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ABSTRACT: The common jellyfish Aurelia aurita s.l. occurs in many coastal and shelf sea environ-
ments around the world, including fjord systems such as Kerteminde Fjord/Kertinge Nor (Den-
mark). As observed for the majority of temperate A. aurita populations, jellyfish appear in this fjord
system each spring, go through gradual declines in their initially high abundance during summer/
autumn and disappear by winter. While food limitation has been suggested to cause distinct sea-
sonal declines in the local jellyfish abundance, the role of hydrodynamic forcing in the shallow,
semi-enclosed fjord system is still unclear. Based on a 2 yr field campaign, we provide a dynamic
description for the density-driven water exchange in Kerteminde Fjord/Kertinge Nor to quantify
the dispersal of jellyfish from the local population to adjacent coastal waters. The predicted mean
residence time (+SD) of 45 + 1 d for the water masses in Kertinge Nor is in good agreement with an
observed residence time of 41 + 7 d during which jellyfish abundance in the fjord system was
reduced to e™! = 37 %. These results indicate that major fractions of 86.7 + 8.9% and 82.6 + 7.9 % of
observed declines in jellyfish abundance in the fjord system were controlled by the density-driven
water exchange during 2013 and 2014, respectively. Our findings emphasize the relevance of
hydrodynamic processes in context with jellyfish blooms by ensuring dispersal of jellyfish source
populations from semi-enclosed, potentially food-limited regions to open coastal waters.
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INTRODUCTION

Jellyfish blooms occur with large fluctuations over
broad temporal and regional scales (Lucas et al. 2012),
challenging predictions on their intensity and fre-
quency. Mass occurrences of jellyfish further have to
be distinguished according to their origin; while true
jellyfish blooms are directly attributable to demo-
graphic life cycle dynamics such as survival, growth
and reproduction, apparent blooms are mainly associ-
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ated with environmental properties, i.e. wind-driven
or hydrodynamic processes (Graham et al. 2001). In-
formation relating the intensity and frequency of jel-
lyfish mass occurrence to hydrodynamic processes,
however, has remained scarce (Johnson et al. 2001,
Barz et al. 2006, Makabe et al. 2014, 2015). An im-
proved understanding of the interplay between the
complex life cycles of jellyfish and hydrodynamic pro-
cesses is thus essential to identify the mechanisms un-
derlying booms and busts of jellyfish blooms.
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In the world's largest brackish water habitat, the
Baltic Sea, a combination of freshwater discharge
and water exchange with the North Sea generates
far-reaching salinity gradients. The residence time of
the bottom waters in the Baltic depends on the pro-
cess of saltwater inflow and brackish-water outflow
through the Danish straits (Kullenberg & Jacobsen
1981, Mogller 1996). Resulting salinity changes give
rise to density-driven currents in most coastal waters
of this region, including the fjord system Kerteminde
Fjord/Kertinge Nor (Jirgensen 1995, Riisgard et al.
1998). The cosmopolitan jellyfish Aurelia aurita s.l.
(Scyphozoa, Cnidaria) is common in the Baltic Sea
(Moller 1980, Barz et al. 2006) and shows seasonal
mass occurrence in Kerteminde Fjord/Kertinge Nor.
High numbers of A. aurita ephyrae (2300 ind. m™)
are released into the fjord system by benthic polyps
each spring. Ephyrae grow and develop into medu-
sae through summer, while their abundance shows
gradual declines until the medusae disappear com-
pletely during the winter months (Olesen et al. 1994,
Riisgard et al. 1995, 2010). The seasonal dynamics
governing the local jellyfish population in the fjord
system have remained unchanged over the last 25 yr
(Goldstein & Riisgard 2016). Seasonal declines in the
population size of A. aurita have previously been
associated with senescence of medusae after spawn-
ing (Miyake et al. 1997, Marques et al. 2015), and in-
creased mortality due to food limitation has been
suggested as a major cause of the disappearance of
medusae from the temperate fjord system during
winter (Goldstein & Riisgard 2016). Further, the im-
portance of hydrodynamic processes for the distribu-
tion of jellyfish in Kerteminde Fjord/Kertinge Nor
and their additional supply with zooplankton prey
from open coastal waters has been emphasized (Niel-
sen et al. 1997, Riisgard 1998). Although dispersal of
jellyfish via density-driven water exchange may fur-
ther explain decreasing abundances in the shallow
cove during summer (Olesen et al. 1994, Riisgard et
al. 2010), the actual contribution of the potential A.
aurita source population to the open sea has to date
never been quantified.

Here, we study to which degree the observed sea-
sonal declines in jellyfish abundance in the model
system Kerteminde Fjord/Kertinge Nor can be ex-
plained by hydrodynamic processes. Based on regu-
lar field samplings during 2013 and 2014, we de-
scribe the water exchange as a function of salinity
differences between the fjord system and the adja-
cent Great Belt considering temporal and spatial
variation of the dispersive transport. Using a simple
water exchange model, we compare observed sea-

sonal patterns in jellyfish abundance to predictions
based on the residence time of water masses in
Kertinge Nor. Our findings emphasize the impor-
tance of hydrodynamic dispersal for the population
ecology of jellyfish in Danish waters and suggest a
minor role of mortality due to starvation.

