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ABSTRACT: The cannonball jellyfish Stomolophus meleagris is one of the most abundant scypho-
zoan jellyfish in the South Atlantic Bight (SAB) of the southeastern USA. Like many scyphozoan
jellyfish, cannonball jellies have high interannual variability and little is known about the environ-
mental drivers of their distribution and phenology. To better understand the ecology of this com-
mercially targeted species, we used fisheries-independent abundance and biomass data of
S. meleagris from 2001 to 2019 collected by the Southeast Area Monitoring and Assessment Pro-
gram (SEAMAP) throughout the coastal zone of the SAB. Average biomass of S. meleagrisis high-
est in the spring off Georgia and southern South Carolina, and on average, the largest jellyfish
were collected during the spring months. The lowest biomass was observed in the summer months
when smaller jellyfish were caught at lower abundances in the coastal zone. These patterns sug-
gest that mature S. meleagris medusae occur in the offshore area in the spring and move inshore
toward estuarine habitats to sexually reproduce in the summer. Juvenile S. meleagris medusae
move out of the estuaries as they mature throughout the summer and fall, and finally the surviving
adults occur offshore again the next spring. The seasonal and spatial variability across the region
is not correlated with local differences in temperature, salinity, chlorophyll a concentration, or
river discharge, but is perhaps influenced by distance from the presumed source estuarine habi-
tats and prevailing currents. While interannual variability in jellyfish biomass is high, no long-
term trends or strong correlations with the tested environmental parameters were detected.
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1. INTRODUCTION

Scyphozoan jellyfish are critical components of
most coastal and estuarine ecosystems (Robinson et
al. 2015) but have been understudied for many years
due to difficulties in sampling and lack of proper
methodology and collection gear (Young & Hagadorn
2010). Despite the widespread abundance of jellyfish,
and the increasing acceptance of their influential role
in marine ecosystems, there are still substantial gaps
in the knowledge of the phenology and general ecol-
ogy of most known species (Purcell 2005). Jellyfish

*Corresponding author: stone@sc.edu

continue to draw human attention, not only for the
economic impacts of stinging swimmers, closing
beaches, clogging powerplant intake pipes, and com-
mercial fishing, but also for their ecological impacts
of predating on plankton and fish, providing habitat
for commensal species, and playing a significant role
in biogeochemical processes and cycles (Purcell et al.
2007, Condon et al. 2014, Crum et al. 2014, Brotz &
Pauly 2017, Steinberg & Landry 2017, Fuentes et al.
2018, Riascos et al. 2018, Bosch-Belmar et al. 2021).
Many scyphozoans (Phylum: Cnidaria, Class: Scy-
phozoa) follow a metagenetic life cycle that consists
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of 2 stages—a smaller benthic polyp stage and a
larger mobile, free-swimming medusa stage. The
medusa stage reproduces sexually to create planula
larvae, which in turn can settle to form polyps. The
polyps asexually strobilate, by means of transverse
fission, producing 1 or many immature medusae
(ephyrae). The polyp or scyphistoma stage can also
asexually reproduce through budding off a frustule,
a non-eating mobile polyp which will move and
establish a new colony, or by branching to create a
polyp colony (Calder 1982, Lucas et al. 2012, Lopez-
Martinez et al. 2023).

Stomolophus meleagris (Phylum: Cnidaria; Class:
Scyphozoa; Order: Rhizostomeae; Family: Stomolo-
phidae), commonly called cannonball jellyfish, is one
of the most prevalent scyphozoans along the coast of
the southeastern USA (Mayer 1910, Kraeuter & Setz-
ler 1975, Burke 1976, Calder 1982, Griffin & Murphy
2005). Globally, they are found in the western Atlan-
tic from New England to Brazil, the eastern Pacific
from southern California to Ecuador, and the western
Pacific from the Sea of Japan to the South China Sea,
although the Pacific populations are likely different,
multiple species within the same genus (Kramp 1961,
Larson 1976, Omori 1978, Griffin & Murphy 2005,
Goémez Daglio & Dawson 2017, Getino Mamet et al.
2019, Lépez-Martinez et al. 2023). Cannonball jelly-
fish are large and round, and have several thick,
short, oral arms accompanied by scapulets, or oral
folds located at the base of the bell (Griffin & Murphy
2005). These jellyfish are regularly found in both es-
tuarine and coastal waters with temperatures from 24
to 32°C and salinities ranging from 15 to 37 (Griffin &
Murphy 2005). Historically, jellyfish were viewed as
trophic dead-ends (Verity & Smetacek 1996, Sommer
et al. 2002, Pauly et al. 2009), but recent research has
observed a large diversity of vertebrates (sea turtles
and over 100 species of finfish) that feed on jellyfish
(Ates 1988, Mianzan et al. 2001, Arai 2005, Cardona
et al. 2012, Heaslip et al. 2012, Brodeur et al. 2021,
Urban et al. 2022). S. meleagris are known to feed on
zooplankton, including planktonic larvae of commer-
cially important species such as red drum and the
veliger stage of the mollusk life cycle (Larson 1991,
Duffy et al. 1997, Griffin & Murphy 2005, Alvarez-
Tello et al. 2016, Gonzalez-Valdovinos et al. 2019).
Although S. meleagris is not itself of conservation
concern in the Atlantic, it is an ecologically important
species because it is a primary prey species for At-
lantic spadefish, butterfish, and the endangered
leatherback sea turtle (Phillips et al. 1969, Hayse
1990, Griffin & Murphy 2005, Page 2015). In addition
to its ecological importance, S. meleagris is also eco-

nomically significant, with commercial fisheries for
the species in the Gulf of California and the Gulf of
Mexico, and an estimated 3000 t are harvested annu-
ally in the southeastern USA (Atlantic Coastal Coop-
erative Statistics Program [ACCSP] 2022). Since the
US commercial fishery began in 1998, S. meleagris
has become an economically valuable US export,
emerging as the third largest fishery by weight in the
state of Georgia (Page 2015).

