Taylor & Francis
Taylor &Francis Group

Research

Saries ol Spheies

[{{% marine Biolegy - Marine Biology Research

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/smar20

Under pressure: Cassiopea andromeda jellyfish
exposed to increasing water temperature or
lead, cadmium and anthropogenic gadolinium
contamination

Pauline Béziat & Andreas Kunzmann

To cite this article: Pauline Béziat & Andreas Kunzmann (2022): Under pressure: Cassiopea
andromeda jellyfish exposed to increasing water temperature or lead, cadmium and anthropogenic
gadolinium contamination, Marine Biology Research, DOI: 10.1080/17451000.2022.2066132

To link to this article: https://doi.org/10.1080/17451000.2022.2066132

8 © 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

@ Published online: 01 Jun 2022.

N
G/ Submit your article to this journal &

A
& View related articles &'

View Crossmark data &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=smar20


https://www.tandfonline.com/action/journalInformation?journalCode=smar20
https://www.tandfonline.com/loi/smar20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17451000.2022.2066132
https://doi.org/10.1080/17451000.2022.2066132
https://www.tandfonline.com/action/authorSubmission?journalCode=smar20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=smar20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17451000.2022.2066132
https://www.tandfonline.com/doi/mlt/10.1080/17451000.2022.2066132
http://crossmark.crossref.org/dialog/?doi=10.1080/17451000.2022.2066132&domain=pdf&date_stamp=2022-06-01
http://crossmark.crossref.org/dialog/?doi=10.1080/17451000.2022.2066132&domain=pdf&date_stamp=2022-06-01

MARINE BIOLOGY RESEARCH \ e Taylor & Francis
https:/doi.org/10.1080/17451000.2022.2066132 Tayior & Francis Group

8 OPEN ACCESS W) Check for updates

Under pressure: Cassiopea andromeda jellyfish exposed to increasing water
temperature or lead, cadmium and anthropogenic gadolinium contamination

a,bt b

Pauline Béziat and Andreas Kunzmann

2Earth and Space Science Program, Jacobs University, Bremen, Germany; bLeibniz Centre for Tropical Marine Research (ZMT), Bremen,
Germany

ABSTRACT

Similar to other cnidarians such as stony corals, the upside-down jellyfish (Cassiopea spp.) lives
in endosymbiosis with dinoflagellates of the family Symbiodiniaceae. These jellyfish have been
described as invasive species and are now found circumtropically in coastal marine
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environments. This study investigates the response of Cassiopea andromeda and its
symbiotic algae to increased water temperature, further elucidating potential impacts of
climate change on its populations in tropical ecosystems. It is demonstrated that water
temperatures above 34°C are lethal for the C. andromeda medusae tested in this study. A
non-lethal temperature rise triggers significant changes in the animals behaviour and
physiology, including significant changes in bell pulsation rate and a significant decrease in
photochemical efficiency, once 33°C is reached. Additionally, it is demonstrated that
C. andromeda is capable of bioconcentrating significant amounts of cadmium from the
surrounding water column. In the case of lead exposure, the jellyfish appear capable of
regulating intake; no significant bioconcentration has been observed in this study. Our
results do not indicate significant differences between the uptake patterns of
anthropogenically complexed gadolinium chelates - emerging aquatic pollutants originating
from hospital effluents — and the natural, non-chelated rare earth element terbium. This
study supports the potential use of Cassiopea jellyfish as an attractive bioindicator species,
serving to detect both continuous and pulse-contamination of coastal marine ecosystems.
Cassiopea andromeda appears stable up until temperatures of about 34°C, suggesting that
temperature increase concomitant with climate change might drive important range
extensions of this tropical species into new environments - environments in which the

Jamileh Javidpour; Carolin
Loscher

KEYWORDS
Temperature stress;
bioconcentration; heavy
metals; Symbiodiniaceae;
pollution

holobiont will play significant roles in local pollutant dynamics.

Introduction

The epibenthic jellyfish Cassiopea spp. (class Scypho-
zoa, order Rhizostomeae) live in obligatory symbiosis
with dinoflagellates of the family Symbiodiniaceae
(zooxanthellae) and are distributed circumtropically
from the Red Sea, over Australia and the Hawaiian
Islands to Panama and Bermuda (Holland et al. 2004;
Ozgiir and Oztiirk 2008; Niggl and Wild 2009; Schembri
et al. 2010; Karunarathne et al. 2020; Stampar et al.
2020). Restricted to the photic zone due to the depen-
dence of their symbionts on photosynthetically active
radiation, they inhabit shallow near-shore marine
environments such as mangroves or seagrass-beds
(Gohar and Eisawy 1960; Ohdera et al. 2018; Lyndby
et al. 2020).

As a result of the coastal habitat, Cassiopea species
are exposed to a variety of environmental stressors,
including high light intensities and ultraviolet radi-
ation, fluctuating water temperatures and salinities,
as well as land-derived environmental pollutants
such as heavy and trace metals or herbicides. A field
study in Brazilian waters has observed Cassiopea thriv-
ing in a variety of environmental conditions, including
large variations in salinity (0-36 PSU) and dissolved
oxygen (7.01-15.56 mg/l) (Morandini et al. 2017).
Though more research is required on the thermal tol-
erance of the organismes, it is clear that Cassiopea is a
highly invasive tropical genus that may further
extend its range with ongoing climate change and
temperature increase. Cassiopea andromeda (Forskal,
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1775) for example is native to the Red Sea and has
been found to progressively invade the Mediterranean
Sea (Schembri et al. 2010; Amor et al. 2016; Rubio 2017;
Cillari et al. 2018; Maggio et al. 2019) which is attribu-
ted to high photosynthetic plasticity, thermal toler-
ance and mixotrophic behaviour (Mammone et al.
2021). Based on past developments, Cassiopea spp.
range extension should be anticipated especially for
anthropogenically impacted areas such as harbours
or seafood farms. The biogeochemical impact that Cas-
siopea species populations might have in these
systems — such as mobilization of sediment-locked pol-
lutants including potential bioconcentration effects —
is however unknown.

