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The effect of the northern Baltic Sea’s low salinity on feeding rates of a native scyphozoan 
aurelia aurita and a recent invader to southern Baltic Sea, ctenophore Mnemiopsis leidyi, 
was investigated experimentally. Incubations with acartia spp. prey (4.19–25.16 indiv. l–1) 
were used to estimate clearance rates for both predators. Mnemiopsis leidyi digestion times 
were measured for several natural prey items. Wet weight (ww):length/diameter relation-
ships as well as clearance rates (0.49 ± 0.15 l gww

–1 h–1 [mean ± SE] for M. leidyi [mean 
oral–aboral length ± SD = 9.6 ± 1.5 mm]; and 0.18 ± 0.07 l gww

–1 h–1 [mean ± SE] for a. 
aurita [mean bell diameter ± SD = 37.3 ± 6.9 mm]) and digestion times at salinity 5.7 were 
within the ranges reported from higher salinities. These preliminary results suggest that the 
low salinity does not significantly depress the feeding rates or potential predatory impact of 
these gelatinous predators.

Introduction

The Baltic Sea is a semi-enclosed, brackish, 
estuarine system defined by a strong surface 
salinity gradient from up to 25 in the Danish 
straits to almost 0 in the northernmost reaches 
of the Gulf of Bothnia (Leppäranta and Myr-
berg 2009). The surface salinity of the northern 
Baltic Sea (i.e. northern Baltic Proper and north 
thereof) is generally below 8, and thus falls 
within the brackish-water salinity range with 
minimum diversity (Remane 1934). In addition 
to low salinity, winters are cold, with frequent 
ice cover (Leppäranta and Myrberg 2009).

The only native macroplanktonic gelatinous 
predator occurring in this relatively hostile envi-
ronment is the scyphozoan aurelia aurita, which 
is observed all the way to the Gulf of Bothnia 
(Finnish Environment Institute unpubl. data). 
aurelia aurita polyps and ephyrae are found in 
the southwestern Finnish archipelago (Wikström 
1932, Palmén 1953). Late summer and autumn 
occurrences of a. aurita are a known northern 
Baltic phenomenon (Wikström 1932, Segerstråle 
1951, 1952), but to what extent these autum-
nal congregations result from local reproduction 
or advection from further south is not docu-
mented, and may alter with changes in salinity 
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(Segerstråle 1951, 1952). The recently reidenti-
fied population of small Mertensia ovum cteno-
phores (Gorokhova et al. 2009, Gorokhova and 
Lehtiniemi 2010) apparently represents the only 
other gelatinous predator permanently estab-
lished in the northern Baltic Sea. Further south 
in the Baltic Sea, both salinity and gelatinous 
zooplankton diversity are higher (Kramp 1937, 
Barz et al. 2006, Hansson 2006), and the fauna 
also includes a notorious recent invader, cteno-
phore Mnemiopsis leidyi (Hansson 2006, Javid-
pour et al. 2006, Haslob et al. 2007, Schaber et 
al. 2011).

aurelia aurita and M. leidyi are both 
common, widely spread and extensively studied 
neritic gelatinous predators that show a wide tol-
erance of environmental conditions and plastic-
ity in their life history traits (Lucas 2001, Purcell 
et al. 2001a). Both species can, when abundant, 
exert top-down control on mesozooplankton 
(Olesen 1995, Shiganova and Bulgakova 2000, 
Purcell et al. 2001a) and induce trophic cascades 
(Schneider and Behrends 1998, Roohi et al. 
2010). While for example prey type and tem-
perature are known to have a significant effect 
on the observed clearance rates of gelatinous 
zooplankton (e.g. Møller and Riisgård 2007), 
little is known on the potential effects of salinity 
(but see Båmstedt et al. 1999). We present the 
first experimental results on the clearance rates 
of a. aurita and M. leidyi feeding on acartia spp. 
copepods at low (< 6) northern Baltic Sea salin-
ity. Digestion times for M. leidyi feeding on a 
mix of local prey were also measured. The feed-
ing rates observed at low salinity were compared 
with rates published in literature.