Many jellyfish are highly sensitive to environmen-
tal change due to their relatively short life-spans,
metagenetic life cycle, and limited swimming ability,
and populations of medusae can vary by orders of
magnitude from one year to the next (Purcell 2005,
Stone et al. 2019). Interannual variability in salinity,
temperature, hurricanes, sea ice, and hypoxia can all
have varying effects on jellyfish medusae abun-
dances, depending on the species, location, seasonal
timing, and trophic interactions of the changes (Pur-
cell & Decker 2005, Purcell et al. 2007, 2018, Bologna
et al. 2018, Stone et al. 2019, Goldstein & Steiner
2020). Long-term changes in jellyfish populations are
also attributed to decadal climate oscillations and
human-induced climate change (Brodeur et al. 2008,
Brotz et al. 2012, Condon et al. 2013), and humans
have been shown to have varying impacts on jelly-
fish populations, both positively and negatively (Uye
2011, Brotz et al. 2012, Henschke et al. 2018, Treible
& Condon 2019, Loveridge et al. 2021). The compli-
cated interplay between the varying effects environ-
mental conditions have on different stages of the
scyphozoan life cycle make it difficult to predict how
populations may respond in the future, and evalua-
tion of their population dynamics needs to be spe-
cies- and region-specific.

Like many scyphozoan jellyfish, S. meleagris popu-
lations in the South Atlantic Bight have high inter-
annual variability. However, the spatial and seasonal
patterns of S. meleagris variability have not been
quantified on a regional scale, and the environmental
drivers of their population dynamics are unknown.
And despite their economic importance, no stock as-
sessment or analysis of their population dynamics has
been conducted in the region. To better understand
the ecology of this species, we analyze data from a
long-term time series of S. meleagris collected from
the SAB. Specifically, we aim to quantify the seasonal,
interannual, and spatial variability of S. meleagris
populations in the SAB and determine any environ-
mental drivers of that variability. We also aim to esti-
mate the population of S. meleagris with the goal of
comparing the standing stock to ongoing and potential
commercial harvesting of the species.



Faulk et al.: Cannonball jellyfish in South Atlantic Bight 53

2. MATERIALS AND METHODS
2.1. Study region

The area of coastal waters along the southeastern
USA that spans from Cape Canaveral, Florida
(28.39°N, 80.61° W) up to Cape Hatteras, North Car-
olina (35.25°N, 75.54°W) is known as the South At-
lantic Bight (SAB; Fig. 1). The continental shelf of the
SAB is slimmer at the northern and southern extremi-
ties of the region, approximately 50 km off the coast
of Cape Canaveral and 30 km off the coast of Cape
Hatteras, and wider in the central portion, with a
maximum of 120 km near Savannah, Georgia
(~32°N) (Atkinson et al. 1983, Blanton et al. 2003).
The coastal region of the SAB, especially from central
South Carolina down to northern Florida, has numer-
ous estuaries and rivers but can also be seasonally in-
fluenced by the Gulf Stream Current (Blanton et al.
2003). The hydrographic properties of the SAB are

Far South

split into 3 distinct regions: inner, middle, and outer
shelf, with the inner continental shelf most influenced
by riverine input, tidal fluxes, and atmospheric dy-
namics, the middle shelf by tides, winds, and occa-
sionally Gulf Stream intrusion, and the conditions in
the outer portion of the shelf dictated by Gulf Stream
dynamics (Atkinson et al. 1983, Blanton et al. 2003).

2.2. SEAMAP sampling

Fishery-independent abundance and biomass da-
ta of Stomolophus meleagris was collected by bot-
tom trawls starting in 2001 by the South Carolina
Department of Natural Resources, Marine Resource
Division (SCDNR-MRD) through the Southeast Area
Monitoring and Assessment Program — South Atlan-
tic SEAMAP-SA; www.seamap.org/) (Murray 2021).
Trawls take place during the daylight hours in the
coastal zone of the SAB between Cape Hatteras,
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South Atlantic
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Fig. 1. SEAMAP-SA sampling region and strata. The yellow area is the sampling region between the 4 and 10 m isobaths. Num-
bered sampling strata are grouped by environmental region (Far South, South, North, Far North) determined in this study.
Made with Natural Earth
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North Carolina and Cape Canaveral, Florida during
the spring (mid-April to mid-May), summer (mid-
July to early August), and fall (October to mid-
November). The sampling region is divided into 24
strata, and sampling occurs between the 4 and
10 m depth contour within each stratum (Fig. 1).
Each season, between 102 and 112 stations are
sampled in total (306 to 336 per year) with, gener-
ally, 3 to 5 stations per stratum, contingent on fund-
ing and field conditions. These sampling locations
are selected randomly from a pool of stations from
within each stratum. The jellyfish are collected
using two 22.9 m mongoose-type Falcon bottom
trawl nets without any bycatch reduction devices
on the R/V ‘Lady Lisa', a 22.9 m double-rigged
shrimp trawler. The trawl net is made of 4.76 cm
mesh for the body, and 4.13 ¢cm mesh for the cod
end. Each trawl is pulled for 20 min not including
wire-out (approximately 1 to 2 min) and haul-back
time (approximately 2 to 3 min) at approximately
2.5 knots (4.63 km h7'). Data from both replicate
nets were pooled together for this study. The bio-
mass and abundance of the total catch was meas-
ured, unless catches were high, when a volumetric
subsample of approximately 30 to 50 individuals
were counted and weighed (~45% of tows where
S. meleagris was present). Additionally, surface
and bottom temperature and salinity were meas-
ured with each tow using an SBE-19 CTD (Sea-
Bird Scientific). Abundance (number of individuals
[ind.] tow™!), biomass (kg tow™!), salinity, and tem-
perature data from 2001 to 2019 were downloaded
from the SEAMAP-SA website (SC-DNR 2020).