The question to what extent future temperature
increase will drive further invasions mandates investi-
gations of the holobionts’ thermal tolerance, key to
which may be the zooxanthellae. Cassiopea’s symbiotic
zooxanthellae significantly support the organism in
meeting its carbon and nitrogen demands, comple-
menting heterotrophic feeding on zooplankton and
dissolved organic matter (Hofmann and Kremer 1981;
Vodenichar 1995; Larson 1997; Freeman et al. 2017).
Elevated temperatures have been shown to negatively
affect Symbiodiniaceae’s photosynthesis both in and
ex hospite, though thermotolerance widely differs
between clades and strains of the dinoflagellate
(Hoegh-Guldberg et al. 1998; McGinty et al. 2012;
Karim et al. 2015; Diaz-Almeyda et al. 2017). Thermal
stress and increased irradiance results in elevated pro-
duction of reactive oxygen species (ROS), which can
permanently damage both the symbionts and their
cnidarian host and lead to expulsion of the endosym-
bionts, widely observed as coral bleaching (Tchernov
et al. 2004; Smith et al. 2005).

Deploying  Pulse-Amplitude-Modulation  (PAM)
fluorometry, numerous studies have demonstrated a
decrease in the dinoflagellates’ dark-adapted
maximum quantum yield (i.e. photochemical
efficiency, F,/F.,) of photosystem Il under heat stress
(Robinson and Warner 2006; Kramer et al. 2012; Diaz-
Almeyda et al. 2017) both in culture and in hospite,
under field and laboratory conditions (Fitt and
Warner 1995; Bhagooli and Hidaka 2003), though the
thermal-stress induced damage varies strongly
between different Symbiodiniaceae (Karim et al. 2015).

Although the endosymbiotic supply of carbon and
nitrogen are believed to meet most of Cassiopea’s
energy requirements (Verde and McCloskey 1998;
Freeman et al. 2017), medusae can actively perform
heterotrophic feeding and external nutrient intake
(Larson 1997). Given their relatively stagnant habitats,
the jellyfish depend on bell pulsations for food

capture processes, but also for oxygen exchange,
incorporation of zooxanthellae, gamete dispersal and
temperature regulation (Arai 1996; Welsh et al. 2009).
The bell pulsation rate (BPR) vs. temperature relation-
ships for warm-water jellyfish generally have a steep
rise and fall on either side of a narrow temperature
range in which BPR are highest (Gatz et al. 1973). To
improve predictions on how climate change will
impact species belonging to the genus Cassiopea, it
is necessary to closer define the thermal window in
which these cnidarians thrive.

A higher vulnerability to other environmental stres-
sors can result once climate change moves the popu-
lation closer to the upper boundary of its thermal
window - or vice-versa. For example, Negri et al.
have demonstrated that elevated sea surface tempera-
tures significantly reduce the tolerance of coral larvae
to water contamination of herbicides (Negri et al.
2011; Negri and Hoogenboom 2011), and a similar
effect has been observed for reduced salinity (Klein
et al. 2016). While such synergistic effects are yet to
be described for Cassiopea species, they are indeed
known to be adversely affected by herbicide exposure,
which causes significant decreases in medusoid
growth and symbiotic photosynthetic activity (Rowen
et al. 2017).

While Cassiopea species are generally a relatively
common sight in many tropical reef systems, they
tend to occur in higher abundances in anthropogeni-
cally impacted waters such as shrimp farms, e.g.
along the Brazilian coast, as has been reported by
field studies and personal observations (Andreas Kunz-
mann, personal communication; Stoner et al. 2011; Thé
et al. 2020). This is likely driven by high nutrient load-
ings or high availability of labile organic carbon
(Radecker et al. 2017). Field studies have suggested
links between Cassiopea abundance and total phos-
phorus concentrations in waters of the Bahamas
(Stoner et al. 2011) or with dissolved inorganic nitro-
gen in Pearl Harbor (Zarnoch et al. 2020). Motile, sym-
biont-bearing amoebocytes responsible for highly
efficient nutrient uptake and transport have been
singled out as a key adaptation rendering Cassiopea
species successful in such waters (Lyndby et al. 2020).

The preponderance of the holobionts in anthropo-
genically impacted or polluted areas raises important
questions with regard to the role of jellyfish in pollu-
tant cycling, especially since Cassiopea is known to
actively pump nutrients and interstitial waters from
potentially contaminated sediments towards the
surface (Jantzen et al. 2010; Zarnoch et al. 2020). If
the Cassiopea thermal window is wide enough to
allow for important range expansions into potentially



contaminated areas with climate change, this might
have significant impacts on local pollutant dynamics.
Next to potentially mobilizing sediment-locked con-
taminants, jellyfish might transfer such compounds
into the local food chain through bioconcentration
and bioaccumulation. Templeman and Kingsford
(2015) have for example proven Cassiopea maremetens
to be capable of bioconcentrating and bioaccumulat-
ing fine-scale pollutants such as copper and zinc with
a bioconcentration factor (BCF) of 99 and 104 (Temple-
man and Kingsford 2010, 2015; Epstein et al. 2016). Bio-
concentration dynamics of other relevant heavy metals
such as cadmium (Cd) or lead (Pb) have not yet been
investigated for Cassiopea species.

While examining bioconcentration is important
with regards to impacts on the local environment
and the food chain, it also holds great potential in
the context of bioindicator species. Detecting anthro-
pogenic pollution in natural ecosystems and particu-
larly seawater matrices can be challenging and time
consuming - here the use of bioindicator species natu-
rally preconcentrating environmental loads of relevant
pollutants can be useful. However, concentrations of
heavy metals such as copper or lead cannot unam-
biguously point to anthropogenic impacts in a
system, given that these elements show variable
environmental behaviours and have both anthropo-
genic and natural sources. An interesting tool to unam-
biguously point to anthropogenic pollution in a system
is Rare Earth Element (REE) geochemistry, specifically
anomalies in normalized REE spectra. Since all REE
exhibit very similar chemical behaviour in environ-
mental systems due to their peculiar valence electron
configuration (Thielmann 2011), anomalies in such
spectra can point to specific geochemical or anthropo-
genic inputs or processes. For example, a geochemical
signal that has unambiguously been traced back to
anthropogenic pollution is a gadolinium (Gd)
anomaly in the REE spectrum of a water sample (Bau
and Dulski 1996). Gd is deployed in the production
of Magnetic Resonance Imaging (MRI) contrast media
such as ‘Gadovist’ or ‘Dotarem’, where Gd is chelated
with strong organic ligands. Since these complexes
pass through the human organism and waste-water
treatment plants largely un-metabolized, Gd contrast
agents (GDCA) end up in waterbodies worldwide
(Bau and Dulski 1996; Moller et al. 2000; Verplanck
et al. 2005). Anthropogenic Gd contamination has
been detected in different rivers, bays and lakes of
Europe (e.g. Bau and Dulski 1996; Kulaksiz and Bau
2011b), North and South America (e.g. Verplanck
et al. 2005; Bau et al. 2006; Merschel et al. 2015), Asia
(Nozaki et al. 2000) and Australia (Lawrence et al.
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2009). As the chelates behave conservatively during
estuarine mixing, the presence of GDCA in marine
waters can point to the presence of other waste-
water derived pollutants, which are more challenging
to detect in seawater matrices (Kulaksiz and Bau
2011b). If the Gd anomaly is bioconcentrated in poten-
tial bioindicator organisms such as Cassiopea, this can
provide a simple tool for tracing anthropogenic
impacts in coastal marine environments. Prior to apply-
ing this proxy in a biogeochemical setting, it is
however necessary to verify whether the target organ-
ism — in this case Cassiopea species — takes up the che-
lated Gd complex without fractionation relative to
unchelated REE.

