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Abstract. The rise of CQ has been identified as a major 1 Introduction

threat to life in the ocean. About one-third of the anthro-

pogenic CQ produced in the last 200 yr has been taken up

by the ocean, leading to ocean acidification. Surface seaCold-water corals form unique, deep-sea habitats contain-
water pH is projected to decrease by about 0.4 units beind @ high biodiversity of organisms (Roberts et al., 2006).
tween the pre-industrial revolution and 2100. The branching! he habitat-forming cold-water coral®phelia pertusand
cold-water coraldvladrepora oculataand Lophelia pertusa Madrepora oculataare found in relatively deep waters at
are important, habitat-forming species in the deep Mediterfeémperatures and salinities between 4 anfdZRoberts et
ranean Sea. Although previous research has investigated - 2006) and 31.7 and 38.8 (Davies et al., 2008), respec-
abundance and distribution of these species, little is knowrfively. Recent work on the distribution and abundance of
regarding their ecophysiology and potential responses tdhese cold-water corals in the Mediterranean Sea (Taviani et
global environmental change. A previous study indicated@l: 2005b; Freiwald et al., 2009; Orejas et al., 2009) indicates
that the rate of calcification of these two species remainedhat they are found at depths below 200 m, at relatively warm
constant up to 1000 patm GQa value that is at the upper (and stable) temperatures (12.5 to 189 and high salinity

end of changes projected to occur by 2100. We examined38 to 39) (Freiwald et al., 2009; Tursi et al., 2004). Biogeo-
whether the ability to maintain calcification rates in the face 9raphic considerations indicate that the cold-water corals in
of rising pCO; affected the energetic requirements of thesethe Mediterranean Sea occur at the warm edge of their range
corals. Over the course of three months, rates of respiral? thermal tolerance (Davies et al., 2008). oculatais more

tion were measured at aACO, ranging between 350 and abundant thah.. pertusain the region, which suggests that
1100 patm to distinguish between short-term response antf1e former may be better adapted than the latter to warmer
longer-term acclimation. Respiration rates ranged from 0.074€mperature and more saline waters (Taviani et al., 2005a). A
to 0.266 umol @ (g skeletal dry weight): h—1 and 0.095 to general decline in the presence of Mediterranean cold-water
0.725 umol @ (g skeletal dry weight)L h— for L. pertusa corals has been reported during the post-glacial time (Delib-
andM. oculata respectively, and were independenp&O;. rias and Taviani, 1985), and appears to be more pronounced
Respiration increased with time likely due to regular feeding, for L. pertusathan forM. oculata.

which may have provided an increased energy supply to sus- The oceans play a critical role in mitigating the effect of
tain coral metabolism. Future studies are needed to confirniicreased production of greenhouse gasses on global climate

whether the insensitivity of respiration to increasp@0, is by removing~ one-fourth to one-third of anthropogenic €0
a general feature of deep-sea corals in other regions. from the atmosphere (Khatiwala et al., 2009; Sabine et al.,

2004). The downside of this process is that, once dissolved
in seawater, C@is a weak acid which reduces seawater

Published by Copernicus Publications on behalf of the European Geosciences Union.



5672 C. Maier et al.: Cold-water coral respiration

pH causing ocean acidification (Caldeira and Wickett, 2003;the same experimental setup as a previous study demonstrat-
Gattuso et al., 1999). This process also increases the corirg that elevateghCO, had no effect on the rate of calcifica-
centrations of bicarbonate ions (H&Q and dissolved in- tion in these two species (Maier et al., 2013). Thus, we test
organic carbon(t) and decreases the concentration of car-the hypothesis that the ability to maintain positive rates of
bonate ions (Cgf). The saturation state of calcium carbon- calcification at highpCO, is accompanied by higher energy
ate, 2, is a measure of the solubility of carbonate mineralsrequirements which could be expressed by increased rates of
(e.g. calcite {2¢) or aragonite @) in seawater (Kleypas respiration.
et al., 1999; Feely et al., 2004; Cao et al., 2007), and pro-
vides a good indicator of whether calcifying organisms can
build and maintain their exoskeletons (e.g. corals) and shell® Material and methods
(e.g. pteropods). Calcium carbonate dissolution is favoured
when€ is below 1, while calcium carbonate precipitation is 2.1 Sampling of cold-water corals and experimental
favoured when it is above 1. The saturation state decreases  setup
with increasing pressure (water depth) and decreasing tem-
perature; henceR is lower at higher latitude (colder) and Colonies of the cold-water corald. oculataand L. per-
deeper waters than in lower latitude (warmer) and shallowetusa were collected during the MedSeaCan cruise in
waters (Orr et al., 2005). Calcifying organisms at high lati- June 2009 in the Lacaze-Duthiers canyon at water depths
tudes and/or deeper depths will be the first to be subjected tof 260 m (4235.07 N, 03°24.14E), 267 m (4234.98 N,
seawater favouring carbonate dissolutién< 1). Attheend  03°24.18 E) and 500 m (4232.98 N, 03°25.21 E), using a
of the century£2, is projected to be< 1 within >70 % of  remotely operated vehicle. Corals were transported to the
the present habitat of cold-water corals (Guinotte et al., 2008aboratory and maintained in a temperature-controlled room
#2578). until the start of the experiments. Branches were carefully
Previous experiments examining the effect of ocean acidisubdivided into smaller fragments and placed into individual
fication onL. pertusaandM. oculatasuggest that their rates maintenance vials of 4.5 cm inner diameter and a volume of
of calcification remain positive even in waters whelg is ca. 300 mL (Table 1). Surface water with a salinity of 38 was
<1 (Maier et al., 2009; Thresher et al., 2011; Form andpumped into two 110 L storage tanks and maintained &4Cl1
Riebesell, 2012). Moreover, recent studies (Form and Riebein the temperature-controlled room. Water was delivered to
sell, 2012; Maier et al., 2012, 2013) reported that calcifica-maintenance vials at a flow rate of 3214 mL h~. The vials
tion rates of these species remained positive at a partial presvere maintained in four water baths and temperature was ad-
sure of CQ (pCOy) of 1000 patm, a value that is at the high justed to 13t 0.1°C using electronic temperature controllers
end of projected changes by 2100 (IPPC, 2007). Calcification(Corema) coupled with aquarium heaters (Tetratec HT75).
is an energy-demanding process (Goreau, 1959; Allemand d¢domogeneity of temperature was achieved by water circula-
al., 2004), and it is likely that the mechanism(s) responsi-tion pumps (JBL Pro Flow 500, 500 L-#).
ble for these species maintaining positive rates of calcifica- Circulation in the coral maintenance vials was obtained
tion at highpCO; (lower seawater pH) would be reflected by airlift with thin silicon tubes connected to a PVC tube
in higher energetic costs. For example, it has been suggestg& cm long and 1.0 cm in diameter), which was submerged
that M. oculataandL. pertusaare able to regulate their in- inside each of the vials. The air flow was 50 mL mirin ev-
ternal pH over a large gradient piCO, (McCulloch et al.,  ery vial. Corals were fed 1 and 3 times a week with frozen
2012), which likely increases their metabolic requirements.krill and freshly hatchedrtemianauplii, respectively. After
Unfortunately, very little is known regarding the metabolic an acclimation period of 1 montlyCO, was adjusted us-
rate of these species. No metabolic research has been péng pre-mixed air generated by high-precision mass flow con-
formed onM. oculatg and respiration rates have only been trollers (MFCs, ANALYT MC-GFC17, 0-10 L for air and 0—
reported in one study on specimenslofpertusacollected 10 mL for pure CQ) and an air compressor (Jun-Air OF302-
from the North Atlantic and maintained under variable tem- 25B). FourpCQO, treatments were established=280 ppm
perature (Dodds et al., 2007). In that study, a dramatic (50 %)low), B =400 ppm (ambient), & 700 ppm (elevated) and
increase in respiration rate occurred between 9 antiC11 D =1000ppm (above projected) as described in Maier et
(Dodds et al., 2007), temperatures that are several degreesd. (Maier et al., 2013).
colder than those experienced by cold-water corals in the The seawater of the water baths containing the main-
Mediterranean Sea. tenance vials was also adjusted to the inteng&D, by
In the present study, respiration rates were measured fabubbling with an air stone (HOBBY ceramic air diffuser,
two habitat-forming cold-water coral speci&s,oculataand 150 mm in length). Prior to feeding, the seawater of the wa-
L. pertusa from the Mediterranean Sea. Respiration ratester bath was filtered (Tetratec EX 1200, 120011h Any
were measured for corals maintained for both short andeftover food was removed via siphon to prevent bacterial
long periods of time apCO; levels ranging from ambient respiration and the build-up of nutrients and organic matter.
(350 patm) to elevated (1100 patm) levels. This study utilizedCorals were maintained under these conditions throughout

