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Abstract

Scyphozoan jellyfish are important components of marine ecosystems as generalist feeders with
complex trophic interactions. These interactions can be investigated using biomarkers, like stable
isotope (SI) ratios and fatty acid (FA) profiles. However, the absence of reliable estimates for SI
and FA turnover time and modification in jellyfish limits the accuracy of these approaches for
investigation of jellyfish trophic ecology. In this thesis, I conducted a controlled feeding
experiment for two scyphozoan predators (Aurelia aurita and Chrysaora pacifica) and two prey
types (crustacean zooplankton and gelatinous A. aurita) to provide quantitative estimates for SI
and FA turnover time and modification between trophic levels. I estimated SI trophic enrichment
factors for jellyfish feeding on crustacean zooplankton (Δδ13C = 1.19‰ and Δδ15N = 2.09‰) and
jellyfish feeding on interspecific jellyfish (Δδ13C = 1.59‰ and Δδ15N = 1.35‰). I found some
similarities between both predators when consuming the same prey, which suggests some
metabolic pathways that are conserved for jellyfish. Specifically, 18-carbon FAs decreased in
proportion in the predators compared to their prey, while 20-carbon FAs increased, which
implies a 2-carbon elongation pathway in jellyfish. By providing estimates for turnover time and
modification of SIs and FAs for jellyfish, I have advanced the utility of SIs and FAs for
investigating jellyfish trophic ecology. After establishing SI and FA turnover time and
modification parameters, I applied these parameters to investigate the trophic ecology of Aurelia
labiata in a temperate coastal food web. Using SIs and FAs for 152 jellyfish 19-225 mm in size,
I documented a shift in diet, where the proportion of zooplankton in the diet of A. labiata
increased as bell diameter increased. I also documented a size-based shift in the nutritional
quality of A. labiata, where C:N decreased with size, arachidonic (ARA) and docosahexaenoic
iii

(DHA) acid increased with size, and eicosapentaenoic (EPA) acid was unaffected by size. Only
changes in C:N and DHA were apparently related to changes in the diet. Marine food webs are
highly size structured, so these size-specific results will have implications for the flow of energy
and nutrients through jellyfish in marine food webs broadly.
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Lay Summary

Jellyfish play key roles in ocean food chains, but significant limitations in jellyfish research
methods are currently impeding researchers from expanding our knowledge. For example,
biomarkers are a common tool for identifying the diets of organisms, but they have not been
reliably calibrated for jellyfish diets. Using a controlled laboratory feeding experiment, I
determined how biomarkers are changed by jellyfish when consumed, then I applied the
calibration to wild moon jellyfish in British Columbia. I found that small (25 mm) moon jellyfish
are lower on the food chain compared to large (250 mm) moon jellyfish, suggesting that jellyfish
have complicated feeding patterns that whole-ocean food chain estimates do not currently
capture. I also found that jellyfish nutritional quality changes with size, which is relevant for
jellyfish predators. The findings from this thesis have expanded our tools for jellyfish research
and improved our knowledge of jellyfish in ocean food chains.
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Chapter 1: Introduction

1.1

Scyphozoan Life Cycle

Scyphozoan jellyfish (Orders Stauromedusae, Coronatae, Semaeostomae, and Rhizostomae)
have two dominant morphologies within their life cycle: the pelagic medusa and the benthic
polyp (Figure 1.1). Polyps are a permanent morph of the jellyfish, while medusae are a shorterlived propagation morph. Medusae are dioecious and reproduce sexually to create the planula
larva. Planula larvae seek out suitable habitat and settle to become benthic polyps, which usually
occurs as an agglomerative process and results in colonies of polyps (Gröndahl 1989). Polyps
reproduce asexually by budding, cyst formation, and strobilation (Arai 1997). Budding and cysts
increase the number of individuals in the colony, whereas strobilation creates juvenile pelagic
ephyrae at a factor of 101 per polyp, and these ephyrae grow into medusae (Gröndahl & Hernroth
1987, Arai 1997, Di Camillo et al. 2010). Similarly, medusae may produce planula larvae at a
factor of 103 per medusa (Lucas 2001). Under favorable conditions, this life history can result in
large aggregations of medusae known as jellyfish blooms.

1.2

Impacts of Blooms

Jellyfish blooms can impact local ecosystems both positively and negatively (Graham et al.
2014). From an anthropogenic perspective, blooms can interfere with fisheries, sting swimmers
to impact tourism, and clog cooling intakes for power plants (reviewed by Graham et al., 2014;
Purcell et al., 2007; Richardson et al., 2009). When blooms are present near fish farms, fish can
1

show an increase in damaged gill tissue and are more susceptible to infection by pathogens
(Baxter et al. 2011, Mitchell et al. 2011, Småge et al. 2017). Jellyfish can also be vectors of these
pathogens (Småge et al. 2017). On a more positive note, jellyfish provide food for humans
(Hsieh et al. 2001, Purcell et al. 2007), and are a source of medicinal bioproducts like Aurelin, an
antimicrobial peptide that is naturally produced by Aurelia aurita (Ovchinnikova et al. 2006,
Shenkarev et al. 2012, Ageitos et al. 2017), and other cosmeceuticals like collagens and peptides
(Leone et al. 2015).

From an ecological perspective, jellyfish compete with species of commercial importance, but
may also provide refugia for other organisms like fish and amphipods (Harbison et al. 1977, Arai
1997, Purcell & Arai 2001, Barz & Hirche 2007, Ruzicka et al. 2016, Tilves et al. 2018).
Jellyfish also secrete specific compositions of organic matter that change the composition of the
bacterial community in the surrounding water during periods of blooming and senescence
(Riemann et al. 2006, Turk et al. 2008, Condon et al. 2011, Tinta et al. 2012). Jellyfish may be
large contributors to biological carbon cycling and sequestration as they can sink rapidly (up to
1100 m d-1, ‘jelly-falls’), resulting in carbon fluxes as high as 72.8 mg C m-2 d-1 (Lebrato et al.
2013, Sweetman & Chapman 2015, Luo et al. 2020). When present, blooms have an array of
complex and interconnected impacts on ecosystems.

In many locations, the frequency and size of blooms is either stable or increasing, especially
where invasive species and effects related to climate change (e.g., hypoxia, temperature,
eutrophication) are prevalent (Mills 2001, Graham & Bayha 2007, Pauly et al. 2009, Richardson
et al. 2009, Purcell 2012, Brotz et al. 2012, Duarte et al. 2013). Polyps preferentially settle on
2

manmade structures, such as docks, and materials such as rubber and plastic (Brewer 1978,
Miyake et al. 2002, Hoover & Purcell 2009, Janßen et al. 2013, Yoon et al. 2014, Ceh & Riascos
2017), and as a result, blooms appear to be increasing in areas with more anthropogenic activity
(Purcell et al. 2007, Brotz et al. 2012, Duarte et al. 2013, Jin et al. 2017). Notably, blooms are
hypothesized to follow decadal oscillations of approximately 20 year periodicity (Condon et al.
2013) so it is possible that these observed trends are relevant on multiple time scales. However, it
is important to understand jellyfish ecology to anticipate the impacts on ecosystem organization
and function during periods of intense blooms (Boero 2013).

1.3

Jellyfish Trophic Ecology

One important aspect of jellyfish ecology is their role in marine food webs. Field-collected gut
contents and observational experiments suggest jellyfish will ingest a variety of prey, including
multiple stages of fish (adult herring, eggs, larvae), meroplankton (larvae; veliger, trochophore,
nauplii, zoea), crustaceans (Artemia spp., copepods, amphipods, mysids, euphausiids,
cumaceans, cladocerans), appendicularians (Oikopleura spp., larvaceans), gastropods, tintinnids,
rotifers, nematodes, and other gelatinous zooplankton (ctenophores, interspecific jellyfish)
(Hamner et al. 1982, Larson 1987, 1991, Fancett 1988, Purcell 1990, 1992, Matsakis & Conover
1991, Fosså 1992, Olesen et al. 1994, Purcell et al. 1994, Sullivan et al. 1994, Barz & Hirche
2007, Flynn & Gibbons 2007, Lo & Chen 2008, Turk et al. 2008). Although phytoplankton do
not comprise a major portion of medusa diet (<1% of prey mass), diatoms have been observed in
the gut of Aurelia aurita (Mironov, 1967 in Arai, 1997). Overall, jellyfish appear to be largely
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generalist feeders and this is reflected in their diets, which indicate size-based (Graham &
Kroutil 2001), diel (Malej et al. 2007), and seasonal shifts (Ruzicka et al. 2007).

While jellyfish diets are reasonably well-resolved, the role that jellyfish play as prey for higher
trophic levels remains poorly understood. This is primarily due to a lack of long-term data sets,
which stems from a historical perspective of jellyfish as ‘trophic dead-ends’, where feeding on
jellyfish was considered energetically unsustainable for predators (Verity & Smetacek 1996). In
fact, benefits to feeding on jellyfish include low capture costs and rapid digestion (reviewed by
Hays et al., 2018). Jellyfish predators include many high-energy marine vertebrates, including
seabirds (albatross, penguins), and fish, as well as some larger, low-energy predators, including
turtles and sunfish (Arai 2005, Hays et al. 2018, Thiebot & McInnes 2020). Jellyfish also have
many invertebrate predators, including interspecific jellyfish (Titelman et al. 2007, Ates 2017).
The paradigm in jellyfish ecology has now shifted to determining why jellyfish are suitable prey,
instead of the old convention that jellyfish are not suitable prey. Reasons being explored extend
beyond direct trophic benefits to include jellyfish consumption as a functional response, for
example, practice for prey capture, opportunism, self-medication, and homeostasis (Thiebot &
McInnes 2020).

1.4

Biomarkers in Food Web Studies

Many of the recent advances in our understanding of jellyfish ecology are a result of new
technologies. One such technology used widely in food web studies are biomarkers, particularly
stable isotope (SI) ratios (Peterson & Fry 1987) and fatty acid (FA) profiles (Dalsgaard et al.
4

2003). These SI and FA are transferred from prey to predator through consumption, thus the
profile of the predator depends heavily on their diet. Biomarkers offer time-integrated qualitative
and quantitative estimates of trophic linkages because incorporation depends on metabolic
processes of breaking and building molecules during digestion and excretion (Peterson & Fry
1987, Dalsgaard et al. 2003). The time over which SIs and FAs can provide information depends
on the turnover time of the tissue being measured (Carter et al. 2019). For example, krill
exoskeletons are replaced more rapidly than their muscle tissue (Schmidt et al., 2003). Upon
ingestion, SIs and FAs may also be modified by the predator during incorporation. However, if
this modification is known, and potential prey profiles are known, the diet composition of the
predator can be estimated using mixing models (Iverson et al. 2004, Stock et al. 2018).
Unfortunately, reliable estimates of turnover time and modification are not available for jellyfish,
and should ideally be measured under controlled feeding conditions before being applied for in
situ data (Bond & Diamond 2011, Brett et al. 2016, Galloway & Budge 2020).

1.5

Thesis Overview and Objectives

This thesis used SIs and FA to investigate the trophic ecology of jellyfish. The objective for
Chapter 2 was to use a controlled feeding experiment to measure turnover time and modification
of SIs and FAs in jellyfish. Aurelia aurita and Chrysaora pacifica predators were provided
crustacean and gelatinous prey to compare results for (i) two different jellyfish predators, and (ii)
two prey types. Turnover and modification are complex processes that are driven by many
external factors, including prey profile and predator physiology. By incorporating different
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predator and prey combinations, I intended to capture some of this potential variability and make
informed conclusions of the measured estimates.

The turnover time and modification estimates generated in Chapter 2 were applied to SI and FA
data for wild Aurelia labiata in Chapter 3. Using a temperate coastal food web, the specific
objectives of Chapter 3 were to i) investigate the occurrence of size-based diet shifts in A.
labiata, (ii) determine whether the nutritional quality of A. labiata as prey underwent a sizebased shift, and (iii) determine whether the diet shift and nutritional quality shift were related.

1.6

Figure

Figure 1.1. Life cycle of Aurelia spp.
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Chapter 2: Experimentally derived estimates of turnover and modification for
stable isotopes and fatty acids in scyphozoan jellyfish

2.1

Introduction

Biomarkers like stable isotope (SI) ratios and fatty acid (FA) profiles are commonly measured in
animal tissues to infer trophic linkages. Stable isotopes and FAs are well suited as trophic
markers because they are transferred from prey to predator through consumption, thus the
signature of the predator depends heavily on their diet. Incorporation of SIs and FAs into
predator tissues is broadly regulated by predator metabolism and these measurements reflect the
simultaneous processes of catabolism (breaking down) and anabolism (building up) occurring
during digestion, incorporation and excretion (Peterson & Fry 1987, Dalsgaard et al. 2003). The
incorporation of SIs and FAs from prey to predator can be affected by many factors, including
inter- and intraspecific differences in physiology, environmental conditions, and / or the
nutritional quality of prey (Vanderklift & Ponsard 2003, McCutchan et al. 2003, Thomas &
Crowther 2015, Jardine et al. 2020). Due to this potential for high variability, trophic SI and FA
incorporation is ideally measured under controlled laboratory conditions before being applied to
complex in situ data (Bond & Diamond 2011, Brett et al. 2016, Galloway & Budge 2020). An
alternative approach has been developed and applies a Bayesian model to simultaneously
estimate the taxonomic composition of the diet and FA incorporation parameters (Bromaghin et
al. 2017).
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Two key parameters in SI and FA studies are (i) turnover times, or how long a marker is
detectable in predator tissues, and (ii) modification, or how the marker is changed by the
predator in either proportion or structure. Broadly, resolving turnover times is essential for
approximating whether a predator tissue is in equilibrium with their diet following a diet shift,
and for time-integration of diet assessment. Turnover is affected by both growth and metabolism,
and has a range of ecological applications (reviewed by Carter et al., 2019). For SIs,
modification is reported as trophic enrichment factors (TEF), which describe the fractionation of
isotope ratios due to preferential metabolism of light isotopes (Peterson & Fry 1987). For FAs,
modification is the ratio of prey FA proportions to predator FA proportions reported as
calibration coefficients (CC), and CCs reflect which FAs are enzymatically altered, or
preferentially deposited or excreted by the predator (Iverson et al. 2004, Budge et al. 2012).
When accurate estimates of these parameters are available, SIs and FAs are powerful tools for
qualitatively inferring trophic links or for quantitatively estimating relative contributions of prey
taxa to overall diet. Biomarkers are particularly advantageous for understanding the feeding
biology of predators such as medusozoans (hereafter jellyfish), which have complex feeding
patterns and generalised prey fields that are difficult to assess using other methods.

Many ecosystems are experiencing changes in jellyfish biomass (Brotz et al. 2012, Condon et al.
2013) and among other concerns, jellyfish are predators that can deplete standing stocks of
plankton (Lo & Chen 2008, Suchman et al. 2008, Purcell 2009). Understanding the role of
jellyfish in food webs is necessary to understand their ecological impacts, however, jellyfish
predation is complex; they have heterogenous diets (e.g., Fancett, 1988; Barz & Hirche, 2007;
Suchman et al., 2008), rapid and variable digestion times (Båmstedt & Martinussen 2000), and
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high clearance rates (Purcell 2009). Jellyfish also exhibit diel (Riemann et al. 2006, Malej et al.
2007), seasonal (Lo & Chen 2008, Milisenda et al. 2018), and ontogenetic feeding patterns
(Fleming et al. 2015, Wang et al. 2020). Jellyfish predation is further complicated by
interspecific consumption of gelatinous zooplankton (Purcell & Cowan 1995, Robison 2004).
Gelatinous prey have a unique composition compared to non-gelatinous prey, including a high
water content (Doyle et al. 2007), and their digestion and assimilation may differ from the nongelatinous prey. There is a therefore both a need for jellyfish trophic studies, and the refinement
of methods for this purpose.

Traditionally, stomach content analysis and observational studies have contributed most to our
knowledge regarding jellyfish diets (Sullivan et al. 1994, Pitt et al. 2009). Both of these methods
limit researchers to discrete timepoints, and to prey that are observable and identifiable as
digested matter. This is biased towards hard, slow-digesting components like exoskeletons, shells
and bones, and does not effectively capture microscopic or gelatinous prey. Biomarkers
complement traditional methods and can contribute to improved understanding of jellyfish diets
and feeding patterns (reviewed by Pitt et al., 2009). The use of SIs has been extended to jellyfish
already (e.g., Fleming et al., 2015; Wang et al., 2020) and these studies often use generalized
aquatic TEFs provided by Post (Δδ13C = 0.4‰ and Δδ15N = 3.4‰; 2002). Jellyfish-specific
TEFs have been reported for Aurelia sp. (Δδ13C = 4.3‰ and Δδ15N = 0.1‰; D’Ambra et al.,
2014), and the same authors have applied these TEFs in mixing models for Aurelia sp.
(D’Ambra et al. 2018). However, other studies that have applied these TEFs found that they
resulted in unrealistic estimates of trophic level (trophic level = 17 in Fleming et al., 2015; see
also Milisenda et al., 2018). Furthermore, Wang et al. (2020) obtained conflicting model results
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when using the same jellyfish-specific TEFs, where although size classes of Cyanea nozakii had
little difference in diet composition, large medusae were 20+ trophic levels above small
medusae. One additional estimate of jellyfish-specific TEFs has been published (Δδ13C = 0.7‰
and Δδ15N = 2.4‰), although these values were estimated from an unreported controlled feeding
study between Pelagia noctiluca and unknown prey (Tilves et al. 2018). Turnover time for SIs in
Aurelia sp. from the Gulf of Mexico was estimated to be 18-20 days at 20°C (D’Ambra et al.
2014), but estimates for cold-water jellyfish are absent and temperature acclimation may increase
turnover time (Carter et al. 2019).

Previous jellyfish studies have also employed FAs as trophic markers (e.g., Ying et al., 2012;
Tilves et al., 2018) but without measured CCs, FAs could not be used quantitatively to estimate
diet composition. A single controlled feeding study for medusae reported transfer of FAs from
Artemia sp. nauplii prey to Aurelia aurita to determine the suitability of using FAs as trophic
markers, but they did not provide parameter estimates (Fukuda & Naganuma 2001). Polyps of A.
aurita also exhibit FA modification from their prey, but no parameter estimates were reported
(Chi et al. 2018). The combined lack of jellyfish specific CCs and estimates of FA turnover time
currently limits applications of FA analyses to in situ studies of jellyfish trophic ecology.

To expand the use of SIs and FAs in jellyfish ecology, estimates for turnover time and
modification for jellyfish across various predator and prey taxa are required. It is welldocumented that prey quality can affect modification estimates (Vanderklift & Ponsard 2003,
Jardine et al. 2020), so parameters should ideally be compared for a single predator consuming
different prey to determine the degree of variability for these estimates. Similarly, although
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parameter estimates are generally conserved within consumer taxa (Jardine et al. 2020), the
degree of variability between consumers can be addressed by comparing estimates for different
predators feeding on the same prey. To address this, I implemented controlled feeding
experiments for two scyphozoan predators: Aurelia aurita and Chrysaora pacifica. Aurelia is an
ubiquitous genus (Dawson & Martin 2001) and is well-represented in jellyfish research.
Chrysaora is also an ubiquitous genus and a known predator of gelatinous zooplankton (Purcell
& Cowan 1995). Here I investigated turnover and modification of SIs and FAs by conducting a
diet switch for each predator. This resulted in three feeding scenarios: (i) A. aurita and C.
pacifica feeding on the same crustacean prey, Artemia, (ii) A. aurita feeding on two different
crustacean prey treatments, Artemia and Euphausia superba, and (iii) C. pacifica feeding on A.
aurita. Estimates provided by this study will advance the application of SIs and FAs in jellyfish
ecology, improve parameterization of jellyfish food web models, and ultimately expand our
understanding of the complex role that jellyfish have in food webs.