Material and methods

Experiments were conducted in September 2010 
at the Tvärminne Zoological Station (University 
of Helsinki), southwestern Finland, in conjunc-
tion with a mesocosm workshop on the cascad-
ing effects of gelatinous predators on the pelagic 
community of the northern Baltic Sea (O. Setälä 
unpubl. data). Experimental water with a salinity 
of 5.7 was collected from Tvärminne Storfjärd 
and inversely filtered through a 90 µm net. The 
same water was also used in the holding contain-

ers. All experiments were conducted at salinity 
5.7 and 17 °C.

acartia spp. (a. bifilosa and a. tonsa) cope-
pods, the dominant mesozooplankton species at 
the time, were collected from the upper 20 m 
at Tvärminne Storfjärd with a 200 µm net and 
subsequently kept in a holding container with 
gentle bubbling. Healthy adults and large cope-
podites for the experiments were individually 
pipetted out under a stereomicroscope. aurelia 
aurita were individually collected with buckets 
from the surface near the Granbusken island 
(Tvärminne archipelago). Many individuals 
with planula larvae were observed. Mnemiop-
sis leidyi were from a culture kept at the Sven 
Lovén Centre for Marine Sciences, Kristineberg, 
Sweden (courtesy of L. F. Møller). Over a period 
of ca. two weeks, ctenophores were gradually 
acclimated from salinity 32 to salinity 6 with 
high survival (L. F. Møller pers. comm.). Prior to 
the experiments, animals in the holding contain-
ers were sparsely fed with natural zooplankton. 
New individuals were used for all experiments.

The relationships between wet weight (ww) 
and size [oral–aboral length (LOA) for M. leidyi,  
and bell diameter (BD) for a. aurita] were calcu-
lated for both predator species and the resulting 
regressions (Fig. 1) were used to estimate the wet 
weight of the predators used in the incubations. 
Wet weight was used since it, unlike various 
measures of dry weight, is not strongly affected 
by the ambient salinity (Hirst and Lucas 1998).

For clearance rate incubations, single a. 
aurita (37.3 ± 6.9 mm bell diameter, mean ± SD) 
or M. leidyi (mean ± SD: LOA = 9.6 ± 1.5 mm) 
were placed in 2.385 l Nalgene incubation bot-
tles containing GF/F filtered experimental water 
~1 h prior to the start of incubation, to acclimate 
them and empty their guts. Incubations were 
started by adding a known number of acar-
tia spp. into the bottles. The bottles were then 
immediately topped up and sealed to minimize 
air bubbles. Incubations took place in the dark, 
on a plankton wheel with a speed of 0.5 rpm. 
Incubations were stopped by removing the pred-
ator, after which remaining prey were fixed with 
acid lugol for later counting. Incubation times 
(mean ± SD) were 0.88 ± 0.11 h for a. aurita and 
1.76 ± 0.42 h for M. leidyi. The individual clear-
ance rate F (l indiv.–1 h–1) was calculated as
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  (1)

where Vb is the bottle volume (l), t is the incuba-
tion time (hours), npred is the number of predators 
per incubation (1 in our experiments), and nstart 
and nend are the number of prey at the beginning 
and the end of the incubation. Incubations were 
conducted with 10, 30 and 60 prey individuals 
per bottle, yielding prey concentrations of 4.19, 
12.58 and 25.16 indiv. l–1, respectively. These 
prey concentrations reflect the autumnal in situ 
values; the long-term average of acartia spp. 
adult and copepodite density in Tvärminne Stor-
fjärd in September is ~8–11 indiv. l–1 (Viitasalo 
et al. 1995). Three replicates were run for each 
predator/prey concentration combination. The 
fraction of prey consumed during the incuba-
tions (mean ± SD) was 0.10 ± 0.08 for M. leidyi 
and 0.24 ± 0.21 for a. aurita. Control incuba-
tions without predators indicated a 100% return 
rate of acartia spp. prey.

