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Abstract
Cold-water coral (CWC) reefs are hotspots of biodiversity and productivity in the deep sea, but their distribu-

tion is limited by the availability of food, which undergoes complex local and temporal variability. We studied
the resource utilization, metabolism, and tissue storage of CWC Lophelia pertusa during an experimentally simu-
lated 3-day food pulse, of 13C15N-enriched phytodetritus, followed by a 4-week food deprivation. Oxygen con-
sumption (0.145 μmol O2 [mmol organic carbon {OC}]−1 h−1), release of particulate organic matter (0.029 μmol
particulate organic carbon [POC] [mmol OC]−1 h−1 and 0.005 μmol particulate organic nitrogen [mmol OC]−1 h−1),
ammonium excretion (0.004 μmol NH4

+ [mmol OC]−1 h−1), tissue C and N content, and fatty acid (FA) and amino
acid composition did not change significantly during the experiment. Metabolization of the labeled phytodetritus,
however, underwent distinct temporal dynamics. Initially, L. pertusa preferentially used phytodetritus-derived C for
respiration (2.2 � 0.36 nmol C [mmol OC]−1 h−1) and mucus production (0.94 � 0.52 nmol C [mmol OC]−1 h−1),
but those tracer fluxes declined exponentially to <20% within 2 weeks after feeding and then remained stable, indi-
cating that the remainder of the incorporated phytodetritus had entered a tissue pool with lower turnover. Analysis
of 13C in individual FAs revealed a mismatch between the FAs incorporated from phytodetritus and the FA require-
ments of the coral. We suggest that feeding on other resources, such as lipid-rich zooplankton, could fill this defi-
ciency. A release of 10% of their total OC as respired C and POC during the 4-week food deprivation underlines the
importance of regular food pulses for CWC reefs.

Scleractinian cold-water corals (CWCs) such as Lophelia per-
tusa build three-dimensional reef-frameworks (Freiwald 2002;
Freiwald et al. 2004; Roberts et al. 2006), which form one of the
most diverse and metabolically active ecosystems of the deep
sea (Jonsson et al. 2004; Van Oevelen et al. 2009; White et al.
2012). Their geographical distribution in the deep sea is limited,
among others, by food availability (Frederiksen et al. 1992;
Mortensen et al. 2001; Thiem et al. 2006; Davies et al. 2008).
CWCs rely on organic matter produced in the sunlit surface
ocean, including fresh phytodetritus and zooplankton, as
shown by their stable isotope and fatty acid (FA) composition
(Duineveld et al. 2004, 2007, 2012; Kiriakoulakis et al. 2005;
Carlier et al. 2009). Organic matter from the surface of the
ocean sinks and undergoes microbial degradation in the water

column, so that typically only a small percentage reaches the
deep-sea floor (Suess 1980; Karl et al. 1988). Several hydrody-
namic processes locally and temporally enhance food delivery
to the CWC reefs, including tidally controlled rapid downwel-
ling of surface water (Davies et al. 2009; Duineveld et al. 2012),
Ekman transport (Thiem et al. 2006), breaking internal waves
(Frederiksen et al. 1992;Mienis et al. 2007), and tidally controlled
lateral advection of particle-rich bottom water (Duineveld et al.
2007, 2012; Davies et al. 2009). Stimulated by bottom topogra-
phies including the CWC reefs andmounds (Soetaert et al. 2016),
those hydrodynamic processes can deliver large amounts of fresh
organic material to the CWCs in a short period of time, resulting
inpulses of higher food availability.

Depending on the location, food delivery is also subject to
seasonal cycles. In temperate areas, a temporal mismatch
between the phytoplankton and zooplankton production dur-
ing the spring bloom can lead to a flux of fresh, ungrazed phy-
toplankton biomass to the seafloor (Thiem et al. 2006;
Duineveld et al. 2007; Davies et al. 2009). Subsequent stratifi-
cation of the water column in summer, which reduces the
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surface-to-bottom connectivity (Findlay et al. 2013; Guihen
et al. 2018; Van Engeland et al. 2019), and low primary pro-
duction in winter (Duineveld et al. 2004, 2007; Lavaleye et al.
2009) diminishes the delivery of fresh organic material from
the surface to the CWC reefs. During these periods, diurnally
migrating and overwintering zooplankton could play a role as
food source for CWCs (Heath and Jónasdóttir 2003; Hebbeln
et al. 2014; Jónasdóttir et al. 2015; Van Engeland et al. 2019).
Nevertheless, zooplankton also undergoes a seasonal succes-
sion following the phytoplankton production, with an overall
reduced abundance and biomass in winter (Wiborg 1954;
Gaard 1999; González-Gil et al. 2015). The widespread distri-
bution of CWCs suggests that they are well-adapted to com-
plex, location-specific, and temporal variations in food
availability. Their high flexibility in food utilization, including
zooplankton, phytoplankton (detritus), bacteria, even dissolved
organic matter (DOM; Mueller et al. 2014; Van Oevelen et al.
2016), and chemoautotrophy (Middelburg et al. 2015) maxi-
mizes resource extraction. Dodds et al. (2009) furthermore sug-
gested that a reduction of their metabolic activity may help
CWCs overcome periods of reduced food availability. This so-
called torpor has been reported for other deep-sea macrofauna,
including foraminifera (Linke 1992) and amphipods (Smith
and Baldwin 1982; Christiansen and Diel-Christiansen 1993).
Larsson et al. (2013a), however, found a comparatively low
reduction of L. pertusa metabolic rates during a 7-month
experimental starvation. This indicates a high tolerance to
long-term food deprivation and points to a substantial
energy-storage capacity, which is supported by high levels of
storage lipids in the tissue of CWCs (Dodds et al. 2009; Lars-
son et al. 2013a). Storage lipids mainly consist of triacylgly-
cerols and wax esters, which are built from neutral-lipid-
derived fatty acids (NLFAs). In contrast, phospholipid-derived
fatty acids (PLFAs) are used to build the structural phos-
pholipids, the major constituents of the cell membrane
(Dalsgaard et al. 2003). CWCs have been assumed to build up
lipid reserves during the increased food availability following
the spring bloom and utilize those reserves in periods of
reduced food delivery (Dodds et al. 2009). Lophelia pertusa
from Mingulay reef did, however, not display a seasonal trend
in total amount of storage lipids (Dodds et al. 2009). CWCs
could make use of additional carbon storage in carbohydrates,
such as glycogen, like anemones (Fitt and Pardy 1981; Ortega
et al. 1988; Zamer and Hoffmann 1993) and zooxanthellate
corals (Kopp et al. 2015), but this remains to be verified.

The capability of CWCs to deal with variable, temporally
reduced food availability physiologically constrains their dis-
tribution in the deep sea today and in the future. Increased
sea surface temperatures and stratification could reduce pri-
mary and export production (Bopp et al. 2001; Gregg et al.
2003; Soetaert et al. 2016) and reinforce the negative energetic
consequences of seawater warming and ocean acidification for
the calcifying CWCs (Cohen and Holcomb 2009; McCulloch
et al. 2012a,b; Büscher et al. 2017).

In this study, we address how CWC L. pertusa metabolizes
and stores resources under variable food availabilities. In a stable
isotope pulse chase tracer experiment, we exposed the corals to a
3-day experimental food pulse, consisting of 13carbon- and
15nitrogen-enriched phytodetritus, which we followed through-
out 4 weeks of food deprivation. The heavy stable isotopes 13C
(tracer C) and 15N (tracer N) were traced in corals’ tissue, in
specific tissue compounds, and in metabolic and excretion
products.

Materials and methods
Coral collection and maintenance

Lophelia pertusa colonies were collected on Nakken reef
(Hardanger fjord, Norway) on 11 June 2015 during the RV
Håkon Mosby cruise 2015611, conducted by the Institute of
Marine Research (IMR, Bergen). Collection was carried out by the
ROV Aglantha, run by IMR during this cruise, at 210 m depth at
three different sites on Nakken reef (59�49.8110N, 05�33.3160E;
59�49.8060N, 05�33.3430E; 59�49.8140N, 05�33.3660E; maximum
distance between stations: 47 m). Corals were transported in
cooling boxes with ambient seawater, pumped from 120 m
depth at the collection site to the aquarium and lab facilities of
Austevoll field station (of the IMR, Bergen, 1.5 h of sailing time
from Nakken reef).

