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Abstract
Physiological sensitivity of cold-water corals to ocean change is far less understood than of tropical corals

and very little is known about the impacts of ocean acidification and warming on degradative processes of dead
coral framework. In a 13-month laboratory experiment, we examined the interactive effects of gradually increas-
ing temperature and pCO2 levels on survival, growth, and respiration of two prominent color morphotypes (col-
ormorphs) of the framework-forming cold-water coral Lophelia pertusa, as well as bioerosion and dissolution of
dead framework. Calcification rates tended to increase with warming, showing temperature optima at � 14�C
(white colormorph) and 10–12�C (orange colormorph) and decreased with increasing pCO2. Net dissolution
occurred at aragonite undersaturation (ΩAr < 1) at � 1000 μatm pCO2. Under combined warming and acidifica-
tion, the negative effects of acidification on growth were initially mitigated, but at � 1600 μatm dissolution pre-
vailed. Respiration rates increased with warming, more strongly in orange corals, while acidification slightly
suppressed respiration. Calcification and respiration rates as well as polyp mortality were consistently higher in
orange corals. Mortality increased considerably at 14–15�C in both colormorphs. Bioerosion/dissolution of dead
framework was not affected by warming alone but was significantly enhanced by acidification. While live corals
may cope with intermediate levels of elevated pCO2 and temperature, long-term impacts beyond levels projec-
ted for the end of this century will likely lead to skeletal dissolution and increased mortality. Our findings fur-
ther suggest that acidification causes accelerated degradation of dead framework even at aragonite saturated
conditions, which will eventually compromise the structural integrity of cold-water coral reefs.

The increase in carbon dioxide (CO2) emissions in the
atmosphere since the industrial revolution has led to a
decrease in carbonate ion concentrations in the oceans and a
lowered seawater pH by 0.1 units, a process referred to as
ocean acidification (Feely et al. 2004). The rapidity and extent
of ongoing ocean acidification and the resulting global
warming is unmatched in Earth’s history (Siegenthaler
et al. 2005), with up to 0.3 units decrease in global surface

ocean pH projected for the end of the century (IPCC Special
Report; Bindoff et al. 2019). Lower carbonate ion concentra-
tions result in a diminished calcium carbonate (CaCO3) satura-
tion, affecting organisms that build skeletons and shells
composed of the most common marine CaCO3 polymorphs,
aragonite and calcite (Orr et al. 2005). In scleractinian corals,
the key calcifiers in global coral reef ecosystems, skeleton for-
mation was shown to be impaired by acidification (Mollica
et al. 2018; Hennige et al. 2020).

Increased sea surface temperature due to global warming
elevated by 0.56–0.92�C in the past 100 yr, with a projec-
ted average increase of 1.6–4.3�C by 2100 (Bindoff
et al. 2019).

The increase in seawater temperature and CO2 concentra-
tion also reaches deeper water layers (Tanhua et al. 2007) with
implications for deep-sea corals, since these changes are partic-
ularly evident in colder waters and at high latitudes (Bindoff
et al. 2019) such as the subpolar North Atlantic, where these
corals commonly occur.
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About 90% of all known scleractinian bioherm-forming
cold-water corals live in supersaturated waters with respect to
aragonite (Davies and Guinotte 2011). Model simulations
reveal that � 70% will be exposed to calcium carbonate under-
saturated waters (ΩAr ≤ 1) by the end of the century due to
ocean acidification (Guinotte et al. 2006; Zheng and
Cao 2015), resulting in diminished habitat suitability.

Cold-water coral bioherms are important biodiversity hot-
spots, which are thought to be equally biodiverse as tropical
coral reefs (Henry and Roberts 2017). The most abundant
scleractinian cold-water coral is Lophelia pertusa (also referred
to as Desmophyllum pertusum; Addamo et al. 2016), a cosmo-
politan azooxanthellate species that builds large three-
dimensional frameworks (Freiwald et al. 2004). More than
2700 species of associated fauna were recorded in L. pertusa
habitats alone to date (Roberts and Cairns 2014). Much of the
associated fauna is found in the “dead” coral framework
beneath the live coral zone, accounting for approximately
70% of L. pertusa colonies (Vad et al. 2017) and is therefore of
particular importance to the biodiversity of a reef.

The response of L. pertusa to elevated CO2 concentrations
and temperatures has been examined in several laboratory
studies to assess its resilience to future climate conditions.
Results indicate a potential for acclimatization to future acidi-
fied conditions with regard to calcification (Form and
Riebesell 2012; Hennige et al. 2015; Büscher et al. 2017). How-
ever, although positive net growth was sustained in most
experiments, calcification rates of L. pertusa decreased under
elevated pCO2 conditions in the majority of studies. Warming
resulted in increased net calcification in a previous laboratory
experiment, whereas combined acidification and warming
resulted in balanced net growth with rates comparable to the
control treatment kept at ambient seawater conditions
(Büscher et al. 2017). This suggests that the negative effects of
acidification on calcification can partially be mitigated by
warming when both temperature and pCO2 are elevated
simultaneously. Such compensatory effects may, however,
require additional energy or lead to depression of other physi-
ological processes as observed in the tropical scleractinian
Pocillopora damicornis (Jiang et al. 2018). Despite the general
perception that increased energetic demands can be met by
increased feeding rates as observed in some tropical corals
(Holocomb et al. 2010; Edmunds 2011), recent studies have
shown that not all corals can utilize additional food to com-
pensate for extra energy demands under elevated pCO2 condi-
tions, including tropical (Houlbrèque et al. 2015) and cold-
water corals (Georgian et al. 2016; Büscher et al. 2017; G�omez
et al. 2018).

Metabolic rates indicate the energy expenditure of an
organism and can be estimated indirectly from oxygen con-
sumption (respiration) rates. In cold-water corals, respiration
ranged from significantly increased rates under sudden tem-
perature elevations (Dodds et al. 2007) to significantly
depressed rates under elevated pCO2 (Hennige et al., 2014a;

Georgian et al. 2016) or elevated temperature (Hennige
et al. 2015), to unchanged rates under prolonged acidification
(Maier et al. 2013a) and/or warming (Hennige et al. 2015). Lit-
tle has been reported on combined measurement of growth
and metabolic activity, although these physiological processes
are closely interlinked and may be impacted differently by
changing environmental conditions (Hennige et al. 2015).

Dead coral framework is particularly affected by ocean acid-
ification, because in contrast to live corals, dead coral skele-
tons are not protected by organic tissue and are therefore
prone to chemical dissolution in corrosive waters. Together
with the onset of bioerosion (including biocorrosion and bio-
abrasion), this could reduce net reef growth and impair the
structural integrity of the reef framework. Bioerosion is
thought to contribute more to reef degradation globally than
physical erosion or passive chemical dissolution (Schönberg
et al. 2017) and, thus, plays an important role in carbonate
(re)cycling. In warm-water coral reefs, chemical bioerosion by
microphytes and excavating sponges was accelerated signifi-
cantly under ocean acidification (Tribollet et al. 2006, 2009;
Wisshak et al. 2012, 2013), highlighting the need to consider
this process in assessments of ocean change impacts (see
Schönberg et al. 2017 for a review). Bioerosion has been more
extensively studied in shallow-water settings, but Beuck and
Freiwald (2005) characterized bioerosion patterns of a
L. pertusa coral mound in the northern Porcupine Seabight in
the North Atlantic. Bioerosion was dominated by heterotro-
phic organisms including bacteria, bryozoans, foraminiferans,
fungi, and excavating sponges, the last two groups being the
drivers of bioerosion in cold-water coral ecosystems. These
bioeroders predominantly colonize tissue-free regions of a
coral skeleton, but can expand into the living polyp zone
(Beuck and Freiwald 2005). In situ bioerosion rates of dead
Lophelia framework were recently investigated in a 1-yr
deployment and recapture field experiment in cold-water coral
reefs off mid-Norway in the North Atlantic (Büscher
et al. 2019), giving a first estimate of the contribution of
framework bioerosion to net growth in a reef of � 16–20% of
the production rates by live coral calcification.