The rates at which a. aurita and M. leidyi 
ingested acartia spp. at different prey concentra-

tions were examined both for individual preda-
tors and relative to predator wet weight (Fig. 2). 
No saturation was observed at the used prey con-
centrations (4.19–25.16 indiv. l–1) and a linear 
regression of ingestion rate on prey concentra-
tion was, therefore, used to estimate the clear-
ance rates (Fig. 2) (Holling 1959). Curve fitting 
and associated statistical testing for ww:BD and 
ww:LOA relationships as well as feeding rates 
was done with SigmaPlot 11.0.

We measured the digestion times for sev-
eral potential M. leidyi prey species abundant 
in the Tvärminne waters. Ctenophores used in 
the digestion experiments were initially starved 
overnight in storage aquaria to empty their guts. 
Each ctenophore was then allowed to feed for 
one to five minutes in a transparent one-liter 
bucket with GF/F filtered seawater and a mixture 
of natural zooplankton prey. A ctenophore was 
thereafter moved to a small beaker with filtered 
seawater and the initial number of prey in its gut 
was noted. Digestion inside the transparent gut 
of the living animal was followed visually with 
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readings every 10 minutes using a stereo micro-
scope. Digestion time was defined as gut evacu-
ation time from feeding start to the time when no 
observable prey items remained in the gut. All 
M. leidyi used were in the lobate stage (see Table 
1 for sizes).

Utmost care was taken to prevent accidental 
introduction of M. leidyi to the Tvärminne waters. 
Marked equipment was used for experiments with 
M. leidyi, and all ctenophores, as well as water 

that had been in contact with them or used for 
washing the marked equipment, was disposed of 
by absorbing in dry earth away from the shore.

Results

The ww:BD, and ww:LOA relationships (y = 
0.0007x2.326, r2 = 0.93; and y = 0.0003x2.446, r2 = 
0.88; respectively) for both species were within 
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Fig. 2. ingestion rates of Aurelia aurita and Mnemiopsis leidyi feeding on Acartia spp. adults and copepodites at 
5.7 salinity. solid lines show linear regressions based on the original data points, indicated by the grey dots. Dotted 
lines indicate 95%ci for the statistically significant regressions. White and black dots with error bars show mean ± 
sD at different initial prey concentrations. note that despite the significance levels, linear regression is perhaps not 
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the range found at other locations and salinities 
(see Fig. 1). The clearance rate estimates (mean 
± SE) based on the linear regression of ingestion 
rates and prey concentrations from the experi-
mental incubations were 0.69 ± 0.35 l indiv.–1 h–1 
(p = 0.09) or 0.18 ± 0.07 l gww

–1 h–1 (p = 0.03) for 
a. aurita and 0.25 ± 0.06 l indiv.–1 h–1 (p = 0.006) 
or 0.49 ± 0.15 l gww

–1 h–1 (p = 0.01) for M. leidyi 
(Fig. 2 and Table 2).

As would be expected for a linear, Holling’s 
type I functional response, the mean individual 
a. aurita clearance rates calculated with Eq. 1 
did not change with increasing prey concentra-
tion (data not shown). However, the individual 
M. leidyi clearance rates seemed to increase with 
increasing prey concentration (Fig. 3), sugges-
tive of early portions of a sigmoid, type III func-
tional response (Holling 1959).

We found that digestion times measured in 
salinity 5.7 and 17 °C (Table 1) were of the same 
order of magnitude as digestion times recorded 
in higher salinities: in salinity 10–20 at 17 °C, 
adult M. leidyi (LOA = 25 mm) digest copepods 
(acartia tonsa) in 1.5 ± 0.4 h (Javidpour et al. 
2009) and in salinity 32 at 20 °C, adult M. leidyi 
(LOA = 10–18 mm) digest cladocerans (Penilia 
avirostris) in 2.8 ± 0.8 h (Granhag et al 2011). 
Larval M. leidyi in salinity 23–28 at 20 °C digest 
rotifers in 0.17 ± 0.13 h (Sullivan 2010).

