small space. Regardless of which breeding site is used for 

immature development, most non-predatory mosquito larvae feed on microorganisms and 

detritus at the water surface (mainly Anophelinae) or in the whole water column (Culicinae) 

(MERRITT et al. 1992). An exception are species of the genera Coquillettidia and Mansonia, 

which feed in plant root zones.  

In laboratory studies, survival rates of mosquito larvae vary considerably. Of Culex 

quinquefasciatus and Aedes aegypti, between 3% and 92% survive, depending on species and 

temperature of the larval habitat (RUEDA et al. 1990).  

Adult female and male mosquitoes obtain their energy from floral nectars (FOSTER & 

HANCOCK 1994), but sometimes also honeydew, plant phloem or damaged and rotting fruit 

are used as carbohydrate sources (YUVAL 1992). Since female mosquitoes are mainly 

anautogenous, they have to feed on blood for reproduction. Mating of mosquitoes typically 

takes place in swarms, but some species also mate on or near vertebrate hosts (TAKKEN et al. 

2006). After blood feeding, mosquito females rest at shady sites for egg development. For 

blood digestion, some mosquito species like Ae. vexans withdraw into the vegetation, others 
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like Cx. territans can be found both in the vegetation and in artificial shelter-type habitats 

(BURKETT-CADENA et al. 2008). Again, zoological gardens are outstanding ecosystems for 

mosquitoes, since they provide to them a high diversity and density of possible natural and 

artificial resting sites (TUTEN 2011b). 

Mosquitoes can be univoltine, having only one generation per year, or multivoltine with 

several generations per year. Favourable conditions for mosquito development include high 

temperatures and high humidity. A mosquito’s life span can reach from a few days up to two 

months, depending on climatic conditions and species (BECKER et al. 2010; CHAVES 2016). 

 

2.3 The German mosquito fauna 

Worldwide, 3,555 mosquito species are described, belonging to two subfamilies and 122 

genera (HARBACH 2019). Mosquito taxonomy is still under discussion, especially within the 

genus Aedes. The mosquito taxonomy used in this thesis follows WILKERSON et al. (2015), 

according to the recommendation of REISEN (2016). 

In Germany, eight species are described in the subfamily Anophelinae, all belonging to the 

genus Anopheles, and 44 species in the subfamily Culicinae, distributed over five genera 

(ROBERT et al. 2019): Aedes (27 species), Coquillettidia (1), Culex (6), Culiseta (8) and 

Uranotaenia (1).  

In addition to the native species, invasive mosquitoes have recently been collected in 

Germany. These include Aedes albopictus, Ae. japonicus, Ae. aegypti, Ae. koreicus, Ae. 

berlandi, Ae. pulcritarsis, Anopheles petragnani and Culiseta longiareolata (KAMPEN et al. 

2017). Aedes japonicus, Ae. albopictus and An. petragnani are considered firmly established 

in Germany, as hibernation has been documented repeatedly (KAMPEN et al. 2017). 

Overwintering has also been shown for Ae. koreicus (PFITZNER et al. 2018; STEINBRINK et al. 

2019). For Cs. longiareolata it is assumed that the species overwinters in Germany, but 

ultimate proof is still missing as annual collections do not come from the very same sites 

(KAMPEN et al. 2017). 
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2.4 Blood feeding patterns of mosquitoes 

In contrast to permanent ectoparasites, mosquitoes do not live on their hosts but have to locate 

a potential blood source from the distance (SUTCLIFFE 1987). Three different phases of host 

location were observed by SUTCLIFFE (1987):  

1. Intuitive search without targeted orientation to a specific host. 

2. Active host location through host-associated stimuli (e.g. carbon dioxide, host 

evaporations containing ammonia, lactic and fatty acids, visual markers). 

3. Attraction following accidental approach into the immediate vicinity of the potential 

blood source. 

The distance from which hosts can be located by female mosquitoes differs, depending on 

both mosquito and host species, but seems to range from 7 to 30 m (LANE & CROSSKEY 

1993). Larger host species or a higher density of potential blood hosts can enhance the 

distance from which attraction is possible (LANE & CROSSKEY 1993). 