2.2

2.2.1

Materials and Methods

Experimental Design and Sampling

I conducted two consecutive controlled feeding experiments with different predator regimes:
Aurelia aurita or Chrysaora pacifica. Each experiment had two phases: the acclimation phase
when predators were raised on live Artemia sp. nauplii (hereafter, Artemia; INVE Aquaculture),
and the treatment phase (Figure 2.1). Aurelia aurita had a 24-week acclimation phase and an
eight-week treatment phase. Chrysaora pacifica had an eight-week acclimation phase and a 1411

week treatment phase. The transition point between the two phases (t0) was marked by a switch
in diet that was maintained during the treatment phase. Aurelia aurita were switched to thawed
and crushed Euphausia superba (shipped frozen from Krill Canada) and C. pacifica were
switched to live, chopped A. aurita that were exclusively fed Artemia (Figure 2.1). Medusae
received a saturating amount of food twice per day (crustacean diet) or twice per week (medusa
diet) and they were observed ingesting all diets. Artemia were hatched from cysts and raised for
48 hours with Easy DHA Selco (INVE Aquaculture) added as a nutrition supplement (omega-3
fatty acids and essential amino acids). Artemia were rinsed to remove residual Selco prior to
feeding and sampling. For the A. aurita predator regime (Figure 2.1A), medusae were housed in
a single 946 L tank. For the C. pacifica predator regime (Figure 2.1B), prey A. aurita were also
housed in a single 946 L tank and the C. pacifica were initially split with 1/3 of medusae in a 265
L pseudo-kreisel and 2/3 of medusae in a 946 L tank. Samples were collected evenly across both
tanks until the two C. pacifica tanks were combined to a single 946 L tank at day 56.
Environmental conditions were measured daily and were constant throughout the experiment (T
= 10-11°C, S = 28-30, pH = 7.5-7.6, photoperiod = 12 h light – 12 h dark, light source = LED for
265 L pseudo-kreisels and fluorescent for 946 L tanks). Both tank types received saltwater from
the same source, so the conditions across tanks were conserved. Water was exchanged at 32 L
min-1 for the 265 L pseudo-kreisels and 25 L min-1 for the 946 L tanks. The Vancouver
Aquarium provided all biological materials and husbandry.

Medusae and crustaceans had different sampling protocols. Five predator and three prey
medusae were collected at t0 and at regular intervals after t0 (Figure 2.1). Medusae were analysed
whole and sampled by measuring bell diameter to the nearest millimeter, then immediately
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freezing at -70°C. Medusa collection occurred before the morning feeding to reduce the effect of
gut and tentacle contents on the analysis. Prey were sampled over time to assess the temporal
variability in their signatures. Artemia used to rear the jellyfish prior to the treatment phase were
not sampled. Since Artemia are in consistent batch culture at the facility, with a consistent
methodology applied, I sampled Artemia during the treatment phase to establish the SI and FA
values and variability. After their 48-hour growth period, Artemia were rinsed to remove the
Selco and three subsets per sampling event were collected and immediately frozen at -70°C.
Three samples of E. superba were also collected from frozen specimens (-20°C). All samples
were lyophilized from a frozen state, homogenized, and stored for 4-10 months at -20°C (SIs) or
-80°C (FAs) following recommendations for optimum sample preservation (Ke et al. 1977,
Kogovšek et al. 2014, MacKenzie et al. 2017). To further reduce oxidation, I flushed FA samples
with nitrogen and stored in airtight cryovials (Ke et al. 1977).

2.2.2

Stable Isotope Analysis

I encapsulated 1.0-1.2 mg of crustacean and 6.0-6.5 mg of medusa per sample for bulk C and N
SI analyses. Samples from the A. aurita predator regime (Figure 2.1A) were analysed
commercially at the University of Victoria Isotope Facility using an ECS 4010 analyzer
(Costech) coupled via continuous flow to a Delta Advantage isotope ratio mass spectrometer
(IRMS; Thermo-Finnigan). Three internal references, calibrated against IAEA standards, were
used to measure δ13C and δ15N relative to VPDB and atmospheric N2. Mean standard deviations
for reference materials were ±0.1‰ for δ13C and ±0.2‰ for δ15N. Samples from the C. pacifica
predator regime (Figure 2.1B) were analysed commercially at the UC Davis Stable Isotope
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Facility using a PDZ Europa ANCA-GSL analyzer (Sercon Ltd.) coupled via continuous flow to
a PDZ Europa 20-20 IRMS (Sercon Ltd.). Seven internal references, calibrated against IAEA
and USGS standards, were used to measure δ13C and δ15N relative to VPDB and atmospheric N2.
Mean standard deviations for reference materials were ±0.03‰ for δ13C and ±0.06‰ for δ15N.
All values for δ13C and δ15N were measured in parts per thousand (‰). Stable isotope ratios are
expressed using δ-notation:
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
δ𝑋 = (
− 1) x 103
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
Here, X is 13C or 15N and R is the isotopic ratio 13C/12C or 15N/14N, respectively. Post et al. (2007)
suggest applying lipid corrections for organisms under two conditions: (i) C:N > 3.5 and (ii) lipid
content >5% of dry weight (DW). While the medusae in the current study had C:N > 3.5, I did
not correct δ13C for medusae due to their low lipid content, which I did not measure explicitly,
but has been demonstrated to be < 5% DW in other studies (Lucas 1994, Kariotoglou &
Mastronicolis 2001, Leone et al. 2015). I applied a lipid correction to δ13C for crustaceans using
the following equation (El-Sabaawi et al. 2009):
δ13 Ccorrected = δ13 Cbulk + (0.38 ∗ C: Nbulk ) − 1.85

2.2.3

Fatty Acid Extraction and Quantification

Lipids were extracted from 50 mg of crustacean and 150 mg of medusa per sample using a onestep FA methyl ester method (Puttick et al. 2009). First, I added 0.5 mL of 1.0 mg mL-1
nonadecanoic acid (19:0) in hexane as an internal quantification standard (Abdulkadir &
Tsuchiya 2008), then I added 2 mL 3 M HCl in methanol, vortexed to mix, and incubated at
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80°C for 16 hr overnight. After cooling to room temperature, I added 2 mL 0.9% NaCl solution
and an additional 1.5 mL hexane. Samples were vortexed to mix and centrifuged at 2500 rpm for
5 min to accelerate separation of the hexane and NaCl solution. Then I transferred the top hexane
layer that contained the FA methyl esters to 2 mL Gas Chromatography (GC) vials. Samples
were analysed using a Scion 436-GC (Scion Instruments) with a CP-Sil 88 column (Agilent; 50
m, 0.25 mm diameter, 0.2 µm film thickness) and a hydrogen carrier gas (1.2 mL min-1). The run
was 22 min long, beginning at 100°C for 3 min, then increasing 20°C min-1 to 175°C, then
increasing 5 °C min-1 to 230°C. Peaks were identified using external standards (Nu-Chek Prep
GLC455, GLC463, & GLC37). Fatty acids were analysed as a proportion of total FA, including
peaks that were identified but not chosen for the final FA subset, where FAs were removed if
their mean proportion for all taxa was lower than 0.5% (Bromaghin et al. 2016). This prevented
the chosen FA subset from skewing parameter estimates and relationships. I also provide total µg
of FA per mg of sample DW (hereafter, total FA) for each of the prey and predators for
reference, but I do not analyse these data further.

2.2.4

Calculating Turnover Time

All analyses were performed in R (R Core Team 2020). For statistical tests, p ≤ 0.05 was
considered significant. I calculated turnover time for SIs and FAs following recommendations
from Martínez del Rio and Anderson-Sprecher (2008) by first plotting the reaction progress
variable (1-F; developed by Cerling et al., 2007), which linearizes the SI or FA of interest and
allows us to determine if a delay or multiple reaction pools are present over time. This informs
model selection and subsequent investigation. Then I fit non-linear least squares regressions to
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the original non-linearized data for one- or two-compartments using the Levenberg-Marquardt
algorithm (nlsLM from minpack.lm in R; Elzhov et al., 2016) :
−𝑡

𝑋𝑡 = 𝑋∞ − (𝑋∞ − 𝑋0 ) (∑ 𝑝𝑖 e 𝜏𝑖 )
𝑖

Here, t is time in days, X is the SI or FA of interest at the time of the diet switch (X0) or at
equilibrium (X), τ is the average residence time of X (τ = 1/λ, where λ is the incorporation rate
which is commonly used for turnover), i is the number of compartments, e is Euler’s number,
and p is the proportion of each compartment (∑𝑖 𝑝𝑖 = 1; 𝑝2 = 1 − 𝑝1 for two compartments).
Compartments can detect multiple turnover pools occurring simultaneously, for example if
turnover in whole medusae was significantly affected by more than one tissue. Then I compared
the fit of one- and two-compartment models using the difference in small-sample Akaike
Information criterion (AICC; Burnham & Anderson, 2002). In all cases the data were overparameterized by two-compartment models, which suggests that turnover time was not
influenced by multiple pools or tissues. Therefore, I only report results for one-compartment
models and conclude that turnover in whole medusae was dominated by a single pool, likely the
bell, as concluded by D’Ambra et al. (2014). I did not account for the effect of growth in the
models as visual observation determined that medusae exhibited minimal growth during the
experiment. Medusae were also sampled randomly to mitigate the effect of size on analysis.

In A. aurita, δ15N exhibited a short initial delay where no change in δ15N occurred. This was
unexpected compared to other turnover studies, where the change in signature typically began
immediately following a change in diet. However, the observed delay was consistent with a
previous Aurelia sp. experiment (D’Ambra et al. 2014), so I used a continuous piecewise
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function with δ15N of the initial delay represented as a constant (c). The remaining data were
modelled using the nonlinear least-squares regression above, but constraining δ15N0 = c (Cerling
et al. 2007, Martínez del Rio & Anderson-Sprecher 2008, Braun et al. 2013) :

𝑐,
δ15 Nt = { 15
δ N∞ − (δ15 N∞ − 𝑐) (∑ 𝑝𝑖

−(𝑡−𝑑)
e 𝜏𝑖 ) ,

0≤ 𝑡≤𝑑
𝑡>𝑑

𝑖

Here, d is the length of the delay in days and c is the mean of δ15N during the delay. To
determine the length of the delay, a linear regression was taken iteratively from t0 to the
sampling week where the slope of the linear regression first became significantly different from
0, which marked the beginning of the turnover period (Braun et al. 2013). Half-life was
calculated using the following equation:
𝑡1 = 𝜏 ∗ ln 2
2

The standard deviation for half-life was calculated using the following equation:
𝜎 (𝑡1 ) = 𝑆𝐸𝜏 ∗ ln 2 ∗ √𝑁
2

Here, SEτ is the standard error for τ provided by the model and N is the sample size. For both SIs
and FAs, only τ estimates that were significantly estimated by the model were used to calculate
half-life. I used two-tailed t-tests to compare half-lives between predators for the same SI or FA.
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2.2.5

Calculating Trophic Enrichment Factors and Calibration Coefficients

Trophic enrichment factors (TEF) were calculated as the difference between the mean dataderived prey δX and either data-derived initial or model-derived final predator δX equilibrium
values:
∆δ𝑋 = ̅̅̅̅
δ𝑋𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟 − ̅̅̅̅
δ𝑋𝑝𝑟𝑒𝑦
Similarly, for FAs I calculated calibration coefficients (CC) as the ratio of predator and prey FA
at equilibrium for all FAs:
̅̅̅̅𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟 / FA
̅̅̅̅𝑝𝑟𝑒𝑦
CC = FA
I used linear regressions to determine whether prey values changed significantly over time. In
cases where FApredator was taken from the model-derived estimates for FA, only FA estimates
that were significantly estimated by the model were used. Then I tested the null hypothesis of CC
= 1 for all CCs using a one-sample t-test to determine which FAs were significantly modified by
the predator. I used two-tailed t-tests to compare TEFs and CCs between predators for the same
prey (Artemia), and to compare TEFs and CCs for different prey within a predator.

2.3

2.3.1

Results

Total Fatty Acid Composition

Total µg of FA per mg of sample DW (total FA) was different for each of the prey (Figure 2.2).
Artemia had the highest total FA (mean ± SD: 116.2 ± 5.3 µg mg-1), followed by Euphausia
superba (80.8 ± 5.1 µg mg-1), and Aurelia aurita had the lowest total FA (17.2 ± 5.5 µg mg-1;
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Figure 2.2A). Both predators had higher total FA when fed Artemia (A. aurita = 19.3 ± 3.7 µg
mg-1, Chrysaora pacifica = 16.2 ± 0.95 µg mg-1; Figure 2.2B-C) than when fed E. superba (A.
aurita = 11.0 ± 2.3 µg mg-1; Figure 2.2B) or A. aurita (C. pacifica = 8.3 ± 1.1 µg mg-1; Figure
2.2C). Dry weight was approximately 4.2% of wet weight for A. aurita and 3.6% for C. pacifica.

2.3.2

Prey Composition and Medusa Size

The largest variability in SI and FA composition of prey species occurred in A. aurita (Figure
2.3). Euphausia superba had the lowest δ13C (-22.1 ± 0.19‰) and δ15N (8.68 ± 0.08‰; N = 9),
Artemia had intermediate δ13C (-21.6 ± 0.14‰) and δ15N (11.3 ± 0.47‰; N = 48), and A. aurita
had the highest δ13C (-20.4 ± 0.56‰) and δ15N (14.1 ± 0.62‰; N = 21; Figure 2.3A). In terms of
quality, Artemia had the highest C:N of all prey (5.33 ± 0.15) while E. superba (3.97 ± 0.08) and
A. aurita (4.10 ± 0.19) had lower C:N. For FAs, Artemia were characterized by elevated
proportions of 18:1n-9c, 18:2n-6c and 18:3n-3, while E. superba had elevated proportions of
14:0, 16:0, 20:5n-3, and 22:6n-3. Prey A. aurita had elevated proportions of 18:0, 20:3n-3, and
20:4n-6, and lower proportions of 18:1n-7 and 18:4n-3 compared to crustacean prey (Figure
2.3B).

There was little variability in prey SI and FA composition over time (Table A.1). Artemia SI
values from the A. aurita predator regime changed significantly over time, where δ13C decreased
by 5.83 x 10-3 ‰ d-1 (R2 = 0.46, p < 0.001; Figure 2.4A) and δ15N increased by 8.83 x 10-3 ‰ d-1
(R2 = 0.41, p < 0.001; Figure 2.4C). Some FAs also changed significantly over time for each of
the prey (Table A.1). While the changes were statistically significant, I did not consider the
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magnitude of the change to be biologically significant compared to the variability in the
predators. Thus, mean values were used for all subsequent calculations.

Medusae did not grow or shrink obviously during the treatment phase. For SIs, sampled predator
A. aurita were 135.8 ± 24.2 mm, C. pacifica were 63.5 ± 18.6 mm and prey A. aurita were 68.6
± 29.1 mm. For FA, sampled predator A. aurita were 139.1 ± 28.2 mm, C. pacifica were 61.8 ±
17.9 mm, and prey A. aurita were 74.9 ± 34.4 mm.

2.3.3

Turnover Time

The δ13C for Artemia and E. superba were similar (Figure 2.3A), so the slope of δ13C over time
was not significantly different from 0 (F1,42 = 0.39, p = 0.54; Figure 2.4A) and δ13C half-life
could not be estimated for A. aurita as a non-linear regression did not fit the data. A 21-day lag
occurred before A. aurita began δ15N turnover (Figure 2.4C), so δ15N half-life also could not be
significantly estimated from the reduced turnover period (Table 2.1). For C. pacifica, δ13C halflife (14.5 ± 12.5 d) was significantly shorter than δ15N half-life (35.6 ± 48.4 d; t128 = 3.41, p <
0.001), indicating shorter turnover time for the δ13C pool (Figure 2.4B&D; Table 2.1).

For the FAs with significant τ estimates, half-lives ranged from 7.7 days to 22.5 days for FAs
and exhibited high standard deviations and variability among FAs (Table 2.1; Figure 2.5). Halflife estimates for three FAs were significant for both predators (Table 2.1). Both 18:1n-9 (A.
aurita = 18.9 ± 23.5 d, C. pacifica = 14.9 ± 18.5 d) and 18:2n-6 (A. aurita = 22.5 ± 27.4 d, C.
pacifica = 10.1 ± 15.1 d) were not significantly different, while half-life for 18:3n-3 was
20

significantly smaller for C. pacifica (7.82 ± 17.8 d) than A. aurita (19.1 ± 19.7 d; Figure 2.5; see
Table 2.1 for the results of the t-tests). Notably, some FAs in C. pacifica followed the expected
non-linear regression initially, then around day 50 begin returning to initial FA values (see
Figure 2.5F-M for examples).

2.3.4

Trophic Enrichment Factors and Calibration Coefficients

Trophic enrichment factors (TEF) exhibited some differences depending on the combination of
predator and prey (Figure 2.6A-B; Table 2.2). When both predators were fed Artemia, Δδ13C was
significantly lower in C. pacifica (0.95 ± 0.22‰) than A. aurita (1.43 ± 0.47‰) but Δδ15N was
not significantly different between predators (A. aurita = 2.05 ± 0.56‰, C. pacifica = 2.14 ±
0.48‰; Figure 2.6A-B; Table 2.2-3). For A. aurita, Δδ13C and Δδ15N were both significantly
larger when medusae were fed E. superba (Δδ13C = 2.01 ± 0.49‰, Δδ15N = 4.11 ± 0.59‰) than
when they were fed Artemia prey (Δδ13C = 1.43 ± 0.47‰, Δδ15N = 2.05 ± 0.56‰; Figure 2.6A,
Table 2.2-3). For C. pacifica, Δδ13C was significantly larger when the medusae were fed A.
aurita (Δδ13C = 1.59 ± 0.69‰) than when they were fed Artemia prey (Δδ13C = 0.95 ± 0.22‰),
but Δδ15N was significantly smaller for A. aurita prey (Δδ15N = 1.35 ± 1.70‰) than Artemia
prey (Δδ15N = 2.14 ± 0.48‰; Figure 2.6B; Table 2.2-3). Results from all t-tests are in Table 2.3.

Most CCs were significantly different from 1 (Table 2.2), where 1 indicates no modification to
the proportions found in the prey (unmodified), < 1 indicates negative modification (i.e.,
excretion, catabolism), and > 1 indicates positive modification (i.e., selective uptake, anabolism).
Generally, unmodified FA (CC = 1) were not consistent between predators. For both predators,
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many saturated FAs exhibited positive modification, with a few exceptions in A. aurita. All 18carbon unsaturated FAs were negatively modified (Figure 2.6C-D; Table 2.2). Many 20-carbon
unsaturated FAs were positively modified in both species, with a few exceptions for C. pacifica,
including 20:5n-3 (EPA) (Figure 2.6C-D; Table 2.2). Notably, 22:6n-3 (DHA) was negatively
modified in both species when fed Artemia. The CCs also appeared to be related to the degree of
saturation, where the polyunsaturated FAs generally had larger CCs than the monounsaturated or
saturated FAs.

