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Abstract Life expectancy of the scyphomedusa Aure-
lia aurita seems closely linked to seasonal shrinkage,
or somatic degrowth, which occurs synchronously with
sexual reproduction in temperate regions. In the present
study, the mechanisms controlling body mass losses and
subsequent disappearance of medusae were examined by
following seasonal dynamics in population density, indi-
vidual size, and sexual reproduction of A. aurita during
2013 and 2014 in the shallow, semi-enclosed Kertinge
Nor, and the adjacent Great Belt, Denmark. After sexual
maturation in early summer, medusae were character-
ized by a distinct phase of somatic degrowth, expressed
by weight-specific individual growth rates of —0.5 to
—1.4 % day™!, which was followed by the absence of
A. aurita populations in both ecosystems during winter.
The number of planula larvae per female (N, ind.) was
positively correlated with medusa diameter (d, mm), fol-
lowing the exponential relationship N, = 160.8 x 2%,
The percentage of body mass made up by planulae
ranged from 6 to 11 % in Kertinge Nor and 10 to 33 %
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in Great Belt. <15 % of total size-specific body mass
losses were due to the release of planulae in Kertinge
Nor, suggesting shortage of zooplankton prey during
autumn as main factor causing degrowth in A. aurita.
Starving medusae produced significantly fewer oocytes
and revealed increased mortality compared to well-fed
individuals in supplementary laboratory experiments,
indicating that degrowth controls the energetic invest-
ment into sexual reproduction. Seasonal variability in
food supply, rather than energy allocation to reproduc-
tion, appears to shorten life spans of A. aurita medusae
in temperate Danish waters.

Introduction

The moon jellyfish, Aurelia aurita s. 1., has been described
as an almost ubiquitous ecological generalist (Dawson and
Martin 2001) and belongs to the most widely distributed
of all scyphozoans, ranging circumglobally between 70°N
and 40°S (Moller 1980; Lucas 1996). A. aurita has a life
cycle which includes a pelagic medusa and a benthic polyp
stage. Medusae reproduce sexually, and after fertilization
of oocytes, females release planula larvae which after set-
tlement metamorphose into polyps. Benthic polyps in turn
produce ephyrae that are released into the ambient water to
develop into medusae (Hamner and Jenssen 1974; Moller
1980; Hernroth and Grondahl 1985; Lucas 2001).

In temperate waters, annual life cycles of A. aurita pre-
dominate (Hamner and Jenssen 1974; Lucas 2001), and
generally ephyrae are present in spring and grow through
summer, become sexually mature medusae and show
strong declines in population density after the onset of
sexual reproduction (Moéller 1980; Grondahl 1988a; Olesen
et al. 1994; Lucas 2001). A. aurita can be very abundant,
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exerting a considerable predatory impact on zooplankton
and fish larvae (Bailey and Batty 1984; Bamstedt 1990;
Schneider and Behrends 1994, 1998; Behrends and Sch-
neider 1995; Hansson et al. 2005; Mgller and Riisgard
2007a, b). In general, medusa populations of A. aurita are
food limited, following seasonal dynamics in zooplankton
biomass, as observed, for example, in Kiel Bight (Moller
1980), in a small semi-enclosed Norwegian bay (Ishii
and Bamstedt 1998), and in the shallow Danish cove of
Kertinge Nor (Fig. 1).

In Kertinge Nor, the maximum diameter of the medusa
umbrella is usually only a few centimeters, compared
to >20 cm in more open coastal waters (Moller 1980).
Extremely high abundance of small jellyfish in Kertinge
Nor causes shortage of prey and thus restriction of their
own growth (Olesen et al. 1994; Olesen 1995; Riisgard
et al. 1995, 1996, 2008, 2010; Frandsen and Riisgard 1997,
Nielsen et al. 1997). A survey of data obtained every year in
August in the period 1991-2009 in Kertinge Nor indicated
that the remarkably high population density of A. aurita in
combination with small umbrella diameters had remained
similar during the 18-year period, and further, that particu-
larly high population densities of jellyfish in certain years
could be correlated with relatively small mean umbrella
diameters (Riisgard et al. 2010). Although medusae in
Kertinge Nor remain small, they are able to reproduce dur-
ing summer, and fecundity, i.e., the production of gam-
etes (oocytes or sperm follicles), is typically followed by
shrinkage due to body mass losses (designated ‘degrowth’
by Hamner and Jenssen 1974) and the disappearance
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of the A. aurita population in late autumn (Olesen et al.
1994). The phenomenon of degrowth, in which the animal
becomes smaller when deprived of food, regressing until it
resembles a diminutive adult (Hamner and Jenssen 1974)
has repeatedly been documented for much larger A. aurita
medusae around the world (Moéller 1980; Uye and Shi-
mauchi 2005; Marques et al. 2015). Besides food as lim-
iting factor, shrinkage of medusae has been contributed to
the energetic investment into gamete production and the
spawning process, potentially resulting in morphologi-
cal degradation and death (Marques et al. 2015). It is still
unclear to which degree degrowth is controlled by food
availability and/or a trade-off between survival and repro-
duction (Stearns 1976).