Coral colonies were clipped into 24 experimental fragments
of similar size with a wire cutter (25 � 7 polyps, 10 � 3 g dry
mass [DM]), while taking care that each experimental fragment
originated from a different colony. Experimental fragments were
randomly assigned to a total of eight experimental batches, con-
sisting of three coral fragments each (Fig. 1). The respective, three
fragments served as pseudoreplicates within the batches (see sta-
tistical analyses below) to address the within-batch individual
variability of measured tissue parameters. Six additional nonex-
perimental coral fragments were equally prepared to obtain
“field” (in situ) and “start” baseline values of all mentioned tissue
parameters. The “field” fragments were sampled immediately
after collection and the “start” fragments immediately before the
food pulse was applied (see experimental design below).

Each of the eight experimental coral batches (three pseudor-
eplicate fragments each) was maintained in an individual
6.95-liter maintenance chamber, supplied with a flow-through
of 0.35-μm-filtered deep fjord water (pumped from 165 m
depth close to Austevoll facilities; Langenuen fjord), to main-
tain “close to” in situ conditions. Regular measurements of tem-
perature (T), salinity (sal), pH, oxygen saturation (O2 sat), and
flow-through rate in all maintenance chambers showed that
conditions remained stable throughout the experimental period
(T: 8.06 � 0.02 [SD]�C, sal: 34.75 � 0.05, pH: 8.43 � 0.15, O2

sat: 92.6% air saturation � 2.8%, flow: 1.1 to 1.4 L min−1).
To prevent water exchange between coral batches, each

maintenance chamber received water through a separate hose
terminating at the chamber bottom. Water overflowed from
the chambers into a 1080-liter-flow-through tank before leaving
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the system (Fig. 1). Maintenance chambers were partially
(>90%) submerged in this 1080-liter tank to maintain a con-
stant temperature.

Corals were given a recovery time of 13 d from collection
to the start of the experiment. During this recovery period,
coral batches were regularly fed with fresh zooplankton, col-
lected with a hand-held zooplankton net (350 μm mesh) in
Langenuen fjord (38 zooplankton individuals per liter). Feed-
ing was suspended 1 d before the experiment started.

During the experimental period, chambers were regularly
cleaned very gently with a syringe to avoid organic matter
accumulation within the system. Coral health was monitored
through polyp protrusion and tissue sloughing. On average,
more than 60% of the polyps per coral batch were protruded.

Preparation of labeled substrate
An axenic culture of the diatom Skeletonema marinoi (NIOZ

culture collection) was artificially enriched in the stable isotope

tracers 13C and 15N to serve as experimental “phytodetritus”
food pulse. Skeletonema marinoi was grown axenically in twelve
1-liter F/2 culture flasks, containing medium with 0.8 mmol L−1

NaNO3 (10 atom% 15N, Cambridge Isotopes) and 2 mmol L−1

NaHCO3 (Cambridge Isotopes, 99 atom% 13C), under a 12 h
light−12 h dark cycle for 3 weeks to a final cell density of
7.5 × 105 cells mL−1 (Mueller et al. 2014). Diatom cells were
concentrated on a 0.45 μm cellulose acetate filter (vacuum
200 mbar), flushed into centrifuge tubes with artificial seawater,
and centrifuged at 1500 rpm for 10 min. The concentrated dia-
toms were rinsed three times with artificial seawater to remove
residual labeled medium (Mueller et al. 2014). Concentrated
labeled diatoms (25.2 atom% 13C, 42.3 atom% 15N, measured as
described below for the coral tissue) were kept frozen (−20 �C)
until the start of the experiment. Prior to feeding, the diatoms
were thawed and thoroughly suspended in 40 mL filtered sea-
water. This food substrate of dead 13C and 15N-enriched diatoms
will be referred to as “(labeled) phytodetritus”, and the carbon
and nitrogen derived from it as “tracer C” and “tracer N.”

Experimental feeding and food deprivation
Six coral batches received a 3-day food pulse of 13C15N-

labeled phytodetritus (week 0, “w0”; Fig. 1) and were subse-
quently deprived from food for 4 weeks. Two coral batches
served as unfed controls. Prior to feeding, the water overflow
of the maintenance chambers was stopped, and the water
level reduced to 5.9 liter. The phytodetritus food suspension
was added with a syringe (1 mmol C [coral batch]−1 = 0.17
mmol C L−1, 0.15 mmol N [coral batch]−1 = 0.03 mmol N L−1).
A rotating disc (diameter 15 cm; Fig. 1) created a current speed
in the chamber of approximately 10 cm s−1. Parts of the food
particles rapidly accumulated on the chamber floor and were
regularly resuspended with a syringe. Corals were allowed to
feed for 12 h, after which the water overflow was reintroduced.
Remaining food particles were carefully removed from the
chambers by syringe to stop the feeding period and avoid accu-
mulation of waste products. This feeding cycle was repeated on
three consecutive days, providing the corals with a total of
3 mmol C (coral batch)−1.

After the feeding period, corals were maintained in
0.35 μm-filtered seawater (Harmsco filter patron) without
being offered additional food for 4 weeks. The 0.35-μm-filter
excludes all but picoplankton, e.g., bacterioplankton (Sieburth
et al. 1978), and DOM, simulating conditions of reduced par-
ticulate food availability.

Weekly closed-cell incubations
At fixed time points, the coral batches (each consisting of

three pseudoreplicate coral fragments) were individually incu-
bated in closed chambers: 3 d before feeding (week-1, “w-1”),
12 h after feeding (week 0, “w0”), and 1–4 weeks after feeding
(“w1”, “w2”, “w3”, and “w4”; Fig. 1). During each incubation,
we measured the “bulk” net fluxes oxygen consumption, ammo-
nium excretion, particulate organic carbon (POC), particulate

Fig. 1. Experimental design and setup. (a) Initially, six fed and two unfed
coral batches in their maintenance chambers (filled circles), all partly sub-
mersed in a 1080-liter tank (rectangle), over the weeks after feeding (“w-
1” to “w4”). Regular incubations (Inc) and sampling (x) of coral batches.
(b) Maintenance chamber with one coral batch consisting of three pseu-
doreplicate coral fragments; arrows indicate water movement through
chamber via inflow tube and overflow, and circulation of rotating disc. (c)
Incubation of one coral batch in a closed chamber with stirrer (gray bar)
and oxygen sensor (black bar).
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organic nitrogen (PON), dissolved organic carbon (DOC), and
dissolved organic nitrogen (DON) release. In addition, the
metabolic processing of the labeled phytodetritus food pulse
was traced by measuring the 13C-respiration (release of
13C-dissolved inorganic C [DIC]) and the release of 13C and
15N-POC and PON (tracer fluxes). As coral batches were sam-
pled at regular intervals, as described in the following para-
graph, the number of incubated coral batches decreased over
time (Fig. 1). The weekly closed-cell incubations were carried
out on two subsequent days, with a maximum of four incu-
bated coral batches per day. To maintain the same time from
the feeding, the respective coral batches also received the food
pulses with a lag of 24 h.

Prior to each incubation, all incubation chambers and
experimental corals were placed in a “100-liter start container”
filled with 0.35-μm filtered seawater for about 10 min, from
where each coral batch could be transferred into a 1.26-liter
incubation chamber without air exposure. Per incubation, two
additional incubation chambers without corals served as “fil-
tered-seawater control incubations.” After closing the incuba-
tion chambers airtight and without air bubbles, they were
kept in the 1080-liter-flow-through tank to keep the tempera-
ture stable. During the incubation, the oxygen concentration
was continuously logged (50 logs min−1) with a FireSting O2

logger (TeX4, Pyro Science), fitted to each chamber lid. An
average incubation time of 10 h (coral incubation: 10.3 h
� 1.1 h; seawater control incubation: 7.6 h � 1.4 h, mean �
SD) was long enough to detect the targeted bulk fluxes and
short enough to avoid a drop in oxygen below 80% air satura-
tion, a conservative threshold for CWC respiration measure-
ments (Dodds et al. 2007). A motor-driven magnetic stirrer
created a circular flow and prevented the establishment of
concentration gradients of dissolved substances during the
incubation. After the incubation, corals were returned to their
maintenance chambers.