For both predators, the largest CC occurred in 20:4n-6 and the smallest CC occurred in 18:4n-3
(Figure 2.6C-D; Table 2.2). When both predators were fed Artemia, CCs were not significantly
different for 18:1n-9 (A. aurita = 0.70 ± 0.02, C. pacifica = 0.69 ± 0.04), 22:5n-3 (A. aurita =
2.87 ± 0.73, C. pacifica = 2.97 ± 0.81), or 22:6n-3 (A. aurita = 0.93 ± 0.26, C. pacifica = 0.94 ±
0.21; Figure 2.6C-D; Table 2.2-3). For predator A. aurita, CCs were not significantly different
between Artemia and E. superba prey for 14:0 (Artemia = 1.07 ± 0.08, E. superba = 0.90 ± 0.68),
16:0 (Artemia = 0.82 ± 0.05, E. superba = 1.01 ± 1.10), 18:1n-9 (Artemia = 0.70 ± 0.02, E.
superba = 0.63 ± 0.30), or 22:5n-3 (Artemia = 2.87 ± 0.73, E. superba = 3.41 ± 2.27; Figure
2.6C; Table 2.2-3). For C. pacifica, CCs were not significantly different between Artemia and A.
aurita prey for 15:0 (Artemia = 2.04 ± 0.33, A. aurita = 2.21 ± 0.73), 18:3n-3 (Artemia = 0.46 ±
0.05, A. aurita = 0.40 ± 0.22), 18:4n-3 (Artemia = 0.27 ± 0.04, A. aurita = 0.27 ± 0.20), or 22:6n3 (Artemia = 0.94 ± 0.21, A. aurita = 0.65 ± 1.18; Figure 2.6D; Table 2.2-3). Results from all ttests are in Table 2.3.
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2.4

Discussion

Accurate estimates for turnover time and modification of SIs and FAs can be used to trace
trophic pathways and energy flows in food webs, which are central to ecology. However, the
current absence of reliable, jellyfish-specific estimates for turnover time and modification limits
the application of these biomarkers for investigating jellyfish trophic ecology. This study
provides new estimates for turnover times, trophic enrichment factors (TEFs), and calibrations
coefficients (CCs) from controlled feeding experiments using Aurelia aurita and Chrysaora
pacifica as model organisms. Here I provide recommendations for the application of these
estimates and discuss potential drivers in jellyfish in the context of studies on other taxa,
including predator size, diet composition, and the possibility of a 2-carbon elongation pathway
for 18-carbon FAs.

2.4.1

Turnover

Turnover refers to the time required for tissue biochemical composition to equilibrate following
a change in diet. Turnover times are dependent on tissue type, organism size, diet composition
and metabolic rates, and can range from hours to days, or even years (Carter et al. 2019).
Knowledge of turnover times is essential when interpreting trophic interactions using SIs and
FAs. In the current study, turnover time in whole medusae was highly variable among
biomarkers, with half-lives of 15 days for δ13C and 36 days for δ15N in C. pacifica. For FAs,
half-lives ranged from 17 to 34 days in A. aurita and 8 to 15 days in C. pacifica. Standard
deviations for the half-life estimates were large in both SIs and FAs (Table 2.1). I want to draw
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attention to the unexpected lag in δ15N turnover for A. aurita (Figure 2.4C) that was not apparent
in either the δ13C turnover or FA turnover. This is further discussed below, but I advise caution
when applying turnover or modification values that were estimated from A. aurita feeding on
Euphausia superba in this study, and I do not include them in the recommendations here and
subsequently.

The half-life estimates that were provided here for SIs and FAs underscores that turnover is a
complex process that involves many metabolic pathways occurring simultaneously. Reviews
across taxa suggest four main drivers of turnover in animals. First, δ13C and δ15N turnover rate
decreases with body size, which follows metabolic scaling theory (Vander Zanden et al. 2015,
Thomas & Crowther 2015). Growth rates are often considered drivers of turnover, but growth is
driven largely by organism size and is therefore considered under the overall driver of body size
(Robinson et al. 1983, Vander Zanden et al. 2015, Thomas & Crowther 2015). Predator size may
have introduced some variability into measured turnover times and I did not explicitly test this,
but rather randomly sampled medusae to control for the effect of size on the results. However, A.
aurita were twice as large as C. pacifica on average and this may have contributed to observed
differences in FA turnover times between these predators. Specifically, A. aurita half-life was
twice as long for 18:2n-6 and 18:3n-3 compared to C. pacifica, suggesting that half-life may be
longer in larger jellyfish for some biomarkers, although diet may also have been a factor.

A second driver of turnover time is metabolism, with endotherms typically exhibit shorter
turnover time than ectotherms (Vander Zanden et al. 2015, Thomas & Crowther 2015). In
endotherms, δ13C and δ15N turnover at a 1:1 rate, while in ectotherms δ13C usually turns over
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faster than δ15N, although with large variability (Thomas & Crowther 2015). Examples include
Palaemon peringueyi (Decapoda; half-life for δ13C = 1-231 d, δ15N = 1-116 d and FA = 1-23 d;
Antonio & Richoux 2016), Onisimus litoralis (Amphipoda; half-life for δ13C = 14-77 d and δ15N
= 20-116 d; Kaufman et al. 2008), and Apostichopus japonicus (Holothuroidea; half-life for δ13C
= 11-105 d; Sun et al. 2012). This study found an approximate 1:2 ratio of δ13C and δ15N
turnover times in C. pacifica, supporting shorter δ13C turnover times for jellyfish. The
differences in turnover times of δ13C and δ15N among ectotherms are likely driven by differences
in metabolism and this should be investigated further in the context of the other drivers discussed
here.

A third driver of turnover times is the biochemical composition of the prey, for example,
increased supply of either proteins or lipids can decrease turnover time for predator tissues that
depend heavily on either (Carter et al. 2019). In this study, both predators were switched to prey
with similar C:N (3.9 for E. superba and 4.1 for A. aurita), but E. superba had higher total FA
(Figure 2.2), %C and %N than A. aurita. However, as noted above, the half-life of 18:2n-6 and
18:3n-3 was twice as long in A. aurita fed a diet of E. superba than C. pacifica fed a diet of A.
aurita. Prey A. aurita did have a higher proportion of 18:2n-6 and 18:3n-3 than E. superba,
which lends support to the role of diet in FA turnover. The final driver of turnover time is tissue
type within an organism, due to tissue-specific metabolism (Carter et al. 2019). However, I did
not compare tissue types in the current study and cannot assess this.

I observed additional turnover trends that are worth noting. Turnover time for FAs followed a
non-linear regression as expected, but some FA proportions began returning to the initial values
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around sampling day 50 (see Figure 2.5F-M for examples), similar to results found in other FA
turnover studies (Antonio & Richoux 2016). This was likely due to a combination of FA
modification pathways that are discussed in the next section. Another notable trend was the
similarity in the half-lives for δ13C and some FAs in C. pacifica, which indicates that FAs
contributed a large portion of carbon in the jellyfish tissue. Jellyfish metabolic pathways are
poorly understood but these observations suggest potential pathways for initial investigation,
especially related to lipid digestion, incorporation, and storage in jellyfish.

2.4.2

Stable Isotope Trophic Enrichment Factors

Trophic enrichment factors (TEF) for SIs account for the fractionation of isotope ratios that
occurs between consumers and their prey. Knowledge of TEFs is a requirement for using SIs to
trace trophic pathways, including trophic levels and diet composition (McCutchan et al. 2003,
Bond & Diamond 2011). While generalized TEFs are broadly used in ecology (Post 2002), TEFs
do show taxonomic variation (McCutchan et al. 2003) and knowledge of taxon specific TEFs can
improve estimates of food web parameters (Bond & Diamond 2011, Boecklen et al. 2011). The
TEFs determined in the current study varied depending on the combination of predator and prey,
and I recommend that researchers use TEFs from the combination that most closely matches
their scenario of interest (Table 2.2). For example, studies involving Aurelia spp. feeding on
crustacean zooplankton should use Δδ13C = 1.43‰ and Δδ15N = 2.05‰ (Artemia) and studies
involving Chrysaora spp. feeding on crustacean zooplankton should use Δδ13C = 0.95‰ and
Δδ15N = 2.14‰ (Artemia; Table 2.2). For studies where jellyfish are feeding on interspecific
jellyfish, Δδ13C = 1.59‰ and Δδ15N = 1.35‰ should be used (Table 2.2). Additional scenarios
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can be approximated by using averages derived from my estimates, or by selecting the predator
that is more taxonomically similar to the consumer of interest. For example, when other jellyfish
besides Aurelia spp. or Chrysaora spp. are feeding on zooplankton, an average value for Artemia
prey in both predators may be used (Δδ13C = 1.19 ± 0.37‰ and Δδ15N = 2.09 ± 0.52‰). Table
A.2 provides these TEF averages, and averages for FA CCs.

To date, two estimates for TEFs in jellyfish have been published. D’Ambra et al. (2014) reports
on a controlled feeding study for Aurelia sp. and estimated Δδ13C = 4.3‰ and Δδ15N = 0.1‰.
Tilves et al. (2018) used Δδ13C = 0.7‰ and Δδ15N = 2.4‰ for their in situ diet models for
Pelagia noctiluca based on a previous controlled feeding study, though the details of that feeding
study have not been published. The Δδ15N values reported by D’Ambra et al. (2014) are small
and their application in trophic studies yields unrealistically high trophic levels (e.g., TL = 17 in
Fleming et al. 2015), and conflicting diet characterizations when used in mixing models (Wang
et al 2020). My TEF estimates are similar to those provided by Tilves et al. (2018) but in the
absence of detailed methods and results, it is difficult to compare estimates directly. Some
reports of in situ data have presented similar SI ranges for jellyfish compared to their prey. For
example, in the Gulf of Trieste, P. noctiluca were ~2‰ higher in δ13C compared to zooplankton
collected in the same region (Malej et al. 1993). Taken together, I conclude that my TEF
estimates are within the ranges previously observed for jellyfish, so I am confident that my
estimates are reliable and can be applied for jellyfish broadly.
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2.4.3

Fatty Acid Calibration Coefficients

Calibration coefficients (CC) for FAs account for the proportional changes in FAs that occur
between a predator and their prey due to storage, excretion, and enzymatic modification. These
CCs can be used to trace trophic pathways in food webs, particularly consumer diet composition,
both qualitatively and quantitatively (Dalsgaard et al. 2003, Iverson et al. 2004). Generally,
jellyfish predators in the current study had few unmodified FAs (where CC = 1; Table 2.2).
Among the unmodified FAs, there were no clear trends within groups of FAs, between predators,
or among prey types. There was a single exception, where 22:6n-3 (DHA) was unmodified by
both predators when fed Artemia. Additionally, 18-carbon FAs consistently had CC < 1 while
many 20-carbon FAs had CC > 1 for both predators (Figure 2.6C-D, Table 2.2). In marine
organisms, some 20- and 22-carbon polyunsaturated FAs are essential because they are critical
functional components of membranes, and survival is negatively impacted when these essential
FAs are limited (Parrish 2009). Some organisms can convert 18-carbon precursors to essential
FAs (Dalsgaard et al. 2003, Parrish 2009), and the CCs that I observed for these FAs suggests
that this is the case with jellyfish. While this has not been explicitly examined in jellyfish, a
growing body of evidence suggests the presence of desaturases (enzymes that add double bonds)
in invertebrates (Bell et al. 2007, Monroig et al. 2013, Kabeya et al. 2018, 2020, Strandberg et al.
2020) and elongases (enzymes that add carbons) in eukaryotes more broadly (Cook 1991,
Monroig et al. 2013). Of note, desaturase genes have been identified in corals (Cnidaria; Kabeya
et al. 2020) and elongase genes have been identified in sponges (Porifera; Monroig et al. 2013).
Dietary FAs typically remain unmodified when they are incorporated directly into lipid storage,
but are modified when starvation requires mobilization of stored lipids to address a declining
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tissue function (Hall et al. 2006). Since jellyfish do not store lipids to a large extent (Lucas
1994), FAs are likely used primarily for tissue function and thus modification may occur upon
ingestion (Lee 1974). Although it is unlikely that invertebrates can desaturate or elongate FAs to
a degree that would sustain their own growth, my findings do provide evidence for some
occurrence in jellyfish. I stress that FA modification should always be considered when applying
FAs as trophic markers in jellyfish food web studies.

Although little data exist for CCs in marine organisms, predators may modify FAs differently
depending on the availability of the FAs in the prey (Wang et al. 2010, Jardine et al. 2020). I did
not find evidence for this here. For example, although both Artemia and A. aurita prey had
similar proportions of 20:1n-9 (Artemia = 0.01, A. aurita = 0.01, Figure 2.3B), CCs were
significantly different between these prey in C. pacifica (Artemia = 0.90, A. aurita = 0.46, Figure
2.6C-D; Table 2.2-3). Conversely, Artemia had elevated proportions of 18:3n-3 compared to A.
aurita prey (Artemia = 0.25, A. aurita = 0.14; Figure 2.3B), but CCs for 18:3n-3 were not
significantly different for C. pacifica fed these prey (Artemia = 0.46, A. aurita = 0.40; Figure
2.6C-D; Table 2.2-3). Predators may also modify CCs differently depending on their
physiological needs. While this has not been evaluated for jellyfish, it is relevant to future
trophic studies.

Jellyfish exhibit elevated proportions of polyunsaturated FA (PUFA) compared to
monounsaturated FA and saturated FAs (Sipos & Ackman 1968, Fukuda & Naganuma 2001,
Nichols et al. 2003, Milisenda et al. 2018, Stenvers et al. 2020). Some PUFAs have particularly
high contents in jellyfish, especially 20:4n-6 (ARA; Sipos & Ackman 1968, Nichols et al. 2003,
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Ying et al. 2012, Milisenda et al. 2018), which in the current study also had the highest CC in
both predators. Some PUFA contents are also unexpectedly low compared to other marine
zooplankton, particularly 22:6n-3 compared to 20:5n-3 (DHA:EPA; Sipos & Ackman 1968,
Nichols et al. 2003). Jellyfish in the Yellow Sea were reported as having low levels of many 18carbon FAs (Ying et al. 2012), which may be explained in part by the low CCs for 18-carbon
FAs observed in this study (Figure 2.6C-D, Table 2.2). Interestingly, A. aurita polyps have also
been shown to have high 20:4n-6 (ARA) and low 22:6n-3 (DHA) contents compared to their
prey under controlled feeding conditions (Chi et al. 2018) which further suggests modification by
jellyfish. Comparisons between aquatic animals have found CCs to be similar within taxonomic
ranks, including the rank of class (Jardine et al. 2020). Thus, my CC estimates could reasonably
be applied for scyphozoan jellyfish broadly following my recommendations above. Finally, it is
worth noting that the total FA content of the predators responded to the total FA content of their
prey, decreasing by half for A. aurita fed E. superba and C. pacifica fed A. aurita (Figure 2.2BC). This indicates the importance of diet to the nutritional quality of jellyfish as prey, although
the mass specific FA content of jellyfish is low compared to other marine zooplankton.

2.4.4

Aurelia aurita Feeding on Euphausia superba

Turnover typically begins immediately following a change in diet. For this reason, the initial lag
in δ15N turnover for A. aurita after they were switched to an E. superba diet was unexpected
(Figure 2.4C). One potential explanation for isotope turnover lags is nutritional stress. When
under nutritional stress, organisms may metabolise their own tissues, resulting in increased
TEFs, especially in δ15N (reviewed by Carter et al., 2019). The effect of nutritional stress on SIs
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has not been evaluated specifically in jellyfish, however, the fact that I did not observe an
increase in δ15N suggests that this was not a factor. The lagged response of δ15N in A. aurita after
the E. superba diet switch does suggest that protein uptake may have been limited, potentially
due to E. superba being an unsuitable dietary item or incomplete assimilation of the ingested
material by A. aurita. The systematic change in FA content in response to the diet switch
indicted that FA uptake was not inhibited (Figure 2.2B). Notably, D’Ambra et al. (2014) also
observed lags in δ13C and δ15N turnover for Aurelia sp. fed a diet of frozen Cyclops spp.
copepods. The similarity in findings for Aurelia spp. between two independent studies with
different prey indicates that this should be investigated more thoroughly.

2.4.5

Future Direction

Although parameter estimates have been provided here, the accuracy of diet mixing models for
elucidating mixed prey in jellyfish has not yet been evaluated using controlled feeding
experiments, nor have the effects of stressors on biomarker composition. There are fewer labbased studies than field applications of SIs and FAs for jellyfish, but these powerful tools require
careful calibration under controlled conditions to be understood and used effectively (Bond &
Diamond 2011, Brett et al. 2016, Galloway & Budge 2020). Further investigation of biochemical
and metabolic pathways of SIs and FAs within jellyfish would also help elucidate some of the
patterns that I observed here. For example, a controlled laboratory experiment using compound
specific SI analysis would provide additional resolution of these potential pathways.
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Increasingly, researchers are advocating for the separation of gelatinous zooplankton into their
respective taxa instead of considering them a single gelatinous group during whole-ecosystem
studies. The findings in the current study support this, as medusae fed crustacean and gelatinous
prey had markedly different TEFs, and Chrysaora spp. is a well-known predator of intraspecific
jellyfish while Aurelia spp. is not. To this end, SI and FA calibration studies should be
completed for other gelatinous taxa, spanning the diversity of trophic functional groups that they
represent. Additional calibrations for medusa size, life history stage, and diet type would also be
valuable. Increased resolution would allow for improved understanding of the nuances of trophic
interactions within and between gelatinous zooplankton, and improved parameterization in food
web studies.