The goals of this study are based on the hypoth-
esis that warmer temperature might drive future
range expansions of Cassiopea into new, coastal eco-
systems where the benthic holobionts may play
important roles in local pollutant dynamics by mobi-
lizing and preconcentrating contaminants from sedi-
ments into the surrounding waters or the food
chain. Firstly, we aim at identifying Cassiopea andro-
meda’s upper temperature limits which will improve
future assessments of possible range extensions as
well as population dynamics in current habitats. Sec-
ondly, we will provide first insights into the biocon-
centration of the two heavy metals lead (Pb) and
cadmium (Cd), investigating whether bioconcentra-
tion occurs in a similar fashion as has been observed
for Zn and Cu (Templeman and Kingsford 2015).
Lastly, we will explore the possibility of using
C. andromeda as a bioindicator species for pinpoint-
ing anthropogenic contamination in coastal marine
ecosystems through bioconcentration of the REE Gd
anomaly. We expect that results will improve our
understanding of both C. andromeda’s thermal toler-
ance and responses to heavy metal exposure, two
abiotic stressors that could be tightly linked in
future oceans.

Materials and methods

For all experiments in this study Cassiopea andromeda
medusae were sourced from a larger pool of jellyfish,
kept for years in the Centre for Tropical Marine
Research (ZMT) marine experimental ecology labora-
tory (MAREE) and originally sourced from the Red
Sea. The organisms in this pool have been raised
from ephyrae collected from a strobilating polyp
culture at the facility. The polyps are kept in small
aquaria (501) at 24°C and 31 PSU artificial seawater
(Red Sea Salt, Germany) at low light conditions
(single 20 W fluorescence bulb) with a 12:12 h light/
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dark cycle. Strobilation is achieved by raising tempera-
ture to 28°C and increasing salinity to 34-35 PSU. For
maintenance in the MAREE, jellyfish and ephyrae are
kept in recirculation systems with salinity 34-35 PSU,
temperature 25.9%0.1°C (12:12 h light/dark cycle,
120 umol photons m™2s™"). Feeding occurs twice

weekly with freshly hatched Artemia nauplii.

Temperature-stress

Setup

This experiment aimed at studying the response of
C. andromeda jellyfish to a gradual increase in water
temperature. Twelve organisms (six each for the exper-
imental and control groups, respectively) of medium
size (starting bell diameter 7-9 cm) were held in indi-
vidual plastic aquaria, equipped with plastic lids and
ball-airstones. The aquaria were filled with artificial sea-
water to a final volume of 1.8 | (salinity 35.2 + 0.8 PSU).
Water was changed once a week, care was taken to
maintain water temperature throughout the water
change. Two halogen flood lamps per tank provided
a stable illumination of 120 pumol photons m™2s™' +
10% for a 12 h photoperiod. In the temperature
stress experiment, organisms were starved from het-
erotrophic feeding and only provided with
7 UM NH,Cl once per week, spiked directly after
water changes. Cassiopea holobionts are known to
efficiently assimilate NH, from seawater (Jantzen
et al. 2010; Lyndby et al. 2020).

The water temperature was regulated by a larger
recirculating water bath and a controllable heating
rod. After a 10 days acclimatization period at 26°C,
the temperature was raised 2°C once per week over
a 5-week period, up to final temperature of 36°C. The
temperature in the control group stayed constant at
26.1+0.1°C.

To increase the resolution of the obtained data, the
experiment (experiment 1, duration 29 days) was
repeated (experiment 2, duration 44 days) with a
temperature gradient of 1°C instead of 2°C per week,
with all other experimental parameters remaining the
same. Time constraints however precluded us to
apply the 1°C gradient throughout the whole tempera-
ture range tested (26-35°C). Since experiment 1 indi-
cated no change in BPR prior to and including 28°C,
experiment 2 was designed to include a temperature
ramping phase in which temperature was increased
in 10 days from 26°C to 29°C. Once 29°C were
reached, temperature was stepwise increased with a
gradient of 1°C per week. The control group - 4 organ-
isms in experiment 2 — was again kept at 26°C. The
inclusion of a 10-day temperature ramping phase

results in experiment 1 and experiment 2 not being
directly comparable; this limitation is addressed in
the Results section.

Temperature stress indicators
During the experiment, three parameters were
recorded:

(1) Bell Pulsation Rate (BPR), defined as the number of
times the outer bell margin contracts towards the
centre of the organism per minute, recorded twice
weekly (day 3 and day 7 after temperature
increase). Triplicate measurements for each of
the medusae were taken at each time point
using a mechanical counter and a stopwatch.
BPR was recorded between 14:00 and 15:00 in
the afternoon, prior to eventual manipulations
for weight and/or photochemical efficiency
measurements. BPR for each individual organism
throughout the experiment were normalized to
the organism’s initial BPR under no temperature
stress at 26°C. This was done to account for the
inherently high inter-organism variability in bell
pulsation rates unrelated to external stress factors.

(2) Maximum quantum yield (F,/F,) was recorded
prior to the experiment and henceforth once
every week (day 7 after temperature increase),
using a portable WALZ GmbH PAM-2500 field
and laboratory chlorophyll fluorometer and the
corresponding PAMWin-3 Software. All organisms
were dark-adapted for 15 min in a separate room
before the measurement. Every organism was
probed four times in succession at each time
point — once in the centre and three times in the
outer part of the bell.