MATERIALS AND METHODS
Study area

Great Belt is one of the Danish straits that connect
the Baltic Sea to the North Sea. The adjacent fjord
system, Kerteminde Fjord and Kertinge Nor (Fig. 1A),
covers an area of 8.5 km? and comprises a total
volume of 17 x 10° m® with a mean water depth of 2 m
and a maximum depth of 8 m (Riisgard et al. 2008). A
diurnal tide with an average amplitude of 20 cm
forces water masses from Great Belt over a shallow sill
into the fjord system (Riisgard et al. 1996). Frequent
salinity changes in the Danish straits due to water ex-
change between the North Sea and the Baltic (Lass et
al. 1987, Gustafsson & Andersson 2001) result in a
density-driven circulation of the water masses in the
fjord system (Jurgensen 1995, Mgller 1996). Strength
and direction of the density-driven circulation are de-
termined by salinity differences between Kerteminde
Fjord/Kertinge Nor and Great Belt, resulting in either
bottom layer inflow of more saline water (Fig. 1B) orin
surface layer inflow of less saline water (Fig. 1C)
(Jurgensen 1995, Nielsen et al. 1997). Temperature is
an unimportant parameter compared to salinity for
the driving density differences between water masses
in this region (Jurgensen 1995). No significant fresh-
water discharge affects the shallow fjord system.

Salinity measurements

During the study period from May to December
2013 and from April to December 2014, we measured
salinity at 5 locations in the fjord system Kertinge Nor
(Locations 1-3)/Kerteminde Fjord (Locations 4-5) and
at the reference location in Great Belt (Location 6;
Table 1, Fig. 1A) every second week. We recorded
salinity (S; PSU) in vertical profiles with 0.5 m depth
intervals at each sampling location using an YSI 650
multiparameter display system (MDS) with integrated
optical monitoring sonde (accuracy: +0.1 PSU). Com-
parative salinity data from Great Belt (Location
STB53; 55°30'46" N, 10°51'27" E) was provided by
the Danish Environmental Protection Agency (EPA).
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Jellyfish abundance

Along with salinity measurements,
we collected jellyfish Aurelia aurita by
horizontal surface net hauls (haul
length: 5.4 £ 0.2 m; depth: 0.5 m) with a
500 pm meshed plankton net (mouth
area: 0.25 m?) at the 6 sampling loca-
tions in Kertinge Nor, Kerteminde
Fjord and Great Belt (Locations 1-6;
Table 1, Fig. 1A) during 2013 and 2014.
After each haul, we gently rinsed the
jellyfish off the plankton net for subse-
quent counting in the laboratory. The
jellyfish abundance N (ind. m™) at
each sampling location was determined
as the number of ephyrae and medusae
per volume of seawater filtered during
each net haul (i.e. 54 m x 0.25 m? =
1.35m3).

Medusae originating from the inner-
most part of the fjord system (cf. Ole-
sen et al. 1994) are characterized by
their smaller size and a red-brownish
color compared to the much larger,
blueish medusae from Great Belt,
which makes the 2 populations distin-
guishable. By excluding all individuals
from Great Belt (N < 3 ind. m™) from
our counts, we set the advection of
medusae from Great Belt to zero.
While the abundance of medusae in
Great Belt was below the detection
limit of the methods described above
during the entire study period (N <
0.1ind. m=%; J. Goldstein pers. obs.),
we occasionally observed medusae
from Kertinge Nor in Great Belt.

Water exchange model

Our water exchange model takes
into account the physical processes be-
tween the water masses of a fjord sys-
tem and an open boundary. For con-
ceptual understanding, we divided the
fjord system Kertinge Nor/Kerteminde

Fjord into 5 different compartments with an open
boundary in Great Belt (Figs. 1A & 2). The applied
method is based on 4 basic assumptions: (I) Con-
servation of volume: the water exchange discharges
between compartments are of equal magnitude. (I)
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Fig. 1. (A) Investigation area with jellyfish sampling locations in the fjord sys-
tem (inset) Kertinge Nor (Location 1: 55°25" 44" N, 10°34'23"E, Location 2:
55°26'15" N, 10°33' 54" E, Location 3: 55°26' 53" N, 10°33' 54" E)/Kerteminde
Fjord (Location 4: 55°27'30" N, 10°35'43" E, Location 5: 55°26'43" N, 10°37'
31" E) and the adjacent Great Belt (Location 6: 55°27' 12" N, 10°40' 59" E). Bro-
ken lines mark different fjord compartments. Salinity differences between the
fjord system and Great Belt result in density-dependent water exchange. Cir-
culation of the water masses in Kerteminde Fjord/Kertinge Nor is driven by ei-
ther (B) bottom layer inflow of more saline water into the fjord (arrows) or (C)
surface layer inflow of less saline water into the fjord (arrows)

Table 1. Physical properties of different fjord compartments corresponding to

the water masses between adjacent sampling locations in Kertinge Nor/Kerte-

minde Fjord (Fig. 1A). L: length; w: mean width; y: mean depth; A: surface
area; V(= A x y): volume

Compartment n L (m) w(m) y(m) A (x10°m? V(x10°m?®)
1 1086 891 2.1 0.6 1.26
2 1176 1411 2.6 1.5 3.90
3 2434 1266 2.4 2.0 4.80
4 2493 378 2.4 1.7 4,08
5 2788 241 3.9 0.9 3.51

