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ABSTRACT

Jellyfish are an important but underappreciated food source in marine food webs. Human activities influence the
abundance of jellyfish, potentially affecting marine trophic dynamics. Human activities such as nutrient loading
may also influence the size structure of jellyfish populations, affecting food webs, yet little is known about in-
direct or direct mechanistic pathways driving shifts in size. In this experiment, we manipulated nutrient con-
centrations to test if elevated nutrient availability affected growth of the zooxanthellate, benthic jellyfish taxa
Cassiopea spp. We found that in the nutrient-enriched treatment, the estimated body mass of jellyfish increased
on average 0.24 + 0.29% d !, likely as a result of elevated autotrophic carbon supply. Conversely, jellyfish in the
ambient nutrient treatment shrank, possibly reflecting reduced food availability as a result of the enclosures that
jellyfish were kept in or effects associated with negative density dependence. Our findings suggest that human-
derived nutrients may benefit these jellyfish taxa and, more broadly, we provide an example of how environ-
mental conditions can mediate the size structure of jellyfish populations with potential implications for marine

food webs.

1. Introduction

Jellyfish, collectively defined as cnidarian medusae and ctenophores,
are pervasive marine organisms that are increasingly recognized as
critical components of marine food webs (Mills, 1995; Niggl et al., 2010;
Riascos et al., 2012; Sweetman et al., 2014; Stoner and Layman, 2015;
Hays et al., 2018; Stenvers et al., 2020). Jellyfish predation can regulate
zooplankton population and community dynamics, driving reductions in
zooplankton abundance. Additionally, jellyfish may compete with zoo-
planktivores (e.g., fishes) for food (Purcell and Arai, 2001; Carr and Pitt,
2008; Uye, 2011). Jellyfish are also consumed by a wide variety of
consumers, ranging from birds (e.g., mallard ducks and penguins;
Phillips et al., 2017; Thiebot et al., 2017), invertebrates (e.g., lobsters
and crabs; Sweetman et al., 2014), and vertebrates (e.g., Atlantic cod
and European eel; Eriksen et al., 2017; Ayala et al., 2018). While jelly-
fish have low energy density, consumers may routinely feed on them as
they are quickly digested, are often abundant, and readily available as
prey, allowing consumers to put minimal energy into their consumption
(reviewed by Hays et al., 2018). Jellyfish may also influence ecosystem
function (e.g., pelagic nutrient cycling) and link food webs through the
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excretion of nutrients, release of carbon-rich mucus, and sloppy feeding
practices (Pitt et al., 2005; West et al., 2009; Condon et al., 2011; Archer
et al., 2018).

A growing emphasis has been placed on the importance of jellyfish
blooms as a response to human activities, and their cascading effects on
marine food webs, community dynamics, and ecosystem function (Hays
et al., 2018; Brodeur et al., 2019). However, a less-appreciated effect of
human disturbances is that they may also drive shifts in jellyfish size
structure. Jellyfish are comprised of >95% water and low carbon
(<1.5% of wet weight), enabling them to allocate energy into rapid
growth such that they can grow much larger than animals with equiv-
alent carbon content (Lowndes, 1942; Acuna et al., 2011; Lucas et al.,
2011; Pitt et al., 2013; Stenvers et al., 2020). Under favorable envi-
ronmental conditions (e.g., elevated ambient nutrient concentrations),
jellyfish may increase in size (Stoner et al., 2011, but also see Grove and
Breitburg, 2005). Larger, mature jellyfish may have disproportionate
impacts on food webs. For instance, a recent study indicated that mature
moon jellyfish (Aurelia aurita) have the highest fatty acid concentrations
in their gonads, which are only found in larger, reproductively active
individuals (compared to immature medusae). This may account for
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observations of fish and other consumers preferentially eating jellyfish
gonads and oral arms (Stenvers et al., 2020). Additionally, larger jelly-
fish may affect ecosystem properties differently because of higher
clearance rates (and consumption of larger prey), greater efflux of nu-
trients (e.g., sloppy feeding), and the potential for earlier sexual matu-
rity and increased reproductive capacity (Graham and Kroutil, 2001;
Hirst et al., 2003; Pitt et al., 2013; Hays et al., 2018). Because the role of
jellyfish in marine food webs can be related to their size, it is important
to understand how widespread anthropogenic impacts, such as nutrient
enrichment, affect growth rates.