(3) Wet body weight was recorded once a week. These
records were obtained by carefully removing the
organisms from the water using an acid-washed
borosilicate ladle, removing excess surface water
and placing them into pre-weighed beakers filled
with small volumes of artificial seawater. Body
weight was recorded using a balance (analytical
precision £ 0.1 g, Mettler Toledo, Germany).

Heavy-metal exposure

Setup

This experiment was designed to investigate whether
C. andromeda jellyfish bioconcentrate the heavy
metals Pb or Cd, as well as the REE Gd. Further, we
tested whether artificially chelated Gd in the form
of ‘Gadovist’ is taken up in a similar manner to



non-complexed natural REE, in our case represented
by Tb. The experimental set-up consisted of one
control and two treatment groups, with three repli-
cate tanks each:

Treatment A: Artificial seawater+20pug |~ Pb,
800 ng I”' Th, 800 ng I Gd (as ‘Gadovist')

Treatment B: Artificial seawater+4pugl™' Cd,
800 ng I”' Th, 800 ng I Gd (as ‘Gadovist')

Control: Artificial seawater

Note that these concentrations clearly exceed those
commonly recorded in the marine pelagic environ-
ment for all four elements. Pb and Cd concentrations
were set in light of the fact that Cassiopea sp. is
known to pump interstitial pore water from the sedi-
ment towards the surface (Jantzen et al. 2010). The
Pb and Cd concentrations in our study correspond to
the sediment values recorded in the Gulf of Suez
(Red Sea), an important Cassiopea habitat (Hamed
and Emara 2006). REE concentrations in marine
environments are usually in the low ngl™' range
(<30 ng I7"), except for at specifically contaminated
sites, where several 100 ng ™" can be reached (Tra-
passo et al. 2021). The relatively high concentrations
in this study were set in order to achieve secure detec-
tion despite the seawater matrix. An overview of the
experimental setup of both this and the temperature
stress experiments can be found in Figure 1.

During the bioconcentration experiment, the
organisms were held in large borosilicate aquaria con-
taining 20 | of artificial seawater. Every aquarium was
equipped with a ball-airstone and closed with an
acrylic lid. All material was acid-washed and rinsed
several times with artificial seawater before use. The
aquaria were kept at room temperature (25°C) with
illumination provided by halogen flood lamps from
08:00 am to 20:00 pm. Sixty small (mean bell diameter
3.2+ 0.5 cm) organisms were randomly selected from
the MAREE upbringing basin and allocated into the 9
test basins (8 per experimental tank, and 4 per
control tank). These organisms were fed twice a
week with freshly hatched Artemia nauplii (24 h).
Prior to the beginning of the experiment, overall
fitness of all medusae was assessed by a photochemi-
cal efficiency measurement (F,/F,), see above for
details.

In order to minimize accumulation of jellyfish-
derived organic matter that could interfere with the
bioconcentration process and to continuously
provide the organisms with the specified trace
element concentrations, we performed complete
water exchanges every two days. This was done by
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carefully introducing all organisms into aquaria with
freshly spiked seawater medium using a borosilicate
ladle.

Concentrated metal spike solutions were prepared
in 0.5 M HNOs using ‘Gadovist® originally purchased
from Bayer HealthCare Pharmaceuticals (containing
the macrocyclic complex Gadobutrol) and Pb, Cd or
Tb 1000 mg I™" single element standards (Inorganic
Ventures, Germany).

Sample analysis for metal bioconcentration

Samples (water and organisms) were collected after 0,
4 and 7 days of exposure in acid-cleaned 50 ml poly-
ethylene bottles. At every time point, all replicate
tanks of both exposed and control treatments were
randomly sampled, yielding a total of 27 jellyfish
and 27 water samples (1 ml) over the course of the
experiment. Jellyfish samples were collected using a
borosilicate ladle. Before being sealed into their
sampling bottles, jellyfish were carefully rinsed with
deionized water, in order to avoid any bias from
adhered contaminant water. After sampling, organ-
isms were immediately frozen at —20°C and sub-
sequently freeze-dried; dry weights (in g) were
determined to the fourth decimal point using a
microbalance (Mettler Toledo, Germany). The dried
jellyfish samples were then subjected to an acid
digestion that consisted of heating on a hotplate in
PTFE beakers with 10 ml Suprapur grade 69% HNOs
for 2-3 h. Once incipient dryness had been reached,
5 ml Suprapur 30% HCl were added and again left
for evaporation. The final residue was taken up in
10 ml Suprapur 0.5 M HNOj;. Trace metal analysis
was performed with a PerkinElmer Elan 6000 ICP-MS
with mounted APEX Q inlet system, monitoring iso-
topes 206, 207 and 208 for Pb, 110, 111 and 112 for
Cd, 158 and 160 for Gd and 159 for Tb. For the
water samples, a dilution factor of 1:80 was set. An
internal rhenium (Re), ruthenium (Ru), rhodium (Rh)
and bismuth (Bi) standard was used in order to
correct for matrix-induced changes in sensitivity.
The data were corrected using Bi for Pb, Ru for Cd,
and Re for Gd and Tb, respectively. Concentrations
are reported as ngg~' (dry weight). Reporting
based on dry weight was chosen to allow for compar-
ability with other studies in the literature. Metal con-
centrations in control jellyfish have been averaged to
construct ‘baseline’ concentrations of medusa grown
in artificial seawater without metal spike. These base-
line concentrations from non-exposed organisms
have been subtracted from all concentrations in the
metal-exposed group. Bioconcentration factors
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12h light 12h dark
compressed air
1.8L 1.8L 1.8L 1.8L
26°C
control
heating rod .
6 aquaria 6 aquaria
B 11h light 13h dark compressed air
201 201
plastic covers
Pb [20 pg I] Cd[4 gl
Tb [800 ng I'] B msoongr i
Gd [800 ng I] Gd [800 ng "]
C Control
8 Cassiopea 8 Cassiopea 4 Cassiopea
3 replicates of each aquarium

Figure 1. Experimental overview of the temperature stress experiments (A) and the heavy metal bioconcentration experiment (B).

Further details are found in the Materials and methods section.