Here, we quantify for the first-time responses of both live
corals (calcification, respiration, mortality) and dead coral
framework (dissolution and bioerosion) of L. pertusa simulta-
neously under ocean acidification and warming; thus consid-
ering the balance between coral growth and degradation,
which better allows prediction of the fate of cold-water coral
reefs under future ocean conditions.

Materials and methods
Sampling and maintenance of L. pertusa

L. pertusa samples were collected from an inshore Norwe-
gian cold-water coral habitat in the outer Trondheim-Fjord
near Nord-Leksa (63�36.40N, 09�22.70E) using the manned sub-
mersible JAGO (GEOMAR 2017) during RV POSEIDON

Büscher et al. Cold-water coral ocean change thresholds
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(GEOMAR 2015) cruise POS455 in June/July 2013. Medium-
sized branches of white and orange colonies were collected
from spatially distinct locations (≥ 50 m distance between col-
onies) from the reef edges at depths between 150 and 230 m.
The corals were placed in large holding tanks on board and
cultivated at ambient seabed temperature (7.5�C � 1�C) until
transportation to the laboratory. In the climate-controlled lab-
oratory facility at GEOMAR, corals were kept in a closed rec-
irculating system of 1700 L at near in situ conditions
(7.8�C � 0.2�C temperature and 35.8 � 0.6 salinity) for half a
year. During cultivation in the recirculation system, water was
replaced bi-weekly with natural North Sea water enriched in
salinity, and corals were fed twice a week with freshly hatched
Artemia franciscana nauplii (Premium, Sanders).

For the experiment, colonies were fragmented into smaller
branches of 38 � 10 polyps. The experimental fragments were
attached to small plastic racks to keep them in an upright
position. These racks were equipped with a vinyl (PVC) hook
to enable easy handling without touching the animals for the
duration of the experiment (Fig. 1). Similar racks were pre-
pared for dead coral framework, but before being attached to
the racks, dead framework was examined for the presence of
bioeroding organisms by identifying bioerosion trace assem-
blages according to Beuck et al. (2010). Different bioerosion

stages were distributed as evenly as possible to the racks. Simi-
lar to the procedure in Büscher et al. (2019), the dead frame-
work was also examined for calcifying epibionts that were
carefully removed to eliminate calcification on those frag-
ments. All experimental fragments remained in the rec-
irculating system for another 6 weeks to recover from
fragmentation. Afterward, the racks with live corals and dead
coral framework were transferred to smaller, independent
aquaria of 55 L each (Fig. 1b,c). Fragments were distributed
randomly to the experimental aquaria, however, ensuring that
fragments from the same colony were not assigned to the
same treatment. Each experimental aquarium (= replicate)
was equipped with one white, one orange and one dead coral
fragment which were acclimatized for 10 d before first mea-
surements took place.

Experimental design and setup
The experiment lasted 13 months and consisted of three

treatments which were gradually increased in temperature (T1),
pCO2 level (T2), and both in combination (T3) (Table 1). Each
treatment comprised three replicates (three independent aquaria)
that were kept under ambient conditions throughout the
experiment (control replicates), and seven replicates that were
exposed to treatment conditions (manipulated replicates).

Fig. 1. Schematic visualization of the experimental set-up. (a) The three treatments T1 (warming), T2 (acidification), T3 (combined warming and acidifi-
cation), each containing three controls (C1-3, green boxes) and seven manipulated replicates (R1-7, orange (T1), yellow (T2) and red (T3) boxes). The
staggered display of the three treatments shall indicate the time lag of 1 week between the start of the treatment intervals with T2 starting 1 week after
T1 and T3 starting 1 week after T2. (b) Schematic top view of one experimental aquarium (= replicate) equipped with filter (F), streaming pump (P),
skimmer (S), and heater (H). (c) Front view of one of the experimental aquaria with sample racks equipped with white, orange, and dead coral
fragments.

Büscher et al. Cold-water coral ocean change thresholds
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The treatment conditions for the manipulated replicates were
elevated by 1�C in temperature (T1), 200 μatm in pCO2 (T2), or
both simultaneously (+1�C and +200 μatm) (T3) every interval
(Table 1). One interval covered a 6-week period to give the corals
time to acclimatize. The interval periods of the three treatments
were initiated consecutively with a time lag of 1 week between
T1 and T2, as well as between T2 and T3.

At the end of each interval, calcification and respiration
rates of all live corals and bioerosion/dissolution of dead coral
fragments were measured. The first measurement week conse-
quently comprised measurements of the three control repli-
cates and the seven manipulated replicates of the temperature
treatment (T1), followed by measurements of controls and
manipulated replicates of the CO2 treatment (T2) 1 week later
and replicates of the combined treatment (T3) another week
later. The adjustment of the next increment in terms of tem-
perature and/or pCO2 was likewise carried out in succession
for the three treatments.

Measurements were taken at the end of each interval, in
the last week before adjustments for the next interval manipu-
lation took place. The first three intervals (0–2) comprised
measurements under ambient conditions (8�C and � 400
μatm) for all replicates of all treatments to determine baseline
growth, before first manipulation took place in interval
3 (Table 1). All measurements took place within the experi-
mental aquaria to minimize disturbance.

All 30 aquaria were equipped with a streaming pump
(Hydor® KORALIA Nano, flow rate 900 L h�1) for water circu-
lation, a biological air filter (Tropical® Delfin SINGLE), an
internal protein skimmer (Aqua Medic® miniflotor 200), a
heater (Jäger, 75 W) regulated via a temperature regulator
(Hobby® Biotherm Pro), and a pH probe connected to an

aquaristic computer (IKS® aquastar) for permanent control of
the pH. A CO2-air-mixture for the CO2 enriched treatment
replicates was provided through KICO2 (Kiel CO2 manipula-
tion experimental facility; Bleich et al. 2008) and added to
every aquarium through an air stone in the skimmer and the
filter sponge. Twice a week, pH, temperature, and salinity were
measured in every aquarium with a portable pH meter
(WTW® pH 3310 equipped with a Sentix-81 pH probe) and
conductivity meter (WTW® Cond 3210 with a TetraCon®

325 probe). The salinity was kept constant by regulating evap-
oration through the addition of distilled water when deviating
from 35.2. Feeding was carried out once a week with a homog-
enous seawater solution (50 mL) containing freshly hatched
A. franciscana nauplii (> 3 nauplii mL�1) added to every aquar-
ium. Food concentration was adjusted to a medium amount
of food based on experiences from a previous long-term study
(see Büscher et al. 2017). After the start of a new interval, 50%
of the water in each aquarium was exchanged by fresh seawa-
ter, preadjusted to the respective experimental conditions.

Carbonate chemistry and dissolved inorganic nutrients
Water samples for carbonate chemistry analysis were taken

in the same successive mode at the end of each incubation
step (every 6 weeks) in the same week that the experimental
measurements took place. Duplicate samples of total alkalinity
(TA) and dissolved inorganic carbon (DIC) were taken with a
100-mL syringe (Omnific® Solo, BRAUN), sterile filtered
(0.2 μm) using a Filtropur L filter (SARSTEDT), and poisoned
with HgCl2 using 0.02 vol% saturated solution to arrest bio-
logical activity. Samples were stored refrigerated until analysis.
TA samples were analyzed via potentiometric open-cell titra-
tion (862 Compact Titrosampler, Metrohm). DIC was analyzed

Table 1. Target temperature (T in�C) and pCO2 (in μatm) levels of the three treatments T1 (warming), T2 (acidification), and T3 (com-
bined warming and acidification) for each 6-week interval. Note that all replicates in control and manipulated treatment aquaria
remained at ambient (= near in situ) conditions for the first two before the onset of temperature and/or pCO2 elevation.