2.5

Conclusions

This study aimed to provide turnover time, TEF and CC estimates for SIs and FAs in jellyfish
under different feeding scenarios. Turnover times were variable among biomarkers and I suggest
the two most likely drivers were predator size and the biochemistry of the diet. In Chrysaora
pacifica, half-lives for δ13C and some FAs were similar, but half-life for δ15N was almost twice
as long as δ13C. Averages for additional predator and prey combinations are provided in Table
A.2. A pattern in CCs emerged in both predators, where 18-carbon FAs were negatively
modified and most 20-carbon FAs were positively modified. This suggests the possibility of a 2carbon elongation pathway in jellyfish, similar to what has been found in other marine
zooplankton. Many drivers for turnover and modification are still unknown for jellyfish, and
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future studies should investigate predator size and the biochemistry of the diet in greater depth to
clarify some of the patterns that were observed here.
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2.6

Tables

Table 2.1. Parameter estimates for turnover time of stable isotopes and fatty acids for Aurelia aurita and
Chrysaora pacifica following a diet switch. Predators were raised on Artemia sp. nauplii and switched to
Euphausia superba (A. aurita) or A. aurita (C. pacifica). Half-life (t1/2) is calculated from retention time (τ) and
reported as the estimate ± standard deviation. P-values for t1/2 indicate τ that were significantly estimated
from the non-linear least-squares regression. Aurelia aurita had a 21-day lag in δ15N before turnover began,
which is not incorporated in this estimate for t1/2. A two-tailed t-test was used to determine if half-lives were
significantly different between predators for the same fatty acid, where possible.
Predator

Equation

N

SE

p

t1/2 (d)

Chrysaora pacifica

y = -18.8 - (1.76) e ^(- 0.0478 x)

65

2.2

< 0.001 *

14.5 ± 12.5

Aurelia aurita

y = 12.8 - ( -0.569 ) e ^(- 0.15 x)

30

4.6

0.16

4.6 ± 17.6 a

Chrysaora pacifica

y = 15.5 - ( 2.02 ) e ^(- 0.0194 x)

65

8.7

< 0.001 *

35.6 ± 48.4

Stable Isotope
δ13C
δ15N
Fatty Acid

t-test

14:0

Aurelia aurita

y = 0.045 - ( 0.033 ) e ^(- 0.02 x)

16

21.5

0.04 *

34 ± 60

15:0

Chrysaora pacifica

y = 0.012 - ( 0.0068 ) e ^(- 0.052 x)

44

4.6

< 0.001 *

13.2 ± 21

18:0

Chrysaora pacifica

y = 0.19 - ( 0.047 ) e ^(- 0.06 x)

44

7.6

0.034 *

11.6 ± 35

18:1n-7

Chrysaora pacifica

y = 0.022 - ( -0.011 ) e ^(- 0.074 x)

44

4.3

0.003 *

9.4 ± 20

Aurelia aurita

y = 0.068 - ( -0.065 ) e ^(- 0.037 x)

16

8.5

0.007 *

18.9 ± 23

Chrysaora pacifica

y = 0.047 - ( -0.093 ) e ^(- 0.046 x)

44

4

< 0.001 *

14.9 ± 18

Aurelia aurita

y = 0.0073 - ( -0.031 ) e ^(- 0.031 x)

16

9.9

0.006 *

22.5 ± 27

Chrysaora pacifica

y = 0.017 - ( -0.02 ) e ^(- 0.069 x)

44

3.3

< 0.001 *

10.1 ± 15

Aurelia aurita

y = 0.0059 - ( -0.17 ) e ^(- 0.036 x)

16

7.1

0.002 *

19.1 ± 20

Chrysaora pacifica

y = 0.056 - ( -0.069 ) e ^(- 0.089 x)

44

3.9

0.006 *

7.8 ± 18

18:4n-3

Chrysaora pacifica

y = 0.0049 - ( -0.0085 ) e ^(- 0.09 x)

40

3.6

0.003 *

7.7 ± 16

20:4n-6

Chrysaora pacifica

y = 0.2 - ( 0.11 ) e ^(- 0.07 x)

44

4

0.001 *

9.9 ± 19

16

9.7

0.023 *

17.4 ± 27

18:1n-9

18:2n-6

18:3n-3

20:5n-3 Aurelia aurita
y = 0.16 - ( 0.095 ) e ^(- 0.04 x)
*Significant p-values (≤ 0.05); a Does not include the 21-day lag

t58 = 0.61,
p = 0.54
t58 = 1.72,
p = 0.091
t58 = 2.01,
p = 0.049 *

34

Table 2.2. Parameter estimates for modification of stable isotopes and fatty acids by jellyfish predators
Aurelia aurita and Chrysaora pacifica from their prey. Trophic enrichment factors (TEF) and calibration
coefficients (CC) are reported as the estimate ± standard deviation. P-values from one-sample t-tests for
calibration coefficients indicate values that are significantly different from 1.
Predator

N

Prey

N

TEF

30

Artemia sp.

27

1.43 ± 0.47

30

Euphausia superba

9

2.01 ± 0.49

5

Artemia sp.

21

0.95 ± 0.22

65

Aurelia aurita

21

1.59 ± 0.69

18

Artemia sp.

27

2.05 ± 0.56

30

Euphausia superba

9

4.11 ± 0.59

5

Artemia sp.

21

2.14 ± 0.48

65

Aurelia aurita

21

1.35 ± 1.7

Stable Isotope
Aurelia aurita
δ13C
Chrysaora pacifica
Aurelia aurita
δ15N
Chrysaora pacifica
Fatty Acid
Aurelia aurita
14:0
Chrysaora pacifica
Aurelia aurita
15:0

16:0

16:1

17:0

Chrysaora pacifica
Aurelia aurita

t

p

5

Artemia sp.

9

1.07 ± 0.08

13

3.33

0.005 *

16

Euphausia superba

9

0.9 ± 0.68

24

0.73

0.471

5

Artemia sp.

9

1.79 ± 0.25

13

11.97

< 0.001 *

44

Aurelia aurita

9

1.33 ± 0.33

52

7.26

< 0.001 *

5

Artemia sp.

9

1.43 ± 0.16

13

10.05

< 0.001 *

5

Artemia sp.

9

2.04 ± 0.33

13

11.8

< 0.001 *

44

Aurelia aurita

9

2.21 ± 0.73

52

12.07

< 0.001 *

5

Artemia sp.

9

0.82 ± 0.05

13

13.05

< 0.001 *

16

Euphausia superba

9

1.01 ± 1.1

24

0.06

0.95

5

Artemia sp.

9

1.27 ± 0.08

13

12.91

< 0.001 *

Aurelia aurita

5

Artemia sp.

9

1.55 ± 0.06

13

32.65

< 0.001 *

Chrysaora pacifica

5

Artemia sp.

9

0.89 ± 0.05

13

8.34

< 0.001 *

Aurelia aurita

5

Artemia sp.

9

0.8 ± 0.06

13

13.59

< 0.001 *

5

Artemia sp.

9

1.38 ± 0.12

13

11.47

< 0.001 *

44

Aurelia aurita

9

1.53 ± 0.19

52

20.81

< 0.001 *

5

Artemia sp.

9

1.53 ± 0.14

13

14.35

< 0.001 *

Chrysaora pacifica

Chrysaora pacifica
Aurelia aurita

18:1n-7

df

Chrysaora pacifica

Aurelia aurita
18:0

CC

Chrysaora pacifica

5

Artemia sp.

9

2.24 ± 0.28

13

16.78

< 0.001 *

44

Aurelia aurita

9

1.29 ± 0.28

52

7.4

< 0.001 *

5

Artemia sp.

9

0.67 ± 0.02

13

67.61

< 0.001 *

5

Artemia sp.

9

0.58 ± 0.05

13

31.1

< 0.001 *

44

Aurelia aurita

9

0.66 ± 0.18

52

14.13

< 0.001 *

* Significant p-values (≤ 0.05)
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Table 2.2. (continued) Parameter estimates for modification of stable isotopes and fatty acids by jellyfish
predators Aurelia aurita and Chrysaora pacifica from their prey. Trophic enrichment factors (TEF) and
calibration coefficients (CC) are reported as the estimate ± standard deviation. P-values from one-sample ttests for calibration coefficients indicate values that are significantly different from 1.
Aurelia aurita
18:1n-9
Chrysaora pacifica
Aurelia aurita
18:2n-6

Chrysaora pacifica
Aurelia aurita

18:3n-3

Chrysaora pacifica
Aurelia aurita

18:4n-3

Chrysaora pacifica
Aurelia aurita

20:1n-9

20:2n-6

20:3n-3

20:4n-3

20:4n-6

20:5n-3

Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica

22:5n-3

22:5n-6

22:6n-3

Aurelia aurita
Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica
Aurelia aurita
Chrysaora pacifica

5
16
5
44
5
5
44
5
5
44
5
5
40
5
5
43
5
5
5
5
44
5
5
5
5
44
5
16
5
5
16
5
4
5
5
5
44

Artemia sp.
Euphausia superba
Artemia sp.
Aurelia aurita
Artemia sp.
Artemia sp.
Aurelia aurita
Artemia sp.
Artemia sp.
Aurelia aurita
Artemia sp.
Artemia sp.
Aurelia aurita
Artemia sp.
Artemia sp.
Aurelia aurita
Artemia sp.
Artemia sp.
Artemia sp.
Artemia sp.
Aurelia aurita
Artemia sp.
Artemia sp.
Artemia sp.
Artemia sp.
Aurelia aurita
Artemia sp.
Euphausia superba
Artemia sp.
Artemia sp.
Euphausia superba
Artemia sp.
Artemia sp.
Artemia sp.
Artemia sp.
Artemia sp.
Aurelia aurita

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

0.7 ± 0.02
0.63 ± 0.3
0.69 ± 0.04
0.39 ± 0.25
0.71 ± 0.03
0.61 ± 0.07
0.51 ± 0.21
0.72 ± 0.05
0.46 ± 0.05
0.4 ± 0.22
0.59 ± 0.06
0.27 ± 0.04
0.27 ± 0.2
1.62 ± 0.18
0.9 ± 0.2
0.46 ± 0.24
2.99 ± 0.32
2.27 ± 0.28
4.94 ± 0.61
2.14 ± 0.24
0.45 ± 0.2
1.51 ± 0.09
0.74 ± 0.11
6.25 ± 0.83
12.85 ± 2.63
3.48 ± 1.78
1.99 ± 0.33
1.23 ± 0.42
0.54 ± 0.12
2.87 ± 0.73
3.41 ± 2.27
2.97 ± 0.81
0.69 ± 0.49
9.46 ± 2.77
0.93 ± 0.26
0.94 ± 0.21
0.65 ± 1.18

13
24
13
52
13
13
52
13
13
52
13
13
48
13
13
51
13
13
13
13
52
13
13
13
13
52
13
24
13
13
24
13
12
13
13
13
52

62.86
6.22
28.09
17.79
43.1
22
17.29
19.89
43.4
19.7
25.06
64.56
26.05
13.04
1.96
16.39
23.38
17.12
24.15
17.72
20.48
20.11
8.51
23.53
16.85
10.1
11.29
2.74
14.19
9.57
5.31
9.12
2.32
11.42
0.98
1.08
2.15

< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
0.072
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
0.011 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
0.039 *
< 0.001 *
0.343
0.3
0.036 *

* Significant p-values (≤ 0.05)
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Table 2.3. Results of two-sided t-test comparing trophic enrichment factors and calibration coefficients
between the predators Aurelia aurita and Chrysaora pacifica for the same prey (Artemia sp. nauplii), and
within each predator for different prey.
Same Prey (Artemia sp.)

SE

t

df

Same Predator (Aurelia aurita)

p

Stable Isotope
δ C
13

0.08

t

df

p

Stable Isotope
6.41

81

< 0.001 *

δ N
0.13
0.7
69
0.49
Fatty Acid
14:0
0.07 10.25 26 < 0.001 *
15:0
0.1
6.25 26 < 0.001 *
16:0
0.02 17.97 26 < 0.001 *
16:1
0.02 31.07 26 < 0.001 *
17:0
0.04 16.07 26 < 0.001 *
18:0
0.08 8.58 26 < 0.001 *
18:1n-7
0.01 6.53 26 < 0.001 *
18:1n-9
0.01 0.91 26
0.371
18:2n-6
0.02
5.4
26 < 0.001 *
18:3n-3
0.02 13.87 26 < 0.001 *
18:4n-3
0.02 16.23 26 < 0.001 *
20:1n-9
0.07 10.18 26 < 0.001 *
20:2n-6
0.11 6.31 26 < 0.001 *
20:3n-3
0.18 15.95 26 < 0.001 *
20:4n-3
0.04 19.38 26 < 0.001 *
20:4n-6
0.74 8.94 26 < 0.001 *
20:5n-3
0.09 15.5 26 < 0.001 *
22:5n-3
0.29 0.31 26
0.756
22:5n-6
0.75 11.65 25 < 0.001 *
22:6n-3
0.09 0.12 26
0.909
* Significant p-values (≤ 0.05)
15

SE
δ C
13

0.1

δ N
0.13
Fatty Acid
14:0
0.14
15

16:0

18:1n-9

20:5n-3
22:5n-3

0.22

0.06

0.12
0.49

Same Predator (Chrysaora pacifica)

SE

t

df

p

0.09

7.58

110

< 0.001 *

δ N
0.21
Fatty Acid
14:0
0.08
15:0
0.13

3.84

110

< 0.001 *

5.7
1.27

65
65

< 0.001 *
0.208

17:0
18:0
18:1n-7
18:1n-9
18:2n-6
18:3n-3
18:4n-3
20:1n-9

0.04
0.08
0.03
0.04
0.03
0.03
0.03
0.06

3.7
11.46
2.69
8.38
2.94
1.9
0.18
7.04

65
65
65
65
65
65
61
64

< 0.001 *
< 0.001 *
0.009 *
< 0.001 *
0.005 *
0.063
0.858
< 0.001 *

20:3n-3

0.07

24.24

65

< 0.001 *

20:4n-6

0.74

12.59

65

< 0.001 *

22:6n-3

0.17

1.69

65

0.096

Stable Isotope
5.72

94

< 0.001 *

16.36

82

< 0.001 *

1.26

37

0.216

0.88

37

0.387

1.26

6.32
1.08

37

37
37

0.217

δ13C
15

< 0.001 *
0.286

37

2.7

Figures

Figure 2.1. Each of the (A) Aurelia aurita or (B) Chrysaora pacifica predator regimes had two phases: the
acclimation phase when medusa predators were raised on Artemia sp. nauplii, and the treatment phase when
sampling occurred. The transition point between the two phases (t0) was marked by a diet switch that was
maintained during the treatment phase. Diet was switched to (A) Euphausia superba for A. aurita, or (B) A.
aurita that were exclusively fed Artemia for C. pacifica. Values in the table show the number of samples (N)
collected on a given sampling day since t0 for stable isotope (SI) or fatty acid (FA) analysis.
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Figure 2.2. Total µg of fatty acid (FA) per mg of sample dry weight (DW) for (A) prey or (B) Aurelia aurita
and (C) Chrysaora pacifica predators. Predator FA concentrations are given over time since a diet switch at
day 0. Predators were raised on Artemia sp. nauplii and switched to (B) Euphausia superba or (C) A. aurita.
Error bars are standard deviation. Dry weight was approximately 4.2% of wet weight for A. aurita and 3.6%
for C. pacifica.
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Figure 2.3. Values of (A) carbon and nitrogen isotopes and (B) proportional fatty acid composition of taxa
used as prey in this study. Prey were Artemia sp. nauplii (N = 48 for SIs; N = 18 for FAs), Euphausia superba
(N = 9 for each of SI and FA) and Aurelia aurita (N = 21 for SIs; N = 9 for FAs). Error bars are standard
deviation.
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Figure 2.4. Change in stable isotopes of (A-B) carbon and (C-D) nitrogen over time after a diet switch at day
0. Prior to the experiment, both predators were raised on Artemia sp. nauplii (blue). (A, C) Aurelia aurita
were switched to Euphausia superba (red) and (B, D) Chrysaora pacifica were switched to Aurelia aurita that
were exclusively fed Artemia nauplii (green). Dashed lines indicate linear regressions fitted to prey values, and
shaded regions are standard error. Solid lines indicate the linear regression fitted to predator data in A, or
the non-linear least squares regression fitted to predator data in B-D. Only C. pacifica had residence times (τ)
that were significantly estimated by the model.
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Figure 2.5. Change in proportional fatty acids over time after a diet switch at day 0. Both predators were
raised on Artemia sp. nauplii (blue). (A-E) Aurelia aurita were switched to Euphausia superba (red) and (F-M)
Chrysaora pacifica were switched to Aurelia aurita that were exclusively fed Artemia nauplii (green). Dashed
lines indicate linear regressions fitted to prey values, and shaded regions are standard error. Solid lines
indicate the non-linear least squares regression fitted to predator data. Only fatty acid models with residence
time (τ) estimates that were significantly estimated by the model are shown.
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Figure 2.6. (A-B) Stable isotope trophic enrichment factor and (C-D) fatty acid calibration coefficient
estimates for (A, C) Aurelia aurita or (B, D) Chrysaora pacifica. Predators collected at t0 were used to estimate
modification for Artemia sp. nauplii prey. If significantly estimated from the turnover models, final stable
isotope (δX) or fatty acid (FA) estimates were used to estimate modification for either Euphausia superba
prey or Aurelia aurita prey that were exclusively fed Artemia. Error bars are standard deviation.
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Chapter 3: Size-based changes in trophic ecology and nutritional quality of
moon jellyfish (Aurelia labiata)

3.1

Introduction

Medusozoans (hereafter, jellyfish) occupy key roles in marine food webs, not only as voracious
predators with generalised prey fields, but also as prey for higher trophic levels. Historically,
jellyfish were considered trophic dead-ends due to their low energy content (Verity & Smetacek
1996, Sommer et al. 2002, Doyle et al. 2007) but recent advances in sampling technologies,
including cameras, genetics and biomarkers, have documented myriad taxa that regularly prey on
jellyfish (Hays et al. 2018). Among these taxa are fish (Brodeur et al. 2020), other invertebrates
(Ates 2017), and interspecific jellyfish (Titelman et al. 2007), as well as organisms with high
energy requirements like large endotherms (Thiebot & McInnes 2020). Despite their low energy
content, jellyfish can support a range of dietary requirements by providing alternative benefits,
like increased digestion rates due to high water content (Arai et al. 2003), and increased capture
efficiency due to slow swimming speeds and aggregation behaviours (Hays et al. 2018). This
new paradigm has shifted the perception of predation on jellyfish, but large knowledge gaps
surrounding energy flows through jellyfish in marine food webs currently restrict the practical
applications of this paradigm (Lamb et al. 2019).

Two key aspects of energy flow in food webs are the linkages between trophic levels that result
from consumption, and the nutritional quality of the consumed material. Linkages trace the
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pathways by which energy travels and nutritional quality determines the efficiency of energy
transfer between trophic levels (Muller-Navarra et al. 2000). Biomarkers like stable isotope (SI)
ratios and fatty acid (FA) profiles can be used to determine both linkages and nutritional quality
simultaneously. Trophic linkages can be inferred from SIs and FAs because these biomarkers are
transferred from prey to predator upon consumption, digestion, and incorporation. The SIs are
primarily used to discriminate sources (δ13C) and determine trophic levels (δ15N) within a food
web based on the predictable changes in SI values that occur at each trophic step (Peterson & Fry
1987). Similarly, many FAs are only synthesized de novo by primary producers, so consumers
must obtain them from their diet. Synthesizing taxa produce unique FA profiles, and FAs can
therefore be used qualitatively to infer trophic pathways, or quantitatively if the modifications
that occur during consumption are known (Iverson et al. 2004).

From a nutritional perspective, the ratio of carbon and nitrogen (C:N) can be calculated when
measuring SIs, and is a proxy for lipid and protein content in animals, respectively (Post et al.
2007). Lipids and proteins are structural components for tissues as well as sources of energy, and
as such, C:N is often used to indicate prey quality. The optimal ratio depends on the needs of the
consumer (e.g. Bowyer et al., 2013). Like lipids and proteins, many FAs also play key
physiological roles across all taxa and since consumers must obtain them from their diet, FAs
that are essential receive particular attention when determining prey quality. In marine
ecosystems, the essential FAs (EFA) are arachidonic acid (20:4n-6, ARA), eicosapentaenoic acid
(20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA) because they are precursors for
bioactive compounds, and critical structural and functional components of membranes
(Glencross 2009). When these EFAs are limiting, reproduction, growth, and survival are
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negatively impacted (Parrish 2009). Similar to C:N, the optimal ratio of these EFAs depends on
the needs of the consumer, and DHA:EPA is often considered when assessing nutritional quality
as these EFA are competitive in biochemical reactions (Glencross 2009, Parrish 2009).

In jellyfish, water content typically accounts for 95-99% of the wet weight, while water content
accounts for only 63-87% of the wet weight in other zooplankton, depending on the group
(Omori 1969). As jellyfish are composed primarily of water, their mass specific lipid, protein,
and EFA content are low compared to other zooplankton (Doyle et al. 2007, Leone et al. 2015,
Stenvers et al. 2020). For example, Pelagia noctiluca from the Gulf of Trieste had only half as
much protein and lipid as net plankton from the same region when standardized to dry weight,
and this disparity would only increase if wet weight was considered (Malej et al. 1993).
However, the trade off between quantity and quality is an important consideration for jellyfish
predators, where high quantities of low-quality food may be nutritionally equivalent to low
quantities of high-quality food as long as the essential components are present (Müller-Navarra
2008, Campanyà-Llovet et al. 2017). Generally, jellyfish have low C:N compared to other
zooplankton, indicating a higher proportion of protein than lipid (Malej et al. 1993, Lüskow et al.
2021). For EFAs, jellyfish generally have low proportions of DHA, but high proportions of ARA
and similar proportions of EPA compared to other zooplankton (Sipos & Ackman 1968, Nichols
et al. 2003, Ying et al. 2012, Milisenda et al. 2018). Variations in C:N and proportions of EFAs
in jellyfish depend in part on the biochemical profiles of the prey under controlled laboratory
conditions (Chapter 2; Chi et al., 2018). For example, the proportions of EPA in Aurelia aurita
increased following a diet switch to a prey with higher proportions of EPA. Similarly, C:N
decreased in both Aurelia aurita and Chrysaora pacifica when the prey had low C:N (Chapter 2).
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Prey fields in the wild are therefore expected to be an important factor in the biochemical
composition of jellyfish, and their nutritional quality as prey.

