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ABSTRACT 

 

The freshwater jellyfish Craspedacusta sowerbii is considered invasive in 

Canada. C. sowerbii medusae sporadically form high-density blooms, during which they 

may exert significant pressure on their prey and competitors, with cascading effects for 

the entire ecosystem. However, the diet of C. sowerbii and its interactions with native 

zooplanktivores can be difficult to determine due to limitations associated with 

previously employed methods. This project uses stable isotope analysis, a powerful 

technique that can determine diet and reconstruct food webs. We measured carbon 

(δ13C) and nitrogen (δ15N) stable isotope ratios of C. sowerbii, its potential prey and 

competitors from an oligotrophic lake in BC, with the goal of characterizing niche 

overlap and diet. We found that small (125-250 µm) zooplankton and particulate organic 

matter were major components of C. sowerbii medusae diet. Diet showed little temporal 

variation throughout the summer and did not vary with medusae size. There was 

differentiation between the isotopic niches of C. sowerbii and competitors, G. aculeatus 

and Chaoborus. Taken together, these results indicate that Chaoborus may be 

impacted by C. sowerbii through direct predation and competition for small zooplankton 

prey, while G. aculeatus represents a possible predator of C. sowerbii. These findings 

contribute to our understanding of C. sowerbii ecosystem impacts and can inform 

ecosystem management strategies.  
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INTRODUCTION 

 

1.1. Overview of the literature 

Vulnerability of lakes to non-native species 

Freshwater ecosystems are experiencing greater declines in biodiversity relative 

to marine and terrestrial systems (Reid et al., 2019). Lakes may experience these 

declines due to their exposure to anthropogenic impacts such as climate change, 

shoreline development, and pollution (Havel et al., 2015; Reid et al., 2019). These 

disturbances make lakes more vulnerable to invasive species by destabilizing the 

existing native ecosystem and increasing opportunities for non-native species to be 

introduced (Havel et al., 2015). Invasive non-native species such as Zebra mussels, 

Alewife fish, and Japanese stiltgrass have had well-documented impacts on predator-

prey interactions, water quality, and fisheries in Canadian lakes (Lower et al., 2024), 

demonstrating the wide-ranging implications of freshwater ecosystem vulnerability. 

 The terminology used to describe invasive species can be variable, preventing 

clear communication between researchers, policymakers, and the public. In this project, 

the definitions described in Soto et al. (2024) are employed. Non-native species are 

introduced through anthropogenic processes to an area in which they do not have an 

evolutionary history. Invasive species are a subcategory of non-native species, made 

distinct by continuing to spread beyond their point of introduction. These categorizations 

are based on the stage of the invasion process, and do not provide information about 
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the extent of environmental damage caused. The use of precise terminology is critical 

for the clear communication of research on invasive species. 

Functional traits of non-native species 

The Peach Blossom Jellyfish, Craspedacusta sowerbii, is a species of freshwater 

hydrozoan jellyfish (Marchessaux et al., 2021). While they likely originated in the 

Yangtze River Delta in China, non-native populations of C. sowerbii are now found on 

all continents but Antarctica (Dumont, 1994). C. sowerbii has a variety of lifecycle traits 

that likely contribute to its success in spreading and establishing in such a wide range. 

Like all hydrozoan jellyfish, C. sowerbii has two primary life stages: the microscopic 

benthic polyp and the larger pelagic medusa (Winata et al., 2024). However, unlike their 

marine relatives, freshwater jellyfish must be able to disperse between separate bodies 

of water. To that end, C. sowerbii polyps can asexually produce podocysts, a drought-

resistant lifecycle stage thought to be the primary form of dispersal (Dumont, 1994). It 

has been proposed that migratory birds, aquaria trade, and soldier movement could be 

possible vectors of introduction (Dumont, 1994; Lüskow et al., 2024; Marchessaux et 

al., 2021). Once introduced, these strategies allow C. sowerbii to spread to nearby lakes 

as an invasive non-native species. 

Once introduced to a new environment, asexual reproduction likely contributes to 

the success of C. sowerbii in establishing populations (Lüskow et al., 2024). Newly 

introduced podocysts form polyps, and the polyps divide asexually to produce more 

polyps (Winata et al., 2024). The second lifecycle stage is initiated when polyps bud off 

medusae, a process thought to be triggered by high water temperatures (Minchin et al., 
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2016). These pelagic medusae range in diameter from 1 to 26 mm and can appear in 

high-density blooms during the summer months. In their native range, male and female 

medusae undergo sexual reproduction, producing planula larvae which settle and 

become polyps (Dumont, 1994). However, non-native C. sowerbii are not thought to 

complete their sexual lifecycle, as populations of medusae are observed to be 

unisexual, either all male or all female depending on the location (Lüskow et al., 2021). 

Clonal polyp reproduction continues despite the lack of sex, allowing for the successful 

establishment of non-native C. sowerbii populations. 

Diet of C. sowerbii 

Given the vulnerability of lake ecosystems to non-native species and the life 

history traits making C. sowerbii so effective at establishing in non-native environments, 

it is critical to understand the ecosystem impacts of non-native C. sowerbii populations. 

The ecosystem impacts of invasion are varied but can be predicted based on the trophic 

position of the invasive species. For example, non-native filter feeders are associated 

with declines in zooplankton and phytoplankton biomass and increases in macrophyte 

abundances, while predatory invasive species often cause declines in zooplankton and 

benthic invertebrates but increase phytoplankton biomass (Gallardo et al., 2016). By 

understanding the trophic interactions of C. sowerbii, their ecosystem impacts can be 

predicted and mitigated. 

Previous research suggests that C. sowerbii medusae are zooplankton 

predators. In lab-based predation trails, C. sowerbii medusae consistently consume 

zooplankton prey with sizes ranging from 500 to 2000 µm (Dodson & Cooper, 1983; 
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Smith & Alexander, 2008; Spadinger & Maier, 1999). However, attempts to estimate the 

selectivity of C. sowerbii towards specific sizes of zooplankton have yielded conflicting 

results. Dodson and Cooper (1983) found a preference for the large (1500 µm) 

cladoceran Daphnia, while Spadinger and Maier (1999) reported a preference for 

smaller zooplankton (100-500 µm) such as rotifers and nauplii. It is also unclear the 

extent to which these findings reflect the feeding behavior of medusae in a natural 

zooplankton assemblage. Medusae prey selectivity is also impacted by encounter rates 

with prey, which is not accounted for in these experiments. While zooplankton are likely 

a component of C. sowerbii medusae diet, the relative contributions of various fractions 

remain unclear. 

Gut content analysis allows for the examination of C. sowerbii in-situ feeding 

behaviour. Spadinger and Maier (1999) examined the gut contents of freshly caught 

medusae. By comparing the natural abundance of prey to their abundance in medusae 

guts, the authors suggested that C. sowerbii selectively feeds on copepods and nauplii. 

They also noted that zooplankton between 400 and 1200 µm were selected for, sizing 

that coincides with the spacing between larger tentacles on the medusae bells. These 

results led them to propose that tentacle spacing may determine selectivity towards 

various sizes of zooplankton. However, gut content analysis can be highly variable as it 

reflects diet on a short (hourly) time scale and can be biased by the variable digestion 

time of prey items. Although C. sowerbii medusae clearly feeds on zooplankton, the 

contributions of more rapidly digested prey remain unquantified.  
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Monitoring the responses of natural zooplankton communities to C. sowerbii 

predation can provide valuable information about their long-term diet. In a mesocosm 

experiment, Jankowski et al. (2005) found that the presence of C. sowerbii medusae 

decreased the abundance of Bosmina, copepods, and nauplii. Meanwhile, Schachtl et 

al. (2026) showed that higher concentrations of medusae in mesocosms were 

associated with overall declines in crustacean zooplankton biomass and increases in 

chlorophyll concentration, but the impacts on specific zooplankton groups varied 

between lakes. Lake monitoring shows similar trends. A three-year time series in a 

eutrophic German lake showed that years with high C. sowerbii abundance had 

particularly low copepod biomass (Jankowski et al., 2005). Similarly, monitoring in an 

oligotrophic Canadian lake revealed that copepod abundances were lower in years with 

high C. sowerbii density (Dana Halay, unpublished). Taken together, these results 

suggest that copepods may be particularly impacted by C. sowerbii predation. However, 

it is not clear if the vulnerability of copepods is a result of selective predation on adults 

or juveniles, or a consequence of longer generation times preventing rapid population 

recovery relative to cladocerans. Overall, copepods or their juvenile stages likely 

contribute in some part to C. sowerbii medusae long-term diet.  

