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INTRODUCTION

Seawater acidification, driven by increasing atmos-
pheric CO2 concentrations, is known to gradually be
increasing in the open ocean (Doney et al. 2009). By
the end of the century, a reduction in seawater pH by
about 0.4 units is expected (Caldeira & Wickett 2005).
In contrast, coastal and estuarine habitats, while also
prone to a progressive shift towards lower pH, al -
ready exhibit a large variability in CO2 partial pres-

sure (pCO2) and pH today. The levels, at least tran-
siently, approach or even exceed the predicted shift
over the next de cades of these variables in the open
ocean (Wootton et al. 2008, Hofmann et al. 2010, Yu
et al. 2011, McElroy et al. 2012, Duarte et al. 2013).
The western Baltic Sea is an example of such a habi-
tat with elevated and fluctuating levels of pCO2

(Thomsen et al. 2010, 2013, Saderne et al. 2013).
During summer and autumn, the strong stratifica-

tion of the water column in the Baltic inhibits gas
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exchange between bottom water and atmosphere,
leading to a low pO2 and high pCO2 below the
pycno cline. Occasional upwelling of these water
masses can drastically elevate surface pCO2 to levels
ex ceeding 3000 μatm (Thomsen et al. 2010, 2013).
Similar carbonate system fluctuations by, e.g., up -
well ing events have been reported for a number of
coastal and estuarine environments worldwide (Feely
et al. 2010, Waldbusser et al. 2011). Future in creases
of atmospheric CO2 concentrations will not only
amplify the mean, but also the variability of pCO2

in seasonally hypoxic habitats such as the western
Baltic (Melzner et al. 2013).

Ocean acidification stress is known to affect the
performance of marine organisms and especially cal-
cifiers (Kroeker et al. 2010). The stress tolerance,
however, may differ between larval, juvenile and
adult stages (Dupont et al. 2010b). This is especially
observable for marine benthic invertebrates with
pelagic larvae, which in most cases are more sensi-
tive to environmental stress than adults and early
juveniles (Pechenik 1999, Pineda et al. 2012). It has
been predicted that ocean acidification will impact
marine communities within the next decades (e.g.
Hall-Spencer et al. 2008). This impact, however, will
vary among species (Kroeker et al. 2010) and across
life-history stages of the same species (reviews by
Dupont et al. 2010b, Byrne 2011, Ross et al. 2011). In
addition, negative and positive effects of trans-gen-
erational acclimation to elevated pCO2 on egg pro-
duction and larval performance have been reported
for echinoderms and molluscs, indicating that long-
term and multi-generation studies are needed for
better assessment of species’ vulnerability to ocean
acidification (Parker et al. 2012, Dupont et al. 2013).
Organisms from acidified and fluctuating regions
such as the western Baltic have been demonstrated
to be quite robust to changes in seawater pCO2,
which might result from adaptation to the present
levels of acidification typical of their habitat (Thom-
sen & Melzner 2010, Thomsen et al. 2010, Franke &
Clemmesen 2011, Appelhans et al. 2012, Pansch et
al. 2012, 2014).

In the western Baltic, Asterias rubens is one of
the ecologically most important predators of the
blue mussel Mytilus edulis. Its mean annual bio-
mass constitutes up to 12% of the entire biomass of
benthic macroinvertebrates in Kiel Bight (Nauen
1979). Therefore, any negative impact on this spe-
cies may have considerable consequences at an
ecosystem level. As the genus Asterias is also
widely distributed in coastal areas of the North Sea
and the western Atlantic in general (Vevers 1949,

Nauen 1979), knowl edge about the impacts of envi-
ronmental stress on this species is of great ecologi-
cal relevance.

Adult sea stars are relatively tolerant to moderate
levels of elevated pCO2, and, in a number of earlier
studies, their performance was not significantly re -
duced: in a 10 wk experimental trial with adult spec-
imens of A. rubens from Kiel Fjord, food consumption
and growth rates were not impacted by a moderately
elevated pCO2 of 1250 μatm, but de creased signi -
ficantly at higher levels (3500 μatm; Appel hans et
al. 2012). Arm regeneration, righting response and
growth of Luidia clathrata were not affected by a
pCO2 of 780 μatm (Schram et al. 2011), and metabo-
lism was not significantly changed by a pH of 7.8
(pCO2 of about 750 μatm) in Parvulastra exigua
(McElroy et al. 2012). These observations for adults
are in line with the results reported for juveniles of
Pisaster ochraceaus, showing that moderate pCO2

(780 μatm, pH 7.7) slightly increases growth (Good-
ing et al. 2009).