Water samples for concentrations of DIC (DIC and 13C-
DIC), DOC, and ammonium (NH4

+) were taken in triplicate
with a glass syringe at the start of the incubation from the
100-liter start container (start samples) and at the end of the
incubation from each incubation chamber (end samples). DIC
water samples were transferred into 10 mL headspace vials,
fixed with 10 μL of a saturated mercury chloride solution, and
stored at 4�C until analysis at NIOZ. DOC water samples were
filtered through a precombusted glass fiber filter (GF/F; What-
man, GE Healthcare Life Sciences) into 4 mL acid-washed
(10% HCl), precombusted (450�C, 5 h) amber vials and stored
at 4�C until analysis at NIOZ. NH4

+ water samples were filtered
through 0.45 μm membrane filters (mixed cellulose esters)
into 5 mL polyethylene vials and stored frozen until analysis.

The rest of the incubation water (� 250 mL) was filtered
through precombusted, preweighed 0.7 μm-GF/F filters
(Whatman, n = 3 per incubation chamber) to collect the sus-
pended particulate organic matter (POM) on the filter and
determine the concentration and isotope composition of the

POC and PON (POC + 13C-POC and PON + 15N-PON; Rix
et al. 2016). Filters were frozen, dried to constant weight
(40�C) and stored dry and dark until the analysis.

Coral sampling
Two fed coral batches were sampled at each of the follow-

ing time points: (a) directly after the feeding and the subse-
quent “w0” incubation, (b) 2 weeks after feeding and the
“w2” incubation, and (c) 4 weeks after feeding and the “w4”
incubation (Fig. 1). The coral samples were frozen at −20�C,
freeze dried, and stored at −20�C until the tissue analysis,
including tissue C and N content, tissue composition, and
tracer incorporation in tissue, tissue pools, and individual
compounds. We here define “tissue pools” as the sum of all
neutral-lipid derived fatty acids (NLFAs), phospholipid-derived
fatty acids (PLFAs), hydrolysable amino acids (HAAs) and neu-
tral carbohydrates (NCHs), while the term “individual com-
pounds” refers to the individual FAs, HAAs, and NCHs within
the respective tissue pools. The two unfed experimental coral
batches were sampled after the “w4” incubation. Three addi-
tional nonexperimental “field” coral fragments were sampled
at “w-1” for “field” (in situ) values of all mentioned tissue
parameters. Three additional nonexperimental “start” coral
fragments were sampled at “w0” as a reference baseline for the
isotopic enrichment to calculate tracer incorporation of fed
corals (see below).

Chemical analyses
Coral tissue analysis

Each freeze-dried coral fragment was weighed and homoge-
nized to fine coral powder with a ball mill at a frequency of
30 s−1 (MM301, Retsch). To obtain the organic carbon (OC)
fraction in the coral tissue, 20–25 mg of the homogenized coral
powder (n = 5 per fragment) was transferred to a silver measur-
ing cup, exposed to hydrochloric acid fume (HCl, 37%) under
vacuum for 3 d and acidified with drops of increasingly con-
centrated HCl (2%, 5%, and 30%) until the solution stopped
bubbling, indicating successful removal of all inorganic (skele-
tal) carbon. Samples were dried (50�C), and OC content (in %
of DM) and isotope composition (δ13C, in ‰) were analyzed on
an elemental analyzer (Flash 1112, THERMO Electron S.p.A.)
coupled to an isotope ratio mass spectrometer (EA-IRMS,
DELTA-V, THERMO Electron Corporation). There was a high
variability within replicate measurements (n = 5 per frag-
ment), so outliers were identified via a Tukey outlier test
(with software Excel, 2018) and removed from the dataset.
The remaining multiple measurements were averaged per
fragment.

Organic nitrogen (ON) content (in % of DM) and nitrogen
isotope composition (δ15N, in ‰) were obtained separately
from nonacidified 20 mg subsamples of coral powder (n = 3),
measured on the EA-IRMS. Due to the lower variability within
replicate measurements, no outlier test was performed here.
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Analysis of tissue compounds
Total lipids were extracted from ~ 2 g freeze-dried coral

powder, and 1 mg freeze-dried phytodetritus, with a modified
Bligh-Dyer extraction (Boschker et al. 1999). The chloroform
extract was weighed and fractionated on polarity over a silicic
acid (Merck) column, by subsequently eluting with 7 mL chlo-
roform, 7 mL acetone, and 15 mL methanol. The chloroform
elute contained the NLFAs, and the combined acetone and
methanol elutes the PLFAs. Samples for NLFAs and PLFAs were
derivatized by mild alkaline methanolysis to fatty acid methyl
esters (FAMEs). Individual PLFA-/NLFA-FAMEs were separated
with a gas chromatograph (GC, HP G1530) on a BPX70 col-
umn (SGE Analytical Science), and their respective concentra-
tions and δ13C measured on a Finnigan Delta Plus IRMS
(THERMO), coupled to the GC via a combustion GC-c-III
interface (THERMO; Boschker et al. 1999).

Identification of FAME chromatogram peaks as certain FAs
was based on their retention times in relation to the added
internal standards C12:0 and C19:0, and omnipresent C16:0,
as described in Boschker et al. (1999). In several cases, the
identification of the chromatogram peaks as certain FAs was
not unique because (a) several FAs coelute (e.g., C13-3-CH3/
C14:0), (b) in two different coral samples, a chromatogram
peak of a distinct retention time was allocated to two different
FAs—in this case, both FAs were denoted for this peak in both
coral samples (e.g., C21:5ω3/C22:3), or (c) in a single coral
sample, two subsequent chromatogram peaks with close
retention times were allocated to the two same FAs (e.g.,
C24:1ω9c/C22:5ω3_1 and _2).

HAAs were extracted from 24 to 35 mg coral powder and
2 to 2.8 mg freeze-dried phytodetritus, following Veuger et al.
(2005). The subsamples in glass tubes were exposed to HCl
fume (37%) for 3 d and subsequently decalcified with drops of
37% HCl. Subsamples were hydrolyzed over night with HCl
(6 mol L–1 solution) under a nitrogen gas headspace at 110�C
and extracts kept frozen (−21�C). The extracts were derivatized
with acidified isopropanol and pentafluoropropionic anhy-
dride just prior to the analysis. HAAs were separated on a ZB-5
MS column (Phenomenex), and the HAA-C-concentration and
δ13C signature were measured on the coupled IRMS (Veuger
et al. 2005). HAAs were identified based on their retention
time in relation to the added internal standard norleucine,
according to Veuger et al. (2005). The individual HAA-C-
concentrations and δ13C values were corrected for the C added
during derivatization. Most of the 20 “common” L-AAs can be
detected with the present method, except for histidine, cyste-
ine, tryptophan, and arginine, because these require a special
derivatization method (Erbe 1999). As certain HAAs may be
more susceptible to evaporation during the preparation and
analysis, a standard HAAs mix (Sigma Aldrich AAS18) was ana-
lyzed in the same way as the samples, to determine the per-
centage recovery for each individual HAA. The HAA-C
concentrations measured in the samples were corrected for
this recovery. The recovery was >73% for all HAAs besides

methionine (30%), which was therefore excluded from the
analysis. During the hydrolysis, asparagine is converted to
aspartic acid and glutamine to glutamic acid (Uhle et al. 1997;
Erbe 1999), so the sum of asparagine and aspartic acid and
glutamine and glutamic acid is presented.