The time of the day of host seeking activity varies between species. Some species search for 

blood hosts primarily during dusk or dawn (crepuscular), others bite mainly during night time 

(nocturnal) or are active at day time (diurnal). Host preferences of mosquitoes can reach from 

strictly specialized to one single specific host species to generalists, feeding on any vertebrate 

host available. In general, four different feeding patterns are distinguished, although meant in 

a relative and not in an absolute sense (LANE & CROSSKEY 1993):  

1. Anthropophagy (preference for human hosts) 

2. Zoophagy (preference for non-human hosts) 

3. Ornithophagy (preference for avian hosts) 

4. Indiscriminative biters (no host preference) 

The ‘zoophagic’ group does not only include mosquitoes that accept non-human mammals as 

hosts, but also those that feed exclusively on reptiles or amphibians. In fact, there are also 

mosquito species in mangrove forests using fish as blood source or others using insects like 

caterpillars as protein sources for egg development (LANE & CROSSKEY 1993), which is why a 

clear classification of mosquito blood hosts is difficult. 

There are external host factors such as body heat, body mass, defensive behaviour or odors in 

general which could affect host preference (TAKKEN & VERHULST 2013). Furthermore, 

mosquito feeding patterns can change with the season. In North America, Culex pipiens 

prefers blood meals from avian hosts in spring, but shifts to human hosts in late summer, 

when birds migrate (KILPATRICK et al. 2006). Therefore, blood meal patterns may be 

influenced by host availability and not only by active mosquito choices (CHAVES et al. 2010; 
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SIMPSON et al. 2011). Another explanation for this shift from avian to human hosts in late 

summer could be caused by interbreeding of Cx. pipiens populations or biotypes. While 

anautogenous populations or biotypes, which occur in spring, feed either on birds or 

mammals, hybrids use both mammal and bird blood hosts (SPIELMAN 2001; REUSKEN et al. 

2010; RIZZOLI et al. 2015). This indiscriminant feeding behaviour of Cx. pipiens hybrids can 

lead to an increased probability of transmission of zoonotic pathogens like WNV to humans 

(FONSECA et al. 2004), underlining that the analysis of blood feeding patterns is one of the 

major factors in describing transmission cycles of mosquito-borne pathogens.  

Some mosquito species target certain vertebrate species irrespective of relative host 

abundance (UNNASCH et al. 2006). Second to host species, mosquitoes preferred to feed on 

nestlings, as their defensive behaviour against biting attacks is less pronounced (UNNASCH et 

al. 2006). A more broad classification of host selection was provided by BÖRSTLER et al. 

(2016), who describe two different feeding patterns. The first group of mosquitoes prefers 

non-human mammals and humans and the second the same two groups of hosts plus birds.  

In contrast to the conditions in nature, where potential blood hosts are not permanently 

available, human and animal populations in zoological gardens are a stable blood source for 

foraging mosquitoes (ONYIDO et al. 2008). A constant interaction between blood hosts and 

mosquitoes could elevates the potential of transmission (ONYIDO et al. 2008), since the 

selection of a blood host is essential for a mosquito-borne pathogen to complete its life cycle. 

Furthermore, host choice can influence the vertebrate species exposed to mosquito-borne 

disease agents.  

 

2.5 Public health importance of mosquitoes 

2.5.1 Mosquito nuisance  

Mosquitoes can become severe nuisances. After a mosquito bite, skin reactions like pain, 

itching, redness and wheals are common and may be accompanied by allergic reactions 

(SERVICE 1971). Questionnaire surveys have shown that people are more concerned about 

mosquitoes as pests than as vectors of pathogens (DICKINSON & PASKEWITZ 2012; FOUMANE 

et al. 2015). Nuisance species usually develop to high population densities, which are 

persistent for a longer period of time (RUSSELL 1999). Potential pest species are found in 

various landscape structures like rural or urban areas and on the coasts (MEDLOCK et al. 2005, 

2012). Some species like Cs. annulata can become a pest throughout the year (MEDLOCK et 

al. 2012), other species only during spring or summer months under certain conditions. Spring 

species associated with snow-melt pools in forests can cause nuisance in wooded habitats 
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through their diurnal biting behaviour (MEDLOCK & VAUX 2011). Floodwater species such as 

Ae. vexans are serious nuisance pests in summer months in flood plains, with diurnal biting 

activity at shady places and aggressive biting at dusk (O'MALLEY 1990). Additionally, species 

formerly not known as nuisance species can become pests when occupying artificial breeding 

habitats that allow mass development. The tree-hole species An. plumbeus formerly not 

known to cause nuisance, tends to mass occurrence when using abandoned manure pits for 

immature development (DEKONINCK et al. 2011; HEYM et al. 2017). Since the species 

aggressively attacks humans, it can become a serious burden for people living near such 

breeding sources.  

In some cases, nuisance can be stopped by sanitation, i.e. removal of the breeding site, as, for 

example, in the case of An. plumbeus mass occurrence (HEYM et al. 2017). Other species such 

as Ae. vexans which do not have a permanent breeding site need to be controlled on a regular 

basis (BECKER 1997). 