In contrast, early planktonic life stages of the sea
stars Patiriella regularis and Odontaster validus suf-
fer from moderately elevated pCO2 and exhibited
reduced developmental performance and survival
(Gonzales-Bernat et al. 2013, Byrne et al. 2013). In a
lecithotrophic species, however, elevated pCO2 en -
hanced growth in both non-calcified larvae and cal-
cifying juveniles (Dupont et al. 2010a).

The present study addresses the questions whether
(1) juvenile A. rubens react more sensitively to ele-
vated pCO2 than adults and (2) whether long-term
acclimation can lead to a recovery in performance.
We first performed a 39 wk experiment in order to
test for long-term acclimation. Secondly, a 6 wk
experiment was conducted as replication, using
slightly older animals from another year and slightly
later in the season. This allowed for a comparison of
all sea stars’ growth, feeding and activity between
the 2 experiments. Additionally, the short-term ex -
periment provided results from physiological para -
meters in order to further understand physiological
mechanisms underlying growth.

MATERIALS AND METHODS

The long-term experiment with an experimental
duration of 39 wk (Expt 1) was performed from Sep-
tember 2009 until June 2010, and the short-term
experiment with an experimental duration of 6 wk
(Expt 2) was performed from October to December
2010 at the GEOMAR institute in Kiel, Germany. In
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both experiments, we investigated growth, feeding
rates and prey size preferences. Metabolic rates and
the budgeting of physiological energetics were de -
termined in the short-term experiment only.

Organism collection

For Expt 1, juvenile Asterias rubens were sampled
on 31 August 2009 in Kiel Fjord (western Baltic Sea)
via manual collection from up to 1 m water depth.
The sea stars were selected to be of a size of 9.5 ±
1 mm (range: 8 to 11.5 mm) in outer diameter (longest
distance of arm tips) and weighed 68.5 ± 17.1 mg wet
mass (WM; range: 42 to 113 mg). The sea stars for
Expt 2 were sampled later in the season from 4 to 7
October 2010 in Kiel Fjord. Therefore, sea stars were
slightly larger with 21.5 ± 3.5 mm (range: 18 to
25 mm) and weighed 447.78 ± 129.30 mg WM (range:
270 to 860 mg). In both experiments, specimens were
stored in a large tank with aerated flow-through
water from Kiel Fjord and fed ad libitum with living
mussels (Mytilus edulis) for 2 d (Expt 1) and 10 d
(Expt 2) prior to placing them individually in the ex -
perimental units (EUs). Subsequently, animals were
distributed randomly to the CO2 treatments, and
no significant differences in start size and wet mass
were detected.

Experimental incubations

The set-up of both experiments follows the one
described by Appelhans et al. (2012). We estab-
lished a flow-through of seawater (5 to 6 l h−1) that
was pumped from Kiel Fjord through sand filters
into 3 inter-connected header-tanks, and into the
EUs (2 l plastic aquaria). Three different treatment
levels were achieved by bubbling pressurised air
with 390, 1120 and 4000 ppm CO2 concentration
(high, medi um and low treatments, respectively)
into the header-tanks, and additionally into the EUs.
This led to mean calculated CO2 concentrations of
651, 1155 and 3484 μatm in Expt 1, and 690, 1102
and 3128 μatm in Expt 2. Each treatment level was
replicated 15 (Expt 1) or 18 (Expt 2) times. The
applied CO2 levels are ecologically relevant for
the investigated Asterias population since they are
within the ob served and predicted range of CO2

variability in Kiel Fjord (Thomsen et al. 2013).
They correspond to future annual mean values
(1120 μatm) and to pCO2 levels which are predicted
to occur in future up welling events in this region in

summer and autumn (4000 μatm; Melzner et al.
2013).

The treatment with elevated pCO2 resulted in an
undersaturation of the seawater with respect to cal-
cite and aragonite (Table 1). Temperature and salin-
ity varied according to the natural variability in Kiel
Fjord (Table 1).

Carbonate system monitoring

In both experiments, pHNBS (National Bureau of
Standards scale) was measured weekly using a WTW
pH meter and a Sentix 81 electrode. Temperature
and salinity were measured weekly (WTW Cond 340i
and a TetraCon 325 electrode). We calculated car-
bonate system parameters from water samples taken
from 3 randomly chosen EUs per treatment level on
a monthly (Expt 1) or weekly (Expt 2) basis. Water
samples were analysed for total dissolved inorganic
carbon (CT) and pHT (total scale) directly after each
sampling. CT was measured using an AIRICA system
(Marianda) via a LI-COR 7000 infra-red CO2/H2O
analyser.