NCHs were extracted from 500 mg coral powder following
Grosse et al. (2015). Subsamples were mixed with 0.5-mL
ultrapure water and decalcified over night by addition of
0.5-mL 11 mol L–1 sulfuric acid (H2SO4). The solution was
diluted with ultrapure water to 1.1 mol L–1 H2SO4, and carbo-
hydrates were hydrolyzed at 120�C for 1 h. The solution was
neutralized with strontium carbonate (SrCO3), and the result-
ing strontium percarbonate (SrSO4) was removed via centrifu-
gation. Extracts were eluted over a double-bed resin,
containing 2 mL of a cation exchange resin and 2 mL of an
anion exchange resin (Dowex 50WX8-100, Dowex 1X8Chlo-
ride), to remove inorganic and organic salts, filtered over a
0.22 μm filter and stored at −20�C. Carbohydrate components
were separated and analyzed for concentration and δ13C signa-
ture via high-performance liquid chromatography (Surveyor,
Thermo), using an Aminex HPX-87H Ion Exclusion Column
(Biorad), coupled to a Delta-V IRMS via an LC-Isolink interface
(Thermo; Grosse et al. 2015). In this configuration, galactose/
xylose/fructose/mannose and fucose/ribose/arabinose, respec-
tively, elute together.

Dissolved inorganic carbon
A 3-mL helium gas headspace was created in each head-

space vial by injecting helium gas through the septum and
simultaneously removing excess sample through another
syringe (Moodley et al. 2000). Around 2.5 mL of this excess
water was used to determine the DIC concentration on an
Apollo SciTech AS-C3. Through addition of 100 μL (10 μL
mL−1) concentrated phosphoric acid (H3PO4) to the sample in
the headspace vial, DIC was completely transformed to gas-
eous carbon dioxide (CO2). A glass syringe was used to sample
10 μL of headspace gas, which was subsequently injected in
the EA-IRMS as described above, to measure the δ13C of
the CO2.

Ammonium excretion
Concentration of ammonium (NH4

+) was measured by
applying Berthelot’s reaction between ammonium and phenol
(Searle 1984) on a SEAL QuAAtro segmented continuous flow
analyzer.

Suspended POC, PON, DOC, and DON
GF/F with POC and PON samples were weighed and ana-

lyzed on the EA-IRMS for POC and PON concentration in the
known volume of filtered water, δ13C of POC, and δ15N of
PON. DOC concentration in the respective water samples was
measured on a FormacsHT Low Temperature Total Organic
Carbon Analyser (Skalar).
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Calculations
Bulk fluxes

The net bulk fluxes include oxygen (O2) consumption,
ammonium excretion, and release of POC, PON, and DOC. O2

consumption was calculated from a linear regression of the O2

concentrations recorded over time during the closed-cell incu-
bation. The resulting slope was multiplied with a respiratory
quotient of 1 (Glud et al. 2008) to convert the O2 consump-
tion rate into (bulk) C respiration. Rates of ammonium excre-
tion and release of POC, PON, and DOC were calculated from
the respective concentration change during the closed-cell
incubations (concentration in end water sample minus con-
centration in start water sample). All concentration changes of
coral incubations were corrected for the concentration
changes measured in the parallel “filtered-seawater-control
incubations” and multiplied with the volume of the incuba-
tion chamber. Fluxes are expressed per OC content of the
respective coral batch (i.e., the sum of the three pseudorepli-
cate fragments in an incubation).

Tissue composition
The tissue carbon and nitrogen content of the L. pertusa frag-

ments was standardized to their DM (i.e., skeleton and tissue),
expressed as mmol C or N (g DM)−1. Concentrations of each
individual HAA, NLFA, PLFA, and NCH are expressed in moles
C derived from the respective compound per moles OC of the
coral fragment. Only FAs with a concentration >5% of the total
NLFA/PLFA concentration in at least one coral fragment are pre-
sented separately, while the other FAs were summed as “rest”.
The individual HAAs, NLFAs, PLFAs, and NCHs were also
summed to the tissue pools “total HAAs”, “NLFAs”, “PLFAs”,
and “NCHs” of the respective coral fragment.

Tracer incorporation
For tracer C incorporation into coral tissue, the 13C : 12C

ratio of the respective coral fragment (Rsample) was calculated
from measured δ13C (‰) in the sample via Rsample =
([δ13Csample/1000] + 1) × Rref, with Rref = 0.0111802. Fractional
abundance of 13C (F13 = 13C/[12C + 13C]) was calculated as
F13 = Rsample/(Rsample + 1) for experimental coral fragments
(F13coral) and for the three coral fragments sampled at the start
of the experiment (F13start). The enrichment of each experi-
mental coral fragment (F13E) was expressed in relation to the
average F13 of the three start coral fragments as F13E = F13coral
– F13start. The 13C incorporation into each fragment (μmol 13C
fragment−1) was obtained by multiplying its F13E with its OC
content (moles OC). The total amount of carbon incorporated
from the labeled phytodetritus into each fragment (tracer C
incorporation, μmol Ctracer fragment−1) was calculated by
dividing each fragments’ 13C incorporation by the fractional
abundance F13 of the labeled food (F13food = 0.2522818). The
calculation procedure is identical for organic N, for which
nitrogen gas served as reference material (Rref = RN2 =
0.0036782) and F15food was 0.4227415. Tracer C and N

incorporation rates were normalized to the moles OC of the
respective coral fragment and averaged over the three pseudor-
eplicate fragments per coral batch.

Tracer C incorporation in individual HAAs, NLFAs, PLFAs,
and NCHs was calculated correspondingly, from the individual
compounds’ C-concentration multiplied by its 13C-enrichment
relative to the same compound in the unlabeled start coral frag-
ments and divided by F13food. Two PLFAs (peaks identified as
C20:4ω3/C20:5ω3/ecl21.917, C24:1ω9c/C22:5ω3) occurred in
several fed coral fragments at a concentration of >5% of their
total NLFAs/PLFAs, but were absent from all three start coral
fragments. To calculate those compounds’ 13C-enrichment,
their corresponding F13start was estimated as the average of the
F13start of all other PLFAs >5% of the start coral fragments
(F13start = 0.0108 � 0.0044).

Tracer fluxes
Tracer fluxes are the coral-mediated fluxes of C and

(if applicable) N originating from the isotopically enriched
food pulse during the closed-cell incubations and include
tracer C respiration and tracer POC and PON release. All tracer
fluxes were calculated from the average bulk concentration of
the respective substance in the incubation start and end sam-
ples (c), because the bulk concentrations did not change sig-
nificantly between start and end sampling (t-test, p > 0.05).
The average concentration of the respective substance (DIC,
POC, and PON) was multiplied by its enrichment in the heavy
isotope 13C or 15N in the end sample relative to the start sam-
ple (F13E = F13end sample – F13start sample, F15E = F15end sam-

ple – F15start sample) and divided by the food enrichment (see

above) to obtain the tracer flux (TracerC flux = c× F13E
F13food,

TracerN flux = c× F15E
F15food; Moodley et al. 2000). All tracer C and N

fluxes were corrected for the tracer C and N fluxes in the
respective parallel “filtered-seawater control incubations” and
normalized to the moles OC of the respective coral batch.

Statistical analyses
Data were analyzed with linear mixed effect (LME) models

in RStudio, Version 0.98.1103 (2009–2014 RStudio; R Core
Team, 2017), using the nonlinear mixed effect (NLME) models
(Pinheiro et al. 2017). LME can cope with the unbalanced
design (Crawley 2007; Pinheiro et al. 2017), which is relevant
for this study because in w0, w2, and w4, respectively, two
coral batches were sacrificed, reducing the amount of replicate
coral batches for bulk and tracer fluxes (Fig. 1). Furthermore, it
allows nesting of the three coral pseudoreplicate “fragments”
in the respective coral “batch.”