In the present study, seasonal dynamics in popula-
tion density, individual growth, and sexual reproduction
of small A. aurita medusae in the semi-enclosed Kertinge
Nor and of larger specimen in the adjacent Great Belt, Den-
mark, were used to examine the hitherto poorly described
mechanisms behind somatic degrowth. The importance of
food versus sexual reproduction was evaluated by quantify-
ing the actual body weight loss of medusae in the degrowth
period compared to estimated (respiratory) maintenance
costs and weight losses due to the release of planula larvae.
It was further tested whether the yearly cumulative jelly-
fish population biomass in Kertinge Nor was comparable
in 2013 and 2014, outlining to which extent seasonal and
inter-annual differences in the maximum umbrella diame-
ter of medusae are related to population density-dependent
food availability. Based on these findings, it was possible
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to unravel controlling factors that determine the life expec-
tancy of A. aurita in Danish and other temperate waters
where medusa populations are not persistent throughout the
year.

Materials and methods
Study site

The fjord system consisting of Kerteminde Fjord and
Kertinge Nor (Fig. 1) covers an area of 8.5 km? and has a
mean water depth of approximately 2 m and a maximum
depth of 8 m. The fjord has a sill at its mouth to the open
sea (Great Belt). The discharge over the sill is forced by
a diurnal tide with average amplitude of approximately
20 cm. The catchment area to Kerteminde Fjord and
Kertinge Nor is limited and the fresh water input negligi-
ble compared to the water exchange of the fjord system.
The salinity in the fjord system varies typically between 15
and 21 over the year (Riisgérd et al. 2008). Water exchange
of the fjord system is governed by density-driven circu-
lation (Riisgérd et al. 1996; Nielsen et al. 1997; Riisgéard
1998) which results from salinity variations in Great Belt
due to changing flow situations (Jiirgensen 1995; Mgller
1996). Outflow of water from the Baltic Sea gives salini-
ties down to <10, whereas inflow from Kattegat to the Bal-
tic Sea results in salinities of up to 27 in the upper layer
of the Great Belt. Salinity differences between the fjord
system Kertinge Nor/Kerteminde Fjord and the adjacent
Great Belt can either result in bottom layer inflow of more
saline water into the fjord creating a clockwise circulation
or surface layer inflow of less saline water creating a coun-
terclockwise circulation pattern (Jiirgensen 1995; Nielsen
et al. 1997). On an annual timescale, the two circulation
directions have equal probability (Riisgard et al. 2010).

Jellyfish in Kertinge Nor in 2013 and 2014

Aurelia aurita ephyrae and medusae were collected during
32 cruises with a small boat at locations 1-3 in Kertinge
Nor and at location 6 in Great Belt (Fig. 1) from May
2013 to December 2014. At each sampling site, 3 hori-
zontal hauls (haul length, L,,,, = 5.4 £ 0.2 m) were per-
formed with a 500-um-meshed plankton net (mouth area
A = 0.25 m?) at a depth of 0.5 m below surface. After each
haul, the collected jellyfish were gently rinsed off the plank-
ton net with seawater and subsequently counted and meas-
ured in the laboratory. Temperature (3—24 °C) and salinity
(13-26) were recorded in 0.5-m steps from the surface to
the bottom at all 6 locations (Fig. 1) during each cruise.
Population densities (ind. m~>) of A. aurita in Kertinge Nor
and Great Belt were estimated from the number of medusae

(N, ind.) in each of 3 replicate hauls on each location per
volume of filtered seawater (V, = L, x A = 1.35 m?) as
D = N,/V, Inter-rhopalia diameters (d, mm) of ephyrae
and medusae were determined by measuring all or 30 indi-
viduals in each haul to the nearest mm.

The timing of sexual reproduction in A. aurita was
determined by tracking the number and sex of sexually
mature medusae (N,;,) in net haul samples, as identified
from the presence of oocytes or spermatic follicles in the
gonadal tissue of female or male individuals (Schiariti et al.
2012) under a Leica M165 FC stereomicroscope (stand-
ard magnification range 7-120-fold). Additional larvae-
carrying females were collected in Kertinge Nor during the
reproductive season (6-10 individuals per sampling date)
to quantify the number of planula larvae per female medusa
(N, ind. female™") and the daily release of planulae (p;;
ind. female™! d~!). Medusae were individually incubated
in small (50 mL) seawater-filled containers at 15-25 °C
room temperature exposed to natural light conditions for
about 24 h before counting the number of planula larvae on
each medusa, as well as the released larvae in the seawater
containers, by using a stereomicroscope.

