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The freshwater jellyfish Craspedacusta sowerbii (Lankester 1880) is a globally recognized 

invasive species in freshwater ecosystems and presumably native to the Yangtzekiang River 

System in China. This jellyfish species is characterized by specific life history traits, 

including several life history stages (e.g. benthic polyp, pelagic medusa) and reproductive 

strategies that allow high dispersal and the occurrence of high abundances within short times. 

Since the year 2000, numerous first-time records of C. sowerbii medusae fom all over the 

world, often accompanied by conspicuous blooms, suggest a continued expansion of its range 

and trigger increasing public and scientific attention. Besides records of C. sowerbii presence 

outside its native range, little is known about its ecological impacts in invaded freshwater 

habitats. Information regarding the genetic properties relating to adaptive ability, invasive 

success and the ecological role of Craspedacusta polyps and medusae is also missing. In this 

thesis, the following topics were investigated: (i) the genetic variation among European 

polyps and medusae, (ii) the trophic ecology and niche of the polyp stage in comparison to a 

functionally similar resident polyp species (iii) the top-down influences by jellyfish predation 

on the pelagic food web of lakes, (iv) vertical nutrient redistribution induced by jellyfish 

migration and (v) the effects of the presence of jellyfish on plankton dynamics. 

The genetic variation among 481 individuals (polyps and medusae) from 53 European lakes, 

which were presumed to represent C. sowerbii, was determined by screening for 

mitochondrial 16S rRNA and COI polymorphisms. Four mtDNA haplotypes were present at 

different frequencies and haplotype pairs were grouped in two major clades. Genetic 

divergence between clades at the species level was discovered which strongly supports the 

formerly described invasion of multiple gentic lineages to Europe. The phylogenetic analysis 

conducted in this thesis revealed a global distribution of only a few haplotypes that indicates 

an efficient spread of certain haplotypes originating from China. One haplotype was newly 

detected and seems to be restricted to Europe at the present stage. Surprisingly, sex of 

medusae was associated with haplotype in both species, suggesting that sex of medusae is 

rather genetically defined by the maternal polyp line and not by environmental factors. 

Medusae from almost all lakes were fixed for a single haplotype over space and time and 

female medusae dominated, but also evidence of the so far scarcely reported co-occurrence of 

both sexes of medusae was found in a single European lake. In addition, several haplotypes of 

both species coexisted within this lake, indicating that requirements for bisexual reproduction 



and even for hybridization of the two species are given. Evidence for high gene flow detected 

in medusae populations within and among regions and continents addresses the high dispersal 

power of respective benthic life stages and their invasiveness. 

The main life stage for the establishment of Craspedacusta in a newly invaded habitat is the 

polyp stage, which might compete with the functionally similar resident Hydra polyps for 

space and food. Functional and numerical response analyses showed that Craspedacusta 

polyps have advantages compared to Hydra polyps due to a higher feeding efficiency and 

better numerical responses at low food densities. Stable isotope analyses from four different 

lakes revealed that Craspedacusta and Hydra polyps occupy separate dietary niches 

independently of season and lake type, which is most likely due to morphological differences 

(tentacles, body size). The niche analyses indicate that the establishment of newly invading 

Craspedacusta polyps should not be constrained by competition with Hydra and that 

coexistence of both - functionally very similar polyps - within the same benthic food web is 

possible in a long-term perspective. 

Top-down influences of C. sowerbii medusae were analysed in outdoor mesocosm 

experiments with natural plankton communities from three oligotrophic lakes. C. sowerbii 

medusae triggered trophic cascades already at low abundances. The biomass of zooplankton 

decreased with increasing jellyfish abundance while algal biomass increased. A shift in 

zooplankton community composition had further effects on phytoplankton composition and 

growth. According to the results of these experiments, freshwater jellyfish have very similar 

food web effects as already described for marine jellyfish. Jellyfish have been present in 

European lakes for about 100 years, and abundances of jellyfish tend to increase rapidly 

within the last twenty years. It is therefore important to take trophic cascades mediated by 

jellyfish into account when predicting future food web dynamics in lakes. 

Evidence for the vertical transport of nutrients (phosphorus) by the swimming behavior of the 

freshwater jellyfish C. sowerbii was found in experimental laboratory setups. The magnitude 

of the effect was positively correlated with jellyfish density. The degree of upward nutrient 

transport by jellyfish migration was detected to be much larger than that of similar large-sized 

native migrating zooplankton such as Chaoborus spp. larvae. On average, one jellyfish was 

able to transport ten times more phosphorous from the bottom to the top of an experimental 

column than a native lake crustacean zooplankton community at natural density. These results 

indicate that nutrient fluxes within lakes can be significantly modified after a jellyfish 

invasion. 
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1 Introduction



Increasing human mobility and globalization of trade and travel has facilitated the intentional 

and unintentional transfer of organisms among ecosystems that were previously separate 

(Perrings et al. 2005, Meyerson and Mooney 2007). These organisms introduced into a region 

outside of their native range are then called exotic or non-indigenious. Subsequent to the 

initial introduction, a non-indigenous species has to overcome biotic and abiotic barriers and 

has to pass several steps to become a successful invader (Lodge 1993, Sakai et al. 2001, 

Lockwood et al. 2005). An introduced species is then called “invasive” when it is established, 

widespread, and abundant and often causes some sort of ecological or economic harm 

(Richardson et al. 2000, Colautti and MacIsaac 2004, Lockwood et al. 2005, Ricciardi and 

Cohen 2007). According to the “tens rule”, approximately 10% of the introduced species 

become established and only 10 % of those species become invasive (Williamson 1996). 

Although most introduced species fail to establish and spread (Williamson 1996), the number 

of new records of invasive species, ranging from viruses and bacteria to fungi, plants, and 

animals, in terrestrial and aquatic systems are not declining worldwide.  

Jellyfish (including Cnidaria and Ctenophora) are a well-known example of aquatic invasive 

species that are causing global concern because large blooms of them occur at an alarming 

rate outside their native ranges (Purcell et al. 2007, Bayha and Graham 2014). These blooms 

have often negatively affected local and regional biodiversity, public health and coastal 

tourism in the invaded region (Purcell 2012, Brotz et al. 2012, Duarte et al. 2013, Graham et 

al. 2014). The most cited example of a jellyfish invasion is the one of Mnemiopsis leidyi, an 

Atlantic ctenophore, to the Black Sea (GESAMP 1997, Purcell et al. 2007, Costello et al. 

2012). Presumably introduced accidentally by ballast waters (Reusch et al. 2010, Ghabooli et 

al. 2011), this species exploded in number in the 1980s in the Black Sea and reached averages 

up to 310 ctenophores per m2 (average biomass of up to 1 kg wet weight per m2; Vinogradov 

et al. 1989). Its massive occurrence was considered to be responsible for the collapse of 

fisheries in the whole basin with attributed dramatic economic losses (GESAMP 1997, 

Knowler 2005). From the Black Sea, M. leidyi has spread to several other marine 

environments. Since 2006 it also occurs in the North Sea and the Baltic Sea (reviewed in 

Bayha and Graham 2014).  



The high invasive success of M. leidyi is favored by jellyfish-specific traits regarding 

reproductive and life history strategies, environmental tolerance and trophic plasticity (Bayha 

and Graham 2014). For example, high fecundity, rapid maturation and the combination of 

both sexual and asexual reproduction are common among jellyfish and were found to be 

advantageous in establishing populations in new habitats (Lodge 1993, Kolar and Lodge 

2001, Sakai et al. 2001, Funk and Vitousek 2007). Additionally, many species of jellyfish are 

generalist feeders, allowing them to benefit from a wide range of novel prey items in a new 

environment (Lodge 1993). These traits facilitate a fast increase in population size of 

introduced jellyfish, which has substantial ecological impacts on local communities, such as 

predatory pressure on zooplankton or juvenile fish or successful competition with fish 

populations for prey (Sommer et al. 2002, Bayha and Graham 2014, Graham et al. 2014). In 

marine ecosystems, eutrophication coupled with ocean warming, overfishing, and habitat 

modification has been associated with an increase in the bloom frequency of these invasive 

gelatinous organisms and some authors already speak of a “rise of slime” (Jackson 2008, 

Richardson et al. 2009, Purcell 2012, Brotz et al. 2012, Pitt and Lucas 2014).  

Besides several examples of jellyfish invasions in marine habitats, the worldwide invasion of 

the freshwater jellyfish Craspedacusta sowerbii is the most prominent case of jellyfish 

invasions in freshwater. C. sowerbii was first detected in a water-lily tank in the gardens of 

the Botanical Society in London in 1880 (Lankester 1880) and is presumably originating from 

China (Kramp 1950). Even though deliberate introductions have not been described, this 

freshwater invertebrate (phylum Cnidaria, class Hydrozoa, order Limnomedusa, family 

Olindiidae) managed to invade all the continents apart from Antarctica (Figure 1; Dumont 

1994, Jankowski 2001, Jankowski et al. 2008). Its colonization was more efficient than that of 

any other limnic medusa species and it is considered to be one of the most widespread 

freshwater invaders globally (Duggan and Eastwood 2012). In comparison, Limnocnida, the 

closest related limnomedusan genus, is so far restricted to Africa, the Himalayan Mountains 

and to Southern and Southeastern Asia (Figure 1; Rayner 1989, Dumont 1994, Jankowski et 

al. 2008, Jankowski and Anokhin 2019).  



The occurrence of C. sowerbii is reported from virtually all types of freshwater ecosystems, 

such as lakes, slow-flowing parts of streams and rivers, backwaters, reservoirs, quarry or 

garden ponds, aquaria and even wastewater treatment facilities (Dejdar 1934, Dexter et al. 

1949, Davis 1955, Matthews 1963, Beckett and Turanchik 1980, Augustin et al. 1987, Rayner 

and Appleton 1992, Jankowski 2000, Oscoz et al. 2010, Fuentes et al. 2019). This variety of 

invaded ecosystems is indicating that C. sowerbii is characterized by a broad ecological niche 

(Karaouzas et al. 2015) and that it is able to enlarge its geographical extension. 

 

 

Figure 1: Worldwide distribution of Craspedacusta sowerbii (light gray) and of Limnocnida 

tanganicae (dark grey; with persmisson from Jankowski et al. 2008).  

 

Records of C. sowerbii are mostly due to random observations of large pelagic medusae 

(Figure 2), which are rather visible by their swimming behavior, size (1-2 cm) and occurrence 

in high densities (blooms). However, similar to marine jellyfish, C. sowerbii has a life cycle 

with diverse benthic life stages such as polyps, frustules or podocysts (Dejdar 1934). While 

specimens in the medusa stage are short-lived, the benthic life stages form long-term 

persisting local populations and some can for example survive without or limited food supply 

(Acker and Muscat 1976). Mechanisms like hitchhiking on migrating organisms such as 

waterbirds, crayfish or mussels, and especially human-mediated dispersal can explain the 

wide distribution of those robust benthic stages (Lundberg et al. 2005, Stanković and Ternjej 

2010). So far, only little evidence for the distribution of C. sowerbii in form of these benthic 

life stages is given (Payne 1924, Dejdar 1934, Pennak 1956, Bushnell and Porter 1967, 

Hubschman and Kishler 1972, Stanković and Ternjej 2010, Siquier et al. 2017). However, the 



presence of local C. sowerbii populations in lakes without medusa sightings is supported by a 

monitoring study in New Zealand (Duggan and Eastwood 2012). Herein, in 61 % of the 

investigated lakes specimens in the benthic polyp stage were found, but no medusa (Duggan 

and Eastwood 2012). Consequently, C. sowerbii is probably even more widespread than 

currently noted and many first-time records from countries worldwide since the year 2000 

(Väinölä 2002, Arbačiauskas and Lesutienė 2005, Peréz-Bote et al. 2006, Saadalla 2006, 

Stefani et al. 2010, Gasith et al. 2011, Raposeiro et al. 2011, Galarce et al. 2013, Gomes-

Pereira and Dionísio 2013, Karaouzas et al. 2015) suggest a continued expansion of its range.  

A prerequisite for the wide distribution of C. sowerbii is its highly complex life cycle that 

allows adaption to challenging environmental conditions (Figure 2). In addition to the obvious 

pelagic medusa, inconspicuous benthic life stages (polyps, frustules, podocysts) and a tiny 

pelagic larval stage (planula larva) exist. These life forms are only a few millimeters or even 

less than one millimeter in size (Figure 2). The polyp is considered to be the dominant stage 

in the life history because it usually persists throughout the whole year and all other forms 

(frustula, podocyst, medusa, planula larvae) occur in response to specific conditions (Acker 

and Muscat 1976). 

The polyp is tubular in shape with a reduced perisarc localized at the basal part of the polyp 

for attachment to living and non-living substrates like small pebbles, rocks, plant material, 

mussels or even tin cans (Acker and Muscat 1976, Park 1998, Stanković and Ternjej 2010, 

Folino-Rorem 2015). The head region, called capitulum, has a mouth surrounded by small 

papillae that are containing nematocysts to capture prey. The sessile polyp lives solitary or 

can form colonies of up to seven physically attached clones (Figure 2; Payne 1924, McClary 

1959). Polyps were found from surface areas down to a depth of 9 m, but data about their 

distribution and depth of occurrence is scarce (Stanković and Ternjej 2010). 

The polyp is not able to detach from the substrate, but it can produce or transform into 

frustules, which are mobile (Figure 2; Dejdar 1934). Frustules are non-ciliated and rod-

shaped; they can crawl slowly on the substrate, attach to it and form a polyp (Hyman 1940, 

Folino-Rorem 2015). It is proposed that this stage is unable to feed, thus the stored energy 

(e.g. in form of lipids) would be the limiting factor for the dispersal of the frustules (Dejdar 

1934). 



Additionally, polyps or frustules both can transform into resting bodies called podocysts, 

which have a polygonal, lentil-like shape and a chitinous coat (Figure 2; Reisinger 1957, 

Folino-Rorem 2015). These podocysts ensure long-term survival under stressful 

environmental conditions like heat, aridity and cold temperatures (Payne 1924, Reisinger 

1957, Acker and Muscat 1976). Podocysts kept at 4°C were able to transform into polyps 

after a temperature raise to 20°C (Dunham 1941). Moreover, it was reported that a podocyst 

survived 40 years of complete desiccation (Bouillon and Boero 2000).  

 

 

Figure 2: Schematic life cycle of Craspedacusta sowerbii (modified after Lundberg et al. 2005) with 

pictures of the different life stages and of gonadal tissue of adult male and female medusae. 
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Alternatively, polyps can also produce free-swimming medusae by budding (Figure 2). The 

buds take from four to thirteen days to grow on the polyp and are then released as small 

medusae with a bell diameter of approximately 1 mm (Payne 1924). In this stage, about eight 

stinging tentacles serve to capture prey like tiny zooplankton stages (Dejdar 1934). The 

medusae are seldom observed in the field at that size (Acker and Muscat 1976). Five to six 

weeks after release medusae become sexually mature males or females, respectively (Figure 

2; Dunham 1941, Acker and Muscat 1976). They have an umbrella cof up to 20 mm or more 

in diameter (Acker and Muscat 1976) and about 200 to 400 stinging tentacles (Pennak 1956). 

Depending on their sex, medusae produce eggs or sperms in four bag-shaped gonads, which 

are attached to four radial canals hanging in the subumbrella. The sperms and eggs (Figure 2) 

are released into the water for external fertilization. From fertilized eggs, ciliated planktonic 

planula larvae hatch and develop into primary polyps (Payne 1926, Dejdar 1934). 

Several factors such as temperature, food supply, light, current, CO2 and chemical parameters 

influence the life cycle stages of C. sowerbii (Payne 1924, Acker and Muscat 1976). The 

medusa stage is the most noticeable one and its occurrence is seasonally, usually from 

summer to autumn, lasting only a few weeks or months (Dejdar 1934, Pennak 1956, Acker 

and Muscat 1976). Especially temperature is an important contributor for medusae bud 

production (Acker and Muscat 1976, Folino-Rorem et al. 2015), and it is known to be a 

trigger also in many marine jellyfish species (reviewed in Purcell 2005). Moreover, in some 

studies, it was reported that the abundance of medusae was greater in years with over-average 

temperatures (Pennak 1956). However, different temperatures were documented as being 

ideal for medusa budding and it was suggested that optimum temperatures might depend on 

the population of Craspedacusta being studied, in temperate or tropical populations (McClary 

1959, Lytle 1961, Acker and Muscat 1976). Moreover, the artificial induction of medusa bud 

production within laboratory experiments was unsuccessful in some studies. It was suggested 

that there might be polyp strains, which have secondarily lost the ability to produce medusae 

(Acker and Muscat 1976), similar as it has been proposed for freshwater polyps of the genus 

Hydra (Siebert and Juliano 2017). 

Crucial for the assumption that China is the origin of C. sowerbii was the description and 

distribution of several species, subspecies, and variations of freshwater jellyfish of the genus 

Craspedacusta especially in the Yangtzekiang River System (Kramp 1950). Temporarily up 



to eleven different Chinese Craspedacusta “species” had been described, using the number of 

tentacles and tentacle orders, the number and shape of statocysts, the shape and the color of 

gonads and patterns of nematocyst warts as species-diagnostic traits (reviewed in Jankowski 

2001, Jankowski and Anokhin 2019). However, the taxonomic assignment based on these 

characters proved to be ambiguous (Bouillon and Boero 2000, Jankowski 2001, He 2003, 

Jankowski et al. 2008), suggesting that the morphology-based traditional taxonomy of the 

genus Craspedacusta needs a revision (Jankowski and Anokhin 2019).  

To overcome the problem with morphology-based species assignment, molecular markers 

were used to disentangle genetic relationships among the Cnidaria at genera, species and 

population levels (e.g. Jankowski 2001, France and Hoover 2002, Collins et al. 2006, 

Jankowski et al. 2008, Van Walraven et al. 2016). Based on molecular studies and 

phylogenetic analyses (Collins et al. 2008, Fritz et al. 2009, Zhang et al. 2009, Schifani et al. 

2019), only three different lineages of species rank are supported within the genus 

Craspedacusta at the present stage. These correspond to the morphologically-defined species 

C. sowerbii (Lankester 1880), C. sowerbii var. kiatingi (Gaw and Kung 1939), and C. sinensis 

(Gaw and Kung 1939). The taxonomic status of another morphologically-defined species, C. 

ziguiensis (He and Xu 1985), is still uncertain despite phylogenetic analyses (Zhang et al. 

2009). 

Based on morphological taxonomy, it was long-time assumed that only one species, C. 

sowerbii, was able to spread worldwide. However, some recent molecular studies based on 

mitochondrial and nuclear markers revealed that two species of Craspedacusta invaded at 

least Central Europe (Karaouzas et al. 2015, Schifani et al. 2019). Phylogenetic comparisons 

with previous GenBank entries from Chinese specimens identified one Greece and one Italian 

individual as C. sowerbii by sequence similarities and German and Austrian sequences from 

individuals from eight different lakes were genetically defined as C. kiatingi (Fritz et al. 2009, 

Karaouzas et al. 2015, Schifani et al. 2019). Before molecular evidence, individuals of both 

species were presumed to be C. sowerbii, as they were not distinguishable by morphological 

features. The actual identity of European Craspedacusta populations, for which no molecular 

data are available, is therefore questionable. This also refers to the finding that the 

morphology of genetically-defined C. kiatingi specimens from Europe did not correspond to 

the previously published species-diagnostic morphological traits (Fritz et al. 2009). 

Important to mention is that the genetic diversity among medusae populations may not 

correspond to the genetic diversity among polyp populations. This is because the production 



of medusae of all Craspedacusta species depends on the reproductive success of individuals 

at the polyp stage and polyps from the different species may need different triggers for 

medusa budding (Jankowski 2001). Lakes where medusae from specific genotypes only or 

where no medusae have been found so far can nevertheless be inhabited by genotypically 

diverse polyps and even higher species diversity among Craspedacusta polyps compared to 

medusae cannot be excluded. For example, variation in the cytochrome c oxidase I (COI) 

proved to be higher among polyps than among medusae of the scyphozoan jellyfish Aurelia 

aurita (Dawson et al. 2015, Van Walraven et al. 2016). Similar patterns may apply for 

Craspedacusta species, in semi-enclosed freshwater systems, but at the present stage 

molecular data of the polyp stage is missing to corroborate different scenarios.  

Since the first description of C. sowerbii, in many field collections of sexually mature 

medusae either only male or female individuals were found (reviewed in Stadel 1961). Male-

only populations were reported from New Zealand (Fish 1971, Boothroyd et al. 2002) and 

female-only populations from Mexico (Moreno-Leon and Ortega-Rubio 2009). Also in 

Europe, purely female or male populations have been found e.g. in Sweden (Lundberg et al. 

2005), Spain (Pérez-Bote et al. 2006), France (Germain 1934) and Germany (Boecker 1905). 

Interestingly, the sex of medusae populations can also vary between years, at least within 

some lakes (Rice 1958). Only in few cases, medusae of both sexes have been observed 

together and so far, only in USA, China and France (Payne 1924, Kramp 1950, Reisinger 

1957, Rice 1958, Deacon and Haskell 1967, Zhang et al. 2016). This rare coexistence of both 

sexes in the medusa stage of C. sowerbii suggests that sexual reproduction is limited.  

Reasons for this phenomenon of predominantly unisexual medusae populations have been 

largely disputed, but no sound consensus has been reached to date. On the one hand, it was 

suggested that the sex is determined genetically and that polyps are either male or female that 

can produce medusae of one sex only (Payne 1924, Acker and Muscat 1976, Lundberg et al. 

2005). On the other hand, it was suggested, that slightly different environmental conditions 

could control the formation of male and female medusae (Payne 1924). From other cnidarian 

taxa it is well known that genetic as well as environmental factors can play important roles in 

the development of germ cells, sex determination and even in sex inversion (Ayre and Willis 

1988, Littlefield et al. 1991, Littlefield 1994, Carré and Carré 2000, Schlesinger et al. 2010, 

Nishimiya-Fujisawa and Kobayashi 2012, Liu et al. 2018). 



Besides genetic determinants, the invasion success of the asexually reproducing polyps and 

their long-term establishment depends on a suite of ecological factors in the new environment. 

In addition to abiotic factors such as water chemistry, temperature or oxygen concentrations 

the polyp might also have to compete with functionally similar resident species for resources 

such as food or space. Examples for mechanisms that potentially enable competing species to 

coexist are dietary segregation associated with differences in feeding behavior (Page et al. 

2005), resource partitioning based on morphology (Leyequién et al. 2007) or temporal 

segregation in periods of high resource use (Kotler et al. 1993). A recent study, for example, 

showed that successful invasive crustaceans had higher attack rates, lower prey handling 

times and higher maximum feeding rates than those of trophically or taxonomically similar 

native species (Dick et al. 2013). Such functional response analyses are important key tools to 

investigate different resource use patterns of invasive compared to native species (Dodd et al. 

2014, Jackson et al. 2017). They describe the relationship between predation rate (i.e. the 

number of prey eaten per time) and prey density (Solomon 1949), which is specific for each 

predator-prey system. Moreover, the response of consumers to resource densities through 

population growth and aggregation or dispersal (the so-called numerical response; Holling 

1966) might also be higher for invasive predators compared to native ones, resulting in higher 

population densities accompanied by enlarged competitive pressure. 

Resident species that are similar to polyps of Craspedacusta are polyps of the genus Hydra 

(subclass Hydroidolina, family Hydridae), which are common members of benthic freshwater 

communities (Jankowski et al. 2008, Quinn et al. 2012, Folino-Rorem 2015). The genus 

Hydra comprises high species diversity of 12-15 species (Martinez et al. 2010, Schuchert 

2010, Folino-Rorem 2015) with some of them having a cosmopolitan distribution (Jankowski 

et al. 2008). Hydra polyps range in a height from 2 to 15 mm, have five to seven tentacles and 

attach to the substrate via an adhesive disk (Hyman 1940). Notably and in contrast to 

Craspedacusta, the life cycle of Hydra lacks a medusa stage. Both Craspedacusta and Hydra 

polyps, have a very similar carnivore feeding strategy. They are passive predators waiting for 

potential prey touching cnidocytes on tentacles (Hydra) or on the head of the polyp 

(Craspedacusta, Figure 2). Both polyps feed on several crustacean zooplankton species, 

rotifers, oligochaete worms, nematodes, chironomid and other insect larvae (Dunham 1941, 

Bouillon et al. 1957, McClary 1959, Walsh et al. 2006, Massaro et al. 2013, Rivera-De La 

Parra et al. 2016). 



Similar predation strategies, food resources and worldwide distribution of Hydra and 

Craspedacusta polyps suggest very similar properties of their ecological niches (Folino-

Rorem 2015). In consequence, competition between polyps of the two genera seems to be 

high. Because two functionally similar taxa occupying the same niche are not expected to 

occur at the same place at the same time (competitive exclusion principle after Gause 1934) 

the long-term outcome seems undecided. So far, scarce data exists documenting co-

occurrence of polyps from the two genera, even on the same substrate such as dreissenid 

mussels (Dodds and Hall 1984, Koetsier and Bryan 1989, Stanković and Ternjej 2010, 

Folino-Rorem 2015) which raises questions about the significance of niches partitioning at 

small scales. 

For marine pelagic food webs, two separate pathways are described. In the “muscular food 

chain” fish have the position of primary consumers, which prey on herbivorous zooplankton 

(mainly copepods), which further graze on primary producers (Figure 3 a, left pathway; 

Sommer et al. 2002). In the “gelatinous food chain” the position of primary carnivores is 

replaced by jellyfish (Cnidaria and Ctenophora) and pelagic tunicates are additionally on the 

position of herbivores (Figure 3 a, right pathway; Sommer et al. 2002). Besides preying upon 

tunicates, jellyfish are mostly zooplankton predators, but they can also feed on fish larvae. 

They can, therefore, affect fish stocks strongly by competition for food and predation of the 

next generation (Alldredge et al. 1984, Behrends and Schneider 1995, Nicholas and Frid 

1999). Traditionally jellyfish are considered as “dead-ends”, because their high water and 

gelatinous mass content indicate that their food quality is low and they have few predators 

compared to other zooplankton groups (Verity and Smetacek 1996, Sommer et al. 2002). New 

methods such as stable isotope analyses or DNA analysis of fecal and gut samples are, 

however, indicating that much more taxa routinely consume jellyfish and that the contribution 

of jellyfish to the energy budgets of predators might be higher than assumed (Hays et al. 

2018). 

The introduction of freshwater jellyfish created a new functional guild in invaded freshwater 

plankton communities outside its native range, as jellyfish (gelatinous planktonic predator) 

were not represented in these lake systems before. Therefore, jellyfish are usually not 

included in lake food chain concepts. Traditionally, the trophic level of zooplankton predators 

is mostly composed of planktivorous fish or insect larvae and both groups are well edible prey 



for higher food web levels, such as planktivorous and piscivorous fish (Carpenter et al. 1985; 

Figure 3 b, left pathway). Consequently, a very efficient food web flow from phytoplankton 

to zooplankton along to fish is observed in freshwater ecosystems (Stibor et al. 2004). Similar 

to marine jellyfish, freshwater jellyfish are predators of a variety of prey types. By preying 

upon crustacean zooplankton, they have similar prey spectra as planktivorous fish, insect 

larvae and piscivores, but C. sowerbii medusae can also prey upon young stages of these 

consumers (Dexter 1949, Kramp 1950, Dodson and Cooper 1983, DeVries 1992, Jankowski 

et al. 2005; Figure 3 b, right pathway). As the water content of C. sowerbii medusa is between 

96 and 99 % (Jankowski 2000) the nutritional quality is definitely low and assimilation 

efficiencies of predators eating this jellyfish would be most probably also very low. So far, no 

important pelagic predator of C. sowerbii is known. 