Competitive interactions 

 By feeding primarily on zooplankton, C. sowerbii medusae may exhibit 

competitive interactions with native zooplanktivores. The larval form of the Phantom 

Midge, Chaoborus, is common in lakes around the world. Chaoborus is a gape-limited 

raptorial predator that migrates to the surface at night to feed selectively on zooplankton 
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smaller than 500 µm (Campbell, 1991). Gießler et al. (2023) found isotopic niche 

overlap between C. sowerbii medusae and Chaoborus larvae in a eutrophic water body, 

indicating competition for similar food resources. The Three Spine Stickleback, 

Gasterosteus aculeatus, is a common small fish with a generalist diet that includes 

zooplankton (Campbell, 1991). While Gießler et al. (2023) demonstrated isotopic niche 

overlap between juvenile Roach (Rutilus rutilus, another fish species) and C. sowerbii, 

the relationship between G. aculeatus and C. sowerbii remains unknown. 

Understanding the overlap in the niches of C. sowerbii medusae and potential 

competitors is critical to predicting which species may be negatively impacted by 

competitive interactions. 

Stable isotope analysis 

Predation experiments, gut content analysis, and zooplankton community 

monitoring are all techniques with limitations that can prevent them from capturing the 

long-term in-situ diet of C. sowerbii medusae. Alternatively, stable isotope analysis (SIA) 

offers another approach. SIA uses the ratios of naturally occurring isotopes, often 

carbon (δ13C) and nitrogen (δ15N), to understand energy flow in ecosystems. 

Foundational to SIA is the assumption that the isotope ratios of a predator reflect the 

isotope ratios of its prey (Nielsen et al., 2018). When an organism is eaten, some of that 

food is incorporated into biomass while the rest is respired or excreted. Heavier 

isotopes such as 15N and 13C are preferentially retained, causing a phenomenon known 

as trophic enrichment (Nielsen et al., 2018). Trophic enrichment is the trend of heavy 

isotopes being concentrated higher up food chains, and the trophic discrimination factor 
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(TDF) represents how much isotope ratios increase per each trophic level. Typically, the 

TDF is 3.4‰ for δ15N and 1‰ for δ13C, although there is variation depending on the 

tissue type and trophic level of the organism in question (Stephens et al., 2023). This 

pattern of trophic enrichment allows for the reconstruction of food webs based on 

isotope ratios in tissue. 

Specific analytical methods using SIA have recently been deployed to study food 

web modifications by invasive species (McCue et al., 2020). By comparing the isotopic 

niches of invaders and their native counterparts, researchers can explore potential 

overlaps in resource utilization and can assess competitive or predator-prey interactions 

(McCue et al., 2020). Given the isotopic ratios of potential prey items, mixing models 

can be used to estimate the potential contributions of various prey sources to the long-

term diet of an invasive predator (Parnell et al., 2013; Stock et al., 2018). Using these 

methods, SIA has the potential to provide valuable insights into the trophic interactions 

of C. sowerbii medusae in aquatic ecosystems. 

1.1. Research objectives  

This project applies stable isotope analysis to data collected from an oligotrophic lake in 

British Columbia, with the aim of addressing the following research objectives. 

1. What are the temporal diet dynamics of C. sowerbii medusae, and how do they 

change with jellyfish size? 

2. What are the interactions between C. sowerbii medusae and native zooplankton 

predators Chaoborus and G. aculeatus? 
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METHODS 

 

2.1 Sample collection and processing 

Study location 

Samples were collected from Hotel Lake (49°38'23.4"N, 124°02'44.3"W) on the 

Sunshine Coast of British Columbia on June 25th, July 21st, and August 13th of 

2025. Hotel Lake is an oligotrophic lake that is 10.6 m deep, with a surface area of 

0.252 km2. The average chlorophyll-a concentration in the surface waters during the 

summer was 1.3 µg/L, and the average phosphate concentration was 0.09 µM.  

 

Figure 1. Map of Hotel Lake. Zooplankton samples were collected from the main 
station. Surface tows occurred between the main station and the dock. Medusae were 
collected opportunistically throughout the entire lake, as abundances were low. Littoral 
samples, shoreline plants, aquatic plants, periphyton, and lily pad leaves were collected 
near the dock. This figure was created using Datawrapper. 
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Sample collection 

Zooplankton samples were day/night pairs, where each sample consisted of 2 

vertical tows using a 30 cm diameter circular net with 150 µm mesh size to a depth of 8 

m at the main station shown in Figure 1. For each timepoint, 2 samples each were in 

the afternoon and after sunset. One of each day/night samples was fixed in formalin, 

while the other was size fractionated using stacked sieves with mesh sizes of 125, 250, 

500, 1000, 2000 µm. Each size fraction was vacuum filtered onto GF/F filters and 

frozen. To sample particulate organic matter (POM), surface water was collected from 

the main station during the day in opaque bottles, which were rinsed 3 times with 

surface water. The water was filtered through a 125 µm sieve to remove zooplankton, 

then collected on a 0.7 µm pore size GF/F filter and frozen. In August, samples of 

material from the littoral zone, shoreline plant leaves, pondweed, periphyton growing on 

a submerged log, and lily pad leaves were collected and frozen. 

At night, horizontal surface tows from the main station to the dock (see Figure 1) 

were collected using a 30 cm diameter circular net with 150 µm mesh size. Under a 

dissecting microscope, instars of Chaoborus were sorted into large (instars 3 and 4, 

head capsule length over 500 µm) and small (instars 1 and 2, head capsule length 

smaller than 500 µm). The 1000-2000 and 2000+ zooplankton size fractions collected at 

night were composed almost entirely of Chaoborus. Sticklebacks were caught from 

shallow water near a dock, using hand nets. The maximum total length was measured 

and fish with a total length less than 26 mm were considered small, while fish 26 cm 

and greater were considered large. Medusae were caught using hand nets in deep 
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water. Their bell diameters were measured and medusae were categorized as large if 

their bell diameter was 15 mm or greater. Not enough medusae were found on the 

sampling day, so additional organisms were collected over the following week. All 

samples were stored at -20 °C until processing for stable isotopes began. 

 

Table 1. Sample collection information 
Sample Collection 

time 
Collection dates Size categories 

Zooplankton Day June, July, August 150-250, 250-500, 
500-1000 

Zooplankton Night June, July, August 150-250, 250-500, 
500-1000 

Particulate organic 
matter 

Day June, July, August 1.2-125 µm 

Chaoborus Night June, July, August NA 
C. sowerbii 
medusae 

Day July and August (not 
present in June) 

9-14 mm (small), 15-22 
mm (large) 

G. aculeatus Day June, July, August 17-24 mm (small), 25-
53 mm (large) 

Littoral material Day August NA 
Shoreline plant 
leaves 

Day August NA 

Pondweed 
(aquatic plant) 

Day August NA 

Lily pad leaves Day August NA 
Benthic periphyton Day August NA 

 

Sample preparation for stable isotope analysis 

The medusae were placed whole in uncapped Eppendorf tubes. Fish were 

thawed, the head and fins were removed from the body, and the stomach was 

preserved in ethanol for stomach content analysis. The remaining body was placed in 
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an uncapped Eppendorf tube for drying. Zooplankton samples on GF/C filters were 

dried in open plastic petri dishes. Samples from the littoral zone, shoreline plant leaves, 

pondweed, periphyton, and lily pad leaf were placed in uncapped Eppendorf tubes for 

drying. The medusae were dried in a Thermo ModulyoD freeze dryer for 48 hours, while 

all other sample types were placed in a Fisher Scientific Isotemp drying oven for 48 

hours at 50 °C.  