Discussion

Comparing our results with experimentally 
determined clearance rates from the literature, 
reveals no obvious salinity effects on clearance 
rates of aurelia aurita and Mnemiopsis leidyi 
— our clearance rates from salinity 5.7 are well 
within the range reported from higher salinities 
(Table 2). When comparing our clearance rate 

results with those from literature (Table 2), we 
attempted to maximize comparability of the data 
by employing the following criteria for inclusion 
of studies:

1. Since clearance rates of gelatinous predators 
can differ according to prey type (Purcell 
1997, Purcell et al. 2001a), we chose stud-
ies that used acartia spp. as prey organisms. 
Nevertheless, this included several species, 
and differences in their size, behavior or 
activity could affect the observed clearance 
rates.

2. We included only studies that estimate clear-
ance rates based on experimental incubations. 
However, exact setups and methods did vary 
and, hence, might have affected the resulting 
clearance rate estimates. Some of the experi-
ments offered several types of prey simulta-
neously, while we only offered acartia spp. 
adults and copepodites. Since the used prey 
concentrations were generally below satura-
tion levels, we would not expect this to have 
a major effect on the clearance rates for the 
individual prey species.

3. Since clearance rates depend on predator 
size, with larger gelatinous predators clearing 
larger volumes of water (e.g. Kremer 1979, 
Olesen 1995, Graham and Kroutil 2001, 
Purcell 2009), we tried to choose studies 
which covered the approximate size range 
of our animals. When the compared studies 
provided equations for clearance rates with 
respect to size, these were used to calculate 
what the clearance rate would be for animals 
equal in size to ours (Table 2).

Despite the above criteria, the published 
experimentally-estimated clearance rates were 
found to vary with an order of magnitude 

Table 1. Mnemiopsis leidyi digestion times (mean ± sD) for various prey when feeding in salinitiy 5.7 and 17 °c. Loa 
= oral–aboral length (mean ± sD), n = number of replicates.

Prey Prey length number of Digestion Loa n
 (µm) prey in gut times (h) (mm)

rotifers (Synchaeta sp. & Keratella sp.) 100–200 30–100 0.5 ± 0.2 10.0 ± 2.2 5
copepods (Acartia tonsa & A. bifilosa) ~800 01–5 0.6 ± 0.2 9.8 ± 2.2 6
cladocerans (Bosmina longispina & Evadne annonyx) 600–800 02–11 4.8 ± 3.4 10.8 ± 1.3 8
Barnacle nauplii ~300 01–2 0.8 ± 0.6 11.0 ± 1.0 5
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(0.06 to 0.6 l indiv.–1 h–1, Table 2). Mnemiopsis 
leidyi with the highest experimentally deter-
mined clearance rates (0.6 ± 0.4 l indiv.–1 h–1 
from salinity 20, Madsen and Riisgård 2010) 
were also the largest. Their average volume 
was roughly 1.65 ml, while the average volume 
of our ctenophores was ~0.89 ml [calculated 
from the ww:LOA regression with the conver-
sion ww = 1.01(volume) – 0.122 (Kremer and 
Nixon 1976)]. Assuming that the relationship 
between clearance rates and volume within this 
size-range is approximately linear and applying 
a correction for the 1.85 times larger volume 
in Madsen and Riisgård (2010) would give an 
estimated clearance rate of 0.32 l indiv.–1 h–1 
for a 0.89 ml ctenophore — a result much more 
comparable to our 0.25 l indiv.–1 h–1. Even after 
this adjustment, the M. leidyi clearance rates 
from the present study and that from Madsen and 
Riisgård (2010) are 2–5 times higher than those 
measured by Finenko et al. (2006) and Decker 
et al. (2004). The a. aurita clearance rates from 
literature also vary, although to a lesser degree 
(Table 2). The smaller variation could be partly 
due to the much smaller geographic range and 
range of environmental parameters encompassed 
by the a. aurita studies included in the compari-
son (Table 2).