 

 

Figure 3: Simplified (a) marine (adapted with permission from Sommer et al. 2002) and (b) freshwater 

pelagic food web with fish and jellyfish as top-predator. Please note that the arrows indicate a bottom-

up perspective for the marine food web in opposite to a top-down perspective for the freshwater food 

web. Organisms are not to scale.  
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Marine jellyfish are considered to be important members of pelagic food webs and have been 

shown to induce strong trophic cascades on lower trophic levels and can alter food webs from 

a “top-down” perspective (Stibor et al. 2004, Pitt et al. 2007, West et al. 2009). Trophic 

cascades are generally manifested as inverse changes in abundance and biomass between 

adjacent pairs of trophic levels (Carpenter et al. 1985, Pace et al. 1999, Polis et al. 2000). For 

example, if the abundance of large piscivorous fish is increased, the abundance of their prey, 

smaller fish that eat zooplankton, should decrease. The resulting increase in zooplankton, in 

turn, causes the biomass of its prey, phytoplankton, to decrease.  

The high degree of marine food web complexity and the numerous pathways for the flow of 

energy and matter, however, makes it hard to draw general conclusions about jellyfish-to-

phytoplankton cascades (Stibor et al. 2004, Purcell and Decker 2005). In mesocosm studies 

by Stibor et al. (2004) the potential dual role of jellyfish via their predation on copepods, the 

dominant group of marine crustacean zooplankton, was highlighted. Jellyfish reduced 

copepods but produced two distinct, opposite responses of algal biomass. The net effect of 

jellyfish on total algal biomass was positive when large algae were initially abundant, 

negative when small algae were dominant and zero in joint analyses independent on algae 

size. These alternative trophic cascades in marine pelagic food webs are due to the dual role 

of copepods, which are both grazers on phytoplankton and predators on microzooplankton, 

which themselves graze on phytoplankton (Figure 3 a; Stibor et al. 2004).  

Cascading effects strongly depend on community composition and connectivity of the food 

web (Shurin et al. 2002, Stibor et al. 2004) and the question arises whether freshwater 

jellyfish are functionally similar to marine jellyfish in the context of top-down control. 

Pelagic freshwater food webs are considered to be less reticulated in comparison to marine 

ones and changes at the top often result in clearer trophic cascades (reviewed in Hessen and 

Kaartvedt 2014). First investigations have already tried to determine the role of freshwater 

jellyfish in the plankton food web of a shallow hypertrophic pond (Jankowski et al. 2005). 

Results of a mesocosm experiment revealed that in treatments with very high jellyfish 

densities (about 450 jellyfish m-3) the abundance of herbivorous crustacean zooplankton was 

significantly reduced in comparison to jellyfish-free treatments (Jankowski et al. 2005). This 

reduction of zooplankton resulted in an increase of phytoplankton biomass (measured by 

chlorophyll a concentration), albeit the effect was at the limit of significance. These observed 



effects support the hypothesis that C. sowerbii jellyfish might trigger trophic cascades, but the 

effects might be lake specific and related to a specific composition of the food web 

community. Hence, further investigations of cascading effects triggered by freshwater 

jellyfish are therefore needed to describe its general food web impacts. 

In addition to the above described “top-down” effects, marine jellyfish gained increasing 

attention regarding biologically generated (or biogenic) fluid disturbances that affect the 

mixing of waters. Jellyfish can redistribute nutrients by such biogenic mixing and thereby 

potentially affect food web dynamics also from a “bottom-up” perspective (Katija and Dabiri 

2009, Katija et al. 2012). In situ measurements were conducted in a marine lake in Palau to 

visualize fluid disturbances by swimming jellyfish (Mastigias sp.) during migration (Katija 

and Dabiri 2009). Video recordings of dye injected upstream of individual jellyfish showed 

that dye was carried along behind the jellyfish for several swimming cycles. Furthermore, it 

was shown that the animal’s shape and orientation during migration affected drift processes in 

the water column (Katija and Dabiri 2009).  

Besides jellyfish, also smaller animals are considered to generate mixing by their swimming 

behavior (Simoncelli et al. 2017). For example, most of the crustacean zooplankton performs 

synchronized diel vertical migrations to escape predation by visible orientated predators. 

Zooplankton moves towards deeper waters during the day and back to the surface during the 

night for feeding purposes (Stich and Lampert 1981). By such vertical movements, 

zooplankton is considered to generate mixing (Simoncelli et al. 2017). That such movements 

can further result in a redistribution of nutrients has been shown for example for the water flea 

Daphnia. By indoor mesocosm experiments, Haupt et al. (2010) have shown that the 

migration behavior of Daphnia can transport and release small amounts of phosphorus from 

the bottom to the top of a defined water column. 

Such nutrient distribution processes can especially be important in freshwater lakes during 

summer, a time when many freshwater lakes are stratified because of high surface water 

temperatures. During that stratification period, the unidirectional gravity-driven downward 

flow of matter results in decreasing nutrient concentrations in the epilimnion and limits 

primary production despite sufficient light conditions. External factors like wind create shear 

forces and waves in the surface layer, but can only generate weak boundary mixing with low 



nutrient redistribution between epi- and hypolimnion (Spigel and Imberger 1987).  

Medusae of C. sowerbii can occur in big blooms during summer and it has often been 

observed that the medusae actively swim up in the water column and passively sink 

downwards, with their tentacles extended to capture prey (Boulenger and Flower 1928, Milne 

1938, Acker and Muscat 1976). Especially during the active upward swimming behavior, a 

certain volume of water is entrained behind the bell during both contraction and expansion 

phases (Figure 4; Colin et al. 2006, Lucas et al. 2013). The question arises, if within this water 

measurable amounts of nutrients are transported, similar as it was observed for Daphnia. This 

potential biogenic nutrient transport by jellyfish swimming dynamics could then be an 

important process for an internal nutrient supply from nutrient-rich deep-water layers to the 

nutrient-poor epilimnion. Nutrient dynamics in lakes with jellyfish presence could, therefore, 

be different to jellyfish-free lakes during summer. 

 

 

Figure 4: (a) Particle tracks and in the flow (arrows indicate the distance that particles travelled over 

0.1 s) and (b) schematic flow (dotted lines) surrounding C. sowerbii during contraction and relaxation 

phases of the swimming cycle (adapted with permission from Colin et al. 2006). 

b

a



This thesis includes five topics addressing genetic and ecological aspects of the invasive 

freshwater jellyfish Craspedacusta sowerbii. Several field samplings, laboratory and outdoor 

experiments were conducted. 

The genetic diversity, especially in the polyp stage, is important for the establishment and the 

invasion success of C. sowerbii in a newly invaded habitat. Despite low sample sizes, a recent 

molecular study revealed the presence of two species of Craspedacusta among European 

medusae, which were presumed to be C. sowerbii by morphological traits. This indicates that 

genetic variation of the freshwater jellyfish is higher than so far assumed. Moreover, 

molecular data about the polyp stage are completely missing and a high genetic diversity of 

Craspedacusta polyps might have been overlooked. For these reasons, genetic variation 

among polyps and medusae and the spatial and temporal variation of their genetic population 

structure were investigated by analyses of mitochondrial DNA genes. Regarding potential 

sexual reproduction of Craspedacusta, the sex of medusa individuals in local populations was 

also examined. 

In contrast to the medusa stage of Craspedacusta, polyps have potential native cnidarian 

competitors, Hydra polyps, with similar resource demands. Hence, functional and numerical 

response analyses were conducted to identify potential differences in the feeding ecology of 

both polyps. Additionally, stable isotope signatures of Craspedacusta and Hydra polyps from 

several lakes at different seasons were analysed to figure out potential differences in their 

dietary niche, which could enable their coexistence at small scales. 

Three outdoor mesocosm experiments were carried out to examine potential predatory effects 

of C. sowerbii on natural plankton communities of three lakes. The aim was to get more 

insight into trophic dynamics entailing direct and indirect effects of jellyfish presence on 



mesozooplankton and phytoplankton communities and on nutrient dynamics. It was further 

tested if these potential effects depend on jellyfish density.  

The potential modification of phosphorus fluxes by migrating medusae of C. sowerbii 

compared to other native migrating zooplankton were investigated within controlled 

laboratory experiments. This is of special concern, as high densities of medusae mainly occur 

during summer, at a time when lakes are stratified and primary production in upper water 

layers is mainly limited by phosphorus, despite sufficient light conditions. 

Cascading effects by jellyfish predation and also the modification of phosphorus fluxes by 

jellyfish migration could alter lake productivity during summer. Especially in stratified lakes, 

phytoplankton abundances might increase by the combination of both effects. The aim within 

topic 5 was to investigate these jellyfish effects in the field. Therefore, a lake survey was 

conducted to investigate, if pelagic food webs in lakes with medusae show different dynamics 

compared to similar lakes without medusae. In detail, jellyfish-lakes could enclose more 

phytoplankton (measured as chlorophyll a) per unit growth-limiting nutrient (phosphorus) 

compared to jellyfish-free lakes. 
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Sampling of polyps 

Polyps of Craspedacusta were sampled from stone substrates in altogether 34 freshwater 

lakes in Africa, Austria, Germany and Greece at different seasons between 2014 and 2017 

(Figure 5, Suppl. Table 1). Stones were collected from a water depth of about 50 cm along the 

shoreline of a lake. Over a distance of 20 m (parallel to the shoreline) one stone (1 - 5 cm in 

diameter) per meter was collected by hand at each site. The stones were transported to the 

laboratory in lake water and stored at 18°C for further analyses and experiments. Stones were 

screened for the presence of polyps using a binocular microscope with a maximum 

magnification of 25x. For genetic analyses, polyps were gently removed from the stone 

surface with a needle and, after removing detritus, transferred alive with pipettes or forceps to 

reaction tubes for DNA extraction. Polyp samples from two additional lakes in Switzerland 

were provided as DNA eluates by P. Schuchert (DOI: 10.5281/zenodo.57119, DOI: 

10.5281/zenodo.57120). 

Sampling of medusae and sex determination 

Altogether 50 lakes in Austria, Czech Republic and Germany were screened for the presence 

of medusae. In 25 lakes, medusae of Craspedacusta were detected at the time of sampling 

over the duration of four years (2014 to 2017) and during different seasons (Figure 5, Suppl. 

Table 1). Multiple lakes were screened more than once. Free-swimming medusae were caught 

manually using a plastic bag during snorkeling which was closed by hand to avoid the escape 

of individuals and were transported in lake water to the laboratory. The sex of medusae was 

determined by examining gonad tissues of living animals with appropriate magnification (up 

to 400x) to identify egg or sperm cells, respectively (Dejdar 1934, Reisinger 1957). After sex 

determination, medusae were stored individually in 96 % ethanol at room temperature for 

later analyses. One medusa of Limnocnida was sampled at Lake Tanganyika (-8.7124, 

31.1281; 24.08.2015; Africa) and provided by F. Schedel in 96% ethanol. 
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Lysis and total genomic DNA extraction from single individuals were performed using 

DNeasy Blood and Tissue Kit (Qiagen Inc.) according to the manufacturer's protocol. The 

entire polyp, polyp colony or one medusa gonad were individually processed. DNA eluates 

from altogether 284 medusae and 197 polyps of Craspedacusta as well as from one medusa 

of Limnocnida tanganicae were stored at -20°C and used in further analyses (Suppl. Table 1). 

From each individual, two mitochondrial DNA (mtDNA) gene regions, the cytochrome c 

oxidase I protein-coding gene (COI) and the large subunit ribosomal RNA gene (16S), were 

amplified by polymerase chain reaction (PCR). Each PCR was carried out using 0.625 U 

DNA Polymerase (bioline MangoTaq™), 4.5 mM MgCl2, 0.1 mM dNTPs, 5 μl (5 x) reaction 

buffer, 2-10 μl genomic DNA template, 0.2 μM of forward and reverse primers and sterile 

ddH2O in a total volume of 25 μl. A Bio-Rad MyCycler™ was used for thermocycling. 

Amplification of COI was performed testing several newly designed primers (S. Gießler, pers. 

comm.; Suppl. Table 2 a) due to amplification difficulties. A PCR profile with an initial hot 

start followed by 94 °C for 5 min, 30 cycles each with 94 °C for 50 s, 58 °C for 50 s, 72 °C 

for 60 s finishing with a final step at 72 °C for 5 min was applied for the amplification of 

COI. The 16S region was amplified using the primers F2/R2 (Cunningham and Buss 1993, 

Collins et al. 2008, Suppl. Table 2 b). PCR amplification of 16S was conducted with a 

modified protocol: 94 °C for 5 min, 5 cycles each with 94 °C for 50 s, 45 °C for 50 s, 72 °C 

for 60 s, followed in turn by 30 cycles of 94 °C for 50 s, 50 °C for 50 s, 72 °C for 60 s, 

finishing with a final step at 72°C for 5 min. Amplification products were verified on 1.2 % 

agarose gels, purified using ethanol precipitation (1st step with sodium acetate (3M, pH 5.5) 

and 100% ethanol, 2nd step with 70% ethanol) and stored in ddH2O at 8 °C until further 

processing. Cleaned PCR products were sequenced using the BigDye Terminator v3.1 Cycle 

Sequencing Kit in both, the forward and reverse directions with the same primers as in the 

initial PCRs. Sequence data were obtained from an ABI 3730 48 capillary sequencer (Applied 

Biosystems, Inc.) at the university’s sequencing service (LMU Biocenter, Germany). 

 



In order to investigate different questions, four sequence data sets were established. 

Data set 1 “Large-scale data set – genetic variation among European polyps and medusae” 

Based on the “data set 1”, genetic variation among Craspedacusta polyps and medusae from 

European lakes was investigated (Figure 5, Suppl. Table 1). The experimental design aimed to 

take a few individuals from as many sites as possible since the likelihood of finding genetic 

variation among invaders is greater between lakes rather than within individual lakes. The 

reason for this is that a successful establishment of different genetic lines, or even species, 

will depend on the composition of resident local communities and lake ecology. Altogether 53 

lakes were successfully sampled with a maximum distance between lakes of 1700 km and a 

minimum distance of 35 m. Due to low polyp abundance on stone samples in contrast to a 

higher abundance of medusae in the pelagial, on average three polyps and/or five medusae 

individuals were analyzed for each site and sampling date. For the very remote location Lake 

Marathon (Greece), all 13 available polyp samples were analyzed. In total, COI and 16S 

sequences of 243 individuals (101 polyps and 142 medusae) were included in data set 1 

(Suppl. Table 1). The number and frequencies of haplotypes were determined in the two 

Craspedacusta life stages (polyp and medusa) individually. In addition, the association 

between the sex of medusae and the haplotype was investigated.  

To also cover temporal variation within specific lakes, Craspedacusta medusae that were 

sampled in two or three consecutive years at four lakes (Lake near Blatná - Řečice, Lake 

Haselfurther Weiher, Reichertshofen Lake A, Lake Waldsee) were included in data set 1 

(Suppl. Table 1). 

Data set 2 “Species assignment – 16S and COI phylogenies" 

To identify the species membership of sampled Craspedacusta individuals, a second data set 

was created to compare haplotypes detected among Craspedacusta polyps and medusae from 

data set 1 with available COI and 16S sequences from species from the genus Craspedacusta 

published in GenBank (Table 1, Suppl. Table 1). Identical sequences of a specific study are 

represented by a single sequence in phylogenetic analyses. Additionally, newly generated 16S 

sequences of two African Craspedacusta polyps were included (LTP1, LTP2; Suppl. Table 

1). Phylogenetic relationships were analyzed for each locus individually. 



Data set 3 "Genetic population structure of medusae"  

A third data set was generated to examine the genetic population structure of medusae within 

and among lakes (Figure 5, Suppl. Table 1). To investigate spatial structure, three remote and 

presumed ecologically similar lakes were chosen: a drinking water reservoir near 

Jílové/Držkova (Czech-Republic), as well as Lake Schwarzlsee (Austria), and Lake Waldsee 

(Germany), which are clear quarry lakes with high transparency (pairwise geographic distance 

between 350 and 410 km). Forty medusae from each lake were analyzed (N = 120 

individuals). In addition, a fourth population was analyzed namely from Lake Neuer Baarer 

Weiher (Germany) to cover variation in ecologically different lakes. This is a small gravel pit 

that is two kilometers apart from Lake Waldsee and that showed ecological differences to 

other lakes containing medusae in analyses conducted for topic 5 (Figure 30). Since medusae 

abundance was low in Lake Neuer Baarer Weiher, all available individuals from population 

samples in 2016 (N = 13) and 2017 (N = 29) were pooled. Concatenated COI and 16S 

sequences of in total 162 medusae individuals were used in later analyses. 

Data set 4 "Small-scale spatial population structure of polyps" 

A fourth dataset was established to investigate the genetic population structure in the polyp 

life stage within a specific lake, Lake Langwieder See (Germany), where polyp abundance 

was high (Figure 5 d, Suppl. Table 1). Polyp samples from two different samplings were used. 

In 2015, three transects (site A, B, C) were sampled once (19 November 2015) and five 

polyps (each from a different stone) were analyzed in each transect (N = 15). Distances 

between sites A and B were ~ 400 m, between site B and C ~ 300 m, and between A and C ~ 

700 m, respectively (Figure 5 d). In 2016, a more detailed sampling was conducted at site B 

(8 December 2016) and as many polyps as possible were picked from individual stones and 

genotyped, resulting in a sample of 82 polyps from seven different stones. A concatenated 

dataset of COI and 16S sequences based on all available 97 polyps was used for the analyses 

of haplotype frequencies at a small-scale level. 
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Multiple sequence alignments were obtained based on consensus sequences of forward and 

reverse reads of individual amplification products, using Clustal W with default settings as 

implemented in BioEdit (version 7.2.5; Hall 1999). Quality of sequence reads was examined 

in associated electropherograms and sequencing was repeated in case of uncertain base 

callings. Final alignments were trimmed to the highest coverage regarding sequence length 

for each locus, mitochondrial 16S rRNA and COI, respectively. 

Mitochondrial 16S rRNA and COI gene sequences from Craspedacusta individuals were 

combined using BioEdit and statistical parsimony networks were generated from the 

concatenated data set by using TCS 1.21 (Clement et al. 2000). Gaps were treated as missing 

data and a 90% cut-off level was used. The layout of the TCS network output was optimized 

using the browser-based javascript program tcsBU (Múrias Dos Santos et al. 2015) resulting 

in a pie-chart display.  

Representative sequences for COI and 16S haplotypes were obtained from TCS analysis of 

data set 1 and were used to investigate the phylogenetic relationships in joint data sets with 

already published Craspedacusta sequences for each locus individually (data set 2). 

Phylogenetic trees were constructed individually using the Maximum Composite Likelihood 

method and Kimura 2-parameter (K2P) model as implemented in MEGA7.0 (Kumar et al. 

2016). The K2P-model was selected among different nucleotide substitution models based on 

the Maximum Likelihood fits (MEGA7.0). The stability of internal nodes was estimated by 

100 bootstrap replications. Respective sequences of Limnocnida were used as an outgroup in 

tree reconstructions, including newly obtained COI and 16S sequences and a single published 

16S sequence of L. tanganicae from GenBank (Table 1, Suppl. Table 1). 

To compare genetic distances within and between groups of sequences, the number of base 

pair differences, K2P-distances and p-distances were computed as implemented in MEGA7.0. 

 



To investigate the competitiveness among polyps of Craspedacusta and of brown Hydra for 

food, functional and numerical response analyses were conducted. 

For functional response analyses, the prey species Brachionus calyciflorus (Rotifera) was 

offered to single polyps in density treatments of 5, 10, 20, 30 and 50 individuals per 10 ml. 

Each prey density treatment was replicated 15 times for each predator. In total 150 

experimental units were examined, 75 units with Craspedacusta polyps as predators and 75 

units with Hydra polyps as predators. To check for rotifer reproduction during experimental 

runs, control treatments without predators were run in parallel to predation treatments and 

each density treatment of 5, 10, 20, 30 and 50 Brachionus per 10 ml was replicated 11 times.  

Polyps of Craspedacusta and of Hydra were sampled in Lake Langwieder See (48.1942, 

11.4163; Germany) as described in section 2.1.1. While Hydra polyps can be easily cultured 

under standardized conditions for later use in experiments, polyps from Craspedacusta field 

samples needed more attention. This is due to the initial transformation of the polyps into a 

frustule stage (Figure 2) after removal from their substrate. Hydra polyps do not undergo such 

a transformation. The time for the transition from frustules to polyps can vary under 

standardized laboratory conditions (McClary 1960). At 18°C, with a light intensity of 12.31 

µmol photons m-2 s-2 (LI-250A-Light Meter, LI-COR Biosciences, USA) and a light/dark 

cycle of 16/8 hour this process lasted about 14 days (pers. obs.). For this reason, polyps were 

sampled three weeks before the start of the experiment to establish experimental polyps in 

time. Polyps from field samples were picked from their substrate and transferred to 6-well 

plates (polystyrene; Greiner Bio-One, Kremsmünster, Austria) filled with 5 ml of Hydra 

Medium (HM) solution (pH: 7.6) per well. The HM was prepared by adding 1 ml each from 

stock solutions: CaCl2·H2O (1.0 M), MgCl2·6 H2O (0.1 M), KNO3 (0.03 M), MgSO4 (0.08 M) 

and 3 ml of NaHCO3 (0.5 M), to one liter of Millipore water (receipt by T. Peard, pers. 

comm.). 

As soon as all Craspedacusta individuals recovered from the resting stage and transformed 

back to polyps (Figure 2), they were fed each individually by hand with larvae of Artemia 



salina (cultured from resting eggs, Sanders, USA). After this initial feeding, the medium was 

changed completely to prevent bacterial or fungal growth and animals were raised in 5 ml 

HM per well. One week of no feeding followed and then the density treatment experiments 

with polyps of Craspedacusta started by adding 5 ml HM and the defined amounts of 

Brachionus. To maintain similar conditions for polyps from both genera, individuals of Hydra 

were also sampled three weeks before the start of the experiment and were transferred into 10 

ml HM. However, as Hydra polyps lack a frustule stage, they were fed with larvae of A. 

salina every second day for two weeks to keep them alive. Before the start of experiments, the 

same standardization procedure was applied, with a one-week starvation period in completely 

exchanged HM. Only two-headed Craspedacusta polyps (Figure 2) and one-headed Hydra 

polyps were used in the experiments, as these types represented the most common polyp types 

of each species in the field. 

The experimental prey species, Brachionus calyciflorus, was cultured from resting eggs 

(Florida Aqua Farms Inc., USA). Since the generation time of B. calyciflorus is very short, it 

was necessary to control for consistent numbers of prey individuals in the different 

treatments. Therefore, only juvenile specimens (without eggs) were used as prey to avoid 

offspring production during the experiment.  

After adding Brachionus in the defined densities (see above) to Hydra and Craspedacusta the 

plates were placed next to each other in a climate chamber (18°C, 16 h light/8h dark, light 

intensity of 12.31 µmol photons m-2 s-2). After 24 hours, the complete medium with the 

surviving prey organisms was removed and preserved with a 40% sugar-formaldehyde 

solution (1:10 diluted). The formol-preserved prey individuals were counted under a 

stereomicroscope with a maximum magnification of 16x.  

The conversion of food into asexual reproduction was observed after the functional response 

experiments for the duration of 16 days. For this purpose, 10 ml of HM was added to the 

experimental units immediately after removing the medium with the remaining prey 

organisms. After 3, 6, 9, 14 and 16 days, the number of offsprings was counted for each 

polyp. Numerical response analyses had five replicates per prey density treatment, resulting in 

a total of 50 experimental units. Polyp individuals were not fed or treated in any way during 

the period of observation. For polyps of Craspedacusta a two-headed polyp was defined as 

one specimen corresponding to functional response experiments and an increase in body 

structure, in the form of another head or a frustule, was counted as one additional individual. 

For polyps of Hydra, new buds were counted as additional individuals. 



For calculations of carbon transfer of ingested prey to predator, dry weight and carbon content 

of prey and predator types were determined. Four replicates, each with 100 specimens of B. 

calyciflorus in the same size group as the experimental animals, were used to determine the 

carbon content by combustion in an elemental analyzer (vario MicroCube, Elementar, 

Germany). Because of the small size and the high water content of polyps, it was not possible 

to measure the individual weights of polyps. Therefore, pooled samples were used to 

determine the dry weight of polyps from the two genera: 10 one-headed polyps of Hydra and 

20 two-headed polyps of Craspedacusta were pooled and the dry weight was determined by a 

Sartorius microbalance. Mean carbon contents of polyps from the two genera were calculated 

as being approximately 30% of their dry weight (Jankowski 2000). 

For functional response analyses, the relationship of the ingestion rate (µg C d-1) as a function 

of the initial prey density (µg C ml-1) was described by regression analyses. Ingestion rates 

were calculated from the initial number and the remaining number of prey items after 24 

hours. The handling time (Th) was calculated as Th = 24 h / Imax, where I max is the maximum 

amount of carbon which the organism can ingest within 24 h (I max). The relationship of the 

number of offspring at a certain observation day as a function of the initial prey density (in µg 

C ml-1) was also described by regression analyses. All analyses were conducted in Sigma Plot 

11.0 (Systat Software 2008). 

 



The food web position of polyps of Craspedacusta and of Hydra was examined with stable 

isotope analyses of carbon and nitrogen. In total six samplings were conducted to figure out 

potential spatial and temporal differences in their food web positions. 

Samples of polyps from the two genera and of other invertebrate organisms (found near the 

polyps) were collected from four different lakes (Lake Hartsee, Lake Haselfurther Weiher, 

Lake Langwieder See, Lake Weicheringer See; Germany; Table 2, Figure 5 b). In total six 

samplings were conducted; each lake was sampled once between 2015 and 2016, only for 

Lake Langwieder See two additional samplings were conducted to figure out seasonal 

changes within one lake. Table 2 describes the study sites, years and months of sampling and 

the sampled invertebrate taxa with main habitat type and trophic group affiliation.  

The sampling of polyps was conducted as described in section 2.1.1. All other invertebrates 

(Table 2) were collected from stones or from the lake water in which the stones were stored. 

Species identification of associated zooplankton was done morphologically, and if necessary, 

confirmed by species assignment based on COI barcodes (using the standard invertebrate 

primer LCO1490 and HCO2198; Folmer et al. 1994; Suppl. Table 2) compared to GenBank 

entries. 

For stable isotopes analyses, whole organisms were transferred alive to tin cups (cylindrical, 5 

x 9 mm, HEKAtech GmbH, Wegberg, Germany) immediately after returning from sampling 

to avoid potential excretion losses. As a dry weight of about 0.2 mg is required for 

measurement accuracy (T. Hansen, pers. comm.), a corresponding number of individuals 

needed to be pooled for each taxon of interest (20 two-headed polyps from Craspedacusta 

and about five one-headed polyps from Hydra). For each taxon, at least three replicates were 

prepared for each sampling site and day and dried at 65°C until weight remained constant. 

The dried samples were measured at GEOMAR (Helmholtz-Zentrum für Ozeanforschung 

Kiel, Germany; Hansen and Sommer 2007). The values of the stable carbon and nitrogen 



isotopes are presented as δ-values (‰) relative to international reference standards for carbon 

and nitrogen according to the equation: δ (‰) = 1000 × [(Rsample/Rstandard)−1].  

For each of the six samplings, mean δ13C and δ15N signatures (± standard errors) of polyps 

and of other invertebrates are shown. Statistical comparisons of mean δ13C and δ15N values of 

polyps of Hydra and of Craspedacusta were made using Student T-test or Mann Whitney U 

test, as appropriate. The 95% confidence interval of the bivariate means of δ13C and δ15N was 

determined for polyps of Hydra and of Craspedacusta and compared using analyses of Stable 

Isotope Bayesian Ellipses in R (R Development Core Team 2013; SIBER package, Version 

2.1.3, Jackson et al. 2011). No overlap of ellipses indicates significant differences of the 

isotopic niches of the analyzed organisms. 
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To investigate the impact of the freshwater jellyfish C. sowerbii on the pelagic plankton 

communities of lakes, outdoor mesocosm experiments were conducted. Jellyfish impacts on 

summer communities of the three German pre-alpine lakes, Lake Haselfurther Weiher, Lake 

Waldsee and Lake Haager Weiher were tested within three separate experiments (Figure 5 b). 