After drying, samples were homogenized using a mortar and pestle that was 

cleaned with ethanol between samples. For the zooplankton, fish and medusae, 0.8 ± 

0.15 mg of sample were weighed using a Sartorius microbalance and was encapsulated 

in Elemental Microanalysis 8 x 5 mm tin-pressed capsules. For the POM samples, the 

top layer of the filter was peeled off and encapsulated in 12 x 6 tin-pressed capsules 

from Elemental Microanalysis. POM samples weighed approximately 10 mg each, 

which included the POM itself and the remaining layer of the GF/C filter. For the littoral 

zone, shoreline plant leaves, pondweed, periphyton, and lily pad leaf samples, 3.5 ± 

0.25 mg was encapsulated in 12 x 6 mm Tin pressed capsules from Elemental 

Microanalysis.  

Due to the small size of many organisms sampled, it was occasionally necessary 

to pool individuals to obtain sufficient weight for isotope analysis. The zooplankton and 

Chaoborus samples were pooled (i.e. each sample was composed of many individuals), 

and 3 subsamples were encapsulated per sample. Each individual fish was 

homogenized separately, so each replicate represents an individual organism. 

Individual medusae were pooled and 2 subsamples were taken for each pooled sample 
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(unlike the zooplankton and Chaoborus, there were multiple distinct pools of individuals 

per timepoint and size category). Replicates of POM, littoral zone, shoreline plant 

leaves, aquatic plant leaves, periphyton, and lily pad leaf samples were homogenized 

separately. 

Determination of stable isotope ratios 

Samples were run on the EA-IRMS at the Pacific Center for Isotopic and 

Geochemical Research at the University of British Columbia. Proteinaceous samples 

(fish, zooplankton, medusae) were run with 0.5 mg caffeine, 0.8 mg marine collagen 

protein, 0.8 mg bovine collagen protein, and 0.8 mg fish gelatin standards between 

every 10 samples. All other samples were run with 0.5 mg caffeine, 3.0 mg spinach, 3.0 

mg sorghum, and 3.5 mg casein standards between every 10 samples. The measured 

ratio of heavy to light isotopes in a sample (Rsample) was converted to delta notation with 

units permille (‰) according to δ13C = (Rsample/RVPDB – 1) x 1000 and δ15N = 

(Rsample/Ratmospheric dinitrogen – 1) x 1000. The average standard deviation of the standards 

was 0.17 ‰ for both δ15N and δ13C.  

ZooScan and EcoTaxa workflow 

Zooplankton samples were filtered out of formalin using a 64 µm sieve and split 

using a Motoda box splitter until a subsample of 1000-1500 individuals was obtained. 

Samples were scanned on a Hydroptic ZooScan according to the protocol outlined in 

the user manual with a minimum particle pixel size of 0.3 mm (Gorsky et al., 2010). The 

Zooprocess software split each scan into an image containing a single organism, 

referred to as a vignette. The vignettes were uploaded to the website EcoTaxa in the 
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project Hotel Lake (project ID 21224). All automatic classifications were manually 

validated. For cladocerans, organisms were identified as either Bosminidae, 

Ceriodaphnia, Chydoridae, Daphnia, Diaphanosoma, and Holopediidae. Copepods 

were identified as either nauplii, Cyclopoida or Diaptomus. Larger organisms such as 

Chaoboridae, Chironomidae, and Hydrachna were also identified. Non-living particles 

were categorized as detritus, bubbles, or fibers and were excluded from subsequent 

analyses. 

Major axis length was calculated using Equation 1, and was used to sort 

organisms to size fractions corresponding to the size fractions of the stable isotope 

zooplankton samples. 

Eq. 1  𝑚𝑎𝑗𝑜𝑟	𝑎𝑥𝑖𝑠	(𝜇𝑚) = 𝑚𝑎𝑗𝑜𝑟	𝑎𝑥𝑖𝑠	(𝑝𝑖𝑥𝑒𝑙𝑠) 	× 	𝑝𝑟𝑜𝑐𝑒𝑠𝑠	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑝𝑖𝑥𝑒𝑙	𝑠𝑖𝑧𝑒	 5 !!
"#$%&

6 ×	10' 

Fish stomach content analysis 

The fish stomachs were removed from ethanol and soaked in water for 30 

minutes to rehydrate in a glass petri dish. Stomachs were cut open and the contents 

were sorted under a dissecting scope into the following categories: terrestrial arthropod, 

benthic invertebrate, zooplankton, Chaoborus, or Chironomid, or unknown. The percent 

that each group contributed to the total stomach content volume was estimated visually, 

such that the total of all the groups was 100%. 

2.2. Statistical analysis 

All analyses were conducted in R, version 5.4.2. Isotopic niche overlap was 

calculated using the package SIBER (Jackson et al., 2011). Mixing models were run 
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using the package MixSIAR (Stock et al., 2018). Models for the Bayesian isotopic niche 

area in SIBER were run with 500,000 iterations, 100,000 burn-ins, 10 thins and 5 chains 

and uninformative priors. The MixSIAR mixing models used C. sowerbii as the mixture, 

with sampling month (July or August) and medusa size (large or small) as random non-

nested factors. Run length was set to “normal”. The day and night zooplankton samples 

were pooled for the zooplankton mixing model sources. The trophic discrimination factor 

for C. sowerbii was set to 2.09 ± 0.52 for δ15N, and 1.19 ± 0.37 for δ13C (Schaub et al., 

2021). Model sensitivity analyses were conducted by running the mixing models with 

doubled and halved trophic discrimination factors. 
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RESULTS 
 
 

 
Figure 2. Zooplankton size fraction taxonomic composition. Calanoid and cyclopoid 
copepods were combined, other cladocerans include Bosmina, Ceriodaphnia, and 
Diaphanosoma. Organisms were sorted into size fractions based on their major axis 
length (µm). The minimum particle size was 0.3 mm, so no organisms less than 300 µm 
were detected by the ZooScan. 
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The 125-250 µm size fraction was not visible on the ZooScan, but based on 

microscopy was primarily composed of rotifers, nauplii, and microzooplankton with 

some small cladocerans also present. As shown in Figure 2, the 250-500 µm size 

fraction was dominated by small cladocerans (Bosmina and Ceriodaphnia), while the 

500-1000 µm size fraction was composed of small cladocerans (Bosmina, 

Ceriodaphnia, Diaphanosoma) and calanoid copepods. The 1000-2000 µm size fraction 

was composed of Daphnia and large calanoid copepods. The contribution of copepods 

relative to cladocerans increased throughout the summer in the 500-1000 µm and 1000-

2000 µm size fractions, while the composition of the 250-500 µm size fraction remained 

constant.  

 

Figure 3: Relative abundances of zooplankton size fractions. Organisms were 
sorted into size fractions based on their major axis length (µm). The minimum particle 
size was 0.3 mm, so no organisms less than 300 µm were detected by the ZooScan. 
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The relative abundances of the 250-500 µm, 500-1000 µm, and 1000-2000 µm 

size fractions throughout the summer are shown in Figure 3. In all samples, smaller 

size fractions were more abundant than larger size fractions. 