2.3. Environmental data

In addition to the shipboard data collected by the
SEAMAP-SA program, environmental data were
accessed from NASA, the United States Geological
Survey (USGS), and NOAA. Monthly chl a measure-
ments were downloaded from NASA's Ocean Color
Data from the MODIS-Aqua satellite mission, re-
ported at a 4 km resolution, and raster cell values
within each stratum were averaged within each sea-
son (spring, March to May; summer, June to August;
fall, September to November; winter, December to
February) (NASA 2021). Monthly river discharge
rates were downloaded from the National Water
Dashboard (USGS 2021), and monthly mean values
for the North Atlantic Oscillation (NAO) index were
downloaded from NOAA's Climate Prediction Center
(NOAA 2021).

2.4. Data preparation

All statistical analyses were completed using R
4.2.3 (R Core Team 2022). Data from replicate
trawls at each sampling event were combined to
give 1 total catch and biomass for each sampling
event. In order to standardize the data to account
for the differences in sampling events between
strata, a mean value was calculated for each year,
strata, and season for each variable measured (jelly-
fish abundance, jellyfish biomass, surface and bot-
tom temperature, surface and bottom salinity). The
total biomass was natural log transformed to nor-
malize the data for the analysis. A proxy for average
jellyfish size was estimated by dividing the total
biomass by the number of individuals caught from
each sampling event.

2.5. Abundance and biomass estimates

To calculate an estimate for the abundance and
biomass of jellyfish, the total catch (individuals or
biomass) for each tow was divided by the estimated
total volume of water sampled by the net during each
tow. While the exact dimensions of the opening of the
trawl net are variable depending on water currents
and tow conditions, we calculated an estimated area
of 42.5 m? for the mouth of the net opening using
dimensions of a similar net from Stender & Barans
(1994). The distance the vessel traveled while towing
was calculated based on a vessel speed of 2.5 knots
(1.28 m s7!) and a tow time of 20 min plus an average
of 1.5 min to deploy and 2 min to recover the net, dur-
ing which time it is still collecting animals. This
resulted in our estimated volume of 76 704 m® sam-
pled by each tow.

This estimate of jellyfish density assumes that we
are sampling the entire water column, or the jellyfish
are evenly distributed throughout the water column.
This is likely not the case, and as a result, our esti-
mate for abundance is likely conservative, given that
for the majority of the tow, the net is only sampling
the bottom 2 to 4 m of the water column and cannon-
ball jellyfish are known to aggregate at the surface
during the day when all tows are collected. The area
of each stratum was calculated by totaling the area
between the 4 and 10 m depth contours within the
stratum boundaries as defined by SEAMAP using
QGIS 3.16.0 and 3-arcsecond bathymetry data down-
loaded from the National Centers for Environmental
Information Bathymetric Data Viewer (NOAA 2020).
Total stratum area (Table S1 in the Supplement at
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www.int-res.com/articles/suppl/m717p051_supp.pdf)
was multiplied by an average depth of 7 m to calcu-
late total volume of each stratum.

Medusae biomass was converted to dry weight as
4% of wet weight (Hsieh et al. 1996), and carbon
content was calculated as 12.6 % of dry weight (Lar-
son 1986) for a carbon-to-wet-weight conversion of
0.5%. Carbon weight of all other species in the
trawl catches was calculated using a 10% finfish
carbon-to-wet-weight conversion (Czamanski et al.
2011).

2.6. k-means cluster analysis

To explore spatial variability in jellyfish abun-
dance, we identified distinct hydrographic regions
over which to pool data. To identify those hydrogra-
phic regions, a k-means cluster analysis was used to
determine an appropriate number of clusters needed
to explain trends in the data and which cluster each
of the 24 strata belonged to based on surface temper-
ature, surface salinity, and chl a concentration.

2.7. Anomaly analysis

Biomass anomaly for each season, year, or region is
determined by dividing each biomass value by the
overall median biomass and taking the log;, of the
resulting ratio:

biomass
median total biomass

A =log (1)
This produces positive values when the datapoint is
above the overall median, and negative values when
the datapoint is below the overall median. The anom-
aly analysis was conducted for the whole dataset,
each individual season (spring, summer, and fall),
and each of the major regions identified by the k-
means cluster analysis. When median biomass for a
region and/or season was 0, the 0 value was set to a
constant value (0.001 kg tow™) lower than any ob-

served biomass within any tow. This was done to still
allow for an estimate of biomass anomaly without
dividing by 0.