The lakes differed in several parameters, such as their amount of resources and stratification 

(Table 3). 

Table 3: Sampling sites for investigation of trophic cascade effects mediated by C. sowerbii medusae 

in three separate outdoor mesocosm experiments.   

 Haselfurther Weiher Waldsee  Haager Weiher 

Experimental time 20.07.-02.08.2016 09.08.-22.08.2016 08.08.-21.08.2017 

Latitude 48.4820 48.6925 48.4503 

Longitude 12.0130 11.5133 11.8283 

Max. depth (m) 5.2 10.1 6.9 

Area (m2) 57000 36 772 47 000 

Summer stratification no yes no 

Total phosphorus (µg L-1) 8.48 11.58 18.42 

 

Each experiment lasted for 13 days. An experimental gradient of jellyfish densities (0, 2, 4, 8, 

16 jellyfish per enclosure) was designed to examine the potential predation pressure on the 

natural phyto- and zooplankton community. Each density treatment was replicated three 

times. For each experiment, 15 enclosures (cylindrical bags made of plastic foil (LDPE foil, 

EDDI-Plastik GmbH, Germany); dimensions: 0.7 m in length, 0.5 m in diameter) were fixed 

to plastic foam rings and open to the atmosphere to ensure the establishment of natural lake 

conditions. The mesocosms were placed in four outdoor tanks, which were open at the top 

and filled with tap water. Each enclosure was filled with 140 L of 250 µm filtered lake water 

containing the natural phytoplankton community of the regarding lake. A water sample was 

taken from the filtered lake water for analyses of chlorophyll a (chl a) and other chemical 

parameters as described in the next section (2.3.2). Zooplankton was collected by 100 µm net 



hauls from a depth of 5 m and 1.5 times the natural density of the respective lake was added 

to each enclosure. Two or three samples of the initial zooplankton community were preserved 

in 4% sugar-formaldehyde for later analyses. Specimens of C. sowerbii were collected 

manually during snorkeling and placed randomly into the enclosures according to the gradient 

design. The medusae used in each experiment were similar in bell diameter and fresh weight 

(Haselfurther Weiher: 1.96 cm and 0.48 g, Waldsee: 2.01 cm and 0.48 g, Haager Weiher: 1.51 

cm and 0.26 g). With respect to the two species of Craspedacusta among European medusae 

(see topic 1), COI sequences of 40 medusae of each experiment/sampling site were generated 

for species assignment.  

Daily sampling of phytoplankton  

Chlorophyll a concentrations were used as an index of the abundance of primary producers. 

For this purpose, a 25 ml water sample was taken with a jar from each enclosure 0.5 m below 

the water surface at the same time every day. The sample was immediately filtered (250 μm) 

to exclude mesozooplankton and the remaining phytoplankton was adapted to dark conditions 

(15 min). Chl a concentration of each sample, based on multispectral fluorescence analyses, 

was measured in vivo with an AlgaeLabAnalyser (bbe Moldaenke GmbH, Schwentinental). 

By using six different excitation-wavelengths, chl a concentrations of four optical functional 

groups which were called green algae, blue-green algae, diatoms/dinoflagellates and 

cryptophytes were differentiated. Functional optical groups have similar pigmentation and 

thereby absorbance characteristics typical of for example chlorophyta, cyanobacteria, 

bacillariophyta or cryptophyta, but they do not necessarily match taxonomic groups. 

Endpoint sampling  

On day 13, a water sample was taken with a jar from each enclosure 0.5 m below the water 

surface for laboratory analyses. The water was pre-filtered through 250-µm gauze to exclude 

mesozooplankton. Total phosphorus (TP) was measured spectrophotometrically (880 nm) 

using the molybdenum blue method (Wetzel and Likens 1991). For measurements of soluble 

reactive phosphorus (SRP), 100-200 ml of the pre-filtered water were further filtered with a 

pre-combusted and acid-washed glass fiber filter (0.7 µm). The SRP content of the filtrate was 

measured spectrophotometrically (880 nm) after a molybdate reaction (Wetzel and Likens 



1991). The filter was used for the determination of particulate phosphorus (PP), which was 

measured spectrofluorometrically (880 nm) after molybdate reaction following sulphuric acid 

digestion (Wetzel and Likens 1991). For measurements of particulate organic carbon (POC) 

and nitrogen (PN), water was filtered with a pre-combusted glass fiber filter (0.7 µm) and 

filters were frozen at -20°C for later analyses. POC and PN were measured in an elemental 

analyzer (vario MicroCube, Elementar, Hanau). Seston stoichiometric ratios of C : N : P were 

calculated accordingly.  

Finally, the enclosures were completely emptied; the zooplankton assemblage of each 

enclosure was collected separately by filtering over gauze (100 µm) and preserved in 4% 

sugar-formaldehyde. Cladocerans were identified to the genus level, copepods were identified 

as calanoid or cyclopoid forms. Individuals were enumerated for each enclosure using a 

Bogorov tray and a stereomicroscope. For each treatment, at least 30 individuals per taxon 

were photographed and measured with ImageJ (Schneider et al. 2012) for body length 

calculations. 

The conversion of zooplankton abundance into dry weight was calculated using the length-

weight regression (ln W = ln a + b * ln L), where W is the dry weight (μg), parameters a and b 

are the regression parameters specific for the respective taxon and L is the average length of 

individuals per taxon (McCauley 1984). Regression parameters were chosen according to the 

report of Landesanstalt für Umwelt und Naturschutz Baden-Württemberg (LUBW 2012).  

Growth rates of the taxa were calculated with the following equation:  

Growth rate =
ln (abundancestart) − ln  (abundanceend)

t
 

where t represents the number of days.  

The zooplankton species diversity was calculated as Shannon and Weaver’s H’ index, 

implying species richness (S) and Pielou’s evenness J’ (Pielou 1966, Krebs 1985): 

H′ = − ∑ pi

s

i=1

∙ ln pi 

 

with H’max = ln S, where pi is the proportion of individuals found in species i.  

Pielou’s evenness J′ is derived from the Shannon’s diversity H’ as  J′ =  
H′

H′max
 . 



Differences in assemblages of crustacean mesozooplankton were displayed graphically using 

non-metric multidimensional scaling (nMDS) plots based on Bray-Curtis similarity measures 

(Bray and Curtis 1957). Data were routinely square-root-transformed prior to the calculation 

of Bray–Curtis similarity indices to account for the contribution of rarer species to similarity. 

One-way analyses of similarities (ANOSIMs; Clarke and Green 1988) were used to test for 

differences in mesozooplankton assemblages among experimental treatments. Analyses were 

done separately for each experiment and 999 permutations were done for each analysis. When 

differences were detected, similarities of percentages (SIMPER) tests were used to identify 

the species that contributed the most to the dissimilarity between treatments (Clarke 1993).  

Effect sizes (ES) of jellyfish treatments on zooplankton and phytoplankton were calculated as  

ES = ln
NX

NC
 

(Osenberg et al. 1997, Hedges et al. 1999). 

For ES calculation of zooplankton, NX represents the dry weight of the regarding zooplankton 

taxon of treatments with jellyfish and NC represents the dry weight of the regarding 

zooplankton taxon of treatments without jellyfish. For ES calculation of phytoplankton, NE 

represents the chl a concentration of the regarding optical functional group in treatments with 

jellyfish and NC represents the chl a content of the regarding optical functional group in 

treatments without jellyfish. Error bars in the effect size plot indicate 95% confidence 

intervals (CI). The effects are statistically significant if the 95% CI does not overlap zero. 

Multivariate analyses were done using PRIMER v6 statistical software, for all other statistical 

analyses Sigma Plot 11.0 (Systat Software 2008) was used. In all regression plots, significant 

regression fits (p<0.05) are displayed by solid lines, insignificant trends are indicated by 

dashed lines. 



To investigate the impact of the freshwater jellyfish C. sowerbii on the phosphorus 

distribution in a defined water column, indoor mesocosm experiments were conducted. To 

compare the effect of jellyfish on nutrient transport with the effect of other vertically 

migrating organisms, the single effects of natural crustacean zooplankton and the pelagic 

insect larvae Chaoborus spp. was measured in the same experimental set-up. 

The experiments were conducted in a temperature-controlled climate chamber at 23.5°C. The 

experimental set-up consisted of cylinders of translucent acrylic glass (length of 170 cm, inner 

diameter 7.4 cm), which were sealed at the bottom. Each column was filled with 7 L of lake 

water (Brunnensee, Germany), which was 0.2 µm-filtered for bacteria and phytoplankton 

removal. Every 10 cm, a 20 ml-syringe (Injekt ®, B. Braun Melsungen AG) was attached to a 

hole in the column via a port opening (cannula Sterican ®, B. Braun Melsungen AG). In total, 

17 syringes were installed at each column for sample collection. The system was illuminated 

from above with a fluorescent lamp (Philips, Master TL5 HO, 39W/840) simulating 12 h of 

day-light and 12 h of darkness. The light intensity ranged from 36 µmol photons m-2 s-2 at the 

top of the tubes to 1.77 µmol photons m-2 s-2 at the bottom (LI-250A-Light Meter, LI-COR 

Biosciences, USA). 

Experiments with C. sowerbii  

For the C. sowerbii experiments, columns containing medusae (average bell diameter of 2.1 

cm ± 0.07 cm; Haselfurther Weiher, Germany; Figure 5 b) were compared to columns without 

medusae. To ensure fitness of medusae, natural crustacean zooplankton (>100 µm; 10 ind L-1) 

was added as a food source. It was also added in the same amount to control columns. In total 

ten columns with medusae were investigated, of which seven columns contained three 

jellyfish each, the other three columns contained two, four and eight jellyfish respectively.  

Experiments with pelagic Chaoborus spp. larvae  

To measure the effect of the pelagic insect larvae Chaoborus spp. on nutrient transport, 

columns containing larvae were compared to control columns without larvae. In total four 



columns with 13 Chaoborus spp. larvae each (average length of 0.7 cm; Brunnensee, 

Germany; Figure 5 b) were set up. Natural crustacean zooplankton (>100 µm, 10 ind L-1) was 

added as a food source and was also added in the same amount to control columns.  

Experiment with a crustacean zooplankton gradient 

A potential density dependence of natural zooplankton P-transport was analyzed. Therefore, 

columns were assembled with a zooplankton gradient, with 8 ind L-1, 16 ind L-1, 32 ind L-1and 

64 ind L-1 (> 100 µm; Klostersee, Germany; Figure 5 b). 

After adding the organisms to the columns, the experiment started with the injection of 20 ml 

of a fridge-cooled (6°C) solution with 0.1 mmol phosphorus into the bottom hole of each 

cylinder.  

To estimate the phosphorus transport after 6, 12, 18 and 24 hours, water samples (15 ml) were 

collected via syringes. The total phosphorus concentration (µg L-1) of each sample was 

measured spectrophotometrically (880 nm) using the molybdenum blue method (Wetzel and 

Likens 1991).  

Statistical analyses were performed using Sigma Plot 11.0 (Systat Software 2008). The effect 

sizes (ES) of jellyfish and Chaoborus larvae on total phosphorus concentration were 

calculated as ln (TPX/TPC), where TPX and TPC are the concentrations of total phosphorus in 

the columns with or without jellyfish/Chaoborus spp. larvae, respectively (Osenberg et al. 

1997, Hedges et al. 1999). Error bars in the effect size plot indicate 95% confidence intervals. 

The effects are statistically significant if the 95% CI does not overlap zero. For zooplankton 

and jellyfish gradient plots, mean total phosphorus concentrations of the top two syringe 

positions were averaged. The relationships of transported phosphorus with different densities 

of jellyfish or of zooplankton were described by linear functions and the 95% CI. To calculate 

the ratio of the transported to the injected amount of phosphorus, a concentration of 1128 µg 

P L-1 was set as the 100% value. This is the mean value of the lowest sample of all control 

columns in jellyfish experiments taken after six hours. 



To find field evidence of cascading effects and the upward phosphorus distribution mediated 

by the freshwater jellyfish C. sowerbii, a field survey was conducted in summer 2017. For 

that purpose, environmental parameters of ten lakes with and of ten lakes without jellyfish in 

close vicinity (max. distance of 18 km) were compared (Table 4, Figure 5 c).  

Physical parameters such as temperature, pH, conductivity and dissolved oxygen were 

recorded as a function of depth with a multiparameter water probe (Exo 1© YSI Inc., WTW 

GmbH, Xylem Inc.). 

Integrated water samples were taken once per lake using an integrated tubular water sampler 

with a volume of 2 L (KC Denmark A/S Research Equipment, Silkeborg). Samples were 

taken from a depth of 1 to 3 m at the position of the maximum depth of each lake. The water 

was pre-filtered through 250-µm gauze to exclude mesozooplankton. Water samples were 

further processed for determination of TP, SRP and seston stoichiometry as described in 

section 2.4.2. For chl a measurements, water samples were filtered on pre-combusted glass 

fiber filters (0.7 µm) and filters were extracted overnight in 90 % acetone (HPLC grade) at 

8°C. The chl a concentration was quantified by fluorometry (TD 700 Laboratory fluorometer, 

Turner Designs, USA.) according to Jeffrey and Humphrey (1975).  

Principal-Component Analysis (PCA) was carried out in Primer (version 6.1.16) to identify 

differences among lakes with and without jellyfish with respect to the correlation of 

environmental parameters. To compare specific parameters of lakes with and without 

jellyfish, regression analyses, t-tests and Mann-Whitney rank sum tests were performed using 

Sigma Plot 11.0 (Systat Software 2008). Solid lines represent significant regression fits 

(p<0.05), dashed lines indicate insignificant trends. 

 

 



Table 4: Sampling sites (*indicate closest town to lake) for investigations of jellfish effects in the field 

survey. Samples were taken of ten lakes with and of ten lakes without jellyfish observations during 

sampling in summer 2017.  

ID Lake Latitude Longitude Sampling date Jellyfish 

AB Alter Baarer Weiher 48.6779 11.4956 14.08.17 no 

BW Neuer Baarer Weiher 48.6770 11.4911 14.08.17 yes 

GB Geisenfeld* Lake B 48.7017 11.5566 01.08.17 yes 

GC Geisenfeld* Lake C 48.7019 11.5530 22.08.17 yes 

GD Geisenfeld* Lake D 48.7025 11.5515 03.08.17 no 

GE Geisenfeld* Lake E 48.7030 11.5499 03.08.17 no 

GF Geisenfeld* Lake F 48.7038 11.5520 01.08.17 no 

GG Geisenfeld* Lake G 48.7055 11.5529 23.08.17 no 

GH Geisenfeld* Lake H 48.7013 11.5684 22.08.17 no 

KL Kleiner Leitner Weiher 48.7051 11.3211 18.07.17 yes 

KP Kempesee 48.7110 11.4189 14.08.17 no 

RA Reichertshofen* Lake A 48.6911 11.5237 12.07.17 yes 

RB Reichertshofen* Lake B 48.6931 11.5244 25.07.17 yes 

RC Reichertshofen* Lake C 48.6911 11.5193 23.08.17 yes 

RD Reichertshofen* Lake D 48.6887 11.5176 28.08.17 yes 

RE Reichertshofen* Lake E 48.6880 11.5215 01.08.17 no 

RF Reichertshofen* Lake F 48.6962 11.5179 25.07.17 no 

SE Seehof* 48.7124 11.4260 22.08.17 no 

WA Waldsee 48.6925 11.5133 12.07.17 yes 

WE Weicheringer See 48.7036 11.3296 18.07.17 yes 
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For the large-scale dataset (data set 1), both COI and mitochondrial 16S rRNA gene 

sequences of Craspedacusta were obtained for 101 polyps and 142 medusae from 53 

European lakes (Suppl. Table 1). Concatenation resulted in an alignment of 243 haplotypes 

with a total sequence length of 1204 bp (COI: 600 bp, 16S: 604 bp). By TCS parsimony 

network analysis of this data set, haplotypes were arranged in two networks separated by a 

90% cut-off (Figure 6; calculated maximum connection steps at 90% = 21). Individuals were 

unequally assigned to the two networks by haplotype, 213 individuals were assigned to 

network 1 and 30 to network 2. Each network was split into two subnetworks. Within 

subnetworks, the sequences were all fixed for the same type. Thus, four main haplotypes 

emerged, from now on called type 1.1, 1.2, 2.1 and 2.2 (Figure 6, for sample size see Table 

5). Main networks from type 1 and type 2 were separated by 110 mutations. Subnetworks´ 

type 1.1 and type 1.2 were four mutations apart, type 2.1 and 2.2 were even nine mutations 

apart. In only two cases, sequence variants from those four haplotypes were found. The two 

singleton sequences were one mutation apart from type 1.2 (subtype 1.2.1; polyp LB3) and 

type 2.1 (subtype 2.1.1; medusa KR743), respectively.  

Association between haplotype, life stage and sex of medusae 

Regarding network 1 most of the medusae were assigned to type 1.1 (92 %; N M, 1.1 = 108) 

and only a few to type 1.2 (N M, 1.2 = 9). In contrast, most of the polyps belonged to type 1.2 

(78 %; N P, 1.2 = 75) and much less to type 1.1 (N P, 1.1 = 21). With respect to network 2, most 

medusae were assigned to type 2.2 (60%; N M, 2.2 = 15) and less to type 2.1 (N M, 2.1 = 10). 

Although only a few polyps were assigned to network 2, the frequencies of haplotypes among 

polyps were almost the same for both types 2.1 and 2.2 (N P, 2.1 = 3, N P, 2.2 =2). 

Female and male medusae were observed in both main networks and sex was always linked to 

one of the two subnetworks. Male medusae were from types 1.2 or 2.1 and female medusae 

were found with type 1.1 or 2.2 (Figure 6, Suppl. Table 1).  

 



Comparison of the variation in different life stages 

Individuals from both polyp and medusa stages could be genotyped in seven lakes, with the 

consistent type 1.1 found for both life stages in four of the seven lakes. In three lakes 

(Haselfurther Weiher, Chiemsee, and Schwarzlsee) however, the polyps and medusae 

analyzed had different haplotypes (polyps: type 1.2 and medusae: type 1.1). Notably, the 

haplotype diversity among polyps within lakes was greater compared to that of medusae 

although in the case of polyps only three individuals had been analyzed from each lake 

compared to five randomly selected medusae individuals. This is because in six of 36 lakes 

two haplotypes were detected among polyps in contrast to medusae samples, which were 

always fixed for one haplotype within lakes (Table 5). Notably, medusae that were sampled in 

the same lake across years also had an identical haplotype (Table 5).  

 

 

 

Figure 6: TCS-parsimony network based on concatenated COI and mitochondrial 16S rRNA gene 

regions from Craspedacusta individuals from 53 lakes in Europe. Six mtDNA haplotypes (types 1.1, 

1.2, 1.2.1, 2.1, 2.1.1 and 2.2) are arranged in two separated networks (90% cut-off). Circle-size relates 

to the number of individuals with a specific haplotype. White color specifies polyps, grey color refers 

to female medusae and grey color with black dots refers to male medusae. For sample size see Table 5. 
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Table 5: Assignment of Craspedacusta polyp (P) and medusa (M) haplotypes from 53 lakes to four 

types  based on parsimony network analysis of concatenated COI and 16S sequences (*: closest town 

to lake, #: two sampling dates of medusae, $: three sampling dates of medusae, f: female medusae, m: 

male medusae). Type 1.2 includes subtype 1.2.1 (LB3) and type 2.1 includes subtype 2.1.1 (KR743), 

see Figure 6. 

     
sample 

size 

type  

1.1 

type  

1.2 

type  

2.1 

type  

2.2 

ID Lake Latitude Longitude Cnty P M P Mf P Mm P Mm P Mf 

AD Alte Donau, oxbow lake# 48.2359 16.4281 AUT   7   7             

AL Altenhain* 51.3013 12.6797 GER 3       3           

AS Aldrian See 46.8198 15.5299 AUT 3       3           

BD Bodensee 47.6381 9.3899 GER 3   2   1           

BK Borecká skalka* 49.7922 15.5800 CZE   5   5             

BL Blansko* 49.3496 16.6499 CZE   1       1         

BR Blatná - Řečice*# 49.4349 13.8619 CZE   10   10             

BA Brandsee 48.6802  11.5235 GER   5   5             

BS Brunnensee 47.9842 12.4362 GER 3       3           

BW Neuer Baarer Weiher 48.6770 11.4911 GER   5       5         

CC Copacabana 46.9776 15.4573 AUT 3       2       1   

CS Chiemsee 47.8712 12.4538 GER 3 1   1 3           

DW Danglweiher 48.7587 12.9190 GER 3 5 3 5             

FA Fasaneriesee 48.2042 11.5291 GER 2       2           

FK Feldkirchner Badesee IV 48.3260 14.0689 AUT 3 5 3 5             

FS Feldmochinger See 48.2134 11.5143 GER 3   2   1           

GA Geisenfeld* Lake A  48.7047 11.5551 GER 3   3               

GB Geisenfeld* Lake B 48.7017 11.5566 GER   5   5             

GC Geisenfeld* Lake C 48.7019 11.5530 GER   5   5             

GS Griessee 47.9858 12.4423 GER 3       3           

HA Haager Badeweiher 48.4503 11.8283 GER   5   5             

HB Halfinger Badesee 47.9434 12.2775 GER 3       3           

HS Hartsee 47.9268 12.3671 GER 2       2           

HW Haselfurther Weiher# 48.4820 12.0130 GER 2 10   10 2           

JD Jílové/Držkova* 50.6691 15.2893 CZE   5           5     

KE Kesselsee 47.9161 12.3528 GER 1       1           

KF Karlsfelder See 48.2368 11.4682 GER 3       3           

KL Kleiner Leitner Weiher 48.7051 11.3211 GER   5   5             

KO Kojetice* 50.2407 14.5157 CZE   5   5             

KR Klicava reservoir 50.0706 13.9311 CZE   5           5     

KS Klostersee 47.9746 12.4523 GER 1       1           

LB Langbürgner See 47.9015 12.3517 GER 3       3           

LE Lerchenauersee 48.1974 11.5374 GER 2       1       1   

LG Lake Geneva 46.4500 6.4858 CHE 1       1           

LM Lake Marathon 38.1655 23.8975 GRC 13       10   3       

LU Luberweiher 48.7838 13.0103 GER 3 5 3 5             

LW Langwieder See 48.1942 11.4163 GER 3      3          

OS Olchinger See 48.2090 11.3565 GER 3       3           



Table 5 continued:              

               

     
sample 

size 

type 

1.1 

type 

1.2 

type  

2.1 

type  

2.2 

ID Lake Latitude Longitude Cnty P M P Mf P Mm P Mm P Mf 

PH Pelhamer See 47.9337 12.3502 GER 3       3           

RA Reichertshofen* Lake A# 48.6911 11.5237 GER  10               10 

RB Reichertshofen* Lake B 48.6931 11.5244 GER  5   5             

RC Reichertshofen* Lake C 48.6911 11.5193 GER  5   5             

RD Reichertshofen* Lake D 48.6887 11.5176 GER  5               5 

RW Ringwiler Weiher 47.3116 8.8538 CHE 1       1           

SI Simssee 47.8718 12.2385 GER 3       3           

SL Schliersee 47.7267 11.8603 GER 3       3           

SS Schwarzlsee 46.9830 15.4254 AUT 3 5   5 3           

ST Straß* 47.9168 12.3812 GER 3       3           

TT Tüttensee 47.8463 12.5683 GER 3       3           

WE Weicheringer See 48.7036 11.3296 GER 3   2   1           

WG Waldschwaigsee 48.2251 11.4375 GER 1       1           

WA Waldsee$ 48.6925 11.5133 GER 3 15 3 15             

WS Waldsee Schechen 47.9460 12.1530 GER  3       3         

   sample size 101 142 21 108 75 9 3 10 2 15 

   number of lakes 35 25 8 18 30 3 1 2 2 2 

 

In order to estimate the taxonomic affiliation of all six haplotypes (1.1, 1.2, 1.2.1, 2.1, 2.1.1, 

2.2) COI and mitochondrial 16S rRNA genes were subjected to separate phylogenetic 

analyses with all published Craspedacusta sequences from GenBank (Table 1), using 

Limnocnida as outgroup. Because the singleton haplotypes 1.2.1 and 2.1.1 were 16S specific 

they are only present in the 16S tree. 16S sequences retrieved from African polyps (LTP1, 

LTP2) were also included (Suppl. Table 1). 

Published COI sequences from a previous study (N = 6; Table 1) had been formerly assigned 

to “C. sowerbii/sowerbyi” and are publicly available in GenBank. Combined with the six 

haplotypes among the newly obtained Craspedacusta sequences two clades were observable 

in the COI ML-tree (Figure 7; 100 % bootstrap support). In the first main clade (C. sowerbii 

type 1), type 1.1 clustered together with previous Craspedacusta samples from Germany 

(FJ423613 to FJ423620, 74 % bootstrap support). In the second main clade (C. sowerbii 

type 2), there were two subclades. Type 2.1 was grouped together with two “C. 



sowerbii/sowerbyi” sequences, one from China (JN93332) and one from Greece (KP231217; 

61 % bootstrap support). A Chinese “C. sowerbii/sowerbyi” sequence (KF510026) did not 

branch within either the type 1.1 or 1.2. Type 2.2 clade was in the same larger subclade as 33 

identical sequences from Chile (MF177101-MF177133) and as one sequence from Italy 

(MH230079; bootstrap = 99 %). Genetic distance between C. sowerbii type 1 and C. sowerbii 

type 2 was 0.183 ± 0.029 (mean K2P distance ± SE; Table 6). COI type 1.1 differed at 3.0 ± 

1.8 sites from type 1.2 (0.5 %), while type 2.1 differed at 7.0 ± 2.6 sites from type 2.2 (1.4 %). 

 

 

Figure 7: Maximum likelihood phylogenies including all available unique COI sequences of 

Craspedacusta and Limnocnida. Representative sequences for the six mtDNA haplotypes of newly 

generated Craspedacusta sequences (data set 1) are indicated by type 1.1, 1.2, 1.2.1, 2.1, 2.1.1 and 2.2; 

other sequences were obtained from GenBank (Table 1). Percent bootstrap support is shown at nodes. 

Scale bars indicate Kimura 2-parameter distances.  

 

Table 6: Genetic distances among COI sequences (600 bp) of C. sowerbii type 1 (n=5) and type 2 

(n=7) and L. tanganicae (n=1) included in the ML tree in Figure 7. Kimura 2-Parameter (K2P) 

distances (below diagonal) and the uncorrected p-distances (shown in bold, above the diagonal) are 

displayed as mean value ± standard error. Distances within C. sowerbii type 1 and within C. sowerbii 

type 2 were the same for both distance estimators (shown in italics). 

 C. sowerbii type 1 C. sowerbii type 2 L. tanganicae 

C. sowerbii type 1 0.005 ± 0.003 0.160 ± 0.020 0.183 ± 0.018 

C. sowerbii type 2 0.183 ± 0.029 0.014 ± 0.004 0.211 ± 0.022 

L. tanganicae 0.212 ± 0.026 0.254 ± 0.030  

 

FJ423613-FJ423620  |  GER |  Europe

type 1.1  | AUT, CZE, GER  |  Europe

KF510026  |  China

type 2.1 |  CZE, GRC, GER  |  Europe

KP231217  |  GRC |  Europe

JN593332  |  China

MH230079 |  ITA |  Europe

MF177101-MF177133 | CHL |  S-America

type 2.2  |  AUT, GER  |  Europe

LT2015  |  L. tanganicae  |  Africa
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In the mitochondrial 16S rRNA gene phylogeny there were three main clades resolved with 

100% bootstrap support (Figure 8). Clade 1 and 2 contained all six haplotypes from the 

present study and all formerly published "C. sowerbii/sowerbyi" sequences (N = 4; Table 1). 