T1 T2 T3

Control
(n = 3)

Manipulated
(n = 7)

Control
(n = 3)

Manipulated
(n = 7)

Control
(n = 3)

Manipulated
(n = 7)

Interval T (�C)
pCO2

(μatm) T (�C)
pCO2

(μatm) T (�C)
pCO2

(μatm) T (�C)
pCO2

(μatm) T (�C)
pCO2

(μatm) T (�C)
pCO2

(μatm)

0 8 400 8 400 8 400 8 400 8 400 8 400

1 8 400 8 400 8 400 8 400 8 400 8 400

2 8 400 8 400 8 400 8 400 8 400 8 400

3 8 400 9 400 8 400 8 600 8 400 9 600

4 8 400 10 400 8 400 8 800 8 400 10 800

5 8 400 11 400 8 400 8 1000 8 400 11 1000

6 8 400 12 400 8 400 8 1200 8 400 12 1200

7 8 400 13 400 8 400 8 1400 8 400 13 1400

8 8 400 14 400 8 400 8 1600 8 400 14 1600

9 8 400 15 400 8 400 8 1800 8 400 15 1800

Büscher et al. Cold-water coral ocean change thresholds
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by infrared detection of CO2 using an Automated Infra-Red
Inorganic Carbon Analyzer (AIRICA with LI-COR 7000,
Marianda). TA and DIC were corrected against Certified Refer-
ence Material from A.G. Dickson (Scripps Institution of
Oceanography) and density-corrected. Precision of TA dupli-
cates was 4 μmol kg�1

sw on average across all samples. The coef-
ficient of variation (given by the AIRICA, which analyses each
sample four times) was 1.5 on average. The remaining parame-
ters of the carbonate system: pH (total scale), pCO2, bicarbon-
ate ions (HCO�

3 ), carbonate ions (CO2�
3 ), and aragonite

saturation (ΩAr) were calculated in Excel® (Microsoft® Office
2019) using the carbonate chemistry macro CO2SYS_v2.1 pro-
vided by Pierrot et al. (2006), taking the thermodynamic con-
stants of Mehrbach et al. (1973), refitted by Dickson and
Millero (1987).

Samples for analysis of dissolved inorganic nutrients, that
is, nitrate + nitrite (NO�

3 :NO�
2 ), nitrite (NO�

2 ), ammonium
(NHþ

4 ), and phosphate (PO3�
4 ), were sterile filtered as described

above and stored refrigerated until analysis on the same day
using a four-channel Automated Continuous Segmented Flow
Analyzer (A3, SEAL Analytical) according to methods
described by Hansen and Koroleff (1999). Detection limits
were 0.05 μmol L�1 for NO�

3 :NO�
2 , 0.06 μg L�1 for NO�

2 ,
0.04 μmol L�1 for NHþ

4 , and 0.02 μmol L�1 for PO3�
4 . Nitrate

(NO�
3 ) concentrations were calculated by subtracting NO�

2

from the combined NO�
3 :NO�

2 values. The nutrients were ana-
lyzed to monitor the water quality (see Supporting Informa-
tion Fig. S1).

Determination of net calcification and bioerosion/
dissolution rates

Net growth (calcification/dissolution) rates of live corals
and degradation (net bioerosion/dissolution) rates of dead
coral framework were determined using the buoyant weighing
technique (Davies 1989). For this, a high precision analytical
balance (Sartorius CPA225D, readability = 0.1 mg) was placed
on top of the experimental aquaria. Live and dead coral frag-
ments were weighed under water by hanging the coral racks
with the hook attached to the below-balance weighing facility
using long forceps. Each rack was weighed at least twice to a
precision of � 1 mg buoyant weight. Resulting rates are
expressed as weight gain or loss per day as a percentage of the
initial weight of the fragment (G in % d�1) similar to descrip-
tions in Büscher et al. (2017). To further improve accuracy of
the measurements, the specific density of seawater was calcu-
lated with temperature and salinity values recorded in every
aquarium at the time of weighing and the specific skeletal
density of L. pertusa as determined in Büscher et al. (2019) was
used for density corrections as described in Davies (1989).
Results of live corals were normalized to the specific organic
content (ash-free dry mass [AFDM]) of each coral specimen
determined at the end of the experiment. The AFDM was
gained by drying the specimens to constant weight at 60�C
(at least 1 week, depending on individual specimens) before

placing them in a muffle furnace at 500�C for 5 h to remove
organic residue. Then, specimens were weighed again and the
difference in the weight before and after ashing yielded the
organic matter. Dead coral framework was standardized to dry
weight. All rates were also converted to average surface area of
live coral skeletons or bioeroded substrate, respectively
(as widely used in bioerosion and carbonate budget analyses).
Conversions were performed based on regression analyses
from several surface-area/volume/weight correlations of frag-
ments from an earlier experiment (R2 = 0.988; Büscher
et al. 2019).

The observed decline in calcification rates in the control
groups under ambient conditions is assumed to be taking
place in the manipulated replicates as well in addition to the
treatment effects. To estimate the effect size of the treatment
impacts without tank/time (= cultivation) effect, the mean
calcification rates of all three control groups (T1, T2, T3) were
averaged for every interval for white and orange corals. The
decline over time revealed by a linear regression analysis
(Supporting Information Fig. S2) of all control specimens over
all intervals (performed in Excel®) was subtracted from the
average calcification value of manipulated corals at each inter-
val. Supporting Information Fig. S3 shows this did not change
the overall outcome but emphasizes the potential true effect
size of the pCO2 and temperature manipulations.

Determination of respiration rates (oxygen consumption)
Oxygen consumption rates of all live coral branches were

measured using an optode-based oxygen analyzer (Oxy-10
mini, PreSens GmbH). This took place in the 10 aquaria of
each treatment simultaneously and was conducted in 800-mL
acrylic glass incubation chambers. First, white corals were
placed carefully into the chambers, avoiding contact with the
coenosarc or exposure to air. Incubation in closed chambers
did not exceed 10 h to keep the oxygen concentration within
the chambers normoxic (above 70% oxygen concentration;
compare Dodds et al. 2007). The same procedure was carried
out with the orange corals the following day. The optodes
(PreSens oxy-SP-PSt3-NAU-D5-YOP) were calibrated at the
beginning of the experiment using a two-point calibration
against 0% oxygen concentration established by means of a
saturated sodium sulfite (Na2SO3) solution, and 100% oxygen
saturation via fully aerated seawater. The measurements were
logged with the corresponding PreSens software (oxy-
10v3_33FB) at an interval of 1 min. Water circulation within
the closed chambers was ensured by model making ship’s pro-
pellers (Graupner) that were powered by 12-V electric motors
(Igarashi). The night before every coral respiration measure-
ment, oxygen consumption in the aquarium water was mea-
sured to account for sensor drifts. Microbial background
respiration was quantified at the end of the experiment in all
aquaria in closed chambers filled with ambient seawater from
the respective aquaria. Coral respiration rates were derived
from the recorded depletion of oxygen over time during the

Büscher et al. Cold-water coral ocean change thresholds
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10-h incubations and corrected for microbial background res-
piration from the last measurement interval (assuming micro-
bial respiration did not change significantly over time and
with the changing treatment conditions). Respiration rates
were normalized to AFDM and expressed as μmol O2

gAFDM
�1 h�1, accounting for the water volume and the time

span of the incubation. Visualizations of the treatment effects
corrected for the change in controls similar to calculations for
calcification/degradation rates are shown in Supporting Infor-
mation Fig. S4.

Determination of polyp mortality
Dead polyps were removed from the fragments during frag-

mentations prior to the experiment. Fragments were exam-
ined regularly under water for necrotic or dead polyps and
counted during each interval. Mortality was then computed as
percentage per coral branch and per conditional increment.

Statistical analysis
Statistical analyses were performed using the statistics

graph and data analysis program SigmaPlot© Version 13.0
(Systat Software Inc.) and R version 4.1.2. All data are given as
mean � standard deviation (SD). The raw data are available at
Data Publisher for Earth & Environmental Science PANGAEA®

under the following url: https://doi.org/10.1594/PANGAEA.
947285 (see Büscher et al. 2022).