Measured CT values were corrected using the
Dickson seawater standard as reference material
(Dickson et al. 2003). pHT was determined in a water
bath (21.6°C) using a Metrohm 6.0262.100 electrode
calibrated with Tris/AMP seawater buffers mixed for
a salinity of 15. Carbonate system parameters were
calculated from measured values using CO2SYS
(Pierrot et al. 2006). The values for K1, K2 and KHSO4

constants were chosen according to Roy et al. (1993)
(see Table 1 for values).

Growth and calcification

We monitored the sea stars’ length (maximum
diameter between opposing arm tips, determined
via a caliper) and biomass increase (wet mass, WM)
every 6th week and at the end of the experimental
period in Expt 1 and weekly in Expt 2.

Eleven (Expt 1) and 18 (Expt 2) sea stars per treat-
ment level were stored at −20°C for 2 d, then dried at
80°C for a minimum of 24 h and, subsequently,
placed in a muffle furnace at 500°C for 24 h. Skeletal
calcification was determined by calculating the ash
weight to dry weight ratio. Since pilot studies showed
no significant size-dependent differences of calcified
structures in specimens from Kiel Fjord in the size
range of the experimental specimens (r2 = 0.10, p =
0.09), values were not corrected for sea star biomass.
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Feeding

Sea stars were fed ad libitum with living M. edulis
from their original habitat. Five to six equally sized
mussels were offered at the same time and were sub-
stituted by fresh specimens weekly or sooner, if
entirely consumed. The mussel size offered was
adjusted to sea star size at the time of feeding. In
Expt 1, mussel size was chosen to be equal to and, in
Expt 2, to be 10.0 ± 1.0 mm smaller than the total sea
star diameter, since larger A. rubens are known to
consume mussels of up to their own body size (Som-
mer et al. 1999).

To evaluate the prey mass consumed, 5 mussels of
each size class were frozen and soft tissue (somatic)
dry mass was determined.

At the end of Expt 1, a feeding preference assay
was performed to assess whether the stress treatment
affected the preferably chosen mussel size (mean ±
SD). Mussels of the size classes 10.0 (±1.0), 20.0
(±1.0), 30.0 (±1.5) and 40.0 (±1.5) mm were fed ad
libitum to A. rubens, and the number of mussels con-
sumed in each size class was documented. The sea
stars were left to feed for 27 d. Of each size class 10
mussels were again analysed for soft tissue dry
weight prior to the feeding preference assay in order
to calculate the total amount of soft tissue consumed
by each sea star.

To compare weight-corrected feeding across treat-
ment levels in Expt 2, the weight differences be -
tween experimental animals from the different
 treatment levels had to be considered. To avoid
weight-dependent bias, only the consumption rates
of 12 sea stars per treatment level, which did not sig-
nificantly differ in weight, were used for the feeding
assays. We then calculated mean weight-corrected
consumption rates (wccr) such that:

(1)

Righting response

Righting responses were determined at the end of
Expts 1 & 2 and additionally after 3 wk in Expt 2.
Individuals were placed on their aboral side. The
time needed for the righting process was then meas-
ured. This includes the time to turn back to the oral
side, the placement of all arms back on the aquarium
floor and the latency period before turning activity
commenced. This was done 3 times in Expt 1 and
once in Expt 2. As larger animals need more time for

wccr =
Mussel dry weight consumed wk

Sea star wet weight in the respective week
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righting, the time required by each individual was
corrected for biomass using a size factor. This size
factor was achieved by measuring the righting
response of 25 A. rubens specimens ranging in size
from 0.2 to 15 g wet mass that were collected directly
from the fjord. The natural relationship between bio-
mass and righting response was:

Righting (seconds needed to turn around) = 
19.1 × biomass (g wet mass) + 72.7

(r2 = 0.64, p < 0.001)
(2)

The righting response was then given as a cor-
rected righting response (crr):

(3)