Mosquito pests are also common in zoo settings because of the availability of shelter, food 

and water. Pests in a zoological garden cannot only be a burden for the kept animals, but 

could also lead to economic losses of the park, as the attractiveness for visitors significantly 

decreases (NATIONAL RESEARCH COUNCIL (US) COMMITTEE 2004).  

 

2.5.2 Mosquitoes as vectors of diseases 

Due to their hematophagous behaviour, mosquitoes are potential vectors of disease agents. In 

most cases, mosquitoes are biological vectors, being an obligatory host in the pathogen’s life 

cycle (LANE & CROSSKEY 1993). Mosquitoes can be biological vectors for three different 

groups of pathogens: 

1. Viruses (virus) 

2. Protozoan parasites (protozoa) 

3. Filarial nematodes (metazoa) 

Vertebrate-pathogenic bacteria are not known to be biologically transmitted by mosquitoes, 

but mechanical transmission is possible (MULLEN & DURDEN 2009). The best-known example 

of mechanical transmission by mosquitoes is the tularemia-causing bacterium Francisella 

tularensis (HOPLA 1974). Contrasting this, F. tularensis has been found in unfed adult 

mosquitoes reared from field-collected larvae in Sweden, suggesting at least transstadial 

transmission (LUNDSTRÖM et al. 2011). 

Developmental cycles of mosquito-borne pathogens include vertebrate and invertebrate hosts, 

which is why a close adaption between pathogen and vector is necessary for successful 
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transmission. Infection dynamics are complex and implicate various aspects such as the 

ability of the pathogen to develop in various host species or environmental factors like rainfall 

or temperature (UNNASCH et al. 2006).  

2.5.2.1 Mosquito-borne viruses 

Mosquito-borne viruses replicate in a variety of tissues, including ovaries, nerves and the 

salivary glands of the vector (MULLEN & DURDEN 2009). Transmission usually takes place via 

the saliva to the vertebrate host during blood feeding, but transovarial transmission to the 

female’s progeny or venereal transmission from male to female may also occur (MULLEN & 

DURDEN 2009).  

If the vertebrate host is susceptible to the virus, the pathogen will replicate in the tissues of the 

host (initially causing viremia) and can be retransmitted to the vector during the next blood 

meal. In some cases, when the concentration of the virus in the blood is not high enough to 

infect the blood-feeding mosquito, humans are dead-end hosts (DOBLER & ASPÖCK 2010).  

In Europe, ten mosquito-borne viruses belonging to three families (Bunyaviridae, 

Flaviviridae, Togaviridae) are known to circulate. Of these, five have been demonstrated for 

Germany (BATV, TAHV, USUV, WNV, SINV; Table 1). European Bunyaviridae are 

generally of low virulence, causing mild to influenza-like symptoms in humans. While Inkoo 

virus and Ťahyňa virus are the most common California group viruses in Eurasia according to 

antibody prevalences found in humans (GRATZ 2006), TAHV has rarely been documented 

from German mosquitoes. After it had been demonstrated in the 1960s from Ae. vexans 

(SPIECKERMANN & ACKERMANN 1972), latest evidence came during the 1980s (PILASKI 

1987). In recent studies, the virus was no longer found. By contrast, BATV turned out to be 

the most common virus in mosquitoes collected in Germany from 2011 to 2016 (SCHEUCH et 

al. 2018). 

Of the Flaviviridae occurring in Europe, dengue virus (DENV) poses a major risk to human 

health, as the virus is transmitted almost exclusively by anthropophagic mosquito species 

(HUBÁLEK 2008). With the spread of the potential vector species Ae. albopictus in Europe, the 

threat of endemic dengue cases has risen, as travellers infected with DENV regularly enter 

from dengue-endemic countries (GRATZ 2006). If the infection is not detected in time and the 

patient is bitten by Ae. albopictus during the viremic phase, viral transmission is possible.  

USUV seems to be a primarily avian pathogen. In Africa, where it was first isolated from a 

bird-biting mosquito species (WILLIAMS et al. 1964), it circulates between birds, and 

mammals are known as accidental hosts (GRATZ 2006). In 2013, the first human 

neuroinvasive infections with USUV were documented in Croatia, emphasizing the potential 
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public health significance of the virus (SANTINI et al. 2015). First evidence in Germany of 

USUV from a mosquito was obtained in 2010, when it was isolated from Culex pipiens 

biotype pipiens (JÖST et al. 2011).  