Conservation of mass: the salinity change in Kerte-
minde Fjord/Kertinge Nor is driven by the inflow of
water masses with variable salinity from the open
boundary (Great Belt) and the outflow of mixed water
from the fjord system as a function of water exchange
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Fig. 2. Conceptual illustration of the governing physical pro-
cesses in the fjord system Kerteminde Fjord/Kertinge Nor.
Properties of the different compartments (broken lines) from
the open boundary (n = 6) towards the innermost part of the
fjord system (n = 1) are defined for time step dt. t: time; n:
compartment number; w: width; y: water depth; S: salinity;
V:volume; L: length; Q: exchange discharge

discharges between different compartments. Salinity
S in fjord compartment n at time ¢ + 1 is determined
using the concept of mass conservation, as expressed
by the following equation:

Sa(t+1)=S, (t)+§{an_1(dt)x[sn_1 (t+1)= 5, (0)]

+Qn (dt)X[SH+1 (t)_sn (t)]} (1)

where S, (t) is the salinity in compartment n at time ¢,
dt the model time step, and V, (m®) the volume of
compartment n, while Q,_;(dt) and Q,(dt) (m® s™1)
describe the water exchange discharges between the
adjacent compartments n—-1 and n during time step
dt (Fig. 2). (III) Density-driven water exchange: the
exchange discharge between compartments is deter-
mined based on the concept for maximum density-
driven exchange (Armi & Farmer 1986), for which the
discharge Q depends on the cross-sectional area y x
w (m?), obtained from depth y (m) and width w (m) of
the fjord compartment (Table 1), the maximum flow
velocity vy, (m s1), and an efficiency coefficient o

Q=0y W Viax (2)

Considering the energy difference that limits the
density-driven water exchange between the fjord
system and the adjacent Great Belt, Eq. (2) can be

expressed as
Q — OLYW g.r YuYr (3)
" Yutyr

with yy = y; = Y2y, where yyand y; refer to the depth
of an upper (U) and a lower (L) water layer (cf. Armi
& Farmer 1986) according to the salinity difference
between the open boundary and the fjord system.
The reduced gravity term g' can further be substi-
tuted by the density of the lower and the upper water
layer, p; and py, respectively, as follows:

g=gPu )
PL

where the density p (kg m™) can be approximated
from the depth-integrated mean salinity Sas p = 1000
+ (0.8S). Inserting the above parameters in Eq. (3)
results in the following equation for the density-
driven exchange discharge Q in compartment n dur-
ing time step dt:

Qu (dt) = 05 ynwnoos [y u \[Sa ()= S (8] (5)

The discharge hence depends on the dynamic vari-
able S, the fixed geometric variables y and w of each
compartment and on the constant g; and the relation-
ship among the variables can be calibrated using o.
Since the net exchange discharges follow the dimen-
sions of each fjord compartment, the dispersion coef-
ficient D (m? s7!) for each time step dt and compart-
ment n can be estimated using the equation:

D,(dn = 2@ 1, )
YaWhp

where L, denotes compartment length (Table 1). (IV)
Numerical criterion: a basic numerical criterion is
that the water masses of a fjord compartment cannot
be emptied during a modeling time step. The follow-
ing criterion (Courant criterion) has to be fulfilled to
avoid water exchange discharges Q (from both sides
of the compartment) that exceed the volume of the
compartment over time step dt: V<2 Qdt=2y w
Vmax dt, so that dt > V/(2 y W vyay) = Y2 L/ Vyax. For the
mean distance L = 2025 m between adjacent sam-
pling locations (Table 1) and a maximum flow veloc-
ity Vipax = 0.1 m s7! (order of magnitude as observed in
central parts of Kerteminde Fjord), this results in a
maximum time step dt (= %22025m/0.1 m s') ~3 h.
Since our dataset includes measurements for every
second week, we estimated the variation in salinity at
the open boundary in half-weekly intervals to take
into account the frequency of salinity changes in
Great Belt (cf. Jurgensen 1995). This was necessary
to reproduce the observed longitudinal salinity gra-
dient in the fjord system based on the efficiency coef-
ficient o (detailed information on the model calibra-
tion is available in Figs. S1 & S2 in the Supplement at
www.int-res.com/articles/suppl/m597p137_supp.pdf).
Finally, salinity estimates for the open boundary
were interpolated for each 3 h time step to fulfill the
numerical criterion. Independent salinity measure-
ments in Great Belt by the Danish EPA (2017, F. Nor-
gaard pers. comm.) were used to confirm our esti-

mates for the open boundary salinity.
The present exchange model was calibrated and
verified based on salinity changes in the fjord system
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Kertinge Nor/Kerteminde Fjord and the adjacent
Great Belt in the time period May to December 2013
and April to December 2014. With reference to field
observations, we applied the water exchange model
for predicting seasonal declines in the jellyfish abun-
dance due to dispersal. For this purpose, predicted
and observed A. aurita abundances for the study
period were standardized by their annual maxima to
obtain comparable estimates for the residence time
of jellyfish and the corresponding residence time of
the water masses in the fjord system.

Statistical analyses

Hydrodynamic modeling and statistical data analy-
ses were performed in R version 3.1.3 (R Core Team
2015). A linear model was used to explore differences
between the calibrated mean salinity at the open
boundary (Fig. 1A) and independent salinity meas-
urements in Great Belt (Location STB53) during the
study period. A linear mixed-effect model from R
package lme4 (Bates et al. 2015) was parameterized
to test for differences between measured and simu-

lated (fixed effect) salinity while correcting for time
(random effect). Model assumptions were met with-
out the need for fitting generalized models.

