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ABSTRACT: Ocean acidification has the potential to affect growth and calcification of benthic
marine invertebrates, particularly during their early life history. We exposed field-collected juveniles of Asterias rubens from Kiel Fjord (western Baltic Sea) to 3 seawater CO2 partial pressure
(pCO2) levels (ranging from around 650 to 3500 μatm) in a long-term (39 wk) and a short-term
(6 wk) experiment. In both experiments, survival and calcification were not affected by elevated
pCO2. However, feeding rates decreased strongly with increasing pCO2, while aerobic metabolism and NH4+ excretion were not significantly affected by CO2 exposure. Consequently, high
pCO2 reduced the scope for growth in A. rubens. Growth rates decreased substantially with
increasing pCO2 and were reduced even at pCO2 levels occurring in the habitat today (e.g. during
upwelling events). Sea stars were not able to acclimate to higher pCO2, and growth performance
did not recover during the long-term experiment. Therefore, the top-down control exerted by this
keystone species may be diminished during periods of high environmental pCO2 that already
occur occasionally and will be even higher in the future. However, some individuals were able to
grow at high rates even at high pCO2, indicating potential for rapid adaption. The selection of
adapted specimens of A. rubens in this seasonally acidified habitat may lead to higher CO2 tolerance in adult sea stars of this population compared to the juvenile stage. Future studies need to
address the synergistic effects of multiple stressors such as acidification, warming and reduced
salinity, which will simultaneously impact the performance of sea stars in this habitat.
KEY WORDS: Ocean acidification · CO2 · Predation · Metabolism · Calcification · Sea star ·
Asterias rubens · Selection · Juvenile
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INTRODUCTION
Seawater acidification, driven by increasing atmospheric 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, already exhibit a large variability in CO2 partial pres*Corresponding author: jthomsen@geomar.de
**Both authors have contributed equally to the study and
are both considered first authors

sure (pCO2) and pH today. The levels, at least transiently, approach or even exceed the predicted shift
over the next decades 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 habitat with elevated and fluctuating levels of pCO2
(Thomsen et al. 2010, 2013, Saderne et al. 2013).
During summer and autumn, the strong stratification of the water column in the Baltic inhibits gas
© Inter-Research 2014 · www.int-res.com
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exchange between bottom water and atmosphere,
leading to a low pO2 and high pCO2 below the
pycnocline. Occasional upwelling of these water
masses can drastically elevate surface pCO2 to levels
exceeding 3000 μatm (Thomsen et al. 2010, 2013).
Similar carbonate system fluctuations by, e.g., upwelling events have been reported for a number of
coastal and estuarine environments worldwide (Feely
et al. 2010, Waldbusser et al. 2011). Future increases
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 calcifiers (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 sensitive 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-generational acclimation to elevated pCO2 on egg production and larval performance have been reported
for echinoderms and molluscs, indicating that longterm 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 (Thomsen & 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 biomass constitutes up to 12% of the entire biomass of
benthic macroinvertebrates in Kiel Bight (Nauen
1979). Therefore, any negative impact on this species 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), knowledge about the impacts of environmental stress on this species is of great ecological 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 reduced: in a 10 wk experimental trial with adult specimens of A. rubens from Kiel Fjord, food consumption
and growth rates were not impacted by a moderately
elevated pCO2 of 1250 μatm, but decreased significantly at higher levels (3500 μatm; Appelhans 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 metabolism 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 (Gooding et al. 2009).
In contrast, early planktonic life stages of the sea
stars Patiriella regularis and Odontaster validus suffer 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 enhanced growth in both non-calcified larvae and calcifying juveniles (Dupont et al. 2010a).
The present study addresses the questions whether
(1) juvenile A. rubens react more sensitively to elevated 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 experiment provided results from physiological parameters 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 September 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 determined 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 experimental 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 established 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, medium 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 observed 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 upwelling events in this region in
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summer and autumn (4000 μatm; Melzner et al.
2013).
The treatment with elevated pCO2 resulted in an
undersaturation of the seawater with respect to calcite and aragonite (Table 1). Temperature and salinity 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 carbonate 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 (C T ) 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 treatment 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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1.58 ± 0.19
1.22 ± 0.49
0.41 ± 0.05
0.94 ± 0.11
0.72 ± 0.30
0.24 ± 0.03
2015.29 ± 59.48
2048.68 ± 68.15
2079.28 ± 67.64
689.56 ± 79.81
1101.57 ± 387.58
3128.39 ± 217.29
13.37 ± 0.44
13.33 ± 0.41
13.34 ± 0.38
7.86 ± 0.05
7.72 ± 0.13
7.24 ± 0.04