Since the experimental replicates were repeatedly measured
over the course of the 13-month experiment, repeated mea-
sures ANOVA (RM ANOVA) tests were performed in R to test
for changes in physiological responses over time (controls)
and with gradual increases in temperature and pCO2 (manipu-
lated). RM ANOVAs were performed for the dependent vari-
ables growth, bioerosion/dissolution, and respiration for both
control and manipulated replicates of all treatments (T1:
warming, T2: acidification, T3: combined warming and acidifi-
cation). Carbonate chemistry changes in T2 and T3 were
tested similarly to verify that pCO2 levels were significantly
different between intervals.

To figure out where in the experiment significant differ-
ences occurred between treatments, treatments (T1, T2, T3)
were additionally compared at the individual intervals. For
this one-way ANOVA tests (SigmaPlot) were performed
(Kruskal–Wallis ANOVA on ranks as nonparametric alterna-
tive) for controls and manipulated corals with subsequent post
hoc tests (Holm–Sidak method) for pairwise multiple compari-
son of the different measurement intervals to reveal which
treatments differed (Tukey test for nonparametric procedures
on ranks). One-way ANOVAs were corrected for enhanced
probability of a Type I error using a Bonferroni correction. The
new significance level is p = 0.006 for both live corals and
dead coral framework. Since the control groups did not dif-
fer significantly at any of the intervals in any of the tested
parameters (growth, respiration, degradation), responses of

manipulated corals were then tested against the combined
controls (n = 9) at each interval to increase statistical power.

Where only two groups were compared (e.g., white and
orange average coral performance over the course of the exper-
iment), t-tests were applied or a Mann–Whitney rank sum test
in case of nonparametric data distribution.

Correlations between calcification and respiration rates
were tested by linear regression analysis in SigmaPlot.

Results
Experimental conditions

Target temperature and pCO2 levels were met throughout
the experiment except for the last three to four intervals in
the acidification treatments (T2 and T3), where the desired tar-
get values of plus 200 μatm were not fully realized at each
interval likely caused by a buffering effect resulting from disso-
lution of the coral skeletons at ΩAr ≤ 1 (Supporting Informa-
tion Table S2). For more details of the experimental
conditions, see Supporting Information.

Calcification rates of live corals
Mean net calcification rates of all live specimens were vari-

able and ranged from �0.0136% to 0.0598% d�1 (Table 2).
Average calcification rate of nonmanipulated corals (controls)
of all treatments and measurements throughout the experi-
ment was 0.0112% � 0.0098% d�1. Orange corals had signifi-
cantly higher growth rates (0.0175% � 0.0104% d�1) than
white ones (0.0048% � 0.0023% d�1) (t-test, p = 0.015;
Supporting Information Fig. S5a). The difference in calcifica-
tion rates between the colormorphs was particularly evident
in the beginning of the experiment, where orange corals
increased their calcification rates until the 3rd to 4th interval,
after which rates dropped to similar levels as the white speci-
mens in the last (9th) interval (Fig. 2; Supporting Information
Fig. S5a). The increase in growth rates in the orange corals dur-
ing the first few intervals was observed in both controls and
manipulated corals (Fig. 2). Orange replicates had also higher
variances in calcification rates than white specimens.

There was a time/cultivation effect with consistently
declining growth rates throughout the experiment, which was
more pronounced in orange corals due to the initial increase
in calcification rates (Supporting Information Figs. S2, S5a).

For both colormorphs, treatment-specific responses were
similar with warming having an increasing effect on calcifica-
tion rates and acidification resulting in decreased rates com-
pared to the controls, while combined warming and
acidification (T3) appeared to remain similar to the controls
(Fig. 2). The decreasing trend of calcification rates as a
response to acidification in T2 resulted in lower average calcifi-
cation in manipulated corals compared with the controls from
interval 6 onwards, with dissolution occurring from the 6th

interval in white and from the 7th interval in orange
corals (Fig. 2).
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RM ANOVAs revealed statistically highly significant
(p < 0.0001) differences with regard to the treatment factors
and the gradual change over time in both colormorphs.

One-way ANOVAs between treatments revealed that T1 dif-
fered significantly from T2 during the last four intervals (inter-
vals 6–9, p = < 0.001 to 0.003) in white corals and from
intervals 5 to 8 in orange corals (p = < 0.001 to 0.004). At
interval 6 all treatments differed significantly in orange corals.

Comparing manipulated treatments with a combined con-
trol at individual intervals revealed the following distinctions:
In T1, a statistically significant difference was only found at
interval 6 in white corals (p = 0.002) due to high variability in
rates (Fig. 2). However, it is noteworthy that during the last
interval in T1, calcification rates of manipulated replicates
dropped considerably in both colormorphs, resulting in
almost 50% decreased calcification in white corals compared
to the previous interval and net dissolution of orange corals
with 2.5 times as much weight loss (Fig. 2; Table 2).

In T2, manipulated replicates differed significantly from
controls in the last four intervals (intervals 6–9, p = < 0.001 to
0.004), while in T3 white and orange manipulated replicates
did not significantly differ from combined controls, despite a
considerable drop in calcification rates that resulted in net dis-
solution in the last interval (9) in both colormorphs.

While warming slightly elevated growth rates in both col-
ormorphs, it affected them differently with regard to their
temperature optima for calcification. Orange corals showed
elevated calcification rates at medium elevated temperatures
of 9�C to 12/13�C, after which reduction of calcification rates
took place, resulting in dissolution at the highest experimen-
tal temperature of 15�C. In contrast, white corals increased
their calcification rates with increasing temperatures up to 14�C
and showed only slightly reduced calcification rates at 15�C and
no dissolution. While acidification had a negative effect on calci-
fication rates in both colormorphs leading to increasingly nega-
tive calcification with negative net calcification/dissolution at

Fig. 2. Growth and bioerosion/dissolution rates (change in mass in % d�1) of controls (light colored, dashed lines, n = 3 each) and manipulated speci-
mens (dark colored, solid lines, n = 7 each) of white (blue, top row), orange (red, middle row), and dead framework (green, bottom row) fragments of
the three treatments T1 (warming, left column), T2 (acidification, middle column), T3 (combined warming and acidification, right column). Depicted are
mean values � SD at every 6-week measurement interval over the course of the 13-month experiment. The standard deviation of the controls is shown
as confidence band to improve readability. The shaded area to the left of every graph shows the measurements under ambient conditions before experi-
mental manipulation. Bioerosion/dissolution rate measurements started at interval 1, thus the first rate was yielded at interval 2.
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pCO2 levels > 1000 μatm (ΩAr ≈ 1) and higher, in the combined
treatment, warming and acidification did not show signifi-
cant effects on growth rates until the last interval. Here, an
abrupt breakdown in calcification took place, turning into
net dissolution in both colormorphs. While in white corals
a slight positive trend was visible at the last two intervals
before the breakdown (at 13–14�C and > 1000 μatm), orange
corals showed a decreasing trend toward net dissolution
already during earlier intervals, similar to the development
in both colormorphs in T1.

The effect sizes as a percentage of the manipulated repli-
cates of each treatment corrected for the decline in controls
(see Supporting Information Fig. S3) emphasizes these find-
ings and shows that toward the end of the experiment, treat-
ment effects increased in all three treatments.

Respiration (oxygen consumption) rates of live corals
Mean respiration rates ranged from 1.09 to 7.61 μmol O2

gAFDM
�1 h�1 throughout the experiment with occasional

treatment-specific differences (Fig. 3). Coral oxygen consump-
tion was clearly distinct from microbial respiration measured at
the end of the experiment (0.11 � 0.16 μmol O2 gAFDM

�1 h�1).
The average respiration rate of all controls was

3.37 � 1.34 μmol O2 gAFDM
�1 h�1 over the course of the experi-

ment. Orange controls had 46% higher respiration rates

(4.01 � 1.17 μmol O2 gAFDM
�1 h�1) than white controls

(2.74 � 1.20 μmol O2 gAFDM
�1 h�1) on average (Supporting

Information Fig. S5b), which was highly significant (p < 0.001
comparing combined controls of white and orange specimens
from the entire experiment, t-test). The differences between the
colormorphs developed more strongly in a later stage of the
experiment. Similar to growth rates, orange specimens showed a
higher variation in respiration rates than white specimens
(Fig. 3; Supporting Information Fig. S6). Respiration rates
decreased over the course of the experiment in corals for most
treatments in controls and manipulated corals. This was insignif-
icant between treatments for all controls; however, time had a
significant influence on white control corals (p < 0.001, RM
ANOVA), probably resulting from the stronger increase in respi-
ration rates during the first intervals of the experiment (Fig. 3).