2.8. Correlations and generalized additive models

Pearson's correlations between the jellyfish bio-
mass anomaly and environmental parameters like
chl a concentration, surface and bottom temperature,
surface and bottom salinity, river discharge rates,
and the NAO index were calculated within each re-
gion, season, and year sampled, and on a 1-season
lag to investigate if the environmental conditions of
the previous season influence the biomass measure-
ments. Additionally, relationships of interest be-
tween jellyfish biomass, size-proxy, and environmen-
tal parameters (surface and bottom salinity, surface
and bottom temperature, and NAO index) were ana-
lyzed with generalized additive models (GAMs)
using the mgcv package (version 1.8-41) and the re-
stricted maximum likelihood (REML) estimation
method in R 4.2.3 (R Core Team 2022).

3. RESULTS
3.1. Environmental regions

The k-means cluster analysis identified 4 clusters
to optimally group strata together based on the envi-
ronmental data. The strata within each cluster were
all geographically contiguous, and were named as
the Far South region (Florida), South (Georgia and
southern South Carolina), North (northern South
Carolina, Long Bay, and Onslow Bay), and Far North
(Raleigh Bay) (Table 1). The highest average sam-
pling temperature occurred in the Far South region
(24.8 = 0.2°C), and the lowest average temperature
occurred in the Far North region (22.2 0.4°C)
(Table 1). Average salinity was highest in the Far
South (35.3 + 0.4) and lowest in the Far North (33.2 +
0.6) (Table 1). Chl a concentration was highest on

+

Table 1. Average + SD yearly environmental parameters for each of the major regions identified by the k-means cluster analysis

Region Latitude (°N) Stratum ID Temperature Salinity Chl a conc.
Min. Max. Min. Max. (°Q) (mg m~3)
Far South 28.7442 30.3867 21 29 24.8+0.2 353+0.4 36+14
South 30.3867 32.7294 31 45 242+03 33.5+0.6 51+1.1
North 32.7294 34.5321 47 63 23.1+04 34.5+0.5 3.8x1.6
Far North 34.5321 35.2298 65 67 222+04 33.2+0.6 8.7+1.38
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average in the Far North (8.7 + 1.8 mg m~®) and low-
est in the Far South (3.6 + 1.4 mg m™%) (Table 1).

3.2. Regional and seasonal patterns in
Stomolophus meleagris abundance and biomass

Across all sampling events in the dataset, S. melea-
gris were present in 39% of tows, had an average
abundance of 54 ind. tow™!, and an average biomass
of 18 kg tow™!, Within the tows where S. meleagris
was present, average abundance was 135 ind. tow™!
and average biomass was 43 kg tow™!. However,
there was significant variability between the regions
and seasons, with both abundance (ind. tow™!) and
biomass (kg tow™!) following the same trends. One-
way ANOVA tests indicated significant differences
in S. meleagris biomass between regions (Fj 309 =
40.1, p < 0.001) and seasons (F; 519 = 15.6, p < 0.001),
all pair-wise comparisons between regions were sig-
nificantly different (Table S2), and both spring and
fall biomass were higher than that in the summer
(Table S2). The South region had the highest bio-
mass across all 3 seasons, with the highest biomass
concentrated around strata 41 to 45 (Fig. 2). Average
biomass was second highest in the North region, fol-
lowed by the Far South, and was lowest in the Far
North (Fig. 2). Seasonally within regions, spring bio-
mass was highest in the North and South regions,
and biomass was highest in the fall in the Far North
and Far South regions (Fig. 3, Table S2). These sea-
sonal and regional trends were the same for the total
standing stock of each region, with the highest aver-
age biomass for any stratum during the spring in stra-
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Fig. 2. Average biomass of Stomolophus meleagris (kg tow™!)

across all seasons (spring, summer, fall) and years (2001 to

2019) in each stratum of the SEAMAP trawl survey. Colors

correspond to distinct geographic regions determined by k-
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Fig. 3. Average biomass of Stomolophus meleagris (kg tow™!)

across all years (2001 to 2019) in (A) spring, (B) summer, and

(C) fall in each stratum of the SEAMAP trawl survey. Colors

correspond to distinct geographic regions determined by k-

means cluster analysis of environmental variables. Note the
different y-axis scales between panels

tum 41, at 3.0 million kg of S. meleagris within the
stratum. Average annual biomass for the entire sam-
pling region was highest in the spring at 11 million
kg of S. meleagris (Table 2). In the South region,
where S. meleagris biomass was highest, S. melea-
gris medusae accounted for, on average, 20.6%
(=21.0 SD) of the wet weight and 4.8% (+7.7 SD) of
the total carbon biomass in each trawl during the
spring (Fig. 4). The proportion of medusae in the total
catch was similar in the fall: 19.8 % (+24.2 SD) of the
wet weight and 3.9% (+£8.2 SD) of the total carbon
biomass. In the summer, S. meleagris only accounted
for a small portion of the total wet weight (4.3% 7.1
SD) and carbon biomass (0.4 % +0.8 SD).
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Table 2. Total standing stock biomass estimates (kg x 10%)

for each of the sampled regions (between the 4 and 10 m iso

baths) for each of the 3 sampling seasons

Region Spring total Summer total Fall total
biomass biomass biomass
Far South 46.8 4.1 172
South 7940 502 4510
North 3070 139 1090
Far North 29.2 0.8 81.2
Total 11086 646 5853
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Fig. 4. Average percent Stomolophus meleagris of the total

catch carbon biomass (converted from wet weight using

Hsieh et al. 1996, Larson 1986, and Czamanski et al. 2011)

across all years (2001 to 2019) in (A) spring, (B) summer, and

(C) fall in the South region (strata 31 to 45) of the SEAMAP

trawl survey. Error bars are SD across strata; dotted horizontal
line: overall mean for each season