Biogeosciences, 10, 5674680 2013 www.biogeosciences.net/10/5671/2013/
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Table 1. Number of samplesX), number of polyps per coral fragmen¥ (polyps), skeletal dry weight (SDW), and rates of respiratiBh (
and calcification ¢, Maier et al., 2013) of coral fragments of pertusa(LP) andM. oculata(MO). Values ofR andG of periodsT; to Ty
were pooled.

pCO, Coral N N polyps SDW[g] R[umolg-th=1] G [umolg-1h=1]
treatment  species mean S.D. mean S.D. mean S.D. mean S.D.
A LP 5 9.2 4.8 5.7 4.2 0.146 0.073 0.082 0.076

B LP 4 110 5.0 4.6 28 0.216 0.092 0.066 0.068
C LP 4 143 5.0 5.4 1.9 0.117 0.030 0.053 0.046
D LP 4 125 56 7.6 5.8 0.162 0.096 0.081 0.050

mean LP 17 116 5.0 5.8 3.8 0.160 0.078 0.071 0.057

A MO 3 267 8.4 2.6 19 0.193 0.045 0.117 0.043
B MO 6 293 7.5 2.0 1.6 0.483 0.453 0.166 0.098
C MO 3 293 103 1.8 0.8 0.450 0.365 0.113 0.047
D MO 4 295 113 15 1.0 0.577 0.711 0.169 0.080
mean MO 16 28.9 8.3 2.0 1.3 0.446 0.453 0.148 0.076

the 3-month duration of the experiment except during incu-the size of coral fragments and volume of seawater used, but
bations aimed at determining rates of respiration (next secwas sufficient to detect changes in oxygen consumption and

tion) or calcification (Maier et al., 2013). to avoid hypoxia as shown by the oxygen saturation at the end
of measurements, which was always above 88 % and well
2.2 Determination of respiration rates above 90 % for most incubations.

Two days (1) after adjusting to differenpCO; levels and 2.3 Carbonate chemistry

at about monthly intervals for 3 month&>(T,), rates of

respiration were measured using the same coral fragment3@mples for total alkalinity{r) and dissolved inorganic car-
(repeated measures approach). Respiration was determind&@n 1) were taken from bulk seawater (125 mi,= 3 for
using optodes (Presens OXY-4 mini) equipped with poly- eachpCO, treatment) prior to incubation and analysed as
mer optical fibres (Presens, POF) and small sensors (5 mrAlescribed in Maier et al. (2012). Other parameters of the car-
diameter) placed inside the respiration vials. The respiraonate chemistry, i.e. the partial pressure of2GPCO,),

tion vials (8 cmx 5.5¢cm height diameter) with a screw PH on total scale (ph), and aragonite saturation stafe

cap were placed on four submersible magnetic stirrers in dvere calculated using, Cr, a salinity of 38, temperature
temperature-controlled water bath (X3 0.1°C). A mag- of 13°C and hydrostatic pressure of 0atm using the soft-
net was placed below a grid on which the corals were placedvare package seacarb running under R (Lavigne and Gattuso,
during the incubations. Three vials containing coral frag- 2011). ThepCO; cannot be adjusted during incubation. The
ments were incubated for 2.5 h, while a separate vial, withc@rbonate chemistry therefore changed as function of respi-
no coral, served as blank and contained a temperature sensgion, calcification (Maier et al., 2013) and ammonium ex-
(StarOddi, DST centi-T) logging every 30 s with an accuracnyetiO” (Maier et al., 2009). These changes were estimated
of £0.1°C to make sure temperature was constant during!sing a stepwise approach whete andCt were calculated

the 2.5h duration of incubation. Any oxygen consumption in hourly steps for the entire duration of the 2.5 h incubation
rate within the blank, due to either minor changes in tem-for each coral fragment and repeated measurements of respi-
perature or prokaryotic respiration, was subtracted from thafation rates {1—74) using the following equations:

measured in cold-water corals.