Clade 3 contained two more Chinese Craspedacusta sequences from C. sinensis (AY512507) 

and C. ziguiensis (EU293974). Genetic distances between C. sowerbii clades (type 1 and type 

2) and C. sinensis and C. ziguiensis ranged between 0.074 ± 0.016 and 0.094 ± 0.017, 

respectively (mean Kimura 2-Parameter distance ± SE; Table 7). The genetic distance 

between C. sowerbii type 1 and C. sowerbii type 2 was smaller with a mean K2P distance of 

0.049 ± 0.012 (Table 7). Within C. sowerbii type 1, sequences of type 1.1 were identical with 

one already published “C. sowerbii/sowerbyi” sequence from Germany (KY077294, 

bootstrap = 95%) and with one sequence of an African polyp (LTP2), whereby type 1.2 was 

combined with type 1.2.1 (bootstrap = 73 %). Within C. sowerbii type 2 two subclades 

emerged. Type 2.1 was grouped together with the singleton Czech sequence of type 2.1.1 and 

with a Chinese “C. sowerbii/sowerbyi” sequence (JN593332, bootstrap = 86 %). Furthermore, 

type 2.2 was placed in the same subclade as one polyp sequence from Africa (LTP1), as one 

from Uruguay (KX267739) and as one from the USA (EU293971). Genetic distance between 

C. sowerbii type 1 and C. sowerbii type 2 mitochondrial 16S rRNA genes was 0.049 ± 0.012 

(mean K2P distance ± SE; Table 7), which was almost five times lower compared to that 

observed with COI genes (Table 6). The mitochondrial 16S rRNA gene types 1.1 and 1.2 

showed differences at 1.0 ± 0.9 sites (0.2 %), while type 2.1 and 2.2 differed at 2.1 ± 1.3 sites 

(0.3 %). 

All newly obtained and all formerly published Craspedacusta sequences were clearly 

different from the outgroup Limnocnida, supported by high bootstrap values and genetic 

distances (Figures 7, 8; Tables 6, 7). The published L. tanganicae mitochondrial 16S rRNA 

gene sequence (EU293972) and the newly obtained one (LT2015) were identical (Table 7). 

For this reason, the newly obtained COI sequence from the same Limnocnida individual 

LT2015 was assigned to the species L. tanganicae (Figure 7). 

 



 

Figure 8: Maximum likelihood phylogenies including all available unique mitochondrial 16S rRNA 

gene sequences of Craspedacusta and Limnocnida. Representative sequences for the six mtDNA 

haplotypes of newly generated Craspedacusta sequences (data set 1) are indicated by type 1.1, 1.2, 

1.2.1, 2.1, 2.1.1 and 2.2; all other sequences besides the two African C. sowerbii sequences were 

obtained from GenBank (see Table 1). Percent bootstrap support is shown at nodes. Scale bars indicate 

Kimura 2-parameter distances.  

 

Table 7: Genetic distances among mitochondrial 16S rRNA gene sequences (604 bp) of C. sowerbii 

type 1 (n=5), C. sowerbii type 2 (n=7), C. sinensis (n=1), C. ziguiensis (n=1) and L. tanganicae (n=2) 

shown in the ML tree in Figure 8. Kimura 2-Parameter (K2P) distances (below diagonal) and the 

uncorrected p-distances (shown in bold, above the diagonal) are displayed as mean value ± standard 

error. Distances within C. sowerbii type 1 and within C. sowerbii type 2 were the same for both 

parameters (shown in italics).  

 C. sowerbii type 1 C. sowerbii type 2 C. sinensis C. ziguiensis L. tanganicae 

C. sowerbii 

type 1 
   0.002 ± 0.002 0.047 ± 0.010 0.079 ± 0.015 0.069 ± 0.013 0.148 ± 0.019 

C. sowerbii 

type 2 
   0.049 ± 0.012 0.005 ± 0.003 0.087 ± 0.015 0.084 ± 0.015 0.173 ± 0.021 

C. sinensis    0.085 ± 0.017     0.094 ± 0.017  0.059 ± 0.012 0.157 ± 0.020 

C. ziguiensis    0.074 ± 0.016     0.090 ± 0.019 0.062 ± 0.014  0.154 ± 0.020 

L. tanganicae    0.168 ± 0.026     0.202 ± 0.029 0.179 ± 0.027 0.175 ± 0.025 0 

KY077294 |  GER | Europe

type 1.1  |  AUT, CZE, GER |  Europe

LTP2  | ZMB |  Africa

type 1.2  |  AUT, CHE, CZE, GER, GRC  | Europe

type 1.2.1  |  GER |  Europe

JN593332  | China

type 2.1  |  CZE, GRC, GER |  Europe

type 2.1.1  |  CZE |  Europe

type 2.2  |  AUT, GER  |  Europe

LTP1  |  ZMB |  Africa

KX267739  |  URY |  S-America

EU293971  |  USA  |  N-America

AY512507  |  C. sinensis |  China

EU293974  |  C. ziguiensis |  China

EU293972  |  L. tanganicae  |  Africa

LT2015  | L. tanganicae |  Africa100
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For analysis of population structure of medusae, COI and mitochondrial 16S rRNA gene 

sequences of 162 medusae were obtained from the three lakes: Lake Neuer Baarer Weiher 

(GER), Lake Schwarzlsee (AUT), Lake Waldsee (GER) and from a lake near Jílové/Držkova 

(CZE; COI: 600 bp, 16S: 568 bp in the trimmed data set). TCS parsimony network analysis of 

the concatenated sequences (1168 bp, calculated maximum connection steps at 90% = 21; 

Figure 9) revealed no more than the previously identified two main networks with two 

subnetworks each, corresponding to the types 1.1, 1.2, 2.1 and 2.2 found in the large-scale 

dataset (Figure 6). Notably, only a single haplotype was detected among medusae. Medusae 

from Lake Schwarzlsee belonged to type 1.1 and medusae from the lake near Jílové/Držkova 

belonged to type 2.2. But in Lake Waldsee, which was mainly composed of medusae from 

type 1.1, a variant was found in low frequency. This variant consisted of a subset of four 

sequences one mutation apart from type 1.1 (WS054, WS062, WS079, WS081; type 1.1.1 in 

Figure 9), which is an additional type not included in the phylogenies (Figures 7 and 8). The 

effect of increased sampling intensity was most pronounced in Lake Neuer Baarer Weiher: 

while only one type (1.2) had been detected among five randomly selected medusae in data 

set 1, now altogether three types 1.2, 2.1 and 2.2 were detected (Figure 9). All three 

haplotypes were found among medusae from 2017 (n = 29), and two types (type 1.2, type 2.1) 

in the 2016 sample (n = 13; Suppl. Table 1). 



 

 

Figure 9: TCS parsimony network based on concatenated COI and mitochondrial 16S rRNA gene 

regions from Craspedacusta medusa samples from four different lakes. Five mtDNA haplotypes (type 

1.1, 1.1.1, 1.2, 2.1 and 2.2) are arranged in two separated networks (90% cut-off). Circle-size relates to 

the number of individuals with a certain haplotype. Shades and colors refer to medusae from different 

lakes. Grey color = Lake Neuer Baarer Weiher (N = 42, samples in 2016 and 2017), crosses = lake 

near Jílové/Držkova (N = 40), dots = Lake Schwarzlsee (N = 40), white = Lake Waldsee (N = 40). 
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An intensively screened lake was chosen to study the genetic population structure of polyps 

within lakes. In Lake Langwieder See (Germany; Suppl. Table 1), at any time polyps have 

been found, although medusae were never observed across years (pers. obs.). Altogether 47 

stones were screened from one site (site B, Figure 5 d) in 2016 and polyps were found on 

about half of the stones (n = 25) while the number of polyps on individual stones ranged 

between three and 30. Only polyps from stones colonized by more than one polyp (N = 7 

stones) were used for genetic analysis. Additionally, five polyps each from three sites (A, B, 

C; Suppl. Table 1) sampled in 2015 were used for the analysis of the spatial population 

structure of polyps in Lake Langwieder See. 

COI (822 bp) and mitochondrial 16S rRNA gene (604 bp) sequences from 97 polyps were 

obtained and concatenated (1426 bp). TCS analysis of this data set again confirmed two 

separate networks (calculated maximum connection steps at 90% = 23; Figure 10), whereby 

only network 1 contained two subnetworks. These three haplotypes were identical to the three 

types 1.1, 1.2 and 2.1 identified in data set 1 (Figure 6). Notably, among polyps, more than 

one haplotype colonized individual stones: all three types (stone LWS2) or at least two types 

(stone LWS1, LWS5) co-occurred on the same stone, sitting only a few millimeters apart 

(Suppl. Table 1). Haplotype frequencies were unequal and type 1.2 was again the most 

common type among polyps (68%, N P, 1.2 = 56); polyps of type 1.2 were detected at all three 

sites (A, B, C) and on all seven stones from the small-scale sampling at site B. In comparison, 

less polyps were found from type 2.2 (N P, 2.2 = 18) and from type 1.1 (N P, 1.1= 8). Site A was 

inhabited by polyps of type 1.1 and 1.2, at site C polyps of type 1.2 and 2.2 (Figure 10) were 

detected. 

 



 

Figure 10: TCS-parsimony network based on concatenated COI and mitochondrial 16S rRNA gene 

regions from Craspedacusta polyp samples from Lake Langwieder See (Germany). Three mtDNA 

haplotypes (type 1.1, 1.2, 2.1 and 2.2) are arranged in two separated networks (90% cut-off). Circle-

size relates to the number of individuals with a specific haplotype. Colors indicate polyps from three 

different sites, which were sampled in 2015: Grey = site A, white = site B, black = site C. Numbers 

from 1 to 7 refer to polyps from seven different stones at site B, which were sampled in 2016. 
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The average dry weight of Craspedacusta polyps was 0.7 ± 0.2 µg (± standard deviation), and 

the carbon content was 0.21 ± 0.06 µg. Hydra polyps averaged a dry weight of 7.0 ± 5.1 µg 

with a carbon content of 2.10 ± 1.53 µg. The average carbon content of the prey species 

Brachionus calyciflorus was 0.23 ± 0.03 µg. 

Both separate functional response experiments with polyps of the two genera Craspedacusta 

and Hydra revealed increasing prey ingestion with increasing prey densities (Figure 11).  

 

Figure 11: Functional response of the (a) polyp of Craspedacusta and of the (b) polyp of Hydra The 

relationship between prey density (Brachionus calyciflorus) and ingestion rate is described by the 

function: (a) y = (3.86±0.87) x/(0.65±0.28) + x, R2 = 0.49, p = <0.0001; (b) y = (8.61±5.10) 

x/(1.62±1.38) + x,  R2 = 0.39, p = <0.0001. Dashed lines represent 95% confidence intervals. 

For Craspedacusta the carbon ingestion started from about 0.35 ± 0.06 µg C d-1 (mean ± 

standard error) at low Brachionus densities (0.1 µg C ml-1) up to around 2.15 ± 0.30 µg C d-1 

at the highest Brachionus densities in the experiment (1.0 µg C ml-1, Figure 11 a). Based on 

the regression between prey density and ingestion rate, the handling time of polyps of 

Craspedacusta was calculated as 6.2 hours per µg C (corresponding to a dry weight of five 

Brachionus individuals). In addition, from this relationship, it can be concluded that a 

maximum amount of carbon ingested per day (Imax) was 3.86 ± 0.87 µg. The increase in the 

ingestion rate started to slow down at food concentrations > 0.6 µg C ml-1. However, the 

a

Prey density (µg C ml
-1

)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

In
g
es

ti
o
n
 r

at
e 

(µ
g
 C

 d
-1

)

0

2

4

6

8

10

b

Prey density (µg C ml
-1

)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

2

4

6

8

10



saturation part of the functional response curve was not completely reached within the 

experiments with Craspedacusta.   

For polyps of Hydra the carbon ingestion started from about 0.52 ± 0.09 µg C d-1 at low 

Brachionus densities (0.1 µg C ml-1) up to around 3.16 ± 0.59 µg C d-1 at the highest 

Brachionus densities in the experiment (1µg C ml-1, Figure 11 b). Based on the regression 

between prey density and ingestion rate, the handling time of polyps of Hydra was calculated 

as 2.8 hours per µg C (corresponding to a dry weight of five Brachionus individuals) and I max 

was 8.60 ± 5.10 µg C d-1. The saturation part of the functional response was not fully reached 

within the experiments with Hydra. 

The reproductive output of both species was analyzed for additional 16 days after the end of 

these functional response experiments. On the third day, the mean abundance of polyps of 

Craspedacusta in each experimental replicate was 1.4 ± 0.2 individuals. No significant 

relationship between initial prey density and reproduction was visible (p = 0.9336). On day 

six, polyps of Craspedacusta showed a reproductive output from on average 1.2 ± 0.2 

offspring at low Brachionus densities (0.1 µg C ml-1) to about 3.0 ± 0.3 offspring at the 

highest Brachionus densities in the experiment (1.0 µg C ml-1; Figure 12 a). Regression 

analyses revealed a significant relationship between initial prey density and reproduction at 

day six and at day nine (p < 0.0001; Figure 12). After day nine, no further reproduction by 

Craspedacusta polyps was visible. No significant relationship between initial prey density 

and reproduction was observed for Hydra during the 16 days of observation. 

 

Figure 12: Numerical response of polyps of Craspedacusta observed at (a) day 6 and (b) day 9 after 

the end of fucnctional response experiments. The relationship between prey density and offspring 

production is described by the function: (a) y = (3.41±0.32) x/(0.87±0.27)+x, R2 = 0.63, p= <0.0001; 

and (b) y = (3.93±0.46) x/(1.20±0.40)+x, R2 = 0.63, p= <0.0001. Dashed lines indicate 95% 

confidence intervals. 
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In all four investigated lakes and at all sampling dates, polyps of Craspedacusta showed 

significant differences in δ13C signatures compared to polyps of Hydra (Table 8). Mean δ13C 

values of polyps of Craspedacusta were similar to δ13C values of the littoral herbivore 

Pleuroxus truncatus and Lymnea stagnalis (Figure 13). The δ13C values of Hydra were 

similar to the δ13C values of the pelagic herbivores Polyphemus pediculus, Sida crystallina, 

Alona sp., Daphnia sp. and of the zebra mussel Dreissena polymorpha (Figure 13). Also, δ13C 

values of the pelagic carnivore free-swimming medusae of Craspedacusta were more similar 

to the δ13C values of Hydra compared to the values of the polyps of Craspedacusta. The δ13C 

values of the benthic carnivore Dugesia sp. (Plathelmintha) and of copepods (pelagic 

omnivore) were within or in between the range of both polyp genera (Figure 13). At four of 

the sampling dates no significant differences in the δ15N signatures among polyps of 

Craspedacusta and of Hydra were observed (Table 8). δ15N values of the two polyp genera 

were only significantly different in two of the samplings (Table 8).  

Similar results emerged from SIBER analyses using data from all six sampling dates (Figure 

14). Ellipses displaying the 95 % confidence interval based on bivariate means of δ13C and 

δ15N signatures did not overlap among polyps of Craspedacusta and Hydra (Figure 14). A 

temporal relationship with niche space is suggested by the data of Lake Langwieder See, since 

the ellipses nearly overlapped in May but became increasingly separate from July to October 

(Figure 14 a, c, e). 

Table 8: Summary of statistical comparisons of δ13C and δ15N values among polyps of Craspedacusta 

and of Hydra. Shown are mean values ± standard errors (SE), significant p-values are indicated by 

bold numbers. 

  δ13C δ15N 

sampling site sampling date 
Craspeda-

custa 
Hydra p-value 

Craspeda-

custa 
Hydra 

p-

value 

Langwieder See 10 May 2016 -31.3±0.3 -36.0±0.9 0.024 10.1±0.3 8.7±0.4 0.069 

 11 July 2016 -28.8±0.4 -36.2±0.6 < 0.001 8.6±0.2 6.9±0.1 0.002 

 
15 October 

2015 
-27.3±0.3 -38.3±0.5 < 0.001 9.4±0.2 8.0±0.2 0.002 

Hartsee 01 June 2016 -31.3±0.1 -33.6±0.1 < 0.001 12.5±0.2 12.5±0.2 0.825 

Haselfurther 

Weiher 
28 July 2016 -29.5±0.1 -34.6±0.2 < 0.001 13.1±0.4 13.9±0.1 0.100 

Weicheringer 

See 

20 October 

2015 
-20.8±0.1 -25.2±0.5 < 0.001 4.4±0.2 4.2±0.4 0.636 



 

Figure 13: Mean ± standard error (SE) of δ13C and δ15N signatures of (○) polyps of Craspedacusta and 

of (●) Hydra from (a) Langwieder See 2, (b) Hartsee, (c) Langwieder See 3, (d) Haselfurther Weiher, 

(e) Langwieder See 1 and (f) Weicheringer See. Isotopic values of (▼) Alona sp., (Δ) Bosmina sp., 

(▲) Daphnia longispina, (   ) Dreissena polymorpha, (▲) Lymnea stagnalis, (◊) Pleuroxus truncatus, 

(♦) Polyphemus pediculus, () Sida crystallina, (□) Calanoida, (■) Cyclopoida, (■) Copepoda, (♦) 

Dugesia sp. and of (●) medusae of Craspedacusta.  
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Figure 14: Stable isotope bi-plot of δ13C and δ15N signatures of (○) polyps of Craspedacusta and of 

(●) Hydra from (a) Langwieder See 2, (b) Hartsee, (c) Langwieder See 3, (d) Haselfurther Weiher, (e) 

Langwieder See 1 and (f) Weicheringer See. Ellipses depict the 95% confidence intervals (SIBER). 

No overlap of ellipses indicates significant differences of the isotopic niches between Craspedacusta 

and Hydra polyps. 
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Three separate outdoor mesocosm experiments were conducted to investigate the impact of 

the freshwater jellyfish C. sowerbii on the pelagic plankton communities of three German pre-

alpine lakes, Lake Haselfurther Weiher, Lake Waldsee and Lake Haager Weiher. The impact 

of 0, 2, 4, 8 and 16 jellyfish per enclosure (140 L) on the plankton community of each lake 

was tested. Molecular analyses revealed that all three experiments were conducted with 

medusae of C. sowerbii type 1 (mtDNA haplotype 1.1), which represents the dominant 

Craspedacusta species in European lakes at the present stage (topic 1). 

The initial mesozooplankton community composition included mainly copepods and 

cladocerans in all three experiments. In the mesocosm experiments of Lake Haselfurther 

Weiher and of Lake Waldsee, the cladocerans were dominant with about 70%. In Lake 

Haager Weiher, the community was dominated by copepods with 65% (Table 9). 

The initial phytoplankton community in the mesocosm experiments of Lake Haselfurther 

Weiher and of Lake Waldsee, was dominated by green algae with about 58 %. 

Diatoms/dinoflagellates were dominant in the enclosures of Lake Haager Weiher with 57 % 

(Table 9). 

Table 9: Initial composition of the plankton communities and related seston stoichiometry in 

mesocosm experiments of Lake Haselfurther Weiher, Lake Waldsee and Lake Haager Weiher.  

 Haselfurther Weiher Waldsee Haager Weiher 

Total dry weight 

mesozooplankton (µg L-1) 
127 109 143 

Cladocera 69 % 70 % 35 % 

   Bosmina sp. 47 % 39 % 15 % 

   Ceriodaphnia sp. 20 % 8 % 20 % 

   Daphnia sp. 2 % 23 % - 

   Diaphanosoma sp. - <1 % <1 % 

Copepoda 31 % 30 % 65 % 

   calanoid  6 % 4 % - 

   cyclopoid  25 % 26 % 65 % 

    



    

Table 9 continued:    

 Haselfurther Weiher Waldsee Haager Weiher 

Total chlorophyll a (µg L-1) 4.43 2.00 2.95 

   Green algae  57 % 58 %  28 % 

   Blue-green algae - 16 %  14 % 

   Diatoms/dinoflagellates 43 % 2 % 57 % 

   Cryptophytes - 24 % 1 % 

Seston C:N  5.6 4.3 6.2 

Seston C:P 189 304 220 

Seston N:P 34.4 75.4 36.0 

 

Impact on mesozooplankton quantity 

As a common trend in all three experiments, total crustacean mesozooplankton biomass 

(measured as dry weight) decreased with increasing jellyfish density, despite different 

zooplankton parameters differing between the lakes. For example, in Lake Haselfurther 

Weiher the mesozooplankton biomass exponentially decreased with the increasing jellyfish 

density (Figure 15, Table 10). The average total biomass declined from 239.94 ± 29.84 µg L-1 

(mean ± standard error) in jellyfish-free treatments to 9.34 ± 1.28 µg L-1 in treatments with 16 

jellyfish per enclosure. In Lake Waldsee and in Lake Haager Weiher, the total biomass of the 

mesozooplankton community decreased linearly with increasing jellyfish density (Figure 15, 

Table 10). In Lake Waldsee, the average total biomass declined from 46.37 ± 2.79 µg L-1 in 

jellyfish-free treatments to 27.84 ± 1.82 µg L-1 in treatments with 16 jellyfish per enclosure. 

In Lake Haager Weiher, the average total biomass declined from 152.69 ± 13.44 µg L-1 in 

controls to 95.91 ± 8.39 µg L-1 in treatments with 16 jellyfish per enclosure.  

In Lake Haselfurther Weiher, higher jellyfish densities significantly correlated with the total 

dry weight of all crustacean mesozooplankton species observed. An exponential decay of 

biomass with increasing jellyfish density was observed for Ceriodaphnia sp. and for 

cyclopoid copepods. The biomass of Bosmina sp., Daphnia sp. and of calanoid copepods 

showed a linear decay with increasing jellyfish concentrations (Figure 16 a, b; Table 10). 



In Lake Waldsee, the biomass made up by Daphnia sp. was exponentially reduced in the 

presence of higher jellyfish densities (Figure 16 c; Table 10). Linear regressions were 

significant for biomass changes of calanoid and of cyclopoid copepods (Figure 16 d; Table 

10). In contrast, the biomass of Ceriodaphnia sp. and of Bosmina sp. increased with higher 

jellyfish densities, although these trends were not significant (Figure 16 c; Table 10). 

In Lake Haager Weiher, the biomass of Ceriodaphnia sp. showed a significant negative trend 

with increasing jellyfish density (Figure 16 e; Table 10). Similar but insignificant trends were 

observed for Daphnia sp., Diaphanosoma sp., and for cyclopoid and calanoid copepods 

(Figure 16 e, f; Table 10). However, Bosmina sp. biomass correlated positively with higher 

densities of jellyfish, albeit not significantly (Figure 16 e; Table 10). 

 

 

Figure 15: Regression analyses of the total crustacean mesozooplankton dry weight (black symbols), 

of cladocerans (grey symbols) and of copepods (white symbols) versus jellyfish density in the 

enclosures of (a, b) Lake Haselfurther Weiher, (c, d) Lake Waldsee and (e, f) Lake Haager Weiher at 

the end of the experiments. Displayed are significant linear or exponential regression curves (solid, p < 

0.05) and insignificant trends (dashed lines). 
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Figure 16: Regression analyses of dry weight (µg L-1) of Bosmina sp. (●), Ceriodaphnia sp. (●), 

Daphnia sp. (○), calanoid copepods (▲) and of cyclopoid copepods (Δ) versus jellyfish density in the 

enclosures of (a,b) Lake Haselfurther Weiher, (c,d) Lake Waldsee, (e,f) Lake Haager Weiher at the 

end of the experiments. Displayed are significant linear or exponential regression curves (solid, p < 

0.05) and insignificant trends (dashed lines). 
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To compare the effect of jellyfish on the dry weight of the total zooplankton and of single 

mesozooplankton taxa of the three experiments, effect sizes were calculated. A strong 

jellyfish dependent negative effect was shown on the total mesozooplankton dry weight of 

Haselfurther Weiher, similar weaker negative effects occurred in the other two lakes (Figure 

17 f). Across all three experiments, a clear negative effect on total zooplankton dry weight 

was visible in the highest jellyfish treatment. No taxon-specific effect of jellyfish density was 

detected across the three experiments (Figure 17). However, great effects are shown for 

Daphnia sp. already at low jellyfish densities of two individuals per enclosure (Figure 17 c). 

Also neutral to positive effects were observed for Bosmina sp. and Ceriodaphnia sp. (Figure 

17 a, b). Strongest effects were observed for cyclopoid copepods in Lake Haselfurther Weiher 

(Figure 17 e). 

 

 

Figure 17: Effects (ES) of jellyfish on the dry weight of (a) Bosmina sp., (b) Ceriodaphnia sp., (c) 

Daphnia sp., (d) calanoid copepods, (e) cyclopoid copepods and on (f) the whole crustacean 

mesozooplankton community in relation to jellyfish density in the enclosures of Lake Haselfurther 

Weiher (♦), Waldsee (○) and Haager Weiher (▼) at the end of the experiments. Displayed are mean 

values ± 95% CI, dashed line indicates zero effect. 
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Comparison of mesozooplankton community composition 

In all three experiments, assemblages of crustacean mesozooplankton differed among 

treatments at the end of the experiments. Results of analyses of similarity (ANOSIM) showed 

that differences were strongest in enclosures of Haselfurther Weiher (Global R = 0.747, p = 

0.001). Smaller differences were observed between communities of Waldsee (Global R = 

0.455, p = 0.001). Almost no differences were detected among zooplankton assemblages in 

enclosures of Haager Weiher (Global R = 0.053, p = 0.312). In Lake Haselfurther Weiher a 

clear separation of the jellyfish-free and the maximum density treatment was observed (Figure 

18), mainly due to differences in the abundance of Ceriodaphnia sp. that contributed 56.3 % 

to the dissimilarity. In Lake Waldsee this dissimilarity was mainly due to Bosmina sp. (40.9 

%) and in Lake Haager Weiher it was due to Ceriodaphnia sp. (72.9 %). 

 

Figure 18: Non-metric multidimensional scaling (nMDS) plots showing differences in assemblages of 

crustacean mesozooplankton at the end of the mesocosm experiments in (a) Lake Haselfurther Weiher, 

(b) Lake Waldsee and (c) Lake Haager Weiher. Each number represents the zooplankton assemblage 

in an individual mesocosm according to the jellyfish density treatments. The proximity of the symbols 

indicates the degree of similarity between assemblages; ellipses indicate an 80 % similarity between 

assemblages.  

Changes in mesozooplankton growth rates 

Growth rates of crustacean mesozooplankton taxa were changed by jellyfish presence. 

Especially in Lake Haselfurther Weiher, these changes contributed to changes in 

competitiveness (Figure 19 a). In jellyfish-free treatments, Ceriodaphnia sp. had the highest 

growth rates with 0.05 ± 0.02 ind L-1 d-1 (mean ± standard error). In the highest jellyfish 

density treatments, the growth rate was on average -0.17 ± 0.04 ind L-1 d-1, indicating that 

Ceriodaphnia sp. was less competitive than calanoid copepods (-0.12 ± 0.98·10-17 ind L-1 d-1) 

and Daphnia sp. (-0.08 ± 0.00 ind L-1 d-1). The lowest growth rates were exhibited by 

cyclopoid copepods with a growth rate of -0.29 ± 0.23·10-2 ind L-1 d-1. In Lake Waldsee, the 
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opposite was observed for Daphnia sp.. This taxon had the lowest growth rate in the 

maximum jellyfish treatment with 16 jellyfish per enclosure (-0.17 ± 0.43·10-2 ind L-1 d-1) and 

was the least competitive organism observed (Figure 19 b). In Lake Haager Weiher, growth 

rates changed slightly with jellyfish density (Figure 19 c). 

 

 

Figure 19: Growth rates (ind L-1 d-1) of Bosmina sp. (●), Ceriodaphnia sp. (●), Daphnia sp. (○), 

calanoid copepods (▲) and cyclopoid copepods (Δ) in relation to jellyfish density in the enclosures of 

(a) Lake Haselfurther Weiher, (b) Lake Waldsee, (c) Lake Haager Weiher. Displayed are mean values 

± standard errors, the dashed line indicates zero growth. 