Cassiopea spp. (also known as “upside-down jellyfish,” hereafter
referred to as Cassiopea) are relatively sessile, benthic jellyfish, and are
globally distributed in tropical environments, including seagrass beds,
coral reefs, lagoons, and mangrove habitats (Fleck and Fitt, 1999;
Holland et al., 2004; Niggl and Wild, 2010). Cassiopea derive their
nutrition from heterotrophic sources (i.e., zooplankton), as well as
photosynthetically-fixed carbon (photosynthate) from zooxanthellae
(Verde and McCloskey, 1998; Freeman et al., 2016; Freeman et al.,
2017). Stoner et al. (2011) found that Cassiopea are more abundant and
larger in human-impacted coastal areas than in locations with minimal
human activity in The Bahamas. Freeman et al. (2016) showed that
under high light conditions, Cassiopea holobionts (the jellyfish and their
Symbiodinium symbionts) can fix more carbon than required, effectively
allowing them to act as autotrophs. In oligotrophic systems such as The
Bahamas, primary production is nutrient-limited (Allgeier et al., 2011).
Consequently, increased nutrients likely result in increased carbon fix-
ation by Cassiopea symbionts resulting in more energy for growth.
Therefore, anthropogenic nutrient enrichment in human-impacted areas
likely contributes to the observed increase in Cassiopea abundance and
size (Muscatine et al., 1989; Falkowski et al., 1993; Koop et al., 2001).

Despite numerous studies indicating a relationship between
anthropogenic activities and jellyfish abundance (reviewed in Purcell,
2012), there has been little research on how disturbances associated
with intensified human activity affect jellyfish growth (but see Rosa
et al., 2013; Robinson and Graham, 2014). In this study, we sought to
examine the relationship between elevated nutrients and Cassiopea
growth rates, with the hypothesis that elevated nutrients will increase
growth rates.

2. Materials and methods

We conducted a field experiment in an unimpacted coastal embay-
ment (adjacent to Jungle Creek, 26°21’ 53”N, 77°01’ 25” W) on Abaco
Island, The Bahamas. Cassiopea are naturally present in this embayment,
but at a relatively low density (<2 jellyfish medusa/m?). As the taxon-
omy of the Cassiopea genus remains difficult to distinguish based on
morphological characteristics alone (Holland et al., 2004), we identified
medusae to the genus, not species, level (Hopf and Kingsford, 2013).

Nearshore Bahamian systems are oligotrophic, with nutrients from
external sources rapidly taken up by plants, algae, or microbial com-
munities (Allgeier et al., 2011; Stoner et al., 2011). Ambient nutrient
concentrations from the area in which this study was conducted are low
(Mean + SD: NH4+ = 0.51 £ 0.13 puM, Total Phosphorus = 0.47 + 0.09
pM), compared to nutrient concentrations from human-impacted em-
bayments on the island (Mean + SD: NH4+ = 4.36 + 5.6 uM, Total
Phosphorus = 0.90 + 0.11 pM; Stoner et al., 2011). Ambient nutrient
concentrations are not available for this study site but there is strong
evidence that nutrient availability is similar to Jungle Creek, the study
site in Stoner et al., 2014. Seagrass nutrient concentrations, which are
often used as a proxy for long term nutrient availability in oligotrophic
systems (Layman et al., 2013), were determined at Jungle Creek and
another nearby site (referred to as Turtle Beach in Archer et al., 2015) in
the same period as this study (see Archer et al., 2015 for details). Sea-
grass nutrient concentrations are not statistically different at Jungle
Creek and the nearby site (% Carbon ty; = 1.79, p = 0.09, % Nitrogen t;g
=1.16, p = 0.26, % Phosphorus t; = —1.36, p = 0.19). These two sites
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flank the study site used in this study (Fig. 1) and it is reasonable to
assume that if ambient nutrient availability does not differ between
these sites, it is also similar at our study site. Ambient nutrient con-
centrations at Jungle Creek over the same period as this study were 0.50
pM NHy4+, 0.45 pM Total Phosphorus, and 0.10 pM Soluble Reactive
Phosphorus. Water depth at the site was shallow (<0.5 m in depth at low
tide). Substrate was characterized by silty-sandy sediment (~0.05 mm
particle size, as classified by the USDA soil classification triangle
[Schoeneberger et al., 2002]), which suggests low water flow. There
were no direct freshwater inputs to the embayment, consequently
salinity was assumed to be relatively stable.