Temperature, container effects and nutri-
tional state of the predators are all known to 

affect clearance rates and could contribute to 
the observed variation in the experimentally 
estimated clearance rates. However, although 
M. leidyi metabolic rates are sensitive to tem-
perature and tend to increase with it within the 
range included in our comparison (Kremer 1979, 
Purcell et al. 2001a), the highest rates we found 
in the literature were from the lowest tempera-
ture in the comparison (Table 2). For a. aurita, 
our experimental temperature (17 °C) was close 
to the regional optimum in northern-temperate 
waters (Olesen 1995, Møller and Riisgård 2007). 
All a. aurita studies compared stem from this 
region, but no connection is apparent between 
clearance rates and experimental temperature.

Clearance rates of gelatinous predators are 
reduced in small containers and a minimum con-
tainer-volume/predator-volume ratio of 2500:1 
is recommended for experiments (Purcell 2009). 
Our containers complied with this recommenda-
tion for M. leidyi; an average ctenophore volume 
of 0.89 ml yields a ratio of 2680:1. In the case of 
a. aurita, we could be underestimating clearance 
rates due to container effects. The average wet-
weight estimate for a. aurita in our experiments 
was 3.44 g. Assuming a 1:1 wet-weight/displace-
ment-volume ratio, this would give an estimated 
container-volume/jellyfish-volume ratio of 693:1. 
Ours is not the only study in the comparison to 
possibly suffer from container effects. Olesen 
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Fig. 3. clearance rate as a function of prey concentration for Mnemiopsis leidyi feeding on Acartia spp. adults and 
copepodites. solid lines show linear regressions on the original data points, indicated by the grey dots. Black dots 
with error bars are mean ± sD at different initial prey concentrations, dotted lines are 95%cis.
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(1995) used 1.2-l containers for the clearance rate 
incubations, which resulted in the highest esti-
mates in our comparison (Table 2).

It should be noted that when the linear 
regression model, or type I functional response, 
is applied to the data from the M. leidyi incu-
bations, the intercepts are considerably below 
zero, implying that this is perhaps not the best 
way to model the functional response at these 
prey concentrations. While a. aurita exhibited a 
straightforward type I functional response with 
a stable average individual clearance rate over 
the range of prey concentrations used in our 
incubations, individual M. leidyi clearance rates 
showed a significant increase with prey density 
and seemed to approximate the early portions 
of a type III functional response (Figs. 2 and 
3) (Holling 1959). This kind of a sigmoid func-
tional response would be expected if higher prey 
density for some reason stimulated increased 
search behavior or, in this case, filtration activity 
by the predator (Hassell et al. 1977). If this were 
indeed the case for M. leidyi, it would have con-
sequences for its predatory impact at lower prey 
concentrations. However, we cannot rule out that 
our observations may be simply an artifact of 
small container volumes, short incubation times 
and few replicates.

While many gelatinous predators are able to 
maintain initially high clearance rates through-
out a wide range of prey concentrations due 
to their large gut volume, sustained ingestion 
rates are ultimately limited by the time it takes 
to digest the prey (Hansson and Kiørboe 2006, 
Mazlum and Seyhan 2007). Starved M. leidyi 
have initially high clearance rates, which level 
off after a few hours (Reeve et al. 1989). Our 
predators were starved prior to the relatively 
short incubations, thus longer incubations could 
have revealed lower, sustained clearance rates.

Digestion time of ctenophores varies with 
several factors including prey type, prey size, 
temperature, and amount of prey in the gut 
(Purcell 1997, Martinussen and Båmstedt 1999, 
2001, Mazlum and Seyhan 2007). However, we 
did not find salinity to have a notable effect, 
giving us no reason to assume that the sustained 
clearance rates at low salinities would be mark-
edly different to those from higher salinities.