Mean S. meleagris size (kg ind'1)

3.3. Changes in size-proxy

The average calculated individual biomass of S.
meleagris across the whole dataset was 0.38 kg ind.™
(= 0.32 SD). Average size-proxy across all strata was
largest in the spring (0.69 + 0.32 kg ind.™!), medium
in the summer (0.24 = 0.22 kg ind.™!), and smallest in
the fall (0.22 + 0.12 kg ind.™!), with the differences
between the seasons significantly different in a 1-
way ANOVA (F, gg5 = 394, p < 0.001) and pairwise
comparisons between spring and both fall and sum-
mer significantly different (Table S3). Changes in
average size-proxy between season and region were
analyzed using a 2-way ANOVA, and the interaction
between season and region was significant (Fig. 5;
Fs 576 = 18.7, p < 0.001). Within the spring, size-proxy
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Fig. 5. Average size-proxy of Stomolophus meleagris (kg
ind.™!) across all years (2001 to 2019) in (A) spring, (B) sum-
mer, and (C) fall in each stratum of the SEAMAP trawl
survey. Colors correspond to distinct geographic regions
determined by k-means cluster analysis of environmental
variables. Error bars indicate SD between tows
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increased from south to north, with all
pairwise comparisons between regions
significant except for between North
and Far North (Table S3). During the
summer, size-proxy in the Far South
was significantly larger than in the
South or North, and size-proxy in the
Far North was significantly larger
than in the South (Table S3). In the
fall, there was no difference in size-
proxy between the Far South and
South and between the North and Far
North, but it was significantly smaller
in the 2 southern regions than in the 2
northern regions (Table S3).

3.4. Interannual variability

Across the entire sampling area,
there was high interannual variability
in S. meleagris biomass, but no long-
term increase or decrease in biomass
(Fig. 6). Biomass was particularly high
in 2001, 2011, and 2019, and was low-
estin 2004 and 2009. Summer biomass
was positively correlated with spring
biomass (Pearson's correlation =
0.478, p = 0.038), and fall biomass was
marginally correlated with spring bio-
mass as well (Pearson's correlation =
0.445, p = 0.056). Spring biomass was
not correlated with the biomass anom-
aly from the previous year's fall (Pear-
son's correlation = 0.132, p = 0.601).
Total yearly biomass anomaly was
most closely correlated with spring
biomass (Pearson's correlation =
0.898, p < 0.001), when jellyfish abun-
dance was highest.

Between regions, interannual vari-
ability was highest in the Far South
and Far North, where often no jellyfish
were collected. Within each region,
there was no long-term increase or de-
crease in biomass anomaly for the full
year or any season (Fig. 7). Yearly bio-
mass anomaly was positively corre-

Fig. 7. Median biomass anomaly of Stomo-

lophus meleagris in (A) spring, (B) summer,

and (C) fall for each of the 4 regions and
year of the survey (2001 to 2019)
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lated between adjacent regions, with significant cor-
relations existing between Far South and South (Pear-
son's correlation = 0.677, p = 0.001), South and North
(Pearson's correlation = 0.497, p = 0.030), and North
and Far North (Pearson's correlation = 0.497, p =
0.030); however, no significant correlations were
found between non-adjacent regions.

3.5. Environmental correlations

Annual and seasonal averages of biomass anomaly
were correlated and modeled with GAMs against an-
nual and seasonal averages of environmental para-
meters (temperature, salinity, chl a concentration,
NAO index, and river discharge), but no significant
correlations were detected. Additionally, Pearson's
correlations (Table 3) and GAMs were calculated be-
tween the seasonal median biomass anomaly for
each region and each environmental variable (bot-
tom temperature, bottom salinity, NAO, regional
chl a). Three primary trends were detected: (1) North
spring biomass anomaly was positively correlated
with North spring bottom temperature (25.2% de-
viance explained, p = 0.0286), (2) Far South and
South fall anomaly negatively correlated with Far
South (27.9% deviance explained, p = 0.0201) and
South (80 % deviance explained, p = 0.0011) fall tem-
perature, respectively, and (3) spring size-proxy was
negatively related to spring temperature and NAO in
the whole survey area (36 % deviance explained, p <
0.0001) (Fig. 8). Additionally, jellyfish biomass anom-
alies were compared to the environmental variables
of the previous year, and the North and South spring

Table 3. Significant Pearson's correlation coefficients be-
tween jellyfish median biomass anomaly and environmental
parameters. *p <0.05; **p<0.01