The dependent variables (1) bulkfluxes, (2) tracerfluxes, (3) tis-
sue C and N content, (4) tissue composition (C concentration in
tissue pools NLFAs, PLFAs, HAAs, and NCHs and individual com-
pounds within tissue pools), and (5) tracer incorporation in tissue
and compounds (tissue pools and individual compounds within
tissue pools) were analyzed for the fixed factors (a) “feed,”
i.e., difference between fed and unfed corals, and (b) “week”,
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i.e., changes with time (after the food pulse). In case of the C
concentration and tracer C incorporation in the individual
compounds within a tissue pool, the respective compounds
(e.g., all FAs derived from neutral lipids) constituted multiple
dependent variables. “Bulk and tracer fluxes” encompass the
respective measurements on the experimental coral batches
from week-1 (w-1) to week 4 (w4), while all tissue parameters
refer to the respective measurements on coral fragments
nested in coral batches at w-1, w0, w2, and w4. In the latter,
measurements on the “field” coral batch were included in the
statistical analysis, while measurements on the “start” coral
batch were left out as they were already used to calculate the
tracer C incorporation of the fed coral batches. Random effects
in the analysis of bulk and tracer fluxes are “batch,” i.e., the
respective coral batch, nested in “week” to control for
repeated measurements of fluxes on the same coral batches
over time (weeks). Random effects in the analysis of tissue
parameters are “fragment” nested in coral “batch” (with three
coral fragments per batch; Fig. 1). Data were checked for het-
eroscedasticity with the Fligner–Killeen test (Crawley 2007). If
the assumption of homoscedasticity was not fulfilled, data
were still tested for significance, but the heteroscedasticity was
denoted and the results carefully interpreted. Nonsignificant
effects were subsequently excluded from the LME up to the
minimum adequate model (Crawley 2007). Probabilities and
t distributions were noted from the last updated model where
at least one of the fixed factors (“feed” or “week”) still
occurred, which was not necessarily the minimum adequate
model, if neither of the fixed factors showed a significant
effect. Effects were considered significant on a significance
level of α = 95% (probability p < 0.05).

Additionally, bulk and tracer fluxes were integrated over
the 4 weeks of food deprivation, following the food pulse to
estimate corals’ integrated total bulk C and N release and their
total release of the food tracer C and N. Therefore, additional
models were fitted for fed and unfed corals separately and
integrated. These models include LME models for the bulk
fluxes from w0 to w4 and exponential decay functions imple-
mented with NLME for the tracer fluxes of fed corals from w0
to w4. Fixed effects are “week” for the LMEs and the estimated
model parameters a and b for the NLMEs, whereas the random
effects for both model types are “batch” nested in “week.”

All values are given in average � standard deviation.

Results
Bulk fluxes

Oxygen consumption and ammonium excretion rates of
neither fed nor unfed coral batches changed with time
(Fig. 2a,b; Table 1). Fed coral batches showed significantly
higher 4-week average oxygen consumption and ammonium
release rates (0.146 � 0.026 μmol O2 [mmol OC]−1 h−1 and
0.004 � 0.001 μmol NH4

+ [mmol OC]−1 h−1) as compared to

the unfed coral batches (0.111 � 0.042 μmol O2 [mmol
OC]−1 h−1 and 0.003 � 0.001 μmol NH4

+ [mmol OC]−1 h−1).

a

b

c

d

e

Fig. 2. Hourly bulk oxygen, carbon, and nitrogen fluxes per mmol OC of
fed (black triangles) and unfed (gray “x”) coral batches, over the “weeks”
after the phytodetritus food pulse (gray bar). (a) Oxygen consumption,
(b) ammonium excretion, and release of (c) particulate organic carbon,
(d) particulate organic nitrogen and (e) dissolved organic carbon. Dashed
lines: minimum adequate models.
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POC and PON release of both fed and unfed coral batches
did not change over the 4 weeks of food deprivation (Fig. 2c,d;
Table 1). Fed coral batches showed higher 4-week average POC
andPONrelease rates (0.029 � 0.049 μmol POC [mmol OC]−1h−1

and 0.005 � 0.006 μmol PON [mmol OC]−1 h−1) than unfed
coral batches (−0.002 � 0.028 μmol POC [mmol OC]−1 h−1 and
0.001 � 0.002 μmol PON [mmol OC]−1 h−1), which was sig-
nificant only for PON release (Table 1). DOC release of both
fed and unfed coral batches was variable and ranged around
zero (Fig. 2e; fed: 0.012 � 0.047 and unfed: −0.001 �
0.031 μmol DOC [mmol OC]−1 h−1).

Four weeks after feeding on the phytodetritus food pulse, fed
L. pertusa had an integrated 4-week bulk C release of 0.118 mmol
C(mmol OC)−1 (4weeks)−1or0.126 mmol C(g DM)−1 (4weeks)−1

and a N release of 0.006 mmol N (mmol OC)−1 (4 weeks)−1 or
0.007 mmol N (g DM)−1 (4 weeks)−1 (Fig. 3a), calculated from the
minimum adequate models as shown in Table 3. More than 80%
of the bulk C release was by respiration, the remainder by POC
release, while DOC release was not significant (Table 1).

Bulk tissue composition
The OC and ON content of the two L. pertusa batches sampled

after 4 weeks of food deprivation was ~ 20% lower (0.92 � 0.27
mmol OC [g DM]−1 and 0.13 � 0.03 mmol ON [g DM]−1) than

in the two batches sampled directly after feeding (1.19 � 0.40
mmol OC [g DM]−1 and 0.14 � 0.05 mmol ON [g DM]−1; Fig. 3),
but that difference was not significant due to the high variability
in the data (Table 1). One fragment of a fed coral batch showed
signs of tissue sloughing in the fourth week of food deprivation.

About 40% of the total OC in the tissue of L. pertusa could
be accounted for by the compound-specific analysis (sum of
all C in measured tissue compounds). Directly after feeding
(week 0), L. pertusa contained 11% of its OC as HAAs, 23% as
NLFAs, 4% as PLFAs, and 1% as NCHs (Fig. 3a). Phytodetritus
carbon was composed of 31% HAAs, 2% NLFAs, and 6% PLFAs
(NCHs were not measured here). Both in the NLFA and the
PLFA pool, corals contained most OC as highly unsaturated
fatty acids (HUFAs, with an equal or more than four double
bonds), while phytodetritus contained most organic NLFA-
and PLFA-C as polyunsaturated fatty acids (PUFAs; two to
three double bonds; Table 4). The NLFA pool of the corals
comprised relatively more monounsaturated fatty acids
(MUFAs) than the PLFA pool (Table 4).

After 4 weeks of food deprivation, corals contained on aver-
age 13% less C in the NLFA pool and 36% more in the HAA
pool (Fig. 3a), but this trend was not significant, and the
amount of C in all biochemical tissue pools HAAs, NLFAs,
PLFAs, and NCHs did not change significantly over time,

Table 1. Results of the LME models testing the dependent variables (Par) for the fixed effects “week” (weeks after feeding) and “feed”
(fed vs. unfed coral batches).

Group Par Unit

LME fed vs. unfed vs. week

Fixed effect Value SE df t p

Bulk fluxes Resp μmol O2 (mmol OC)−1 h−1 Week 0.00 0.00 4 −1.32 0.26

Feed −0.02 0.01 29 −2.79 0.01

POC μmol C (mmol OC)−1 h−1 Week 0.00 0.01 4 0.44 0.68

Feed −0.03 0.02 29 −2.01 0.05

DOC* μmol C (mmol OC)−1 h−1 Week 0.00 0.01 4 −0.31 0.78

Feed −0.01 0.01 29 −0.85 0.40

NH4 μmol N (mmol OC)−1 h−1 Week 0.00 0.00 4 −1.28 0.27

Feed 0.00 0.00 29 2.35 0.03

PON μmol N (mmol OC)−1 h−1 Week 0.00 0.00 4 −0.60 0.58

Feed 0.00 0.00 29 −2.15 0.04

Tracer fluxes Resp* nmol C (mmol OC)−1 h−1 Week −0.02 0.16 4 −0.13 0.90

Feed −0.91 0.15 29 −6.13 0.00
POC* nmol C (mmol OC)−1 h−1 Week −0.04 0.07 4 −0.53 0.63

Feed −0.27 0.10 29 −2.66 0.01

PON* nmol N (mmol OC)−1 h−1 Week 0.00 0.01 4 −0.42 0.69

Feed −0.04 0.01 29 −2.95 0.01

Tissue C and

N content

C mmol C (g DM)−1 Week −0.01 0.05 6 −0.17 0.87

Feed −0.20 0.17 7 −1.18 0.28

N mmol N (g DM)−1 Week 0.00 0.00 6 0.23 0.83

Feed −0.02 0.02 7 −1.13 0.29

df, degrees of freedom; p, probability (bold italic: significant on a significance level of α = 95%); SE, Standard error; t, T distribution; Value, estimate effect
value (in the indicated unit).
*Homoscedasticity.
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neither did the individual compounds within these tissue
pools (Table 2; Fig. 4a,c,e,g).