The native species, a. aurita, seems to be 
able to both reproduce in the northern Baltic Sea 
and feed at rates comparable to those observed at 
higher salinities. Nevertheless, individuals of a. 
aurita from the northern Baltic Sea are likely to 
be occurring close to their distributional limits. 
It has been suggested that a. aurita has only 
extended its reproductive area to the northern 
parts of the Baltic during the last century, in 
conjunction with a trend of increasing salinity 
(Segerstråle 1952). While salinity differences in 
the range of 17.5–35 have been found to have 
little or no effect on a. aurita growth rate and 
efficiency (Båmstedt et al. 1999), it would be 
interesting to see how the growth efficiency and 
reproductive success of a. aurita from the much 
lower salinities of the northern Baltic compare.

Mnemiopsis leidyi seems to be able to rela-
tively quickly adapt to low salinities without 
negative effects on feeding rates. Digestive proc-
esses also seemed to be at least superficially 
unaffected by the low salinity. However, we 
did not observe reproduction at salinity 5.7 and 
17 °C. While this may have been due to the 
relatively small size of our ctenophores, labora-
tory experiments have also confirmed strongly 
reduced reproduction at salinity 6 (Jaspers et al. 
2011). Niche analyses based on present distribu-
tion of M. leidyi suggest that it may be able to 
survive but not reproduce under northern Baltic 
salinity and temperature conditions (Lehtiniemi 
et al. 2012). It is feasible that even though the 
ctenophores are able to ingest and digest prey 
at normal rates, the combination of low ambient 
salinity and suboptimal temperatures imposes 
metabolic costs which prohibit allocation of 
energy to reproduction. Mnemiopsis leidyi in the 
low salinity environments of the Caspian Sea 
(Finenko et al. 2006) and the Baltic (Javidpour et 
al. 2006) also tend to be smaller and have shorter 
lobes as compared with their conspecifics from 
higher salinities. These morphological differ-
ences, as well as the lower fecundity of the Cas-
pian Sea M. leidyi, may be due to low salinity 
(Finenko et al. 2006). Nevertheless, lower salini-
ties and smaller size have not prevented M. leidyi 
from decimating zooplankton prey populations 
in the Sea of Azov and the Caspian Sea (Shiga-
nova and Bulgakova 2000, Roohi et al. 2010).
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Concluding remarks

Our results suggest that the feeding rates, and 
thus potential predatory impact, of aurelia aurita 
and Mnemiopsis leidyi are not markedly affected 
by low salinity (< 6) of the northern Baltic Sea. 
This is, to our knowledge, the first study explor-
ing the effect of such low salinity on the feeding 
rates of euryhaline gelatinous predators. The 
results should, however, be considered prelimi-
nary and interpreted cautiously due to the low 
number of replicates and large variance. Varying 
experimental setups and environmental condi-
tions also hinder proper comparisons between 
studies from different salinities. Hence, more 
rigorous experiments with identical setups at 
different salinities would be needed to uncover 
possible subtle effects. The effect of low salinity 
on the reproductive success of the species is also 
of utmost importance for the potential ecologi-
cal role of the gelatinous predators. Low salinity 
probably prevents successful M. leidyi reproduc-
tion and establishment in the northern Baltic 
Sea (Jaspers et al. 2011, Lehtiniemi et al. 2012), 
but experiments on the reproductive potential 
of the local a. aurita are lacking (but see Holst 
& Jarms 2010). a. aurita is a common member 
of the autumnal plankton community and could 
contribute to the natural zooplankton population 
decrease in autumn (e.g. Viitasalo et al. 1995). 
The Baltic Sea also suffers from several envi-
ronmental issues (Vahtera et al. 2007) that have 
been indicated as potentially favoring jellyfish, 
including eutrophication (Arai 2001), deterio-
rated light conditions (Eiane et al. 1999) and low 
oxygen levels (Purcell et al. 2001b, Ekau et al. 
2010). Nevertheless, the ecology and potential 
role of gelatinous zooplankton in the northern 
Baltic ecosystem remains virtually unstudied 
(but see Segerstråle 1951, Vuorinen 1987).
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