Jellyfish in Great Belt in 2014

Aurelia aurita collected in Great Belt were easily rec-
ognized by a bluish coloring and their much larger body
size compared to the small red-brownish medusae from
Kertinge Nor. To determine the reproductive output in
female medusae from Great Belt, larvae-carrying medu-
sae were individually transported to the nearby labora-
tory in seawater-filled buckets. Subsequently, planulae
were removed from each medusa by thoroughly wash-
ing the oral arms. Together with already released larvae,
they were collected in an 80-um-meshed plankton filter
and augmented in 500 mL seawater. After preservation in
Lugol’s solution, 10-20 replicate subsamples (0.1-5 mL)
were counted under the stereomicroscope to determine the
number of planula larvae per female (N;). Diameter (d,
um) and length (L;, um) of planula larvae (;) from both
Kertinge Nor and Great Belt (N, = 50) were measured
under the stereomicroscope with integrated camera system
(Leica DFC 425 C) using imaging software LAS (Leica
Application Suite).

Growth and fecundity experiments

Laboratory experiments were conducted to investigate the
influence of food availability on growth and sexual repro-
duction of A. aurita medusae from Kertinge Nor during the
end of the year 2014. After an acclimation period of 24 h
under starvation, larvae-carrying females (d ~ 30-60 mm)
were individually transferred to 1-L aquaria with filtered
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(38 um) seawater (14-20 °C, salinity 20). In a first experi-
mental series (Series #1), medusae collected in Septem-
ber 2014 (d = 32.3 + 3.8 mm) at sampling location 1 in
Kertinge Nor (Fig. 1) were divided into 2 groups (n = 6),
one group was starved and the other daily fed with 3-day-
old brine shrimp, Artemia salina, nauplii in 5 rations of
2000 ind. medusa™! within 12-h intervals for 30 days. The
seawater in all aquaria was exchanged daily. The inter-rho-
palia umbrella diameter (d, mm) of each medusa was meas-
ured daily to the nearest mm by gently placing the medusae
on laminated millimeter paper. Umbrella diameters were
converted to body dry weight to estimate weight-specific
growth rates, cf. Eq. (6). A second experimental series
(Series #2) with medusae captured at the same location in
October 2014 (d = 45.1 &+ 7.9 mm) was conducted under
similar food conditions for 30 days, additionally including
regular counts of the number of oocytes (N, ind. female ™)
observed in gonads and oral arms of each live female
medusa under the stereomicroscope.

Equations and biometric conversions

The following equation was used to estimate the individual
clearance rate (C,,;, L day ') from the mean inter-rhopalia
diameter (d, mm) of A. aurita feeding on copepods (Mgller
and Riisgéard 2007c):

Cling = 0.0073 x d*. (1)

When used for investigating the feeding of a jellyfish
species on a given kind of zooplankton prey, clearance
rates are independent of prey concentration (Purcell 1997,
Mgller and Riisgard 2007c). The volume-specific popula-
tion clearance rate (Cl,,, m?; water filtered by the jellyfish
population in 1 m® water per day = m®> m~> day~!) was
estimated as the product of the individual clearance rate
(Cl,s» L day™!) and the population density (D, ind. m~?)
for each locality:

Clpop = Clind X D/lOOO )

The time (¢;,, day) it takes for a population of jelly-
fish with known Cl,,, to reduce the concentration of prey
organisms (copepods) in V = 1 m? of water by 50 % (i.e.,
the theoretical half-life of prey) was estimated as (Mgller

and Riisgard 2007b):
hp = IHZ/Clpop. 3)

Umbrella diameters (d, mm) of A. aurita ephyrae (p)
and medusae (,,) were converted to individual dry weight
(DW, mg ind.~") using the following exponential regression
functions.

Aurelia aurita ephyrae (Bamstedt et al. 1999):

DWg = 1.913 x 1073 x ¢>%%8, 4)
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Aurelia aurita medusae (Olesen et al. 1994; Fig. 2
therein):

DWy = 1.73 x 1073 x d*%2, (3)

Since dry weight increases with salinity (Hirst and
Lucas 1998), Purcell (2009) recommends conversions only
from specimens from similar ambient salinity, as has been
observed in Kertinge Nor and Great Belt during 2013 and
2014 (Online Resources 1, 2). According to linear regres-
sion functions provided by Hirst and Lucas (1998; Fig. 2
and Table 4 therein), converted dry weights may vary by
a maximum of 10 % due to salinity differences between
jellyfish samplings. Resulting individual dry weights were
used to determine weight-specific instantaneous growth
rates u (day~!) by using the following equation (Olesen
et al. 1994):

p = [In(DWya:/DW )1/ At, (6)

where DW, and DW,, ,, is the mean dry body weight of
medusae on day ¢ and day t + Af, respectively. The vol-
ume-specific dry weight of the jellyfish population (DW,
g m~>) was calculated as:

DWpop = DWEy x D/1000, (7)

op?

where DWp,, (mg ind.”!) expresses the mean individual
dry weight of ephyrae and medusa and D (ind. m~>) is the
density of the jellyfish population.