Prior to respiration measurements;O; levels were ad-
justed in bulk seawater in 10 L containers by aeration with
the fou_r air—CQ mixtures fqr 24_1h. Re_spirz_ition rates were Cr(r 4 1) = Cr(t) + R — G(2), 2)
determined from the depletion in,Q@uring incubation pe-
riod. Oxygen sensors were calibrated with oxygen-free (0 %)with calcification rate G), respiration rate §) and ammo-
and oxygen-saturated (100 %) seawater. Oxygen consumpium excretion rate ) inpumolkgth=1. The alkalinity
tion curves (% Q) were established at 30s intervals over anomaly technique was used to determin€Maier et al.,
an incubation period of 2.5 h, and respiration rates are giver2013) for each coral fragment and respective time interval
as umol Q (g skeletal dry weight)! h— (Table 1, Fig. 1). An  (repeated measurd—T3). This means that only data ¢f
incubation period of 2.5 h is relatively short with respect to and NH; from Maier et al. (2013) that were measured in

AT(t+1) = A1(t) —2x G +0.875x E, (1)

www.biogeosciences.net/10/5671/2013/ Biogeosciences, 10, B%R0-2013
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Fig. 1. Respiration rates ofa) L. pertusa(LP) and(b) M. ocu-
lata (MO) for repeated measurementg £7,) at four pCO, treat-
ments (A-D; see Tables 2 and 3). Values @O, treatments A-D

a) Lophelia pertusa

[o]T
IR
=T

T g

A(368 patm) B (534 patm)  C (883 patm)

pCO, treatment

D (1215 patm)

b) Madrepora oculata
T
[T,
31T
(AT,

i

0

E1
@@

@1

A (365 patm) B (523 patm) C (874 patm)

pCO, treatment

D (1158 patm)

(parentheses) are mean at end of incubation (Table 3).
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3 Results and discussion
3.1 Carbonate chemistry

The pCO; of bulk seawater prior to the incubations dif-
fered from thepCO, levels that were adjusted by aera-
tion using pre-mixed air—-C®for treatment A (280 ppm),

B (400 ppm), C (700 ppm) and D (1000 ppm). The seawa-
ter pCOy, achieved by aeration was on average 332D,
497+ 28, 826469 and 1108t 58 patm for treatments A-D,
respectively (Table 2). Therefore, all values tended to be
higher than those of air—-COnixtures. These levels covered
a large range from slightly below ambient to above the level
projected for the end of the century (IPPC, 2007). Unsurpris-
ingly, At was not affected by changes pCO, (one-way
ANOVA, p > 0.69). The other parameters of the carbonate
chemistry Ct, pCOp, pHt and ;) were significantly dif-
ferent between each of the fopCO, treatment levels (one-
way ANOVA, p « 0.001 and Tukey HSD post hoc compari-
son, p « 0.05 for pairwise comparisons between any pair of
the four pCO, treatments).

Also, the changes for parameters of the carbonate chem-
istry that took place during the 2.5h closed-system incu-
bation were estimated as a function of respiration, calcifi-
cation and ammonium excretion (for details see “Methods”
Sect. 2.3.). During the 2.5 h incubations, there was an aver-
age increase opCO, of 6+ 2% (range 3 to 13%) and an
average decrease 0f; of 54+ 1 %. Changes in the other pa-
rameters were below 1 % of the initial values (Table 3).

3.2 Respiration rates at different pCO-, levels and over
time

The respiration rates ranged from 0.074 to 0.266 pumol O
(g skeletal dry weight)! h—1 and 0.095 to 0.725umolO
(g skeletal dry weight) h—1 at different times of incubation
and pCO, treatments foL.. pertusaandM. oculatg respec-

parallel to the respiration rates of this study were taken intotively (Fig. 1). Despite the large range p€0O; levels across
consideration for calculating the parameters of the carbonatéhe four treatments, there was no effect betwp€0®, treat-
chemistry at end of the incubation.

Calcification decreasesr by 2 x G andCt by 1 x G, res-
piration increase€'t by 1 x R (assuming a respiratory quo-
tient of 1) and ammonium increasds by (14/16)x NHg4

(Gattuso et al., 1999).

2.4 Statistical analysis

ment levels on respiration rates (two-way repeated measures
ANOVA, p =0.767 andp = 0.357 forM. oculataandL. per-

tusg respectively). FoL. pertusa there was an increase in
respiration from7y to 73 and a decrease again B inde-
pendent ofpCO; levels studied and a significant effect of
time of incubation (two-way repeated measures ANOVA, p
<« 0.001). A similar pattern of increasing respiration fr@n

to T3 could be observed fokl. oculata but it was not as

Statistical analyses were conducted using the software Statigsysistent among thpCO; treatments as that fdr. per-

tica 7.0. Data are given as mearstandard deviation (SD).

tusa In addition, there was no significant effect between

For the comparison of carbonate chemistry among the fou'iepeated measuremenits-T, (two-way repeated measures

pCO; treatments (A-D) of bulk seawater prepared@atly,
a one-way ANOVA was conducted followed by a Tukey HSD

ANOVA, p=0.104). To our best knowledge, this is the first
report of the effect opCO, on respiration on the two cold-

post hoc comparison. Arepeated measures ANOVAWas USeflaier coral speciek. pertusaand M. oculata In contrast

to compare respiration rates at the @O, levels fromT7 to

T, for each coral fragment.

Biogeosciences, 10, 5674680 2013

to our results, a significant decrease in respiration at elevated
pCO, (D. Piepenburg and M. Bartz, unpublished results) was
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Table 2. Parameters of the carbonate chemistry at the beginning of the incubations. Total alkalpitgnd dissolved inorganic carbon
(Ct) were measured, while pH on total scale gpHpartial pressure of C&(pCOy) and the aragonite saturation steig{ were calculated.
T is the period at which the incubations were performed (at approximately monthly intef¥alglisplays the pooled data @} to 7.

T pCO, N At Ct pHT pCO, Qa
treatment [umolkg™1]  [umolkg—Y] [uatm]
mean S.D. mean S.D. mean S.D. mean S.D. mean S.D.

1 A 3 2565 1.5 2297 6.6 810 001 380 11.0 290 0.06
2 A n/a n/a

3 A 3 2548 1.6 2261 3.0 814 0.01 342 6.1 3.08 0.04
4 A 3 2552 7.7 2255 3.2 8.15 0.02 327 14.4 3.18 0.11
T1—Ty A 3 2555 6.5 2271 175 8.13 0.02 350 203 3.05 0.10
1 B 3 2540 0.4 2341 125 7.97 003 530 346 224 0.11
2 B 3 2544 1.3 2341 46 7.98 001 520 135 228 0.04
3 B 3 2549 3.3 2331 1.1 8.01 0.00 481 4.8 242 0.02
4 B 3 2555 7.1 2327 1.2 803 0.01 459 166 252 0.08
T1-Ty B 4 2547 4.8 2335 6.3 800 0.02 497 275 237 0.10
1 C 3 2549 1.5 2440 13.0 7.76 0.03 910 754 148 0.11
2 C 3 2552 4.1 2438 98 7.78 001 879 338 152 0.04
3 C 3 2536 1.3 2408 50 7.81 001 798 216 1.63 0.03
4 C 3 2564 2.8 2415 112 7.86 0.02 716 382 181 0.07
T1—Ty C 4 2550 7.9 2425 136 7.80 003 826 689 161 0.11
1 D 3 2553 1.5 2482 22 7.67 0.01 1164 28.1 1.20 0.03
2 D 3 2554 75 2482 79 7.66 0.02 1169 589 1.20 0.05
3 D 3 2538 5.6 2455 36 770 0.01 1075 22.0 127 0.03
4 D 3 2554 3.8 2463 6.3 7.72 0.02 1025 50.2 1.34 0.06
T1-Ty D 4 2549 6.0 2470 116 7.69 0.02 1108 583 1.25 0.05