Two treatments were employed: ambient nutrients (-N) and nutrient
additions (+N). We designated ten, 1 m? plots, separated by 5 m and
surrounded with Landware® plastic garden fencing (2 x 2 cm mesh
size). Although Cassiopea are sedentary on the benthos, moving <1 m?
over the course of a few days (Jantzen et al., 2010), fencing was utilized
to prevent loss or confusion between treatments. Each fenced-in plot
simulated an open corral; no fencing was placed on top of the enclosures
to allow medusae to acquire adequate light for their endosymbionts. All
plots were at a similar depth and no plots experienced shading by
mangroves or other vegetation. Consequently, we assume light levels
were essentially equivalent in all plots. Five of the plots were randomly
chosen for nutrient additions. To simulate eutrophication, we added
Plantacote® slow-release fertilizer (N:P molar ratio = 19:6, Scotts, Co-
lumbus, Ohio, USA) by massaging the fertilizer (1000 g/m?) into the top
5 cm of sediment, allowing for chronic nutrient release over the duration
of the experiment, following the protocol outlined in Ferdie and Four-
qurean (2004). While we did not measure the effect of these fertilizer
additions at this site, the same protocol was employed in Stoner et al.,
2014. In that study, identical fertilizer additions resulted in nutrient
loading rates of 0.81 g Nm~2d~! and 0.25 g Pm~2 d~! and a significant
increase in seagrass phosphorus concentrations, suggesting nutrient
enrichment. Additionally, while we cannot guarantee that no nutrients
from our fertilizer additions reached our control plots, identical plot
spacing was utilized in Stoner et al., 2014 at Jungle Creek, and no evi-
dence of fertilization of control plots was found in that study. Fertilizer
was added to the sediment to enable diffusion of nutrients through
sediment porewater, which Cassiopea (and specifically their zooxan-
thellae) uptake as a result of their bell pulsations (Jantzen et al., 2010;
Freeman et al., 2016).

We collected 100 apparently healthy (i.e., no tears or rips in bell, no
visible deformities in the bell or oral arm), 8-14 c¢cm bell diameter Cas-
siopea medusae (Fig. 2a). We evaluated the growth rates of larger jel-
lyfish in this experiment, as they are more likely to exert stronger
controls on structuring benthic marine food webs than small jellyfish.
We recorded detailed characteristics of jellyfish to identify individuals at
the end of the experiment. Identifiers included color of appendages (also
commonly referred to as frills; Fig. 2b), number of appendages on each
oral arm, bell color, number and general size of vesicular appendages in
the center of jellyfish manubrium, and any other information which may
help with later identification of each animal. Initial bell diameter (D)
was evaluated by flattening the bell of the jellyfish and measuring the
distance between 2 opposite rhopalial lappets (i.e., clefts in the umbrella
margin; Fig. 2c).

We haphazardly placed jellyfish in plots (N = 10 jellyfish/plot)
across both treatments. This density represents the 75th percentile of
jellyfish densities from human-impacted sites on the island (Stoner et al.,
2011). One exception to haphazard placement of jellyfish was made. We
identified whether jellyfish were visibly brooding planula larvae, as it is
likely that this life-history stage is related to size (Lucas, 2001) and could
influence energy allocation and growth rates. We ensured that the same
number of brooding females (N = 3/plot) were added to both -N and +N
plots. There was no difference in initial bell diameter of jellyfish placed
in plots using plot as a random factor (N = 5 plots/treatment) between
treatments (Mean + SD) (-N: 11.0 + 3.5 cm, +N: 11.1 + 1.6 cm; t; =
0.56, p = 0.6; Fig. 3a). After seven days, each jellyfish was re-identified
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Fig. 1. Site on Abaco Island, The Bahamas, indicating the current study location (triangle) relative to nearby study sites (Turtle Beach, see Archer et al., 2015 for
more detail and Jungle Creek, see Stoner et al., 2014 for more detail) with similar nutrient concentrations.

Fig. 2. Photographs of (a) an adult Cassiopea medusae, (b) colored appendages which was one trait used to identify jellyfish individuals, and (c) rhopalial lappets

which were flattened when measuring bell diameter.