(BCF) were calculated according to the standard
formula:

[contaminant]organism(t = x) — [contaminant]organism (t = 0)

Equation 1:BCF =

Statistical analysis

All data treatment and statistical analysis was per-
formed using R version 4.0.3. Repeated measure-
ments (i.e. triplicate recording of BPR) were
averaged for every medusa and sampling point
before data analysis to preclude pseudoreplication.
After normality testing by Shapiro-Wilk test, data
from each of the two temperature stress experiments
was analysed by two-way mixed analysis of variance
(ANOVA) (including repeated measures for predictor
time and non-repeated measures for predictor treat-
ment), testing for sphericity using Mauchly’s test. In
case of significant interaction effects, post-hoc
unpaired two-sided t-tests were performed compar-
ing stressed and control organisms on each measure-
ment day. In the bioconcentration experiment,

[contaminant]yater(t = X)

uptake patterns of Gd and Tb were compared
using unpaired t-tests.

Results
Organism viability under temperature stress

The C. andromeda holobiont was significantly affected
by the temperature stress, induced by stepping up the
temperature from 26°C to 36°C by either 1 or 2°C once
per week (Figure 2). We used the bell pulsation rate as
a marker for the viability of C. andromeda. The mean
initial BPR of all 22 medusae used in the temperature
stress experiments was 34 + 12 SE, representing a stan-
dard variance of 34%, hence data are presented and
discussed normalized to each medusa’s initial BPR for
clarity. With temperature increase steps of 2°C every
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Figure 2. A and B: Normalized bell pulsation rates (BPR) for temperature-stressed Cassiopea andromeda medusae (A, C and E:
temperature gradient: 2°C/week, B, D and F: temperature gradient: 1°C/week) in orange and control (const. temperature 26°C)
in grey. C and D: Symbiont maximum quantum yield (F, /F,) of C. andromeda medusae. Points represent average of triplicate
(panels A and B) or quadruplicate (C and D) measurements for six replicate medusae at each time point with error bars represent-
ing the standard error. Shaded areas denote temperature recordings for both conditions. Measurement days on which the exper-
imental group was significantly different from the control (unpaired one-sided t-test P < 0.05) are marked with an asterisk. E and F:
C. andromeda wet weight normalized to initial weight, temperature stressed medusae (E: 2°C/week, F: 1°C/week) in orange and
control (const. temperature 26°C) in grey. In all panels the vertical orange dashed line indicates the day of final ‘observation” on
which all 6 (experiment 1) or 3/6 (experiment 2) were found dead in the aquaria.

seven days (first experiment, Figure 2A), maximum BPR the experiment). With a further increase in tempera-
(20+0.2 SE relative to starting conditions) was  ture, BPR declined again, returning to the starting
attained after three days of 30°C exposure (day 11 of  value (1.1 relative to starting conditions; +0.2 SE). A
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two-way mixed ANOVA for this first experiment
suggested a significant interaction between tempera-
ture treatment and time, F(7, 70)=3.54, P<0.001.
Unpaired two-tailed post-hoc t-tests revealed signifi-
cant effects of temperature treatment on Cassiopea
medusae on days 11 (3 days at 30°C) and 14 (7 days
at 30°C), with significantly higher BPR than control
organisms (P < 0.05).

Using temperature increase steps of 1°C per seven
days (second experiment, Figure 2B) resulted in a
similar trend, but lower BPR values than with 2°C per
week. Maximum BPR was 1.3 + 0.3 SE relative to start-
ing values, 18 days into the experiment (three days
of 31°C exposure), however this increase in BPR relative
to the control was not statistically significant (P > 0.05).
Nevertheless, a two-way mixed ANOVA did show sig-
nificant interaction effects between temperature treat-
ment and time, F(14, 112) = 2.53, P < 0.05. Post-hoc t-
tests revealed this effect to be attributable to the last
data point, day 43 of the experiment, where tempera-
ture-stressed medusae clearly showed significantly
lower BPR than the control group (P < 0.05). A further
increase in temperature to 35°C killed three of six
temperature stress organisms (Figure 2B and D); this
marked the end of the experiment. Similar obser-
vations were made in experiment 1: when the temp-
erature was increased by steps of 2°C per week, the
final temperature increase from 34°C to 36°C (Figure

2A and Q) killed all six organisms within 1.5 days. In
both experiments at 34°C and beyond, the jellyfish
appeared to melt with oral arms drastically reduced
in size, also leading to a significant loss of zooxanthel-
lae. Bells were partially inverted, with very weak bell
pulsations that were in some replicates one-sided
only. Photos of an example temperature-stressed
organism are shown in Figure 3.

To determine the viability of symbionts associated
with C. andromeda, we measured their photochemical
efficiency (F/F; Figure 2C and D). In both experiments,
ANOVA analyses showed significant two-way inter-
actions between temperature treatment and time
(experiment 1: F(4, 40) =46.3, P<0.001, experiment 2:
F(7, 56)=21.0, P<0.001). Post-hoc t-tests confirm the
trends apparent in Figure 2C and D: in both experiments,
increased temperatures led to significant (P <0.05)
reductions of F,/F, in the symbionts. Up until 30°C, F,/
Fm is in both experimental rounds either similar or
even significantly higher than in the control jellyfish.

With temperature increase steps of 2°C every week
(Figure 2Q), further warming beyond 30°C resulted in a
significant drop (P<0.05) in photochemical efficiency
of temperature-stressed symbionts, decreasing to a
minimum of 0.47 + 0.03 SE on day 28 of the experiment
at 34°C. With temperature increase steps of 1°C per
week, F,/F, values significantly dropped only at higher
temperatures (> 33°C) to 0.49 +0.03 SE at 34°C.

Figure 3. The same individual of Cassiopea andromeda after three days exposure to 33°C (1st row) and 34°C (2nd row).
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Figure 4. Bioconcentration of C. andromeda exposed to heavy and rare-earth metals. A: cadmium (Cd; green circles) or lead (Pb;
purple circles); B: terbium (Tb; squares) and gadolinium (Gd; triangles) added with either Pb (purple) or Cd (green) in Cassiopea
andromeda over time following exposure at day 0. Points and error bars represent average tissue concentrations and their stan-
dard deviations measured for triplicate organisms, respectively. Bioconcentration factors (BCF) refer to increases in concentrations
in jellyfish divided by the bulk water concentrations after 7 days.