Another factor in the diet, and hence C:N and EFA profiles of jellyfish, is ontogenetic shifts in
prey. Observational studies and SIs indicate that jellyfish undergo a size-based shift in diet as
they grow (Costello & Colin 1994, Sullivan et al. 1994, Graham & Kroutil 2001, Fleming et al.
2015, Wang et al. 2020). This phenomenon is based on the swimming speed of the prey, where
the capture success of jellyfish increases with size because large jellyfish have increased surface
area and number of tentacles. This allows them to contact and retain fast prey more effectively
where the prey would otherwise escape. As a result, jellyfish also undergo a size-based increase
in trophic level (Costello & Colin 1994, Sullivan et al. 1994, Graham & Kroutil 2001, Fleming et
al. 2015, Wang et al. 2020). Specifically, small jellyfish primarily consume small, slow moving
prey like nauplii, eggs, and detritus, while large jellyfish consume more copepods, euphausiids,
and fish larvae in addition to the small prey (Graham & Kroutil 2001, Wang et al. 2020). An
additional factor that may contribute to ontogenetic shifts in diet is seasonal succession in
available prey fields. Together, size-based predation and available prey fields may contribute to
seasonal variations in jellyfish nutritional quality (Javidpour et al., 2016; Stenvers et al., 2020;
Fukuda and Naganuma, 2001; Fleming et al., 2015).

To date, no study has investigated ontogenetic diet shifts in the context of the biochemical profile
of jellyfish. The temperate jellyfish Aurelia labiata is an excellent candidate species to
investigate this dynamic. Over an annual cycle, they grow from ephyrae (~ 1 mm) in spring to
medusae > 30 cm in autumn, while also experiencing significant seasonal changes in prey fields
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due to phytoplankton and zooplankton successions (Mahara et al. 2019). This study aims to
characterise size-based diet shifts for Aurelia labiata in a temperate food web (i.e., linkages), and
the relationship of these shifts to nutritional quality of A. labiata as prey. By determining the
relationship between jellyfish size, prey, and quality, I aim to improve the practical applications
of energy flow through jellyfish in marine food webs.

3.2

3.2.1

Materials and Methods

Sampling Location

All collections occurred in Heriot Bay, British Columbia, Canada (50.105°N, 125.215°W; Figure
3.1A) on 16 July and 23 September 2019. Heriot Bay and the neighbouring bays are sheltered
and experience lower flow velocities than the main Sutil Channel in the northern Strait of
Georgia (Foreman et al. 2012). Bottom depth was 19 m for both sampling dates. During 2019, an
automated flow-through system approximately 1 km from the sampling site (50.116°N,
125.222°W; Figure 3.1) collected near-continuous temperature and salinity measurements from 1
m depth (Evans et al. 2020). Twice per month, Niskin bottle samples were collected from 5 m
depth at this monitoring site. Water samples of 250 mL were size-fractionated (GF/F, 3 µm, and
20 µm) immediately upon collection and filters were stored at -20°C. Chlorophyll-a was
extracted from the filters using 10 mL 90% acetone and fluorescence was measured on a Trilogy
Laboratory Fluorometer (Holm-Hansen & Riemann 1978).
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3.2.2

Field Collections

In Heriot Bay, Aurelia labiata polyps strobilate in the spring, reach an average maximum bell
diameter of 25-30 cm, brood planulae in autumn, and senesce after planula release in early
winter. The A. labiata medusa life cycle typically lasts eight to nine months (Schaub,
unpublished observations from 2018-2019). The July and September sampling dates were chosen
to capture both small and large medusae, respectively, and September medusae were not yet
brooding planulae.

During each sampling event, I collected individual medusae using a dip net, measured bell
diameter to the nearest millimeter using a 60 cm fish measuring board (Dynamic Aqua-Supply
Ltd.), and rinsed thoroughly with 0.22 µm filtered seawater following recommended protocols
(MacKenzie et al. 2017). Sampling occurred non-randomly to capture the available range of bell
diameters at each sample date. Medusae were placed in individual Whirl-Pak bags (Dynamic
Aqua-Supply Ltd.) for stable isotope (SI) and fatty acid (FA) analysis. Medusae were frozen in
liquid nitrogen and stored at -80°C until processing. In July, Aequorea victoria were present in
the same aggregation as A. labiata and two individuals were collected using the same protocol
(Table 3.1).

At the same time as medusa collection, I collected triplicate water samples from 5 m depth using
Niskin bottles to determine the SI (4 L) and FA (10 L) profiles of the particulate organic matter
(POM; Table 3.1). Water samples for POM were not pre-filtered and were assumed to represent
a combination of suspended particles, including detritus, phytoplankton, microzooplankton, and /
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or bacteria. Zooplankton were collected using vertical net tows (15 m depth) with a 64 µm mesh
and 0.5 m diameter ring net. A total of six net tows were completed on each sampling day.
Individuals net tows were treated as a single sample, and three were allocated for SI analysis and
three for FA analysis. Samples were size fractionated using 64, 125, 250, 500, and 1000 µm
sieves for SI analysis, and using 64 and 500 µm sieves for FA analysis (Table 3.1). During size
fractionation, zooplankton were rinsed thoroughly with 0.22 µm filtered seawater. In July,
Pleurobrachia bachei were collected in the zooplankton net and a 4000 µm sieve was used to
separate them from the sample. Bulk POM and zooplankton size fractions were filtered onto precombusted 47 mm GF/F filters using a vacuum pump. All filters and P. bachei were secured in
Petri dishes, frozen in liquid nitrogen, and stored at -80°C until processing.

Zooplankton and POM filters were oven-dried (50°C for 48 hr) for SI analysis or lyophilized
from frozen for FA analysis. All A. labiata, A. victoria, and P. bachei were lyophilized from
frozen (Kogovšek et al. 2014). After drying, all samples were ground to a fine powder and stored
for 5-10 months at -80°C until analysis. All FA samples were flushed with nitrogen gas and
stored in airtight cryovials to minimize oxidation (Ke et al. 1977). To meet the minimum sample
weight required for analysis of SIs and FAs, two to eight small medusae and four to six P. bachei
were pooled per sample during weighing. The number of samples analysed for SIs and FAs are
provided in Table 3.1.
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3.2.3

Stable Isotope Analysis

I encapsulated whole filters for POM, 1.0-1.2 mg dry weight of zooplankton, and 6.0-6.5 mg dry
weight of medusa or P. bachei per sample for bulk C and N SI analyses. Samples were analysed
commercially at the University of Victoria Isotope Facility using an ECS 4010 analyzer
(Costech) coupled via continuous flow to a Delta Advantage isotope ratio mass spectrometer
(IRMS; Thermo-Finnigan). Three internal references, calibrated against IAEA standards, were
used to measure δ13C and δ15N relative to VPDB and atmospheric N2. Mean standard deviations
for reference materials were ±0.1‰ for δ13C and ±0.2‰ for δ15N. Values for δ13C and δ15N were
measured in parts per thousand (‰) relative to external standards of Vienna Pee Dee Belemnite
and atmospheric N2. Stable isotope ratios are expressed using δ-notation:
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
δ𝑋 = (
− 1)
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
Where X is 13C or 15N and R is the isotopic ratio 13C/12C or 15N/14N, respectively. I calculated
C:N using the mass of total C and N that were measured by the elemental analyzer. Post et al.
(2007) suggest applying lipid corrections for organisms under two conditions: (i) C:N > 3.5 and
(ii) lipid content >5% of dry weight (DW). While the medusae in the current study had C:N >
3.5, I did not correct δ13C for medusae due to their low lipid content, which I did not measure
explicitly, but has been demonstrated to be < 5% DW in other studies (Hoeger 1983, Lucas 1994,
Kariotoglou & Mastronicolis 2001, Leone et al. 2015). I applied a lipid correction to δ13C for
zooplankton using an equation derived for regional zooplankton (El-Sabaawi et al. 2009):
δ13 Ccorrected = δ13 Cbulk + (0.38 ∗ C: Nbulk ) − 1.85

52

3.2.4

Fatty Acid Analysis

Lipids were extracted from whole filters for POM, 80-100 mg dry weight of zooplankton, and
150 mg dry weight of A. labiata or P. bachei per sample using a one-step FA methyl ester
method (Puttick et al. 2009). First, I added 0.5 mL 1.0 mg mL-1 nonadecanoic acid (19:0) in
hexane as an internal quantification standard (Abdulkadir & Tsuchiya 2008), then I added 2 mL
3 M HCl in methanol, vortexed to mix, and incubated at 80°C for 16 hr overnight. After cooling
to room temperature, I added 2 mL 0.9% NaCl solution and an additional 1.5 mL hexane.
Samples were vortexed to mix and centrifuged at 2500 rpm for 5 min to accelerate separation of
the hexane and NaCl solution. Then I transferred the top hexane layer that contained the FA
methyl esters to 2 mL gas chromatography vials. Samples were analysed using a Scion 436-GC
(Scion Instruments) with a CP-Sil 88 column (Agilent; 50 m, 0.25 mm diameter, 0.2 µm film
thickness) and a hydrogen carrier gas (1.2 mL min-1). The run was 22 min total, beginning at
100°C for 3 min, then increasing 20°C min-1 to 175°C, then increasing 5 °C min-1 to 230°C.
Peaks were identified using external standards (Nu-Chek Prep GLC455, GLC463, & GLC37).

The mass of each FA was determined by comparing the value of the FA peak to the value of the
hexane standard peak with a known mass (Abdulkadir & Tsuchiya 2008). All identified FAs
were summed to obtain the total mass of FAs, then standardised using the sample dry weight to
obtain the mass specific FA content (µg of FA per mg of sample dry weight). Proportions of
each FA were calculated as a proportion of all identified FAs, even if they were not chosen for
the FA subset (Bromaghin et al. 2016). This prevented the chosen subset from skewing the
results. The FA subset only included those that were >0.5% of all identified FAs. The three
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essential FAs (EFA) considered in this study were arachidonic acid (20:4n-6, ARA),
eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA). The ratio of
DHA:EPA is also considered in this study (Glencross 2009, Parrish 2009).

3.2.5

Statistical Analyses

All analyses were conducted in R version 4.0.2 (R Core Team, 2020). For statistical tests, p ≤
0.05 was considered significant. All FA proportion data were arcsine square root-transformed
prior to analyses and ordinations to improve normality (Ahrens et al. 1990). The DHA:EPA ratio
was not transformed prior to analysis.

Within each net tow, size fractions of zooplankton had similar SI and FA profiles, and the net
tows did not result in even sample sizes for all size fractions (i.e., SIs had six samples for 64-125
µm, but only one for > 1000 µm; Table 3.1). To simplify the analyses and meet the criteria for
the mixing models, I averaged the values for all size fractions within a net tow to approximate a
more general zooplankton source. This resulted in even sample sizes for the two diet sources:
POM and zooplankton. I determined the differences in SI and FA profiles for the interaction of
month and source using a permutational analysis of variance (PERMANOVA; Anderson, 2001).
The PERMANOVA was carried out with 999 permutations using ‘adonis’ (vegan; Oksanen et
al., 2020). To visualise the differences in FA profiles for each group, I applied non-metric
multidimensional scaling to a Bray-Curtis dissimilarity matrix using ‘metaMDS’ (vegan;
Oksanen et al., 2020). Due to low sample sizes, I evaluated δ13C, δ15N, C:N, each EFA, and
DHA:EPA for the sources using nonparametric Wilcoxon tests, which cannot evaluate
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interactions between month and source. As such, I determined whether sources were
significantly different within each month using separate Wilcoxon tests.

For A. labiata, the data had outliers but were otherwise normally distributed so I applied robust
regressions to determine the interaction of month and diameter on δ13C, δ15N, C:N, each EFA,
DHA:EPA, and the mass specific FA content using ‘lmrob’ (robustbase; Maechler et al., 2021).
To evaluate the interaction between month and diameter on FA profiles, I applied a
PERMANOVA as described above. To visualise the relationship between FA profile and
diameter, I applied a principal components analysis.

3.2.6

Subsets for Mixing Model

To estimate the relative contribution of POM and zooplankton to the diet of A. labiata, I used a
Bayesian mixing model in MixSIAR (Stock et al. 2018). Data were evaluated using SIs only,
FAs only, and a combined SI and FA dataset so I could evaluate the effect of multiple tracer
types. MixSIAR is commonly applied for SI data, but the utility of MixSIAR for FA and
combined data has been confirmed (O’Donovan et al. 2018, Guerrero & Rogers 2020). For the
combined dataset, I only included A. labiata individuals that were analysed for both SIs and FAs.
The combined SI and FA dataset was standardised by subtracting the mean and dividing by
standard deviation for each tracer. Then the data were transformed so all values were positive,
and missing values for FA and combined data were input as 0.
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Before diet data can be evaluated using a mixing model, additional requirements need to be
satisfied. First, the consumers need to be sufficiently described by the chosen sources, in this
case the POM and zooplankton (Phillips et al. 2014). For SIs, this is typically verified using a
convex hull approach, where sources are plotted as mean values in isotope space and the outer
values are connected to create a convex polygon. After correcting the data with trophic
enrichment factors (see values used below), the consumer data should fall within this mixing
polygon for the model to be validated. I used a Monte Carlo simulation developed by Smith et al.
(2013) to draw many iterations of possible mixing polygons based on the uncertainty in sources.
This approach offers a Bayesian alternative to the traditional convex hull approach and provides
a quantitative evaluation of the proposed model based on the proportion of iterated polygons that
are satisfied. The approach was developed for a maximum of three tracers, so it was only applied
to the SI data. For the FA and combined data, I performed an NMDS on data corrected with
trophic enrichment factors (SIs) and calibration coefficients (FAs) to visually verify that the
consumers were located between potential sources. Trophic enrichment factors and calibration
coefficients account for the modification of SI ratios and FA proportions, respectively, by
consumers during incorporation.

A second consideration for Bayesian mixing models is the number of tracers, as increasing the
number of tracers also increases the runtime of the model. Since some FAs are co-linear, they
can be omitted without losing much information in the final model (Neubauer & Jensen 2015).
The FA and combined datasets were analysed with a constrained analysis of principal
coordinates using ‘capscale’ (vegan; Oksanen et al., 2020) to rank tracers by their contribution to
the separation along ordination axes (Neubauer & Jensen 2015, O’Donovan et al. 2018). I only
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included the highest-ranked tracers that cumulatively contributed to ≥69% separation (Neubauer
& Jensen 2015). Fatty acids that undergo extreme modification can introduce uncertainty in a
model (Neubauer & Jensen 2015). As such, I only included FAs with calibration coefficients
between 0.6 and 2 in the constrained analysis of principal coordinates and mixing models.

A final requirement of mixing models is that sources are significantly distinct from each other
(Gannes et al. 1998), which I verified above using a PERMANOVA.

3.2.7

Mixing Model Parameters

The Bayesian mixing model was applied using MixSIAR (Stock et al. 2018) with month as a
factor for sources and consumers, and bell diameter as a continuous effect for consumers
(Francis et al. 2011). When FA were missing, values were input as near-zero (1 x 10-5) as
MixSIAR cannot have missing or 0 values. I used trophic enrichment factors for the SI data
(Δδ13C = 1.43 ± 0.47‰ and Δδ15N = 2.05 ± 0.56‰) and calibration coefficients for the FA data
from Chapter 2. These discrimination factors were determined for Aurelia aurita, so they are
appropriate given the taxonomic similarity to my consumer, the conserved nature of
discrimination factors within consumer taxa (McCutchan et al. 2003, Jardine et al. 2020), and the
reasonable similarity in the biochemical profile of the prey (Vander Zanden & Rasmussen 2001,
Vanderklift & Ponsard 2003). MixSIAR can only incorporate additive discrimination, so
consumer FA and combined data were pre-corrected, and discrimination in the MixSIAR model
was set to 0 for all tracers in these datasets. For all models, I used residual only error structure
(Stock & Semmens 2016b) and uninformative priors due to a lack of additional diet data. To
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achieve model convergence, MCMC parameters were ‘very long’ for SI, ‘long’ for FA, and
‘normal’ for combined data (Stock & Semmens 2016a).

3.3

3.3.1

Results

Environmental Conditions of the Sampling Site

In 2019, the annual 1 m depth temperature range was 6-21°C and the salinity range was 22-29
(Figure 3.1B-C). For the July and September sampling dates, temperature was 21°C and 16°C,
and salinity was 22 and 24 respectively, at 1 m depth. Chlorophyll-a data showed three peaks in
biomass. The first peak occurred on 9 May, approximately 10 weeks before the 16 July sampling
date. The second peak occurred on 20 August, approximately 5 weeks before the 23 September
sampling date. A final peak occurred in the autumn, reaching a maximum on 5 November
(Figure 3.1D).

3.3.2

Biochemical Profiles of the Samples

The SI values of the samples were size-structured, with POM having the lowest δ13C and δ15N,
zooplankton having an intermediate δ13C and δ15N, and Aurelia labiata having high δ13C and
δ15N (Table 3.1 and II; Figure 3.2). In July, Aequorea victoria and A. labiata had similar SI
values. An exception was Pleurobrachia bachei, which had higher δ13C and δ15N values than the
medusae in July (Table 3.2, Figure 3.2), despite having a smaller size (Table 3.1). Size fractions
of zooplankton also followed this size structured SI distribution, with lowest SI values for the 6458

125 µm fraction and highest for the > 1000 µm fraction (Figure 3.2). The C:N had an opposite
trend, where POM had the highest values, zooplankton had an equal or lower C:N, depending on
the season, and A. labiata had the lowest C:N. In July, P. bachei and A. victoria also had low
C:N (Tables 3.2 & 3.3). The SI profiles of POM and zooplankton were significantly different,
where both δ13C and δ15N values were higher for zooplankton than POM (Tables 3.2 & 3.4,
Figure 3.2).

Like the patterns in SI values, FA profiles exhibited differences between groups. In POM, the
FAs with the lowest proportions were EPA and DHA, while 16:1n-7 and 18-carbon FA had the
highest proportions (Table 3.2, Figure 3.3A-B). Notably, POM was missing many 20-carbon FA.
In zooplankton, the highest FA proportions were in DHA and most other FAs had intermediate
proportions, with few differences between size fractions. In A. labiata, ARA had the highest
proportions of the FAs, but 14:0 and DHA were low. In July, FAs with the highest proportions in
P. bachei were DHA and EPA, while 18-carbon FAs had low proportions. Similarly, A. labiata
had high proportions of EPA and low proportions of 18-carbon FAs in both July and September
(Table 3.2, Figure 3.3A-B). The overall FA profile was significantly different between sources,
while the effect of month and the interaction of month and source were also significant (Table
3.4). Of the EFA, EPA, DHA, and DHA:EPA were significantly higher in zooplankton than
POM for July but were similar in September. For both months, ARA was similar between
sources (Table 3.3). Overall, groups were distinguished by FA profiles and clustered together
when the non-metric multidimensional scaling was applied (Figure 3.3C). Seasonal differences
were apparent within sample types, with sample separating according to sample date.
Furthermore, greater variability was apparent among samples within sample types in September
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than in July. The FA content in POM was based on volume filtered, thus it was not possible to
compare with the other sample types, but mass specific FA content was higher in zooplankton
than P. bachei in July, and higher than A. labiata in both July and September (Table 3.2).