Similar to USUV, reservoir hosts for WNV are bird species. Nevertheless, WNV was isolated 

from various mammals (Table 1), despite all of them being dead-end hosts and no competent 

reservoirs (GRATZ 2006). WNV infections were reported from Germany in 2018 for the first 

time (ZIEGLER et al. 2018), although WNV-antibodies were found in migratory birds in 

Germany before (LINKE et al. 2007; SEIDOWSKI et al. 2010). While dengue fever was once 

endemic in southern Europe and disappeared in the mid-20th century together with the main 

viral vector Ae. aegypti (SCHAFFNER & MATHIS 2014), USUV and WNV were apparently 

introduced to Europe only recently (USUV: 1996, Italy (WEISSENBÖCK et al. 2013); WNV: 

1958, Albania (BARDOS et al. 1959)).  

Another pathogen formerly not known to Europe is chikungunya virus (CHIKV), which 

belongs to the Togaviridae. It was described in Tanzania in 1953 (ROSS 1956) and has since 

been detected in several African countries, the Indian subcontinent and southeastern Asia 

(PIALOUX et al. 2007). In 2007, an outbreak of chikungunya fever occurred in Italy with more 

than 200 diseased patients (REZZA et al. 2007). The virus was also found in local Ae. 

albopicuts mosquitoes (REZZA et al. 2007), which underlines that tropical mosquito-borne 

viruses have the potential to be transmitted in temperate regions if a competent vector is 

present.  

Symptoms of SINV-infected patients are mild (TESH 1982). Humans are dead-end hosts of the 

virus, and the main reservoirs are birds, mainly Passeriformes (HUBÁLEK 2008). SINV is the 

most widely distributed virus causing arthritis in humans, occurring from Africa to Australia, 

the Philippines, Asia and India to Europe (International Catalogue of Arboviruses. US 

Dept.Health, Education, and Welfare, Public Health Service, (CDC) 

https://wwwn.cdc.gov/Arbocat).  

 

 

 

 

https://wwwn.cdc.gov/Arbocat
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Table 1: Mosquito-borne viruses in Germany according to GRATZ (2006), HUBÁLEK (2008) 

and KAMPEN & WALTHER (2018). 
family pathogen main vertebrate host documented vectors 

Bunyaviridae 

Batai virus 

(BATV) 

mammals: boar, deer, 

hare, human, sheep, 

human 

birds: house sparrow 

Aedes communis, Ae. punctor, Ae. 

vexans, Anopheles claviger, An. 

maculipennis s.l., An. messeae, 

Coquillettidia richiardii, Culex pipiens, 

Culiseta annulata 

Ťahyňa virus 

(TAHV) 

mammals: bear, boar, 

hare, cattle, goat, 

human, sheep 

birds: cormorant, 

duck, sparrow 

Aedes cantans, Ae. caspius, Ae. cinereus, 

Ae. communis, Ae. detritus, Ae. 

diantaeus, Ae. dorsalis, Ae. excrucians, 

Ae. flavescens, Ae. hexodontus, Ae. 

punctor, Ae. sticticus, Ae. vexans, 

Anopheles claviger, An. hyrcanus, An. 

maculipennis s.l., Coquillettidia 

richiardii, Culex modestus, Cx. pipiens, 

Culiseta annulata 

Flaviviridae 

Usutu virus 

(USUV) 

birds: blackbird, 

nuthatch, owl, 

sparrow, swallow, 

thrush 

Aedes albopictus, Ae. cantans, Ae. 

detritus, Ae. rossicus, Ae. vexans, 

Anopheles claviger, An. maculipennis 

s.l., Culex hortensis, Cx. modestus, Cx. 

pipiens s.l., Cx. pipiens, Cx. territans, 

Culiseta annulata 

West Nile 

virus (WNV) 

mammals: boar, cat, 

cattle, camel, dog, 

hare, human, horse, 

pig, sheep 

birds: coot, crow, 

garganey, goshawk, 

heron, ibis, lapwing, 

pigeon, seagull, 

starling 

amphibians: marsh 

frog 

Aedes albopictus, Ae. annulipes, Ae. 

cantans, Ae. caspius, Ae. cinereus, Ae. 

dorsalis, Ae. excrucians, Ae. flavescens, 

Ae. geniculatus, Ae. japonicus, Ae. 

punctor, Ae. rossicus, Ae. sticticus, Ae. 

vexans, Anopheles hyrcanus, An. 

maculipennis s.l., An. maculipennis, An. 

messeae, An. plumbeus, Coquillettidia 

richiardii, Culex modestus, Cx. pipiens, 

Cx. pipiens biotype molestus, Cx. 