Comparison Correlation
coefficient

Far North Summer Anomaly 0.504*
& North Spring Bottom Temperature

North Spring Anomaly 0.502*
& North Spring Bottom Temperature

Far South Fall Anomaly -0.528*
& Far South Fall Bottom Temperature

South Fall Anomaly -0.636**
& South Fall Bottom Temperature

North Spring Anomaly 0.708**
& Lagged North Summer Bottom
Temperature

S. meleagris size—proxy (kg. ind-"

N
&)
I

o
o
I
-

Bottom Temperature (°C)

Fig. 8. Relationship between spring bottom temperature and

average size-proxy of Stomolophus meleagris medusae in

all strata across all years (2001 to 2019). Solid line: general-

ized additive model results; dashed lines: partial residuals
(deviance explained = 36.4 %)

anomaly was positively correlated with the previous
summer temperature in the North (41.8% deviance
explained, p < 0.0001), but this trend was principally
driven by an outlier in 2003. No other significant cor-
relations were observed in the dataset.

4. DISCUSSION
4.1. Seasonal and spatial variability

Based on statistical analyses of the SEAMAP time-
series dataset from 2001 to 2019, Stomolophus mele-
agris jellyfish exhibit marked seasonal and spatial
variability across the sampling region of the SAB
from Cape Hatteras, North Carolina to Cape Cana-
veral, Florida. Highest biomass (kg tow™) was ob-
served in the South region, which includes the
coastal waters of Georgia and the southern portion of
South Carolina (south of Charleston). S. meleagris in
the SAB have been previously documented as the
most abundant large scyphozoan off the coasts of
South Carolina and Georgia (Kraeuter & Setzler
1975, Zingmark 1978). However, direct comparisons
of absolute abundances in this study with previous
studies are impossible, as the sampling gear used is
significantly different (i.e. 1 m? ring net in Kraeuter &
Setzler 1975), and the size classes of medusae caught
are very different.
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The highest average biomass (kg tow™') was re-
corded during the spring sampling events, although
winter was not sampled in this survey. This was ex-
pected since S. meleagris was documented by Mayer
(1910) as most abundant during the winter and
spring in the coastal waters of Florida, Georgia, and
South Carolina. The lowest average biomass in the
survey region occurred during the summer, which
could be a result of decreases in regional biomass or
inshore transport toward protective habitats like
estuaries and inlets where the SEAMAP coastal trawl
survey does not sample. This seasonal movement in
S. meleagris was observed by both Kraeuter & Setz-
ler (1975) and Rountree (1983), with S. meleagris
occupying offshore waters during the spring and
then subsequently moving into inshore waters in the
early summer.

The largest average size-proxy (kg ind.™) occurred
during the spring sampling season. The average
size-proxy of jellyfish decreased during the summer
sampling season for all of the regions except the Far
South (Florida). Rountree (1983) also observed large
cannonball jellyfish offshore during the spring and a
drop in average weight during the summer months in
North Carolina. Then in the fall, average size-proxy
of jellyfish decreased in the Far South but remained
approximately the same for the other 3 regions. The
lag observed in the Far South region could be ex-
plained by a lack of polyps and asexual reproduction
in the region. The medusae that are present in the
Far South could have been advected from the South
region in the fall and remain there, growing in size,
until a further influx of small medusae the following
fall. This potential pattern is consistent with the sea-
sonal changes in both biomass and size-proxy for the
Far South. While growth of medusae could explain
the seasonal patterns in size-proxy, medusae of other
species are also known to decrease in size as a result
of starvation (Pitt et al. 2014), which could complicate
the interpretation of the size-proxy data.

Stomolophus sp. medusae in the Gulf of California
first reach sexual maturity when they are at least
374 g (Carvalho-Saucedo et al. 2010), and during
peak reproduction in April, average weights were
580 + 40 g for females and 562 + 36 g for males (Car-
valho Saucedo et al. 2011). Average size-proxy of S.
meleagris in our study was above the 374 g threshold
in all regions in the spring, and in the Far South and
Far North in the summer. Given the changes in aver-
age size-proxy of individuals as an estimate of matu-
rity, the younger medusae are seen in the fall and
then reproductive adults are seen in the spring. A
suggested seasonal pattern for the S. meleagris pop-

ulation of the SAB is as follows: (1) Large, mature
medusae occur offshore in the spring season. (2) Dur-
ing spring and early summer, these adult medusae
move inshore to broadcast spawn, senesce, and die,
resulting in the low abundances we see during sum-
mer sampling. (3) These planula larvae settle into
polyps during the summer and begin to asexually re-
produce. Polyps as young as 9 d old have been ob-
served to begin strobilation (Calder 1982). (4) Polyps
from both the current year and the previous year
strobilate throughout the spring and summer to pro-
duce ephyrae. (5) As the ephyrae mature and grow
into medusae, they reach a large enough size for our
gear to begin capturing them during fall as they also
move offshore. (6) Medusae continue to grow during
winter months offshore, until they reach maturity in
the spring. This timing of reproduction is consistent
with Stomolophus sp. seasonality in the Gulf of Cali-
fornia (L6pez-Martinez et al. 2020).