Manipulated replicates showed significant differences with
increasing treatment conditions and between treatments in
both colormorphs (p < 0.0001, RM ANOVA). These include
the increase of respiration rates at the beginning of the experi-
ment under ambient conditions, cultivation effect, and treat-
ment effects, but treatment responses were overall comparable
to growth responses with a decrease in respiration rates under
acidification compared to the controls and an increase in res-
piration rates under warming (as single stressor or in combina-
tion with CO2) (Fig. 3).

Fig. 3. Respiration (oxygen consumption) rates (in μmol O2 gAFDM
�1 h�1) of controls (light colored, dashed lines, n = 3 each) and manipulated speci-

mens (dark colored, solid lines, n = 7 each) of white (blue, top row) and orange (red, lower row) live corals of the three treatments T1 (warming, left col-
umn), T2 (acidification, middle column), T3 (combined warming and acidification, right column). Given are mean values � SD over the nine
measurement intervals of 6 weeks each (x-axis). Due to overlapping standard deviation in control and manipulated replicates, the SD of the control repli-
cates is depicted as confidence band. The shaded area to the left of every graph shows the measurements under ambient conditions for all replicates
before manipulation started after interval 2.
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Comparison of the treatments at individual intervals (one-
way ANOVAs) revealed no significant differences between the
controls of T1, T2, and T3, but between colormorphs in
manipulated treatments. Orange corals were significantly dif-
ferent between treatments from the 4th interval onwards
(except intervals 6 and 9) between T1 and T2 and between T2
and T3 in intervals 7 and 8 (p < 0.001 in all occasions),
whereas white corals showed first significant differences only
between T1 and T2 at the very last interval (9; p < 0.001).

When comparing respiration rates to the combined con-
trols at individual intervals, only the last interval in T1 (inter-
val 9, p < 0.001) and interval 7 in T3 (p = 0.003) differ
significantly in white corals and intervals 7 and 8 in T2
(p < 0.001) in orange corals.

Visualized effect sizes of control-corrected treatment
developments clearly demonstrates the increasing trend of res-
piration rates with warming and decreasing rates with acidifi-
cation in both colormorphs similar to growth responses
(Supporting Information Figs. S4, S3). Both treatment and
tank effects became stronger toward the last intervals of the
experiment and control-corrected treatment effects were most
pronounced in the last two to three intervals. In orange corals,
the treatment effects were more pronounced, as respiration
rates were continuously elevated throughout the manipula-
tion period in T1 and lowered under acidification in T2, while
in white corals, treatment responses were only slightly chang-
ing until highest temperatures were reached in T1 and T3
(Supporting Information Fig. S4; Fig. 3).

Respiration was also plotted against calcification (Supporting
Information Fig. S6) and showed positive linear relationships in
all control corals and in most single stressor treatments, how-
ever, in white corals both warming treatments did not or even
negatively correlate.

Mortality of live corals
First polyp mortality occurred halfway through the experi-

ment (interval 6). On branches that showed signs of mortality,
the number of dead polyps per branch tended to increase with
time, especially in manipulated corals. The percentage of dead
polyps per fragment at the end of the experiment was gener-
ally larger in orange than in white corals, in both control and
manipulated replicates (Fig. 4). Between white and orange
manipulated replicates in T1 there was a statistically signifi-
cant difference in the final dead polyp count (Mann–Whitney
rank sum test on median values; p = 0.011) (Fig. 4).

Polyp mortality was also higher in replicates of all manipu-
lated specimens compared to controls at the end of the experi-
ment, with one exception of an almost entirely dead fragment
in the orange controls of T2. This replicate had already lost
more than 80% of the polyps when first counted which leads
to an increased average mortality percentage in the control
group of the pCO2 treatment (Fig. 4). Eliminating this repli-
cate results in a dead polyp count of the remaining two repli-
cates that is similar to the other control groups (Fig. 4, dashed

line). Nevertheless, orange control corals had more than two
times higher dead polyp counts than white corals under ambi-
ent conditions on average, even when disregarding the nearly
dead replicate in T2 controls.

Although mortality was consistently low with on average
14% dead polyps per fragment throughout the entire experi-
ment, the amount of dead polyps increased considerably in
both warming treatments (unifactorial and combined) toward
the end of the experiment with up to 22% (white corals) to
55% (orange corals) average polyp mortality. Highest mortal-
ity was observed under combined warming and acidification,
followed by warming, while lowest mortality was seen under
acidification only. These differences were not significant due
to high variability. The control groups were also not signifi-
cantly different from one another. In the temperature treat-
ments, mortality particularly increased during the last interval
of the experiment, between 14�C and 15�C, with manipulated
corals showing three times higher mortality on average.

Mortality due to elevated nutrient concentrations can be
excluded, as nutrient concentrations remained fairly constant
(Supporting Information Fig. S1).

Carbonate degradation of dead coral framework
Net degradation (bioerosion/dissolution) and carbonate

accretion rates of all dead coral fragments of the experiment
ranged from �0.0103% to 0.0043% d�1 (equates to �65.9 to
27.9 g m�2 yr�1) (Table 2). Average bioerosion of all three con-
trol groups was �0.0006% � 0.0013% d�1 (≈ �3.28 �
8.35 g m�2 yr�1) over the entire experiment duration. There
was almost no drift in the controls over time (Fig. 2), thus, in

Fig. 4. Mortality as a percentage of dead polyps per fragment of white (blue
bars) and orange (reddish bars) corals for control (light colored, dotted bars;
n = 3) and manipulated (darker colored bars; n = 7) replicates of the three
treatments T1 (warming), T2 (acidification), T3 (combined warming and acid-
ification) at the end of the experiment (interval 9). Given are mean percent-
ages of the replicates of each group � SD. The dashed line in the control
group of T2 shows the mean percentage of dead polyps in this group when
excluding one outlier replicate with > 80% mortality. The asterisk shows a sig-
nificant difference between white and orange manipulated corals of T1.
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contrast to the live corals, on dead fragments most likely no
tank effect occurred, even though the RM ANOVA points to a
time effect in T1 (p = 0.03), which is likely caused by the steep
drop in the rates from intervals 2 to 3. This initial drop as well
as the weight gain in some of the dead fragments during the
first one to two intervals in T1 and T2 is probably an artifact
arising from trapped air bubbles, which were released during
handling in the first weeks of the experiment. The controls did
not significantly differ between treatments (RM ANOVA),
which is confirmed by one-way ANOVAs at individual inter-
vals, which were all insignificant between treatment controls.

Unlike the controls, manipulated fragments showed signifi-
cant differences with increasing treatment conditions over
time (p < 0.0001, RM ANOVA). At interval 6, T1 differed sig-
nificantly from T3 and at intervals 7 and 9, T1 differed from
T2 (p < 0.001 for all occasions, one-way ANOVAs). Compared
to the combined controls at individual intervals (one-way
ANOVAs), manipulated replicates of T2 showed a significant
increase in weight loss from interval 7 onwards (p ≤ 0.002).
Combined acidification and warming (T3) caused a significant

increase in bioerosion/dissolution rates starting from interval
5 (p ≤ 0.001 to p = 0.004). There was no significant difference
between controls and manipulated replicates at any interval
under warming alone (T1).