Aerobic metabolism

In Expt 2, respiration rates of the sea stars were
determined in closed 250 ml glass respirometers,
which were kept at a constant temperature of 13°C in
a water bath. Prior to the placement of an animal into
the respirometer, it was filled with 0.2 μm filtered
seawater equilibrated to treatment pCO2. A mag-
netic stirrer was used to gently mix the water body
within the respirometer. Decreasing oxygen concen-
trations of the water were recorded using O2-sensi-
tive dye spots glued onto the inner side of the
respirometer and an optic fibre connected to an Oxy-
4-mini instrument (Presens). Two-point calibration
was performed with air-saturated water for 100%
and using 100 mg Na2SO4 per 10 ml of water for the
0% point calibration, according to the manufac-
turer’s instructions. Depending on animal size, meas-
urements lasted for 1.5 to 3 h in order to prevent
 oxygen concentration from falling below 90% air sat-
uration. Following the respiration measurement, the
animal was removed from the respirometer. Two
duplicate water samples were taken for determina-
tion of NH4

+ excretion rates prior to and at the end of
the incubation period. Subsequently, the small water
deficit (10 ml) was replenished with filtered seawater
and the respirometer was closed again to measure
bacterial background respiration over 30 min, in
which the bacterial control decreased by about 1%
air saturation. For calculation of oxygen consump-
tion, the linear decrease of the O2-concentration was
considered for further analysis and bacterial respira-
tion was subtracted. In 2 cases with measurements of
very small sea stars (wet mass: 0.2 to 0.3 g), bacterial
respiration exceeded total respiration. In order not to

bias the outcome towards high values by deleting
these apparent outliers, the lowest negative value in
O2-consumption (net production) was used as the
system error and added to all end-values. Sea star
respiration is known to vary non-linearly with body
mass (e.g. Cole & Burggren 1981). In order to account
for size-dependent differences in respiration rates
and size differences between treatment levels, only
respiration rates of 12 sea stars per treatment level,
which did not significantly differ in weight, were
used for comparison.

NH4
+ excretion

In Expt 2, NH4
+ excretion rates were calculated

from the differences in NH4
+ concentrations meas-

ured in the water before and following the respira-
tion measurement. Two 10 ml water samples were
taken before and after sea star incubation. Measure-
ments of NH4

+ concentration were performed accord-
ing to Holmes et al. (1999) by addition of 2.5 ml of a
reagent containing orthophthaldialdehyde, Na2SO3

and Na2B4O7 · 10 H2O. Samples were measured
using a Kontron SFM25 fluorometer (Kontron Instru-
ments) at excitation and emission wavelengths of 360
and 422 nm, respectively, 2 h after addition. The O:N
ratio was calculated by dividing the molar oxygen
consumption rate by the molar NH4

+ excretion rate.
As with metabolic rate determinations, only data of
the same 12 equally sized sea stars per treatment
level were analysed.

Scope for growth

The energy available for growth processes (scope
for growth, SfG) was calculated for the last 2 wk of
the experimental phase of Expt 2 according to the
formula:

SfG = E – R – U (4)

where E is the energy uptake by feeding, R is the
energy turnover by respiration and U is the energy
turnover by ammonium excretion.

Energy uptake by consumption of mussel dry mass
(18.85 J mg−1) was calculated according to Brey et al.
(1988), and estimates on the energy turnover by respi-
ration (0.45 J μmol−1 O2) and excretion (0.347 J μmol−1

NH4
+ excreted) were taken from Gnaiger (1983) and

Elliott & Davison (1975), respectively. Biomass gain of
sea stars was converted into energy equivalents using
9.46 J mg−1 according to Brey et al. (1988).

ccr =
Measured righting response

Righting response of non-treated star of equal size
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Statistical analyses

Data were analysed using repeated-measures
ANOVA for growth, food consumption and the range
of mussels consumed in the feeding assay (Expt 1).
One-way ANOVA was conducted for all other com-
parisons, using Tukey’s HSD (honestly significant
difference) post hoc test. Correlation of energy up -
take and biomass production was analysed using
ANOVA. All data were initially tested for normal
 distribution using the Shapiro-Wilk’s W-test. If data
were non-normally distributed, the Box-Cox pro -
cedure identified the simplest transformation to
achieve normality. Homogeneity of variances was as -
ses sed using Levene’s test. If data did not meet re -
quirements of sphericity (Mauchly‘s test), p-values
were corrected using the Greenhouse-Geisser correc-
tion. If the required assumptions were not achieved,
parametric tests were carried out with a lowered α-
level of significance to p < 0.01 (see e.g. Underwood
1997, Wakefield & Murray 1998). Percentage data
were arcsine square-root transformed before attempt-
ing other transformation. If missing data values re -
sulted in an unbalanced design, random values of
other treatment levels were deleted to achieve
 balance.

RESULTS

Mortality, growth and calcification (Expts 1 & 2)

Only 2 cases of mortality occurred (Expt 1). Here, 1
out of 15 sea stars (Asterias rubens) died at each of
the low and high treatment levels.