 

 
Figure 4. Paired stomach content and isotopic ratios of G. aculeatus. Only fish for 
which both isotopic and stomach content analysis were successful were included in this 
figure. A. shows the isotope biplots of G. aculeatus, split by sampling month with colour 
indicating size (fish with total length less than 26 mm were considered small). B. shows 
the stomach contents of each fish, estimated visually as percent volume. 
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 Paired analysis in Figure 4 shows the percent volume of prey categories found in 

the stomachs of G. aculeatus, along with the isotope ratios of each individual. Linear 

regressions found no significant (p < 0.05) relationships between the percent volume 

and isotope ratio for all combinations of prey category and isotope.  

 

 

Figure 5. Isotope ratios of organisms in the Hotel Lake food web. Samples from 
June, July, and August are all included. Size fractions of zooplankton, medusae, and 
fish are grouped together. 
 
 The isotope data for all months combined is plotted in Figure 5 to demonstrate 
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show low δ15N values, but are differentiated by their δ13C values. Chaoborus, C. 

sowerbii, and the zooplankton have higher δ15N values but a smaller range of δ13C 

values. G. aculeatus has the highest δ15N enrichment and a broader range of δ13C 

values. 

Figure 6. Mixing model inputs. The sources are plotted as the mean δ15N and δ13C, 
with the standard deviation as the error bars. Each C. sowerbii medusa datapoint is the 
average of three triplicates, with the trophic discrimination factors subtracted (Δδ15N = 
2.09, Δδ13C = 1.19). The convex hull of the sources is shown in grey. 

 
The mixing model used zooplankton in the 125-250 µm, 250-500 µm, and 500-

1000 µm size fractions, Chaoborus and POM as potential sources. The mean and 
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standard deviation of each source is shown in Figure 6. The medusae, with their TDF 

subtracted, fall within the convex hull of the sources. 

 
 
Figure 7. Contributions of potential prey to the diet of C. sowerbii. The vertical bar 
shows the mean percent contribution, while the box encompasses the 50% credible 
interval and the bars show the 95% credible interval. 
 

According to mixing model outputs in Figure 7, the diet of C. sowerbii medusae 

was composed primarily of zooplankton in the 125-250 µm and 250-500 µm size 

fractions and POM. Between July and August, the mean contributions of the 125-500 

µm zooplankton decreased from 41.8% to 23.3%, while the contribution of the 250-500 

µm size fraction increased from 14.6% to 27.8%. The mean contribution of POM, 500-

100 µm, and Chaoborus remained relatively constant between July and August. 

Medusae size had no impact on diet composition. 
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Table 2. Mean and standard deviation of δ15N and δ13C for zooplankton predators 
by month.  

Mean 
δ15N 

Standard deviation 
δ15N 

Mean 
δ13C 

Standard deviation 
δ13C 

N 

June  

Chaoborus 7.32     1.59  -34.4 0.78 2 
G. 
aculeatus 

7.82      2.41 -31.1 1.59 4 

July  

C. sowerbii 6.20 0.60 -31.40 0.17 5 
Chaoborus 7.85     2.08 -33.5  0.64  3 
G. 
aculeatus 

10.0       1.66 -29.5 2.15 5 

August  

C. sowerbii 7.06 0.21 -31.50 0.11 7 
Chaoborus 6.83    0.275 -33.4 0.70 3 
G. 
aculeatus 

9.73    0.711  -29.8 1.10 7 

 

As described in Table 2, the mean δ13C and δ15N for G. aculeatus and 

Chaoborus remained constant between July and August. For C. sowerbii, the mean 

δ13C remained constant at -31.4 ± 0.17 in July and -31.5 ± 0.11 in August while the 

mean δ15N increased from 6.20 ± 0.6 in July to 7.06 ± 0.21 in August. There were no 

significant differences between the mean δ13C or δ15N of small and large medusae 

(supplementary, Table A1).  
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Figure 8. Isotopic niches of zooplankton predators in Hotel Lake. 
The points shown are the average of the triplicates for each sample. The dashed lines 
are the Standard Ellipse, corrected for small sample size (SEA.c). The solid lines are 
the 95% confidence intervals of the bivariate means.  
 

 Isotopic niche was represented as the standard ellipse (containing 40% of the 

data) and the 95% confidence interval of the bivariate mean in Figure 8. There was no 

overlap between the isotopic niches of C. sowerbii and either G. aculeatus or 

Chaoborus. In July, the 95% confidence interval of the bivariate mean of Chaoborus 

and G. aculeatus overlapped. Similarly, analysis of the percent overlap of the Bayesian 

Standard Ellipses showed no overlap between the isotopic niches of C. sowerbii, G. 

aculeatus, and Chaoborus, as described in Table 3.  
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Table 3. Percent overlap of the Bayesian Standard Ellipse Area. This table needs to 
be read horizontally, where the percent of C. sowerbii‘s niche (row) that overlaps with 
Chaoborus (column) is different from the percent of Chaoborus’ niche (row) that 
overlaps with C. sowerbii (column). The mode of the posterior distribution is reported in 
brackets as the 95% credible interval. 

July 
 

C. sowerbii Chaoborus sp. G. aculeatus 
C. sowerbii ---------- 0 (0 - 89.283) 0 (0 - 10.427) 

Chaoborus sp. 0 (0 - 1.474) ---------- 0 (0 - 13.545) 
G. aculeatus 0 (0 - 0.187) 0 (0 - 10.990) ---------- 

August 
C. sowerbii ---------- 0 (0 - 8.541) 0 (0 - 9.818e-18) 

Chaoborus sp. 0 (0 - 0.445) ---------- 0 (0 - 1.124e-16) 
G. aculeatus 0 (0 - 6.559e-17) 0 (0 - 5.973e-17) ---------- 
 

 
Figure 9. Bayesian standard ellipse area of zooplankton predators. The points 
show the mode, while the error bars show the Bayesian 95% credible interval. 
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The isotopic niche area of C. sowerbii was remarkably small when compared 

with G. aculeatus and Chaoborus in Figure 9. The mode of the Bayesian Standard 

Ellipse area (‰ 2) for C. sowerbii was 0.216 in July and 0.063 in August. Chaoborus had 

a mode isotopic niche area of 3.045 in July and 0.403 in August, while G. aculeatus had 

6.77 in July and 1.987 in August. 
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DISCUSSION 
 

4.1. C. sowerbii medusae diet 

The mixing model results suggest that POM and the 125-250 µm zooplankton 

size fraction are primary components of C. sowerbii medusae diet. The 125-250 µm size 

fraction, primarily composed of rotifers, nauplii, and microzooplankton, was estimated to 

contribute to over 25% of C. sowerbii diet. These results align with Smith and Alexander 

(2008), who found that C. sowerbii preferentially fed on smaller zooplankton such as 

rotifers and nauplii. The other major food source identified by the mixing model was 

particulate organic matter (POM), which was also estimated to contribute to 

approximately 25% of diet. In this study, POM was the 0.7-125 µm size fraction filtered 

from surface water, which likely consisted of microzooplankton, phytoplankton, and 

detritus (Figure 10). Despite the wide variety of organic matter contributing to POM, the 

95% credible intervals for this source were the narrowest and critically, did not include 

0%. This indicates that POM is very likely a part of C. sowerbii diet and that there is high 

confidence in our estimate of the mean contribution. Thus, the role of POM in the diet of 

C. sowerbii is perhaps the most robust conclusion from the mixing model.  

 Zooplankton in the 500-1000 µm size fraction showed only minor contributions to 

C. sowerbii diet, suggesting that they may only occasionally be consumed. The low, 

~8%, contribution of this size fraction is highly notable in the context of previous 

research. The 500-1000 µm size fraction was primarily composed of Daphnia and large 

calanoid copepods, which are often considered to be the primary prey of C. sowerbii 

(Boothroyd et al., 2002; Spadinger & Maier, 1999). Similarly, previous studies report 
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that high medusae abundances are often associated with declines in populations of 

large crustacean zooplankton, which were abundant in our 500-1000 µm size fraction 

(Jankowski et al., 2005; Schachtl et al., 2026). However, our results suggest this decline 

may not be due to direct predation. Rather, the medusae could be killing but not 

consuming large zooplankton, as observed in predation experiments by Spadinger and 

Maier (1999). Or, as our results support, the declines in populations of large crustacean 

zooplankton could be caused by strong predation on juvenile stages such as nauplii, 

which were abundant in our 125-250 µm size fraction. These findings suggest that C. 

sowerbii medusae may limit recruitment of mature crustacean zooplankton populations 

by feeding on juvenile cladocerans and nauplii. 