Medusa weight developed differently in the two
experiments. In experiment 1 (gradient 2°C/week), nor-
malized medusa wet weight was in no case significantly
different from that in the control group (Figure 2E). Over
the course of 28 days, the initial weight did not change
significantly. In experiment 2 however (gradient 1°C/
week), weights of both the control and the experimen-
tal group decreased over time. Jellyfish in experiment 2
were smaller than those in experiment 1 (experiment 1:
control 353 + 12.5 g, stress 37.1 £ 13.3 g vs. experiment
2: control 25.3 + 8.7 g, stress: 30.0 + 6.2 g), implying a
lower contribution of zooxanthellae to animal respir-
ation (CZAR) and hence stronger dependence on het-
erotrophic food sources. In both experiments a
temperature increase to 34°C strongly decreased
medusa weight in the treatment group (though signifi-
cantly so only in experiment 2), as aforementioned
jellyfish appeared to melt and lost oral arm structures.
This melting precluded us from recording a final,
decreased weight at 35°C/36°C.

We note that experiment 2 included a temperature
ramping phase where temperature was increased from
26°C to 29°C within 10 days. This faster increase did not
lead to any significant changes in the holobionts’ BPR,
F./F, or wet weight.

Bioconcentration of heavy and rare-earth
metals

At the beginning of the metal-exposure experiment,
medusae did not show any sign of impaired viability;

their symbiotic algae showed a mean Fv/Fm value of
0.65 (+ 0.04 SD).

To determine the bioconcentration factors of the
different metals, we measured tissue and bulk water
concentrations for metal-exposed and non-exposed
(control) samples at 0, 4 and 7 days after exposure
(Figure 4). Mean tissue concentrations (+ SD) of
control organisms were 290+73ngg~" dry weight
(DW) for Pb, 433+94ngg~' DW for Cd, 2+1ng g™’
DW for Gd and 03+0.1ngg~' DW for Tb. A bulk
water sample was analysed corresponding to every
tissue sample. The mean water concentration of Pb
was measured to be 203+09ugl™", of Cd 3.0+
03pgl™", of Gd 0.60+0.01 and 0.58+0.04 pg ™’
(added with Pb or Cd, respectively), and of Tb 0.79 £
0.03 and 0.76+0.05 ug ™' (added with Pb or Cd,
respectively).

It is important to note that jellyfish are characterized
by a particularly high water content when considering
bioconcentration factors. In our study, we found the
average water content of C. andromeda medusae to
equal 96.2 (+0.2) weight %. Hence in theory, a dry
weight BCF of 26.3 (=100 g total weight/3.8 g dry
weight) would be recorded if the organism did not
actually concentrate any of the metal, i.e. if the metal
concentration in the jellyfish total (dry+ water)
weight equalled the concentration in the bulk water.

Bioconcentration of lead (Pb) and cadmium (Cd)
In the tissues of Pb-exposed C. andromeda, we
measured a mean (+ SD) Pb net concentration of
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Table 1. Bioconcentration factors of spiked metals in Cassiopea andromeda.?

Time (d) Pb cd Gd (Pb) Gd (Cd) Gd (avg) Tb (Pb) Tb (Cd) Tb (avg)
4 36.5+5.2 263.4+223 16.9+2.0 16.8+0.9 169+14 257+24 256+ 1.6 257+16
7 37.5+29 502.5+35.7 31.2+6.1 25.8+0.9 28.5+49 358+4.8 29.1+£138 327+46

Values are average of three replicates per time point, calculated according to Equation (1) and based on dry-weight of the organisms.

742 +75ng g~ ' DW after four days of exposure; after
three more days of exposure (seven total days) we
measured a mean concentration of 756 +25ng g™’
DW. This final tissue concentration, along with the
initial tissue and final bulk water concentrations,
yielded a BCF of 38 +3. Considering that the tissue
concentrations are based on dry weight, this value rep-
resents a weak bioconcentration of Pb by
C. andromeda under the given conditions (see above).

In contrast, we measured mean (+ SD) Cd net con-
centrations of 860+67 and 1349+80ngg~' DW
after 4 and 7 days of exposure, respectively, in the
tissues of Cd-exposed C. andromeda. This final concen-
tration corresponded to a BCF of 503 +36 (Table 1),
suggesting significant bioconcentration of Cd by
C. andromeda in this experiment.

Bioconcentration of gadolinium (Gd) and

terbium (Tb)

We exposed C. andromeda to both Gd and Tb, along
with either Pb (‘treatment A’) or Cd (‘treatment B’).
Tissue net concentrations (mean +SD) of Gd added
with Pb were 10+1 and 18+4ngg~' DW after 4
and 7 days, respectively. When added with Cd, the
Gd tissue net concentrations were 9.2+ 0.5 and 15.7
+0.7ngg”' DW after 4 and 7 days, respectively.
These final concentrations corresponded to BCFs of
31+6 and 26+1 when added with Pb and Cd,
respectively.

For Tb added with Pb, we measured tissue net con-
centrations of 21+2 and 27+4ng g™ after 4 and 7
days, respectively. The tissue net concentrations were
18.6+0.3and 24 + 1 ng g~ after 4 and 7 days, respect-
ively, when added with Cd. Using these concentrations
after 7 days, we calculated BCFs of 36 £5 and 29+ 2
when added with Pb and Cd, respectively.

Overall, the BCFs for both Gd and Tb (irrespective of
co-exposure with either Pb or Cd) were low, consider-
ing that tissue net metal concentrations are based on
dry weight (see above). While the BCF for Tb was sig-
nificantly higher (unpaired two-sided t-test: P < 0.05)
than the one for Gd on day 4 of the uptake, this differ-
ence was not significant on day 7 anymore (unpaired
two-sided t-test: P>0.05). Generally, Gd and Tb
accumulation was found to be small and no significant
change in uptake pattern upon the presence of Cd or

Pb in the water (Figure 4B) was observed (both on
day 4 and day 7 P> 0.05, unpaired one-tailed t-test).

Discussion

This study aimed at providing new insights on the role
and fate of C. andromeda jellyfish in coastal, shallow-
water environments. These environments are impor-
tant Cassiopea species habitats and are disproportion-
ally affected by human-induced stressors, including
temperature increase as well as exposure to environ-
mental pollutants. Depending on how it reacts to
temperature increase, climate change might drive
future range expansions of this holobiont, introducing
it to new coastal environments, with different local bio-
geochemical cycles, including those of anthropogenic
contaminants.