mentioned by Form and Riebesell (2012), but no data wereate of respiration. However, the results presented here re-
provided. A decrease in respiration at elevap€o, would veal that respiration is independent pCO;, level in the

be surprising as it would not be in agreement with the hy-corals tested. The response of calcification of the same coral
pothesis that more energy must be allocated to up-regulatéagments is similar ovepCO; levels ranging from 380 to

internal pH and maintain constant calcification. 930 patm (Maier et al., 2013). Calcification correlates sig-
nificantly with respiration (Fig. 2), indicating a strong cou-
3.3 Respiration and calcification pling of calcification and general metabolic performance.

The slope of the regression equation between skeletal growth
To date, calcification is the only parameter investigated with(G) and respiration ratesR() was steeper fok. pertusathan
respect to the effects of ocean acidification on cold-waterfor M. oculatg which suggests that more energy is allocated
corals. It generally appears to be constant over a large rang® calcification inL. pertusathan inM. oculata(Fig. 2).
in pCO, levels (Thresher et al., 2011; Form and Riebesell, For zooxanthellate corals, it had been proposed that the en-
2012; Maier et al., 2012, 2013). It has been proposed thakrgy for calcification is derived to a large part from photosyn-
cold-water corals can up-regulate their internal pH and mainthesis (Gattuso et al., 1999; Al-Horani et al., 2003), an energy
tain a constant rate of calcification even when seawater is unsource that is not available to cold-water corals. Due to the
dersaturated in aragonite (McCulloch et al., 2012). Since thdogistically challenging access to cold-water coral habitats,
up-regulation of internal pH and maintenance of high calcifi- no quantitative data are available on the food supply and nat-
cation rates is an energy-requiring process mediated througbrral feeding regime of cold-water corals. It is therefore dif-
Ca-ATPase (McConnaughey and Whelan, 1997; Allemand eficult to mimic the in situ feeding during experiments. Dur-
al., 2004; Zoccola et al., 2004), the question arises whetheing the experiments lasting several months, sufficient food
up-regulation of internal pH at elevatedCO; alters the en-  was provided in order to avoid starvation, which might im-
ergy balance. For example, more energy would be requireghede respiration or calcification as shown in a previous study
to up-regulate the internal pH if ambient pH decreased, andNaumann et al., 2011). Abundant food supply was shown
it was therefore expected that this would induce a higher

www.biogeosciences.net/10/5671/2013/ Biogeosciences, 10, B%R0-2013
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Table 3. Estimated parameters of the carbonate chemistry at the end of the incubations of coral fragingmestosa(LP) andM. oculata
(MO). Mean valuesAT2.5h andCt2.5h were used to calculate the other parameters of carbonate chemisr@.§iH pCO,2.5h and
Qa2.5h). The difference between the end and the beginning of the incubations is also ghownig the period at which the incubations
were performed (at ca. monthly intervalg)._4 displays the pooled data f@¥ to 7y.

T pCO, Coral N AT2.5h Gr2.5h pHr2.5h pCO2.5h Qa2.5h
treatment [nmolkgl] [umolkg™4] [puatm]
mean S.D. A mean S.D. A A A A

1 A LP 5 2560 137 -4.63 2303 8.07 5.76 8.08 —0.02 398 18 2.79 -0.10
2 A LP 5 n/a n/a

3 A LP 5 2541 546 —-6.89 2269 9.15 8.61 8.11 —0.03 365 24 293 -0.15
4 A LP 5 2546 215 -6.57 2259 7.76 477 814 -0.02 342 15 3.07 -0.11
Ti1 4 A LP 3 2549 743 -6.03 2277 17.06 577 8.11-002 368 19 2.93 -0.12
1 B LP 4 2535 273 —-492 2348 3.99 6.82 7.95-0.02 563 33 213 -0.11
2 B LP 4 2539 3.01 -522 2348 4.07 6.26 7.96 —0.02 552 33 217 -0.11
3 B LP 4 2543 275 -585 2344 11.63 1340 7.97-0.04 530 49 225 -0.18
4 B LP 4 2551 331 -439 2337 7.08 9.90 8.00 -0.03 492 33 239 -0.13
T1_a B LP 4 2542 480 -5.09 2344 3.76 9.10 7.97 —-0.03 534 37 223 -013
1 C LP 4 2543 296 -5.27 2442 3.45 2.50 7.74 —0.02 952 43 1.41 -0.07
2 C LP 4 2545 6.86 -—7.26 2443 6.33 5.14 7.75 -0.03 947 68 1.42 -0.10
3 C LP 4 2525 10.07 —-10.87 2412 7.62 474 7.78 -0.04 872 74 150 -0.13
4 C LP 4 2562 176 —-2.16 2424 3.47 8.61 7.84 -0.03 762 46 1.72 —-0.09
T1 4 C LP 4 2544 961 -6.39 2430 12.14 525 7.78-0.03 883 58 1.51 -0.10
1 D LP 4 2551 181 -264 2489 2.89 6.97 7.64 —-0.03 1245 81 1.13 -0.07
2 D LP 4 2547 520 -6.72 2491 4.22 858 7.62 -0.04 1296 127 1.09 -0.11
3 D LP 4 2527 6.37 —-10.75 2463 1335 8.19 7.64-0.05 1214 140 1.14 -0.14
4 D LP 4 2544 382 -956 2465 5.95 186 7.69 -0.03 1104 79 1.25 -0.09
Ti1 4 D LP 4 2542 766 —7.42 2477 1293 6.40 7.65-0.04 1215 107 1.15 -0.10
1 A MO 3 2561 216 —-3.43 2303 6.59 6.37 8.08 —0.02 397 17 2.80 -0.09
2 A MO 3 n/a n/a