The mixing model results suggest that Chaoborus larvae may experience 

predation from C. sowerbii medusae. Chaoborus was estimated to contribute to ~12% 

of diet, a result supported by the findings of Spadinger and Maier (1999), who noted that 

Chaoborus larvae were present in gut contents of 15 out of 120 medusae. Chaoborus 

has 4 larval stages (instars), which vary in their size, diet, and behaviour (Fedorenko, 

1975). To investigate if Chaoborus instars were differentially impacted by C. sowerbii 

predation, Chaoborus larvae were divided into early (instars 1 and 2) and late (instars 3 

and 4) during sample collection. Unfortunately, insufficient sample size and sample 

mass meant that early and late instars could not be distinguished isotopically. However, 

behavioural differences between early and late instars may inform the extent to which 

they experience C. sowerbii predation. Chaoborus larvae exhibit a well-studied diel 

vertical migration (DVM), spending the daytime at depth to avoid fish predation and 
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rising to the surface at night to feed (Dawidowicz et al., 1990). However, early instars of 

Chaoborus do not perform DVM (Lagergren et al., 2008). At the same time, C. sowerbii 

medusae exhibit positive phototaxis, descending in the water column at night and 

occupying surface waters during the day (Lüskow et al., 2025). This difference in DVM 

could prevent spatial overlap between C. sowerbii and late, but not early instars of 

Chaoborus. Thus, these early instars are most likely to experience C. sowerbii predation 

given their smaller size and spatial overlap with C. sowerbii. 

Our results inform the validity of proposed mechanisms for size-selective 

predation by investigating impact of medusae size on diet composition. In 1999, 

Spadinger and Maier suggested that tentacle spacing may determine which sizes of 

prey medusae selectively consume. Based on the relationship between the number of 

tentacles and the bell diameter characterised by Boothroyd et al. (2002) and assuming 

a constant tentacle width, we would expect that larger medusae have fewer tentacles 

per unit length of bell circumference. Thus, larger medusae would feed on larger 

zooplankton, because smaller zooplankton would pass through the gaps between 

tentacles. However, I did not observe that larger medusae were consuming a greater 

proportion of the larger size fractions of zooplankton. More broadly, medusae size had 

no impact on the diet composition estimated by the mixing model. I also found no 

significant differences in δ13C or δ15N between large and small jellyfish. Thus, my 

results do not support the hypothesis that differences in tentacle spacing govern size 

selective predation in C. sowerbii medusae.  
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The diet of C. sowerbii remained relatively constant between July and August. 

The primary shift was that in August, the percent contribution of the 125-250 µm size 

fraction decreased while the contribution of the 250-500 µm size fraction increased. An 

increasing mean medusae size is likely not the explanation for this change in diet, as 

the jellyfish sampled in this study had the same average size in July and August. 

Additionally, the mixing model found that medusae size had no impact on diet. So more 

likely, changes in the zooplankton community composition are responsible for the shift 

in the relative contributions of the 125-250 µm and 250-500 µm size fractions. 

Unfortunately, as the ZooScan only detected particles larger than 300 µm, we are 

unable to confirm if the relative abundance of the 125-250 µm size fraction decreased in 

August.  

Overall, these results suggest that the prey selectivity of C. sowerbii medusae 

may be controlled primarily by prey abundances. Models of planktonic predation 

describe prey selectivity as a function of encounter rate and capture efficiency 

(Gerritsen & Strickler, 1977). In the case of C. sowerbii medusae, the encounter rate is 

controlled by the relative abundances of various prey and their position in the water 

column relative to C. sowerbii. As discussed above, differences in the vertical migration 

patterns of late Chaoborus instars and C. sowerbii may lower their encounter rate, 

ultimately limiting predation. The 500-1000 µm size fraction may be similarly affected, 

as the relative abundance of this size fraction declined during the day. Contrastingly, the 

relative abundances of the smaller zooplankton size fractions either increase or remain 

constant during the day. Thus, the encounter rate between C. sowerbii and smaller 
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zooplankton is likely higher, which may explain why they make up a greater component 

of diet. If C. sowerbii diet were governed by encounter rates, we would expect prey to 

be consumed in proportion to their abundance in the water column, a pattern which was 

indeed observed by Yan et al. (2025). However, differences in capture efficiency (the 

success rate of medusae in actually consuming the prey they encounter) can also 

impact prey selectivity. While this study does not directly examine the capture efficiency 

associated with specific prey, it does suggest that capture efficiencies do not vary with 

medusae size. As discussed above, diet composition was constant between large and 

small medusae, which suggests that selectivity, and thus capture efficiency, also remain 

constant. Additional evidence can be found in the analysis of C. sowerbii isotopic niche 

area. A predator population with similar encounter rates and constant capture 

efficiencies would have homogenous diets between individuals, which would lead to a 

small population isotopic niche area (Vander Zanden et al., 2010). In our results, we 

observed that the isotopic niche area of C. sowerbii was remarkably small compared to 

Chaoborus and G. aculeatus, suggesting that capture efficiency must be constant 

across medusae sizes. These findings support the hypothesis that C. sowerbii medusae 

diet is determined by prey encounter rates.  
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Figure 10. Conceptual model of the Hotel Lake Food web. Solid arrows indicate 
energy flow. (1) C. sowerbii feeding on early Chaoborus instars. (2) C. sowerbii feeding 
on 125-250 & 250-500 µm zooplankton (3) C. sowerbii feeding on POM. (4 & 5) POM 
composed of phytoplankton, microzooplankton, and detritus from benthic production. (6) 
Chaoborus feeding on zooplankton and phytoplankton. Dashed arrows indicate 
potential energy flow. This figure was based on data presented in Figure 5. 
 

4.2. Interactions between C. sowerbii and native zooplanktivores 

Competition between G. aculeatus and C. sowerbii medusae appears to be 

minimal given their isotopic niche differentiation. G. aculeatus had approximately 2‰ 

greater δ13C and 3‰ greater δ15N than C. sowerbii. This indicates that they are a 

trophic level above C. sowerbii (see appendix, Figure A3) and utilize a different 

combination of carbon pools. G. aculeatus was also characterized by a broader isotopic 

niche area than C. sowerbii, indicative of a flexible generalist diet. This interpretation of 

the isotopic data is supported by the results of G. aculeatus stomach content analysis. 

The stomachs occasionally contained Chaoborus larvae, which indicates that G. 

aculeatus indeed occupies a trophic level above C. sowerbii and Chaoborus. A wide 
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variety of prey were found, representing input from benthic (benthic invertebrate larvae 

and Chironomid larvae), terrestrial (terrestrial arthropods) and pelagic (zooplankton and 

Chaoborus larvae) carbon pools. The stomach contents also varied greatly between 

individual fish, reflecting a generalist population with a broad niche. Isotope and 

stomach content data confirm each other, suggesting that competition between C. 

sowerbii medusae and G. aculeatus is unlikely. 

However, based on the relative trophic positions of G. aculeatus and C. sowerbii, 

predation by G. aculeatus remains a possibility. As discussed above, the high δ15N of 

G. aculeatus suggests these fish occupy trophic position above C. sowerbii medusae. 

However, none of the fish stomachs analyzed in either Dodson and Cooper (1983) or in 

our study contained medusae. Due to the fragility of medusae, it is possible that the 

absence of C. sowerbii in G. aculeatus stomachs is due to a rapid digestion time. 