RESULTS
Model predictions of salinity

Salinity predictions of our water exchange model
are in full agreement with mean (depth-integrated)
salinity in Kertinge Nor/Kerteminde Fjord over the
study periods in 2013 and 2014 (cf. Table S1 and
Figs. S1 & S2 in the Supplement). The range and
variation of depth-integrated salinity measured at
the open boundary towards Great Belt coincide
with independent salinity measurements at Location
STB53 in the central Great Belt, confirming our
model estimates for the open boundary salinity
(Fig. 3A). Our water exchange model was calibrated
and verified based on salinity in Kertinge Nor/Kerte-
minde Fjord (Fig. 3B) using an efficiency factor o =
0.15, indicating that the density-driven current in the
fjord system is only about 15% as efficient as the
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Fig. 3. Water exchange model for the fjord system Kertinge Nor/Kerteminde Fjord based on salinity variations in the adjacent

Great Belt during 2013 and 2014. (A) Model calibration based on measured depth-integrated mean salinities at Location 6 in

Great Belt (cf. Fig. 1A) and independent salinity measurements at Location STB53 in Great Belt (data source: Danish EPA;

linear model, F; 64 = 6.2, p =0.015). (B) Predicted mean salinity and measured depth-integrated mean salinity for Locations 1-5
in the fjord system (linear mixed-effect model, t; 4 319 = 0.18, p = 0.857)
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theoretical maximum exchange (i.e. constant, fric-
tionless flow between 2 infinite and homogeneous
basins). Vertical salinity profiles in the fjord system
and the adjacent Great Belt indicate that density-dri-
ven circulation resulted from surface layer inflow of
less saline water from the open sea in 69 % of the 32
sampling days over both years, while bottom layer
inflow was only observed in 31 % of sampling days
(Table S1).

Resulting exchange discharges showed gradual at-
tenuation from the fjord outlet to the adjacent Great
Belt towards the innermost part of the fjord system, as
expressed by an almost linear decrease in mean dis-
persion coefficients (+SD) from 41.4 + 17.0 m? s™' at
Location 5 to 26.9 + 10.7 m? s at Location 4, 15.2 +
6.1 m?s~'atLocation3,5.7+2.3m?s ' atLocation 2 and
3.8+ 1.5m?s! at Location 1 (Fig. S3). Regional varia-
bility by an approximate factor of 10 is additionally
demonstrated by a decreasein median dispersion from
~40 m? s7! in the outermost part of Kerteminde Fjord
towards ~4 m?s~!in the innermost part of Kertinge Nor.
The strength of dispersion seems to vary over time by
the same order of magnitude, as reflected by the 90th
and 10th percentiles approximately 50 % above and
below the median value (Fig. S4). Despite that the
temporal variability of dispersion showed a typical
period of about 2 wk, there was no indication for a
seasonal dependency of the dispersive transport.

Model predictions of jellyfish abundance

Observed seasonal declines in the abundance of
Aurelia aurita ephyrae and medusae in the fjord sys-
tem Kertinge Nor/Kerteminde Fjord during 2013 and
2014 (Table S2) were predominantly due to hydro-
dynamic processes, as indicated by the predictions of
our water exchange model (Fig. S5). Exponential re-
gression functions reflect mean reductions by —2.6 +
0.3% d'and -2.4 + 0.6 % d! in the observed jellyfish
abundance in Kertinge Nor (Locations 1-3; Fig. 1A)
during 2013 and 2014, respectively. Corresponding
residence times, i.e. the times at which jellyfish abun-
dance in Kertinge Nor was reduced to e™ (= 0.37)
times its initial value, were 39.4 + 4.1 d and 42.7 +
10.6 d, respectively. These observed jellyfish resi-
dence times are in good agreement with the residence
times of the water masses, indicating decreases in
jellyfish abundance to 37 % after 45.0 = 0.1 d and
44.0 + 0.1 d, respectively, due to hydrodynamic forc-
ing (Table S3). Predicted seasonal declines in the
abundance of A. aurita in Kerteminde Fjord/Kertinge
Nor resemble major fractions of 86.7 + 8.9% and
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Fig. 4. Aurelia aurita. Mean observed jellyfish abundance
(closed circles) and predicted abundance due to water ex-
change (solid lines; grey areas: SD) in Kertinge Nor (Loca-
tions 1-3) during (A) 2013 and (B) 2014. Exponential regres-
sion equations indicate residence times of 1/0.022 d™' =45 d
and 1/0.023 d™' = 44 d, i.e. the time at which the jellyfish
population is reduced to e™! (= 37 %) due to water exchange

82.6 + 7.9% of observed declines in 2013 and 2014,
respectively (Fig. 4).