The body volume (BV,, um® ind.”!) of planula larvae
was calculated as a prolate spheroid (Sun and Liu 2003;
Table 2 therein):

BV, = % xd?xLy. )

Body volumes of planulae were converted to bio-
mass (BM;, ug C ind.”!) using a conversion factor of
0.12 pg C um~ body volume (Nielsen and Mghlenberg
2004):

BM; = BV x 0.12. )

The following conversion factors were used:
¢; = 0.02 mg pg~! C! (mg A. aurita medusa dry weight
per ug carbon; Schneider 1988); ¢, = 0.02 J ul=! 03!
(caloric content per pl O,; Eckert 1988); ¢; = 0.45 mg J™!
(mg A. aurita medusa dry weight per J; Schneider 1988).

The total dry weight of planula larvae per female (DW,;
mg) was calculated by the equation:

DWL =NLXBMLXC], (10)

where N, (ind.) is the number of larvae per female medusa
and BM, (ug C ind.™") the biomass per planula larva.

The standardized daily release of planula larvae (o,
mg female™! day~!) in Kertinge Nor was calculated from
the slope a (day~!) of linear regressions for measured daily
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release rates (p;, ind. female™! day~') versus larval num-
bers N, (ind. female™'; Fig. 4) by using the equation

pLs = DWp x a. (11)

The daily respiratory loss in medusa dry weight (DWy,
mg day~') as a function of individual medusa dry weight
(DW,,, mg ind.~") was expressed by the equation (Frandsen
and Riisgard 1997):

DWr = 10.89 x DWI x ¢ x c3. (12)

Statistical analyses

Statistical analyses were performed in R (R Core Team
2015) version 3.1.3 using generalized linear models
(GLMs) in the stats package or generalized linear mixed-
effect models (GLMMs) in R package lme4 (Bates et al.
2013). Seasonal differences in individual medusa size as a
function of population density were analyzed as repeated
measures over time by means of a GLM with gamma error
structure. GLMs with similar error structure were applied
to assess inter-annual differences in the cumulative dry
weight of the jellyfish population, the number of planula
larvae per female medusa relative to umbrella diameter
and sampling location in Kertinge Nor and Great Belt, and
the change in umbrella diameters of fed or starved medu-
sae over time. A generalized linear mixed-effect model
(GLMM) was parameterized with Poisson error structure
to test for significant differences in the number of oocytes
between fed and starving medusae, taking into account
food treatment as fixed effect and time and replicate num-
ber as random effects.

Results
Jellyfish in Kertinge Nor in 2013 and 2014

Initially high population densities of A. aurita as observed
in Kertinge Nor during spring (Fig. 2a) decreased
gradually throughout the years 2013 and 2014 and
approached zero during the winter months (Fig. 2a,
inset). As expressed by similar cumulative popula-
tion dry weights during 2013 and 2014 (Fig. 2b; GLM,
t = 1.43, P = 0.165), seasonal changes in individual size
of medusae (Fig. 3a) were significantly related to changes
in population density (GLM, ¢t = 31.9, P <2 x 107'9).
Additional details are given in the Electronic Supplemen-
tary Material, showing an inverse relationship between
umbrella diameters and jellyfish density in Kertinge Nor
during 2013 and 2014 (Online Resource 3). High jel-
lyfish population densities in Kertinge Nor resulted in a
theoretical half-life of copepods as short as 0.5-0.6 day
during June 2013 and July 2014, indicating a pronounced
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Fig. 2 Aurelia aurita. a Mean population density of ephyrae and
medusae (inset magnification of the time period October—November)
and b cumulative volume-specific dry weight of the jellyfish popu-
lation in Kertinge Nor during the years 2013 and 2014. Data from
Online Resource 1

predatory impact of A. aurita from spring to late autumn
during 2013 and 2014 (Online Resource 1). Instantane-
ous weight-specific growth rates in Kertinge Nor (Online
Resource 1) demonstrate a growth phase from early
spring to summer and a degrowth phase from late summer
to the end of the year. As indicated by exponential regres-
sions for 2013 (t = 4.14, P = 0.006) and 2014 (t = 7.86,
P =5 x 1075) in Fig. 3b, initial growth rates of medu-
sae reached 2.7 and 3.0 % day~!, respectively, whereas
degrowth was observed from September to Decem-
ber, shown by individual growth rates of —0.5 % day~!
(t = —4.13, P = 0.004) and —1.4 % day~' (+ = —6.20,
P =0.002) in 2013 and 2014.

The first planula larvae were seen on female medusae
with an umbrella diameter of about 30 mm in early July in
both 2013 and 2014 (Fig. 3c), about two months before the
onset of degrowth (Fig. 3b). From autumn in both years, the
number of planula larvae per female (Fig. 3c) and their per-
centage of total medusa body mass (Fig. 3d) decreased to
become negligible in December. Figure 4 shows the release
rates of planula larvae as a function of the total number of
larvae per female medusa in Kertinge Nor during 2013 and
2014. The slopes of linear regressions for 2013 (r = 3.87,
P =0.002) and 2014 (t =9.58, P =2 x 10_7) indicate pro-
duction rates of 0.109 and 0.065 day ', respectively. A mean
larva production of about [(0.109 4 0.065)/2 =] 0.087 day_l
has further been used for calculating the standardized daily
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umbrella diameter, b individual dry weight, ¢ dry weight of planula
larvae per female medusa, and d percentage of total medusa body dry
weight made up by planula larvae. Data from Online Resource 1

release of planula larvae during the degrowth periods in 2013
and 2014 (p;; Online Resource 4).