3 A MO 3 2541 296 -7.74 2266 1.89 4,72 812 -0.02 360 19 2.95 -0.12
4 A MO 3 2546 344 —-6.46 2256 1.37 1.17 8.14 -0.01 337 10 3.10 -0.08
Ti1 4 A MO 3 2549 8.13 -5.88 2275 19.00 4.08 8.11-0.02 365 15 2.95 -0.10
1 B MO 6 2537 169 -—-3.16 2346 3.00 470 7.96 —0.02 551 21 217 -0.07
2 B MO 6 2540 257 —-4.40 2347 459 550 7.96 —0.02 547 27 2.19 -0.09
3 B MO 6 2538 10.38 —-10.82 2333 5.30 244 799 -0.02 511 30 2.30 -0.12
4 B MO 6 2549 352 577 2331 3.32 459 8.01 -0.02 481 22 242 -0.10
Tia B MO 4 2541 414 -6.04 2339 7.11 431 798 -0.02 523 25 227 -0.10
1 C MO 3 2546 0.73 -—-2.66 2443 3.46 3.04 7.75-0.01 942 32 143 -0.05
2 C MO 3 2550 0.37 -—-221 2445 491 736 7.75-0.02 931 52 1.45 -0.07
3 C MO 3 2532 225 -—-421 2415 6.19 751 7.79 -0.03 853 56 1.53 -0.09
4 C MO 3 2560 1.19 -—-450 2424 8.39 8.32 7.83-0.03 770 55 1.70 -0.11
Ti_a C MO 4 2547 7.97 —-339 2432 1221 656 7.78 -0.02 874 49 153 -0.08
1 D MO 4 2550 137 -—-272 2484 0.82 190 7.65-0.02 1211 47 1.16 -0.04
2 D MO 4 2552 205 -—-1.83 2487 4.53 482 7.65-0.02 1220 51 1.15 -0.05
3 D MO 4 2536 160 -1.23 2460 7.56 515 7.68 -0.02 1122 48 1.22 -0.05
4 D MO 4 2548 199 -529 2465 7.00 273 7.70 -0.02 1077 51 1.28 -0.06
T1_4 D MO 4 2547 523 277 2474  11.27 3.65 7.67 —0.02 1158 49 1.20 -0.05
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0.4 pCQ, treatment levels and repeated measuremenitsry)
were 0.16+ 0.08 umol Q (g skeletal dry weight)l h—1 and
0.454 0.45 umol Q (g skeletal dry weight)* h—* for L. per-
tusa and M. oculata respectively (Table 1). So far, only
one study (from Mingulay Reef, northeast Atlantic) has
reported the respiration rates fdr. pertusa (Dodds et
al., 2007) and respiration rates ®&f. oculata have, to
our best knowledge, never been measured.Fgrertusa,
Dodds et al. (2007) reported respiration rates of speci-
il . mens from the NE Atlantic at ambient temperature that
0.0 (A Lin. Regr. MO X ST
' L pertusa were higher than those measured here in individuals col-
— Lin. Regr. LP lected from the Mediterranean Sea (0.23 vs. 0.16 umol O
0.1 , ‘ (g skeletal dry weight)t h=1, Table 1). This is surprising
0 ! 2 since Mediterranean cold-water corals live in habitats that
R [umol O, (g skeleton™) h'] are, on average, € warmer than temperatures reported
at the Mingulay collection site (13 vs.°€). Furthermore,

0.3 4

0.2

0.1 4

G [umol (g skeleton™) h™]

! - M oculata

Fig. 2. Rate of calcification ¢, from Maier et al., 2013) as AT
a function of respiration rate R) for L. pertusa (LP) and Dodds et al. (2007) showed that respiration increased by

M. oculata (MO). The equations of the regression lines are 20 70 (023 to 0.33umol (g skeletaldrywelghbh*l) with
GLp = 0.0217+ 0.3091x R; (r = 0.4182 p = 0.0004 n — 68), an increase of 2C (from 9 to 11°C) suggesting that res-
and  Gpo = 0.1009+ 0.1051x R; (r = 0.4877 p = 0.00004; piration rates for Mediterranean cold-water corals subjected
n = 64). to 13°C would be expected to be well above those found
for North Atlantic specimens. The temperature coefficient
of respiration Q10) of MediterranearL. pertusais lower
to counterbalance a negative response of invertebrates to efhan that of North Atlantid_. pertusa(on average 4.0 and
evated pCO, both in the laboratory and in the field (e.g. 7.2, respectively, SI 1 and Dodds et al., 2007). A lowap
Thomsen et al., 2013). However, it was not an issue in themight be indicative of acclimation (Barnes, 2001), and the
present experiment as the continuous flow of water exponenlower Q1o for a temperature of up to 16 could mean
tially diluted the prey concentration. With a dilution factor of that cold-water corals, due to their adaptation to the higher
10.7%h! (flow rate of 32mL ! and a maintenance vol- Mediterranean temperature, might be less sensitive to tem-
ume of 300 mL), the corals received an initial pulse of food perature changes than their North Atlantic congeners. Nau-
which decreases by 93.3% H This means that after one mann et al. (2013) reported a high thermal tolerance of calci-
day, only 6.7 % of prey is left, and after a further two or three fication in two Mediterranean deep-sea corals. Compared to
days, before vials were cleaned and new food was providedan ambient temperature of about“I2, at 17.5C, calcifica-
prey is reduced to 0.44 % and 0.03 % of the initial prey con-tion increased iendrophyllia cornigeraand was similar in
centration, respectively. It is unclear, what caused the synDesmophyllum dianthus
chronous increase of calcification and respiration during the This is the first study to measure the respiration rates of
2—-3-month-long experiment at differepiCO, levels (this M. oculataand, consequently, no data for comparison are
study and Maier et al., 2013). One likely explanation is thatavailable. Due to the lack of data from other regions and
the regular feeding triggered an increase in coral metabolisniemperature ranges, it remains unknown whetierocu-
(calcification and respiration). Whatever the cause of this in-lata is better adapted to the relatively warm temperatures ex-
crease is, it was observed in plCO, treatments and resulted perienced in Mediterranean Sea deep-water habitats. How-
in large changes in the rates of respiration and calcificatiorever, respiration not only depends on temperature but also
over time. The possibility that an effect pCO, was masked ~ on other parameters, e.qg. salinity (Ferrier-&agt al., 1999),
due to an unrealistic feeding regime due to either starvatiorfood availability (Naumann et al., 2011) and intrinsic fac-

or overfeeding can be excluded. tors regulating metabolism (Hochachka and Somero, 2002).
M. oculatais more commonly found in the Mediterranean
3.4 Energy requirements and temperature thanL. pertusa(Freiwald et al., 2009; Gori et al., 2013),