DISCUSSION
Hydrodynamic forcing in a shallow fjord system

The present study indicates that =82.6% of ob-
served declines in the jellyfish abundance in the
shallow fjord system Kerteminde Fjord/Kertinge Nor
were caused by hydrodynamic forcing. Our 2 yr cam-
paign of consistent measurements of salinity and jel-
lyfish abundance provides a detailed quantification
of the dispersal of jellyfish from the local population
to adjacent coastal waters due to density-driven
water exchange. The common jellyfish is a keystone
species in controlling the trophic structure in Ker-
tinge Nor (Olesen 1995). During summer, the dense
Aurelia aurita population has a severe predatory
impact on the local zooplankton community, as it can
filter a water volume corresponding to several times
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the whole water volume of Kertinge Nor daily (Riis-
gard et al. 1996), which results in estimated copepod
half-lives as short as <1 d (Olesen 1995, Riisgard et
al. 2010, Goldstein & Riisgard 2016). As a conse-
quence of food limitation, medusae show restricted
individual growth rates and generally small umbrella
diameters (Olesen et al. 1994).

In general, medusa size depends on the availability
of food resources relative to jellyfish abundance
(Schneider & Behrends 1994, Lucas 2001, Goldstein
& Riisgdrd 2016). Near-identical mean residence
times of ~45 d for the water masses in Kertinge Nor
during 2013 and 2014 are in good agreement with
previous estimates of between 1 wk and a few
months, i.e. 1.5 mo on average (Jurgensen 1995, Riis-
gard et al. 1996, 2008), and suggest gradual dispersal
of the jellyfish population to adjacent coastal waters
at a comparable rate during both years. Considering
the simultaneous advection of zooplankton prey
(Riisgard et al. 1995, Nielsen et al. 1997, Riisgard
1998), the present findings suggest seasonal declines
in jellyfish abundance as an essential mechanism
determining food availability inside the fjord system.

Apart from the number of released ephyrae, i.e.
observed annual maximum jellyfish abundances,
and the hydrodynamic dispersal of jellyfish from
Kertinge Nor, the population size in the fjord system
further depends on mortality rates. Mortality of A.
aurita ephyrae and premature medusae generally
seems to be low (Moller 1980, Fu et al. 2014). In tem-
perate regions, sexual maturation is typically fol-
lowed by shrinkage (degrowth) of medusae and
simultaneous declines in population density (Hamner
& Jenssen 1974, Moller 1980, Olesen et al. 1994,
Lucas 2001, Uye & Shimauchi 2005, Marques et al.
2015, Goldstein & Riisgard 2016). While shortage of
zooplankton prey controls seasonal degrowth and,
consequently, reduced energy allocation to repro-
duction (Lucas 1996, Ishii & Bamstedt 1998), our find-
ings indicate that death by starvation (or senescence)
plays a minor role in the disappearance of medusae
from Kertinge Nor (cf. Goldstein & Riisgard 2016).
Hydrodynamic dispersal is suggested as a key mech-
anism to increase the survival probability of jellyfish
in open coastal waters versus semi-enclosed and
hence potentially food-limited regions.

Dispersal of medusae from semi-enclosed habitats
to open coastal regions

The present study highlights the role of shallow,
semi-enclosed fjord systems and estuaries as nursery

grounds for scyphozoan jellyfish, while hydro-
dynamic dispersal of such (open) source populations
may decisively contribute to the intensity and fre-
quency of jellyfish blooms in adjacent coastal waters.
In the shallow Kerteminde Fjord/Kertinge Nor, sea-
sonal declines in jellyfish abundance are primarily
subject to hydrodynamic forcing, pointing out the
protected, food-limited fjord system as a source re-
gion for small A. aurita, which are frequently flushed
out into Great Belt, where they may grow big (cf.
Riisgard et al. 2010).

Danish estuaries are for the most part shallow
(<3 m depth), have short water residence times, and
tend to be heavily loaded with nutrients (Conley et al.
2000), reasons for which they may provide highly
suitable habitat for the early developmental stages of
jellyfish. The appearance of A. aurita ephyrae in dis-
tinct annual cohorts in shallow Danish waters such as
Kertinge Nor and Mariager Fjord has previously
been documented (Goldstein & Riisgard 2016, Lis-
kow & Riisgard 2016), and suggests the presence of
polyps (Olesen et al. 1994). Little field evidence exists
for polyp populations, in particular outside protected
fjords and lagoons (Gréndahl 1988). Proliferation of
artificial settlement substrates by human-made
structures, however, may promote the occurrence of
scyphozoan polyps in coastal and offshore areas se-
verely (Duarte et al. 2012, Lucas et al. 2012, van Wal-
raven et al. 2016). Port enclosures along the Inland
Sea of Japan have previously been pointed out as
seeding grounds for newly released A. aurita ephyrae
which are transported offshore via tidal exchange
(Makabe et al. 2014, 2015). In the Danish straits, den-
sity-driven currents are very common (Jirgensen
1995, Moller 1996, Riisgard 1998) and hence, similar
hydrodynamic properties as observed in Kerteminde
Fjord/Kertinge Nor apply to the majority of fjord sys-
tems in this region (cf. Josefson & Rasmussen 2000).
These characteristics indicate dispersal of A. aurita
medusae from inner-Danish shallow waters into
coastal regions of Great Belt, Kattegat, Skagerrak
and parts of the central Baltic Sea (cf. Barz et al. 2006)
where they may restock local polyp populations.