territans, Cx. theileri, Cx. torrentium, 

Culiseta morsitans, Uranotaenia 

unguiculata 

Togaviridae 

Sindbis virus 

(SINV) 

mammals: human, 

rodents 

birds: Passeriformes, 

Anseriformes, chicken 

amphibians: marsh 

frog 

Aedes albopictus, Ae. caspius, Ae. 

cinereus, Ae. communis, Ae. diantaeus, 

Ae. excrucians, Ae. punctor, Ae. vexans, 

Anopheles maculipennis s.l., 

Coquillettidia richiardii, Culex 

modestus, Cx. pipiens s.l., Cx. theileri, 

Cx. torrentium, Culiseta morsitans 
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2.5.2.2 Filarial nematodes 

In Europe, the most important filarial infections are caused by Dirofilaria immitis and D. 

repens (Table 2). Dirofilaria immitis infects pulmonary arteries and right heart chambers 

causing heartworm disease in dogs and cats, while D. repens has an affinity to subcutaneous 

tissues (GENCHI et al. 2009). Dirofilariae are transmitted to vertebrate hosts in their third 

larval stage during mosquito blood feeding (SIMÓN et al. 2012). As a result of reproduction in 

their vertebrate host, they release microfilariae into the blood, which are again infectious to a 

competent mosquito vector (GENCHI et al. 2009). In humans, who are not the definitive hosts 

of dirofilariae, the developmental cycle can normally not be completed (KAMPEN et al. 2012). 

Typical human infections are accompanied by an immune reaction, leading to the 

encapsulation of the worm in subcutaneous, pulmonary and intraorbital nodules (MCCALL et 

al. 2008). Most of the human dirofilarial infections worldwide are caused by D. repens 

(GRATZ 2004). However, the regionally high prevalence of canine infections with D. immitis 

suggests a huge dark number of human infections which are most often asymptomatic (GRATZ 

2004). 

In Europe, highest Dirofilaria infection prevalences occur in the Mediterranean, although a 

northward expansion of the worms into formerly non-endemic areas can be observed (GENCHI 

et al. 2011a; MORCHÓN et al. 2012; SASSNAU et al. 2014). The main reason for that seem to be 

increasing summer temperatures linked to global warming, allowing the development of 

dirofilarial larvae and rendering natural transmission cycles more intense (GENCHI et al. 

2011a; SASSNAU et al. 2014). In Germany, the first autochthonous Dirofilaria infection was 

observed in 2004, when D. repens was isolated from a dog which allegedly had never left the 

country (HERMOSILLA et al. 2006). Later, D. repens and D. immitis could also be 

demonstrated in mosquitoes collected in Germany (CZAJKA et al. 2014; KRONEFELD et al. 

2014).  

In contrast to Dirofilaria, the nematode Setaria tundra infects mainly cervids (Table 2). 

Setaria tundra has a significant veterinary importance, since it can cause serious disease, as it 

was the case in a Finnish reindeer population from 2003 to 2005 (LAAKSONEN et al. 2009). In 

Germany, S. tundra was isolated from mosquitoes several times, although no disease outbreak 

has become known so far (CZAJKA et al. 2012; KRONEFELD et al. 2014).  
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Table 2: Most important mosquito-borne filarial nematodes and the respective vectors in 

Germany according to GRATZ (2004), GENCHI et al. (2009, 2011b), LAAKSONEN et al. (2009), 

CZAJKA et al. (2012), MORCHÓN et al. (2012) and ANGELONE-ALASAAD et al. (2016). 

family pathogen main vertebrate 

hosts 

documented vectors 

Onchocercidae 

D. immitis 

carnivores 

(domestic and 

wild, including 

dogs, cats and 

foxes) 

 

Aedes albopictus 

Ae. caspius 

Ae. geniculatus 

Ae. vexans 

Anopheles maculipennis 

Coquillettidia richiardii 

Culex pipiens s.l. 

Cx. pipiens 

Cx. theileri 

D. repens 

Aedes albopictus 

Ae. vexans 

Anopheles spp. 

An. daciae 

An. maculipennis s.l. 

Culex pipiens 

Culiseta annulata 

 

S. tundra 
cervids (reindeer, 

roe deer) 

Aedes cantans 

Ae. sticticus 

Ae. vexans 

Anopheles claviger 

 

2.5.2.3 Protozoan parasites 

Until the 20th century, human malaria was widespread in Europe. Agents of endemic human 

malaria were primarily the protozoan species Plasmodium vivax and P. malariae (BRUCE-

CHWATT & DE ZULUETA 1980). In Germany, malaria disappeared at the end of the 19th 

century, although some endemic infection herds remained until the middle of the 1950s 

(TRAUTMANN 1913; EICHENLAUB 1979). The draining of marshes, improved hygiene, 

urbanization and the development of effective drugs are reasons for the decline of malaria in 

Germany (EICHENLAUB 1979). Until today, isolated autochthonous cases of human malaria 

occur in Europe, as demonstrated, for example, by two cases of P. falciparum malaria in 

Duisburg, Germany, in 1997 (KRÜGER et al. 2001). However, a re-emergence of malaria 

seems unlikely due to an effective health-care system, land use or construction codes 

(ROGERS & RANDOLPH 2000; SEMENZA & MENNE 2009). 