Tracer fluxes
Fed L. pertusa respired carbon from the phytodetritus food

pulse, shown clearly by their enhanced tracer C respiration
after feeding (week 0) compared to before feeding (week 1;
Fig. 5a) and by the significant difference in respired tracer C
between fed and unfed corals at week 0 (Table 1; Fig. 5a). Tracer
C respired by fed corals was highest 12 to 24 h after feeding
(week 0, 2.2 � 0.36 nmol tracer C [mmol OC]−1 h−1) and
declined exponentially with time (Table 3) to 0.47 � 0.1 nmol
tracer C (mmol OC)−1 h−1 4 weeks after feeding.

Tracer carbon and nitrogen was detected in the POM released by
fed corals (Fig. 5b,c). The release of POC and PON originating from
the phytodetritus food (i.e., tracer POC and PON) showed the same
trend as respired tracer carbon, with highest values 12 to 24 h after
feeding (0.94 � 0.52 nmol tracer POC released [mmol OC]−1 h−1

and 0.12 � 0.06 nmol tracer PON released [mmol OC]−1 h−1) and
an exponential decline (Table 3) to almost zero 4weeks after feeding
(0.08 � 0.02 nmol tracer POC released [mmol OC]−1 h−1 and
0.02 � 0.001 nmol tracer PON released [mmol OC]−1 h−1).

The integrated C budget, based on the minimum adequate
models over 4 weeks after feeding on the phytodetritus food
pulse (Table 3), revealed that L. pertusa respired 43% of the
incorporated isotopically enriched C, released 14% as POC

a

b

Fig. 3. Bulk (a) and tracer (b) C and N budget of L. pertusa directly after feeding on phytodetritus (week 0) and after 4 weeks of subsequent food depri-
vation (week 4). Bulk/tracer C, N in coral tissue, tissue composition (compounds), composition of “phytodetritus” food, and corals’ 4-week C, N release
as respired C (Resp), and released “POC” and “PON”. One gram coral DM ≈ 0.92–1.19 mmol OC.
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(Fig. 3b), and released 11% of the incorporated N as PON
(Fig. 3b). The integrated 4-week tracer C release (0.66 μmol
tracer C [mmol OC]−1 [4 weeks]−1; Fig. 3b) constitutes 0.5% of
the 4-week bulk C release (Fig. 3a).

Tracer incorporation into tissue
All fed L. pertusa fragments incorporated tracer carbon

and nitrogen from the 3-day phytodetritus food pulse in
their tissue (Fig. 6a,b). Unfed corals did not show tracer C

and N incorporation into their tissue, and the tracer C and
N incorporation was significantly different between all fed
and all unfed coral batches (Fig. 6a,b; Table 2), indicating
that the experimental setup successfully prevented cross
contamination between the coral maintenance chambers.
Directly after feeding at week 0, fed coral batches had incor-
porated a total of 1.15 � 0.20 μmol tracer C (mmol OC)−1, or
0.38 � 0.07 μmol tracer C (mmol OC)−1 12 h−1, and a total of
0.18 � 0.04 μmol tracer N (mmol OC)−1, or 0.06 � 0.01 μmol

Table 2. Results of the LME model, part 2.

Group Par Unit

LME fed vs. unfed vs. week

Fixed Value SE df t p

Tissue composition: C in tissue

pools (sum of resp. compounds)

Σ HAAs μmol C (mmol OC)−1 Week 2.45 4.04 2 0.61 0.61

Feed 6.63 15.61 4 0.42 0.69

Σ NLFAs μmol C (mmol OC)−1 Week −9.86 7.89 2 −1.25 0.34

Feed −11.98 25.53 4 −0.51 0.64

Σ PLFAs μmol C (mmol OC)−1 Week 1.24 1.90 2 0.66 0.58

Feed −8.93 7.34 4 −1.22 0.29

Σ NCHs μmol C (mmol OC)−1 Week 0.43 0.23 2 1.84 0.21

Feed −0.56 1.09 4 −0.51 0.64

Tissue composition: C in individual

compounds (within tissue pools)

HAAs* μmol C (mmol OC)−1 Week 0.25 0.25 2 0.99 0.43

Feed 0.09 1.00 4 0.09 0.93

NLFAs* μmol C (mmol OC)−1 Week −2.67 1.51 2 −1.77 0.22

Feed −1.38 6.60 4 −0.21 0.84

PLFAs* μmol C (mmol OC)−1 Week 0.05 0.37 2 0.14 0.90

Feed −1.97 1.40 4 −1.40 0.23

NCHs* μmol C (mmol OC)−1 Week 0.06 0.07 2 0.79 0.51

Feed −0.22 0.29 4 −0.76 0.49

Tracer incorp. in tissue C* μmol C (mmol OC)−1 Week −0.01 0.02 6 −0.45 0.67

Feed −1.10 0.09 7 −12.64 0.00
N* μmol N (mmol OC)−1 Week 0.00 0.01 6 0.70 0.51

Feed −0.20 0.02 7 −8.86 0.00

Tracer incorp. in tissue pools Σ HAAs* nmol C (mmol OC)−1 Week 5.01 7.13 2 0.71 0.55

Feed −151.52 27.76 4 −5.46 0.01

Σ NLFAs nmol C (mmol OC)−1 Week −3.88 1.21 2 −3.21 0.09

Feed −21.59 5.39 4 −4.01 0.02
Σ PLFAs* nmol C (mmol OC)−1 Week −0.61 1.30 2 −0.47 0.68

Feed −24.04 4.54 4 −5.30 0.01

Σ NCHs* nmol C (mmol OC)−1 Week 0.70 1.34 2 0.49 0.67

Feed −24.25 4.22 4 −5.75 0.00

Tracer incorp. in individual

compounds (within tissue pools)

HAAs* nmol C (mmol OC)−1 Week 0.77 0.41 2 1.88 0.20

Feed −11.47 1.92 4 −5.98 0.00
NLFAs* nmol C (mmol OC)−1 Week −1.55 0.57 2 −2.71 0.11

Feed −0.56 2.66 4 −0.21 0.84

PLFAs* nmol C (mmol OC)−1 Week −0.21 0.18 2 −1.18 0.36

Feed −2.94 0.75 4 −3.92 0.02

NCHs nmol C (mmol OC)−1 Week 0.28 0.90 2 0.31 0.78

Feed 11.98 2.05 4 −5.84 0.00

df, degrees of freedom; p, probability (bold italic: significant on a significance level of α = 95%); SE, Standard error; t, T distribution; Value, estimate effect
value (in the indicated unit).
*Homoscedasticity.
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tracer N (mmol OC)−1 12 h−1. This adds up to 1.4% of the total
food C and N that was added during the total feeding period
(0.47% [12 h]−1) and 0.1% of OC and ON of the coral. The
amount of tissue-incorporated tracer C and N did not change
significantly with time (Fig. 6a,b). Four weeks after feeding, the
tissue of the fed coral batches contained 1.08 � 0.26 μmol tracer
C (mmol OC)−1 and 0.21 � 0.06 μmol tracer N (mmol OC)−1.

Tracer incorporation into specific tissue compounds
Biochemical tissue pools

A total of 19% of the phytodetritus C, which L. pertusa incor-
porated in its tissue, could be traced back to the tissue pools
(Fig. 3b). Compared to their bulk tissue composition, corals allo-
cated relatively little C to the NLFAs (4% of the total incorporated
tracer C) and relatively more to the HAAs (23% of the total incor-
porated tracer C; Fig. 3). The phytodetritus likewise contained
only 2% of the tracer C in NLFAs and 26% in HAAs (Fig. 3b).

The tracer C in neither of the biochemical tissue pools
changed significantly over the 4 weeks of food deprivation

and neither did the tracer C in the individual compounds
within the respective tissue pools (Fig. 4; Table 2).