which suggests that it is better adapted to environmental fac-
A study of the cold-water coralDesmophyllum di- tors prevailing in that region. Respiration rate normalized by
anthus revealed that both respiration and calcification the skeletal dry weight was 2.7 times higherNh oculata
rates were lower in starved than fed colonies (Naumanrthan inL. pertusa,and with higher respiration, more energy
et al.,, 2011). Also, feeding increases both the skele-would be required to sustain coral metabolism. However, res-
tal and tissue growth in zooxanthellate corals (Ferrier-piration is a surface-dependent process (Barnes, 2001), and
Pags et al.,, 2003; Houleque et al., 2003; Rodolfo- skeletal weight might thus not be a good biomass estimator to
Metalpa et al.,, 2008). Mean respiration rates pooled fornormalize metabolic processes. Surface area, tissue biomass
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or number of polyp are likely more suitable units to relate present study. For calcification rates laf pertusa there is
metabolic processes or prey capture. The ratio of skeletaindirect evidence from short-term closed system incubations
area versus polyp number is approximately 3 times highe(Maier et al., 2009) that this tipping point would be well
in L. pertusathan inM. oculata(373 vs. 126 mrhpolyp1) above 1000 ppm and at &y below 0.9 (Table 3, Maier et
(Maier et al., 2011). Using this ratio and the ratio of polyp al., 2009).
number to skeletal weight (Table 1) reveals that respiration This study provides the first evidence that respiration rates
normalized to surface is similar In pertusaandM. oculata  of cold-water corals are not affected by elevajeg@O, and
(0.022 and 0.024 pmol£m~—2h~1, respectively). that the ability of our two target species to maintain rates
Since the food uptake plays a significant role for both res-of calcification at highpCO, was not via compensatory re-
piration and calcification (Naumann et al., 2011), the similarsponses in metabolic losses. This means that for the mainte-
respiration rate for the two species does not allow for anynance of high calcification rates over a large rangp©0,
conclusion to be drawn as to whether both species would bef up to 1000 ppm, there is no evidence for a direct energy
similarly well acclimatized to high Mediterranean tempera- allocation from food uptake to calcification in order to com-
tures.L. pertusahas bigger, but less numerous, polyps thanpensate for higher energy required to maintain calcification
M. oculata which might indicate that the efficiency of prey constant despite a decrease in pH. However, it is possible
capture differs in the two species, depending on the amounthat as-yet-unidentified changes in metabolic pathways en-
and size of food available. Food capture rates were not meaable a more efficient supply of necessary energy for pH up-
sured in the present study, but Tsounis et al. (2010) reportedegulation to maintain constant calcification rates at increas-
total carbon uptake rates of 3731 and 1072 ug C polyp 1, ing pCOy. It is also possible that cold-water corals use lipid
respectively, irL. pertusaandM. oculatafrom the Mediter-  reserves, which would be reflected in a lower respiratory quo-
ranean Sea (Tsounis et al., 2010). This translates to a carbdient. However, this would mean that respiration would not be
uptake of 83.4pumol Ccnfh~! and 70.9umolCcrh™1  sustainable over a longer timescale, as lipid reserves would
(Maier et al., 2011, and Table 1). Therefore, both speciegjet exhausted and would not be replenished due to the higher
have a similar prey capture efficiency despite the differencesnergy allocated to calcification. Therefore, future studies are
of polyp size, which is possibly compensated by the highemeeded to investigate in more detail the mechanisms that al-
number of polyps per unit surface area or skeletal weight inlow for cold-water corals to cope with highCO, levels. For
M. oculata It can therefore be inferred that the two specieszooxanthellate corals, molecular techniques looking at gene
ingested a similar amount of C in our experiment. It should expression revealed that ocean acidification strongly sup-
be pointed out that calcification rates normalized to sur-presses metabolism and enhanced extracellular organic ma-
face area were also similar in the two species (0.010 andrix synthesis and had complex effects on genes involved in
0.008 umol CaC@cm~2h~1 for L. pertusaandM. oculatg calcification (Moya et al., 2012; Kaniewska et al., 2012). The
respectively, Maier et al., 2013). There is relative uniformity response of other parameters important for coral functioning,
of the two species with the overall lack of response@0», e.g. reproduction and resilience to other environmental stres-
as well as the similar rates of carbon uptake, respiration, calsors (food reduction, temperature rise, predation, etc.) also
cification and the reported increase over time of respiratiomeeds attention in order to better predict whether and how
rates independent gfCO,. This could indicate thatl. oc-  cold-water corals will be able to cope with global environ-
ulata and L. pertusawill exhibit a similar response to fu- mental changes.
ture global environmental change. However, more studies are
needed to confirm this hypothesis.
Supplementary material related to this article is
3.5 Perspective on the response of cold-water coralsto  available online at: http://www.biogeosciences.net/10/
global environmental change 5671/2013/bg-10-5671-2013-supplement.pdf

In the range ofpCO, studied so far, up to 1215 patm, no

significant change in respiration was found as a function

of increasingpCO,. However, to better predict future re-

sponses of organisms to global change, it is critical to iden/\cknowledgementsVe would like to thank the captain, crew and
tify potential interactive effects between ocean acidification SCientific shipboard staff of RWlinibex(COMEX). Cruises on RV
and other parameters such as temperature and food availab@llnlbex were part of a project on canyons of the Mediterranean
ity. Considering all published information, a potential tipping Aea (MedSeaCan) lead by the French Marine Protected Areas

int f lcificati f1h Id ; Idb gency (AAMP), France. Our thanks go to A. Schubert for help
pointfor calcification of the two cold-water species would be i, e experiments. Financial support was provided by the

above apCQO; of 1000 patm and at a2, below 1 (Maier el European Commission through a Marie Curie Fellowship to CM
al., 2009, 2012, 2013; Thresher et al., 2011; Form and RiebegveCCcA, project no 220299) and the project COMP via the

sell, 2012; McCulloch et al., 2012, #3512), and the sameprince Albert Il of Monaco Foundation. FB acknowledges support
might be true for the respiration response as indicated in thérom the German Academic Exchange Service (DAAD). This work

Biogeosciences, 10, 5674680 2013 www.biogeosciences.net/10/5671/2013/


http://www.biogeosciences.net/10/5671/2013/bg-10-5671-2013-supplement.pdf
http://www.biogeosciences.net/10/5671/2013/bg-10-5671-2013-supplement.pdf