The actual and estimated change in body dry weight
of medusae during degrowth periods in 2013 and 2014
is shown in Fig. 5. The reductions in weight loss due to
food uptake (ADW,; Online Resource 4) are indicated by
the difference between ADW,, and ADW, + ADW; (ie.,
left and right columns in Fig. 5). It is seen that this differ-
ence decreased during the last five time intervals in 2014,
indicating a gradual reduction in the amount of ingested
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Fig. 4 Aurelia aurita. Release of planula larvae as a function of the
total number of planulae per female medusa in Kertinge Nor during
2013 and 2014. Means are shown

food (due to increasing starvation during late autumn). In
the same time period, weight losses due to the release of
planula larvae were gradually reduced to become absent in
the last time interval (November 22 to December 06, 2014).
From this it is concluded that degrowth is mainly caused by
starvation, whereas weight losses due to the production and
release of planula larvae play a secondary role.

Jellyfish in Great Belt in 2014

Aurelia aurita collected in Great Belt during 2014 reached
maximum umbrella diameters of approximately 250 mm
(Fig. 6a; Online Resource 2). The exponential regres-
sions for the dry weight of medusae during the year
(Fig. 6b) indicate an initial weight-specific growth rate of
7.5 % day~! (r = 10.7, P = 4 x 107*) and a much less
defined degrowth rate of about —0.5 % day~! (r = —0.78,
P = 0.477). Planula larvae were first seen on medusae from
Great Belt in early July, whereas their number decreased
to become zero by early October 2014 (Fig. 6¢). During
the reproductive season, produced planula larvae made up
9.7-33.0 % of the total medusa dry weight (Fig. 6d; Online
Resource 2). Medusae from Great Belt produced signifi-
cantly more offspring compared to small medusae from
Kertinge Nor (GLM, t = —8.10, P = 4 x 107°), and the
number of planula larvae increased with increasing medusa
size (GLM, ¢t = —3.35, P = 0.001), revealing an exponen-
tial relationship that indicates 2.9 % increase in reproduc-
tive output per mm increase in umbrella diameter (Fig. 7).

Growth and fecundity of Aurelia aurita medusae

Figure 8a, b shows umbrella diameters and estimated indi-
vidual dry weights of A. aurita medusae when kept under
different food conditions in the laboratory. In both experi-
mental series, umbrella diameters increased significantly
over time in fed medusae (GLM, 7 = 48.4, P <2 x 107'9),



Mar Biol (2016) 163:33

Page 70f 12 33

2013

23 Aug-06 Sept 06-18 Sept 18 Sept-08 Oct 08-25 Oct

FUTR YD

/4
—

-100+
-120-
2014
29 Aug-12 Sept
0
_20 4
_40 <
_60 4
_80 4
=100
-120-

ADW (mg)

77 W

Actual and estimated growth of medusae

&
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2014. Shown are actual measured changes in medusa dry weight

while they decreased in starved medusae (GLM, t = 42.4,
P < 2 x 107'% Fig. 8a). Exponential regression lines in
Fig. 8b indicate initial weight-specific growth rates of
5.9 % day~' (t = 30.0, P <2 x 107! and 3.6 % day~!
(t=149, P =1 x 107" for fed medusae and degrowth
rates of —5.4 % day™! (r = —35.8, P <2 x 107'%) and
—53 % day™! (t = —29.9, P <2 x 107'%) for starved
medusae from Series #1 and #2, respectively. A mean ini-
tial number of 817 £ 483 oocytes per female medusa
was counted at the start of Series #2. In fed medusae,
this number had increased to 1056 + 534 after 30 days,
while it decreased significantly to 8 £ 20 oocytes per
female in starved medusae (Fig. 8c; GLMM, z = 111.8,
P<2 x 10_16). In both Series #1 and #2, all individuals
survived the experimental period of 30 days. After further
115 days, all medusae had died in the starvation treatment.

Discussion
Seasonal growth patterns of Aurelia aurita medusae

The actual measured degrowth of A. aurita in Kertinge
Nor compared to estimated respiratory losses in body
mass suggests insufficient compensation of weight losses
by food intake with respect to the energetic demands
of medusae during autumn 2013 and 2014. As demon-
strated in 1991, 1992 (Olesen et al. 1994), 1995 (Nielsen
et al. 1997), and 2009 (Riisgard et al. 2010), when the