In Expt 1, the significantly greatest biomass gain
was observed under low conditions, with a 2-fold de -
crease in biomass gain at the intermediate level and
a 5-fold decrease at the high pCO2 level (Fig. 1a,
Table 2). The biomass of specimens at the low and
high treatment levels differed significantly from
Week 24 onwards, while the biomass of sea stars at
the low and intermediate treatment levels differed
from Week 39 onwards (Fig. 1a, Table 2).

Over the 6 wk period of Expt 2, the gain in bio-
mass was significantly highest at low conditions,
with a 3-fold decrease at the high pCO2 level
(Fig. 1b, Table 2). Sea stars at the low treatment
level differed significantly from those at the high
level from Week 4 onwards (Fig. 1b, Table 2). At
intermediate pCO2, individuals did not differ signifi-
cantly either from the low or the high levels until
the end of the experiment.

In both experiments, the mean biomass was at all
times lowest in sea stars from the high pCO2 level
and highest in the low pCO2 treatments (Fig. 2). Cal-
cification (% of calcified material of total dry weight)
did not significantly differ between the different
treatments in either experiment (Table 2).

Feeding (Expts 1 & 2)

In the feeding assay of Expt 1, mussel (Mytilus edu -
lis) consumption rates by sea stars were 5 times
higher in the low pCO2 treatment in comparison to
the intermediate level and 9 times higher than at the
high level (p < 0.0001; Fig. 2a, Table 2). The con-
sumption during the assay was not correlated to the
initial size of the sea star, but was affected by pCO2

treatment.
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Fig. 1. Asterias rubens. Mean growth of sea stars over (a)
39 wk (Expt 1) and (b) 6 wk (Expt 2) at different pCO2

treatment levels (see Table 1; d: low, s: intermediate, z:
high). Vertical bars denote ±95% CI. Groups with different
lowercase letters significantly differ at p ≤ 0.01 (repeated-

measures ANOVA, Tukey’s HSD)
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There was no significant interaction between con-
sumed mussel sizes and treatment level of sea stars
in the feeding assay of Expt 1 (Fig. 2c, Table 2). Nev-
ertheless, sea stars from the intermediate and high
treatment levels almost exclusively consumed mus-
sels of the 2 cm size class, while sea stars from the
low CO2 level primarily consumed mussels of the 3
and 4 cm size classes.

In Expt 2, the overall mean consumption over the
6 wk period differed significantly only between the
low and high treatment levels (Fig. 2b, Table 2). Sea
stars at 690 μatm consumed twice as much biomass
as sea stars at 3128 μatm. Consumption levels of
mussels followed a less consistent pattern over time
(Fig. 2d, Table 2) than did the sea star’s growth. Sig-
nificant differences between groups in terms of the
amount of biomass consumed per week changed on a
weekly basis.

When consumption rates were corrected for
weight, there was no significant difference in con-
sumption between pCO2 levels (Table 2).

Righting response (Expt 2)

The period for the righting itself increased with
size. Therefore, righting time was corrected for size
using a correlation obtained from control animals
collected in the field. Sea stars from all pCO2 treat-
ments were able to turn back on their oral side.

Righting time was highly variable for the individuals,
but was not impacted by pCO2 treatment either in
Expt 1 or in Expt 2 (Table 2).

Respiration, NH4
+ excretion and scope for growth

(Expt 2)

No significant differences in respiration and NH4
+

excretion rates were found between the pCO2 treat-
ments in Expt 2 (Table 2). As a result, the O:N ratio
did not differ significantly between treatments (p >
0.05; Table 2).

The SfG among sea stars at the low pCO2 level was
4 times higher than that for sea stars at the high level
(Fig. 3a, Table 2). The growth efficiency of biomass
gain of sea stars in relation to their energy uptake did
not differ significantly between the pCO2 treatments
(Fig. 3b, Table 2).