16.66 ± 1.23
16.66 ± 1.25
16.65 ± 1.67

1.44 ± 0.37
0.88 ± 0.33
0.27 ± 0.04
0.85 ± 0.23
0.52 ± 0.20
0.16 ± 0.02
2075.09 ± 140.80
2059.87 ± 107.15
2029.91 ± 111.97
650.69 ± 153.63
1155.26 ± 385.33
3483.86 ± 429.93
16.99 ± 2.16
16.61 ± 2.18
16.98 ± 2.15
9.00 ± 3.94
9.03 ± 3.94
9.00 ± 3.94
7.85 ± 0.07
7.64 ± 0.12
7.17 ± 0.05

Measured
pH
Temperature
(total scale)
(°C)

Salinity

pCO2
(μatm)

Calculated
AT
Ωaragonite
(μmol kgseawater−1)

Ωcalcite

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 substituted 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 (Sommer 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 consumed 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 treatment levels in Expt 2, the weight differences between 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 significantly differ in weight, were used for the feeding
assays. We then calculated mean weight-corrected
consumption rates (wccr) such that:

CT
(μmol kgseawater−1)

2041.30 ± 131.57
2079.30 ± 106.24
2172 ± 137.96

1967. 37 ± 55.06
2030.88 ± 61.18
2195.73 ± 64.52

Expt 1
390 (low)
1120 (intermediate)
4000 (high)

Expt 2
390 (low)
1120 (intermediate)
4000 (high)

wccr =

pCO2 of
pressurised air
(μatm)

Table 1. Measurements and calculations of the water carbonate system for the different treatment levels in Expts 1 & 2. Water pCO2, total alkalinity (AT), saturation of
calcite (Ωcalcite) and aragonite (Ωaragonite) were calculated using measured total dissolved inorganic carbon (CT) and pH values, as well as temperature and salinity values
of the respective experimental units on the day of measurement, with the CO2SYS macro for low salinities (Pierrot et al. 2006). Values are means ± SD
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Mussel dry weight consumed wk –1
Sea star wet weight in the respective week

(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 measured. 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
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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 biomass and righting response was:
Righting (seconds needed to turn around) =
19.1 × biomass (g wet mass) + 72.7
(2)
(r2 = 0.64, p < 0.001)
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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.