C. Maier et al.: Cold-water coral respiration 5679

is a contribution to the “European Project on Ocean Acidification” revealed by ROV surveys, Oceanography, 22, 36-52, 2009.
(EPOCA) which received funding from the European Community’s Gattuso, J.-P., Allemand, D., and Frankignoulle, M.: Photosynthesis
Seventh Framework Programme (FP7/2007-2013) under grant and calcification at cellular, organismal and community levels in

agreement no. 211384. coral reefs: A review on interactions and control by carbonate
chemistry, Amer. Zool., 39, 160-183, 1999.
Edited by: G. Herndl Goreau, T. F.: The physiology of skeleton formation in corals. I. A

method for measuring the rate of calcium deposition by corals
under different conditions, Biol. Bull. 116, 59—-75, 1959.
Gori, A., Orejas, C., Madurell, T., Bramanti, L., Martins, M., Quin-
The publication of this article tanilla, E., Marti-Puig, P., Lo lacono, C., Puig, P., Requena,
is financed by CNRS-INSU. S., Greenacre, M., and Gili, J. M.: Bathymetrical distribution
and size structure of cold-water coral populations in the Cap
de Creus and Lacaze-Duthiers canyons (northwestern Mediter-
ranean), Biogeosciences, 10, 2049-2060, 1605194/bg-10-
2049-20132013.
References Guinotte, J. M., Orr, J., Cairns, S., Freiwald, A., Morgan, L., and
George, R.: Will human-induced changes in seawater chemistry
Al-Horani, F. A., Al-Moghrabi, S. M., and de Beer. D.: The mecha-  alter the distribution of deep-sea scleractinian corals?, Front.
nism of calcification and its relation to photosynthesis and respi-  Ecol. Environ., 4, 141-146, 2006.

7
g
g
£
3

ration in the scleractinian cor@alaxea fascicularisiMar. Biol., Hochachka, P. W. and Somero, G. N.: Biochemical adaptation:
142, 419-426, 2003. mechanism and process in physiological evolution, Oxford Uni-
Allemand, D., Ferrier-Pags, C., Furla, P., HoulBrue, F., Puverel, versity Press, New York, New York, USA, 2002.

S., Reynaud, S., Tamb@{tE., Tambuté, S., and Zoccola, D.:  Houlbréque, F., Tambut E., and Ferrier-Pag, C.: Effect of zoo-
Biomineralisation in reef-building corals: from molecular mech-  plankton availability on the rates of photosynthesis, and tissue
anisms to environmental control, C. R. Palevol. 3, 453-467, and skeletal growth in the scleractinian coral Stylophora pistil-
2004. lata, J. Exp. Mar. Biol. Ecol., 296, 145-166, 2003.

Barnes, R. S. K.: The invertebrates: a synthesis, Blackwell SciencéPPC: Climate change 2007: the physical science basis, Cambridge
Ltd, Oxford, 2001. University Press, Cambridge, UK, New York, NY, USA, 2007.

Caldeira, K. and Wickett, M. E.: Anthropogenic carbon and oceanKaniewska, P., Campbell, P. R., Kline, D. l., Rodriguez-
pH, Nature, 425, 365-365, ditD.1038/42536582003 Lanetty, M., Miller, D. J., Dove, S., and Hoegh-Guldberg,

Cao, L., Caldeira, K., and Jain, A. K.. Effects of carbon  O.: Major cellular and physiological impacts of ocean acid-
dioxide and climate change on ocean acidification and car- ification on a reef building coral, PLOS One, 7, €34659,
bonate mineral saturation, Geophys. Res. Lett.,, 34, L05607, doi:10.1371/journal.pone.0034652012.

doi:10.1029/2006GL02860=2007. Khatiwala, S., Primeau, F., and Hall, T.: Reconstruction of the his-
Davies, A. J., Wisshak, M., Orr, J. C., and Roberts, J. M. Predicting  tory of anthropogenic C®concentrations in the ocean, Nature,

suitable habitat for the cold-water cotadphelia pertusdScler- 462, 346-349, 2009.

actinia), Deep-Sea Res. Pt. |, 55, 1048-1062, 2008. Kleypas, J. A., McMacus, J. W., and Fez, L. A. B.: Environmen-

Delibrias, G. and Taviani, M.: Dating the death of Mediterranean tal limits to coral reef development: Where do we draw the line?,
deep-sea scleractinian corals, Mar. Geol., 62, 175-180, 1985. Amer. Zool., 39, 146-159, 1999.

Dodds, L. A., Roberts, J. M., Taylor, A. C., and Marubini, F.: Lavigne, H. and Gattuso, J.-P.: seacarb: seawater carbonate chem-
Metabolic tolerance of the cold-water coral Lophelia pertusa istry with R. R package version 2.4ittp://CRAN.R-project.org/
(Scleractinia) to temperature and dissolved oxygen change, J. package=seacarflast access: 22 February 2013), 2011.

Exp. Mar. Biol. Ecol., 349, 205-214, 2007. Maier, C., Hegeman, J., Weinbauer, M. G., and Gattuso, J.-P.: Calci-
Feely,R. A,, Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, fication of the cold-water cordlophelia pertusaunder ambient

V. J., and Millero, F. J.: Impact of anthropogenic £€0n the and reduced pH, Biogeosciences, 6, 1671-168010¢194/bg-

CaCG@; system in the oceans, Science, 305, 362—-366, 2004. 6-1671-20092009.

Ferrier-Pags, C., Gattuso, J.-P., and Jaubert, J.: Effect of small vari-Maier, C., de Kluijver, A., Agis, M., Brussaard, C. P. D., van Duyl,
ations in salinity on the rates of photosynthesis and respiration of F. C., and Weinbauer, M. G.: Dynamics of nutrients, total organic
the zooxanthellate cor&tylophora pistillata Mar. Ecol.-Prog. carbon, prokaryotes and viruses in onboard incubations of cold-
Ser., 181, 309-314, 1999. water corals, Biogeosciences, 8, 2609-2620,160%194/bg-8-

Ferrier-Pags, C., Witting, J., Tambuét E., and Sebens, K. P.: Effect 2609-20112011.
of natural zooplankton feeding on the tissue and skeletal growthMaier, C., Watremez, P., Taviani, M., Weinbauer, M. G., and Gat-
of the scleractinian corebtylophora pistillata Coral Reefs, 22, tuso, J.-P.: Calcification rates and the effect of ocean acidification
229-240, 2003. on Mediterranean cold-water corals, P. Roy. Soc. Lond., B, 279,

Form, A. U. and Riebesell, U.: Acclimation to ocean acidification ~ 1713-1723, dok0.1098/rspb.2011.1763012.
during long-term CQ@ exposure in the cold-water colabphelia Maier, C., Schubert, A., Berzunza Sanchez, M. M., Wein-
pertusa Glob. Change Biol., 18, 843-853, db.1111/j.1365- bauer, M. G., Watremez, P., and Gattuso, J.-P.. End of
2486.2011.02583,2012. the century pCO, levels do not impact calcification in