Nevertheless, our findings using stable isotopes suggest that the relationship between 

G. aculeatus and C. sowerbii medusae may be predatory. 

Competitive relationships between C. sowerbii and Chaoborus are complex but 

may be impacted by ecosystem productivity. We found no overlap between the isotopic 

niches of C. sowerbii and Chaoborus, a result often interpreted as a lack of competition. 

Notably, the only other study of C. sowerbii using stable isotopes reported significant 

overlap between the isotopic niches of C. sowerbii medusae and Chaoborus instars, 

indicative of competition (Gießler et al., 2023). This apparent contradiction is likely a 

consequence of differences in ecosystem productivity, as Hotel Lake (from this project) 

is an oligotrophic lake while Lake Alsdorf (from Gießler et al., 2023) is a eutrophic pond. 
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Lake trophic state has clear impacts on Chaoborus diet, but the impacts of C. sowerbii 

are unknown. In highly productive eutrophic systems, Chaoborus exhibits pure 

zooplanktivory, but transitions to omnivory and then herbivory in less productive 

systems (France, 2012). Indeed, the trophic position of Chaoborus in Hotel Lake is 2.5, 

indicating substantial omnivory (supplementary Figure A3). Similarly, Figure 3 

demonstrates that Chaoborus has a similar δ13C to zooplankton but is slightly enriched 

in δ15N, which indicates that they may be eating largely the same prey as other 

zooplankton while supplementing their diet with small zooplankton (omnivory). 

Meanwhile, C. sowerbii medusae in Hotel Lake show equal δ15N to Chaoborus, 

indicating that they too exhibit omnivory. This suggests that niche differentiation 

between Chaoborus and C. sowerbii cannot be explained by variable degrees of 

omnivory.  

The utilization of more varied carbon pools appears to be critical in differentiating 

the isotopic niche of C. sowerbii from Chaoborus in oligotrophic systems. As mentioned 

above, Chaoborus feeds on zooplankton and phytoplankton, only consuming carbon 

from the pelagic pool. In our study, mixing model results suggested that C. sowerbii fed 

predominantly on small zooplankton and, critically, POM. It is important to note that 

POM is a mixture of microzooplankton, phytoplankton and detritus, such as stirred up 

periphyton or organic material from the numerous aquatic plants in Hotel Lake. A 

conceptual model of these relationships is shown in Figure 10. As such, the isotope 

ratios of POM are a mixture of the low δ13C pelagic signal from phytoplankton and the 

high δ13C benthic carbon signals of aquatic plant material and periphyton. The 
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consumption of δ13C-enriched POM appears critical in differentiating the isotopic niches 

of C. sowerbii and Chaoborus and suggests that C. sowerbii medusae may play a role 

in the detrital food web, as well as being a zooplankton predator. 

Changes to the composition of POM may be a mechanism controlling the 

isotopic niche of C. sowerbii medusae in oligotrophic and eutrophic systems. In 

oligotrophic systems, POM is primarily composed of non-living organic matter while in 

eutrophic systems, POM is dominated by living phytoplankton (Gu, 2009). In eutrophic 

lakes, C. sowerbii likely feeds on zooplankton and phytoplankton, since POM is 

dominated by phytoplankton. This would lead to isotopic niche overlap between 

Chaoborus and C. sowerbii medusae due to similar trophic positions and shared 

utilization of purely pelagic carbon. However, in oligotrophic systems like Hotel Lake, 

POM is dominated by non-living particles. That means C. sowerbii medusae would feed 

less on phytoplankton and more non-living particles such as δ13C-enriched detritus, 

which would lead to differentiation between the isotopic niches of C. sowerbii and 

Chaoborus. This relationship can also be interpreted ecologically. The high zooplankton 

and phytoplankton biomass in eutrophic systems means that C. sowerbii and 

Chaoborus can share the same niche without competing or limiting each other. 

However, in oligotrophic systems the lower abundances of zooplankton and 

phytoplankton leads to competition between C. sowerbii and Chaoborus. In order for 

them to coexist in a resource-limited system, niche differentiation is required.  

Stable isotope analysis is a powerful tool for characterizing long-term in-situ diet; 

however, it must be interpreted with caution. First, an isotopic niche is not the same as 
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an ecological niche, so the lack of overlap in isotopic niche does not necessarily 

indicate of a lack of competition. Second, trophic enrichment varies widely between 

taxa. There are no experimentally derived trophic discrimination factors (TDFs) for C. 

sowerbii, in fact, there are very few for all jellyfish. This necessitates the assumption 

that the trophic discrimination factor derived for marine jellyfish also applies to 

freshwater jellyfish. To understand the sensitivity of the mixing model to trophic 

discrimination factors, we ran the model with doubled and halved TDFs, the results of 

which are shown in the appendix Figures A5 and A7. In both cases, the adjusted TDFs 

meant that the medusae isotopic ratios plotted outside the convex hull of the possible 

sources (shown in appendix Figures A4 and A6). This means that there is no possible 

combination of the sources that yields the isotopic ratios of the medusae, resulting in 

non-sensical model outputs. Not only do the estimated diet contributions change with 

TDF but the system no longer meets the assumptions to be an interpretable mixing 

model, thus showing high sensitivity to TDF. Third, the isotopic turnover rates for C. 

sowerbii are unknown, making it unclear the extent to which the medusae still reflect the 

isotopic ratios of their polyp stage. In the marine jellyfish Aurelia aurita, turnover rates 

have been broadly estimated as 14.5 ± 12.5 days for δ13C and 35.6 ± 48.4 days for 

δ15N (Schaub et al., 2021). Thus, it is likely that this phenomenon would impact smaller 

medusae more strongly, since they are younger. Future work should derive species-

specific trophic discrimination factors and isotopic turnover rates for C. sowerbii to 

improve confidence in the findings of subsequent isotopic analyses. 
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4.3. Ecosystem impacts 

 Invasive populations of C. sowerbii medusae have already been shown to have 

wide-ranging ecosystem impacts. C. sowerbii has been implicated in altered nutrient 

cycling by transporting phosphate to the surface through its vertical migration (Schachtl 

et al., 2023). Our results suggest that other impacts may also be possible. Through their 

consumption of POM, C. sowerbii medusae may impact carbon cycling by consuming 

particles which otherwise would have sunk below the surface layer. Medusae also 

demonstrate top-down control, causing trophic cascades by feeding on zooplankton and 

releasing phytoplankton from grazing pressure (Jankowski et al., 2005; Schachtl et al., 

2026). Our findings support this, as we determined that juvenile zooplankton may be a 

major food source. However, the trophic cascades are complicated by our findings that 

C. sowerbii may feed on Chaoborus, which could release predation pressure on 

zooplankton. Another question critical to understanding ecosystem impacts of C. 

sowerbii is that of their predators. Our results show that isotopically, it is plausible that 

G. aculeatus could feed on C. sowerbii medusae, but this relationship has never been 

observed. Without predators, C. sowerbii medusae would sink in “jelly falls”, potentially 

leading to hypoxia in deep waters (Lüskow et al., 2024). To prevent these impacts, 

freshwater ecosystem management should aim to limit medusae abundances. Our 

results suggest that lake trophic state may play a key role in moderating the relationship 

between C. sowerbii and Chaoborus. Thus, conservation practices should focus on 

preventing the eutrophication of oligotrophic lakes, which could allow for the competition 

between Chaoborus and C. sowerbii to continue to limit medusae populations. 
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CONCLUSION 

 

C. sowerbii is an invasive non-native species of freshwater jellyfish with the 

potential to disrupt lake ecosystems. Understanding the trophic ecology of C. sowerbii 

medusae is critical for predicting and mitigating its ecosystem impacts. Stable isotope 

analysis revealed that C. sowerbii medusae diet was primarily composed of small 

zooplankton (125-250 µm) and particulate organic matter, which included detritus from 

benthic production and microzooplankton. Diet composition did not vary with medusae 

size and remained relatively constant throughout the summer. C. sowerbii medusae 

prey selectivity may be governed by encounter rates, resulting in a highly homogenous 

diet between individuals and a narrow isotopic niche. We found no isotopic niche 

overlap between C. sowerbii medusae and G. aculeatus, and at this point, we cannot 

rule out that G. aculeatus may feed on C. sowerbii based on their trophic positions. 