Longevity of A. aurita medusae seems to range from
~4-8 mo to >1 yr in temperate waters (reviewed by
Lucas et al. 2012); however, such field estimates are
often only based on the presence or absence of distinct
seasonal cohorts. The present study emphasizes the
fundamental importance of hydrodynamic processes
for jellyfish life histories in semi-enclosed and open
coastal regions, in particular since age determina-
tion of scyphomedusae has remained challenging (cf.
Lucas 2001, Widmer 2005, Sétje et al. 2017).
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The model system Kerteminde Fjord/Kertinge Nor

While numerical solutions for the temporal and spa-
tial variation in dispersive transport typically require
high-resolution modeling of climatological phenom-
ena and geographical properties (e.g. Signell & But-
man 1992, Stohl et al. 2005), the characteristics of
Kerteminde Fjord/Kertinge Nor allow for a simple
hydrodynamic description based on salinity variations
in the adjacent Great Belt. Our water exchange de-
scription takes into account physical principles in-
cluding conservation of volume and mass, as well as
an exchange discharge condition for stratified con-
fined flows. The model is based on variable dispersion
coefficients, hence reflecting geographical properties
of Kerteminde Fjord/Kertinge Nor as well as meteoro-
logically forced inflow- and outflow events in the ad-
jacent Great Belt. The density-driven circulation was
dominated by surface water inflow into the fjord sys-
tem during 2013 and 2014, while bottom layer inflow
from the open sea was less frequent and mostly ob-
served from late August to December, matching the
time frame of major Baltic inflows from the North Sea
(Matthaus & Franck 1992, Schinke & Matthaus 1998).
The present water exchange model reveals an uncer-
tainty of <17.4 % with respect to observed declines in
jellyfish abundance in the fjord system. This uncer-
tainty is attributable to mortality and/or changes in
the jellyfish distribution due to stratification which
may occur during periods of stable salinity in Great
Belt (Nielsen et al. 1997). While wind, waves and cur-
rents may constrain the distribution of gelatinous zoo-
plankton in deeper offshore regions (e.g. Mianzan et
al. 2010), vertical mixing is a key parameter in homo-
genizing the entire water column of the shallow
Kerteminde Fjord/Kertinge Nor (Nielsen et al. 1997,
Riisgard et al. 1998). During the study periods in 2013
and 2014, the probability of stable stratification was
generally low, as reflected by a mean salinity gradient
of 2.3 = 1.8 PSU between the innermost part of
Kertinge Nor and Great Belt. The adaptation time of
A. aurita to this salinity difference, i.e. the time it
takes jellyfish to enter a water mass of higher or lower
salinity, can be estimated to 0.89 x 2.3 PSU = 2 h
(Nielsen et al. 1997, their Fig. 4) which is within the
time step dt ~3 h of our model.

CONCLUSIONS

The present water exchange model emphasizes the
major importance of hydrodynamic dispersal for the
boom-and-bust dynamics characterizing jellyfish mass

occurrence. Shallow, semi-enclosed regions such as
Danish fjords and estuaries are suggested as nursery
grounds for jellyfish source populations which may
constitute jellyfish blooms in adjacent coastal areas.
Due to a strong impact of jellyfish abundance on the
food resources available per individual, hydrodynamic
forcing may further be a key variable for the longevity
of medusae. This work may encourage future research
to shed further light on the interplay between jellyfish
life histories and hydrodynamic processes.

Acknowledgements. We thank Kim Lundgreen, Florian
Liskow, Jan Brandt Wiersma, Mie Thorborg Pedersen,
David Zalacdin Domench, Ruben van Beek and Ida Krogs-
gaard Svendsen, who took part in collecting and counting
jellyfish. We are grateful to The Danish Environmental Pro-
tection Agency (formerly known as the Danish Agency for
Water and Nature Management, Ministry of Environment)
for providing an independent salinity dataset for Great Belt
(Location STB53), and 2 anonymous reviewers for providing
valuable feedback on the manuscript. This study was finan-
cially supported by the Max-Planck Society (Max-Planck
Odense Center on the Biodemography of Aging, Denmark;
J.G. and U.K.S.) and a grant from Det Frie Forskningsrad
(DFF-4002-00494; H.U.R.).

LITERATURE CITED

]iArmi L, Farmer DM (1986) Maximal two-layer exchange

through a contraction with barotropic net flow. J Fluid
Mech 164:27-51

A¢Barz K, Hinrichsen HH, Hirche HJ (2006) Scyphozoa in the

Bornholm Basin (central Baltic Sea)—the role of advec-
tion. J Mar Syst 60:167-176

H’Bates D, Maechler M, Bolker B, Walker S (2015) Fitting

linear mixed-effects models using Ilme4. J Stat Softw 67:
1-48

Conley DJ, Kaas H, Mghlenberg F, Rasmussen B, Windolf J
(2000) Characteristics of Danish estuaries. Estuar Coasts
23:820-837

Duarte CM, Pitt KA, Lucas CH, Purcell JE and others (2012)
Is global ocean sprawl a cause of jellyfish blooms? Front
Ecol Environ 11:91-97

HFu Z, Shibata M, Makabe R, Ikeda H, Uye SI (2014) Body

size reduction under starvation, and the point of no re-
turn, in ephyrae of the moon jellyfish Aurelia aurita. Mar
Ecol Prog Ser 510:255-263

A Goldstein J, Riisgard HU (2016) Population dynamics and

factors controlling somatic degrowth of the common jel-
lyfish, Aurelia aurita, in a temperate semi-enclosed cove
(Kertinge Nor, Denmark). Mar Biol 163:1-12