To evaluate whether abiogenic dissolution below ΩAr = 1
(the saturation level at which the water is undersaturated with
respect to aragonite and favorable for calcium carbonate disso-
lution) enhances the trend of increasing bioerosion rates seen
for ΩAr > 1, we have performed separate linear regressions for
ΩAr ≥ 1 and ΩAr < 1 as visualized in Fig. 5. In both live corals
and dead framework, linear regressions of data below ΩAr = 1
were steeper than regressions with data at ΩAr ≥ 1. This sug-
gests that below ΩAr = 1, abiogenic aragonite dissolution con-
tributes markedly to the determined rates both for live
(Fig. 5a,c) and dead coral framework (Fig. 5b,d). The relative
proportion of abiogenic dissolution and bioerosion in dead
framework can then roughly be estimated by reading the dif-
ference between the two regressions at a given ΩAr value, that
is, at ΩAr = 0.75 the contribution of the two processes would
be approximately 1 : 1 (Fig. 5d). In other words, the triangular

Fig. 5. Net calcification/dissolution rates of live corals (a,c) and dead coral framework (b,d) gathered from weight change in % d�1. (a, b) represent a
theoretical concept of where positive net calcification and net dissolution of live corals (a) and where bioerosion and abiogenic dissolution in dead coral
framework (b) would be expected. The graphs below depict the measured data of all live (white and orange) corals of the experiment (c) and of dead
coral framework (d) of all treatments). The two distinct linear regressions are based on values at ΩAr ≥ 1 for and values at ΩAr < 1 (dark purple for live
corals (c) and dark green for dead coral framework (d)). For aragonite undersaturated waters, the area between the extended linear regressions of ΩAr ≥ 1
and Ω Ar < 1 roughly identifies where abiogenic dissolution increasingly contributes to the measured bioerosion/dissolution rates in dead coral frame-
work (b,d).
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area between the two regressions (in case of dead coral frame-
work), respectively, the steeper regression and the x-axis
(in live corals) would roughly correspond to abiogenic
dissolution.

Discussion
In this study, net growth, respiration and survival, as well

as bioerosion/dissolution (biocorrosion/bioabrasion and abio-
genic dissolution) of the cold-water coral L. pertusa from the
North-East Atlantic were examined in a unique study
approach under gradual elevation of single or combined ocean
change stressors (temperature and pCO2).

Recent observations of physiological responses to ocean
change have shown that combined assessment of multiple
stressors differ from unifactorial approaches, including com-
pensation of one another (Büscher et al. 2017; Jiang
et al. 2018). It was further highlighted that especially with
regard to the slow-growing cold-water corals, short-term expo-
sure responses differ significantly from long-term perturbation
responses (Form and Riebesell 2012; Hennige et al. 2015),
implying that in the short-term corals show a “shock”
response, while after a couple of months they are capable of
acclimatizing to altered conditions. While experimental stud-
ies on ocean change responses usually look at fixed scenarios
of proposed future conditions, our approach used a step-wise
gradual increase of CO2 concentrations and/or temperature to
identify physiological optima and potential tipping points.
Corals were allowed to acclimatize to increasing stressor levels
smoothly through a slow pace of manipulation. In addition,
we included for the first-time rates of degradative processes
like bioerosion and dissolution of the dead coral framework
and its responses to future ocean conditions as opposed to net
growth of live corals in simultaneous measurements in our
experiment. This is important as the dead portions of cold-
water coral assemblages host the majority of associated organ-
isms and may be more strongly affected by dissolution and
bioerosion than live corals, but which would weaken the reef
framework as a whole and consequently impact biodiversity.

Calcification
Net calcification rates were in accordance with previously

reported rates from laboratory experiments and in situ studies
at comparable temperatures (Form and Riebesell 2012; Lunden
et al. 2014; Kurman et al. 2017).

Although considerable declines in calcification rates were
primarily detected after short-term exposure to elevated pCO2

levels and carbonate undersaturated conditions (ΩAr < 1),
longer-term acidification experiments with L. pertusa from dif-
ferent areas including reefs from the Norwegian Sea (Form and
Riebesell 2012; Büscher et al. 2017), the Sea of the Hebrides
(Hennige et al. 2015), the Gulf of Mexico (Kurman
et al. 2017), and the Mediterranean Sea (Maier et al. 2013b;
Movilla et al. 2014) revealed differential responses ranging

from no significant changes in calcification response after
6–12 months of exposure to significant declines. Although
some studies emphasize that cold-water corals are able to
maintain calcification under moderately elevated pCO2 condi-
tions, in the majority of those studies a decreasing trend of
calcification was observed with increasing pCO2 levels, with
growth rates approaching zero at aragonite undersaturated
conditions (Hennige et al. 2015; Büscher et al. 2017). This
trend is typically not statistically significant due to high vari-
ability among specimens. High variance between replicates
demonstrates a high plasticity of this species with regard to
environmental conditions (Ragazzola et al. 2013), which is
supported by the large bathymetric range and the broad range
of environmental conditions inhabited by L. pertusa. Kurman
et al. (2017) hypothesized that some genotypes may be more
resilient to acidification than others, which may explain the
generally high variance in responses among specimens in
studies with Lophelia; however, they found significantly
declining net calcification rates over time and net dissolution
by the end of the 6-month period in the acidified treatment
(pCO2 = 1160 μatm) of their experiment despite large geno-
type variances, comparable to our results in the CO2 treatment
(T2, Fig. 2). Experimental studies therefore suggest that
L. pertusa may reach physiological limits to sustain calcifica-
tion rates when the water becomes corrosive and/or skeletal
dissolution counteracts calcification, eventually leading to
lower net growth.

Observations from natural habitats of deep-water corals affirm
that some corals can survive low pH (McCulloch et al. 2012a;
Wall et al. 2015) and at least temporarily even aragonite
undersaturated conditions (Davies and Guinotte 2011; Baco
et al. 2017). The ability to calcify despite aragonite under-
saturation likely results from specialized mechanisms regulating
the internal pH level and carbonate ion concentrations at the
site of calcification, which “buffers” the pH in the calcifying
fluid against external changes of seawater pH (McCulloch
et al. 2012a,b; Wall et al. 2015). However, this ability is species
specific, and the process is energetically costly. These energetic
costs increase with the increasing gap between external and
internal pH under acidification (McCulloch et al. 2012b).

Elevated energy demands for pH upregulation as a result of
acidification and thermal compensation may eventually result
in an energetic imbalance with energy reallocated from other
vital processes (Hennige et al. 2015). Jiang et al. (2018)
showed that while the negative effects of acidification on cal-
cification of juvenile P. damicornis were mitigated by simulta-
neous warming, the budding process was decelerated under
combined temperature and pCO2 perturbation, which suggests
that mitigation comes at a cost to other processes such as
reproduction. In the combined treatment of our experiment,
the negative effect of elevated pCO2 as seen in the acidifica-
tion treatment was partially mitigated by warming, while dis-
solution occurred only at the highest temperature and CO2

concentration (14–15�C, 1600 μatm), despite similar aragonite
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saturation and pCO2 conditions as under elevated pCO2 alone,
which may also be attributable to a considerable increase in
mortality between 14�C and 15�C. Whether in our experiment
calcification was sustained due to efficient upregulation of the
internal pH under simultaneous warming and acidification is
unclear, but it is very likely that it occurred at the expense of
other processes’ energy expenditure, especially considering
the rapid breakdown at the tolerance threshold in the com-
bined treatment.

Some warm-water scleractinians are able to counteract
enhanced energy costs by an increased feeding rate. For some
scleractinian species, however, it was observed that food cap-
ture rates could not be enhanced to meet additional nutritional
demands under acidified conditions, including L. pertusa from
various spatially distinct populations (Georgian et al. 2016;
Büscher et al. 2017; G�omez et al. 2018). The diet of L. pertusa
consists of a mix of particulate and dissolved suspended organic
matter, with zooplankton being the preferentially assimilated
food source at Norwegian reefs (Müller et al. 2014; Maier
et al. 2019). In the present study, the feeding regime is consid-
ered sufficient, as corals appeared to be in good condition visu-
ally until the end of the experiment and general experience in
cold-water coral husbandry for several years as well as previous
experiments under similar feeding conditions have not shown
any detrimental signs. However, it cannot be excluded that the
cultivation effect seen in this study arose from insufficient
nutrition. In a previous long-term experiment, higher vs. lower
food availability did not result in altered calcification rates or
fitness under ambient or future environmental conditions
(Büscher et al. 2017), supporting the incapability of L. pertusa
to compensate the negative effects of acidification by enhanced
feeding.