In addition to plasmodia infecting humans, there are Haemosporidia species causing malaria-

like diseases in other animal groups. One of them is avian malaria, which is caused by species 
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of the genera Plasmodium, Haemoproteus and Leucocytozoon. Avian malaria parasites are 

common throughout the world and can be detected approximately in 68 percent of the world's 

bird species (ATKINSON & VAN RIPER 1991). Haemoproteus sp. is mainly transmitted by 

biting midges (Ceratopogonidae) and Leucocytozoon sp. by black flies (Simuliidae) 

(ATKINSON & VAN RIPER 1991). The genus Plasmodium, which is transmitted by mosquitoes, 

also contains species adapted to birds (Table 3).  

The infection cycle of avian malaria parasites is similar to the mosquito-human transmission 

cycle: A mosquito feeds on an infected bird and takes up the parasite with the host blood. If 

the mosquito is a competent vector, the parasite will be able to undergo its extrinsic 

developmental cycle and develop sporozoites infectious to a susceptible host during the next 

blood meal of the mosquito. 

Natural infections in birds from wild native populations usually appear relatively harmless, 

whereas infections of exotic birds are often fatal (HUIJBEN et al. 2007). Of the 38 

morphologically distinguishable avian Plasmodium species, P. relictum and P. elongatum are 

probably investigated best (HUIJBEN et al. 2007). Both species were involved in avian malaria 

cases in zoos worldwide (GRACZYK et al. 1994; BUENO et al. 2010; SIJBRANDA et al. 2017). 

Mosquito vectors of avian malaria parasites are often Culex species, as opposed to human 

malaria parasites which are only transmitted by species of the genus Anopheles (HUIJBEN et 

al. 2007). However, the vectors of many avian plasmodia are not known (see Table 4), since 

parasites are often only known from their vertebrate hosts. 

Little is known about the prevalence of avian malaria in Germany. A study by KRONE et al. 

(2001) has found a rate of 11% in 1,149 analysed owls and raptors, including the genera 

Haemoprotoeus, Leucocytozoon and Plasmodium. The analysis of 369 passerine blood 

samples from Lower Saxony revealed 25% positive results, which could be attributed mainly 

to Plasmodium (15.4%) and Haemoproteus species (5.1%) (WIERSCH et al. 2007). 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Ceratopogonidae
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Table 3: Avian malaria Plasmodium species in Europe and their potential vectors according 

to HUFF (1965), BENNETT et al. (1993), GLAIZOT et al. (2012) and ZÉLÉ et al. (2014). 

Plasmodium species potential vector 

Plasmodium cathemerium Culex territans* 

P. circumflexum Cx. pipiens 

Culiseta annulata* 

P.  elongatum Cx. pipiens* 

Cx.. territans* 

P.  fallax Aedes albopictus* 

 

P. garnhami no data available 

P.  giovannolai no data available 

P.  hegneri no data available 

P.  juxtanucleare  no data available 

P.  iophurae  Ae. albopictus* 

Cx.  pipiens* 

P.  matutinum  Cx.  pipiens* 

P.  nucleophilum  no data available 

P.  polare Cx. pipiens 

P.  relictum Ae.s dorsalis* 

Ae. vexans* 

Cx. modestus 

Cx.  pipiens 

Cx.  territans* 

Cx.  theileri 

P.  rouxi  Cx.  pipiens* 

Cx.  territans* 

P.  subpraecox  no data available 

P.  vaughani Cx.  pipiens 

* reports on vector status contradictory  
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3. Project aims 

According to the WHO (1975), effective mosquito control measurements start with the 

analysis of mosquito biology and their habitats in a defined area. In order to better understand 

mosquito biology, it is important to study them throughout their life cycle. Mosquito larvae 

may use different breeding habitats, while adult mosquito females may prefer different blood 

hosts and digest a blood meal in different kinds of shelters. Mosquito communities might even 

differ within small geographical scales, which could have an effect on potential host species. 

This is because the distinct blood feeding behaviour of different mosquito species can lead to 

different exposure to disease agents, as different vertebrate species can be reservoirs for 

different kinds of pathogens. Furthermore, different mosquito species could be vectors of 

different pathogens, which also needs to be considered.  