Changes in mesozooplankton diversity 

The presence of medusae had a variable influence on the zooplankton diversity in the three 

experiments (Figure 20). Shannon diversity H’ significantly declined with increasing jellyfish 

densities in Lake Haselfurther Weiher and in Lake Waldsee as a function of altered evenness 

(Figure 20 a, b, Table 11). A linear relation for treatments with a maximum of eight jellyfish 

was observed. Enclosures with eight medusae showed the greatest change in species diversity 

of crustacean mesozooplankton. A similar pattern could be observed for Pielou’s evenness J’. 

In Lake Haager Weiher, Shannon diversity H’ of the crustacean mesozooplankton correlated 

positively with the jellyfish density (Figure 20 c, Table 11). 
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Figure 20: Shannon diversity H’ (●) and Pilou’s evenness J’ (◊) of the crustacean mesozooplankton 

community as a function of jellyfish density in the enclosures of (a) Lake Haselfurther Weiher, (b) 

Lake Waldsee and (c) Lake Haager Weiher at the end of the experiments. Displayed are significant 

linear regression curves (solid, p < 0.05) and insignificant trends (dashed lines). 

 

Table 11: Summary of regression analyses of Shannon diversity (H’) and of Pilou’s evenness (J’) of 

the crustacean mesozooplankton community as a function of increasing jellyfish density at the end of 

the mesocosm experiments. Applied regression models are linear fits. Significant p-values are 

highlighted (p<0.05).  

 Haselfurther Weiher Waldsee Haager Weiher 

 p R2 equation p R2 equation p R2 equation 

H’ 0.0008 0.60 
y = -0.03 x + 

0.95 
0.0014 0.59 

y = -0.01 x + 

1.16 
0.2674 0.09 

y = 0.004 x + 

0.79 

J’ 0.1419 0.16 
y = -0.01 x + 

0.61 
0.0282 0.34 

y = -0.01 x + 

0.71 
0.0021 0.53 

y = 0.01 x + 

0.45 

 

Time course of phytoplankton 

A common trend in all three mesocosm experiments (Lake Haselfurther Weiher, Lake 

Waldsee, Lake Haager Weiher) was a decline of at least 50% in chlorophyll a (chl a) during 

the first two to three days (Figure 21). Different trends of chlorophyll a in relation to the 

jellyfish densities were observed. The phytoplankton communities in jellyfish-free treatments 

remained low in biomass and were not able to fully recover after the decline. In Lake 

Haselfurther Weiher and in Lake Waldsee, a growth plateau of phytoplankton was already 

reached after four and seven days, respectively. In Lake Haager Weiher the chl a 
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concentrations in control treatments continued declining until the end of the experiment. All 

predation treatments showed a similar pattern of growth over time. In all experiments, the 

highest phytoplankton growth was reached in enclosures with 16 jellyfish (Suppl. Figures 1, 

2, 3). In Lake Haselfurther Weiher, a peak of phytoplankton growth was reached at day nine, 

afterwards the chl a concentrations decreased constantly (Suppl. Figure 1). In Lake Waldsee a 

peak of chl a occurred at day 11 and phytoplankton growth saturation was reached (Suppl. 

Figure 2). In Lake Haager Weiher, the highest chl a concentrations were measured at the end 

of the experiment (Suppl. Figure 3).  

 

Figure 21: Development of chl a (µg L-1) over the experimental duration of 13 days in the three 

mesocosm experiments. Displayed are average chl a concentrations with standard errors of each of the 

five jellyfish density treatments (0, 2, 4, 8, 16 jellyfish per enclosure; see legend) for (a) Lake 

Haselfurther Weiher, (b) Lake Waldsee and (c) Lake Haager Weiher. 

Relationship between phytoplankton growth and jellyfish density 

In all three experiments, a significant positive relationship of phytoplankton biomass 

(measured as chl a) and jellyfish density was observed. This correlation started after the first 

decline phase and lasted until the end of the experiment (Suppl. Figures 1, 2, 3). At day 13, 

the total chl a concentration in treatments with the highest density of jellyfish increased up to 

fourfold in comparison to the jellyfish-free treatments (Figure 22). A linear relationship of 

jellyfish density and phytoplankton biomass was observed in all three experiments (Figure 22, 

Table 12). This linear trend was mainly due to a linear increase of diatoms/ dinoflagellates 

and of green algae (Figure 22, Table 12). On the contrary, cryptophytes slightly decreased 

with increasing jellyfish densities in Lake Waldsee (Table 12). No trends were observed for 

the blue-green algae (Table 12). 
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Effect of jellyfish density on total phytoplankton and functional algal groups 

The effect of jellyfish density on the phytoplankton abundance was similar in Lake 

Haselfurther Weiher (0.57 ± 0.34) and in Lake Haager Weiher (0.55 ± 0.12) at the highest 

jellyfish densities. The largest effects were observed in Lake Waldsee, where the effect size 

was 0.95 ± 0.64·10-2 in the highest jellyfish density treatment (Figure 23 a). This effect was 

mainly the result of a high effect of jellyfish on diatoms/dinoflagellates in all three 

experiments (Figure 23 c). Secondly, the effects of jellyfish on the green algae group were 

highly positive (Figure 23 b). The effect of jellyfish on green algae was only in Lake Haager 

Weiher not found to be significant (Figure 23 b).  

 

 

Figure 23: Effects of jellyfish on (a) the total chl a concentration and on the chl a concentration of (b) 

green algae and (c) diatoms/dinoflagellates. Shown are the effects for the experiments of (♦) Lake 

Haselfurther Weiher, (○) Lake Waldsee and (▼) Lake Haager Weiher. Displayed are mean values ± 

95% CI, dashed line indicates zero effect. 

Jellyfish effects on seston stoichiometry 

Statistical analyses of seston stoichiometry data revealed inconsistent trends in the three 

experiments. The only significant trend was observed for the seston C:P ratio in Lake 

Waldsee (Figure 26 b, Table 15). The increasing jellyfish density resulted in a decrease of 

seston C:P ratio. A similar decreasing, but insignificant trend, was observed in Lake Haager 

Weiher (Figure 26 c, Table 15). On the contrary, in lake Haselfurther Weiher the seston C:P 

ratio showed an increasing trend with increasing density of jellyfish (Figure 26 a), albeit not 

significantly (Table 15). 
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Figure 24: Responses of seston stoichiometry ratios (C:N, C:P and N:P) to an increasing number of 

jellyfish after 13 days for (a, b, c) Lake Haselfurther Weiher, (d, e, f) Lake Waldsee and (g, h, i) Lake 

Haager Weiher. Displayed are significant linear regression curves (solid, p < 0.05) and insignificant 

trends (dashed lines). 
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Table 13: Summary of the regression analyses of seston stoichiometry ratios (C:N, C:P and N:P) in 

relation to jellyfish density in enclosures of Lake Haselfurther Weiher, Lake Waldsee and Lake 

Haager Weiher at the end of the experiments. Applied regression models are linear fits, significant p-

values are highlighted (p<0.05). 

 Haselfurther Weiher Waldsee Haager Weiher 

 p R2 equation p R2 equation p R2 equation 

C:N 0.2683 0.09 
y = -0.04*x + 

8.32 
0.8779 0.002 

y = 0.01*x + 

6.67 
0.1466 0.12 

y = 0.04*x + 

5.45 

C:P 0.1427 0.16 
y = 18.89*x + 

463.03 
0.0507 0.26 

y = -15.45*x + 

491.03 
0.6932 0.01 

y = -1.92*x + 

414.22 

N:P 0.1154 0.18 
y = 2.55*x + 

57.04 
0.0956 0.20 

y = -2.18*x + 

74.98 
0.5435 0.03 

y = -0.92*x + 

78.93 

Jellyfish effects on nutrient and phytoplankton interactions 

The total chl a content as a function of total phosphorus (TP) showed a positive linear trend 

within each experiment and in Lake Waldsee this was significant (Figure 24, Table 13). The 

resulting residuals showed significant positive linear relationships with increasing density of 

jellyfish (Figure 24, Table 13).  

In all three experiments, soluble reactive phosphorus (SRP) as a function of TP showed a 

positive linear trend, which was significant in Lake Waldsee (Figure 25, Table 14). The 

resulting residuals showed negative linear relationships to increasing density of jellyfish 

(Figure 25, Table 14). 

 



 

Figure 25: Relationship of (a, b, c) chl a and TP and (b, d, f) the resulting residuals as a function of 

jellyfish density in the enclosures of (♦) Lake Haselfurther Weiher, (○) Lake Waldsee and (▼) Lake 

Haager Weiher at the end of the experiments. Displayed are significant linear regression curves (solid, 

p < 0.05) and insignificant trends (dashed lines). 

 

Table 14: Summary of the regression analyses of relationships of chl a vs. TP to jellyfish density and 

of the resulting residual plots in enclosures of Lake Haselfurther Weiher, Lake Waldsee and Lake 

Haager Weiher at the end of the experiments. Applied regression models are linear fits, significant p-

values are highlighted (p<0.05). 

 Haselfurther Weiher Waldsee Haager Weiher 

 p R2 equation p R2 equation p R2 equation 

chl a vs. TP 0.1497 0.15 
y = 0.21 x + 

1.21 
0.0458 0.27 

y = 0.65 x -

0.82 
0.3135 0.08 

y = 0.07 x + 

0.89 

Residual plot 

chl a vs. TP 
0.0452 0.27 

y = 0.08 x - 

0.49 
0.0046 0.47 

y = 0.16 x - 

0.95 
0.0005 0.62 

y = 0.07 x - 

0.43 
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Figure 26: Relationship of (a, b, c) SRP and TP in the enclosures and (b, d, f) the resulting residuals as 

a function of jellyfish density in the enclosures of (♦) Lake Haselfurther Weiher, (○) Lake Waldsee 

and (▼) Lake Haager Weiher at the end of the experiments. Displayed are significant linear regression 

curves (solid, p < 0.05) and insignificant trends (dashed lines). 

 

Table 15: Summary of the regression analyses of relationships of SRP vs. TP to jellyfish density and 

of the resulting residual plots in enclosures of Lake Haselfurther Weiher, Lake Waldsee and Lake 

Haager Weiher at the end of the experiments. Applied regression models are linear fits, significant p-

values are highlighted (p<0.05). 

 Haselfurther Weiher Waldsee Haager Weiher 

 p R2 equation p R2 equation p R2 equation 

SRP vs. TP 0.3501 0,07 
y = 0.17 x + 

1.83 
0.0008 0.60 

y = 0.76 x - 

3.27 
0.3942 0.06 

y = 0.03 x + 

0.60 

Residual plot 

SRP vs. TP 
0.6457 0.02 

y = -0.03 x + 

0.16 
0.3771 0.06 

y = -0.03 x + 

0.20 
0.7137 0.01 

y = -0.01 x + 

0.03 
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Indoor mesocosm experiments were conducted to investigate the impact of the freshwater 

jellyfish C. sowerbii on the phosphorus distribution in a defined water column. These jellyfish 

effects were compared with the effects of the pelagic insect larvae Chaoborus spp. and of 

natural crustacean zooplankton. These experiments were conducted with medusae of C. 

sowerbii type 1, the dominant Craspedacusta species in all investigated European lakes at the 

present stage (topic 1). 

The net upward phosphorus transport in the experimental water columns induced by jellyfish 

was substantial and phosphorus concentrations in the upper 140 cm of the columns were 

significantly different to control treatments after 24 h (Figure 27). At the top 20 cm, 68.18 ± 

16.48 µg total phosphorus (TP) L-1 (mean ± standard error; N = 7) was measured in jellyfish 

treatments, which was about four times higher compared to control treatments (18.59 ± 3.93 

µg TP L-1; N = 7).  

 

Figure 27: Effects (ES) of C. sowerbii (•, N = 7) and Chaoborus spp. larvae (○, N = 4) on the vertical 

distribution of total phosphorus in the columns after 24 hours. Error bars indicate 95% CI, dashed 

vertical line indicates zero effect. 
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The magnitude of the upward phosphorus transport in the experimental water columns 

induced by jellyfish was a function of jellyfish density (Figure 28 a). Higher jellyfish density 

resulted in higher phosphorus concentrations at the top of the experimental water column 

(Figure 28 a; y = 23.68 x + 28.72; R2 = 0.70; p = 0.0774). On average, one jellyfish per 

column resulted in an hourly net phosphorus shift of 1.04 µg TP L-1 to the top of the column. 

This resulted in an overall transport of 24.89 µg TP L-1 within 24 h. 

Pelagic Chaoborus larvae had no significant effect on phosphorus distribution in the 

experimental water columns (24 h sampling, Figure 27). After 24 h, the phosphorus 

concentration in the top 20 cm of the columns was on average 24.67 ± 4.05 µg TP L-1 in 

columns with Chaoborus larvae and 17.50 ± 1.07 µg TP L-1 in columns without Chaoborus. 

The effect of crustacean zooplankton on upward phosphorus transport in the experimental 

water columns was related to zooplankton density. Higher zooplankton densities resulted in 

higher phosphorus concentrations in the upper 20 cm of the columns (Figure 28 b; y = 0.39 x 

+ 16.30; R2 = 0.84; p = 0.0278). On average, the net upward transport of phosphorus by the 

zooplankton community at a natural density (8 ind L-1) was 3.12 µg TP L-1 within 24 hours.  

 

 

Figure 28: Total phosphorus transported to the top of each column by the migration of (a) C. sowerbii 

and (b) crustacean zooplankton after 24 hours. Solid lines represent linear regressions; dashed lines 

indicate 95% CIs. 
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The PCA analysis on 11 environemntal variables revealed three components with eigenvalues 

> 1. The first two components explained 56.7 % of the total variance in the data. The 

respective factor-loading plot shows that the environmental parameters were similar among 

most lakes with and without Craspedacusta medusae (Figure 29). Lake Neuer Baarer Weiher 

(BW) was divergent from other jellyfish lakes, mainly due to differences in nitrate and nitrit 

concentrations, temperature and pH. 

 

Figure 29: Principal-Component Analysis (PCA) of the environmental data of lakes with (▲) and 

without () medusae. Letters next to symbols refer to Lake ID, see Table 4. The clustering of the data 

along the primary (PC1: 30.9 % of the variance) and secondary (PC2: 25.9 % of the variance) axes 

represent 56.7 % of the total variance. The maximum possible strength of all correlations is indicated 

by the grey circle. 

The relationship of chl a and TP of all investigated lakes (with and without jellyfish) showed 

a linear trend (y = 2.08 x - 8.08, R2= 0.62, p<0.0001, Figure 30 a). The residuals showed a 

higher scattering in lakes with jellyfish as they show in lakes without jellyfish (Figure 30 b). 

The mean of residuals of lakes with jellyfish showed a negative value, the mean of residuals 

of lakes without jellyfish showed a positive value, albeit the difference between residuals of 

the two categories was not significant (Mann-Whitney rank sum test; p = 0.162). A significant 

linear trend was shown for the relationship of SRP and TP (y = 0.24 x - 1.18; R2 = 0.36, p = 
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0.0048, Figure 30 c), but the difference between the residuals of the two categories was 

insignificant (Mann-Whitney rank sum test, p = 0.910; Figure 30 d). No differences between 

lakes with and without jellyfish were found in seston stoichiometry (p-values for C:P = 0.618, 

for N:P = 1.000, for C:N = 0.429; Figure 31). 

 

Figure 30: (a) Relationship of chl a and TP in lakes with and without jellyfish and (b) the resulting 

residual plot separated for lakes without (N =10) and with (N =10) jellyfish; (c) relationship of SRP 

and TP and (d) the resulting residual plot. Solid lines indicate significant linear relationships (p < 0.05). 

 

Figure 31: Seston stoichiometry ratios: (a) C:N, (b) C:P, (c) N:P in lakes with (N=10) and without 

(N=10) C. sowerbii medusae during the lake survey. 
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Results from the newly obtained mitochondrial DNA sequence data from Craspedacusta are 

consistent with recent reports that more than one genetic lineage invaded Europe (Fritz et al. 

2009, Karaouzas et al. 2015, Schifani et al. 2019). Two divergent lineages, which in the past 

were presumed to represent “C. sowerbii” due to morphological similarities among medusae, 

are now recognized as separate species by molecular evidence (Karaouzas et al. 2015, 

Schifani et al. 2019). However, in the present study, the two Craspedacusta species that 

invaded Europe are labeled C. sowerbii type 1 and C. sowerbii type 2 and are not assigned to 

specific species names. This is due to several discrepancies between molecularly defined 

species identity and associated species names in previous studies, suggesting that a taxonomic 

revision is needed. 

New findings from the present study are that each of the two species comprised two species-

specific lines and that altogether four distinct major mitochondrial haplotype lines invaded 

Europe. Notably, no more than three haplotype lines had been previously supported 

worldwide for “C. sowerbii” (Schifani et al. 2019), including all singleton variants in 

GenBank (e.g. Cai et al. unpubl.). An additional and frequent fourth haplotype line (type 1.2) 

was for the first time detected in the present study. This type was dominant among polyps, but 

surprisingly medusae of this type had been found in three lakes only within this study. 

Because previous genetic studies were based on low sample sizes and on the medusae stage 

only (Collins et al. 2008, Zhang et al. 2009, Fritz et al. 2009, Zou et al. 2012, Karaouzas et al. 

2015, Fuentes et al. 2019, Schifani et al. 2019), the fourth haplotype line could simply have 

been below the detection level because of insufficient sampling. This hypothesis is supported 

by the fact that in a former study, also conducted with samples from Germany and Austria, 

only one COI mtDNA-haplotype had been detected among medusae (Fritz et al. 2009). Three 

haplotype lines emerged in later studies including individuals from Greece and Italy 

(Karaouzas et al. 2015, Schifani et al. 2019). With increased sampling intensity, in total four 



haplotype lines were found among individuals from Germany. At the present stage, it seems 

that the fourth type is restricted to Europe. 

Since it had been suggested that there might be strains of polyps that have lost the ability to 

produce medusae (Acker and Muscat 1976), greater haplotype diversity could be expected in 

the polyp stage. The data of the present study show that this is not the case, as the same four 

haplotypes were found among polyps and medusae across space and time. Even with an 

increased sampling intensity of polyps at Lake Langwieder See, no further haplotype lines 

were discovered. This contrasts with other invasive cnidarians such as Aurelia aurita, where a 

recent COI study revealed 50 haplotypes among polyps in contrast to only 36 haplotypes 

among medusae (Dawson et al. 2015, Van Walraven et al. 2016). 

Joint analyses of haplotype and sex of medusae revealed a surprising finding: medusae of type 

1.1 and of type 2.2 were all female and medusae of type 1.2 and of type 2.1 were all male. 

This strict relationship between sex and haplotype in both species might indicate a complex 

mode of mitochondrial DNA inheritance, the doubly uniparental inheritance (DUI), which is 

so far only described for several bivalve species (Skibinski et al. 1994, Zouros et al. 1994, 

Hoeh et al. 1996, Passamonti and Scali 2001, Curole and Kocher 2002, Hoeh et al. 2002, Serb 

and Lydeard 2003, Passamonti 2007, Theologidis et al. 2008). In those species two types of 

mtDNA exist, one that is transmitted through the eggs to both female and male offspring (the 

maternal genome) and another that is transmitted through the sperm only to male offspring 

(the paternal genome). In adult males, the paternal genome predominates in the gonads and 

the maternal genome in the somatic tissues (Stewart et al 1995, Sutherland et al. 1998). These 

two distinct mtDNA lineages with different distributions in female and male tissues make 

DUI in principle easy to detect (Theologidis et al. 2008). In the present study, only gonad 

tissue was used for DNA analyses. Further analyses also of somatic tissue in combination 

with the sequencing of the potential female and male genomes of both species are needed to 

decide about the presence of this inheritance mode in Craspedacusta species. 

Joint phylogenetic analyses of the newly obtained mitochondrial 16S rRNA and COI 

sequence data with formerly published Craspedacusta sequences showed that the two species 



of the present study corresponded to the two C. “sowerbii” species clades already reported 

from European Craspedacusta medusae. C. sowerbii type 1 corresponds to “C. sowerbii 

kiatingi” and C. sowerbii type 2 corresponds to “C. sowerbyi / C. sowerbii” (Fritz et al. 2009, 

Schifani et al. 2019).  

Based on COI data, a minimum uncorrected p-distance of 14.0 % between the two species C. 

sowerbii type 1 and C. sowerbii type 2 was found, which is similar to the value given in the 

study of Karaouzas et al. (2015). In addition, also the minimum uncorrected p-distance 

between mitochondrial 16S rRNA gene sequences of these two species clades was calculated 

in the present study, which was 3.7 %. There is no agreed level of genetic differentiation that 

would decisively indicate independent species status for two individuals (Folino-Rorem et al. 

2009). However, the genetic distances among clades are in the range of thresholds for species 

discrimination in other hydrozoans regarding both mtDNA loci COI and 16S (Schuchert 

2005, Folino-Rorem et al. 2009, Montano et al. 2015, Maggioni et al. 2016, Cunha et al. 

2017). For example, data from a recent taxonomic revision of the hydrozoan genus 

Cordylophora revealed a genetic differentiation between two species clades of 6.04 % (16S) 

and 12.35 % (COI; Folino-Rorem et al. 2009). Similar genetic distances were also found 

between two species of the hydrozoan genus Pteroclava with uncorrected p-distances of 7.5 

(16S) and 16.0 (COI; Maggioni et al. 2016). Additionally, as a common rule for species 

discrimination, inter-specific genetic distances should be about ten times higher compared to 

intra-specific distances (Hebert et al. 2004). Relying on that classification criterion, the two 

major genetic mtDNA lineages in Craspedacusta represent two distinct species. For 

Craspedacusta, the K2P-distance between the two main clades was about 13 times greater 

than within clades based on COI (Table 6). The distance was about 10 times higher based on 

16S, which suggests a lower discriminatory power of that locus (Table 7). Thus, the 

commonly recommended mitochondrial 16S rRNA gene as a preferred DNA barcode for 

Hydrozoan species identification (Miglietta et al. 2009, Moura et al. 2011, Moura et al. 2012, 

Zheng et al. 2014, Moura et al. 2018) has been shown to be less discriminatory regarding 

Craspedacusta, although the recognition of separated lineages was consistent with both loci. 

Therefore, the levels of genetic divergence observed within Craspedacusta indicate the use of 

COI sequences in phylogenetic studies. 

Importantly, morphology-based species identification within the genus Craspedacusta is 

ambiguous (Jankowski 2001, Pope 2007, Fritz et al. 2009, Zhang et al. 2009, Jankowski and 

Anokhin 2019) due to insufficient species descriptions, ignoring age- and sex-specific 



morphological variation of traits. The naming of now genetically-defined Craspedacusta 

species remains therefore problematic. Notably, the original species names and species 

descriptions in Chinese literature are primarily based on the origin of the individuals and the 

respective name of the lake or region with low attention to species-diagnostic traits, which 

contributes to the confusion. In many cases, new descriptions of Craspedacusta later turned 

out being a local variation of a formerly described species (Bouillon and Boero 2000, 

Jankowski 2001). This explains the problems with species names such as “C. kiatingi”, a 

species, which has originally been described as a variant of C. sowerbii only (Gaw and Kung 

1939) but which is treated as a “species” (e.g. in Jankowski and Anokhin 2019, Schifani et al. 

2019) also in GenBank entries. That the morphology of genetically-defined C. kiatingi 

specimens from Europe did not correspond to “species-diagnostic” morphological traits of the 

species (Fritz et al. 2009) underlines the confusion. 

Molecular analyses of COI from type material (holotypes) of the morphologically defined 

species would be useful to determine species names. The holotype of C. sowerbii (Lankester 

1880) probably does not exist, but for example a specimen of C. sowerbii from London from 

1883 and type material from C. sinensis (Gaw and Kung 1939), C. ziguensis (He and Xu 

1985) and of C. kiatingi (Gaw and Kung 1939) is available (see Jankowski 2001 and 

Smithsonian National Museum of Natural History, USA). In case of low quality of DNA of 

these speciemens due to formalin-preservation, an alternative approach would be the detailed 

morphological description of individuals of the genetically-defined species C. sowerbii type 1 

and C. sowerbii type 2 and the determination of morphological diagnostic characters. 

Assessing morphological similarities and differences for additional samples of Craspedacusta 

from around the world in conjunction with molecular species identification would further 

allow addressing the role of morphological plasticity in the taxonomy of this hydrozoa and is 

recommended for the two life stages, polyp and medusa. 

Intense population samplings at three remote lakes (Lake near Jílové/Držkova, Lake 

Schwarzlsee, Lake Waldsee) showed that medusae individuals within lakes were fixed for a 

specific haplotype and sex. While the female-type 1.1 was found in two lakes, the male type 

1.2 was found only once among medusae. Overall, the female type 1.1 was the most frequent 

one in the 25 jellyfish-lakes screened in this study. This finding is consistent with the 

frequently described occurrence of unisexual and mainly female medusae populations of 



Craspedacusta within European lakes (Boecker 1905, Dejdar 1934, Germain 1934, Stadel 

1961, Lundberg et al. 2005, Pérez-Bote et al. 2006).  

Only in one lake, Lake Baarer Weiher (Germany), haplotypes of both species and both sexes 

were found simultaneously in population samples of the sexually reproducing medusa life 

stage in 2016 and 2017. Male haplotypes from the two species (type 1.2 and 2.1) were found 

across years and medusae with the female haplotype 2.2 at least in one of the years (Suppl. 

Table 1). The coexistence of female and male medusae of both species in Lake Baarer Weiher 

shows that the two species are theoretically able to reproduce sexually and that even 

hybridization between the two species is possible. Nevertheless, regarding the high degree of 

unisexual medusae populations within almost all investigated lakes in this and in previous 

studies, it has to be assumed that bisexual reproduction of both Craspedacusta species is 

highly limited within Europe. But in case this happens, each sexually produced offspring will 

be characterized by its unique genetic combination which will differ from parents and all 

siblings recreating genetic diversity. Similarly, in the case of hybridization, a high level of 

genetic diversity will be created and among those hybrid genomes, few might be better 

adapted to novel environments than each of the parental species (Seehausen 2004). 

The perfect association between the sex of medusae and haplotype in both Craspedacusta 

species constitutes a first strong indication, that the sex of medusae is genetically defined. 

This genetic sex determination of descendants has already been described for other cnidarians 

like Aurelia or the sea anemone Actinia (Ayre 1988, Liu et al. 2018). In contrast, in some 

other hydrozoan genera, environmental parameters such as water temperature or food 

availability play a role in the sex determination of descendants, like in Clythia or Hydra 

(Littlefield 1994, Carré and Carré 2000). For example, when Clythia colonies were raised at 

lower temperatures of about 15°C, the released medusae were mainly male in contrast to 

predominantly female medusae, when they were budded and cultured at higher temperatures 

(24°C; Carré and Carré 2000). Such a mechanism for sex determination of the medusa stage 

cannot be totally excluded for Craspedacusta at the present stage but is less likely than the 

genetic determination by the mother polyp because of the perfect coupling of haplotype and 

sex in the present study. Notably, males and females were found at the same sampling date 

within a specific lake and individuals were similar in size (pers. obs.), indicating that they 

were produced at a similar time point.  



The finding that haplotypes from the two species co-occurred within many European lakes, at 

least in the polyp stage, indicates rather broad than narrow ecological requirements of these 

four types for a successful establishment. However, that only four haplotypes managed to 

spread could mean that only a few haplotypes are able to cope with the environmental 

conditions outside China. Only three subvariants of the four major haplotypes showed a 

mutation: two 16S singletons and one rare COI haplotype were detected among six 

individuals across all data sets (481 individuals). Each subvariant was restricted to a specific 

lake. The question arises, if these are newly evolved haplotypes or if they have also been 

introduced from China in the past. That few generalist haplotypes can be highly invasive, has 

recently been shown for Daphnia galeata from the D. longispina complex, where identical 

lines spread between China and Europe (Yin et al. 2018). 

Coexistence of mtDNA haplotypes in the polyp and in the medusa stage 

When the focus is on the polyp stage, several examples of haplotype and species coexistence 

within the same lake were found in the present study. With increased sampling intensity 

detection also increased notably. Polyps from two species and three different haplotypes in 

Lake Langwieder See were detected even on a single stone (type 1.1, 1.2 and 2.2; dataset 3). 