The righting response was then given as a corrected righting response (crr):
NH4+ excretion
Measured righting response
ccr =
Righting response of non-treated star of equal size
In Expt 2, NH4+ excretion rates were calculated
(3)
from the differences in NH4+ concentrations measured in the water before and following the respiration measurement. Two 10 ml water samples were
Aerobic metabolism
taken before and after sea star incubation. MeasureIn Expt 2, respiration rates of the sea stars were
ments of NH4+ concentration were performed according to Holmes et al. (1999) by addition of 2.5 ml of a
determined in closed 250 ml glass respirometers,
reagent containing orthophthaldialdehyde, Na2SO3
which were kept at a constant temperature of 13°C in
and Na2B4O7 · 10 H2O. Samples were measured
a water bath. Prior to the placement of an animal into
using a Kontron SFM25 fluorometer (Kontron Instruthe respirometer, it was filled with 0.2 μm filtered
ments) at excitation and emission wavelengths of 360
seawater equilibrated to treatment pCO2. A magnetic stirrer was used to gently mix the water body
and 422 nm, respectively, 2 h after addition. The O:N
within the respirometer. Decreasing oxygen concenratio was calculated by dividing the molar oxygen
trations of the water were recorded using O2-sensiconsumption rate by the molar NH4+ excretion rate.
tive dye spots glued onto the inner side of the
As with metabolic rate determinations, only data of
respirometer and an optic fibre connected to an Oxythe same 12 equally sized sea stars per treatment
4-mini instrument (Presens). Two-point calibration
level were analysed.
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 manufacScope for growth
turer’s instructions. Depending on animal size, measurements lasted for 1.5 to 3 h in order to prevent
The energy available for growth processes (scope
oxygen concentration from falling below 90% air satfor growth, SfG) was calculated for the last 2 wk of
uration. Following the respiration measurement, the
the experimental phase of Expt 2 according to the
animal was removed from the respirometer. Two
formula:
duplicate water samples were taken for determinaSfG = E – R – U
(4)
tion of NH4+ excretion rates prior to and at the end of
the incubation period. Subsequently, the small water
where E is the energy uptake by feeding, R is the
deficit (10 ml) was replenished with filtered seawater
energy turnover by respiration and U is the energy
and the respirometer was closed again to measure
turnover by ammonium excretion.
bacterial background respiration over 30 min, in
Energy uptake by consumption of mussel dry mass
which the bacterial control decreased by about 1%
(18.85 J mg−1) was calculated according to Brey et al.
(1988), and estimates on the energy turnover by respiair saturation. For calculation of oxygen consumpration (0.45 J μmol−1 O2) and excretion (0.347 J μmol−1
tion, the linear decrease of the O2-concentration was
NH4+ excreted) were taken from Gnaiger (1983) and
considered for further analysis and bacterial respiraElliott & Davison (1975), respectively. Biomass gain of
tion was subtracted. In 2 cases with measurements of
sea stars was converted into energy equivalents using
very small sea stars (wet mass: 0.2 to 0.3 g), bacterial
9.46 J mg−1 according to Brey et al. (1988).
respiration exceeded total respiration. In order not to
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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 comparisons, using Tukey’s HSD (honestly significant
difference) post hoc test. Correlation of energy uptake 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 procedure identified the simplest transformation to
achieve normality. Homogeneity of variances was assessed using Levene’s test. If data did not meet requirements of sphericity (Mauchly‘s test), p-values
were corrected using the Greenhouse-Geisser correction. If the required assumptions were not achieved,
parametric tests were carried out with a lowered αlevel of significance to p < 0.01 (see e.g. Underwood
1997, Wakefield & Murray 1998). Percentage data
were arcsine square-root transformed before attempting other transformation. If missing data values resulted in an unbalanced design, random values of
other treatment levels were deleted to achieve
balance.

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). Calcification (% 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 edulis) 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 consumption during the assay was not correlated to the
initial size of the sea star, but was affected by pCO2
treatment.

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 decrease 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 biomass 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 significantly either from the low or the high levels until
the end of the experiment.

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 (repeatedmeasures ANOVA, Tukey’s HSD)
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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)
α

df

MS

F

p

Partial η2

Long-term experiment (Expt 1)
Increase in biomass — over time
Righting response
Mussel consumption — total
Mussel consumption — per size class (interactions)
Calcification

0.01
0.05
0.01
0.01
0.05

14
2
2
6
2

23800000
0.05
232.14
1.55
0.40

15.06
1.46
18.00
1.75
0.02

< 0.0001
0.25
< 0.0001
0.12
0.99

0.46
0.07
0.50
0.12
< 0.01

Short-term experiment (Expt 2)
Increase in biomass — over time (interactions)
Righting response Week 3
Righting response Week 6
Mussel consumption — total
Mussel consumption — over time (interactions)
Weight-corrected mussel consumption
Respiration
NH4+ excretion
O:N ratio
Scope for growth
Growth efficiency
Calcification

0.01
0.05
0.05
0.01
0.01
0.01
0.05
0.05
0.05
0.01
0.05
0.01

12
2
2
2
10
2
2
2
2
2
2
2

0.19
0.01
0.31
9.68
295.94
1.00
1.24
0.64
0.98
88253.00
4250000
120.70

6.19
0.22
2.45
6.54
2.66
1.03
0.58
0.75
0.03
6.60
2.31
0.48

< 0.0001
0.8
0.1
< 0.01
< 0.01
0.37
0.56
0.48
0.97
< 0.01
0.11
0.62

0.20
0.09
0.01
0.20
0.09
0.05
0.03
0.04
< 0.01
0.23
0.26
0.01

There was no significant interaction between consumed mussel sizes and treatment level of sea stars
in the feeding assay of Expt 1 (Fig. 2c, Table 2). Nevertheless, sea stars from the intermediate and high
treatment levels almost exclusively consumed mussels 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. Significant 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 consumption between pCO2 levels (Table 2).