From these considerations three questions arise that are important in the study of mosquito 

biology in a particular area: 

1. Which mosquito species occur when and in which abundance? 

2. Which hosts are used by the mosquito species for blood feeding? 

3. Which mosquito-borne pathogens circulate in the area? 

To analyse these questions zoological gardens are ideal locations. They provide mosquitoes a 

variety of breeding and resting sites as well as with a high diversity of potential blood hosts, 

including humans, mammals, birds, reptiles and amphibians. All these conditions are 

available in a zoo in a confined space and make the zoo a perfect place for ecological studies 

on mosquitoes. Furthermore, the study of mosquitoes in zoos is of public relevance. Zoos play 

a role in the conservation of endangered species and attract millions of visitors each year. 

Both animals and humans are affected by mosquitoes, be it as a nuisance or as potential 

pathogen vectors.  

The present study addresses mosquito populations in two zoological gardens in Germany to 

analyse the ecology of mosquito communities and their vector potential. On the one hand, the 

results are meant to contribute to a better understanding of mosquito ecology in Germany in 

general, on the other hand may lead to a greater awareness of German zoological gardens for 

mosquitoes and the disease agents they possibly carry.  
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In the framework of the present dissertation, the following aspects were studied: 

1. Mosquito communities in two zoological gardens in Germany – species composition 

and occurrence of potential vectors  

2. Blood meal patterns of mosquitoes in two zoological gardens in Germany 

3. Vector-borne pathogens of mosquitoes from two zoological gardens in Germany: 

screening for viruses, filarial nematodes and avian malaria parasites  

Pictures of mosquito breeding- and resting sites as well as EVS-trap locations of both studied 

zoos are shown in the Supplementary Appendix. 
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6. Summary 

 

The present work focusses on the mosquito populations of two zoological gardens in 

Germany with the aim to better understand mosquito biology of native species and to 

contribute to a greater awareness of mosquito and mosquito-borne disease agent surveillance 

in zoos. For this purpose, data on species composition, blood meal patterns and mosquito-

borne pathogens were analysed. The investigated zoological gardens differed not only in their 

sizes and animal stocks, but also in their surrounding environments. The 160 ha Tierpark 

Berlin is located in a densely populated urban area, while the 15 ha Zoological Garden 

Eberswalde is surrounded by forest.  

To gain an overview about the mosquito fauna of both zoos, adult specimens were caught by 

aspirating and EVS-trapping during the 2016 season. In addition, larval stages were collected 

from their breeding sites located in the zoo areas. In total, 2,257 mosquitoes were sampled, 

belonging to 20 taxa. Seasonal differences between the zoos were documented, both in terms 

of species composition and the relative abundance of mosquito species collected. As the 

studied zoos were located in the same climatic region and both locations provided similar 

breeding sites, differences in species composition were attributed to the entry of mosquitoes 

from surrounding landscapes. Influencing factors could have been the different sizes of the 

zoos and variations in the potential host animal populations. 

According to the vector potential of most frequently collected taxa in the Zoological Garden 

Eberswalde (Annulipes Group, Culiseta annulata), TAHV, USUV, WNV, filariae and avian 

malaria parasites appear to have the highest risk of being transmitted at this location. In the 

Tierpark Berlin, Aedes vexans was the most frequently collected mosquito species, suggesting 

a theoretical risk for the transmission of a broader spectrum of pathogens due to covered 

vector competences. Pathogens such as BATV, SINV, TAHV, USUV and filarial worms 

could be of major importance regarding transmission risk to zoo animals, as they had 

previously been found to circulate Germany. In addition, avian malaria parasites represent a 

considerable risk for susceptible exotic bird species in Berlin. 

Since the blood-feeding behaviour of vector-competent mosquito species has a major 

influence on the transmission of a mosquito-associated pathogen, the analysis of blood meal 

patterns is crucial to better understand vector-pathogen cycles. Therefore, blood meals of 

blood-fed mosquitoes caught in 2016 and 2017 by aspirating and EVS-trapping in the 

Tierpark Berlin and the Zoological Garden Eberswalde were analysed. The aim was to 
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investigate to what extent native mosquito species accept exotic zoo animals, wild native 

animals and humans as blood hosts. In addition, it was examined whether the collected 

species are generalists or specialists when selecting vertebrates for blood feeding. 