Respiration
Respiration rates assessed here were in the same range as lit-

erature values of L. pertusa from the North Atlantic (Larsson
et al. 2013; Georgian et al. 2016; Maier et al. 2019) and the
Mediterranean Sea (Maier et al. 2013a). Metabolic rates of
freshly collected corals are generally higher than rates
obtained in longer-term laboratory experiments, with rates
four times (Dorey et al. 2020) to seven times (Hennige
et al., 2014a) higher in short-term (on-board) experiments
compared to the present and other long-term experiments
(Hennige et al. 2015; Georgian et al. 2016). This may either be
due to a stress-related increase in respiration after collection
(shock response) or due to a reduction in respiration in
response to laboratory cultivation (i.e., low-quality food condi-
tions) (Larsson et al. 2013; Hennige et al., 2014a). In our
experiment, the general decline in respiration rates is most
likely attributable to cultivation as this occurred similarly in
the controls and in manipulated corals.

Few studies have looked at respiratory metabolism of cold-
water corals under ocean acidification and/or warming so far,
with contradicting results depending on species, experimental

design, duration of exposure, and biogeographic origin of the
corals (compare Georgian et al. 2016). Our study lines up with
the findings of previous long-term studies (Maier et al. 2013a;
Hennige et al. 2015), exhibiting no significant changes with
respect to acidification or warming compared to control con-
ditions except for a few occasions toward the end of the exper-
iment at highly elevated temperature (white corals) or pCO2

levels (orange corals). This demonstrates the acclimatization
potential of L. pertusa to adjust their metabolism under
longer-term perturbation of environmental stressors. However,
results showed by trend a reduction of respiration rates with
acidification and an increase with warming (Fig. 3), similar to
calcification responses.

In our experiment, combined increases in temperature and
pCO2 led to elevated respiration rates in L. pertusa compared
to rates under acidification alone, whereas rates of
Desmophyllum dianthus were significantly reduced under both
stressors, while under single-stressor treatments, respiration
tended to increase compared to control conditions (Gori
et al. 2016). In contrast, Hennige et al. (2015) measured signif-
icantly decreased respiration rates at long-term (12 months)
exposure to 3� elevated temperature. Reduced respiration
under elevated temperature in combination with a deviation
from the usually positively correlating relationship of respira-
tion and calcification was argued to represent a potential shift
in energetic pathways, which could be the result of energetic
reserves being used by other processes (Hennige et al. 2015).
In our case, the relationship between calcification and respira-
tion was only adversely correlated in white manipulated corals
in both warming treatments (T1 and T3 in Supporting Infor-
mation Fig. S6), suggesting that prolonged warming impacts
the metabolism of this colormorph in particular. Gori et al.
(2016) emphasized a shift from mixed use of proteins, carbo-
hydrates, and lipids as metabolic substrates under control con-
ditions to less efficient protein-dominated catabolism under
combined temperature and pCO2 elevation in D. dianthus,
which could be an explanation for the imbalance in metabolic
and calcification rates in white corals under warming in our
experiment as well.

Mortality
In experimental studies with L. pertusa from the Gulf of

Mexico, where this species usually inhabits waters around
9�C, it was shown that significant mortality occurred at tem-
peratures above 14–15�C (Brooke et al. 2013; Lunden
et al. 2014), indicating that this temperature represents a
genetically determined upper limit independent of other envi-
ronmental factors that might influence temperature tolerance.
The experimentally identified temperature tolerance limit
coincides with the thermal boundary in the biogeographical
distribution of this species (Freiwald et al. 2009). In our study,
mortality was highest in the combined treatment (Fig. 4),
demonstrating the detrimental effects of combined stressors
despite or perhaps because of the mitigation of physiological
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processes under warmer conditions. Interestingly, mortality of
orange corals was considerably higher in all treatments (con-
trols and manipulated) compared with white corals, which
underpins the observed physiological differences between the
two colormorphs.

Differences between colormorphs
L. pertusa and other cold-water corals have distinct color

variation arising from carotenoids (i.e., astaxanthin) that
occur in the coral tissue and skeleton in higher concentration
in orange individuals (Elde et al. 2012). To date, it is unclear
whether these astaxanthin variations are genetically or envi-
ronmentally controlled, but the carotenoids may be derived
from the diet (Elde et al. 2012; Osterloff et al. 2019) or trans-
mitted vertically through the eggs of colored colonies (Larsson
et al. 2014). The purpose of pigmentation in cold-water corals
is not fully resolved yet, but they may serve as antioxidants or
as antibacterial agents (Shnit-Orland and Kushmaro 2008;
Elde et al. 2012). Colormorphs may also have different nutri-
tional benefits due to specific bacterial compositions
(Neulinger et al. 2008).

The fact that genetically distinct individuals of adult white
and orange L. pertusa skeletally fuse (Hennige et al. 2014b)
shows that they recognize themselves on the species level and
do not reject between individual colonies or different col-
ormorphs in contrast to many tropical coral species, which is
a considerable advantage in this framework-forming deep-
water coral, as it supports reef stabilization and biodiversity.

An in situ experiment with L. pertusa in mid-Norway rev-
ealed that growth rates of the orange phenotype are on aver-
age twice as high compared to white corals, however, this was
again not significant due to the high variability in rates of
orange corals, in particular (Büscher et al. 2019). This is in
good accordance with the laboratory results of the present
study, which showed not only higher physiological rates of
orange specimens (up to six times higher calcification rates
and 1–2 times higher respiration rates under ambient condi-
tions on average), but also higher standard deviations between
replicates (Figs. 2, 3; Supporting Information Fig. S5). The
higher variation in rates of orange corals might be related to a
higher variation in genotypes between colonies compared
with white colonies. Kurman et al. (2017) postulated that a
greater genetic variation in genotypes could ensure higher
probability of stronger resistance toward ocean acidification.
Hence, if orange corals in our study were genetically more
diverse than white ones, it could be possible that selective
genotypes among the orange corals showed a better perfor-
mance, which could hold true for Norwegian reefs in general,
but this is yet to be verified. Here, we did not find any advan-
tageous responses of the orange phenotype on average with
regard to acidification or warming. However, we observed dif-
ferences in the physiology of both colormorphs with regard to
their temperature optima. Although white L. pertusa tolerated
temperatures up to 15�C fairly well with highest calcification

rates at 14�C, optimum temperatures of orange corals for calci-
fication lay in a narrower range between 10�C and 12�C. This
would restrict their distribution in the natural environment
more than white corals and orange colonies in the Mediterra-
nean Sea, for example, that live already at their tolerance limit
would be impacted by increasing temperatures first.

The observed increase in calcification rates in orange corals
during the first intervals of the experiment, regardless of treat-
ment attribution, was absent in the responses of white corals.
Although fragmentation of white and orange colonies took
place at the same time before the experiment, orange corals
seem to have acclimatized differently to the same new aquar-
ium environment. Since this observation is evident in all spec-
imens and before manipulation took place, other
physiological processes than resulting from the experimental
variables must be responsible for this behavior in orange
corals. Orange corals also showed a stronger decline in calcifi-
cation rates toward the end of the experiment than white
ones. Both manipulated and control specimens exhibited this
pattern, indicating that environmental (cultivation) condi-
tions other than the two manipulated parameters led to less
favorable conditions for the orange corals. A potential expla-
nation for this might be that the observed wider range in
physiological rates require a higher energy demand, which
could not be sustained in the aquarium cultivation in the long
term due to a non-sufficient food source. Specimens in our
experiment were solely fed with Artemia nauplii, which may
not provide sufficient carotenoids to sustain a higher concen-
tration of astaxanthin for the orange colormorph to sustain
energetic reserves for upregulation of physiological processes
and therefore this may have led to a stronger reduction in cal-
cification rates and eventually higher mortality in orange
corals. The observation of fading color in orange L. pertusa in
long-term husbandry of a few years may support this assump-
tion. Beyond that it is noteworthy that orange colonies appear
to be more efficient in their physiological performance in a
narrower range of environmental conditions than white colo-
nies, which is demonstrated by the faster breakdown and con-
siderable increase in mortality in unsuitable conditions, while
white corals withstand similar constraints longer. Altogether,
this underlines the important role of seasonally high food
availability on Norwegian (fjord) reefs (Maier et al. 2020).