This proposes that with even higher sampling intensity all known haplotypes might be found 

within specific lakes. On the contrary, species coexistence and even coexistence of haplotypes 

from the same species seems to be the exception in the medusa life stage, also when sample 

size was increased. Type 1.2 was the most frequent one among polyps while it was rare 

among medusae. In contrast, haplotype 1.1 was the most abundant among medusae but rare 

among polyps. These differences in haplotype frequencies among polyps and among 

medusae, which come along with rare coexistence of medusae with different haplotypes (and 

sex), can have several reasons. For example, external factors such as temperature, food, light, 

pH and CO2 (reviewed in Acker and Muscat 1976) that trigger medusae budding in polyps 

might be haplotype-specific (Van Walraven et al. 2016). Another explanation could be that 

the released newborn medusae have haplotype-specific requirements to reach the adult 

medusa stage. Their successful development may, for example, depend on the availability of 

preferred food provided by local communities in the different lakes. In this way, only a few 

lakes could meet the requirements for species and haplotype coexistence in the medusa stage.  



Geographical distribution of species – Subtropical and temperate species? 

At the species level, C. sowerbii type 2 was much rarer than C. sowerbii type 1 in both life 

stages in the European samples of the present study. This suggests different invasion success 

of the two species. An alternative explanation for the biased species abundances could be that 

C. sowerbii type 1 was just the earlier invader and is for that reason more abundant. Finally, 

the two species might also differ in ecological requirements, being more generalists or 

specialists. Schifani et al. (2019) speculated that C. kiatingi (corresponding to C. sowerbii 

type 1) seems to be better adapted to continental or temperate climates, while C. sowerbii 

(corresponding to C. sowerbii type 2) may find its optimum in warmer climates. The obvious 

dominance of C. sowerbii type 1 in European countries with a temperate climate (Austria, 

Czech-Republic, Germany and Switzerland) and of C. sowerbii type 2 in countries with a 

temperate Mediterranean and subtropical climate (Chile, Greece, Italy, and Uruguay) support 

this idea. Additionally, medusae of C. sowerbii type 2 were more common among German 

samples in the extraordinarily hot season 2018 (Imbery et al. 2018) compared to the years 

2015-2017 (S. Gießler, pers. comm.). It is likely that C. sowerbii type 2 is better adapted to 

warmer conditions, which notably also includes an adaption to specific food web 

communities and dynamics of these lakes. This could also mean that C. sowerbii type 2 could 

increase its range in regions with usually temperate climates when temperatures further 

increase. However, the hypothesis that the invasion success of the two species is linked to 

climatic conditions should be tested based on a much wider sampling of the Craspedacusta 

populations occurring worldwide. 

It has to be noted that the newly obtained 16S sequences of polyps from Lake Tanganyika are 

the first molecular data for Craspedacusta from the African continent. Medusae of 

Craspedacusta were formerly recorded from southern Africa (Rayner 1988, Rayner and 

Appleton 1989, Rayner and Appleton 1992). However, the newly sampled and genotyped 

polyps are the first evidence that Lake Tanganyika contains both limnomedusan genera 

Limnocnida and Craspedacusta. Polyp density in this African lake was low in the searched 

regions (pers. obs.), but two polyps could be analyzed, which showed mtDNA haplotypes 1.1 

and 2.2. Therefore, two Craspedacusta species coexist with L. tanganicae at least in the polyp 

stage. However, if this coexistence already exists since long time is not known. Further 

molecular investigations are recommended to test species-specific or even haplotype-specific 

ecological adaptions and to examine if the potentially sub/-tropical C. sowerbii type 2 

predominates among Craspedacusta polyps in Lake Tanganyika. 



Joint phylogenetic analyses of the two loci COI and 16S revealed that the two species C. 

sowerbii type 1 and C. sowerbii type 2 succeeded to invade freshwater ecosystems worldwide. 

Although only a few Craspedacusta medusae samples from around the world had been 

analyzed by molecular markers thus far (Table 1), a worldwide spread of three specific 

haplotypes outside Europe emerged: type 1.1 was found in Africa (own data), type 2.1 was 

found in China (Zou et al. 2012) and type 2.2 was found in North and South America (Collins 

et al. 2008, Fuentes et al. 2019, Martinez unpubl.) and on the African continent (own data; 

data set 2).  

The current data are insufficient to reconstruct the invasion history of Craspedacusta because 

of low sample sizes, but the wide geographic distribution of the same Craspedacusta mtDNA 

haplotypes indicates that there must have been multiple introductions of specimens. It has 

been demonstrated that multiple introductions may be the rule rather than the exception for 

many aquatic invasive species (Folino-Rorem et al. 2009). For instance, several species, such 

as Dreissena polymorpha and Dreissena bugensis, were probably introduced multiple times 

by ballast water from the Pontio-Caspian to the North American Great Lakes (Colautti et al. 

2005, Stepien et al. 2005, Stepien and Tumeo 2006). Especially recurrent human-mediated 

vectors are important for multiple and long-distance dispersals by creating high connectivity 

among habitats over space and time (e.g. Puth and Post 2005, Riccardi 2015, Bullock et al. 

2018) and should be considered as main factors also in the distribution of Craspedacusta.  

Despite low sample sizes, haplotypes from both species have been reported in two individuals 

from China, the country of origin: one species-specific haplotype from C. sowerbii type 2 

(type 2.1) and another Chinese haplotype, which was placed in the species cluster from C. 

sowerbii type 1 by phylogenetic analyses. That haplotypes have spread from China and that 

multiple introductions occurred is also supported by ITS-phylogenies including more Chinese 

individuals; again, two species clusters emerged where sequences from China were grouped 

together with sequences from different geographic origin, from Europe and Chile (Fritz et al. 

2009, Fuentes et al. 2019, Schifani et al. 2019).  

The co-occurrence of different haplotypes within Europe may be the result either of multiple 

independent introductions or co-introduction of multiple lineages. Based on morphological 

identifications, several Craspedacusta species/lineages co-occur in the native range, 

especially in the Yangtzekiang River System, even within the same enclosed water body 



(Kramp 1950). It is therefore likely that these lineages were transported together as benthic 

life stages (polyps, frustules, podocysts) attached to the same vector such as ornamental 

plants, mussels or stones. The finding of polyps of three different haplotypes on the same 

stone at Lake Langwieder See supports this suggestion. Colonies composed of individuals 

from different species might have been transported in such a way repeatedly over time.  

The finding of all four haplotypes among young lakes only a few kilometers apart (see also 

Figure 5 c) further indicates that specimen of all four haplotypes must be highly effective in 

post-introduction population expansion. For example, Lake Baarer Weiher (types 1.2, 2.1, 

2.2) was excavated between 1968 and 1989, Lake Waldsee (type 1.1) was excavated in 1967 

and "Reichertshofen Lake D" (type 2.2) was built between 1983 and 1998. It remains, 

however, unclear to what extent the observed distribution withn this region is the result of 

natural dispersal or repeated human-mediated distribution.  

In this study, the genetic population structure of European Craspedacusta polyps and 

medusae based on mtDNA data was addressed. One unexpected finding was missing 

haplotype diversity among male and female medusae, which needs further attention. 

However, the fact that only four haplotypes have been found does not mean that populations 

are composed of few clones. Since genetic diversity at the nuclear level also seems to be low 

as derived from ITS-data (Fritz et al. 2009, Zheng et al. 2009, Schifani et al. 2019), a 

predominant clonal population structure of Craspedacusta in freshwater environments is 

likely. Additional analyses with nuclear codominant markers (such as microsatellites) are 

needed to decide about predominant clonal population structure. The resulting cyto-nuclear 

genotypes will allow tracing the extent of genetic recombination within species and potential 

hybridization between species. 



The polyp stage is the important life cycle element for the establishment of Craspedacusta in 

a newly invaded habitat and Hydra polyps are potential native cnidarian competitors as they 

have similar dietary niches and can co-occur on the same substrate (Dodds and Hall 1984, 

Koetsier and Bryan 1989, Stanković and Ternjej 2010, Folino-Rorem 2015). 

A comparative functional response methodology was used to assess the relative use of 

resources by the invasive polyp Craspedacusta and the native Hydra sp. Results have shown 

that both polyps can ingest a considerable number of rotifers (Brachionus calyciflorus) over 

time and that both polyps ingested increasing numbers of prey with increasing concentration 

of the prey. It was difficult to decide on the appropriate type of functional response because 

saturation was not reached for both predator-prey systems and the data were also well 

described by a linear function. This observation of non-saturation is common in experiments 

with cnidarians (Purcell 1997), which are considered to be a type of “functional” filter-feeders 

(Jeschke et al. 2004). Nevertheless, an indication for saturation occurred at prey levels higher 

than 0.6 µg C L-1 for both predators Craspedacusta and Hydra and a functional response type 

2 (Holling 1959) was therefore applied.  

The functional response analyses further showed that the maximum ingestion of prey items by 

a single Hydra polyp (8.60 ± 5.10 µg C d-1) was higher as for a single Craspedacusta polyp 

(3.86 ± 0.87 µg C d-1). Sessile polyps like Hydra and Craspedacusta are ‘sit-and wait-

predators’ (Kaliszewicz 2013), in which the effectiveness of their strategy is based on both the 

ability of the predator to catch prey and the probability of prey coming in reach of the 

predator. A high number of tentacles had been observed to increase predation and prey-

holding efficiency in some other ‘sit-and-wait’ predators like corals (Sebens 1987). It is likely 

that the presence of tentacles in Hydra and the absence of tentacles in Craspedacusta are the 

reason for observed differences. A lower prey handling time was formerly described as being 

a characteristic trait of successful invasive crustaceans in comparison to the handling time of 

similar native species (Dick et al. 2013). The present data show, that this is not necessarily a 

characteristic trait of the polyps of invasive Craspedacusta and it seems that Hydra has an 

advantage considering the maximum intake of prey items.  



However, the average dry weight of pooled samples of polyps within this study revealed that 

one polyp of Hydra was on average ten times heavier in terms of dry weight and carbon 

content as one individual of Craspedacusta. Hence, the ingestion rate in relation to the body 

carbon of the predator (mass-specific ingestion rate) showed an opposite pattern as the 

feeding rates per individuals. The daily mass specific ingestion rate of Craspedacusta was 

higher as the one of Hydra. Polyps of Craspedacusta were able to ingest up to 18 times their 

own body carbon per day and a single Hydra polyp ingested four times its own body carbon 

per day at the maximum prey density. A daily food uptake which is higher than the body 

weight has also been shown for other cnidarians like the hydrozoan medusae Sarsia tubulosa 

(Daan 1986), Sarsia geminifera (Stibor et al. 2004) or the ctenophore Pleurobrachia bachei 

(Hirota 1972). Less is known about daily mass specific ingestion rates of sessile cnidarians, 

but for example, the marine hydroid Tubularia larynx is able to capture a mean of 4.15 mg 

dry weight of prey per day, which represents between 70 and 110% of the dry weight of a 

single hydranth (Gili et al. 1996). So far, this value was seen as the highest reported from any 

hydroid or other cnidarians (Gili et al. 1996) but the present study indicates that the ingestion 

rates of polyps of Craspedacusta are much higher.  

Related to the high daily mass specific ingestion rate of Craspedacusta was the fast and high 

numerical response of the polyps. Hydra was not able to use the ingested prey for offspring 

reproduction, independent on the tested food levels. Even at the highest food level of 1 µg 

carbon per ml, no asexual reproduction was observed. This indicates that Craspedacusta 

polyps can use ingested food more efficiently for asexual reproduction compared to Hydra 

polyps. However, various factors can contribute to the growth of Hydra including the 

surrounding medium, temperature, pH, dissolved oxygen and ionic balance (Quinn et al. 

2012). Laboratory experiments using H. littoralis and H. vulgaris have for example 

demonstrated that Hydra may require defined ranges of these factors, including temperatures 

of 20-30°C and daily feeding of Artemia in order to achieve logarithmic growth (Loomis 

1953, Fu et al. 1991). That offspring production, especially frustules budding of polyps, 

depends on feeding rate has also been shown in former studies on Craspedacusta (Lytle 1961, 

Acker and Muscat 1976, Folino-Rorem et al. 2015) and are in accordance with the results in 

the present study. Craspedacusta produced up to three times more offspring from the same 

available food source than Hydra. The present results further indicate that increased prey 

densities caused by nutrient enrichment could trigger a very fast numerical response from 



Craspedacusta polyps and that they could be greater beneficiaries from enrichment of benthic 

food webs than it might be the case for Hydra. 

Co-occurrence of polyps from both genera Craspedacusta and Hydra, is reported even on the 

same substrate, such as dreissenid mussels (Stanković and Ternjej 2010, Folino-Rorem 2015). 

Therefore, the significance of dietary niches partitioning was investigated with a comparative 

stable isotope methodology. Stable isotope analyses are important tools for comparative 

studies of trophic niche widths and trophic positions (Peterson and Fry 1987, Bearhop et al. 

2004, Grey 2006, Cucherousset et al. 2012). Ratios of nitrogen isotopes (15N:14N) serve to 

index relative trophic levels because 15N tends to become enriched upon increased trophic 

levels. On the other hand, ratios among carbon isotopes (13C:12C) are used to identify the 

sources of basal carbon suppliers in freshwater systems (Post 2002, Finlay and Kendall 2007). 

It is important to point out that pelagic carbon sources in lakes are usually characterized by 

relatively low 13C:12C ratios compared to littoral carbon sources (France 1995). A dry weight 

of about 0.2 mg is required for measurement accuracy of stable isotopes (T. Hansen, pers. 

comm.), therefore a corresponding number of individuals needed to be pooled for each taxon 

of interest. As a consequence, the number of replicates per taxon is low (usually three). 

However, it should be noted that each sample already reflects the average values of carbon 

and nitrogen signatures of a large number of individuals, which increases the degree of 

reliability. For instance, a single data point of Craspedacusta represents the average carbon 

and nitrogen signatures of 20 individual polyps.  

The first common feature was that Hydra and Craspedacusta showed a similar trophic 

position. It is generally expected that δ15N values will be enriched at each trophic transfer by 

an increase of approximately 2.8 to 3.4 ‰ (e.g. Minagawa and Wada 1984), but δ15N values 

of the two polyp genera were on average only 0.92 ‰ different. These low differences 

support the assumption that the two polyp genera are similar in their trophic level and clearly 

predatory. The δ15N values of the two polyp genera were around 1 to 1.5 trophic positions 

higher as the ones for herbivore benthic filter-feeder Dreissena polymorpha or herbivore 

pelagic filter-feeder Daphnia longispina (Barnett et al. 2007). This relationship shows that 

polyps of the two genera are functionally similar predators and could indeed be competitors 

for food.   



However, mean δ13C values of the two different polyps were significantly different and the 

isotopic niche widths never overlapped. This clearly shows that the two polyp types have 

different dietary carbon sources and that they must be specialized on different food types. 

This implies that they are not competing for the same food and that dietary niche separation 

enables their coexistence. In detail, Craspedacusta polyps had consistently heavier carbon 

signals than the Hydra polyps. The δ13C values of Hydra were in general closer to δ13C values 

of the free-swimming medusa of Craspedacusta and the filter-feeding cladocerans Sida 

crystallina, Alona sp. and Daphnia longispina. The carbon sources of these taxa are 

predominantly pelagic (Dejdar 1934, Barnett et al. 2007), reflected by their relatively lighter 

δ13C values compared to mainly benthic grazers like the cladoceran species Pleuroxus 

truncatus (Casper 2012) or gastropods like Lymnea stagnalis (Reavell 1980). As the δ13C 

signature of Craspedacusta was similar to the values of these benthic grazers, it can be 

concluded that the carbon source of the polyp is also mostly benthic. The results show that 

neither lake specific nor seasonal differences were reasons for dietary niche separation of 

Craspedacusta and Hydra polyps. The general pattern could rather be explained by the 

morphological differences of the two polyp genera. Due to the mobility and the highly 

flexible and elongated body with tentacles, Hydra polyps might be able to catch pelagic prey. 

Due to the smaller body size and the lack of tentacles compared to Hydra, polyps of 

Craspedacusta are limited to benthic prey organisms. Such a resource partitioning based on 

morphology as observed in these investigations is a known mechanism that enables the 

coexistence of competing species (Leyequién et al. 2007). 

These morphological differences might also explain the observed higher generalistic feeding 

behavior of Hydra compared to Craspedacusta. The trophic niche of Hydra seems to be larger 

in spring (May) compared to July or October as seen by a larger ellipse area in the seasonal 

sampling approach at Lake Langwieder See. The reason for a broader trophic niche might be 

due to the already mentioned mobility and tentacle length of Hydra and additionally to higher 

abundances of different crustacean species in spring compared to summer or autumn, when 

this prey type is reduced by high predation pressure by fish (Sommer et al. 1986, Sommer et 

al. 2012). The seasonal samplings at Lake Langwieder See showed that the size of the dietary 

niche of both polyps varied with the season and influences the strength of dietary niche 

separation. 



The joint analyses of resource use efficiencies and stable isotopes analyses have shown that 

coexistence of both functionally similar polyps of Craspedacusta and of Hydra within the 

same benthic food web should be possible in a long-term perspective. Given solely the 

functional and numerical response analyses it seems that Craspedacusta has an advantage 

because of its higher resource use efficiency and the fast and high reproduction at low food 

densities. The stable isotope analyses, however, have shown that the two polyp genera occupy 

separate dietary niches independently of season and lake type, which enables their co-

existence in the same benthic food web. For that reason, an establishment of Craspedacusta 

should not be affected by competition for food with the resident Hydra polyps. 

 



In marine systems, gelatinous predators are more common compared to freshwater systems 

and several studies describe cascading effects of jellyfish down to phytoplankton growth 

(Stibor et al. 2004, Pitt et al. 2007, West et al. 2009). In freshwater systems, the hydrozoan 

jellyfish Craspedacusta sowerbii can form big blooms of medusae during summer. In a 

mesocosm experiment, Jankowski et al. (2005) were able to measure a decrease of 

zooplankton biomass and an increase of chlorophyll a, a measure for phytoplankton biomass, 

within a mesocosm experiment. The authors compared the effect of a very high jellyfish 

density to the effect of no predation on the community of a hypertrophic lake. However, 

jellyfish can occur in different densities in lakes and within a specific lake, medusae density 

can vary seasonally. Furthermore, zooplankton and phytoplankton communities differ among 

lakes and a higher diversity of taxa and a higher number of trophic interactions within a lake 

potentially influence trophic cascades (Shurin et al. 2002, Stibor et al. 2004). For these 

reasons, the effect of different jellyfish densities (0, 2, 4, 8, 16 medusae per 140 L enclosures) 

on the natural summer plankton community of three different oligotrophic lakes were tested 

within the present study to figure out general mechanisms of food web dynamics mediated by 

jellyfish in this lake type. 

The results show that C. sowerbii was able to significantly reduce the amount of crustacean 

mesozooplankton and to indirectly induce a significant increase of phytoplankton. The strong 

positive effect of zooplankton removal on algal biomass indicates a three-link trophic cascade 

in all investigated plankton communities. 

Density-dependent jellyfish effect on zooplankton abundance 

At the end of all three mesocosm experiments, a strong negative relationship between jellyfish 

density and mesozooplankton biomass was observed. This inverse relationship between 

medusa densities and their prey has also been found in several studies with marine jellyfish 

species and supports this result (e.g. Möller 1984, Brewer 1989, Behrends and Schneider 

1995). Within the experimental duration of 13 days, in treatments with highest jellyfish 

density (16 jellyfish per 140 L enclosure) the mean reduction of zooplankton biomass ranged 



between 37 and 96 % whereas in low density treatments (2 jellyfish per 140 L enclosure) the 

values were between 5 and 41 % in comparison to control treatments. Such high reduction of 

zooplankton indicates that predation by C. sowerbii can be substantial already at much lower 

densities (0.014 ind L-1 to 0.114 ind L-1) compared to densities described by Jankowski et al. 

(2005; 0.5 ind L-1). The strong reduction of mesozooplankton biomass supports the former 

suggestions that C. sowerbii is able to decrease zooplankton standing stocks in lakes (Davis 

1955, Green 1998, Jankowski and Ratte 2001, Smith and Alexander 2008). 

Changes of zooplankton community composition 

Across all three experiments, jellyfish had a significant negative effect on all crustacean 

mesozooplankton groups and taxa. The investigated zooplankton communities contained 

cladocerans of the genera Bosmina, Ceriodaphnia, Daphnia and Diaphanosoma, and both 

calanoid and cyclopoid copepods. Similar diets, including a variety of cladocerans and 

copepods, have been reported previously (e.g. Davis 1955, Dodson and Cooper 1983, 

Spadinger and Maier 1999, Boothroyd et al. 2002). These taxa and groups are the most 

common members of freshwater pelagic communities and known to be phytoplankton grazers 

(Barnett et al. 2007). Consequently, jellyfish are not dependent on a specific prey type and 

could potentially cause increased algal growth by reducing zooplankton in a variety of lakes.  

No preference of jellyfish for a specific taxon or group was found, but the strength of negative 

effects on the different taxa varied and, in some cases, also a slight positive effect on specific 

taxa was observed. Higher effect sizes by predation of jellyfish were measured for bigger and 

active prey such as Daphnia and cyclopoid copepods, already at low jellyfish densities (2 

jellyfish per 140 L enclosure). Size and activity of prey being important factors for feeding 

preferences of jellyfish have been already noted in former studies about C. sowerbii (Dodson 

and Cooper 1983, Spadinger and Maier 1999, Boothroyd et al. 2002). Especially selectivity 

coefficients calculated based on stomach analyses of C. sowerbii medusae support the food 

preference for bigger and active prey (Spadinger and Maier 1999). 

The effect on smaller taxa such as Bosmina and Ceriodaphnia, which are considered to be at 

the lower limit of prey size for C. sowerbii (Spadinger and Maier 1999), varied among the 

experiments. The indifferent effects of C. sowerbii on the abundance of Bosmina due to 

decreased encounter rate have also been shown by Smith and Alexander (2008). Since the 

feeding mode of C. sowerbii may be passive, the result of encountering prey while sinking 

down through the water column with expanded tentacles is likely to be related to the 



abundance and size of prey. Other factors, such as thick exoskeletons, powerful escape 

movements and, immunity to nematocyst toxins could reduce the likelihood of being preyed 

upon for certain groups of zooplankton (Boothroyd et al. 2002). This observed feeding of C. 

sowerbii in response to zooplankton body-size and overall prey abundance further resulted in 

a change in community composition in comparison to jellyfish-free treatments. Changes of 

zooplankton community composition can have further effects on filtration rates, recycling 

processes or predation risk by size-selective predators such as visually feeding fish.  

Changes of zooplankton diversity 

Predation by C. sowerbii also had consequences for zooplankton diversity. A reduction of 

diversity of zooplankton communities in terms of reduced evenness in two of the investigated 

zooplankton communities (Lake Haselfurther Weiher, Lake Waldsee) was observed. In the 

third community, the opposite effect was visible, diversity/evenness increased (Lake Haager 

Weiher). In this community, zooplankton taxa were more equally represented with higher 

jellyfish predation. Consequently, the initial zooplankton community composition is crucial 

for the direction of jellyfish predation effects on the diversity of crustacean mesozooplankton.  

If the initial community is dominated by one or a few groups (low evenness) and jellyfish will 

preferably feed on the dominant group, then zooplankton evenness might increase and thereby 

also diversity. In case that the initial mesozooplankton community is composed evenly and 

that jellyfish selectively feed on one specific taxon, evenness might decrease and thereby also 

mesozooplankton diversity. Diversity of herbivore consumers can also have far-reaching 

consequences for ecosystem dynamics as consumer diversity might influence its function as 

predator of primary producers but also its role as prey for higher trophic levels (Gamfeldt et 

al. 2005, Hillebrand and Shurin 2005, Striebel et al. 2012). 

Density-dependent jellyfish effect on phytoplankton 

In all three experiments, phytoplankton biomass increased significantly with increasing 

jellyfish abundance, suggesting that jellyfish stimulate primary production indirectly by 

zooplankton reduction. Such clear trophic cascades induced by jellyfish top-down effects 

were visible on average three days after the start of the experiments and were more or less 

pronounced until the end. In all three experiments, chl a was on average two to three times 



higher in treatments containing the maximum number of jellyfish (16 per enclosure) 

compared to jellyfish-free treatments. The strong positive effect of zooplankton removal on 

algal biomass indicates a three-link trophic cascade, as it is usually observed in freshwater 

systems with planktivorous fish as top-predator (Carpenter et al. 1985, Vanni and Findlay 

1990, Vanni et al. 1997). This contrasts with observed trophic cascades induced by marine 

jellyfish, where jellyfish presence can also result in lower phytoplankton growth, due to 

alternative trophic pathways in relation to the dual role of copepods (Stibor et al. 2004). In 

marine systems, copepods are the dominant functional group, but in freshwater, cladocerans 

usually dominate the zooplankton community in terms of abundance, species number and 

biomass (Sommer and Stibor 2002, Walseng et al. 2006). As described above, C. sowerbii 

reduced both functional groups and feed on specific prey taxa more or less in proportion to 

their abundance. A general cascading effect of jellyfish predation on phytoplankton growth 

should for that reason be true for a broad variety of freshwater lakes. Additionally, it has been 

shown that the combined impact of both functional zooplankton groups, cladocerans (filter-

feeder) and copepods (selective feeder), led to a substantial decline in phytoplankton biomass 

in contrast to the impact of a single functional group (Sommer et al. 2001, Sommer et al. 

2003). Consequently, a reduction of members of both groups by jellyfish predation should 

lead to stronger cascading effects than the reduction of only one of the two groups.  

In earlier experiments with C. sowerbii described by Jankowski et al. (2005), similar effects 

on phytoplankton growth were observed; the phytoplankton biomass was about three times 

higher with the in treatments with highest jellyfish densities compared to jellyfish-free 

treatments (Jankowski et al. 2005). However, the experimental jellyfish density described in 

the study of Jankowski et al. (2005) exceed by far (4 times) the jellyfish densities in the 

present experiments. The present results therefore clearly show that C. sowerbii can have 

strong cascading effects on phytoplankton already at low jellyfish densities. Consequently, 

not only big jellyfish blooms, but also a moderate occurrence of jellyfish could have 

measurable cascading effects in pelagic food webs.  

The difference in the strength of cascading effects on phytoplankton biomass between the 

present three experiments and the study of Jankowski et al. (2005) could be explained by 

obvious differences in community composition of zooplankton. In the study of Jankowski et 

al. (2005) younger life stages of copepods and small cladocerans (bosminids) dominated in 

the lake and in the diet of jellyfish. In the present study, initial communities and diet of 

jellyfish were more diverse and also larger cladocerans, such as Daphnia were included. As it 



was shown in a series of studies, especially large cladoceran species and individuals are very 

efficient grazers and may strongly suppress algal biomass (Gliwicz 1977, 1980). Therefore, 

these cladocerans play a key role in trophic cascades. This is supported by the stronger link 

between jellyfish density and phytoplankton biomass in the experiment of Lake Waldsee in 

comparison to the other two experiments; probably due to a higher proportion of larger 

cladocerans in the initial zooplankton community and a strong reduction of these by C. 

sowerbii. 

Jellyfish effect on phytoplankton composition 

Not only total biomass of phytoplankton was indirectly increased by jellyfish predation on 

zooplankton, but the composition of phytoplankton was also changed. The dominance of a 

specific group was stable across treatments for a specific experiment (green algae in 

Haselfurther Weiher and Waldsee, diatoms/dinoflagellates in Haager Weiher), but the 

functional groups diatoms/dinoflagellates and green algae benefited the most from the 

presence of jellyfish across all experiments A change of phytoplankton composition was 

further attributed to a neutral or negative indirect effect of jellyfish on blue-green algae and 

cryptophytes, when present. Such changes in the community composition of phytoplankton 

also change edibility and quality of phytoplankton as a food source for zooplankton.  