12 Sept-03 Oct  03-22 Oct

25 Oct-04 Nov  04-22 Nov 22 Nov-09 Dec  09-30 Dec

,M _ — -|

22 Oct-07 Nov  07-22 Nov 22 Nov-06 Dec

1“7
_

ADW,,
7 ADW,
] 0O ADW,

(ADWy, = DWyyiny — DWyy,) and estimated dry weight losses
due to respiration (ADW;, = DW; x Ar) or release of planula larvae
(ADW; = p;; x At) during each time interval. Data from Fig. 4 and
Online Resource 4

dense jellyfish population in Kertinge Nor caused strong
decreases in zooplankton biomass in summer and autumn,
short theoretical copepod half-lives of 0.5-13 days suggest
predatory control of the zooplankton community (cf., e.g.,
Hansson et al. 2005; Mgller and Riisgard 2007b; Riis-
gard et al. 2012) from April to November 2013 and 2014.
Despite the lack of zooplankton data in the present study,
similar seasonal dynamics as observed in previous years
suggest food limitation due to the high estimated preda-
tion impact of A. aurita (cf. Riisgard et al. 2010). After
the release of ephyrae during early spring, Kertinge Nor
was characterized by extremely high population densities
of small A. aurita medusae, as has been shown by Olesen
et al. (1994), who observed maximum umbrella diameters
of 55 and 40 mm in 1991 and 1992, before degrowth in
September and July, respectively, followed declines in
zooplankton biomass.

As shown for Kertinge Nor, food scarcity could be the
main driver of seasonal degrowth in A. aurita medusae in
other temperate regions (Moller 1980; Lucas 1996; Ishii
and Bamstedt 1998). Compared to the dense population of
small medusae in Kertinge Nor, A. aurita collected in Great
Belt during 2014 showed approximately fivefold maximum
umbrella diameters, reflecting higher growth potential due
to their generally low abundance (<4 ind. m™), as typical
for larger A. aurita medusae in Kiel Bight (Moller 1980;
Schneider 1989), where growth rates of up to 20 % day !
in medusa diameter [corresponding to approximately
16.2 % day_1 in dry weight; cf. Eq. (5)] have been observed
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(Moller 1980). The theoretical half-lives of copepods in
Great Belt were >21 days throughout the year 2014, dem-
onstrating a much less pronounced predatory impact than
exerted by the food-limited medusae in Kertinge Nor
despite similar body mass losses (degrowth) in late sum-
mer. Seasonality in growth and degrowth patterns has also
been documented in a population of abundant, small A.
aurita medusae in Horsea Lake, UK (Lucas 1996). From
corresponding data on umbrella diameters and jellyfish
population density (Lucas 1996, Fig. 4a, b therein), the the-
oretical copepod half-life in Horsea Lake may be estimated
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to 3—11 days in the period April to November 1996 using
present Egs. (1-3), suggesting food limitation during the
winter months.
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Population density-driven food availability

Observations support a suggested population density-
dependent mechanism controlling adult medusa size
with respect to available food resources (Schneider and
Behrends 1994; Lucas 2001; Riisgard et al. 2010). Previ-
ous data collected in Kertinge Nor over the last 24 years
suggest unchanged seasonal patterns in the abundance
and individual size of the local jellyfish population (Riis-
gard et al. 2010, Fig. 7 therein). This was also supported
by near constant yearly cumulative population dry weights
observed during 2013 and 2014, reflecting that smaller
umbrella diameters coincide with higher population densi-
ties and vice versa. In contrast to the less abundant, larger
medusae in Great Belt, which may compose less discrete
populations considering advection from both the Baltic Sea
and the North Sea (Barz et al. 2006), the annual A. aurita
population in Kertinge Nor may be described as stable and
homogenous, with medusae being most likely restocked by
local polyps each spring (Olesen et al. 1994).

The distribution of medusae in Kertinge Nor has been
shown to be influenced by density-driven currents created
by salinity changes in the adjacent Great Belt (Nielsen
et al. 1997). The estimated residence time of water in
Kerteminde Fjord/Kertinge Nor lays between 1 week and
a few months (Riisgard et al. 2008), while there seems
to be no significant seasonal variation of the amount of
water exchange discharge (Jiirgensen 1995). Present data
on the jellyfish abundance in Kertinge Nor and Great Belt
are based on near-surface sampling and hence neglect
stratification due to water exchange between the highly
saline North Sea and the brackish Baltic. While the shal-
low Kertinge Nor is subject to frequent vertical mixing by
wind-, wave-, and current action (Riisgard 1998), the pos-
sibility of medusae over-wintering in deep water layers of
Great Belt cannot be excluded (cf. Hernroth and Grondahl
1985). Observed declines in the jellyfish population den-
sity in Kertinge Nor throughout the year and differences in
the cumulative population dry weight of A. aurita suggest
that a certain fraction of medusae may have gradually been
washed out from the fjord system during 2013 and 2014.
Stronger washout in 2014 and consequently decreased jel-
lyfish density hence may have resulted in increased food
supply for the remaining medusae, as reflected by larger
maximum umbrella diameters than observed in 2013.