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 treatments 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
Righting response (Expt 2)

Effects at the species level

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 treatments were able to turn back on their oral side.

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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Fig. 2. Asterias rubens feeding on Mytilus edulis. At different treatment levels, mean consumption (a) and consumed number of mussels by size classes (b) during feeding assays following Expt 1, and mean consumption (c) and weekly consumption (d) during the 6 wk experimental period of Expt 2. Vertical bars denote ± 95% CI. (a,b) Results from 1-way ANOVA followed 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

seem to be directly affected by elevated pCO2, but is
indirectly reduced due to decreased growth rates, resulting from overall energy limitation by lowered
feeding. However, due to the variance response between individuals, significant differences between
low and intermediate pCO2 treatments were only observed 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 elevated 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. Specimens 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-growing 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. 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 denote ± 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

During the entire long-term exposure period, no
signs of acclimation of growth performance were visible. 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 consumption was the process primarily affected by elevated pCO2 (Siikavuopio et al. 2007, Stumpp et al.
2012, 2013), whereas the efficiency by which consumed mussel biomass could be converted into sea
star biomass did not differ between pCO2 treatment
levels. As a consequence of lowered food consumption and unchanged metabolic rates, the SfG de-
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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 crustaceans, 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 impaired. In
both cases, foraging and subsequent feeding would
be reduced. Behavioural changes were not investigated in the present study, but future research will
need to address this important question in detail.
It has previously been suggested that uncompensated 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 downregulation of metabolic rates was observed for A.
rubens from a North Sea population (Collard et al.
2013). In the present study, however, sea stars maintained metabolic rates at similar levels in all treatments, although pHe in this species generally decreases at elevated pCO2 (Hernroth et al. 2011,
Appelhans et al. 2012, Collard et al. 2013). This result
supports most studies concerning moderately elevated 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 consumption in our study evidenced that the overall
energy turnover was not affected. Shifts in the cellular 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 digestion (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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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 & Tedengren 1995). Therefore, the ambulacral arches play an
important role in the feeding process of sea stars
(Eylers 1976). The costs to mechanically open mussels as primary prey constitute only about 3.5% of the
total SDA costs and are therefore negligible (McGaw
& Twitchit 2012). The mechanics of feeding, however, demand the presence of certain skeletal structures the growth of which might be impaired in juvenile sea stars under acidified conditions. Nevertheless, 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 treatments, 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 findings, revealing that calcification processes in sea
urchins and mechanical properties of the tube feet of
A. rubens are basically unaffected by ocean acidification (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 excreted 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 explain 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 characterised 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 regularly 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 pressure by sea stars on mussels (M. edulis) in the western Baltic can be expected to decrease with increasing seawater acidification. Since A. rubens is among
the most important predators controlling the distribution 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 phenotypes during the early benthic life stage might lead
to a more acidification-resistant population, as observed for the adult life stage (Sanford & Kelly 2011,
Appelhans et al. 2012). If CO2 tolerance is heritable,
selection pressure could lead to adaptation to elevated pCO2 conditions over several generations
(Sunday et al. 2011). However, apart from acidification, several abiotic factors such as warming and
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desalination will impact the Baltic ecosystem simultaneously, which might exceed the species’ potential ➤ Brey T, Rumohr H, Ankar S (1988) Energy content of macrobenthic invertebrates — general conversion factors from
for adaptation (Gräwe et al. 2013). Future research
weight to energy. J Exp Mar Biol Ecol 117:271−278
needs to investigate the synergistic effects on this
Briffa M, de la Haye K, Munday PL (2012) High CO2 and
marine behaviour: potential mechanisms and ecological
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 during long-term exposure. Overall, growth strongly declined with increasing pCO2 as a consequence of reduced food uptake, and even during long-term
exposure sea stars did not acclimate. The slower
growth of juvenile A. rubens under high pCO2 may
lead to reduced reproduction, 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 exhibiting high growth rates and development into adult stages even at highly elevated
pCO2 levels. Selection pressure on resistant genotypes may thus lead to adaptation in the A. rubens
population to elevated pCO2.
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