3.3.3

Subsets for the Mixing Models

The Monte Carlo simulated SI polygons confirmed that the consumer data was explained by the
sources (Figure A.1). This method was developed for a maximum of three tracers, so I visually
confirmed the suitability of the model for FA and combined data instead, using the same subset
of FAs that were used in the model (Figure A.2). With the constrained analysis of principal
coordinates, I identified 6 tracers that cumulatively contributed 69.1% of separation along axes
for FAs only, and 10 tracers (δ13C, δ15N, and 8 FA; 70.7%) for the combined data (Table 3.5).
The biochemical profiles of both sources were significantly different for the three datasets (Table
3.4).

3.3.4

Mixing Model Estimates for the Diet Composition of Aurelia labiata

According to the deviance information criterion (DIC) for each of the three mixing model types,
which prioritises a low number of parameters and a good fit of the model to the data, the SI
mixing model was the most preferred model (DIC = 207), and FA was the least preferred (DIC =
641; Table 3.6). However, the combined model had the smallest credible intervals, followed by
SI, then FA (Table 3.6, Figure 3.4). The SI, FA, and combined mixing models showed similar
trends, where zooplankton contributed a higher proportion of the diet than POM, but the SI
60

model estimated a near 50/50 split whereas the FA model estimated a larger 75/25 split. The
combined model estimated a modest 60/40 split. Months were significantly different only in the
FA model, where the relative contribution of zooplankton was higher in September than July (t59
= 7.65, p < 0.001; Table 3.6, Figure 3.4C-D).

For the continuous effect of bell diameter, the relative contribution of zooplankton to A. labiata
increased with diameter in all models (Figure 3.4), though the magnitude of the shifts depended
on the tracer set that was used. The SI model showed a complete switch from a POM-dominated
diet in A. labiata < 75 mm, to a zooplankton-dominated diet in A. labiata > 75 mm (Figure 3.4AB). The FA model estimated a completely zooplankton-dominated diet across all bell diameters,
although the relative contribution of zooplankton increased slightly with bell diameter (Figure
3.4C-D). The combined model was more similar to the SI model than the FA model, with POM
contribution decreasing with size (Figure 3.4E-F). No combined data were available for A.
labiata < 70 mm.

3.3.5

Biochemical Profiles of Aurelia labiata with Bell Diameter

For SIs, I analysed 49 A. labiata in July and 42 in September, and for FAs, I analysed 31 in July
and 30 in September. Mean bell diameter was larger in September than July, and the maximum
values were higher in September than July (Table 3.1, Figure 3.5A-B). Only A. labiata > 70 mm
had sufficient dry weight for both analyses, and the subset of data analysed for both SIs and FAs
consisted of 35 individuals (July, n = 11; September, n = 24). For this subset, July A. labiata had
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a size range of 94-166 mm (average = 110 ± 21 mm) and September A. labiata had a size range
of 70-225 mm (average = 145 ± 52 mm; Figure 3.5E-F).

Both δ13C and δ15N increased with bell diameter for A. labiata (Figure 3.6A-B) with no effect of
month or the interaction of month and diameter (Table 3.7). Conversely, C:N decreased with bell
diameter and C:N was higher in July than September, but the interaction of month and diameter
was not significant (Table 3.7, Figure 3.7).

The FA profile of A. labiata was affected by diameter, month, and the interaction of month and
diameter (Table 3.4). When the FA profile was visualised using a principal components analysis,
principal component 1 (44% variation) clustered by month, while principal component 2 (20%
variation) clustered by diameter (Figure 3.7C-D). Of the EFAs, the proportion of ARA and DHA
increased significantly with bell diameter but not month. The significant interaction of month
and diameter indicated that the driver of monthly differences was change in size. The EFA EPA
was unaffected by diameter or month, or the interaction between them. This accounts for the
significant increase in DHA:EPA with bell diameter, as DHA increased with bell diameter but
EPA did not. The µg of FA per mg of dry weight for A. labiata was high in July and decreased
with bell diameter but was low in September A. labiata and increased with bell diameter (Table
3.2 & 3.3, Figure 3.8).
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3.4

Discussion

In this study, I sampled a temperate coastal environment to determine whether A. labiata
exhibited size-based patterns in nutritional quality, and whether these shifts were related to a
change in diet. I found size-based patterns in the biochemical composition of A. labiata. In the
following sections, I discuss the drivers of these patterns, their relationship to the available prey
fields, and the implications for the nutritional quality of A. labiata as a prey species.

3.4.1

Taxonomic Composition of Aurelia labiata Dietary Sources

While the taxonomic composition of the POM samples was not assessed visually, this can be
qualitatively inferred using FA as markers for specific taxa and corroborated with the sizefractionated chlorophyll-a data. Size fractions of chlorophyll-a collected in 2019 depicted a yearround dominance of phytoplankton > 20 µm, known to comprise mostly diatoms, including on
the sampling dates (Figure 3.1D). While diatom FA markers (16:1n-7 and EPA) were also
abundant in the POM, the contributions of smaller flagellate (18:4n-3 and DHA) and bacterial
(16:1n-7 and 18:1) FA markers were high as well (Dalsgaard et al. 2003, Kelly & Scheibling
2012). The discrepancy between FA and chlorophyll-a data was likely due to chlorophyll-a not
detecting heterotrophic components of the microbial food web, thus chlorophyll-a likely
underestimates the contribution of the nano- and picoplankton to POM. The presence of DHA
may also indicate a contribution of zooplankton, but the copepod markers 20:1 were absent from
the POM samples (Kelly & Scheibling 2012). Based on both the chlorophyll-a and FA analyses,
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I can assume that the POM was a mix of bacteria, phytoplankton, microzooplankton, and
detritus, without substantial presence of larger zooplankton.

Stable isotope analysis clearly showed that the food web was size structured, where POM had
lower δ13C and δ15N than zooplankton (Figure 3.2). Increasing SI values are often used to
indicate an increase in trophic level, especially for δ15N (DeNiro & Epstein 1981, Post 2002),
and based on TEFs I assume that POM was at least one trophic level below the zooplankton. The
combined zooplankton had higher proportions of zooplankton markers than POM, including the
copepod marker (20:1) and zooplankton more broadly (DHA; Kelly and Scheibling, 2012).
Proportions of EPA were also higher in zooplankton compared to POM, and EPA is a marker for
diatoms and macroalgae (Kelly & Scheibling 2012). The high proportions of EPA and DHA in
the zooplankton are expected to reflect a combination of direct consumption of diatoms and
flagellates by herbivorous species, and accumulation of these FAs by all consumers (Dalsgaard
et al. 2003), rather than a considerable presence of diatoms or macroalgae in the net contents.
While a small 64 µm mesh size is expected to capture some phytoplankton (e.g., diatom chains),
the SI values suggest the biomass of the net contents was dominated by zooplankton. Altogether,
I assume that the POM source was primarily composed of small organisms like bacteria,
phytoplankton, and microzooplankton, with a mix of autotrophic, mixotrophic, and heterotrophic
organisms. Conversely, the zooplankton source was predominantly composed of larger
zooplankton with a mix of herbivorous, omnivorous, and carnivorous organisms. These
compositional insights for the two sources allow for a more detailed assessment of the food web
in the following sections.
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3.4.2

Diet Shifts in Aurelia labiata

As expected, A. labiata in the current study exhibited size-based shifts in diet where the relative
contribution of zooplankton increased with A. labiata size. Although the three mixing models did
not agree on the magnitude of this shift, they did agree that larger A. labiata had a larger dietary
contribution of zooplankton compared to smaller A. labiata. This trend was present for both
spring and autumn in all three models. While the SI model only had two tracers, the combined
model had 10 tracers. This may account for the low DIC in the SI model, which prioritises both a
low number of tracers and a good fit to the data. Although the DIC were different, the combined
model had narrow credible intervals and showed a similar trend to the SI model. Both models
also estimated similar diet shifts and source proportions (50/50% or 60/40%), but the combined
data had a larger mean A. labiata size, which may account for the small discrepancy in the split
estimate. Based on the low DIC of the SI model, the narrow credible intervals of the combined
model, and the similarity in the estimated trend between both models, I conclude that the change
in source contribution with A. labiata diameter was accurately characterised by both the SI and
combined models.

In addition to the mixing models, the observed increase in δ13C and δ15N with A. labiata size
supports that larger A. labiata occupied a higher trophic level than smaller A. labiata. According
to both Δδ15N = 2.05‰ and Δδ13C = 1.43‰, A. labiata of 25 mm were approximately one
trophic level lower than those of 225 mm and this difference was conserved for both months.
This is important for larger food web studies for two reasons. First, jellyfish grow from ephyrae
of 1 mm to adult medusae over a few months, so in the Strait of Georgia, spring jellyfish are
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feeding at a lower trophic level than winter jellyfish on average. Second, A. labiata collected in
the current study in September spanned the size range of 25-225 mm, so variability in trophic
levels likely exists at individual sampling times as well.

Similar diet shifts have been documented for other species of jellyfish, including A. aurita, A.
coerulea, Cyanea nozakii, C. capillata, C. lamarckii, Pelagia noctiluca, and Lychnorhiza lucerna
via a combination of observational feeding experiments (Sullivan et al. 1994), gut content
analysis (Graham & Kroutil 2001, Nagata & Morandini 2018), and biomarkers (Malej et al.
1993, Ying et al. 2012, Nagata et al. 2015, Fleming et al. 2015, Wang et al. 2020, Marques et al.
2021). When suitable prey data or trophic enrichment factors were absent, a positive relationship
between δ15N and bell diameter suggested an increase in trophic level (Malej et al. 1993, Nagata
et al. 2015, Fleming et al. 2015). When prey data were available and general aquatic trophic
enrichment factors (Δδ15N = 3.4‰; Post, 2002) were applied, SI mixing models indicated a diet
shift from seston to zooplankton (Wang et al. 2020), similar to what I found here. Qualitative FA
trophic markers have also indicated a diet shift from detritus-derived material to zooplankton
(Ying et al. 2012). When seasonal data were collected, a size-based diet shift occurred regardless
of the seasonal shift in prey availability for A. aurita, C. capillata and L. lucerna (Nagata et al.
2015, Fleming et al. 2015, Nagata & Morandini 2018). Based on the similarity between my
findings and previous findings, the relative confidence in the models, and the observed increase
in δ13C and δ15N, I can conclude that A. labiata in this region experienced a size-based dietary
shift, where the proportion of zooplankton prey increased with larger A. labiata. This increase in
trophic level also occurred regardless of whether there was a seasonal change in prey
availability.
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Size-based diet shifts in jellyfish, which broadly describe increased predation success with
increase in bell size, have been attributed to three primary mechanisms. First, larger jellyfish
have a higher volume thus encounter more prey (Bailey & Batty 1983, Titelman et al. 2007).
Second, tentacle number and length increase with jellyfish size, which consequentially increases
the capture and retention strength when prey become entangled (Madin 1988). Finally, jellyfish
use marginal flow velocities around the bell to direct prey to the tentacles, which are created
when the bell is pulsed, and this velocity increases with bell size (Costello & Colin 1994). Prey
that are strong swimmers can escape this flow if it is below a certain threshold, so prey are more
likely to escape small jellyfish than large ones (Costello & Colin 1994, Sullivan et al. 1994,
Titelman et al. 2007). Therefore, small jellyfish tend to consume more small, slow moving prey
like phytoplankton, microzooplankton, crustacean nauplii and eggs, whereas large jellyfish can
access larger prey like copepods, and large prey typically occupy higher trophic levels (Finkel
2007). Although the upper size limit of the diet increases with bell diameter, the overall variety
of the diet also increases which suggests that jellyfish do not also increase the lower size limit of
their diet (Graham & Kroutil 2001). The model predictions from the current study corroborate
these trends, as A. labiata shifted from small prey in the POM to larger zooplankton. The
proportion of POM also did not reach 0, which suggests that large A. labiata still consume small
prey, but at low proportions. These prey linkages ultimately drive jellyfish production in food
webs, but the relative importance of each linkage will depend on the size of the jellyfish.
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3.4.3

Biochemical Patterns in Other Gelatinous Zooplankton

While A. labiata was the primary consumer considered in this study, a few A. victoria and P.
bachei were also collected in July to compare additional gelatinous taxa for this region. In the SI
data, δ15N for P. bachei was higher than δ15N for A. labiata and A. victoria (Figure 3.2), which
may be due to a combination of higher ctenophore trophic enrichment factor (Δδ15N) and
increased carnivory in P. bachei. A single report of Δδ15N for ctenophores exists, where Δδ15N =
3.5 ± 0.6‰ was used to model the diet of Mnemiopsis leidy (Marchessaux et al. 2021). This
enrichment factor is higher than Δδ15N = 2.05‰ for Aurelia spp. (Chapter 2), which indicates a
stronger enrichment by ctenophores broadly. Ctenophores are also voracious predators of
zooplankton (Alldredge 1984). In the FA profiles, P. bachei were similar to A. labiata except P.
bachei were higher in DHA and lower in EPA (Figure 3.3A-B). This also suggests P. bachei
were more carnivorous than A. aurita, as increasing DHA:EPA can be used to indicate an
increase in carnivory (Dalsgaard et al. 2003). Conversely, the two A. victoria had similar δ15N to
A. labiata of the same size in July. While little diet data exists for Aequorea spp. broadly (Purcell
2018), samples from Prince William Sound, Alaska, found that this species had similar diet
composition to both A. labiata and C. capillata collected in the same region (Purcell 2003).
Gelatinous zooplankton have historically been approximated as a single functional group during
whole-ecosystem studies, but studies involving multiple gelatinous zooplankton taxa have
demonstrated that taxa fill different trophic niches (e.g. Chi et al., 2020; Fleming et al., 2015).
My data provides additional support that when collected in the same region and time, there are
interspecific similarities and differences for gelatinous zooplankton that should be considered.
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3.4.4

Nutritional Quality of Aurelia labiata

In this study, I considered C:N and three EFAs (ARA, EPA, and DHA) as indicators of
nutritional quality. Here I explore the differences in quality between POM, zooplankton and A.
labiata, and the relationship between bell diameter and quality for A. labiata. The C:N decreased
initially, then increased with bell diameter for A. labiata, indicating an initial increase in protein
content compared to lipid content and subsequently the opposite pattern. Interestingly, C:N data
for A. labiata in another study from the Northeast Pacific, which included organisms from the
Strait of Georgia, found that C:N increased with bell diameter (Lüskow et al. 2021). Notably, A.
labiata from that study covered a larger range of diameters (40 – 470 mm) than ours (19 - 225
mm), and Aurelia aurita develop gonads after a certain size threshold is reached. After this
threshold, protein decreases and lipid increases with size in whole medusa, which translates to an
overall increase in C:N with size owing to gonad development (Lucas 1994). As such, the
relationship between C:N and size for A. labiata likely depends on the maturity of the medusae.
A similar trend to C:N was observed for µg of FA per mg of dry weight for A. labiata in this
study (Figure 3.8E). While these data do not represent all lipids, they do show an increase in
lipid content likely owing to gonad development in larger medusae. Based on both the C:N and
mass specific FA content trends observed here, consideration of both medusa size and maturation
state would be appropriate for future studies.

Gelatinous zooplankton generally have low mass specific lipid content compared to other
zooplankton (Lee 1974, Hoeger 1983, Lucas 1994, Kariotoglou & Mastronicolis 2001, Leone et
al. 2015), and this has historically been used in support of jellyfish as prey with low nutritional
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value (Verity & Smetacek 1996, Sommer et al. 2002). However, quality and quantity are both
important considerations in nutrition, where high quantities of low quality food may be
nutritionally equivalent to low quantities of high quality food as long as the essential components
are present (Müller-Navarra 2008, Campanyà-Llovet et al. 2017). As lipids, proteins, and EFAs
can each be limiting in marine environments, ratios are also important to consider (Glencross
2009, Parrish 2013). For these reasons, I consider the proportions of EFAs here instead of
focusing on the undeniably low mass specific FA content in jellyfish, which is discussed further
below.

Of the EFAs, the largest proportional differences between the sources and A. labiata were for
ARA, where A. labiata proportions were at least twice as high as POM or zooplankton.
Proportions of ARA in A. labiata also had a positive relationship with bell diameter, where small
A. labiata had 1% ARA but large A. labiata had 5-9% ARA (Figure 3.8A). Similar proportions
of ARA have also been reported for Aurelia spp. in Kiel Fjord (Stenvers et al. 2020) and Western
Australia (Nichols et al. 2003). Pelagia noctiluca in the Mediterranean also have similar
proportions of ARA (Milisenda et al. 2018), and are equivalent to zooplankton from the same
region (Tilves et al. 2018). Similar to ARA, proportions of DHA also increased with bell
diameter in A. labiata in the current study, but even in the largest A. labiata, proportions of DHA
were only half as high as the proportions in zooplankton. Conversely, proportions of DHA were
lower in POM than A. labiata. Proportions of EPA did not change with bell diameter in A.
labiata, but the proportions were almost twice as high as zooplankton, and four times higher than
in POM. The differences between POM and zooplankton were generally conserved between
months. The differences between POM, zooplankton, and A. labiata for EFAs also result in
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different ratios between these groups, for example DHA:EPA (Table 3.2). These two EFAs are
competitive during biochemical reactions, which is why DHA:EPA is often evaluated in
nutritional studies, but the optimal ratio will depend on the needs of the consumer (Glencross
2009, Parrish 2009). Notably, DHA:EPA in A. labiata was only 33-50% of DHA:EPA in POM
or zooplankton for both July and September. It is also worth noting that DHA:EPA in A. labiata
was higher for a given size in July and was likely driven by the increased DHA:EPA for both
POM and zooplankton in July as well (Table 3.2).

Size-based changes in the biochemical profiles of A. labiata are highlighted above, but there are
also external size-related factors that will likely affect predation on jellyfish. For example, larger
jellyfish are more likely to be seen and thus consumed by predators. Compared to zooplankton,
jellyfish are also easier to digest (Arai et al. 2003), but contain lower amounts of lipid, protein
and EFA per unit of wet weight than zooplankton. As such, a predator would need to consume
more wet weight of jellyfish than zooplankton to obtain equivalent absolute weights of these
components. Consuming a large number of jellyfish creates a ‘belly full of jelly’ and likely slows
a predator until the material is digested (Hays et al. 2018). Unfortunately, the trade-off between
increased digestion rates and decreased lipid, protein and EFA content has not been evaluated for
jellyfish but will be essential for assessing the potential of jellyfish as nutritious prey.

Fish are one of the dominant predators of jellyfish and also exhibit size-based shifts in diet,
which may affect their consumption rates of jellyfish with varying sizes as well (Arai 1988).
Underwater cameras have also documented predators that select only the nutrient-rich parts of
jellyfish, like gonads and oral arms (Thiebot & McInnes 2020). This is more likely to occur in
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larger jellyfish as small jellyfish will be ingested whole below a certain size threshold where
tissues can no longer be differentiated. The relationship between jellyfish size and predation on
jellyfish requires further investigation and will be an additional factor in the food web linkages
and nutritional transfer between jellyfish and their predators.

3.4.5

The Relationship Between Trophic Ecology and Nutritional Quality for Aurelia

labiata

The overall aim for the current study was to determine the relationship between jellyfish size,
diet, and nutritional quality. Based on controlled laboratory experiments, the biochemical
profiles of A. aurita responded to changes in the profiles of their prey (Chapter 2), and I expected
to see a similar trend for the wild A. labiata here. I did indeed see changes in the biochemical
profiles of A. labiata, but this was complicated by seasonal changes in diet and jellyfish size.