The size of phytoplankton is one of the most fundamental traits for feeding relationships 

between phytoplankton and zooplankton. A change of community composition could be 

accompanied by a shift in phytoplankton size and therefore the edibility for grazers could be 

affected as well. Especially the size range of diatoms and dinoflagellates, the groups which 

benefited the most by jellyfish predation on zooplankton, is large (Litchman et al. 2009, Le 

Bescot et al. 2015). Cell volumes of freshwater diatoms, for example, vary <6 orders of 

magnitude with the largest cells being approximately 106 µm3 (Litchman et al. 2009). Bigger 

taxa would be inedible for most cladocerans, as the size range of food items ingestible for 

cladocerans is determined by the filter mesh-size and the opening width of the mandibles and 

the carapace gap (Sommer and Stibor 2002). For example, Daphnia spp. has lower size limits 

of approximately 1 mm and upper ones of around 30 mm (Gliwicz and Siedlar 1980, Geller 

and Müller 1981, Gophen and Geller 1984). Copepods generally can ingest larger food items 

than cladocerans, although a wide overlap in the food spectrum is generally found (Geller and 

Müller 1981, Kleppel 1993, Adrian and Schneider-Olt 1999, Sommer et al. 2000, 2001), and 

could have an advantage in phytoplankton communities dominated by bigger taxa. 



Phytoplankton is able to synthesize essential fatty acids, amino acids, and sterols, so the 

biochemical composition varies considerably among phytoplankton taxa (Sommer et al. 

2012). Zooplankton, however, must obtain these macromolecules from their diet (Sommer et 

al. 2012). Cyanobacteria and Chlorophyta are deficient in polyunsaturated fatty acids (PUFA) 

and sterols, whereas diatoms and most flagellate taxa are in PUFA- and sterol-rich primary 

producers and thus, nutritionally rich for zooplankton (Müller-Navarra et al. 2004). The 

observed changes in phytoplankton composition mediated by indirect jellyfish effects could 

therefore result in altered availability of essential macromolecules to zooplankton. This would 

have critical consequences for zooplankton reproduction and recruitment (Arts et al. 2009). 

Dietary levels of fatty acids, amino acids and sterols had been positively correlated to growth, 

egg production and egg hatching, as well as other physiological functions in zooplankton 

(Brett and Müller-Navarra 1997, Guisande et al. 2000, Arts et al. 2009, Mariash et al. 2011). 

Jellyfish effect on seston stoichiometry 

The Redfield-Ratio defines optimal molar elemental stoichiometry of phytoplankton as 

C:N:P=106:16:1 (Redfield 1934). According to measures of classical Redfield seston 

stoichiometry, the initial phytoplankton community of all three lakes was phosphorus limited 

(C : P > 100) and nitrogen was not limiting (C : N < 7). At the end of the experiments, no 

clear relationship between jellyfish density and nutrient limitation based on seston 

stoichiometry was observed. Only Lake Waldsee phytoplankton showed a significant decrease 

of P limitation with increasing jellyfish density, based on their biomass stoichiometry. This 

indicates that the stoichiometric composition of phytoplankton can be affected by the 

presence of jellyfish. Such changes can have further bottom-up effects on higher trophic 

levels, up to zooplankton, jellyfish, planktivorous fish and piscivores. Organisms of higher 

trophic levels are usually much more constrained in their stoichiometry. Hence, if food 

stoichiometry is very different from consumer stoichiometry a so-called stoichiometric 

trophic mismatch can occur. For example, phytoplankton C : P ratios above 300 can result in 

P limitation of the growth of Daphnia, which usually has C : P ratios around 105 (Urabe and 

Watanabe 1992, DeMott et al. 2001, Hessen et al. 2004). In lake Waldsee, the C : P ratio 

decreases from an average value of 500 in control treatments to 300 in treatments with the 

highest jellyfish densitiy. An improvement of phytoplankton quality indirectly by jellyfish 

predation is visible, but it seems that zooplankton growth is still potentially affected by P 

limitation.  



Potential reasons for this observed effect of decreasing P limitation with increasing jellyfish 

density could be that nutrients are released directly during the feeding process by “sloppy 

feeding” of the jellyfish (loss of carbon and nutrients during feeding process) or by the 

jellyfish’s excretion, as it was also shown for some marine jellyfish (Pitt et al. 2007, Pitt et al. 

2009, West et al. 2009). Moreover, jellyfish may also contribute indirectly to nutrient cycling 

via a process known as biogenic mixing (Katija and Dabiri 2009, Katija et al. 2012), which is 

studied in this thesis and confirmed for C. sowerbii by laboratory experiments (topic 4, see 

page 108). To what extent a combination of these factors contributes to changes in seston 

stoichiometry and maybe supports primary production, as it was found for marine jellyfish 

already (Pitt et al. 2009), should be further investigated for systems with Craspedacusta.  

Jellyfish effect on nutrient and phytoplankton interactions 

In all three experiments, phytoplankton (chl a) increased with total phosphorus (TP). 

However, the residual variance of the linear relationship of chl a and TP was influenced by 

jellyfish density. The chl a to TP ratio was higher in treatments with high jellyfish abundances 

compared to treatments with low and zero jellyfish abundances. This indicates a lower 

predation pressure of zooplankton on phytoplankton and thereby a higher amount of 

phytoplankton per unit available phosphorus in high jellyfish density treatments. Hence, the 

measured chl a in treatments with high jellyfish abundances deviated from classical nutrient-

predicted chl a concentrations (e.g. Sakamoto 1966, Dillon and Rigler 1974, OECD 1982, 

McCauley et al. 1989, Prairie et al. 1989, Champion and Currie 2000, Räike et al. 2003, 

Håkanson et al. 2005). This finding is in accordance with the cascading trophic interaction 

theory (Carpenter et al. 1985) and supports the finding of jellyfish mediated trophic cascades 

down to phytoplankton. Further support was the measured lower soluble phosphorus 

concentrations per unit total phosphorus with increasing jellyfish abundances. Reduced 

zooplankton grazing pressure on phytoplankton in treatments with jellyfish resulted in higher 

standing stocks of phytoplankton and thereby higher phosphorus uptake and consequently 

lower dissolved phosphorus levels in the water. 

The observed cascading effects by jellyfish on mesozooplankton assemblages were clearly 

density-dependent. The results show that not only big jellyfish blooms but also a moderate 

occurrence of jellyfish could have measurable cascading effects in pelagic food webs. 



However, it is very difficult to estimate “average” natural abundances of jellyfish in lakes as 

jellyfish distributions are very patchy and variable (Boulenger and Flower 1928, Milne 1938, 

Deacon and Haskell 1967, Graham et al. 2001). A swarm of jellyfish occurring in a small area 

of a lake may have strong local impacts on zoo- and phytoplankton but it will be very difficult 

to estimate the effect sizes of such a local swarm for entire lake plankton communities. It is 

important to note that mesocosm experiments in general detect short-term cascade effects 

within days to weeks (Benndorf 1990). Support for the results of the mesocosm experiments 

by field analyses would be useful to predict cascading effects by jellyfish in situ.  



It was hypothesized that Craspedacusta as the “new” jellyfish member of freshwater food 

webs could also have strong “biomixing” effects such as seen in marine jellyfish and thereby 

supply phosphorus to nutrient-depleted surface layers by upward migrations. 

Strong effects of Craspedacusta medusae on the net upward phosphorus transport in 

experimental water columns were measured in the present study. Within one hour, one 

jellyfish transported about 0.1 % of the injected P-concentration from the bottom of the 

experimental water column to the top of the column. As no phytoplankton and almost no 

bacteria were left after filtration of lake water (0.2 µm) at the beginning of each experiment, 

the nutrient redistribution due to excretion and swimming of zooplankton was very small (see 

own data). Therefore, the main reason for the nutrient increase at the top of the columns was 

most likely the swimming behavior of the jellyfish. By moving upwards, the pulsation mode 

of the medusae sets large starting vortexes into motion (contraction phase), which are stopped 

with a second vortex ring during expansion (Lucas et al. 2013). This process sets big 

packages of water into motion (Colin et al. 2006) and could have largely contributed to the 

measured upward transport of phosphorus. The medusae are moving downwards more 

passively by sinking and thereby exposing tentacles upwards as a filter mechanism for 

catching their prey (Boulenger and Flower 1928, Milne 1938). Therefore, the downward 

transport of phosphorus by sinking medusae is probably very low. 

The effect of the freshwater medusa on nutrient transport was compared with that of native 

crustacean and non-crustacean zooplankton. The predatory insect larvae of Chaoborus spp. is 

distributed in both temperate and tropical lakes and can be present in high numbers (Dusoge 

1983, Xie et al. 1998). The larvae diurnally migrate, during the daytime they bury themselves 

in the sediment and at night they feed at the surface (Berg 1937, Voss and Mumm 1999, 

Gosselin and Hare 2003). As Chaoborus spp. larvae are one of the biggest zooplankton 

representatives that migrate diurnally (Lorke et al. 2004), the aim of the present study was to 

measure the biogenic nutrient transport of a native zooplankton species comparable in size to 

the jellyfish. In this study, an effect of the pelagic insect larvae of Chaoborus spp. on the 

phosphorus distribution was not measurable. A possible explanation is the torpedo-shaped 

body and floating swimming mechanism of Chaoborus spp. larvae; they migrate via passive 



buoyancy using air sacks (McGinnis et al. 2017), which likely creates only a very small 

motion of the surrounding water.  

In treatments with natural crustacean zooplankton from a nearby lake a measurable but much 

smaller effect on nutrient (P) upward transport was measured. There was a clear dose – effect 

relationship visible, meaning that a linear increase in P transport could be observed with 

increasing zooplankton abundances. In the present experiments a crustacean zooplankton 

community with 8 ind L-1 transported within one hour 0.01 % of the injected P from the 

bottom to the top of the column. The observation of a small but measurable upward transport 

of P by crustacean zooplankton is in line with earlier measurements of Haupt et al. (2010) 

who also measured a small but detectable increase of phosphorus concentration in the 

epilimnion of experimental plankton towers by Daphnia diel vertical migration. They stated 

that the increase was most probably mainly due to excretion of Daphnia and in a range that 

could already result in an increase of primary production. A recent modeling study supports 

the idea that small organisms (mm-cm) such as vertically migrating crustacean zooplankton 

can induce biogenic mixing of stratified fluids even at intermediate Reynolds numbers (Wang 

and Ardekani 2015). The results of the present study show that biological upward nutrient 

transport mediated by migrating jellyfish of Craspedacusta from deeper water layers could 

probably be much stronger, resulting not mainly from excretion but from water movements 

induced by the swimming behavior of jellyfish. Light is usually sufficient in upper water 

layers to support photosynthesis, the biogenic nutrient input will therefore immediately result 

in nutrient uptake by phytoplankton and thereby enhance primary production.  



C. sowerbii is known in freshwaters for about 100 years. If the jellyfish plays a functional 

role, then lakes, which contain jellyfish, should show different food web dynamics compared 

to lakes with similar environmental factors (nutrients, morphometry, water column 

stratification) that do not contain jellyfish. In the present study strong indirect positive effects 

of jellyfish on phytoplankton biomass were measured in outdoor mesocosm experiments 

(topic 3). This phytoplankton increase could even be enhanced by the upward nutrient 

(phosphorus) transport mediated by jellyfish movements, as it was measured in columns in 

the laboratory (topic 4). If differences would be already visible in the field, higher 

phytoplankton abundances (measured as chl a) per unit of growth-limiting nutrient (P) in 

lakes containing jellyfish compared to jellyfish-free lakes were expected. However, no 

differences in the Chl-TP relationship between the two lake categories with and without 

jellyfish were detected. This can have different reasons. 

The mesocosm experiments (topic 3) have shown that trophic cascades mediated by jellyfish 

are density-dependent. However, similar as described for marine jellyfish the jellyfish density 

of Craspedacusta within a lake is hard to determine because of high patchiness of jellyfish 

occurrence and of vertical migration patterns (Boulenger and Flower 1928, Milne 1938, 

Deacon and Haskell 1967, Graham et al. 2001). High patchiness during the survey was also 

observed in all the examined lakes and the total jellyfish density of each lake was not 

determined. Indeed, higher chl a values might occur within such patches, but these values 

might not be big enough to change whole lake dynamics reflected in an altered Chl-TP 

relationship. The highest deviation of the general Chl to TP regression among jellyfish-lakes 

was calculated for Lake Waldsee, and as a very subjective estimate, the jellyfish density in 

that lake was the highest. This supports the hyopthesis that jellyfish densities of 

Craspedacusta in the examined lakes were in general rather too low to result in measurable 

changes of Chl-TP relationships. 

Additionally, it is not possible to discriminate cascading effects mediated by fish and by 

jellyfish within a single lake. It is known, that Craspedacusta medusae can co-occur with fish 

(Dodson and Cooper 1983, Jankowski et al. 2005). However, it is hard to determine, if 

jellyfish-lakes have lower fish biomass compared to jellyfish-free lakes and information about 

that relationship is completely missing. It could be possible that jellyfish can only develop in 



lakes which contain only small amounts of fish and thereby enough zooplankton for jellyfish 

growth. In this case, the relatively high zooplankton content may also reduce phytoplankton 

growth and the positive effect of jellyfish on phytoplankton growth might be invisible. 

Furthermore, if fish have a disadvantage by jellyfish presence, then Chl-TP relationships 

might not differ among lakes with and without jellyfish, because fish effects might be reduced 

and be replaced by jellyfish effects. If jellyfish and fish can co-occur undisturbed, then the 

jellyfish effect should be visible as positive deviations of Chl-TP regressions. According to 

Dodson and Cooper (1983), there should be no risk of competition between Craspedacusta 

and fish, as the predation effect of jellyfish on zooplankton is considered to be too low for 

strong competition with fish. Furthermore, according to Jankowski et al. (2005) both food 

chains of roach (planktivorous fish) and of jellyfish can co-occur and have simultaneous 

impacts on the zooplankton community structure. However, further studies are needed to 

investigate co-occurrence and the possible food web effects of different densities of fish and 

jellyfish in the field. 

Chl-TP regression models are often applied in lake management to manipulate TP levels to 

control algal biomass (Håkanson et al. 2005). Therefore, the Chl-TP regression models that 

have been presented so far (e.g. Sakamoto 1966, Dillon and Rigler 1974, OECD 1982, 

McCauley et al. 1989, Prairie et al. 1989, Champion and Currie 2001, Räike et al. 2003, 

Hakanson et al. 2005) should be analysed whether modifications for lakes containing jellyfish 

are needed assuming further increasing jellyfish abundances.  
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The polyp sampling for genetic and ecological analyses in this thesis showed that both species 

of C. sowerbii are by far more common than estimated from medusae observations only. 

These observations indicate that the dispersal rate of the polyps must be high, because polyps 

were found in nearly all the investigated lakes, even with low sampling effort. Surprisingly, 

globally known mtDNA-haplotypes were found close together within lakes, indicating that 

the likelihood of their dispersal is similar. Their unbalanced frequencies, however, suggest 

different colonization success and future research should address the adaptive potentials of the 

different haplotypes. To investigate differences in survival, growth and reproduction of polyp 

haplotypes, laboratory experiments manipulating important environmental factors such as 

temperature, light and food (quantity and quality) should be conducted. Polyp tolerance 

curves for these factors should be quantified for the different haplotypes, which can help to 

understand observed population dynamics in different aquatic systems and seasons.  

Additionally, the colonization success of the genetically different polyps can further be 

influenced by substrate type. Polyps were so far only collected from stones and not from other 

potentially inhabited substrates such as macrophytes, wood or mussels (Acker and Muscat 

1976, Park 1998, Stanković and Ternjej 2010, Folino-Rorem 2015). The genetic population 

structure of polyps sampled from different substrates should be investigated in the future and 

frequencies of haplotypes should be compared. In laboratory experiments, it could also be 

tested if polyps of different types actively prefer specific substrates. 

Understanding the interaction between an organism’s life history and environmental factors is 

an essential task in ecology. In spite of the observed presence of two species of C. sowerbii, it 

is even more important to close existing gaps in understanding how the phase transition of the 

benthic polyp to the pelagic medusa is influenced by multiple environmental factors. For 

example, external factors such as temperature, food, light, pH and CO2 are considered to 

trigger medusa budding in polyps (reviewed in Acker and Muscat 1976). If the transition of 

polyp to medusa depends on haplotype-specific triggers should be systematically tested 

within laboratory experiments.  



It should further be investigated, if the sex of medusae is linked to their mtDNA-haplotype as 

indicated by the results of topic 1. To rule out the role of thermal conditions in sex 

determination of Craspedacusta, laboratory experiments similar to the studies in Aurelia by 

Liu et al. (2018) are needed. There it has been shown that the sex of Aurelia medusae was 

determined at the polyp stage independent of temperature and that all medusae originating 

from a given polyp are, phenotypically, of the same sex. Moreover, the temperature did not 

induce a switch between sexes in older medusae (Liu et al. 2018). The question if sex is 

genotypically defined is of high evolutionary importance because selection will act primarily 

on the polyp stage and in case of a linkage, founder effects would favor sex-biased 

populations, such as observed in the wild.  

Mesocosm experiments described within topic 3 have revealed that the reduction of 

zooplankton biomass by jellyfish predation is high. In contrast to other plankton guilds, no 

important pelagic predators of the medusa are known, and the medusa can be seen as a 

potential “dead-end” in pelagic food webs. Interestingly, benthic crayfish of the genus 

Orconectes were reported to prey actively on C. sowerbii in a laboratory experiment (Dodson 

and Cooper 1983) and are considered to be the only predator of the medusae after their 

sedimentation following death. Hence, jellyfish are most probably remineralized in the 

sediment. This has been also shown for marine environments, where dead jellyfish were 

efficiently removed by benthic detrivores (Titelman et al. 2006, Pitt et al. 2008). For that 

reason, freshwater jellyfish may represent an important element of pelagic-benthic couplings 

in invaded lakes. This jellyfish mediated flux, respectively redirection of fluxes, of energy and 

matter from the pelagic into benthic environments would be new for European freshwater 

environments and should be investigated in more detail. 

Within nutrient distribution experiments of topic 4, a clear migratory pattern of freshwater 

jellyfish between deeper water layers and the surface was observed in indoor water columns. 

Under natural conditions, medusae have often been observed near the water surface in the 



morning or in the afternoon (Spadinger and Maier 1999) and during the day, they have often 

been found near the bottom (Dumont 1994, Spadinger and Maier 1999), indicationg that 

freshwater jellyfish perform diel vertical migration as most other mesozooplankton. Details 

about the rhythm of the synchronized migrations are, however, contradictory. Deacon and 

Haskell (1967) found C. sowerbii specimens near the surface during daytime and suggested 

that positive phototaxis regulates jellyfish migration. One explanation for the ambivalent 

observations could be an overlooked difference in migratory drivers such as temperature, light 

intensity and UV exposure (Williamson et al. 2011). Synchronized migrations would have 

stronger effects on the resident food web, as, for example, nutrient redistribution correlated 

with jellyfish density in the present thesis (topic 4). It is therefore important to examine the 

effect of specific drivers on vertical positioning and migration patterns of freshwater jellyfish 

for example within controlled laboratory experiments and in situ. Potential behavioral 

differences between the two Craspedacusta species in European lakes should be taken into 

account. 

In marine ecosystems the effects of eutrophication coupled with ocean warming have been 

related with an increase in the frequency of blooms of invasive jellyfish (including Cnidaria 

and Ctenophora), with relevant adverse consequences for local and regional biodiversity 

(Purcell 2005, Brotz et al. 2012, Duarte et al. 2013). Recent studies have shown that medusae 

of C. sowerbii are UV sensitive to a certain extent (Caputo et al. 2018), indicating that 

especially the medusa stage may further benefit from “browning” and eutrophication 

processes that decrease UV penetration (Huovinen et al. 2000, Huovinen and Goldman 2000). 

Such processes and future changes in the timing and length of seasons might lead to an 

increase of population sizes and further expansions of both C. sowerbii species within 

European freshwater systems, similar as it is also presumed for marine jellyfish (Purcell 

2012). For that reason, the focus on jellyfish as an important component in freshwater 

ecosystems may increase in the future and the relevance of a “gelatinous food chain” for 

freshwater systems. A recent, so far unique case of cutaneous poisoning to humans caused by 

C. sowerbii in Europe (Loeuillet et al. 2017) shows the potential dangers of invasion by at 

least one of these species and supports the need to improve the knowledge about these 

invasive freshwater jellyfish. 
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Suppl. Figure 1: Regression analyses of daily measurements of chl a concentrations of (●) the whole 

community and of the functional groups (○) green algae, (Δ) diatoms/dinoflagellates, (■) blue-green 

algae and (▼) cryptophytes versus the jellyfish density treatments in enclosures of Lake Haselfurther 

Weiher. 

Day 1

000 222 444 888 161616

0

2

4

6

8

10

Day 2

000 222 444 888 161616

0

2

4

6

8

10

Day 3

000 222 444 888 161616

0

2

4

6

8

10

C
h

lo
ro

p
h

y
ll

 a
 (

µ
g

 L
-1

)

Haselfurther Weiher

Day 4

000 222 444 888 161616

C
h
lo

ro
p
h
y
ll

 a
 (

µ
g
 L

-1
)

0

2

4

6

8

10

Day 5

000 222 444 888 161616

0

2

4

6

8

10

Day 6

000 222 444 888 161616

0

2

4

6

8

10

Day 7

000 222 444 888 161616

C
h
lo

ro
p
h
y
ll

 a
 (

µ
g
 L

-1
)

0

2

4

6

8

10

Day 8

000 222 444 888 161616

0

2

4

6

8

10

Day 9

000 222 444 888 161616

0

2

4

6

8

10

Day 10

000 222 444 888 161616

C
h

lo
ro

p
h

y
ll

 a
 (

µ
g

 L
-1

)

0

2

4

6

8

10

Day 11

Number of jellyfish (per enclosure)

000 222 444 888 161616

0

2

4

6

8

10

Day 12

000 222 444 888 161616

0

2

4

6

8

10



 

Suppl. Figure 2: Regression analyses of daily measurements of chl a concentrations of (●) the whole 

communityand of the functional groups (○) green algae, (Δ) diatoms/dinoflagellates, (▼) blue-green 

algae and (■) cryptophytes versus the jellyfish density treatments in enclosures of Lake Waldsee. 
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Suppl. Figure 3: Regression analyses of daily measurements of chl a concentrations of (●) the whole 

community and of the functional groups (○) green algae, (Δ) diatoms/dinoflagellates, (▼) blue-green 

algae and (■) cryptophytes versus the jellyfish density treatments in enclosures of Lake Haager 

Weiher. 
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Suppl. Table 1: List of altogether 481 Craspedacusta samples of polyps (P) and medusae (M) used in 

topic 1. All samples from Czech-Republic were provided by A. Petrusek, samples from “Alte Donau 

Wien” were provided by A. Schagerl, Swiss samples were provided by P. Schuchert. Population 

samples are in italics, * closest town to lake. 

 Sample 

ID 
Lake Latitude Longitude Country 

Sampling 

date 
Stage Sex type 

data 

set 

1 ADA141 
Alte Donau Wien, oxbow 

lake, site A 
48.2292 16.4353 Austria 190815 M f 1.1 1 

2 ADA142 
Alte Donau Wien, oxbow 

lake, site A 
48.2292 16.4353 Austria 190815 M f 1.1 1 

3 ADB290 
Alte Donau Wien, oxbow 

lake, site B 
48.2493 16.4060 Austria 210815 M f 1.1 1 

4 ADB291 
Alte Donau Wien, oxbow 

lake, site B 
48.2493 16.4060 Austria 210815 M f 1.1 1 

5 ADB292 
Alte Donau Wien, oxbow 

lake, site B 
48.2493 16.4060 Austria 210815 M f 1.1 1 

6 ADB293 
Alte Donau Wien, oxbow 

lake, site B 
48.2493 16.4060 Austria 210815 M f 1.1 1 

7 ADB294 
Alte Donau Wien, oxbow 

lake, site B 
48.2493 16.4060 Austria 210815 M f 1.1 1 

8 AL1 Altenhain* 51.3013 12.6797 Germany 060715 P - 1.2 1 

9 AL2 Altenhain* 51.3013 12.6797 Germany 060715 P - 1.2 1 

10 AL3 Altenhain* 51.3013 12.6797 Germany 060715 P - 1.2 1 

11 AS1 Aldrian See 46.8198 15.5299 Austria 130815 P - 1.2 1 

12 AS2 Aldrian See 46.8198 15.5299 Austria 130815 P - 1.2 1 

13 AS3 Aldrian See 46.8198 15.5299 Austria 130815 P - 1.2 1 

14 BD1 Bodensee 47.6381 9.3899 Germany 140916 P - 1.1 1 

15 BD2 Bodensee 47.6381 9.3899 Germany 140916 P - 1.2 1 

16 BD3 Bodensee 47.6381 9.3899 Germany 140916 P - 1.1 1 

17 BK356 Borecká skalka * 49.7922 15.5800 Czech-Republic 120915 M f 1.1 1 

18 BK357 Borecká skalka * 49.7922 15.5800 Czech-Republic 120915 M f 1.1 1 

19 BK358 Borecká skalka * 49.7922 15.5800 Czech-Republic 120915 M f 1.1 1 

20 BK359 Borecká skalka * 49.7922 15.5800 Czech-Republic 120915 M f 1.1 1 

21 BK360 Borecká skalka * 49.7922 15.5800 Czech-Republic 120915 M f 1.1 1 

22 BL300 Blansko * 49.3496 16.6499 Czech-Republic 101014 M m 1.2 1 

23 BR558 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 101014 M f 1.1 1 

24 BR559 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 101014 M f 1.1 1 

25 BR560 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 101014 M f 1.1 1 

26 BR561 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 101014 M f 1.1 1 

27 BR562 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 101014 M f 1.1 1 

28 BR750 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 280816 M f 1.1 1 

29 BR751 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 280816 M f 1.1 1 

30 BR752 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 280816 M f 1.1 1 

31 BR753 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 280816 M f 1.1 1 

32 BR754 Blatná - Řečice * 49.4349 13.8619 Czech-Republic 280816 M f 1.1 1 

33 BA1016 Brandsee 48.6802 11.5235 Germany 150917 M f 1.1 1 

34 BA1917 Brandsee 48.6802 11.5235 Germany 150917 M f 1.1 1 

35 BA1018 Brandsee 48.6802 11.5235 Germany 150917 M f 1.1 1 

36 BA1019 Brandsee 48.6802 11.5235 Germany 150917 M f 1.1 1 

37 BA1020 Brandsee 48.6802 11.5235 Germany 150917 M f 1.1 1 

38 BS1 Brunnensee 47.9842 12.4362 Germany 250315 P - 1.2 1 

39 BS2 Brunnensee 47.9842 12.4362 Germany 250315 P - 1.2 1 

40 BS3 Brunnensee 47.9842 12.4362 Germany 250315 P - 1.2 1 

41 BW651 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 1, 3 

 