Hydrolysable amino acids
Tracer C incorporation into individual HAAs from w0 to

w4 (Fig. 4b) largely corresponded to the bulk HAA-carbon com-
position of the coral (Fig. 4a). Most tracer C was incorporated
in glutamic acid/glutamine, closely followed by aspartic acid/
asparagine and leucine (Fig. 4b). Some individual HAAs were rel-
atively more (e.g., valine and isoleucine) or less (e.g., glycine
and proline) abundant in the corals than in the phytodetritus,
but those differences amounted to less than 10% per compound
(Fig. 7a). Corals preferably incorporated HAAs from phytodetri-
tus (Fig. 7b), which were more abundant in their tissue, such as
valine and isoleucine (Fig. 7a). Those HAAs show a higher rela-
tive tracer incorporation in corals than in their phytodetritus
food (Fig. 7b). Glycine and proline were relatively less abundant
in the coral tissue than in the phytodetritus food (Fig. 7a) and
likewise show a lower relative tracer incorporation in corals than
in their phytodetritus food, which indicates that corals selected

Table 3. Statistics of LME and NLME models for integration of bulk and tracer fluxes.

Group Par Type

Fed corals vs. week Unfed corals vs. week

Model Statistics of model parameters Model

Statistics of
model

parameters

Bulk fluxes Resp LME Resp=0.145* I: t=20.80, p=0, df=18 Resp=0.118 I: t=14.76,

p=0, df=6

POC LME POC=0.029* I: t=2.85, p=0.01, df=18 None na

DOC LME None na None na

NH4 LME NH4=0.004* I: t=8.30, p=0, df=18 NH4=0.003 I: t=8.40,

p=0, df=6

PON LME PON=0.005 I: t=3.84, p=0.00, df=18 na na

Tracer fluxes Resp NLME Resp=2.219×exp(−0.665×week) a: t=14.25, p=0; b: t=6.82, p=0; df=11 na na

POC NLME POC=0.842×exp(−0.954×week)* a: t=8.78, p=0; b: t=10.47, p=0; df=11 na na

PON NLME PON=0.122×exp(−1.394×week)* a: t=5.11, p=0; b: t=5.95, p=0; df=11 na na

a, b, parameters of exponential model y = a × exp(−b × x); I, intercept; model, fitted minimum adequate model; na, integration not applicable; none, no
minimum adequate model significant; resp, respiration.
*The assumption of heteroscedasticity was not fulfilled.

Table 4. Average percentage of bulk and tracer carbon in HUFAs, PUFAs, MUFAs, and SFAs in the NLFAs and PLFAs of fed corals and
phytodetritus.

Organism C-pool

NLFAs PLFAs

Uncat SFAs MUFAs PUFAs HUFAs Uncat SFAs MUFAs PUFAs HUFAs

Fed corals Bulk C 25 19 21 0 35 35 6 7 0 51

Tracer C −21 44 22 0 56 32 9 8 0 50

Phytodetritus Bulk C 7 23 15 41 15 0 29 12 37 21

Tracer C 7 19 10 50 14 0 30 8 37 25

Uncat, FAs not clearly assignable (FAs <5% C, coeluting FAs falling in two categories, unidentified FAs).
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against those HAAs (Fig. 7b). Alanine, threonine, and serine
were present in corals bulk tissue at similar proportions com-
pared to their phytodetritus food and incorporated accordingly
(Fig. 7a,b). The only marked differences in tracer C allocation

compared to their bulk composition occurred in glutamic acid/
glutamine and aspartic acid/asparagine, for which tracer C allo-
cation indicated preferential incorporation, and in leucine and
phenylalanine, which corals selected against.
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Fig. 4. Individual HAAs, NLFAs, PLFAs, and NCHs per mmol OC of fed coral batches over the weeks after feeding (week). (a, c, e, g) Bulk C concentra-
tion in HAAs, NLFAs, PLFAs, and NCHs. (b, d, f, h) Tracer C incorporated in HAAs, NLFAs, PLFAs, and NCHs. Abbreviations: Ara, arabinose; Asp, asparagi-
ne/aspartic acid; Fru, Fructose; Fuc, fucose; Gal, galactose; Glu, glutamine/glutamic acid; Man, Mannose; Rest, FAs <5% C-concentration; Rib, ribose; Xyl,
Xylose.
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Neutral- and phospholipid-derived fatty acids
The phytodetritus food generally contained more short/me-

dium-chain FAs (from C13 to C20), while the coral tissue was
very low in those FAs (<5% of the total FA-C; Fig. 7c,e), and the
FA incorporation followed this pattern (Fig. 7d,f). Lophelia
pertusa was characterized by more long-chain FAs (>C20), some
of which were only present in the corals and not in their phyto-
detritus food (Fig. 7c,e). Tracer C incorporation into those longer
chain FAs indicates de novo synthesis by the coral (Fig. 7d,f).

Both in the NLFA pool and especially in the PLFA pool,
corals incorporated proportionally most tracer C from the phyto-
detritus food in C20:5ω3 or C20:4ω3/C20:5ω3 (Figs. 4d,f, 7d,f).
Shorter chain FAs from C13:3-methyl/C14:0 to C16:1ω7c were
more incorporated in the NLFA than in the PLFA pool. In the
PLFA pool, C18:5/C20:4ω6 was incorporated at a much lower
proportion than present in the bulk PLFA pool, and C20:1ω9c
and C21:5ω3/C22:3 were almost not incorporated.

Both for the NLFAs and the PLFAs, HUFAs (with an equal or
more than four double bonds) showed the highest share of corals’
tracer C incorporation from the phytodetritus food, where PUFAs
(two to three double bonds) constituted the dominant FA class
(Table 4).

Neutral carbohydrates
Most tracer C in the NCH pool was found in D-glucose, fol-

lowed by galactose/xylose/fructose/mannose and fucose/ribo-
se/arabinose (Fig. 4h). Tracer C incorporation into D-glucose
(Fig. 4h) was relatively higher than the D-glucose found in the
bulk tissue (Fig. 4g).

Discussion
We studied the carbon and nitrogen metabolization and

storage in the CWC L. pertusa under an experimental pulse of
(isotopically enriched) phytodetritus and a subsequent period
of low food availability. For the first time, the longer term uti-
lization of a food pulse by a CWC was followed via stable-
isotope 13C and 15N enrichment of the food. We discuss
(a) the bulk C and N cycling of the CWC after feeding and
during deprivation of particulate food, (b) its tissue composi-
tion, and (c) the fate of the C and N from the phytodetritus
food pulse, i.e., its release vs. storage.

Bulk carbon and nitrogen cycling
Metabolic rate

Maintained oxygen consumption (respiration) and ammo-
nium excretion of L. pertusa indicate that this CWC species
does not undergo a torpor, i.e., a reduction of metabolic rate,
during short-term food deprivation of 4 weeks. Only a longer
term food deprivation of 7 months prompts L. pertusa to sig-
nificantly reduce its respiration rate by 39–52% (Larsson et al.
2013a; Baussant et al. 2017). The tolerance of L. pertusa to
food deprivation stands in contrast to other CWC species.
Naumann et al. (2011) found a strong decrease of 51% in res-
piration for the Mediterranean solitary CWC Desmophyllum
dianthus after 3 weeks of food deprivation. The oxygen con-
sumption and ammonium excretion rates of L. pertusa in this
study are comparable to, but in the lower range of, previous
laboratory and in situ studies for the same species (Table 5).
D. dianthus shows a higher experimental respiration rate than
L. pertusa, independent of temperature (Table 5), and may
therefore respond faster to food deprivation. Nevertheless,
increased temperatures, resulting from global climate change,
may generally increase the respiration rates of CWCs (Dodds
et al. 2007), and the resulting increased energetic demand
could reinforce the effects of seasonally reduced food availabil-
ity (Duineveld et al. 2004, 2007; Lavaleye et al. 2009; Guihen
et al. 2018).

Organic matter release
Cold-water and warm-water corals produce mucus, a

polysaccharide–protein complex, for protection against sedi-
mentation and biofouling, and aid in food acquisition
(Bythell and Wild 2011). The observed POC release rates of
L. pertusa are comparable to the study by Wild et al. (2008).
These authors, however, suggest that most of the mucoid
POM quickly dissolves in seawater, resulting in a 30 times
higher release of DOM than of POM (Wild et al. 2008;

a

b

c

Fig. 5. Hourly tracer carbon and nitrogen fluxes per mmol OC of fed (black
triangles) and unfed (gray “x”) coral batches, over the weeks after the phyto-
detritus food pulse (gray bar). (a) tracer C respiration, and release of (b) tracer
POC, and (c) tracer PON. Dashed line: minimum adequate model.