The C:N in POM differed the most between months of all sampled groups but was equal to or
higher than C:N in zooplankton (Table 3.3). A similar size-based shift in C:N was observed in A.
labiata, where this ratio decreased with diameter following a shift to prey with lower C:N (Table
3.7). The relationship between bell diameter and C:N in A. labiata was conserved between
months, despite changes in the relative C:N of POM and zooplankton between months, which
suggests some C:N regulation in A. labiata external to the diet.

Of the EFAs, DHA also followed the expected size-based shift, where DHA increased with A.
labiata size, and zooplankton had a higher proportion of DHA than POM. Conversely, while
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proportions of ARA increased with A. labiata size, proportions of ARA were not significantly
different between POM and zooplankton for either month. Unlike DHA and ARA, proportions of
EPA did not change with A. labiata size, but proportions of EPA were higher in zooplankton
than POM. While size was a dominant driver in the proportions of EFA found in A. labiata, there
was also a weaker seasonal driver. For example, proportions of DHA were higher in July
compared to September for A. labiata of similar size (Figure 3.8C). This seasonal component
may have been due to seasonal changes in the prey, as proportions of DHA in zooplankton were
higher in September as well, but other external drivers may have also contributed to these
patterns. Overall, some of the changes in nutritional quality in A. labiata followed the expected
trends based on POM and zooplankton, but some changes in quality did not. Wild systems are
more complex than controlled laboratory environments, so it is difficult to determine whether
additional physiological, ecological, or environmental drivers were contributing to the
biochemical patterns that were observed. As such, I can only suggest possible dietary drivers
here, but proper experimental follow-up will be critical in determining the additional drivers in
nutritional quality for jellyfish.

I also observed a general shift in FA profile for A. labiata with size. Based on the principal
components analysis, principal component 2, which accounted for 20% of the variation in FA
profile for A. labiata, appeared to have a relationship with bell diameter (Figure 3.6D). Indeed,
both ARA and DHA had a significant relationship with diameter (Figure 3.8A&C) and may
account for some of the variation in the principal components analysis. Notably, 44% of the
variation appeared to be related to month (Figure 3.6C), despite no differences in EFA content
between months in A. labiata (Table 3.7). Changes in the overall FA profile with bell diameter
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have also been reported for A. aurita of 140-200 mm (Ying et al. 2012), but that study did not
collect seasonal data. It is unclear whether these size-based changes in FA profile are strictly
related to changes in diet, or whether additional metabolic and storage mechanisms are involved.
Further investigation is required to determine the exact mechanisms that jellyfish use to store
lipids, and whether this is affected by starvation as is common in other marine invertebrates (Hall
et al. 2006) and fish (Dalsgaard et al. 2003).

3.5

Conclusions

This study aimed to determine the relationship between jellyfish size, diet, and nutritional
quality. While I did observe size-based shifts in both the diet and nutritional quality of Aurelia
labiata, the changes in nutritional quality only mirrored a change in the quality of the diet for
C:N and DHA, but not for ARA or EPA. This suggests that jellyfish nutritional quality is likely
driven by a combination of diet and metabolism or storage in jellyfish, but further experimental
follow-up is required. The size-based trends that were observed in this study emphasize the
importance of considering jellyfish size during marine food web studies, as A. labiata of 25 mm
were one trophic level lower than A. labiata of 225 mm and had different C:N ratios and EFA
proportions. These differences are relevant for predators of jellyfish and help expand the
understanding of jellyfish in marine food webs.
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3.6

Tables

Table 3.1. Sample sizes for gelatinous zooplankton, zooplankton size fractions, and particulate organic matter
(POM). Bell diameter was measured in millimeters. Bell diameter is expressed as mean ± standard deviation.
ND indicates no data.

Aurelia labiata

Stable Isotopes
July
September
49
42

Fatty Acids
July
September
31
30

Mean bell diameter (mm)

78.4 ± 32.2

126.9 ± 58.3

77.7 ± 34.0

125.6 ± 60.3

Range (min – max; mm)

22 - 166

23 - 225

19 - 166

35 - 225

Aequorea victoria
Bell diameter (mm)

Pleurobrachia bachei
Approximate diameter (mm)

Zooplankton (64-125 µm)
Zooplankton (125-250
µm)
Zooplankton (250-500
µm)
Zooplankton (500-1000
µm)
Zooplankton (> 1000 µm)
POM

2

0

0

0

15, 127

ND

ND

ND

4
8-10
3

0
ND
3

2
8-10

0
ND

3

2

3

2

3

2

2

0

3

1

1
3

0
3

3

3
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Table 3.2. Stable carbon (δ13C) and nitrogen (δ15N) isotopes (‰), C:N, percent of all fatty acids (FA), the ratio of DHA:EPA, and FA content for
collected samples. C:N is a mass ratio and FA content is measured in µg of FA per mg of dry weight, or per L of water filtered for particulate organic
matter (POM). Values are mean ± standard deviation. Refer to Table 3.1 for sample sizes.

Aurelia labiata
δ13C
δ15N
C:N
14:0
15:0
16:0
16:1n-7
17:0
18:0
18:1n-7
18:1n-9
18:2n-6
18:3n-3
18:4n-3
20:1n-9
20:2n-6
20:3n-3
20:4n-3
20:4n-6 (ARA)
20:5n-3 (EPA)
22:5n-3
22:6n-3 (DHA)
DHA:EPA
FA content

-21.76 ± 0.27
8.87 ± 0.5
3.77 ± 0.06
5.28 ± 0.45
1.94 ± 0.16
24.12 ± 1.54
2.57 ± 0.28
0.89 ± 0.09
11.05 ± 1.52
1.51 ± 0.12
4.43 ± 0.55
2.75 ± 0.3
2.3 ± 0.25
2.61 ± 0.36
0.48 ± 0.09
0.72 ± 0.17
0.58 ± 0.15
1.05 ± 0.14
2.31 ± 0.38
20.27 ± 1.58
2 ± 0.21
9.47 ± 1
0.47 ± 0.04
6.33 ± 1.06

Aequorea
victoria
-21.97 ± 0.81
8.47 ± 0.73
4.08 ± 0.46
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

July
Pleurobrachia
bachei
-22.09 ± 0.13
10.35 ± 0.23
3.82 ± 0.04
7.46 ± 0.26
1.22 ± 0.09
22.72 ± 1.26
1.22 ± 0.09
1.41 ± 0.03
9.43 ± 0.42
0.96 ± 0.05
3.39 ± 0.77
1.74 ± 0.17
2.93 ± 0.11
2.49 ± 0.09
0.43
0.71
0.43
0.96 ± 0.05
0.71
14.79 ± 1.27
0.71
27.65 ± 1.17
1.88 ± 0.24
5.84 ± 0.28

September
Zooplankton

POM

Aurelia labiata

Zooplankton

POM

-22.27 ± 1.07
8.56 ± 0.53
4.42 ± 0.26
7.53 ± 0.29
0.98 ± 0.02
23.75 ± 0.67
3.01 ± 0.15
0.96 ± 0.06
4.98 ± 0.68
1.64 ± 0.19
5.43 ± 1.01
3.16 ± 0.04
4 ± 0.18
5.13 ± 0.13
0.47 ± 0.03
0.33 ± 0.03
0.23 ± 0.05
1 ± 0.2
0.44 ± 0.01
12.6 ± 0.77
0.63 ± 0.1
19.12 ± 0.74
1.52 ± 0.12
65.47 ± 6.35

-23.35 ± 0.41
4.87 ± 0.32
5.38 ± 0.14
9.11 ± 0.19
0.64 ± 0.02
34.17 ± 1.05
3.9 ± 0.09
0.59 ± 0.06
6.88 ± 2.41
2.59 ± 0.15
7.77 ± 0.33
5.39 ± 0.55
6.43 ± 0.66
6.89 ± 0.19
ND
ND
ND
ND
0.08
4.42 ± 0.16
0.21
5.13 ± 0.57
1.16 ± 0.11
62.82 ± 9.23

-21.43 ± 0.38
9.37 ± 0.58
3.66 ± 0.1
4.9 ± 0.41
2.51 ± 0.26
24.48 ± 1.8
3.41 ± 0.68
1.12 ± 0.09
13.13 ± 1.72
1.49 ± 0.17
3.13 ± 0.82
1.42 ± 0.34
1.47 ± 0.32
1.83 ± 0.43
0.68 ± 0.39
0.4 ± 0.14
0.43 ± 0.16
0.82 ± 0.15
4.12 ± 1.5
21.18 ± 2.79
2.56 ± 0.45
9.12 ± 1.08
0.44 ± 0.06
5.21 ± 1.04

-21.18 ± 0.61
8.47 ± 0.54
4.97 ± 0.15
9.09 ± 2.28
1.32 ± 0.26
25.96 ± 1.76
4.07 ± 0.66
1.42 ± 0.12
9.55 ± 2.23
1.82 ± 0.29
4.81 ± 1.44
1.65 ± 0.23
2 ± 0.28
3.01 ± 0.44
0.49 ± 0.06
0.4 ± 0.18
0.18
0.98
1.43 ± 1.33
12.89 ± 1.83
0.89 ± 0.22
14.86 ± 0.81
1.17 ± 0.13
43.19 ± 11.96

-23.51 ± 1.17
5.34 ± 1
4.74 ± 0.05
12.08 ± 1.64
1.14 ± 0.28
25.71 ± 0.62
8.69 ± 2.19
0.95 ± 0.19
8.46 ± 1.85
3.81 ± 0.05
4.82 ± 0.43
4.18 ± 0.71
3.18 ± 0.61
6.25 ± 1.26
ND
ND
ND
ND
0.33 ± 0.16
6.85 ± 0.27
ND
6.19 ± 0.7
0.9 ± 0.07
36.24 ± 10.58
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Table 3.3. Results of the nonparametric Wilcoxon tests to compare the biochemical profiles of POM and
zooplankton with respect to C:N, the three essential fatty acids, and DHA:EPA for each sampling month.
Variable
C:N
ARA
EPA
DHA
DHA:EPA

Group

W

p

July

0

0.011 *

September

19

0.07

July

6

0.29

September

6

0.20

July

18

0.024 *

September

9

0.10

July

18

0.024 *

September

9

0.10

July

18

0.024 *

9

0.10

September
*significant p-values

Table 3.4. The results of the PERMANOVA to determine whether POM and zooplankton (sources) had
distinct biochemical profiles, or to determine whether fatty acid profile changed with bell diameter in Aurelia
labiata. PERMANOVA were conducted using 999 permutations, and investigated the interaction between
month and source, or the interaction between month and A. labiata diameter.
df

Sum of
Squares

Mean
Squares

F

R2

P

Month

1

0.001

0.001

1.83

0.02

0.18

Source

1

0.023

0.023

58.5

0.71

0.001*

Month x Source

1

0.0002

0.0002

0.54

0.01

0.536

Month

1

0.023

0.023

23.3

0.17

0.002*

Source

1

0.093

0.093

95.5

0.69

0.001*

Month x Source

1

0.008

0.008

8.19

0.06

0.008*

Month

1

0.056

0.056

53.9

0.41

0.001*

Diameter

1

0.016

0.016

14.9

0.11

0.001*

Month x Diameter

1

0.006

0.006

5.52

0.04

0.002*

Month

1

0.070

0.070

21.6

0.18

0.001*

Source

1

0.260

0.260

80.6

0.68

0.001*

Month x Source
1
0.018
0.018
5.69 0.05
*significant p-values, where p = 0.001 is the lowest possible value (999 permutations)

0.014*

Group

Variable

Stable Isotopes Only
Sources
Fatty Acids Only
Sources

Aurelia labiata
Combined
Sources
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Table 3.5. Tracer subsets chosen for the mixing models based on their percent contribution to overall
separation along ordination axes. Percent contribution was determined by a constrained analysis of principal
coordinates. Listed trophic enrichment factors (Δ) for stable isotopes or calibration coefficients (CC) for fatty
acids (FA) from Chapter 2 were used in the mixing models.
% Contribution
to Separation
FA Only (6 tracers)
22:6n-3
20:5n-3
20:4n-3
20:1n-9
16:1n-7
16:0

22.6
14.7
9.1
8.1
7.5
7.1

Total

69.1

Δ/CC

0.93
1.99
1.51
1.62
1.55
0.82

Combined (10 tracers)
20:4n-3
22:6n-3

8.7
8.2

1.51
0.93

δ15N

7.5

2.05

20:1n-9
14:0
20:5n-3
16:1n-7
18:1n-7
17:0

7.2
7
6.9
6.7
6.3
6.2

1.62
1.07
1.99
1.55
0.67
0.8

δ13C

6

1.43

Total

70.7
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Table 3.6. Results of the MixSIAR models, reported as the estimated proportional contribution of the
zooplankton and particulate organic matter (POM) sources to the diet of Aurelia labiata with 95% credible
intervals. Models used stable isotopes (SI), fatty acids (FA), or a combination of SIs and FAs.

Mean

July
95% CI

September
Mean
95% CI

SI (DIC = 206.5)
55.5
Zooplankton
44.5
POM

48.2 - 63.3
36.7 - 51.8

53.5
46.5

39.6 - 65.4
34.6 - 60.4

FA (DIC = 641.1)
75.7
Zooplankton
24.3
POM

66.2 - 86.1
13.9 - 33.8

88.3
11.7

70.8 - 98.6
1.4 - 29.2

62
38

55.6 - 68.9
31.1 - 44.4

Combined (DIC = 471.7)
60.6
51.5 - 70.1
Zooplankton
39.4
29.9 - 48.5
POM
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Table 3.7. Results of the robust linear regressions for Aurelia labiata to determine the interaction of month
and diameter on the biochemical profile of A. labiata. Δ indicates a change from July to September. Essential
fatty acids (EFA) proportions were arcsine square root transformed, while DHA:EPA was not transformed.
Fatty acid (FA) content is measured in µg of FA per mg of dry weight. Estimates are provided with standard
errors.
Variable

Effect
Diameter

δ C
13

Month
Month x Diameter
Diameter

δ15N

Month
Month x Diameter
Diameter

C:N

Month
Month x Diameter
Diameter

ARA

Month
Month x Diameter
Diameter

EPA

Month
Month x Diameter
Diameter

DHA

Month
Month x Diameter
Diameter

DHA:EPA

Month
Month x Diameter
Diameter

Total FA

Month

Month x Diameter
*significant p-values

Estimate
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =
Slope =
Δ=
ΔSlope =

t

p

0.0029 ± 0.0012

2.49

0.01

0.098 ± 0.15

0.66

0.51

0.00057 ± 0.0015

0.38

0.71

0.008 ± 0.0013

5.99

<0.001*

0.17 ± 0.16

1.11

0.27

0.00032 ± 0.0016

0.2

0.84

-0.00098 ± 0.00022

-4.39

<0.001*

-0.16 ± 0.038

-4.16

<0.001*

1.59

0.12

2.63

0.01

0.23

0.82

0.00033 ± 0.00013

2.57

0.01

-7.1 x 10-5 ± 6.7 x 10-5

-1.05

0.3

0.023 ± 0.019

1.18

0.24

-0.46

0.65

6.94

<0.001*

-1.15

0.25

-2.36

0.02

0.0011 ± 8e-05

13.78

<0.001*

-0.039 ± 0.02

-1.98

0.05

-0.0003 ± 0.00024

-1.29

0.2

-0.017 ± 0.0049

-3.45

0.001*

-3.5 ± 0.56

-6.28

<0.001*

0.025 ± 0.0054

4.62

<0.001*

0.00058 ± 0.00037
0.00015 ± 5.8 x 10

-5

0.0026 ± 0.011

-5

-7.9 x 10 ± 0.00017
0.00035 ± 5.1 x 10

-5

-0.0079 ± 0.0069
-0.00013 ± 5.6 x 10

-5

R2
0.37

0.73

0.59

0.78

0.05

0.55

0.65

0.41
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3.7

Figures

Figure 3.1. (A) Jellyfish, ctenophore, zooplankton and particulate organic matter samples were collected in
Heriot Bay, Canada, denoted by the red X (50.105°N, 125.215°W). Sampling occurred on 16 July and 23
September 2019 and water column depth was 19 m at the sampling site. (B-D) Environmental data were
collected at the black circle (50.116°N, 125.222°W) at 1 m depth and red, dashed lines indicate the sampling
dates. Temperature and salinity data are from Evans et al. (2020).
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Figure 3.2. Biplots of δ13C and δ15N values for jellyfish, ctenophore, zooplankton, and particulate organic
matter (POM) samples collected in (A) July and (B) September 2019.
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Figure 3.3. Proportional fatty acid profiles for jellyfish, ctenophores, zooplankton, and particulate organic
matter (POM) samples collected in (A) July and (B) September, and (C) non-metric multidimensional scaling
(NMDS) ordination of a Bray-Curtis dissimilarity matrix for overall fatty acid profiles. Error bars in A and B
represent standard deviation.
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Figure 3.4. Estimated proportion of zooplankton and particulate organic matter (POM) in the diet of Aurelia
labiata with bell diameter using MixSIAR. The models used (A-B) stable isotopes only, (C-D) fatty acids only,
or (E-F) combined stable isotope and fatty acid data. Shaded regions represent 95% credible intervals.
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Figure 3.5. Distribution of sampled Aurelia labiata bell diameters for (A-B) stable isotope analysis, (C-D) fatty
acid analysis, and (E-F) individual A. labiata that were analysed for both stable isotopes and fatty acids. Red
dashed lines indicate the mean diameter.
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Figure 3.6. (A-B) Stable isotope values and (C-D) fatty acid profiles of Aurelia labiata with bell diameter.

Figure 3.7. C:N of Aurelia labiata with bell diameter.
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Figure 3.8. (A-C) Essential fatty acids, (D) the ratio of DHA to EPA, and (E) fatty acid content in Aurelia
labiata with bell diameter.
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Chapter 4: Conclusion

Jellyfish blooms occur seasonally across the globe and can have intense, localised interactions
due to their high biomass (Purcell 2012, Graham et al. 2014). While they are often a point of
contention due to the economic devastation they can generate (Yoon et al. 2018), jellyfish
blooms also provide many anthropogenic and ecosystem services (Graham et al. 2014). In
ecology, the perception of the role that jellyfish play in marine food webs has been changing
rapidly owing to new technologies for sampling and analysis (Hays et al. 2018). Biomarkers are
one such example, where stable isotopes (SI) and fatty acids (FA) are increasingly used to make
inferences about jellyfish trophic ecology (Pitt et al. 2009). However, biomarkers have not been
reliably calibrated for jellyfish, so findings resulting from biomarkers are either limited in scope
or potentially inaccurate. In this thesis, I used SIs and FAs to investigate jellyfish trophic ecology
by first calibrating biomarker parameters specifically for jellyfish under controlled conditions,
then by applying the new parameters for Aurelia labiata in a temperate coastal food web. The
following sections discuss some relationships between the findings in Chapters 2 and 3, and
provide future research direction based on these findings.