E.W. Stoner et al.

Fig. 3. Diagram of the (a) experimental plot design indicating ambient nutrient
treatment (-N) and nutrient enrichment treatment (+N) plots and (b) the pro-
cess of measuring bell diameter on each jellyfish before (1) and after (2) the
experiment to determine jellyfish growth.

using detailed notes of unique marking identifiers and initial photo-
graphs taken, and final bell diameter (D;) was measured (Fig. 3b). Out of
100 jellyfish that were re-measured, eleven jellyfish were visibly
damaged (i.e., ripped bells), potentially affecting their ability to grow.
As such, we discarded these jellyfish from all subsequent analyses. To
generate estimates of Cassiopea dry weight (g) for the remaining jelly-
fish, hereafter referred to as W, we used the eq. W = 1.1534(D) - 2.1722
in which D = bell diameter. This equation was generated from a linear
regression using Cassiopea dry weights (n = 58) and bell diameters from
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a previous study conducted from a similar coastal area (Stoner et al.,
2011). All measurements were square-root transformed to better meet
assumptions of normality and homoscedasticity. Estimates of W were
then used to calculate daily specific growth rate (i, % d~!) using the
equation p = [In(Wy/W,)] (t-to)~1(100) in which W, and Wy are the body
dry weight at time t, and t; following protocols outlined in Olesen et al.
(1994) and Frandsen and Riisgard (1997). Differences in jellyfish change
in size (% change in bell diameter) and daily specific growth rates were
examined using linear mixed effects models with jellyfish nested within
plot and plot as a random factor using lmerTest (Kuznetsova et al.,
2017). All analyses were conducted in R version 4.0.2 (R Core Team,
2020).

3. Results

We found that the percent change in jellyfish bell diameter was
significantly different between treatments (tg = 2.98, p = 0.02; Fig. 4a).
Jellyfish growth (daily specific growth rate) was also significantly
different between treatments (tg = 2.76, p = 0.02; Fig. 4b); mean daily
rate (+ SE) for jellyfish from the -N treatment was —1.0 + 0.22% d’l,
while the mean daily growth rate for jellyfish from the +N treatment
was 0.24 + 0.29% d~!. The maximum growth rate exhibited by an in-
dividual jellyfish was 4.8% d~! from a +N treatment plot, and the
maximum mean growth rate for an individual plot was 1.1% d~* from
the +N treatment. Growth rates exhibited by jellyfish in the +N treat-
ment were within the range of those reported for other scyphozoans
from other locations (Table 1).

4. Discussion

Our findings suggest that elevated nutrient availability has a positive
effect on benthic jellyfish growth and, under nutrient-enriched condi-
tions, Cassiopea exhibit similar growth rates to other scyphozoan jelly-
fish species (A. aurita) from temperate systems. Additionally, although
we found that the enclosures we used likely had a negative impact on the
jellyfish in this study, growth rates we observed were comparable to
other tropical zooxanthellate jellyfish. For example, although Mastigias
sp. can grow at much higher rates than those we observed (up to 33%
per day), Muscatine et al. (1986) found that growth of larger individuals
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Fig. 4. (a) Change in bell diameter size across the ambient nutrient treatment (-N) and nutrient enrichment treatment (+N) from the beginning to the end of the

experiment, and (b) daily specific growth rate.
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Table 1
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Comparison of reports of daily specific growth rates of scyphozoan jellyfish taxa sampled from wild populations.

Source Jellyfish species Bell diameter size range Daily specific growth rate range (1) (% Collection Site
(em) "
Hansson, 1997 Aurelia aurita 1-18.0 11-16.0 Gullmarsfjorden, Sweden
Uye and Shimauchi, A. aurita ~1-3.0 4.9-8.3 Inland Sea of Japan
2005
Mgller and Riisgérd, A. aurita ~3.6-223.3 -3-17.0 Limjorden, Denmark
2007
Olesen et al., 1994 A. aurita ~0.5-5.5 —-3-9.0 Kertinge Nor, Denmark
Lucas, 1996 A. aurita ~0.2-5.0 -3-7.0 Horsea Lake, England
Muscatine et al., 1986 Mastigias sp. 0.45-18.00 1.3-33.2 Eil Malk Jellyfish Lake, Belau, Western Caroline
Islands
Kremer et al., 1990 Linuche Study used volume 2-10 Exuma Land and Sea Park, The Bahamas
unguiculate
Present study Cassiopea spp. 8-14.0 Experimental Treatment Abaco, The Bahamas
—N: —5.6-2.0
+N: —-3.5-4.8