Aljbour et al. (2017) found that a temperature
increase up to 32°C appeared beneficial for acutely
heat-treated C. andromeda, with the medusae accli-
mating well, including an increase in body mass and
decrease in aerobic energy consumption. The present
study found no increase in body mass, but significant
changes in bell pulsation rates (BPR) and photochemi-
cal efficiency, when temperature was raised from the
control temperature (26°C) up to 32°C. In this study
jellyfish were not provided with a heterotrophic food
source, but only supplied with ammonia for zoox-
anthellae. We observed an overall decrease in
jellyfish weight in both the control and the experimen-
tal treatment in the second but not the first exper-
iment. It is possible that this can be attributed to (i)
the second experiment lasting longer than the first
and (ii) the initial weight of organisms in the second
experiment being lower than in the first, implying
lower CZAR values and higher dependence on external
nutrient input. Both experiments yielded significant
reactions of jellyfish to temperature increase in terms
of BPR and photochemical efficiency. We recorded
maximum BPR at temperatures of 30°C-32°C. Faster
temperature increase (2°C per week) resulted in rapid
and pronounced increase of BPR, while more gradual
temperature increase (1°C per week) resulted in a
less pronounced increase of BPR. Other studies on
different jellyfish species found either no correlation
of BPR with temperature (Colin and Costello 2003) or



correlation of BPR with salinity and bell diameter
(Mayer 1914; Dillon 1977). When exposing the
medusae in our study to further temperature increase
beyond 32°C, BPR decreased. Temperatures of more
than 34°C were lethal for the C. andromeda organisms
in this study. With 39°C, the temperature threshold
identified by Klein et al. for C. andromeda is higher
than the one observed in this study (Klein et al.
2019). Comparability is however hindered by the fact
that Klein et al. increased temperature by 2°C per day
(instead of 2°C per 7 or 14 days as in our experiment),
further the C. andromeda in this study had been raised
and kept in aquaria prior to the experiment while the
organisms in Klein et al., were sourced from a natural
environment.

There is a considerable body of work investigating
fluid dynamics of jellyfish pulsation (Hamlet et al.
2011; Hamlet and Miller 2012). In the common
jellyfish Aurelia aurita, an increase in pulsation rate
with water temperature is largely attributed to a
growing metabolic rate (Avian et al. 1991). Verde and
McCloskey (1998) indeed found higher metabolic
rates in Cassiopea xamachana at higher water temp-
eratures (24.2°C vs. 29.9°C), however this has not
been linked to external food intake. Numerical flow
analyses have confirmed that Cassiopea bell pulsation
generates feeding currents, though being distinct
from those known in pelagic jellyfish (Hamlet and
Miller 2012; Santhanakrishnan et al. 2012).

When BPR is moderate and pauses are present
between contractions, vortices dissipate and move
around the oral arms. In the case of continuous con-
traction (high BPR), vortices are stronger and are
advected vertically away from the medusa, precluding
potential refiltration by the oral arms (Hamlet et al.
2011), apparently contradicting the idea that
enhanced BPR at high temperatures is due to external
feeding. A similar phenomenon has been observed in
soft corals, where tentacle pulsation effectively
hinders foraging, but increases photosynthesis by low-
ering oxygen concentrations in coral tissues and hence
maintaining the affinity of RuBisCo to CO,, which
would be lowered under high oxygen concentrations
(Kremien et al. 2013). Symbiotic zooxanthellae har-
boured in Cassiopea jellyfish are known to produce
high amounts of intracellular ROS at increased temp-
erature, accumulating ROS such as superoxide radicals
(O3) and hydrogen peroxide (H,0,) (Lesser 1996;
McGill and Pomory 2008; McGinty et al. 2012). McGill
and Pomory (2008) suggest that this could lead to oxi-
dative stress both within the zooxanthellae and the
host, given the membrane permeability of certain
ROS. The hypothesis of Cassiopea jellyfish increasing
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its pulsation frequency not only to increase food
intake, but in order to maintain high photosynthesis
in its symbionts is supported by our observation that
the photosynthetic system of the zooxanthellae
remains unaffected by the temperature stress up to
about 32°C, i.e. when significant decreases in BPR set
in. Future research could corroborate this hypothesis,
e.g. by monitoring dissolved oxygen concentrations
in the microenvironment of Cassiopea medusae
under oxidative stress.

In this study, we have defined 34°C as the upper
limit of the thermal window for the adult
C. andromeda jellyfish in our laboratory. Near this
temperature limit, a decrease in bell pulsation
coincides with a drastic reduction in photochemical
efficiency (Figure 2C and D). This particular strong
decrease in F,/F,,, upon 34°C exposure in Symbiodinia-
ceae (both in hospite and isolated) is widely confirmed
by the literature, albeit dependent on clade (lglesias-
Prieto et al. 1992; Fitt and Warner 1995; Hoegh-Guld-
berg et al. 1998; Robinson and Warner 2006). Though
it has been demonstrated that Cassiopea can establish
symbioses with non-native, more thermo-tolerant
Symbiodiniaceae strains, such pairings appear more
sensitive to bleaching events than wild types
(Newkirk et al. 2020). Matching our results, adult
C. xamanchana have been observed to bleach after 1
week of 34°C exposure (McGill and Pomory 2008),
though it has been noted that lower night-time temp-
eratures can extend this bleaching threshold by 4°C
(Klein et al. 2019). To what extent jellyfish pulsation
is contributing towards this threshold remains to be
elucidated. Certainly however, the thermal window of
C. andromeda appears relatively wide, which may
allow the holobiont to further extend its range with
ongoing temperature increases and invade new
coastal environments. This may have important conse-
guences to local ecosystems, including cycling of nutri-
ents, trace elements or pollutants, given the
conspicuous behaviour of pumping interstitial waters
towards the surface which may simply be released or
bioconcentrated. Indeed, various studies have demon-
strated that gelatinous plankton and cnidarians can
bioconcentrate substances, including toxic contami-
nants (Roméo et al. 1992; Fowler et al. 2004; Temple-
man and Kingsford 2010; Howe et al. 2014; Mufoz-
Vera et al. 2015). Cassiopea spp. specifically were
observed actively regulating intake of some metals
(e.g. Li), while bioconcentrating other fine-scale pollu-
tants such as Cu and Zn (Templeman and Kingsford
2010, 2012, 2015). This study indicates that Pb is only
moderately taken up by the medusae, which is in con-
trast to Munoz-Vera et al. (2015) but in line with
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Templeman and Kingsford (2010), who have found Pb
concentrations of wild Cassiopea always below the
limit of detection and max. 10 pg kg™ (wet weight).
However, while no strong Pb bioconcentration was
observed, the medusae were found capable of biocon-
centrating significant amounts of Cd from the sur-
rounding water. For Cd, C. andromeda showed BCFs
of roughly 250 and 500 after 4 and 7 exposure days,
respectively (Figure 4), representing a linear increase
through the 7 days of exposure. We therefore expect
that Cd tissue concentrations, and therefore BCF, did
not reach steady-state and would likely have contin-
ued to increase after this time. Pb concentrations, on
the other hand, reached a plateau at or before 4
days of exposure, suggesting that the BCF is expected
to remain more constant over longer exposure times.
The calculated BCF of 38+3 SD after 7 exposure
days (Figure 4) is largely attributed to the high water
content (mean 96%) of the organisms. Thus,
C. andromeda appears capable of regulating Pb
intake from its surrounding waters.