Carbonate degradation of dead coral framework
Carbonate degradation of the dead coral framework by

bioerosion and dissolution has received little attention in
experimental cold-water coral research so far. Yet, bioerosion
represents the natural counterpart of calcification and has
become a significant stressor for global reef health and integ-
rity (Schönberg et al. 2017). In cold-water coral bioherms, the
dead framework plays an important role as it forms the struc-
tural basis of the reefs and hosts the majority of the associated
fauna (Freiwald et al. 2004). Accordingly, it has been
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emphasized that dissolution and bioerosion of bare skeletons
may be the more serious consequences of ocean acidification
on cold-water corals than physiological impacts on the live
corals (Hennige et al. 2015; 2020).

The prominence of pCO2 as a factor controlling bioerosion
rates is in good accordance to the results of the review and
meta-analyses performed by Schönberg et al. (2017) for previ-
ous laboratory experiments and field studies on the influence
of ocean acidification on different bioeroders worldwide.
Although the response of individual bioeroder groups varies
strongly depending on ecophysiology and mode of
bioerosion, the overall trend indicates an increase in chemical
micro- and macro-bioerosion in response to elevated levels of
pCO2, thereby promoting an indirect increase of mechanical
bioerosion and grazing (Schönberg et al. 2017). The two prin-
cipal groups of bioeroders in the aphotic cold-water coral reefs
are microfungi and excavating sponges (Beuck and Fre-
iwald 2005; Beuck et al. 2010). To date, there is no experimen-
tal data on the influence of pCO2 on bioerosion rates of
microfungi, but bioerosion by phototrophic microborers in
tropical coral reefs (chlorophytes and cyanobacteria) signifi-
cantly increased under simulated ocean acidification
(e.g., Tribollet et al. 2006, 2009) and as bioeroding microfungi
apply a chemical mode of bioerosion as well, we suspect that
fungal microbioerosion is similarly stimulated by elevated
levels of pCO2 as supported by our results. As far as bioeroding
sponges are concerned, there is solid experimental evidence
for several tropical to cold-temperate species that indicate that
they accelerate their bioerosion activity (chemical bio-
corrosion and mechanical extraction of sediment chips in this
case) at elevated pCO2 levels (Wisshak et al. 2012, 2013;
Stubler et al. 2015). This suggests that ecophysiological
responses apply across species and latitudes (Wisshak
et al. 2014). Since related species of the same sponge genera
are abundant in cold-water coral reefs, they are likely affected
in the same way. Experiments that have included temperature
in separate and combined treatments (Wisshak et al. 2013;
Stubler et al. 2015) suggest that temperature has compara-
tively little effect on the sponge’s bioerosion rates until criti-
cally high temperature stress levels lead to adverse effects,
which is supported by our results.

Selected dead coral fragments showed clear signs of activity
of bioeroding microfungi and excavating sponges in our
experiment, and while it is safe to assume that grazers were
excluded, we cannot separate the contribution by the different
agents and types of bioeroders. The settlement of at least the
macroborers on the dead framework of L. pertusa is patchy,
that is, some fragments may have contained bioeroding spon-
ges, while others contained only microborers. The amount
and distribution of boring organisms may additionally have
been influenced by different biodegradation stages of the dead
coral framework (Beuck et al. 2010; Büscher et al. 2019), even
though we have made sure to employ advanced stages of
bioerosion with presumably mature bioeroder communities

only. Besides, we cannot separate bioerosion from abiogenic
dissolution, thus, the established rates are to be considered net
bioerosion/dissolution rates. However, the first manipulated
intervals were in the range of aragonite supersaturation (ΩAr > 1),
so that it can be assumed that abiogenic dissolution came into
play only in the last two to four intervals of the T2 and T3 treat-
ments when saturation levels dropped below ΩAr = 1. Accord-
ingly, separate linear regressions for rates of framework
degradation cultivated in saturated vs. undersaturated conditions
show that the increase in net bioerosion/dissolution is distinctly
more pronounced at ΩAr ≤ 1, an effect interpreted as a result of
increasing abiogenic dissolution as depicted in the schematic
diagram in Fig. 5.

Our control rates were in the same order of magnitude as
bioerosion rates investigated in a 2-yr settlement experiment
with pristine limestone tiles carried out at the Säcken Lophelia
reef in the Swedish Kosterfjord (Wisshak 2006) and with rates
from a 1-yr in situ experiment with dead coral framework in
comparable biodegradation stages than used in the present
experiment in two Norwegian cold-water coral reefs (Büscher
et al. 2019). Averaged over the entire course of the experi-
ment, our laboratory rates were slightly lower than the average
bioerosion rates of the in situ investigation—a discrepancy
that is probably attributable to ecophysiological stress under
laboratory conditions and/or a suppressed chance of
recolonization compared to an in situ environment.

The accelerated rates of bioerosion/dissolution with ele-
vated pCO2 suggest that these processes might increasingly
compromise the structural integrity of Lophelia dominated reef
framework and thus pose a potential stress factor for cold-
water coral reef health and resilience to ocean change.
Together with increased porosity of exposed (“dead”) skeleton
in live and dead coral framework under acidified conditions as
shown by Hennige et al. (2020), the weakening of structural
integrity could result in a less complex framework and a break-
down of larger habitats in smaller aggregations of live corals,
which was coined as “crumbling” of the reefs by the authors.

Conclusions
L. pertusa is a cold-water coral that shows potential to sus-

tain key physiological processes under ocean acidification and
warming. However, in contrast to recent studies which suggest
that L. pertusa is able to adjust or even adapt to ocean acidifi-
cation, results of this study show that this species experiences
significantly decreasing net calcification rates under prolonged
acidification, leading to net dissolution of live corals at arago-
nite undersaturated conditions, while at the same time, degra-
dation rates (bioerosion and dissolution) of dead coral
framework increase with increasing pCO2, irrespective of tem-
perature, which becomes apparent already at aragonite satu-
rated conditions. This suggests that ocean acidification needs
to be considered as a significant promoter of bioerosion and
dissolution of cold-water coral reef framework, thus
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compromising the structural integrity of these ecosystems
under future ocean change. The reef framework as a whole
will therefore approach net dissolution sooner than when
only live corals are considered.

We compared two commonly co-occurring phenotypes of
L. pertusa for the first time with regard to their physiological
differences and responses to ocean change. Although both col-
ormorphs responded in a similar fashion to warming and acid-
ification, different temperature optima for calcification were
observed, which could imply changes in the biogeographical
distribution pattern in the future. Although L. pertusa is
adapted to colder temperatures in the North Atlantic, its opti-
mal temperatures for growth was 10–12�C for orange and
14�C for white corals, which corresponds to 2–6�C higher
temperatures than in their natural environment. The increase
of calcification rates through warming was impaired by acidifi-
cation under combined elevated temperature and pCO2 expo-
sure, but acidification alone was more detrimental than under
simultaneous warming. Such compensatory effects likely
entail additional energy requirements, which were not met by
increased respiration in our experiment and are not likely to
be compensated by increased feeding rates, but are probably
drawn from other processes such as reproduction to sustain
essential functions like calcification.

The combination of decreased calcification rates in live
corals and increased degradation of the dead framework makes
ocean acidification a serious threat to these valuable ecosys-
tems, which may eventually lead to loss of habitat and
biodiversity.
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