Despite Chaoborus and C. sowerbii both consuming small zooplankton prey, we 

observed isotopic niche differentiation between them. This may be due to C. sowerbii 

feeding on δ13C-enriched benthic carbon in the POM of oligotrophic systems. As the 

range of C. sowerbii continues to expand, ecosystem management should focus on 

preventing eutrophication as it may limit medusae abundance, mitigating their 

ecosystem impacts. 

 

 

 



 42 

 
REFERENCES 

Boothroyd, I. K. G., Etheredge, M. K., & Green, J. D. (2002). Spatial distribution, size 

structure, and prey of Craspedacusta sowerbyi Lankester in a shallow New 

Zealand lake. Hydrobiologia, 468(1), 23–32. 

https://doi.org/10.1023/A:1015206320300 

Campbell, C. E. (1991). Prey selectivities of threespine sticklebacks (Gasterosteus 

aculeatus) and phantom midge larvae (Chaoborus spp.) in Newfoundland lakes. 

Freshwater Biology, 25(1), 155–167. https://doi.org/10.1111/j.1365-

2427.1991.tb00481.x 

Dawidowicz, P., Pijanowska, J., & Ciechomski, K. (1990). Vertical migration of 

Chaoborus larvae is induced by the presence of fish. Limnology and 

Oceanography, 35(7), 1631–1637. https://doi.org/10.4319/lo.1990.35.7.1631 

Dodson, S. I., & Cooper, S. D. (1983). Trophic relationships of the freshwater jellyfish 

Craspedacusta sowerbyi Lankester 1880. Limnology and Oceanography, 28(2), 

345–351. https://doi.org/10.4319/lo.1983.28.2.0345 

Dumont, H. J. (1994). The distribution and ecology of the fresh- and brackish-water 

medusae of the world. Hydrobiologia, 272(1), 1–12. 

https://doi.org/10.1007/BF00006508 

Fedorenko, A. Y. (1975). Instar and species-specific diets in two species of Chaoborus. 

Limnology and Oceanography, 20(2), 238–249. 

https://doi.org/10.4319/lo.1975.20.2.0238 



 43 

France, R. L. (2012). Omnivory, vertical food-web structure and system productivity: 

Stable isotope analysis of freshwater planktonic food webs. Freshwater Biology, 

57(4), 787–794. https://doi.org/10.1111/j.1365-2427.2012.02744.x 

Gallardo, B., Clavero, M., Sánchez, M. I., & Vilà, M. (2016). Global ecological impacts of 

invasive species in aquatic ecosystems. Global Change Biology, 22(1), 151–163. 

https://doi.org/10.1111/gcb.13004 

Gerritsen, J., & Strickler, J. R. (1977). Encounter Probabilities and Community Structure 

in Zooplankton: A Mathematical Model. Journal of the Fisheries Research Board 

of Canada, 34, 73–82. https://doi.org/10.1139/f77-008 

Gießler, S., Strauss, T., Schachtl, K., Jankowski, T., Klotz, R., & Stibor, H. (2023). 

Trophic Positions of Polyp and Medusa Stages of the Freshwater Jellyfish 

Craspedacusta sowerbii Based on Stable Isotope Analysis. Biology, 12(6), Article 

6. https://doi.org/10.3390/biology12060814 

Gorsky, G., Ohman, M. D., Picheral, M., Gasparini, S., Stemmann, L., Romagnan, J.-B., 

Cawood, A., Pesant, S., García-Comas, C., & Prejger, F. (2010). Digital 

zooplankton image analysis using the ZooScan integrated system. Journal of 

Plankton Research, 32(3), 285–303. https://doi.org/10.1093/plankt/fbp124 

Gu, B. (2009). Variations and controls of nitrogen stable isotopes in particulate organic 

matter of lakes. Oecologia, 160(3), 421–431. https://doi.org/10.1007/s00442-009-

1323-z 



 44 

Havel, J. E., Kovalenko, K. E., Thomaz, S. M., Amalfitano, S., & Kats, L. B. (2015). 

Aquatic invasive species: Challenges for the future. Hydrobiologia, 750(1), 147–

170. https://doi.org/10.1007/s10750-014-2166-0 

Jackson, A. L., Inger, R., Parnell, A. C., & Bearhop, S. (2011). Comparing isotopic niche 

widths among and within communities: SIBER – Stable Isotope Bayesian 

Ellipses in R. Journal of Animal Ecology, 80(3), 595–602. 

https://doi.org/10.1111/j.1365-2656.2011.01806.x 

Jankowski, T., Strauss, T., & Ratte, H. T. (2005). Trophic interactions of the freshwater 

jellyfish Craspedacusta sowerbii. Journal of Plankton Research, 27(8), 811–823. 

https://doi.org/10.1093/plankt/fbi055 

Lagergren, R., Leberfinger, K., & Stenson, J. A. E. (2008). Seasonal and ontogenetic 

variation in diel vertical migration of Chaoborus flavicans and its effect on depth-

selection behavior of other zooplankton. Limnology and Oceanography, 53(3), 

1083–1092. https://doi.org/10.4319/lo.2008.53.3.1083 

Lower, E., Sturtevant, R., Iott, S., Martinez, F., Rutherford, E., Mason, D. M., Redinger, 

J., & Elgin, A. K. (2024). The Great Lakes’ most unwanted: Characterizing the 

impacts of the top ten Great Lakes aquatic invasive species. Journal of Great 

Lakes Research, 50(4), 102365. https://doi.org/10.1016/j.jglr.2024.102365 

Lüskow, F., Bezio, N., Caputo, L., Chi, X., Dumont, H. J., Karunarathne, K. D., López-

González, P. J., Mańko, M. K., Marchessaux, G., Suzuki, K. S., & Pakhomov, E. 

A. (2024). Hidden gems: Scattered knowledge hampered freshwater jellyfish 



 45 

research over the past one-and-a-half centuries. Ecology and Evolution, 14(10), 

e70350. https://doi.org/10.1002/ece3.70350 

Lüskow, F., López-González, P. J., & Pakhomov, E. A. (2021). Freshwater jellyfish in 

northern temperate lakes: Craspedacusta sowerbii in British Columbia, Canada. 

Aquatic Biology, 30, 69–84. https://doi.org/10.3354/ab00742 

Lüskow, F., Polgári, B., Stibor, H., Schachtl, K., & Abonyi, A. (2025). Light increases 

surface occurrence of the freshwater jellyfish Craspedacusta sowerbii via positive 

phototaxis. Hydrobiologia. https://doi.org/10.1007/s10750-025-05955-6 

Marchessaux, G., Lüskow, F., Sarà, G., & Pakhomov, E. A. (2021). Predicting the 

current and future global distribution of the invasive freshwater hydrozoan 

Craspedacusta sowerbii. Scientific Reports, 11(1), e23099. 

https://doi.org/10.1038/s41598-021-02525-3 

McCue, M. D., Javal, M., Clusella-Trullas, S., Le Roux, J. J., Jackson, M. C., Ellis, A. G., 

Richardson, D. M., Valentine, A. J., & Terblanche, J. S. (2020). Using stable 

isotope analysis to answer fundamental questions in invasion ecology: Progress 

and prospects. Methods in Ecology and Evolution, 11(2), 196–214. 

https://doi.org/10.1111/2041-210X.13327 

Minchin, D., Caffrey, J., Haberlin, D., Germaine, D., Walsh, C., Boelens, R., & Doyle, T. 