Freiwald, A., Beuck, L., Rggeberg, A., Taviani, M., and Hebbeln, Mediterranean cold-water corals, PLoS ONE, 8, e62655,
D.: The white coral community in the central Mediterranean Sea

www.biogeosciences.net/10/5671/2013/ Biogeosciences, 10, B%R0-2013


http://dx.doi.org/10.1038/425365a
http://dx.doi.org/10.1029/2006GL028605
http://dx.doi.org/10.1111/j.1365-2486.2011.02583.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02583.x
http://dx.doi.org/10.5194/bg-10-2049-2013
http://dx.doi.org/10.5194/bg-10-2049-2013
http://dx.doi.org/10.1371/journal.pone.0034659
http://CRAN.R-project.org/package=seacarb
http://CRAN.R-project.org/package=seacarb
http://dx.doi.org/10.5194/bg-6-1671-2009
http://dx.doi.org/10.5194/bg-6-1671-2009
http://dx.doi.org/10.5194/bg-8-2609-2011
http://dx.doi.org/10.5194/bg-8-2609-2011
http://dx.doi.org/10.1098/rspb.2011.1763

5680 C. Maier et al.: Cold-water coral respiration

doi:10.1371/journal.pone.0062655013. Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullis-
McConnaughey, T. A. and Whelan, J. F.: Calcification generates ter, J. L., Wanninkhof, R., Wong, C. S., Wallace, D. W. R,
protons for nutrient and bicarbonate uptake, Earth Sci. Rev., 42, Tilbrook, B., Millero, F. J., Peng, T.-H., Kozyr, A., Ono, T., and
95-117, 1997. Rios, A. F.: The oceanic sink for anthropogenic £Science,
McCulloch, M., Trotter, J., Montagna, P., Falter, J., Dunbar, R., Frei- 305, 367-371, 2004.
wald, A., Fosterra, G., Lopez Correa, M., Maier, Ciigyeberg, Taviani, M., Freiwald, A., and Zibrowius, H.: Deep coral growth
A., and Taviani, M.: Resilience of cold-water scleractinian corals in the Mediterranean Sea: an overview. In: Cold-water corals and
to ocean acidification: Boron isotopic systematics of pH and sat- ecosystems, edited by: Freiwald, A. and Roberts, J. M., Springer-
uration state up-regulation, Geochim. Cosmochim. Ac., 87, 21— Verlag, Berlin Heidelberg, 137-156, 2005a.

34, d0i10.1016/j.gca.2012.03.022012. Taviani, M., Remia, A., Corselli, C., Freiwald, A., Malinverno,
Moya, A., Huisman, L., Ball, E. E., Hayward, D. C., Grasso, L. C.,  E., Mastrototaro, F., Savini, A., and Tursi, A.: First geo-marine
Chua, C. M., Woo, H. N., Gattuso, J.-P., EgrS., and Miller, D. survey of living cold-waterLophelia reefs in the lonian Sea

J.: Whole transcriptome analysis of the cokatopora millepora (Mediterranean basin), Facies, 50, 409-417, 2005b.

reveals complex responses to £@riven acidification duringthe  Thomsen, J., Casties, |., Pansch, &iinger, A., and Melzner,

initiation of calcification, Mol. Ecol., 21, 2440-2454, 2012. F.: Food availability outweighs ocean acidification effects in ju-
Naumann, M. S., Orejas, C., Wild, C., and Ferrier&adC.: First venile Mytilus edulis: laboratory and field experiments, Glob.

evidence for zooplankton feeding sustaining key physiological Change Biol., 19, 1017-1027, db@.1111/gcb.12102013
processes in a scleractinian cold water coral, J. Exp. Mar. Biol.Thresher, R. E., Tilbrook, B., Fallon, S., Wilson, N. C., and Adkins,
Ecol., 214, 3570-3576, 2011. J.: Effects of chronic low carbonate saturation levels on the dis-
Orejas, C., Gori, A., lacono, C. L., Puig, P., Gili, J.-M., and Dale, tribution, growth and skeletal chemistry of deep-sea corals and
M. R. T.: Cold-water corals in the Cap de Creus canyon, north- other seamount megabenthos, Mar. Ecol.-Prog. Ser., 442, 87-99,
western Mediterranean: spatial distribution, density and anthro- 2011.
pogenic impact, Mar. Ecol.-Prog. Ser., 397, 37-51, 2009. Tsounis, G., Orejas, C., Reynaud, S., Gili, J.-M., Allemand, D., and
Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, R.  Ferrier-Pags, C.: Prey-capture rates in four Mediterranean cold-
A., Gnanadesikan, A., Gruber, N., Ishida, A., Joos, F., Key, R. M.,  water corals, Mar. Ecol.-Prog. Ser., 398, 140-155, 2010.
Lindsay, K., Maier-Reimer, E., Matear, R., Monfray, P., Mouchet, Tursi, A., Mastrototaro, F., Matarrese, A., Maiorano, P., and
A., Najjar, R. G., Plattner, G.-K., Rodgers, K.B., Sabine, C.L., D’Onghia, G.: Biodiversity of the white coral reefs in the lonian
Sarmiento, J. L., Schlitzer, R., Slater, R. D., Totterdell, I. J., Sea (Central Mediterranean), Chem. Ecol., 20, 107-116, 2004.
Weirig, M.-F., Yamanaka, Y., and Yool, A.: Anthropogenic ocean Zoccola, D., Tambu#, E., Kulhanek, E., Puverel, S., Scimeca, J.-
acidification over the twenty-first century and its impact on cal- C., Allemand, D., and Tamb@&; S.: Molecular cloning and lo-
cifying organisms, Nature, 437, 681-686, 2005. calization of a PMCA P-type calcium ATPase from the coral
Roberts, J. M., Wheeler, A. J., and Freiwald, A.: Reefs of the deep: Stylophora pistillata Biochim. Biophys. Acta, 1663, 117-126,
The biology and geology of cold-water coral ecosystems, Sci- 2004.
ence, 312, 543-547, 2006.
Rodolfo-Metalpa, R., Peirano, A., HouBmjue, F., Abbate, M., and
Ferrier-Pags, C.: Effects of temperature, light and heterotrophy
on the growth rate and budding of the temperate dBlatlocora
caespitosaCoral Reefs, 27, 17-25, 2008.

Biogeosciences, 10, 5674680 2013 www.biogeosciences.net/10/5671/2013/


http://dx.doi.org/10.1371/journal.pone.0062655
http://dx.doi.org/10.1016/j.gca.2012.03.027
http://dx.doi.org/10.1111/gcb.12109