]\(Graham WM, Pages F, Hamner WM (2001) A physical con-

text for gelatinous zooplankton aggregations: a review.
Hydrobiologia 451:199-212

]\VéGrE)ndahl F (1988) A comparative ecological study on the

scyphozoans Aurelia aurita, Cyanea capillata and C.
lamarckii in the Gullmar Fjord, western Sweden, 1982
to 1986. Mar Biol 97:541-550

A Gustafsson BG, Andersson HC (2001) Modeling the

exchange of the Baltic Sea from the meridional atmo-
spheric pressure difference across the North Sea. J
Geophys Res Oceans 106:19731-19744


https://doi.org/10.1017/S0022112086002458
https://doi.org/10.1016/j.jmarsys.2006.01.002
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3354/meps10799
https://doi.org/10.1029/2000JC000593
https://doi.org/10.1007/BF00391050
https://doi.org/10.1023/A%3A1011876004427
https://doi.org/10.1007/s00227-015-2802-x

Goldstein et al.: Hydrodynamic dispersal of jellyfish

145

\,

]iHamner WM, Jenssen RM (1974) Growth, degrowth, and
irreversible cell differentiation in Aurelia aurita. Am Zool
14:833-849

ﬁilshﬁ H, Bamstedt U (1998) Food regulation of growth and
maturation in a natural population of Aurelia aurita (L.).
J Plankton Res 20:805-816

#¢Johnson DR, Perry HM, Burke WD (2001) Developing jelly-
fish strategy hypotheses wusing circulation models.

. Hydrobiologia 451:213-221

ﬁiJosefson AB, Rasmussen B (2000) Nutrient retention by ben-
thic macrofaunal biomass of Danish estuaries: impor-
tance of nutrient load and residence time. Estuar Coast

Shelf Sci 50:205-216

ﬁiJﬁrgensen C (1995) Modelling of nutrient release from the

sediment in a tidal inlet, Kertinge Nor, Funen, Denmark.
Ophelia 42:163-178

]\(Kullenberg G, Jacobsen TS (1981) The Baltic Sea: an outline

of its physical oceanography. Mar Pollut Bull 12:183-186
Lass HU, Schwabe R, Matthaus W, Francke E (1987) On the
dynamics of water exchange between Baltic and North

. Sea. Beitr Meereskd 56:27-49

](Lucas CH (1996) Population dynamics of Aurelia aurita
(Scyphozoa) from an isolated brackish lake, with particu-
lar reference to sexual reproduction. J Plankton Res 18:

R 987-1007

](Lucas CH (2001) Reproduction and life history strategies of
the common jellyfish, Aurelia aurita, in relation to its
ambient environment. Hydrobiologia 451:229-246

] Lucas CH, Graham WM, Widmer C (2012) Chapter 3: Jellyfish
life histories: role of polyps in forming and maintaining
scyphomedusa populations. Adv Mar Biol 63:133-196

Liskow F, Riisgard HU (2016) Population predation impact
of jellyfish (Aurelia aurita) controls the maximum
umbrella size and somatic degrowth in temperate Danish
waters (Kertinge Nor and Mariager Fjord). Vie Milieu 66:

. 233-243

AMakabe R, Furukawa R, Takao M, Uye SI (2014) Marine
artificial structures as amplifiers of Aurelia aurita s.l.
blooms: a case study of a newly installed floating pier.
J Oceanogr 70:447-455

A Makabe R, Takeoka H, Uye SI (2015) Offshore dispersion of
ephyrae and medusae of Aurelia aurita s.l. (Cnidaria:
Scyphozoa) from port enclosures: physical and biological
factors. J Mar Syst 152:75-82

ﬁ<Marques R, Albouy-Boyer S, Delpy F, Carré C and others
(2015) Pelagic population dynamics of Aurelia sp. in
French Mediterranean lagoons. J Plankton Res 37:

R 1019-1035

jiMatthéus W, Franck H (1992) Characteristics of major Baltic
inflows—a statistical analysis. Cont Shelf Res 12:
1375-1400

]\(Mianzan HW, Martos P, Costello JH, Guerrero RA (2010)
Avoidance of hydrodynamically mixed environments by
Mnemiopsis leidyi (Ctenophora: Lobata) in open-sea
populations from Patagonia, Argentina. Hydrobiologia
645:113-124

Miyake H, Iwao K, Kakinuma Y (1997) Life history and envi-

. ronment of Aurelia aurita. South Pac Stud 17:273-285

](M('jller H (1980) Population dynamics of Aurelia aurita
medusae in Kiel Bight, Germany (FRG). Mar Biol 60:
123-128