(2016). First observations of the freshwater jellyfish Craspedacusta sowerbii 

Lankester, 1880 in Ireland coincides with unusually high water temperatures. 

BioInvasions Records, 5(2), 67–74. https://doi.org/10.3391/bir.2016.5.2.02 



 46 

Nielsen, J. M., Clare, E. L., Hayden, B., Brett, M. T., & Kratina, P. (2018). Diet tracing in 

ecology: Method comparison and selection. Methods in Ecology and Evolution, 

9(2), 278–291. https://doi.org/10.1111/2041-210X.12869 

Parnell, A. C., Phillips, D. L., Bearhop, S., Semmens, B. X., Ward, E. J., Moore, J. W., 

Jackson, A. L., Grey, J., Kelly, D. J., & Inger, R. (2013). Bayesian stable isotope 

mixing models. Environmetrics, 24(6), 387–399. https://doi.org/10.1002/env.2221 

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, P. T. J., 

Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J., Smol, J. P., Taylor, 

W. W., Tockner, K., Vermaire, J. C., Dudgeon, D., & Cooke, S. J. (2019). 

Emerging threats and persistent conservation challenges for freshwater 

biodiversity. Biological Reviews, 94(3), 849–873. 

https://doi.org/10.1111/brv.12480 

Schachtl, K., Gießler, S., & Stibor, H. (2023). The invasive freshwater jellyfish 

Craspedacusta sowerbii – a new vector for vertical nutrient transport within 

lakes? Fundamental and Applied Limnology, 205–216. 

https://doi.org/10.1127/fal/2023/1470 

Schachtl, K., Gießler, S., Stockenreiter, M., & Stibor, H. (2026). Top-down effects of the 

freshwater jellyfish Craspedacusta sowerbii: An experimental approach. Journal 

of Plankton Research, 48(1), fbag001. https://doi.org/10.1093/plankt/fbag001 

Schaub, J., McLaskey, A. K., Forster, I., & Hunt, B. P. V. (2021). Experimentally derived 

estimates of turnover and modification for stable isotopes and fatty acids in 



 47 

scyphozoan jellyfish. Journal of Experimental Marine Biology and Ecology, 545, 

151631. https://doi.org/10.1016/j.jembe.2021.151631 

Smith, A. S., & Alexander, J. E., Jr. (2008). Potential effects of the freshwater jellyfish 

Craspedacusta sowerbii on zooplankton community abundance. Journal of 

Plankton Research, 30(12), 1323–1327. https://doi.org/10.1093/plankt/fbn093 

Soto, I., Balzani, P., Carneiro, L., Cuthbert, R. N., Macêdo, R., Serhan Tarkan, A., 

Ahmed, D. A., Bang, A., Bacela-Spychalska, K., Bailey, S. A., Baudry, T., 

Ballesteros-Mejia, L., Bortolus, A., Briski, E., Britton, J. R., Buřič, M., Camacho-

Cervantes, M., Cano-Barbacil, C., Copilaș-Ciocianu, D., … Haubrock, P. J. 

(2024). Taming the terminological tempest in invasion science. Biological 

Reviews, 99(4), 1357–1390. https://doi.org/10.1111/brv.13071 

Spadinger, R., & Maier, G. (1999). Prey selection and diel feeding of the freshwater 

jellyfish, Craspedacusta sowerbyi. Freshwater Biology, 41(3), 567–573. 

https://doi.org/10.1046/j.1365-2427.1999.00408.x 

Stephens, R. B., Shipley, O. N., & Moll, R. J. (2023). Meta-analysis and critical review of 

trophic discrimination factors (Δ13C and Δ15N): Importance of tissue, trophic 

level and diet source. Functional Ecology, 37(9), 2535–2548. 

https://doi.org/10.1111/1365-2435.14403 

Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., & Semmens, B. 

X. (2018). Analyzing mixing systems using a new generation of Bayesian tracer 

mixing models. PeerJ, 6, e5096. https://doi.org/10.7717/peerj.5096 



 48 

Vander Zanden, H. B., Bjorndal, K. A., Reich, K. J., & Bolten, A. B. (2010). Individual 

specialists in a generalist population: Results from a long-term stable isotope 

series. Biology Letters, 6(5), 711–714. https://doi.org/10.1098/rsbl.2010.0124 

Winata, K., Zhu, J. A., Hanselman, K. M., Zerbe, E., Langguth, J., Folino-Rorem, N., & 

Cartwright, P. (2024). Life Cycle Transitions in the Freshwater Jellyfish 

Craspedacusta sowerbii. Biology, 13(12), 1069. 

https://doi.org/10.3390/biology13121069 

Yan, H., Wang, Y., Wu, M., Li, Y., Wang, W., Zhang, D., Guo, J., Fohrer, N., & Li, B. L. 

(2025). Feeding Behavior and Ecological Significance of Craspedacusta sowerbii 

in a Freshwater Reservoir: Insights from Prey Composition and Trophic 

Interactions. Biology, 14(6), Article 6. https://doi.org/10.3390/biology14060665 

 

 

 



 49 

APPENDIX 
 

Figure A1. Contributions of potential prey to the diet of C. sowerbii using only 
daytime zooplankton samples. The vertical bar shows the mean percent contribution, 
while the box encompasses the 50% credible interval and the bars show the 95% 
credible interval. 
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Figure A2. Contributions of potential prey to the diet of C. sowerbii using only 
nighttime zooplankton samples. The vertical bar shows the mean percent 
contribution, while the box encompasses the 50% credible interval and the bars show 
the 95% credible interval. 
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Figure A3. Trophic level of zooplankton predators. Trophic level was calculated as 
the difference between the predators and the mean zooplankton nitrogen enrichment for 
that month, divided by the trophic discrimination factor (3.4 for G. aculeatus and 
Chaoborus, 2.09 for C. sowerbii), plus 2. 
 
 
Table A1. Test statistics of t-test comparing of carbon and nitrogen enrichment of 
large and small medusae 
 t df p-value 
δ15N 1.208 3.5493 0.3013 
δ13C -0.74542 4.2529 0.4951 
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Figure A4. Sensitivity analysis mixing model inputs with low TDFs. The sources 
are plotted as the mean δ15N and δ13C, with the standard deviation as the error bars. 
Each C. sowerbii medusa datapoint is the average of three triplicates, with the half of 
the trophic discrimination factors subtracted (Δδ15N = 1.045, Δδ13C = 2.38). The convex 
hull of the sources is shown in grey. 
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Figure A5: Mixing model sensitivity analysis with low trophic discrimination 
factors. TDF was halved such that Δδ15N = 1.045, Δδ13C = 0.595. The vertical bar 
shows the mean percent contribution, while the box encompasses the 50% credible 
interval and the bars show the 95% credible interval. 
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Figure A6. Sensitivity analysis mixing model inputs with high TDFs. The sources 
are plotted as the mean δ15N and δ13C, with the standard deviation as the error bars. 
Each C. sowerbii medusa datapoint is the average of three triplicates, with the half of 
the trophic discrimination factors subtracted (Δδ15N = 4.18, Δδ13C = 2.38). The convex 
hull of the sources is shown in grey. 

July August

-34 -33 -32 -31 -34 -33 -32 -31

2.5

5.0

7.5

δ13C ‰

δ1
5 N

 ‰

Source Chaoborus sp. 125-250 µm 250-500 µm 500-1000 µm POM



 55 

 

Figure A7: Mixing model sensitivity analysis with high trophic discrimination 
factors. TDF was doubled such that Δδ15N = 4.18, Δδ13C = 2.38. The vertical bar shows 
the mean percent contribution, while the box encompasses the 50% credible interval 
and the bars show the 95% credible interval. 
 
 

July August

250−500 µm

POM

125−250 µm

Chaoborus sp.

500−1000 µm

Small medusa (<14 mm) Large medusa (>14 mm)

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

POM

250−500 µm

125−250 µm

500−1000 µm

Chaoborus sp.

Dietary contribution