While this suggested timing of reproduction and
growth is supported by our dataset, we are unable to
determine the location of polyps in relation to dis-
tance from shore, and whether the medusae are mov-
ing into and out of the sampling area (between the 4
and 10 m isobaths). Both Kraeuter & Setzler (1975)
and Rountree (1983) found that young medusae first
appear in coastal estuaries and nearshore waters
during the late spring and summer and then move
offshore during the fall and winter, where they grow
and then return into nearshore environments in the
spring. This proposed seasonal migration into and
out of estuaries is certainly consistent with our re-
sults, and as our sampling region is often >5 km off-
shore, inshore migration of large medusae in late
spring could explain the drop in our observed abun-
dances during the summer.

Along-shore transport of S. meleagris is also proba-
ble and could follow average surface water currents.
Average surface flows in the SAB generally follow 3
seasonal regimes: the winter period (November to
February) is associated with offshore surface water
flows, summer (June to July) with poleward flows,
and the mariners' fall (October to November) period
with surface flows toward the equator (Weber & Blan-
ton 1980, Atkinson et al. 1983, Blanton et al. 2003).
This seasonal pattern supports the hypothesis of off-
shore wintering of adults. Additionally, there could
be a southward migration in the fall, consistent with
seasonal shifts in the Far South size-proxy and abun-
dance, followed by a northward migration in the
spring, a possibility noted by Rountree (1983).

The location of polyps remains a major unknown,
although it is likely that they are present nearshore or
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in estuaries, as that is where small medusae first ap-
pear in late spring/summer (Kraeuter & Setzler 1975,
Rountree 1983). Calder (1982) successfully cultured S.
meleagris polyps at a salinity of 35.7 based on the
salinity where mature medusae were collected; other
salinities were not tested. Reliance of polyps on estu-
arine habitats for settlement and reproduction could
explain the high abundances of S. meleagris medusae
in the South and North regions, but lower abundances
in the Far South and Far North. The coasts of the
South and North regions are dominated by large salt-
marsh-lined estuaries that have numerous oyster
reefs as potential substrate for polyps as well as high
exchange with oceanic waters. In contrast, the Far
South and Far North regions generally have smaller
estuarine area and more restricted exchange with
ocean waters, which would limit medusae migrations
into and out of those estuarine habitats.

4.2. Interannual variability

Although this analysis provides useful insight on
the spatial and seasonal variability of cannonball
jellyfish in the SAB, we were unable to detect what
drives the interannual variability in total biomass.
The relationships between biomass anomaly and
several environmental parameters (temperature, sa-
linity, river discharge, and chl a concentration) were
explored, but no significant linear correlations were
found. These relationships were explored on a re-
gional scale, for each season individually, and in-
cluding a 1-season lag. In some species of Scypho-
zoa, interannual changes in medusae populations are
regulated by polyp strobilation (Purcell 2007, Prieto
etal. 2010, Holst 2012, Stone et al. 2019, Loveridge et
al. 2021). Without a clear understanding of where S.
meleagris polyps occur or the environmental condi-
tions they favor, it is difficult to predict the effects of
environmental changes on their populations.

Interannual variability in medusae size-proxy was
evident, and spring size-proxy was negatively re-
lated to spring bottom temperatures throughout the
entire study area. This change in average size-proxy
could be due to several factors: (1) smaller individu-
als do not survive colder winters, leaving only the
largest individuals in the spring, (2) medusae grow
more quickly in colder temperatures, or (3) medusae
are stressed or starve in warmer winter and spring
conditions and shrink in response. Additionally, food
availability may vary depending on winter and
spring water temperatures, influencing medusae
growth and size.

S. meleagris in the sampling region did demon-
strate high interannual variability in biomass anom-
aly throughout the SEAMAP timeseries, but no con-
sistent, long-term trends were detected. Literature
suggests that long-term trends in interannual jelly-
fish dynamics are likely connected to global climate
oscillations that fluctuate on decadal scales (Brodeur
et al. 2008, Condon et al. 2013, Robinson & Graham
2013, Quinones et al. 2015, Decker et al. 2023), but
we found no long-term changes or oscillations in S.
meleagris abundances. Warming in the region due to
global climate change is likely to have complicated
effects on their life cycles. Warmer winters and
springs could lead to phenological shifts in abun-
dance and earlier initiation of sexual and asexual re-
production, but a shorter winter growing season
could mean smaller medusae on average in the
spring, potentially reducing reproductive output.
Longer summers may lengthen the asexual repro-
ductive period of polyps and hasten ephyrae growth
but could also lead to temperature stress and mis-
matches in prey abundances. Without a clearer
understanding of the life cycle of S. meleagris and
the temperature optima and tolerances of both the
polyps and medusae, it is difficult to make predic-
tions about the potential effects of climate change on
their populations.