As mortality of A. aurita medusae has been suggested
to be low before sexual maturation (Méller 1980), the
population density-driven availability of food resources
as a function of predominating water exchange processes
in Kertinge Nor can be considered as major factor driving
individual development of ephyrae after their release in
early spring. The complete absence of medusae in Kertinge
Nor and Great Belt during winter, however, suggests that

increased mortality due to insufficient coverage of energetic
demands during reproductive and degrowth periods con-
tributes to seasonal declines in population density. Gradual
declines in population density of A. aurita throughout the
year have also been observed in the brackish Horsea Lake
(Lucas 1996, Fig. 4a therein), where dilution of the jelly-
fish population due to washout is rather unlikely due to its
semi-enclosed nature (Cathy H. Lucas, pers comm), thus
suggesting mortality of medusae as important influencing
variable.

Results however demonstrate that degrowth is a revers-
ible process which is not inevitably accompanied by
mortality, since medusae collected in the field during the
degrowth period survived and regrew when sufficiently fed
in the laboratory. Although cultivation of medusae in the
laboratory involved restricted feeding due to small contain-
ers and regular disturbance, as reflected by comparatively
low growth rates of 5.9 and 3.6 % day~! in our well-fed
individuals (cf. Frandsen and Riisgard 1997), medusae in
both experimental series showed positive growth synchro-
nously with continuous degrowth of their conspecifics in
Kertinge Nor. Medusae kept under starvation in the labo-
ratory revealed growth rates of —5.3 to —5.4 % day~!, in
agreement with earlier observations by Hamner and Jens-
sen (1974, Fig. 3 therein) or Frandsen and Riisgérd (1997,
Table 2 therein). Compared to the present degrowth rates
of —0.5 to —1.4 % day~' observed in Kertinge Nor, our
findings underline that degrowth of medusae in the cove
was not caused by complete starvation, yet available food
resources could not compensate for observed weight losses
on the long term. Further, data of the present study empha-
size that growth patterns of A. aurita are not constrained
by the initial developmental stage (Hamner and Jenssen
1974), suggesting that degrowth and subsequent mortality
of starving medusae are rather caused by food limitation
than by energy allocation to sexual reproduction.

Energetic investment into sexual reproduction

Body mass losses due to the production of planula lar-
vae, relative to overall body maintenance costs, were low
in A. aurita medusae from Kertinge Nor, accounting for
minor fractions observed during degrowth periods. An
estimated percentage of 6—11 and 10-33 % medusa dry
weight was made up by planula larvae in Kertinge Nor and
Great Belt, respectively. Data of the present study further
support a strong positive correlation between fecundity
and body size (Schneider 1988; Lucas 1996), confirming
that reduced amounts of energy are invested into sexual
reproduction under food limitation, as has been shown
by means of gonad indices (GI) in a study by Lucas and
Lawes (1998, Fig. 9 therein). For a ‘small’ 40-mm bell-
diameter medusa, the number of planula larvae can thus
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Table 1 Aurelia aurita.

ela ‘ Location/date d; (um) L; (um) BV, (um?® ind.”") BM, (ug Cind.”")
Morphometric dimensions of
l;lamila lardvae COlleCtid from KN/04 Sept 2014 116.3 + 12.7 2093 4 34.8 1.52 x 10° 0.18
emale medusae caught in GB/10 Aug 2014 120.4 + 15.9 211.5 +30.4 1.66 x 106 0.20

Kertinge Nor (KN) and Great

Belt (GB) in 2014. d;, body
diameter; L; , body length;
BV, body volume estimated
using Eq. (8); BM| , biomass
estimated using Eq. (9). Means
(£SD) are shown

be estimated to 513 ind. female™' using the exponential

regression equation N, = 160.8 x %924 (Fig. 7). This
is in comparable order of magnitude with previous esti-
mates of 184 ind. female™' for small medusae from Hor-
sea Lake, as can be derived from the linear regression
function N, = 99.298 x WW — 80.090 (Lucas 1996;
Fig. 8 therein) after calculating wet weight (WW, g) as a
function of umbrella diameter (d, mm) using the equation
WW = 0.0902 d>"° (Olesen et al. 1994; Fig. 2 therein). The
number of planulae per ‘standard’ 150 mm medusa can
comparatively be calculated using the exponential regres-
sion function from the present study, hence accounting for
1.3 x 10* ind. female™".

Sexually mature medusae were first observed in
Kertinge Nor during early summer, with oocyte devel-
opment beginning in June and the smallest larvae-car-
rying female with an umbrella diameter of 27 mm being
observed in July 2013. A. aurita medusae in Kertinge Nor
revealed a relatively long reproductive period of 6 months
from July to December in both 2013 and 2014, potentially
compensating for reduced reproductive output due to their
small body size, similarly as has been described for Hor-
sea Lake (Lucas 2001, Fig. 2 therein). Larger medusae in
Great Belt presumably started reproducing earlier than
in Kertinge Nor in 2014, with an estimated reproductive
period of 4 months from June to early October, coinciding
with the seasonal occurrence of larvae-carrying A. aurita
medusae observed in Gullmar Fjord (Grondahl 1988a).
The smallest larvae-carrying females caught in Kertinge
Nor and Great Belt during the reproductive season had an
umbrella diameter of 14 and 70 mm, respectively (Fig. 7,
inset), both observed during degrowth phases in 2013.
These observations are comparable to minimum umbrella
diameters of 19-20 mm in small sexually mature medusae
(d = 54 + 20 mm) from Horsea Lake (Lucas 1996) and
64 mm in intermediate-sized medusae (d = 78-100 mm)
from Southampton Water (Lucas and Williams 1994). All
individuals reached sexual maturity shortly after or before
the annual temperature maxima of 24.1 and 20.6 °C were
measured in Kertinge Nor and Great Belt in July 2014.
While the present study emphasizes control of medusa
size and reproductive output by food availability, variable
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size at sexual maturity may be a consequence of additional
synchronization of reproductive periods by environmental
factors such as temperature, salinity, or photoperiod (Lucas
and Lawes 1998).