Suppl: Table 1 continued 

 Sample 

ID 
Lake Latitude Longitude Country 

Sampling 

date 
Stage Sex type 

data 

set 

42 BW652 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 1, 3 

43 BW653 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 1, 3 

44 BW654 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 1, 3 

45 BW655 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 1, 3 

46 BW144 Neuer Baarer Weiher 48.6770 11.4911 Germany 110916 M m 2.1 3 

47 BW656 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 3 

48 BW657 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 3 

49 BW658 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 3 

50 BW674 Neuer Baarer Weiher 48.6770 11.4911 Germany 170816 M m 1.2 3 

51 BW675 Neuer Baarer Weiher 48.6770 11.4911 Germany 230816 M m 1.2 3 

52 BW676 Neuer Baarer Weiher 48.6770 11.4911 Germany 230816 M m 1.2 3 

53 BW678 Neuer Baarer Weiher 48.6770 11.4911 Germany 230816 M m 1.2 3 

54 BW872 Neuer Baarer Weiher 48.6770 11.4911 Germany 070817 M m 1.2 3 

55 BW917 Neuer Baarer Weiher 48.6770 11.4911 Germany 140817 M m 1.2 3 

56 BW1062 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

57 BW1063 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

58 BW1064 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

59 BW1065 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

60 BW1066 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

61 BW1067 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

62 BW1068 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

63 BW1069 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

64 BW1070 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

65 BW1071 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

66 BW1072 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

67 BW1073 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

68 BW1074 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

69 BW1075 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

70 BW1076 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M f 2.2 3 

71 BW1077 Neuer Baarer Weiher 48.6770 11.4911 Germany 080917 M m 1.2 3 

72 BW1118 Neuer Baarer Weiher 48.6770 11.4911 Germany 150917 M m 1.2 3 

73 BW1119 Neuer Baarer Weiher 48.6770 11.4911 Germany 150917 M m 1.2 3 

74 BW1120 Neuer Baarer Weiher 48.6770 11.4911 Germany 150917 M m 1.2 3 

75 BW1125 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

76 BW1126 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M f 2.2 3 

77 BW1127 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

78 BW1128 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

79 BW1129 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

80 BW1130 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

81 BW1131 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

82 BW1132 Neuer Baarer Weiher 48.6770 11.4911 Germany 161017 M m 2.1 3 

83 CC1 Copacabana 46.9776 15.4573 Austria 130815 P - 2.2 1 

84 CC2 Copacabana 46.9776 15.4573 Austria 130815 P - 1.2 1 

85 CC3 Copacabana 46.9776 15.4573 Austria 130815 P - 1.2 1 

86 CS1 Chiemsee 47.8712 12.4538 Germany 190715 P - 1.2 1 

87 CS2 Chiemsee 47.8712 12.4538 Germany 190715 P - 1.2 1 

88 CS3 Chiemsee 47.8712 12.4538 Germany 190715 P - 1.2 1 

89 CS677 Chiemsee 47.8712 12.4538 Germany 180816 M f 1.1 1 

90 DW1 Danglweiher 48.7587 12.9190 Germany 210715 P - 1.1 1 

91 DW2 Danglweiher 48.7587 12.9190 Germany 210715 P - 1.1 1 

92 DW3 Danglweiher 48.7587 12.9190 Germany 210715 P - 1.1 1 

93 DW151 Danglweiher 48.7587 12.9190 Germany 060815 M f 1.1 1 

94 DW152 Danglweiher 48.7587 12.9190 Germany 060815 M f 1.1 1 

95 DW153 Danglweiher 48.7587 12.9190 Germany 060815 M f 1.1 1 

96 DW154 Danglweiher 48.7587 12.9190 Germany 060815 M f 1.1 1 

97 DW155 Danglweiher 48.7587 12.9190 Germany 060815 M f 1.1 1 



 

Suppl: Table 1 continued 

 Sample 

ID 
Lake Latitude Longitude Country 

Sampling 

date 
Stage Sex type 

data 

set 

98 FA1 Fasaneriesee 48.2042 11.5291 Germany 050716 P - 1.2 1 

99 FA2 Fasaneriesee 48.2042 11.5291 Germany 050716 P - 1.2 1 

100 FK1 Feldkirchner Badesee IV 48.3260 14.0689 Austria 060815 P - 1.1 1 

101 FK2 Feldkirchner Badesee IV 48.3260 14.0689 Austria 060815 P - 1.1 1 

102 FK3 Feldkirchner Badesee IV 48.3260 14.0689 Austria 060815 P - 1.1 1 

103 FK176 Feldkirchner Badesee IV 48.3260 14.0689 Austria 181115 M f 1.1 1 

104 FK177 Feldkirchner Badesee IV 48.3260 14.0689 Austria 181115 M f 1.1 1 

105 FK178 Feldkirchner Badesee IV 48.3260 14.0689 Austria 181115 M f 1.1 1 

106 FK179 Feldkirchner Badesee IV 48.3260 14.0689 Austria 181115 M f 1.1 1 

107 FK180 Feldkirchner Badesee IV 48.3260 14.0689 Austria 181115 M f 1.1 1 

108 FS1 Feldmochinger See 48.2134 11.5143 Germany 160615 P - 1.2 1 

109 FS2 Feldmochinger See 48.2134 11.5143 Germany 160615 P - 1.1 1 

110 FS3 Feldmochinger See 48.2134 11.5143 Germany 160615 P - 1.1 1 

111 GA1 Geisenfeld* Lake A 48.7047 11.5551 Germany 291014 P - 1.1 1 

112 GA2 Geisenfeld* Lake A 48.7047 11.5551 Germany 291014 P - 1.1 1 

113 GA3 Geisenfeld* Lake A 48.7047 11.5551 Germany 291014 P - 1.1 1 

114 GB862 Geisenfeld* Lake B 48.7017 11.5566 Germany 310717 M f 1.1 1 

115 GB863 Geisenfeld* Lake B 48.7017 11.5566 Germany 310717 M f 1.1 1 

116 GB864 Geisenfeld* Lake B 48.7017 11.5566 Germany 310717 M f 1.1 1 

117 GB865 Geisenfeld* Lake B 48.7017 11.5566 Germany 310717 M f 1.1 1 

118 GB866 Geisenfeld* Lake B 48.7017 11.5566 Germany 310717 M f 1.1 1 

119 GC976 Geisenfeld* Lake C 48.7019 11.5530 Germany 220817 M f 1.1 1 

120 GC977 Geisenfeld* Lake C 48.7019 11.5530 Germany 220817 M f 1.1 1 

121 GC978 Geisenfeld* Lake C 48.7019 11.5530 Germany 220817 M f 1.1 1 

122 GC979 Geisenfeld* Lake C 48.7019 11.5530 Germany 220817 M f 1.1 1 

123 GC980 Geisenfeld* Lake C 48.7019 11.5530 Germany 220817 M f 1.1 1 

124 GS1 Griessee 47.9858 12.4423 Germany 300715 P - 1.2 1 

125 GS2 Griessee 47.9858 12.4423 Germany 300715 P - 1.2 1 

126 GS3 Griessee 47.9858 12.4423 Germany 300715 P - 1.2 1 

127 HA873 Haager Weiher 48.4503 11.8283 Germany 070817 M f 1.1 1 

128 HA874 Haager Weiher 48.4503 11.8283 Germany 070817 M f 1.1 1 

129 HA875 Haager Weiher 48.4503 11.8283 Germany 070817 M f 1.1 1 

130 HA876 Haager Weiher 48.4503 11.8283 Germany 070817 M f 1.1 1 

131 HA877 Haager Weiher 48.4503 11.8283 Germany 070817 M f 1.1 1 

132 HB1 Halfinger Badesee 47.9434 12.2775 Germany 291015 P - 1.2 1 

133 HB2 Halfinger Badesee 47.9434 12.2775 Germany 291015 P - 1.2 1 

134 HB3 Halfinger Badesee 47.9434 12.2775 Germany 291015 P - 1.2 1 

135 HS1 Hartsee 47.9268 12.3671 Germany 010616 P - 1.2 1 

136 HS2 Hartsee 47.9268 12.3671 Germany 010616 P - 1.2 1 

137 HW1 Haselfurther Weiher 48.4820 12.0130 Germany 070716 P - 1.2 1 

138 HW2 Haselfurther Weiher 48.4820 12.0130 Germany 070716 P - 1.2 1 

139 HW280 Haselfurther Weiher 48.4820 12.0130 Germany 230815 M f 1.1 1 

140 HW281 Haselfurther Weiher 48.4820 12.0130 Germany 230815 M f 1.1 1 

141 HW282 Haselfurther Weiher 48.4820 12.0130 Germany 230815 M f 1.1 1 

142 HW283 Haselfurther Weiher 48.4820 12.0130 Germany 230815 M f 1.1 1 

143 HW284 Haselfurther Weiher 48.4820 12.0130 Germany 230815 M f 1.1 1 

144 HW461 Haselfurther Weiher 48.4820 12.0130 Germany 110716 M f 1.1 1 

145 HW462 Haselfurther Weiher 48.4820 12.0130 Germany 110716 M f 1.1 1 

146 HW463 Haselfurther Weiher 48.4820 12.0130 Germany 110716 M f 1.1 1 

147 HW464 Haselfurther Weiher 48.4820 12.0130 Germany 110716 M f 1.1 1 

148 HW465 Haselfurther Weiher 48.4820 12.0130 Germany 110716 M f 1.1 1 

149 JD411 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 1, 3 

150 JD412 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 1, 3 

151 JD413 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 1, 3 

152 JD414 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 1, 3 

153 JD415 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 1, 3 



Suppl: Table 1 continued 

 Sample 

ID 
Lake Latitude Longitude Country 

Sampling 

date 
Stage Sex type 

data 

set 

154 JD416 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

155 JD417 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

156 JD418 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

157 JD419 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

158 JD420 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

159 JD421 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

160 JD422 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

161 JD423 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

162 JD424 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

163 JD425 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

164 JD426 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

165 JD427 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

166 JD428 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

167 JD429 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

168 JD430 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

169 JD431 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

170 JD432 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

171 JD433 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

172 JD434 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

173 JD435 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

174 JD436 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

175 JD437 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

176 JD438 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

177 JD439 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

178 JD440 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

179 JD441 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

180 JD442 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

181 JD443 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

182 JD444 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

183 JD445 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

184 JD446 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

185 JD447 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

186 JD448 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

187 JD449 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

188 JD450 Jílové/Držkova* 50.6691 15.2893 Czech-Republic 041015 M m 2.1 3 

189 KE7 Kesselsee 47.9161 12.3528 Germany 030616 P - 1.2 1 

190 KF1 Karlsfelder See 48.2368 11.4682 Germany 080715 P - 1.2 1 

191 KF2 Karlsfelder See 48.2368 11.4682 Germany 080715 P - 1.2 1 

192 KF3 Karlsfelder See 48.2368 11.4682 Germany 080715 P - 1.2 1 

193 KL847 Kleiner Leitner Weiher 48.7051 11.3211 Germany 180717 M f 1.1 1 

194 KL848 Kleiner Leitner Weiher 48.7051 11.3211 Germany 180717 M f 1.1 1 

195 KL849 Kleiner Leitner Weiher 48.7051 11.3211 Germany 180717 M f 1.1 1 

196 KL850 Kleiner Leitner Weiher 48.7051 11.3211 Germany 180717 M f 1.1 1 

197 KL851 Kleiner Leitner Weiher 48.7051 11.3211 Germany 180717 M f 1.1 1 

198 KO301 Kojetice* 50.2407 14.5157 Czech-Republic 120915 M f 1.1 1 

199 KO302 Kojetice* 50.2407 14.5157 Czech-Republic 120915 M f 1.1 1 

200 KO303 Kojetice* 50.2407 14.5157 Czech-Republic 120915 M f 1.1 1 

201 KO304 Kojetice* 50.2407 14.5157 Czech-Republic 120915 M f 1.1 1 

202 KO305 Kojetice* 50.2407 14.5157 Czech-Republic 120915 M f 1.1 1 

203 KR740 Klicava reservoir 50.0706 13.9311 Czech-Republic 260916 M m 2.1 1 

204 KR741 Klicava reservoir 50.0706 13.9311 Czech-Republic 260916 M m 2.1 1 

205 KR742 Klicava reservoir 50.0706 13.9311 Czech-Republic 260916 M m 2.1 1 

206 KR743 Klicava reservoir 50.0706 13.9311 Czech-Republic 260916 M m 2.1.1 1 

207 KR744 Klicava reservoir 50.0706 13.9311 Czech-Republic 260916 M m 2.1 1 

208 KS1 Klostersee 47.9746 12.4523 Germany 030616 P - 1.2 1 

209 LB1 Langbürgner See 47.9015 12.3517 Germany 290715 P - 1.2 1 



Suppl: Table 1 continued 
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210 LB2 Langbürgner See 47.9015 12.3517 Germany 290715 P - 1.2 1 

211 LB3 Langbürgner See 47.9015 12.3517 Germany 290715 P - 1.2.1 1 

212 LE2 Lerchenauersee 48.1974 11.5374 Germany 040716 P - 1.2 1 

213 LE4 Lerchenauersee 48.1974 11.5374 Germany 040716 P - 2.2 1 

214 LGX01 Lake Geneva 46.4500 6.4858 Switzerland 170613 P - 1.2 1 

215 LM1 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

216 LM2 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

217 LM3 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

218 LM4 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

219 LM5 Lake Marathon 38.1655 23.8975 Greece 150617 P - 2.1 1 

220 LM6 Lake Marathon 38.1655 23.8975 Greece 150617 P - 2.1 1 

221 LM7 Lake Marathon 38.1655 23.8975 Greece 150617 P - 2.1 1 

222 LM8 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

223 LM9 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

224 LM10 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

225 LM11 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

226 LM12 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

227 LM13 Lake Marathon 38.1655 23.8975 Greece 150617 P - 1.2 1 

228 LTP1 Lake Tanganyika -8.6227 31.2004 Africa 310316 P - 2.2 2 

229 LTP2 Lake Tanganyika -8.6227 31.2004 Africa 310316 P - 1.1 2 

230 LU1 Luberweiher 48.7838 13.0103 Germany 210715 P - 1.1 1 

231 LU2 Luberweiher 48.7838 13.0103 Germany 210715 P - 1.1 1 

232 LU3 Luberweiher 48.7838 13.0103 Germany 210715 P - 1.1 1 

233 LU162 Luberweiher 48.7838 13.0103 Germany 060815 M f 1.1 1 

234 LU163 Luberweiher 48.7838 13.0103 Germany 060815 M f 1.1 1 

235 LU164 Luberweiher 48.7838 13.0103 Germany 060815 M f 1.1 1 

236 LU165 Luberweiher 48.7838 13.0103 Germany 060815 M f 1.1 1 

237 LU166 Luberweiher 48.7838 13.0103 Germany 060815 M f 1.1 1 

238 LWA1 Langwieder See, site A 48.1935 11.4188 Germany 191115 P - 1.2 1, 4 

239 LWA2 Langwieder See, site A 48.1935 11.4188 Germany 191115 P - 1.2 1, 4 

240 LWA3 Langwieder See, site A 48.1935 11.4188 Germany 191115 P - 1.2 1, 4 

241 LWA4 Langwieder See, site A 48.1935 11.4188 Germany 191115 P - 1.1 4 

242 LWA5 Langwieder See, site A 48.1935 11.4188 Germany 191115 P - 1.2 4 

243 LWB1 Langwieder See, site B 48.1969 11.4166 Germany 191115 P - 1.2 4 

244 LWB2 Langwieder See, site B 48.1969 11.4166 Germany 191115 P - 1.2 4 

245 LWB3 Langwieder See, site B 48.1969 11.4166 Germany 191115 P - 1.2 4 

246 LWB4 Langwieder See, site B 48.1969 11.4166 Germany 191115 P - 1.2 4 

247 LWB5 Langwieder See, site B 48.1969 11.4166 Germany 191115 P - 1.2 4 

248 LWC1 Langwieder See, site C 48.1983 11.4129 Germany 191115 P - 1.2 4 

249 LWC2 Langwieder See, site C 48.1983 11.4129 Germany 191115 P - 2.2 4 

250 LWC3 Langwieder See, site C 48.1983 11.4129 Germany 191115 P - 1.2 4 

251 LWC4 Langwieder See, site C 48.1983 11.4129 Germany 191115 P - 1.2 4 

252 LWC5 Langwieder See, site C 48.1983 11.4129 Germany 191115 P - 2.2 4 

253 LWS1_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

254 LWS1_2 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

255 LWS1_3 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

256 LWS1_4 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

257 LWS1_5 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

258 LWS1_6 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

259 LWS1_7 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

260 LWS1_8 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

261 LWS1_9 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

262 LWS1_10 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

263 LWS1_11 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

264 LWS1_12 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

265 LWS1_13 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 
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266 LWS1_14 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

267 LWS1_15 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

268 LWS1_16 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

269 LWS1_17 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

270 LWS1_18 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

271 LWS1_19 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

272 LWS1_20 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

273 LWS1_21 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

274 LWS1_22 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

275 LWS1_23 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

276 LWS1_24 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

277 LWS1_25 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

278 LWS1_26 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

279 LWS1_27 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

280 LWS1_28 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

281 LWS1_29 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

282 LWS1_30 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

283 LWS2_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

284 LWS2_3 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

285 LWS2_4 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

286 LWS2_5 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

287 LWS2_6 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

288 LWS2_7 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

289 LWS2_8 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

290 LWS2_9 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

291 LWS2_10 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

292 LWS2_11 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

293 LWS2_12 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

294 LWS2_13 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

295 LWS2_14 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

296 LWS2_15 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

297 LWS2_16 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

298 LWS2_17 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

299 LWS2_18 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

300 LWS2_19 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

301 LWS2_20 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

302 LWS2_21 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

303 LWS2_22 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

304 LWS2_23 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

305 LWS2_25 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 2.2 4 

306 LWS2_26 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

307 LWS2_27 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

308 LWS3_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

309 LWS3_2 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

310 LWS3_3 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

311 LWS3_4 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

312 LWS3_5 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

313 LWS3_6 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

314 LWS3_7 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

315 LWS4_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

316 LWS4_2 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

317 LWS4_3 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

318 LWS4_4 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

319 LWS4_5 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

320 LWS5_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

321 LWS5_2 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 
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322 LWS5_3 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

323 LWS5_4 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

324 LWS5_5 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

325 LWS5_6 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

326 LWS5_7 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

327 LWS5_8 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

328 LWS5_9 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

329 LWS5_10 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.1 4 

330 LWS6_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

331 LWS6_2 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

332 LWS6_3 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

333 LWS7_1 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

334 LWS7_2 Langwieder See, site B 48.1969 11.4166 Germany 081216 P - 1.2 4 

335 OS1 Olchinger See 48.2090 11.3565 Germany 160615 P - 1.2 1 

336 OS2 Olchinger See 48.2090 11.3565 Germany 160615 P - 1.2 1 

337 OS3 Olchinger See 48.2090 11.3565 Germany 160615 P - 1.2 1 

338 PH1 Pelhamer See 47.9337 12.3502 Germany 020615 P - 1.2 1 

339 PH2 Pelhamer See 47.9337 12.3502 Germany 020615 P - 1.2 1 

340 PH3 Pelhamer See 47.9337 12.3502 Germany 020615 P - 1.2 1 

341 RA679 Reichertshofen* Lake A 48.6911 11.5237 Germany 290916 M f 2.2 1 

342 RA680 Reichertshofen* Lake A 48.6911 11.5237 Germany 290916 M f 2.2 1 

343 RA681 Reichertshofen* Lake A 48.6911 11.5237 Germany 290916 M f 2.2 1 

344 RA682 Reichertshofen* Lake A 48.6911 11.5237 Germany 290916 M f 2.2 1 

345 RA683 Reichertshofen* Lake A 48.6911 11.5237 Germany 290916 M f 2.2 1 

346 RA802 Reichertshofen* Lake A 48.6911 11.5237 Germany 120717 M f 2.2 1 

347 RA803 Reichertshofen* Lake A 48.6911 11.5237 Germany 120717 M f 2.2 1 

348 RA804 Reichertshofen* Lake A 48.6911 11.5237 Germany 120717 M f 2.2 1 

349 RA805 Reichertshofen* Lake A 48.6911 11.5237 Germany 120717 M f 2.2 1 

350 RA806 Reichertshofen* Lake A 48.6911 11.5237 Germany 120717 M f 2.2 1 

351 RB852 Reichertshofen* Lake B 48.6931 11.5244 Germany 250717 M f 1.1 1 

352 RB853 Reichertshofen* Lake B 48.6931 11.5244 Germany 250717 M f 1.1 1 

353 RB854 Reichertshofen* Lake B 48.6931 11.5244 Germany 250717 M f 1.1 1 

354 RB855 Reichertshofen* Lake B 48.6931 11.5244 Germany 250717 M f 1.1 1 

355 RB856 Reichertshofen* Lake B 48.6931 11.5244 Germany 250717 M f 1.1 1 

356 RC933 Reichertshofen* Lake C 48.6911 11.5193 Germany 230817 M f 1.1 1 

357 RC934 Reichertshofen* Lake C 48.6911 11.5193 Germany 230817 M f 1.1 1 

358 RC935 Reichertshofen* Lake C 48.6911 11.5193 Germany 230817 M f 1.1 1 

359 RC936 Reichertshofen* Lake C 48.6911 11.5193 Germany 230817 M f 1.1 1 

360 RC937 Reichertshofen* Lake C 48.6911 11.5193 Germany 230817 M f 1.1 1 

361 RD1078 Reichertshofen* Lake D 48.6887 11.5176 Germany 280817 M f 2.2 1 

362 RD1079 Reichertshofen* Lake D 48.6887 11.5176 Germany 280817 M f 2.2 1 

363 RD1080 Reichertshofen* Lake D 48.6887 11.5176 Germany 280817 M f 2.2 1 

364 RD1081 Reichertshofen* Lake D 48.6887 11.5176 Germany 280817 M f 2.2 1 

365 RD1082 Reichertshofen* Lake D 48.6887 11.5176 Germany 280817 M f 2.2 1 

366 RWX60 Ringwiler Weiher 47.3116 8.8538 Switzerland 051013 P - 1.2 1 

367 SI1 Simssee 47.8718 12.2385 Germany 291015 P - 1.2 1 

368 SI2 Simssee 47.8718 12.2385 Germany 291015 P - 1.2 1 

369 SI3 Simssee 47.8718 12.2385 Germany 291015 P - 1.2 1 

370 SL1 Schliersee 47.7267 11.8603 Germany 200715 P - 1.2 1 

371 SL2 Schliersee 47.7267 11.8603 Germany 200715 P - 1.2 1 

372 SL3 Schliersee 47.7267 11.8603 Germany 200715 P - 1.2 1 

373 SS1 Schwarzlsee 46.9830 15.4254 Austria 050617 P - 1.2 1 

374 SS2 Schwarzlsee 46.9830 15.4254 Austria 050617 P - 1.2 1 

375 SS3 Schwarzlsee 46.9830 15.4254 Austria 050617 P - 1.2 1 

376 SS216 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 1, 3 

377 SS217 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 1, 3 



Suppl: Table 1 continued 

 Sample 

ID 
Lake Latitude Longitude Country 

Sampling 

date 
Stage Sex type 

data 

set 

378 SS218 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 1, 3 

379 SS219 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 1, 3 

380 SS220 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 1, 3 

381 SS221 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

382 SS222 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

383 SS223 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

384 SS224 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

385 SS225 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

386 SS226 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

387 SS227 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

388 SS228 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

389 SS229 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

390 SS230 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

391 SS231 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

392 SS232 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

393 SS233 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

394 SS234 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

395 SS235 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

396 SS236 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

397 SS237 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

398 SS238 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

399 SS239 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

400 SS240 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

401 SS241 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

402 SS242 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

403 SS243 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

404 SS244 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

405 SS245 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

406 SS246 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

407 SS247 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

408 SS248 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

409 SS249 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

410 SS250 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

411 SS251 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

412 SS252 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

413 SS253 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

414 SS254 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

415 SS255 Schwarzlsee 46.9830 15.4254 Austria 120815 M f 1.1 3 

416 ST1 Straß* 47.9168 12.3812 Germany 290715 P - 1.2 1 

417 ST2 Straß* 47.9168 12.3812 Germany 290715 P - 1.2 1 

418 ST3 Straß* 47.9168 12.3812 Germany 290715 P - 1.2 1 

419 TT1 Tüttensee 47.8463 12.5683 Germany 180715 P - 1.2 1 

420 TT2 Tüttensee 47.8463 12.5683 Germany 180715 P - 1.2 1 

421 TT3 Tüttensee 47.8463 12.5683 Germany 180715 P - 1.2 1 

422 WE1 Weicheringer See 48.7036 11.3296 Germany 291014 P - 1.1 1 

423 WE2 Weicheringer See 48.7036 11.3296 Germany 291014 P - 1.2 1 

424 WE3 Weicheringer See 48.7036 11.3296 Germany 291014 P - 1.1 1 

425 WG2 Waldschwaigsee 48.2251 11.4375 Germany 220616 P - 1.2 1 

426 WA1 Waldsee  48.6925 11.5133 Germany 210815 P - 1.1 1 

427 WA2 Waldsee  48.6925 11.5133 Germany 210815 P - 1.1 1 

428 WA3 Waldsee  48.6925 11.5133 Germany 210815 P - 1.1 1 

429 WA049 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 1, 3 

430 WA050 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 1, 3 

431 WA051 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 1, 3 

432 WA052 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 1, 3 

433 WA053 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 1, 3 



Suppl: Table 1 continued 
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ID 
Lake Latitude Longitude Country 

Sampling 
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Stage Sex type 

data 

set 

434 WA054 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

435 WA055 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

436 WA056 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

437 WA057 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

438 WA058 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

439 WA059 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

440 WA060 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

441 WA061 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

442 WA062 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

443 WA063 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

444 WA064 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

445 WA065 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

446 WA066 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

447 WA067 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

448 WA068 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

449 WA069 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

450 WA070 Waldsee 48.6925 11.5133 Germany 210815 M f 1.1 3 

451 WA071 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

452 WA072 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

453 WA073 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

454 WA074 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

455 WA075 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

456 WA076 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

457 WA077 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

458 WA078 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

459 WA079 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

460 WA080 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

461 WA081 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

462 WA082 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

463 WA083 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

464 WA084 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

465 WA085 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

466 WA086 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

467 WA087 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

468 WA088 Waldsee  48.6925 11.5133 Germany 210815 M f 1.1 3 

469 WA601 Waldsee  48.6925 11.5133 Germany 080716 M f 1.1 1 

470 WA602 Waldsee  48.6925 11.5133 Germany 080716 M f 1.1 1 

471 WA603 Waldsee  48.6925 11.5133 Germany 080716 M f 1.1 1 

472 WA604 Waldsee  48.6925 11.5133 Germany 080716 M f 1.1 1 

473 WA605 Waldsee  48.6925 11.5133 Germany 080716 M f 1.1 1 

474 WA762 Waldsee  48.6925 11.5133 Germany 120717 M f 1.1 1 

475 WA763 Waldsee  48.6925 11.5133 Germany 120717 M f 1.1 1 

476 WA764 Waldsee  48.6925 11.5133 Germany 120717 M f 1.1 1 

477 WA765 Waldsee  48.6925 11.5133 Germany 120717 M f 1.1 1 

478 WA766 Waldsee  48.6925 11.5133 Germany 120717 M f 1.1 1 

479 WS1056 Waldsee Schechen 47.9460 12.1530 Germany 300817 M m 1.2 1 

480 WS1057 Waldsee Schechen 47.9460 12.1530 Germany 300817 M m 1.2 1 

481 WS1058 Waldsee Schechen 47.9460 12.1530 Germany 300817 M m 1.2 1 

 

 

 

 



Suppl. Table 2: Primer sequences for amplifying COI and 16S sequences of Craspedacusta, 

Limnocnida and of other invertebrates. 

Primers for COI Sequence (5' to 3') Provided by 

LimF TGAGTATTTTCAACAAATCACARAGA 
P. Schuchert  

CoR AAGTAAGCTCTAGTATCAACRTCCAT 

CF2 TCGCTGAGTATTTTCAACAAATC 
S. Gießler 

CR2  GATTATCATGGTAGCAGACGTG 

CF4 GAACTCTCTATCTAGTCTTCGGT 
S. Gießler 

CR4 GTGATGGGCCCAAACAATGAA 

CF6 CTTAATTCGCTGAGTATTTTCAAC 
S. Gießler 

CR6 TTATTCCGAATGCGGGTATG 

CF7 CGCTGAGTATTTTCAACAAATCAC 
S. Gießler 

CR7 AACATGTGATGRGCCCAAAC 

LCO1490 GGTCAACAAATCATAAAGATATTGG 
Folmer et al. 1994 

HCO2198 TAAACTTCAGGGTGACCAAAAAATCA 

 
  

Primers for 16S Sequence (5' to 3') Provided by 

F2 TCGACTGTTTACCAAAAACATAGC Cunningham and Buss 1993; 

Collins et al. 2008 R2  ACGGAATGAACTCAAATCATGTAAG 
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