was significantly slower, ranging from 1.4-4.3% d~! for individuals
with similar bell diameters to those used in this study. Kremer et al.
(1990) found that after an initial period of rapid growth, Linuche
unguiculate from The Bahamas grew at a rate of ~2% d %, well within the
range of growths we observed in this study. The highest growth rates we
observed in our nutrient addition treatment (4.8% d’l) appear to be at
the high end of reported growth rates for larger tropical zooxanthellate
jellyfish.

Cassiopea in -N plots exhibited an overall mean reduction in bell
diameter size. Jellyfish shrinking under natural conditions is a common
occurrence, and may be an evolutionary adaption to survive when food
availability is low. There are no long-term deleterious effects to jellyfish
shrinking and gonadal tissue (which is resorbed during shrinkage) re-
develops and becomes fertile again (Lucas, 2001). In our study, it is
possible that enclosures around the jellyfish impeded normal water ex-
change, altering food availability (zooplankton or particulate organic
matter) to jellyfish, as well as shifting abiotic conditions (e.g., increased
water temperature) which may negatively influence jellyfish condition
(Hirst et al., 2003; Lucas, 2001). High jellyfish densities within each plot
may also have contributed to negative density dependence, in which
crowding by jellyfish indirectly resulted in the loss of autotrophic
nutrition (via shading by jellyfish) or a localized reduction in hetero-
trophic food availability (i.e., fewer zooplankton). Despite apparent
negative effects of enclosures on jellyfish, individuals in +N plots exi-
bited positive growth. It is likely that the growth rates observed in +N
plots underestimated what would have been observed had enclosures
not been utilized. While the growth rates presented in this paper should
not be used as true growth estimates for Cassiopea, the difference in
growth between the treatments is highly suggestive of a link between
nutrient concentrations and increased growth in Cassiopea.

In oligotrophic systems, nutrient availability is the primary variable
limiting primary productivity. For example, increased nutrient avail-
ability resulting from the excretion of fishes can lead to increased
growth in submerged aquatic vegetation (Layman et al., 2013) and
corals (Meyer et al., 1983). Freeman et al. (2016) found that in high light
conditions Cassiopea symbionts can fix more carbon than the holobiont
requires for base metabolism. Further, they found that Cassiopea likely
rely on exogenous nitrogen for autotrophic production. Consequently,
increasing nutrient availability likely led to an increase in symbiont-
fixed carbon available for growth. Therefore, it is unsurprising that
increased nutrient availability leads to increased growth in jellyfish with
zooxanthellae symbionts.

Cassiopea exhibiting increased growth rates (resulting in larger jel-
lyfish) in nutrient-enriched environments may promote different trophic
pathways, as well as influence benthic community structure and
ecosystem function. For example, in one study, mature Cassiopea
medusae were found to be readily consumed by unusually large (>30 cm
long) bristle worms (Hermodice carunculata), which preferentially

selected medusae over more nutritious fish prey (Stoner and Layman,
2015). Additionally, increased size and abundance of Cassiopea could
inhibit the ability of many benthic animals to effectively move across the
seascape, and some taxa (e.g., fishes) may be harmed when swimming
through areas with medusae releasing nematocysts in mucus (also called
“cassiosomes”) (Stoner et al., 2014; Ames et al., 2020). Larger jellyfish
also have increased surface area to trap POM and zooplankton, limiting
food resources for other filter-feeding benthic animals (e.g., clams)
(Stoner et al., 2014). Finally, larger Cassiopea may also affect ecosystem
properties by releasing increased porewater nutrients (NH4+) into the
sediment-water interface via bell pulsations, creating localized areas of
biogeochemical activity for autotrophic organisms (Jantzen et al.,
2010).

Jellyfish are highly plastic taxa, able to successfully acclimate to a
wide range of environmental conditions. As global change accelerates,
jellyfish abundance and size may both increase, potentially resulting in
various impacts on population, community, and ecosystem dynamics.
Understanding these shifts in response to human impacts will allow for
more effective management of jellyfish blooms in marine ecosystems.
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