DISCUSSION

Effects at the species level

Our study reveals that juvenile sea stars (Asterias
rubens) react sensitively to increased pCO2. Whereas
survival was not affected even at moderately elevated
pCO2 levels, we observed significant reductions in
food consumption and growth. Calcification does not
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                                                                                                α                df             MS                 F                  p              Partial η2

Long-term experiment (Expt 1)
Increase in biomass — over time                                        0.01             14        23800000         15.06         <0.0001            0.46
Righting response                                                               0.05              2             0.05              1.46             0.25                0.07
Mussel consumption — total                                               0.01              2           232.14           18.00         <0.0001            0.50
Mussel consumption — per size class (interactions)         0.01              6             1.55              1.75             0.12                0.12
Calcification                                                                         0.05              2             0.40              0.02             0.99             <0.01

Short-term experiment (Expt 2)
Increase in biomass — over time (interactions)                 0.01             12            0.19              6.19          <0.0001            0.20
Righting response Week 3                                                  0.05              2             0.01              0.22              0.8                 0.09
Righting response Week 6                                                  0.05              2             0.31              2.45              0.1                 0.01
Mussel consumption — total                                               0.01              2             9.68              6.54            <0.01              0.20
Mussel consumption — over time (interactions)               0.01             10          295.94            2.66            <0.01              0.09
Weight-corrected mussel consumption                             0.01              2             1.00              1.03             0.37                0.05
Respiration                                                                           0.05              2             1.24              0.58             0.56                0.03
NH4

+ excretion                                                                    0.05              2             0.64              0.75             0.48                0.04
O:N ratio                                                                              0.05              2             0.98              0.03             0.97             <0.01
Scope for growth                                                                 0.01              2         88253.00          6.60            <0.01              0.23
Growth efficiency                                                                0.05              2          4250000           2.31             0.11                0.26
Calcification                                                                         0.01              2           120.70            0.48             0.62                0.01

Table 2. ANOVA and ANCOVA results. Analyses performed with different response variables and the dependent fixed factor
pCO2 (3 levels). For non-parametric data, the α-level was adjusted to 0.01. Bold: statistically significant results (p ≤ 0.01)
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seem to be directly affected by elevated pCO2, but is
indirectly reduced due to decreased growth rates, re-
sulting from overall energy limitation by lowered
feeding. However, due to the variance response be-
tween individuals, significant differences be tween
low and intermediate pCO2 treatments were only ob-
served after a long experimental period of 39 wk. The
results of the present study using juvenile sea stars do
not seem to support the previously stated hypothesis
that the population in Kiel Fjord is pre-adapted to ele-
vated pCO2 and is, therefore, less impacted, at least
by moderate levels, of increased pCO2 (Appelhans et
al. 2012). Although collected from the same habitat,
the sensitivity of individual sea stars varied markedly.

As the planktonic larvae of sea stars can enter the
fjord via drift-water originating from the Kattegat
(Denmark), the settled juveniles do not necessarily
originate from the Kiel Fjord population itself. Speci-
mens in this area are exposed to not only variable
but also strongly elevated pCO2 levels of on average
700 μatm (Thomsen et al. 2013). Consequently, the
selection of CO2 tolerant specimens at the juvenile
stages may lead to higher overall performance at the
adult stage. In contrast, less tolerant and slow-grow-
ing specimens may not reach the adult life stage or
exhibit a normal size range; such specimens were
thus excluded from previous experiments because of
their small size (Appelhans et al. 2012).
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Fig. 2. Asterias rubens feeding on Mytilus edulis. At different treatment levels, mean consumption (a) and consumed num-
ber of mussels by size classes (b) during feeding assays following Expt 1, and mean consumption (c) and weekly consump-
tion (d) during the 6 wk experimental period of Expt 2. Vertical bars denote ±95% CI. (a,b) Results from 1-way ANOVA fol-
lowed by post hoc testing (Tukey’s HSD). (c,d) Results from repeated-measures ANOVA testing for interactions. Groups 

with different lowercase letters significantly differ at p ≤ 0.01
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During the entire long-term exposure period, no
signs of acclimation of growth performance were vis-
ible. Therefore, a shorter, mechanistic experiment
(Expt 2) was carried out in order to understand the
physiological reason for reduced growth at elevated
pCO2. The growth rates and growth rate differences
obtained between treatments were similar to those in
the long-term study. Slightly higher growth rates in
Expt 2 corresponded to higher mean temperatures
compared to Expt 1.

Similar to other studies on echinoderms, food con-
sumption was the process primarily affected by ele-
vated pCO2 (Siikavuopio et al. 2007, Stumpp et al.
2012, 2013), whereas the efficiency by which con-
sumed mussel biomass could be converted into sea
star biomass did not differ between pCO2 treatment
levels. As a consequence of lowered food consump-
tion and unchanged metabolic rates, the SfG de -

creased in the higher pCO2 treatments. Reduced
feeding rates may have resulted from a number of
physiological processes, but underlying mechanisms
need to be further investigated.