4.3. Ecological impact

S. meleagris make up a large portion of the total
pelagic biomass collected in the SEAMAP survey.
Based on wet weight, they are the most abundant
species in the core of their range (South region)
during both the spring and fall. Even accounting for
the lower carbon:wet weight ratio of jellyfish com-
pared to finfish and crustaceans, S. meleagris are the
species with the 5th (spring) and 8th (fall) highest
total carbon biomass in the South region. In contrast
with other high biomass species in the region, S. me-
leagris are zooplanktivorous, feeding on molluscan
veligers, copepods, tintinnids, larvaceans, and other
mesozooplankton (Larson 1991). Due to their high
abundances, these jellyfish potentially have top-
down effects on zooplankton populations. From the
SEAMAP surveys, average S. meleagris abundances
in the South region are 236 ind. tow™ in the spring
(0.0031 ind. m=3, size-proxy of 0.64 kg ind.™!) and
336 ind. tow™! in the fall (0.0044 ind. m™3, size-proxy of
0.18 kg ind.™"). Maximum observations of S. meleagris
in the South are approximately 8000 ind. tow™" in the
spring (0.104 ind. m™3, size-proxy of 0.36 kg ind.™})
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and approximately 10000 ind. tow™ in the fall
(0.130 ind. m~3, size-proxy of 0.17 kg ind.™?). Using the
wet weight-to-consumption formulae of Larson (1991),
S. meleagris consume zooplankton, on average, at a
rate of 1110 d™! m™ in the spring and 91 d* m~® in the
fall. Consumption of zooplankton at the maximum ob-
served S. meleagris abundances are 6600 d™! m™ in
the spring and 2500 d~! m~2 in the fall. Typically in the
South region, total mesozooplankton abundances in
the spring are on the order of 10000 ind. m™= (Lépez-
Figueroa et al. 2023). Thus, S. meleagris has the ca-
pacity to consume approximately 10% of the meso-
zooplankton standing stock per day at their average
spring abundance, and up to 66 % at their maximum
abundance. It is also worth noting that our sampling
gear does not efficiently collect smaller size classes of
medusae, and actual grazing rates might be higher
than our estimates.

4.4. Implications for the jellyfish fishery

The US State of Georgia has an active commercial
fishery of S. meleagris that started as an experimen-
tal fishery in 1998 and became a recognized fishery
in 2013. On average, 2.9 million kg of S. meleagris
medusae are harvested annually in the SAB (ACCSP
2022), primarily in federal waters close to Georgia
(Page 2015). While expansion of the fishery is
planned (Brotz et al. 2017), current harvesting has
been stopped due to temporary closure of the pro-
cessing plant. Based on our results, S. meleagris
could most efficiently be commercially targeted dur-
ing the spring months in the South region, where
medusae are largest and most abundant. And in-
deed, the commercial fishery harvests in these
waters during November to May, with most fishing
occurring in March to May in stratum 35 (Page 2015).
However, until further research is conducted into the
seasonal inshore-offshore movements of these jelly-
fish, we caution against expansion of targeted har-
vest of offshore populations. If medusae move sea-
sonally into estuaries to spawn, then offshore harvest
in the spring would remove adult medusae from the
population before they have a chance to reproduce.
Rapid overfishing of Stomolophus spp. in the Gulf of
California due to lack of regulation and enforcement
has occurred recently (Brotz et al. 2021) and could
also occur in the SAB. Our estimated spring average
of S. meleagris standing stock in the South region
(7.9 million kg) is small compared to what is commer-
cially harvested each year on average (~2.9 million
kg yr'!; ACCSP 2022), which may indicate harvest is

already high. However, our sampling methodology
may significantly underestimate the absolute num-
ber of medusae present in the system, as our study
area was limited to a portion of the species' range
(between the 4 and 10 m isobaths) and tows dispro-
portionally sampled bottom waters, which S. melea-
gris medusae may avoid (Page 2015).

Regardless, before expansion of the S. meleagris
fishery in the SAB, we need a much better under-
standing of their life cycle, seasonal migration, and
environmental effects on their populations in order to
avoid overfishing of this species. Most critically, a
mechanistic understanding of the relative control of
asexual vs. sexual reproduction on the population is
needed. If asexual reproduction by the polyps is the
primary control on medusae populations, then an ex-
pansion of medusae harvest is likely to be sustain-
able. However, if polyps are short-lived or sexual re-
production is more important in their interannual
population growth, then limitations on their harvest
are likely to be needed. These limitations could focus
on prevention of harvesting individuals before repro-
duction through minimum mesh size-limits in nets,
an embargo on early winter and early spring harvest-
ing, or restricting offshore fishing before inshore
migration to spawning areas occurs. Additionally,
limits on total allowable catch could be implemented
and adjusted based on seasonal surveys of medusae
populations.

5. CONCLUSIONS

Stomolophus meleagris are the most abundant
Scyphozoan jellyfish in the SAB and have high inter-
annual variability. While winter months were not
sampled in this study, we found average biomass of
this species is highest in the spring off the coast of
Georgia and southern South Carolina (South region),
and the largest jellyfish occur during the spring
months. The lowest biomass in the sampling region
occurs in the summer months when smaller jellyfish
occur. This could indicate that adult cannonball jelly-
fish occur offshore in the spring and move inshore to-
ward estuarine habitats with hard substrate for polyp
attachment to release larvae. Subsequently, juvenile
cannonballs move out of the estuaries as they mature
throughout the summer and fall, and the larger, sur-
viving adults are detected offshore again the next
spring. The seasonal and spatial variability described
does not appear to be linearly related to temperature,
salinity, chl a concentration, or river discharge, but is
perhaps influenced by distance from estuarine habi-
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tats and wind direction, which were not examined in
this study. Interannual variability in biomass is evi-
dent in the cannonball jellyfish of the SAB, but no
long-term trends or strong correlations with the
aforementioned environmental parameters were de-
tected. Further research is needed in order to pin-
point the drivers behind the variability seen in the
cannonball jellyfish of the SAB, and investigations to
clarify their life history are critical to sustain the com-
mercial fishery of this species.
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