An important habitat for Cassiopea jellyfish is the
Red Sea with the Gulf of Suez. The Gulf has a compar-
ably high load of heavy metals. During winter 2003,
mean concentrations of 2 ug ™' Pb and 0.2 ug I”' Cd
were recorded (Hamed and Emara 2006). In the Mar
Menor habitat in Spain, another ecosystem that is
showing first signs of invasion by the species (Rubio
2017) that may expand with further temperature
increase, free Pb water concentrations between 19
and 21 pg I~ have been recorded (Auernheimer
et al. 1996). Since C. andromeda actively pumps inter-
stitial waters towards the sediment surface (Jantzen
et al. 2010), also sedimentary heavy metal concen-
trations should be considered when assessing poten-
tial bioconcentration effects. In Red Sea sediments
for example, concentrations between 42.15-
18.54 pug g~ for Pb and 3.98-1.98 ug g~ for Cd have
been measured (Hamed and Emara 2006).

While both Pb and Cd are highly toxic heavy metals
with prominent industrial sources, they are not unam-
biguous tracers of anthropogenic pollution since both
have natural sources in the marine environment as
well. Studying gadolinium chelates (GDCA) and the
associated rare earth element (REE) anomalies on the
other hand has proven to be an effective tool to
trace human-derived waste-water influxes (e.g. Hatje
et al. 2016).

When calculating an average for the co-exposure
experiments with Pb and Cd, we end up with an
overall BCF for Tb of 25.7 + 1.6 SD after 4, and 32.7 =
4.6 SD after 7 days of exposure. These values slightly
exceeded those of Gd with an overall calculated BCF

of 16.9+ 1.4 SD and 28.5 + 0.9 SD after 4 and 7 days,
respectively (see Table I). Although they differ after 4
days, these REE BCFs do not differ significantly after 7
exposure days. We suggest a kinetic effect such as
stearic hindrance for explaining the slight difference
in uptake, with Th being taken up faster than the sub-
stantially larger Gd complex.

A GDCA uptake laboratory experiment with the
freshwater bivalve Dreissena rostriformis bugensis
(Perrat et al. 2017) allows for some degree of compari-
son with our experiments carried out on C. andromeda,
although not ‘Gadovist’, but ‘Dotarem’, another
common macrocyclic GDCA, was used in this case.
After 7 days exposure to 1 ug I=' chelated gadolinium,
the bivalves’ digestive gland tissue contained 6 +5.8
SD ng g_1 Gd (DW), which is lower than the
17.04 ng g_1 (DW) in C. andromeda in our study. The
bivalve concentrations increased to 77.8+18 SD
ng g ' (DW) after 14 additional exposure days (Perrat
et al. 2017). On the other hand, water content in
C. andromeda is significantly higher than in the
bivalve, which artificially inflates concentrations that
are calculated based on dry weight.

It remains to be elucidated whether the organisms
are capable of eliminating the metals from their body
structures upon transfer to clear water - this could
be investigated in future studies by adding a clearance
phase to the experiment.

Conclusions and outlook

Temperature increase beyond 34°C is lethal to the Cas-
siopea andromeda jellyfish in this study, coming along
with changes in bell pulsation rate and a strong
reduction in zooxanthellae photochemical efficiency.
Although stepwise 1°C or 2°C increases once per
week lead to the same upper threshold of tolerance,
a slower increase results in slower and less dramatic
changes in BPR and photochemical efficiency. Hence,
given the relatively wide thermal window of this tropi-
cal species, global temperature increase might be
expected to drive further invasions of jellyfish of the
genus Cassiopea into new coastal habitats. The
results of this study further suggest that such an intro-
duction of the holobiont into new environments might
have significant impacts on local pollutant dynamics.
We confirm the results of Templeman and Kingsford
(2010) showing that C. andromeda is able to biocon-
centrate considerable amounts of Cd in their medusoid
body. This is particularly relevant for coastal areas that
receive runoff from agricultural or mining activity,
since Cd pollution is often linked to zinc extraction
and phosphate fertilizers (Loganathan and Hedley



1997; Howe et al. 2014). Bioconcentration of Pb has
been shown to be much less severe. For some
species, metal pollution toxicity has further been
shown to increase with water temperature (Chapman
et al. 2006). Temperature rise and increased metal con-
tamination in near-shore habitats might thus act syner-
gistically on C. andromeda.

Additionally, results indicate that jellyfish of the
genus Cassiopea might not only be interesting in
their role of an emerging model for cnidarian-zoox-
anthellae interactions, but also hold considerable
interest as an environmental bioindicator species. We
show that anthropogenic Gd complexes from MRI con-
trast media are taken up by the jellyfish in comparable
amounts as uncomplexed, natural Tb. Although a small
kinetic difference in the uptake pattern was observed,
the data do not suggest a significant biological frac-
tionation between the periodic system neighbours.
We therefore conclude that C. andromeda could be a
suitable bioindicator for tracing anthropogenic waste-
water inputs in the natural environment.

Performing best at water temperatures between 26°
C and 32°C, C. andromeda can be anticipated to expand
its geographic range with climate change, as can
already be observed with the ongoing invasion of the
Mediterranean Sea (Schembri et al. 2010; Amor et al.
2016; Rubio 2017; Cillari et al. 2018; Maggio et al.
2019). Potential consequences for the environment
could be the bioconcentration of waterborne pollutants
and the mobilization of otherwise sediment-locked
nutrients and material into the water column to
become part of the food web (Jantzen et al. 2010;
Stoner and Layman 2015). Especially in the case of a
jellyfish population crash, the very rapid turnover of
biomass can lead to high amounts of material being
transferred to the pelagic and/or benthic food webs
(Titelman et al. 2006; Yamamoto et al. 2008).
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