One explanation may be that the foraging activity
of sea stars is disturbed at higher pCO2 levels. The
righting response did not differ significantly between
different pCO2 treatment levels, suggesting that
movement capability was not impaired (Schram et al.
2011). Recent studies suggest, however, that foraging
behaviour of marine invertebrates, such as crusta -
ceans, is potentially altered under high pCO2, due to
a disturbance of olfactory sensing (Briffa et al. 2012).
Either the sensing of prey kairomones themselves
(Rochette et al. 1994) or the processing of sensory
information (Nilsson et al. 2012) may be im paired. In
both cases, foraging and subsequent feeding would
be reduced. Behavioural changes were not investi-
gated in the present study, but future research will
need to address this important question in detail.

It has previously been suggested that uncompen-
sated extracellular pH (pHe) in organisms exposed to
elevated pCO2 can lead to metabolic depression,
which, in turn, can cause growth reductions (Pörtner
et al. 2004, Michaelidis et al. 2005). A marginal down-
regulation of metabolic rates was observed for A.
rubens from a North Sea population (Collard et al.
2013). In the present study, however, sea stars main-
tained metabolic rates at similar levels in all treat-
ments, although pHe in this species generally de -
creases at elevated pCO2 (Hernroth et al. 2011,
Appelhans et al. 2012, Collard et al. 2013). This result
supports most studies concerning moderately ele-
vated pCO2 (1000 to 3000 μatm) in molluscs (Beniash
et al. 2010, Thomsen & Melzner 2010) as well as in
echinoderms (Wood et al. 2008, Stumpp et al. 2011,
2012, McElroy et al. 2012). Unchanged oxygen con-
sumption in our study evidenced that the overall
energy turnover was not affected. Shifts in the cel -
lular energy budget towards higher acid−base and
ion-regulatory demands under elevated pCO2 and a
concomitant reduction of, e.g., protein biosynthesis
cannot be excluded (Deigweiher et al. 2010). These
shifts, in turn, may lead to reductions of energetically
more costly processes such as feeding (McGaw &
Twitchit 2012), including mussel opening and diges-
tion (specific dynamic action of food [SDA]; McGaw
& Twitchit 2012). Characteristically, sea stars have
low basal metabolic rates and the feeding process
has a pronounced impact on the overall energy
budget as, compared to control rates, metabolic rates
increase >2-fold when actively feeding (Vahl 1984,
Hughes et al. 2011, McGaw & Twitchit 2012).
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Fig. 3. Asterias rubens. Mean scope for growth (a) of sea
stars during the last 2 wk of the 6 wk experimental period of
Expt 2 over the different treatment levels. Vertical bars de-
note ±95% CI. Results from 1-way ANOVA followed by post
hoc testing (Tukey’s HSD). Groups with different lowercase
letters significantly differ at p ≤ 0.01. (b) Energy equivalents
of consumed mussel (Mytilus edulis) biomass and biomass 

production of sea stars in Expt 2
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Elevated pCO2 might affect feeding rates due to an
impairment of the mussel opening process. Sea stars
’lock’ their endoskeleton to cause a mechanistic
rigidness when pulling mussel shells apart using
their tube feet (Christensen 1957, Norberg & Teden-
gren 1995). Therefore, the ambulacral arches play an
important role in the feeding process of sea stars
(Eylers 1976). The costs to mechanically open mus-
sels as primary prey constitute only about 3.5% of the
total SDA costs and are therefore negligible (McGaw
& Twitchit 2012). The mechanics of feeding, how-
ever, demand the presence of certain skeletal struc-
tures the growth of which might be impaired in juve-
nile sea stars under acidified conditions. Never the -
less, the endoskeleton of echinoderms has no direct
contact with the coelomic fluid, but is separated from
it through syncytial sclerocytes and an electron
dense, organic matrix coat (Märkel et al. 1989).
Therefore, low pHe and CaCO3 undersaturation in
the body fluid may only have limited effects on the
calcification process, even under highly elevated
seawater pCO2 (Appelhans et al. 2012, Stumpp et al.
2012). As we did not observe differences in the
CaCO3 content or structure between the CO2 treat-
ments, in contrast to results obtained by Gooding et
al. (2009), a mechanical impairment of the feeding
process was not likely to be responsible for reduced
feeding rates. This is also supported by recent find-
ings, revealing that calcification processes in sea
urchins and mechanical properties of the tube feet of
A. rubens are basically unaffected by ocean acidifi-
cation (Collard et al. 2013, LaVigne et al. 2013).