The present study confirms previous observations by
Ishii and Bamsted (1998), demonstrating that food scarcity
not only reduces growth rates but also changes the energy
allocation toward sexual reproduction. Lucas et al. (2012)
pointed out the capability of A. aurita living in food-rich
environments to produce large numbers of small planula
larvae with low organic content (0.28 pug C), while medu-
sae in food-limited environments can produce fewer num-
bers of large, carbon-rich (0.68 pg C) larvae. Planulae of A.
aurita from Kertinge Nor and Great Belt were of generally
low carbon content (0.2 pg C ind.”") and similarly small
size (Table 1), comparable to observations by Grondahl
(1988b) at the Swedish west coast. However, adjustment of
the reproductive output as a function of medusa size was
supported by significantly reduced numbers of oocytes in
starving (degrowing) females, whereas fed medusae con-
tinuously produced oocytes in laboratory experiments.
Results emphasize that reproductive and somatic tissues do
not necessarily degenerate after spawning, as has also been
demonstrated in controlled feeding experiments with male
A. aurita (Hamner and Jenssen 1974). In contrast with pre-
vious assumptions by Marques et al. (2015), observations
of the present study indicate that sexual reproduction is not
essentially accompanied by increased mortality.

Life history of Aurelia aurita in temperate regions

The present study emphasizes the importance of seasonal
dynamics in food availability for the population density and
individual growth of A. aurita medusae in Danish coastal
waters and suggests a weak trade-off between survival and
sexual reproduction. Degrowth and eventual death of adults
have been observed to follow the release of planula larvae
(Hamner and Jenssen 1974; van der Veer and Oorthuysen
1985; Lucas 1996), which implies increased mortality of
medusae due to energy allocation from survival to reproduc-
tion, i.e., senescence. The present study emphasizes that body
mass losses expressed by degrowth of A. aurita as observed



Mar Biol (2016) 163:33

Page 11 of 12 33

in Kertinge Nor and Great Belt, are mainly caused by food
limitation during autumn which is likely accompanied by
increased mortality. Likewise, the amount of energy invested
into sexual reproduction seems to strictly depend on food
availability, hence following medusa size instead of control-
ling growth rates. Their capability of degrowth and regrowth
therefore allows medusae to survive considerable periods of
starvation (Hamner and Jenssen 1974; Lucas 2001).

The production of gametes, however, may involve
enhanced parasitic invasion, higher susceptibility to mor-
phological degradation (Moller 1980; Lucas 2001), and
weakened regrowth potentials of medusae (as indicated in
Fig. 8b). The parasitic amphipod Hyperia galba was fre-
quently observed in sexually mature A. aurita medusae
from Kertinge Nor during late autumn 2013 and 2014.
Along with parasitic infection, degraded medusae from
Great Belt (i.e., significantly reduced in size, often with
several body parts damaged or missing) were frequently
found stranded on the beaches and in Kerteminde harbor,
and no more jellyfish were observed in Great Belt at the
end of October 2014. As suggested for hydromedusae from
the northeast Pacific (Mills 1993), starvation combined
with an accumulation of damage due to parasitic grazing
should hence be taken into consideration as primary cause
of death in A. aurita medusae during autumn, potentially
promoting age-related mortality on the long term.

Longevity and sexual maturation of medusae generally
seem to be neither size nor age-dependent (Lucas et al.
2012), with estimated life spans of A. aurita ranging from 3
to 10 months in most temperate waters (reviewed by Lucas
2001). Jellyfish of constantly low size variability were
present in Kertinge Nor for ~10 months (Fig. 2a, Online
Resource 1) and in Great Belt for ~7 months (Online
Resource 2), suggesting shortened life spans compared to
year-round populations in Japanese waters (Yasuda 1971;
Omori et al. 1995; Miyake et al. 1997; Makabe et al. 2012)
or the tropical Jellyfish Lake (Hamner et al. 1982), where
longevity of A. aurita medusae may exceed 1 year. Sea-
sonal declines in jellyfish abundance as typically observed
in temperate regions (Moller 1980; Grondahl 1988a; Lucas
1996) may thus be primarily caused by a combination of
environmental properties including population density-
dependent food availability, whereas age-related mortality
triggered by the release of gametes could play a decisive
role in longer-lived medusae (Omori et al. 1995).
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