A total of 405 blood-fed mosquitoes from 16 taxa were collected. The genetic analysis of 

blood meals identified 56 host species, which – in addition to humans – mainly originated 

from mammals of the zoo animal populations. In agreement with the previous study on the 

mosquito fauna of the Tierpark Berlin and the Zoological Garden Eberswalde, the analysis of 

blood meals also showed differences between the two zoos. In the smaller Zoological Garden 

Eberswalde, a higher number of blood-fed mosquitoes was collected than in the Tierpark 

Berlin, probably caused by a higher host density in Eberswalde, which may have led to an 

overall higher mosquito density. However, no differences between both zoos were observed 

with respect to the blood feeding behaviour of the analysed mosquito species: Mosquitoes of 

both locations were rather generalistic, although species could be grouped according their 

blood meals into 'amphibian', 'non-human mammal' and, ‘non-human mammal and human' 

feeding species. The more random selection of hosts could indicate a low probability of 

effective pathogen transmission by applying the 'dilution effect'. Notwithstanding, since wild 

animals have also been accepted as hosts, pathogen transmission by bridge vectors from one 

vertebrate group to another could be relevant in the sampled zoos. 

Adult mosquito specimens collected in 2016 and 2017 were screened for filarial nematodes, 

avian Haemosporidia and mosquito-borne viruses. Dirofilaria repens was detected in a 

mosquito from the Zoological Garden Eberswalde. Mosquitoes from Berlin and Eberswalde 

were tested positive for the nematode species S. tundra. Sindbis virus was found in a 

mosquito pool collected in the Tierpark Berlin, while no mosquito-associated viruses were 

detected in specimens collected in the Zoological Garden Eberswalde. Mosquitoes from both 

zoos were positive for the haemosporidian parasites Haemoproteus sp. and Leucocytozoon 

sp., and one documentation was made for avian Plasmodium sp. in the Tierpark Berlin. 

The identified pathogens have the potential to cause disease in captive and wild animals, and 

some of them also in humans. Most of the mosquitoes tested positive had been collected in 

July, suggesting a high infection risk during this month. Since most pathogen detections were 

made from species belonging to the Cx. pipiens complex, species of this complex seem to be 

most relevant in the studied zoos when it comes to mosquito-borne pathogen transmission. 

Although mosquitoes are no proven vectors of most of the avian malaria parasite genera 

found, evidence for Haemoproteus sp. and Leucozytozoon sp. demonstrated a high prevalence 

of avian malaria parasites in the zoos. 
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In summary, the results of the three studies indicate regional differences both in the mosquito 

species composition and in the occurrence of mosquito-borne pathogens. However, no 

differences were found between the mosquito communities of both zoos concerning their 

blood feeding behaviour, suggesting that the general behaviour of the insects is location-

independent. 

Several potential disease agents were found in the collected mosquitoes, although not at high 

abundances. Whether these pathogens were found by chance in the two zoos or whether the 

particular zoo environment is a hot spot of arthropod-borne pathogens cannot be determined 

with the studies conducted. Nonetheless, it seems clear that zoological gardens are attractive 

to mosquito females not only in their search for breeding sites, but also when looking for 

blood hosts and places for mating or resting. These advantageous conditions also attract 

mosquito species that have their larval habitats outside the zoological gardens, which is why 

elimination of breeding sites on the zoo premises alone will not necessarily keep away all 

mosquitoes. 

A closer collaboration between zoological gardens and entomologists could be beneficial for 

both. Zoo officials could benefit from being able to identify potential arthropod vectors on the 

zoo grounds and receiving information on circulating arthropod-borne disease agents, as well 

as on the animal species susceptible to those. For entomologists, zoological gardens are ideal 

research locations, as they provide an environment with a high diversity of habitats and 

potential blood hosts for haematophagous arthropods in a confined space. 

Studying mosquito biology will become even more significant in the future, since in a world 

that is getting smaller, both potential vectors and pathogens are regularly introduced into areas 

where they did not occur before. Therefore, it would be desirable if more studies targeting 

ecological as well as infectiological aspects of vector species in zoological gardens in 

Germany were carried out. 
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9.   Appendix 

9.1 Pictures of mosquito breeding sites 

9.1.1 Mosquito breeding sites of Zoological Garden Eberswalde 
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9.1.2 Mosquito breeding sites of Tierpark Berlin 
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9.2 Pictures of mosquito resting sites 

9.2.1 Mosquito resting sites of Zoological Garden Eberswalde 
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(13) (14)  (15)  

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9. APPENDIX 73 

9.2.2 Mosquito resting sites of Tierpark Berlin 
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9.3 Pictures of EVS-trap locations 

9.3.1 EVS-trap locations of Zoological Garden Eberswalde 
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9.3.2 EVS-trap locations of Tierpark Berlin 
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