Sea stars produce their digestive enzymes, such as
proteases and amylases, in the pyloric caeca, which
are surrounded by coelomic fluid (Peng & Williams
1973, Williams 1975). These enzymes are either ex -
creted into the stomach for extracellular digestion or
remain in the caeca, where intracellular digestion
and storage of nutrients takes place (Holzman et al.
1985). Especially proteases, such as trypsin, show
optimal activity at alkaline pH values between 8 and
9 to 10, and their activity may decrease at lower pHe
levels at the site of extracellular digestion (Neurath &
Winter 1970, Adelung 1971, Peng & Williams 1973).
In contrast, mobilization of lipid stores in the pyloric
caeca might not be affected, as pH optima for, e.g.,
triacylglycerol lipase activity are at much lower pH
levels (pH 6 to 7; Oudejans et al. 1983). The observed
lack of acclimation in the present long-term study
might be explained by the fact that enzymatic pH
optima do not change at the scale of an individual’s
life span. According to recent results for echinoderm
larvae, which show a reduction of enzyme activity

due to ocean acidification-induced stomach acidosis
(Stumpp et al. 2013), this process could have caused
reductions of feeding efficiency in A. rubens in the
present study. This hypothesis, however, cannot ex -
plain increased food consumption by potentially
compensatory feeding as observed in another sea
star species at moderately elevated pCO2 (780 μatm;
Gooding et al. 2009).

Consequences at the ecosystem level

Seawater acidification has the potential to change
ecosystem structures (Hall-Spencer et al. 2008). At
the same time, many coastal habitats are charac-
terised by high present-day pCO2 variability, which
does not necessarily cause the absence of calcifying
organisms (Thomsen et al. 2010, 2013). Seasonally
high pCO2 levels occur naturally, and these will be
further amplified by the synergistic effects of coastal
hypoxia and future atmospheric CO2 increases,
resulting in much higher pCO2 levels than could be
expected from simple equilibration of oceanic water
with increasing atmospheric CO2 concentrations
(Melzner et al. 2013). As a consequence, the pCO2

levels tested in the present study will be reached reg-
ularly during summer (>1000 μatm) and might even
be exceeded during extensive upwelling events,
with levels of up to 4500 μatm in autumn (Thomsen et
al. 2010, Melzner et al. 2013).

Our study indicates that the overall feeding pres-
sure by sea stars on mussels (M. edulis) in the west-
ern Baltic can be expected to decrease with increas-
ing seawater acidification. Since A. rubens is among
the most important predators controlling the distribu-
tion and abundance of this dominant filter feeder
(Enderlein & Wahl 2004), considerable consequences
on the ecosystem level can be expected in the future.

In our study, no acclimation of feeding and growth
rates was observed during a 39 wk period, which
suggests an unlikely recovery at even longer time
scales. However, trans-generational acclimation may
partly mitigate the impact of acidification (Miller et
al. 2012, Dupont et al. 2013). In seasonally acidified
habitats such as Kiel Fjord, selection of adapted phe-
notypes during the early benthic life stage might lead
to a more acidification-resistant population, as ob -
served for the adult life stage (Sanford & Kelly 2011,
Appelhans et al. 2012). If CO2 tolerance is heritable,
selection pressure could lead to adaptation to ele-
vated pCO2 conditions over several generations
(Sunday et al. 2011). However, apart from acidifica-
tion, several abiotic factors such as warming and
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desalination will impact the Baltic ecosystem simul-
taneously, which might exceed the species’ potential
for adaptation (Gräwe et al. 2013). Future research
needs to investigate the synergistic effects on this
key species in a multi-stressor approach.

CONCLUSIONS

We conclude that A. rubens from the Baltic Sea is
more strongly affected by seawater acidification than
previously thought. Nevertheless, survival was not
lowered even under heavily acidified conditions dur-
ing long-term exposure. Overall, growth strongly de -
clined with increasing pCO2 as a consequence of re -
duced food uptake, and even during long-term
ex  posure sea stars did not acclimate. The slower
growth of juvenile A. rubens under high pCO2 may
lead to reduced re production, with corresponding
demographic consequences at the population level.
Since very few predators prey on A. rubens in the
western Baltic Sea (Nauen 1979), retarded growth
will not enhance mortality (by consumers), but could
trigger top-down effects. Nevertheless, we detected
individual variability in the responses, with some
individuals ex hibiting high growth rates and devel-
opment into adult stages even at highly elevated
pCO2 levels. Selection pressure on resistant geno-
types may thus lead to adaptation in the A. rubens
population to elevated pCO2.
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