4.1

Biomarker Modification by Jellyfish

The objective for Chapter 2 was to measure SI and FA turnover time and modification for
jellyfish. This thesis provided one of few existing estimates for these parameters and although
the parameters only capture a limited scope of predator and diet combinations, they are arguably
more appropriate than the general aquatic values (Post 2002) that are typically used by jellyfish
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ecologists (e.g., Wang et al. 2020). Unlike the trophic enrichment factors (TEF) provided by
D’Ambra et al. (2014), using the TEFs and calibration coefficients (CC) from my experiment
result in reasonable diet composition estimates for jellyfish. Jellyfish ecologists that employ
biomarkers have been calling for reliable estimates of turnover time and modification for SI for
over a decade (Pitt et al. 2009), yet this thesis is one of three known experiments, and only two
published experiments, that have measured this for SIs, and the only known experiment to
measure this for FAs (see also D’Ambra et al. 2014, Tilves et al. 2018). Plenty of existing
literature emphasizes the importance of accurate predator-specific turnover and modification
estimates, as well as the consequences that arise when these criteria are not met, particularly
related to error (Bond & Diamond 2011, Brett et al. 2016, Galloway & Budge 2020). Without
specific parameters, inferences arising from SI and FA for jellyfish are either limited in scope or
potentially inaccurate, which affects our ability to make meaningful decisions for ecosystem
management at a broader level. Additional research involving various jellyfish taxa, prey types,
and feeding conditions are still required, but the estimates provided here are an important step for
advancing the utility of SIs and FAs for jellyfish.

One of the notable findings from the controlled feeding experiment was the magnitude of the
TEFs for jellyfish. Compared to a range of TEFs measured across taxa (McCutchan et al. 2003),
Δδ13C was high while Δδ15N was low for jellyfish in this study. While this was not unexpected
given the known drivers of TEFs, outlined in the discussion of Chapter 2, it was interesting that
despite the relatively small difference in Δδ13C and Δδ15N, the two TEFs independently agreed
that small jellyfish were one trophic level below large jellyfish. To illustrate this point, using the
TEFs recommended by Post (2002), Δδ13C would have estimated a difference of approximately 2
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trophic levels between small and large jellyfish, but Δδ15N would have estimated a difference of
0.6 trophic levels. While Δδ13C and Δδ15N are not necessarily intrinsically linked, this pattern
provides some encouragement that the TEF estimates from Chapter 2 are reasonable and reflect
true patterns in jellyfish metabolism.

Another notable finding from the Chapter 2 experiment was the high CCs for 20:4n-6 (ARA) in
jellyfish. This aligns with previous findings across jellyfish where proportions of ARA are high
compared to other marine zooplankton (Sipos & Ackman 1968, Nichols et al. 2003, Ying et al.
2012, Tilves et al. 2018, Milisenda et al. 2018, Stenvers et al. 2020). The wild A. labiata in
Chapter 3 also had high ARA and a strong positive relationship between jellyfish size and
proportions of ARA. This is worth noting as ARA is an essential FA, which may suggest a
potential benefit of jellyfish as prey beyond their low overall FA content compared to other
marine zooplankton. The benefit of consuming jellyfish as prey is a new topic of interest in the
literature (Hays et al. 2018, Thiebot & McInnes 2020). In their review of endothermic predators
of jellyfish, Thiebot and McInnes (2020) outline the potential for jellyfish to serve as hotspots for
rare minerals, which has been documented for other prey (Weeks 1978, Perrins 1996). The
authors listed this hypothesis as one without substantial supporting evidence, but perhaps the
authors should have considered ARA or other FAs and nutrients as well.

4.2

Jellyfish Size

The objectives for Chapter 3 were to explore size-based patterns in trophic ecology and
nutritional quality for jellyfish, and discern whether there may be any relationship between these
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shifts. This thesis found size-based shifts in diet and nutritional quality, and some of these
quality shifts may be related to a change in diet. While size-based diet shifts are welldocumented for jellyfish (Costello & Colin 1994, Sullivan et al. 1994, Fleming et al. 2015), this
thesis also showed strong relationships between size and nutritional quality which have rarely
been reported on previously. Fukuda and Naganuma (2001) measured FAs for a similar size
range of Aurelia aurita from the Seto Inland Sea, Japan (40-310 mm) as the A. labiata in Chapter
3 (19-225 mm). However, the proportions of each essential FA reported by Fukuda and
Naganuma (2001) did not show any apparent relationship with jellyfish size, unlike the positive
relationships for ARA and DHA documented in Chapter 3. However, Fukuda and Naganuma
(2001) had small sample sizes and grouped size classes to create categorical variables instead of
analysing size as a continuous variable, which may have affected the data interpretation.
Similarly, A. labiata collected from a variety of locations in the Northeast Pacific covered a
larger size range, from 40-470 mm, and showed a positive relationship between C:N and size
(Lüskow et al. 2021), while A. labiata from Chapter 3 showed a negative relationship between
C:N and size. Clearly, more size-specific data is required to confirm if the relationships between
size and quality that were documented in Chapter 3 are relevant for jellyfish on a broader scale.

Unfortunately, I did not account for size when measuring turnover time and modification in
Chapter 2, but future experiments should be careful to separate out the potential effect of size on
these parameters (i.e., do large jellyfish have different turnover times, TEFs, or CCs than small
jellyfish?). The field data from Chapter 3 only sampled A. labiata and although the SI and FA
profiles and size patterns were similar to findings reported for other species of jellyfish,
investigations for size-based patterns in other jellyfish and gelatinous zooplankton are also
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required. Previous studies that collected jellyfish over multiple seasons have attributed changes
in biomarker profile to seasonal differences in prey availability (Ying et al. 2012, Javidpour et al.
2016, Milisenda et al. 2018, Stenvers et al. 2020). While this is likely true given the response of
jellyfish profile to changes in prey profile that I observed in Chapter 2, the effect of size was not
explicitly accounted for in these studies and may also be contributing to these seasonal shifts.
Size is especially relevant for jellyfish because they exhibit rapid growth from 1 mm ephyrae to
medusae of 25-100 cm, depending on the species. For example, A. labiata collected from the
Northeast Pacific were up to 470 mm (Lüskow et al. 2021), over twice as large as those from this
thesis. This growth occurs over a relatively limited seasonal window, so juvenile spring jellyfish
will be smaller on average than winter jellyfish in this region. Any differences that are
documented between spring and winter jellyfish may be due to both size and prey availability.

4.3

Future Research Direction

Many questions arose during each Chapter that could not be answered by the existing literature,
especially regarding jellyfish metabolism and the pathways used for digesting and incorporating
nutrients. For example, the lipid types utilised by jellyfish for storage are unknown, and neither
are the lipid mobilization pathways that occur during starvation. However, each of these will
determine the utility of some FA as biomarkers for jellyfish. This theme was underscored in the
discussion of Chapter 2, but there is overall a scarcity of laboratory experiments for jellyfish to
understand the intricate details of how jellyfish function biologically. Perhaps this knowledge
gap is common for other organisms as well, but one could argue that it is highly important for
jellyfish given their unique body plan and 600-million-year evolutionary history, thus their high
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potential for distinctive physiological pathways. To paraphrase Dr. Jonathan Houghton at the 6th
International Jellyfish Blooms Symposium, ‘jellyfish SI signatures will depend on many things,
including whether you used a red bucket or a blue bucket for collection’. He was speaking
ironically, but sometimes the knowledge gaps in jellyfish ecology and physiology offer no
rebuttal.

Given the recent increase in documentation of jellyfish as regular prey for many marine
organisms, it is understandable that the knowledge of predation on jellyfish is currently limited.
Moving forward, the findings from Chapter 3 highlighted a potential avenue of interest under
this topic, where jellyfish size and jellyfish as prey should be investigated more thoroughly. For
visual predators, like fish and sea birds, size may drive the frequency with which jellyfish are
selected for consumption. Size may also determine whether nutrient-rich tissues, like gonads, are
selectively consumed or if jellyfish are simply consumed whole because they are too small. Fish
are one of the primary consumers of jellyfish (Arai 2005, Hays et al. 2018), but fish are also
competitors, mutualists, and prey for jellyfish (Purcell & Arai 2001). Fish also exhibit size-based
changes in diet, so fish size and jellyfish size are intricately linked and will result in complex
interactions that shift over time. For example, when threadsail filefish (Stephanolepis cirrhifer)
larvae and Aurelia sp. are housed in the same tank, the larval fish are poor at avoiding jellyfish
and have almost 0% survival after contacting the nematocysts, until they reach 4-5 mm in length
(Miyajima-Taga et al. 2016). However, once they reach 4-5 mm their avoidance and survival is
near 100%, and when the fish reach 21.8 mm, they begin feeding on the jellyfish. These sizebased interactions are complex and are likely present for many combinations of fish and jellyfish
species, and similarly other predators of jellyfish.
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Finally, a gelatinous future is often predicted, where the intensity and frequency of jellyfish
blooms are anticipated to increase due to anthropogenic forcing and climate change (Attrill et al.
2007, Richardson et al. 2009). This prediction is driven primarily by the high tolerance of
jellyfish for the effects of anthropogenic forcing and climate change compared to other marine
organisms (e.g. hypoxic conditions; Miller & Graham 2012, Wang et al. 2017). Whether a
gelatinous future is accurate or not, the intensity of blooms in any given region changes over
time (Brodeur et al. 2008, Brotz et al. 2012, Condon et al. 2013), thus jellyfish ecology is
perpetually an important consideration for whole-ecosystem studies (Pauly et al. 2009, Lamb et
al. 2019). By improving our understanding of jellyfish dynamics, I increase our understanding of
ecosystem functioning, thus improve decision making regarding conservation, economy, and
food security in the global oceans.
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Appendix

Table A.1. The results of the linear regressions modelling the prey baseline. Experiment 1 refers
to the Aurelia aurita predator regime and experiment 2 refers to the Chrysaora pacifica predator
regime.
SI
δ13C
δ13C
δ15N
δ15N
δ13C
δ15N
δ13C
δ15N
FA
14:0
14:0
14:0
14:0
15:0
15:0
15:0
15:0
16:0
16:0
16:0
16:0
16:1
16:1
16:1
16:1
17:0
17:0
17:0
17:0
18:0
18:0
18:0
18:0
18:1n-7
18:1n-7
18:1n-7
18:1n-7

prey
Artemia sp.
Artemia sp.
Artemia sp.
Artemia sp.
Aurelia aurita
Aurelia aurita
Euphausia superba
Euphausia superba

experiment
1
2
1
2
2
2
1
1

mean
-21.5047
-21.6094
10.96296
11.77
-20.4352
14.12286
-22.1239
8.683333

intercept
-21.3415
-21.5672
10.71563
11.81809
-20.1099
14.49249
-22.2522
8.703333

slope
-0.005829
-0.00096
0.008833
-0.001093
-0.007394
-0.008401
0.004582
-0.000714

R2
0.457552
0.136842
0.412751
0.02092
0.18156
0.185538
0.359085
0.046512

p
0.000107
0.098831
0.000302
0.531621
0.0541
0.051257
0.088133
0.577324

Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba

1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1

0.010625
0.010527
0.016338
0.049487
0.002616
0.00262
0.00526
0.007977
0.138835
0.133877
0.144242
0.244217
0.032933
0.032999
0.049336
0.052081
0.00766
0.007555
0.006922
0.006836
0.070675
0.065847
0.145959
0.03625
0.058095
0.056569
0.034191
0.061305

0.010424
0.010277
0.01689
0.051079
0.002482
0.002253
0.00619
0.008392
0.138424
0.13139
0.147456
0.243949
0.032734
0.031801
0.052667
0.053846
0.007474
0.006986
0.006923
0.006964
0.069678
0.063468
0.152692
0.035447
0.058831
0.054289
0.031301
0.061386

7.19E-06
5.35E-06
-1.18E-05
-5.69E-05
4.75E-06
7.87E-06
-1.99E-05
-1.48E-05
1.47E-05
5.33E-05
-6.89E-05
9.56E-06
7.12E-06
2.57E-05
-7.14E-05
-6.30E-05
6.65E-06
1.22E-05
-2.99E-08
-4.56E-06
3.56E-05
5.10E-05
-0.000144
2.87E-05
-2.63E-05
4.89E-05
6.19E-05
-2.91E-06

0.050001
0.042724
0.029998
0.503721
0.262254
0.809353
0.42035
0.789508
0.003849
0.198655
0.024188
0.007575
0.064907
0.57095
0.227948
0.527681
0.190178
0.632752
5.38E-06
0.358459
0.023174
0.085591
0.084366
0.017802
0.248153
0.282265
0.212773
0.00421

0.563022
0.593625
0.655861
0.032209
0.158698
0.000955
0.058932
0.001363
0.87402
0.229213
0.689485
0.823807
0.508248
0.018529
0.193702
0.026657
0.240622
0.010366
0.995275
0.088483
0.695807
0.444892
0.448319
0.732192
0.172313
0.14104
0.21138
0.868285

*
*

*
*
*

*
*
*
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Table A.1. (continued) The results of the linear regressions modelling the prey baseline.
Experiment 1 refers to the Aurelia aurita predator regime and experiment 2 refers to the
Chrysaora pacifica predator regime.
FA
18:1n-9
18:1n-9
18:1n-9
18:1n-9
18:2n-6
18:2n-6
18:2n-6
18:2n-6
18:3n-3
18:3n-3
18:3n-3
18:3n-3
18:4n-3
18:4n-3
18:4n-3
18:4n-3
20:1n-9
20:1n-9
20:1n-9
20:1n-9
20:2n-6
20:2n-6
20:2n-6
20:2n-6
20:3n-3
20:3n-3
20:3n-3
20:3n-3
20:4n-3
20:4n-3
20:4n-3
20:4n-3
20:4n-6
20:4n-6
20:4n-6
20:4n-6

prey
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba
Artemia sp.
Artemia sp.
Aurelia aurita
Euphausia superba

experiment
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1

mean
0.18883
0.189457
0.118922
0.107933
0.053258
0.05721
0.032469
0.025251
0.245912
0.260297
0.141167
0.026846
0.04511
0.048624
0.01803
0.052206
0.008375
0.007026
0.010487
0.002108
0.003587
0.003355
0.010825
0.001531
0.009873
0.009406
0.043078
0.001322
0.009365
0.009749
0.013921
0.003746
0.008752
0.00824
0.05835
0.01459

intercept slope
0.1907
-6.68E-05
0.186956 5.36E-05
0.104817 0.000302
0.107132 2.86E-05
0.054152 -3.19E-05
0.057899 -1.48E-05
0.02824
9.06E-05
0.025556 -1.09E-05
0.262788 -0.000603
0.27955
-0.000413
0.121437 0.000423
0.027676 -2.96E-05
0.049271 -0.000149
0.05512
-0.000139
0.016901 2.42E-05
0.054911 -9.66E-05
0.008384 -3.34E-07
0.006154 1.87E-05
0.009455 2.21E-05
0.001964 5.12E-06
0.003572 5.19E-07
0.003137 4.66E-06
0.010181 1.38E-05
0.001891 -1.28E-05
0.010381 -1.82E-05
0.009778 -7.98E-06
0.037493
0.00012
0.001213 3.89E-06
0.009792 -1.52E-05
0.010659 -1.95E-05
0.010807 6.67E-05
0.00379
-1.58E-06
0.007801 3.40E-05
0.006691 3.32E-05
0.078893
-0.00044
0.013886 2.51E-05

R2
0.136553
0.624469
0.391209
0.321038
0.506898
0.016681
0.538731
0.17133
0.682512
0.933076
0.375896
0.489249
0.62368
0.787935
0.049495
0.547103
0.000185
0.421397
0.122195
0.358081
0.003705
0.257897
0.167768
0.184636
0.851542
0.183957
0.297314
0.191292
0.4913
0.743454
0.923818
0.091011
0.874111
0.858846
0.459168
0.417875

p
0.327685
0.01126
0.071627
0.111683
0.031425
0.740518
0.024362
0.268071
0.006059
2.32E-05
0.079143
0.035973
0.011349
0.0014
0.565059
0.022728
0.972312
0.058512
0.35646
0.088696
0.876389
0.162797
0.27361
0.248383
0.00039
0.249351
0.128933
0.23909
0.03542
0.002785
3.66E-05
0.430146
0.000217
0.000326
0.044901
0.059934

*

*
*
*
*
*
*
*
*

*

*
*
*
*
*
*

111

Table A.1. (continued) The results of the linear regressions modelling the prey baseline.
Experiment 1 refers to the Aurelia aurita predator regime and experiment 2 refers to the
Chrysaora pacifica predator regime.
FA

prey

20:5n-3
Artemia sp.
20:5n-3
Artemia sp.
20:5n-3
Aurelia aurita
20:5n-3
Euphausia superba
22:5n-3
Artemia sp.
22:5n-3
Artemia sp.
22:5n-3
Aurelia aurita
22:5n-3
Euphausia superba
22:5n-6
Artemia sp.
22:5n-6
Artemia sp.
22:5n-6
Aurelia aurita
22:5n-6
Euphausia superba
22:6n-3
Artemia sp.
22:6n-3
Artemia sp.
22:6n-3
Aurelia aurita
22:6n-3
Euphausia superba
*Significant p-values

experiment

mean

intercept

slope

R2

p

1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1

0.033897
0.032385
0.067969
0.132721
0.00295
0.002476
0.007609
0.004814
0.002095
0.002045
0.001532
0.003584
0.030628
0.028726
0.018977
0.139003

0.028099
0.024973
0.078403
0.131406
0.002211
0.001803
0.009679
0.00482
0.0015
0.001527
0.001943
0.003275
0.021401
0.023676
0.019462
0.135234

0.000207
0.000159
-0.000224
4.70E-05
2.64E-05
1.44E-05
-4.44E-05
-2.03E-07
2.13E-05
1.11E-05
-7.84E-06
1.10E-05
0.00033
0.000108
-1.04E-05
0.000135

0.879632
0.938489
0.59463
0.133802
0.782029
0.914972
0.757461
0.000698
0.807767
0.685854
0.272743
0.510506
0.914503
0.657957
0.008587
0.30274

0.000185
1.72E-05
0.014974
0.332987
0.001545
5.40E-05
0.002272
0.946194
0.000983
0.005829
0.184266
0.030553
5.50E-05
0.007969
0.812565
0.124796

*
*
*
*
*
*
*
*
*
*
*
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Table A.2. Average modification values for jellyfish genera other than Aurelia spp. or Chrysaora
spp. consuming crustacean zooplankton. TEF is trophic enrichment factor, CC is calibration
coefficient, and sd is standard deviation.
SI

predator

prey

TEF

TEF sd

δ C
δ15N

Jellyfish
Jellyfish

Crustacean zooplankton
Crustacean zooplankton

1.19
2.1

0.37
0.52

CC

CC sd

1.43
1.74
1.05
1.22
1.09
1.89
0.63
0.7
0.66
0.59
0.43
1.26
2.63
3.54
1.13
9.55
1.27
2.92
5.08
0.94

0.19
0.26
0.07
0.06
0.09
0.22
0.04
0.03
0.05
0.05
0.05
0.19
0.3
0.46
0.1
1.95
0.25
0.77
1.99
0.24

13

FA
14:0
15:0
16:0
16:1
17:0
18:0
18:1n-7
18:1n-9
18:2n-6
18:3n-3
18:4n-3
20:1n-9
20:2n-6
20:3n-3
20:4n-3
20:4n-6
20:5n-3
22:5n-3
22:5n-6
22:6n-3

Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish
Jellyfish

Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
Crustacean zooplankton
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Figure A.1. Stable isotope biplot depicting the results of Monte Carlo simulated source polygon
iterations. Black points are the Aurelia labiata values, and white a X denote a source mean
(zooplankton and particulate organic matter [POM]) for each month (July and September). The
outer contour denotes the 95% credible interval.
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Figure A.2. Aurelia labiata are corrected with (A-B) trophic enrichment factors for stable
isotopes, (C) calibration coefficients for fatty acid data, or (D) both for the combined stable
isotope and fatty acid data. These data were used for the mixing models, but all zooplankton
samples were combined to approximate a single zooplankton source. POM = particulate organic
matter.
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