Mpller JS (1996) Water masses, stratification and circulation.
In: Jergensen BB, Richardson K (eds) Eutrophication in
coastal marine ecosystems. Coastal and estuarine studies,
Vol 52. American Geophysical Union, Washington, DC,

p 51-66
]%Nielsen AS, Pedersen AW, Riisgard HU (1997) Implications

Editorial responsibility: Shin-ichi Uye,
Higashi-Hiroshima, Japan

of density driven currents for interaction between jelly-
fish (Aurelia aurita) and zooplankton in a Danish fjord.
Sarsia 82:297-305
] Olesen NJ (1995) Clearance potential of jellyfish Aurelia
aurita, and predation impact on zooplankton in a shallow
cove. Mar Ecol Prog Ser 124:63-72
]% Olesen NJ, Frandsen K, Riisgdrd HU (1994) Population
dynamics, growth and energetics of jellyfish Aurelia
aurita in a shallow fjord. Mar Ecol Prog Ser 105:9-18
R Core Team (2015) R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna. www.r-project.org
] Riisgard HU (1998) Filter feeding and plankton dynamics in
a Danish fjord: a review of the importance of flow, mixing
and density-driven circulation. J Environ Manage 53:
195-207
Riisgard HU, Christensen B, Olesen NJ, Petersen JK, Mgller
MM, Andersen P (1995) Biological structure in a shallow
cove (Kertinge Nor, Denmark)—control by benthic
nutrient fluxes and suspension-feeding ascidians and jel-
lyfish. Ophelia 41:329-344
Riisgard HU, Jirgensen C, Andersen FJ (1996) Case study:
Kertinge Nor. In: Jergensen BB, Richardson K (eds)
Eutrophication in coastal marine ecosystems. Coastal and
estuarine studies, Vol 52. American Geophysical Union,
. Washington, DC, p 205-220
]'g Riisgard HU, Jensen AS, Jirgensen C (1998) Hydrography,
near-bottom currents, and grazing impact of the filter-
feeding ascidian Ciona intestinalis in a Danish fjord.
Ophelia 49:1-16
Riisgard HU, Jensen MH, Rask N (2008) Odense Fjord and
Kerteminde Fjord/Kertinge Nor. In: Schiewer U (ed) Eco-
logy of Baltic coastal waters. Springer, Berlin, p 361-394
HRiisgard HU, Barth-Jensen C, Madsen CV (2010) High
abundance of the jellyfish Aurelia aurita excludes the
invasive ctenophore Mnemiopsis leidyi to establish in a
shallow cove (Kertinge Nor, Denmark). Aquat Invasions
5:347-356
,\'{ Schinke H, Matthdaus W (1998) On the causes of major Baltic
inflows —an analysis of long time series. Cont Shelf Res
R 18:67-97
]'{ Schneider G, Behrends G (1994) Population dynamics and
the trophic role of Aurelia aurita medusae in the Kiel
Bight and western Baltic. ICES J Mar Sci 51:359-367
] Signell RP, Butman B (1992) Modeling tidal exchange and
dispersion in Boston Harbor. J Geophys Res Oceans 97:
R 15591-15606
,’{ Sotje [, Dishon T, Hoffmann F, Holst S (2017) New methods
of morphometric analyses on scyphozoan jellyfish sta-
toliths including the first direct evidence for statolith
growth using calcein as a fluorescent marker. Microsc
. Microanal 23:553-568
]'< Stohl A, Forster C, Frank A, Seibert P, Wotawa G (2005) The
Lagrangian particle dispersion model FLEXPART ver-
sion 6.2. Atmos Chem Phys 5:2461-2474
] Uye SI, Shimauchi H (2005) Population biomass, feeding,
respiration and growth rates, and carbon budget of the
scyphomedusa Aurelia aurita in the Inland Sea of Japan.
J Plankton Res 27:237-248
]% van Walraven L, Driessen F, van Bleijswijk J, Bol A and oth-
ers (2016) Where are the polyps? Molecular identifica-
tion, distribution and population differentiation of Aure-
lia aurita jellyfish polyps in the southern North Sea area.
Mar Biol 163:172-184
ZAWidmer CL (2005) Effects of temperature on growth of
north-east Pacific moon jellyfish ephyrae, Aurelia labiata
(Cnidaria: Scyphozoa). J Mar Biol Assoc UK 85:569-573

Submitted: September 24, 2017; Accepted: March 23, 2018
Proofs received from author(s): May 25, 2018


https://doi.org/10.1093/icb/14.2.833
https://doi.org/10.1093/plankt/20.5.805
https://doi.org/10.1023/A%3A1011880121265
https://doi.org/10.1006/ecss.1999.0562
https://doi.org/10.1080/00785326.1995.10431502
https://doi.org/10.1016/0025-326X(81)90168-5
https://doi.org/10.1093/plankt/18.6.987
https://doi.org/10.1023/A%3A1011836326717
https://doi.org/10.1016/B978-0-12-394282-1.00003-X
https://doi.org/10.1007/s10872-014-0249-1
https://doi.org/10.1016/j.jmarsys.2015.08.002
https://doi.org/10.1093/plankt/fbv059
https://doi.org/10.1016/0278-4343(92)90060-W
https://doi.org/10.1007/s10750-010-0218-7
https://doi.org/10.1017/S0025315405011495
https://doi.org/10.1007/s00227-016-2945-4
https://doi.org/10.1093/plankt/fbh172
https://doi.org/10.5194/acp-5-2461-2005
https://doi.org/10.1017/S1431927617000344
https://doi.org/10.1029/92JC01429
https://doi.org/10.1006/jmsc.1994.1038
https://doi.org/10.1016/S0278-4343(97)00071-X
https://doi.org/10.3391/ai.2010.5.4.03
https://doi.org/10.1080/00785326.1998.10409369
https://doi.org/10.1006/jema.1998.0205
https://doi.org/10.3354/meps105009
https://doi.org/10.3354/meps124063
https://doi.org/10.1080/00364827.1997.10413658
https://doi.org/10.1007/BF00389155