Maier et al. Cold-water coral resource utilization and storage

1663



Naumann et al. 2014). The high DOM release rates are not
observed here, and the comparatively low DOM release of
L. pertusa challenges the (quantitative) importance of the
sponge loop in CWC reefs (Rix et al. 2016). The sponge loop
describes the uptake of coral-released DOM by sponges,
which in turn shed detrital POM, feeding detritivores in trop-
ical coral reefs (de Goeij et al. 2013). Rix et al. (2016) pro-
vided qualitative evidence of this loop for CWC reefs, but the
large uncertainty about the amount of DOM release by
L. pertusa warrants further research before we can infer the
quantitative importance of this recycling loop in these
ecosystems.

The loss of C and N as POC and PON during 4-week food
deprivation amounts to 17% and 56% of their overall C and
N losses, which compares favorably to a study by Larsson
et al. (2013b). POM release thus represents a significant com-
ponent of the energy budget of CWCs, which is maintained
under food deprivation, underlining its important physiolog-
ical role for the organism (Bythell and Wild 2011). An
increase in mucus production, for instance, due to sedimen-
tation or other stressors (Reitner 2005; Zetsche et al. 2016), is
likely to have negative consequences for their energy bal-
ance, especially under temporally reduced food availability
(Duineveld et al. 2004, 2007; Lavaleye et al. 2009; Guihen
et al. 2018).

Tissue composition and carbon storage
Our data indicate that CWC L. pertusa stores carbon in neu-

tral lipids, which represent its largest tissue carbon pool, fol-
lowed by proteins and carbohydrates. NLFAs are the building
blocks of triacylglycerols and wax esters, and their high contri-
bution to the CWCs’ total OC (20% to 23%) underscores the
postulated C storage in this pool (Dodds et al. 2009; Larsson
et al. 2013a). The sum of C in all measured tissue pools, how-
ever, accounts for only 40% of the total OC. Other studies on
warm and CWCs find a dominance of proteins (Al-Lihaibi
et al. 1998; Rossi et al. 2006; Mueller et al. 2014), which was
not observed here, while lipid concentrations compare with
previous studies (Dodds et al. 2009; Larsson et al. 2013a).
Carbohydrates contribute only 1% to L. pertusa’s OC, which
excludes them as additional important C storage pool. Inver-
tebrates such as bivalves, which use glycogen as C-storing
molecule, contain up to 50% glycogen in their tissue DM
(Beukema and De Bruin 1977; Galap et al. 1997).

The 20% decrease in total OC and 13% decrease in NLFA-C
during food deprivation point toward a consumption of
L. pertusa’s tissue C stores. This trend was not statistically sig-
nificant, though, due to the variability in corals’ OC content,
likely caused by their high background of inorganic C. The
average decrease in OC and NLFA-C, however, compares
favorably with the integrated 4-week C release of 10% of their
total OC. A similar rate of OC decrease was observed in
L. pertusa during a 7-month starvation period (Larsson et al.
2013a). The maintenance of PLFAs indicates that CWCs can
preserve their membranes and tissue structure during 4 week
deprivation from food.

Fate of the food pulse
Tracer release

The respiration and POM release of the food pulse peak
shortly after feeding and decline slowly from week 1 to week
4. The initial peak in tracer metabolism indicates an overall
increase in metabolism in response to feeding and/or a prefer-
ential metabolization of 13C and 15N from the food pulse. An
overall increase in metabolic activity (e.g., respiration) after
feeding is commonly referred to as specific dynamic action of
food (reviewed by McCue 2006 and Secor 2008). A peak in
(tracer) POC and PON release after feeding could indicate the
release of food-derived material as fecal matter, a loss of non-
digested food (Yonge 1930; Brusca and Brusca 2003), and/or
an increased mucus production to retain food particles
(Zetsche et al. 2016). The increase in metabolism and POM
release is particularly pronounced in the tracer fluxes, suggest-
ing that a part of the food pulse is preferentially used to “pay”
for metabolic costs involved in food uptake and assimilation.
The subsequently lower tracer release rate implies that the
remainder of the food pulse had been incorporated in a tissue
pool with a lower turnover rate.

a

b

Fig. 6. Tracer carbon (a) and nitrogen (b) incorporation from the phyto-
detritus food pulse (gray bar) into coral tissue, per mmol OC; triangles: fed
coral fragments of, respectively, two coral batches (black and white) sam-
pled in weeks 0, 2, and 4. “x”: unfed coral fragments (week 0: “Field,” week
4: “Unfed controls”). Dashed line: minimum adequate model.
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Tracer retention
Lophelia pertusa largely retained the initially incorporated

phytodetritus carbon from the food pulse throughout 4 weeks
of food deprivation, which further indicates that the non-
metabolized remainder of the material was integrated in a
low-turnover, storage tissue pool. The daily rate of phytodetritus-
C incorporation of Lophelia pertusa was four times higher than
in previous stable isotope tracer studies (Mueller et al. 2014;

Van Oevelen et al. 2016), which compares reasonably, given
the differences in coral-fragment size, food concentration, and
experimental setup. L. pertusa can maintain this incorporation
rate over a wide range of resources including phytodetritus,
zooplankton, bacteria, and DOM (Mueller et al. 2014) and
increases food incorporation with increasing food availability
(Van Oevelen et al. 2016), underlining its flexibility in
resource utilization.

a b

c d

e f

Fig. 7. Comparison of L. pertusa compound profiles with the phytodetritus food, shown as the difference “coral-phytodetritus.” (a, c, e) Difference in
the percentage of carbon in a compound relative to the total C in all compounds. (b, d, f) Difference in the percentage of (tracer) C incorporated in a
compound relative to the total (tracer) C incorporated in all compounds. Positive values indicate preferential incorporation, negative values indicate pref-
erential loss. Abbreviations: L, compound only present in L. pertusa; P, compound only in phytodetritus; Asp, asparagine/aspartic acid; Glu, glutamine/-
glutamic acid; Rest, FAs <5% C-concentration; n, unknown compound.
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The rate of food incorporation in this study and Van Oeve-
len et al. (2016) (i.e., 0.1% to 0.5% of phytodetritus-C per
12 h) appears low compared to capture rates of (live) phyto-
plankton (1.3% of food items per hour; Orejas et al. 2016) and
zooplankton (0.5% to 26% of food items per hour; Purser
et al. 2010; Orejas et al. 2016). Incorporation rates are, how-
ever, not directly comparable with capture rates, because the
latter measure does not take losses of nonassimilated food
(e.g., sloppy feeding and feces production) into account. In
addition, we observed aggregation and subsequent settling of
the phytodetritus on the bottom of the incubation chamber,
which could partly explain the relatively low food incorpora-
tion rate. Aggregation of phytodetritus is a natural phenome-
non and fosters the rapid export of the larger particles to the
deep sea, especially during the phytoplankton blooms
(Alldredge and Gotschalk 1988; Kiørboe et al. 1990; Turner
2015). The impact of negative phytodetritus buoyancy on
CWC feeding success may be counteracted by organic material
resuspension due to strong bottom currents (Davies et al.
2009; Mienis et al. 2012a,b).

The tissue composition of L. pertusa is in imbalance with
the phytodetritus composition, the latter having a consider-
ably lower percentage of neutral lipids and higher percentage
of amino acids (AAs). This imbalance is reflected in the phyto-
detritus incorporation, with a comparatively low incorpora-
tion of NLFAs (4% of total C incorporation) and high AA
incorporation (12%). A sole phytodetritus diet may therefore
not be sufficient to store up lipid reserves, and there are indi-
cations that CWCs may utilize diurnally and seasonally
migrating zooplankton (Kiriakoulakis et al. 2005; Hebbeln
et al. 2014; Guihen et al. 2018; Van Engeland et al. 2019),
which has a high lipid content (Lee et al. 2006), in addition to
phytodetrital material.

The AA composition of the phytodetritus and the corals
closely match, which is evidenced by the largely unaltered
incorporation of phytodetritus AAs by the coral. Preferential
uptake or loss of AAs, as reported for other invertebrates
(Woulds et al. 2012), was minor and only occurred for a few

compounds, such as glutamic acid/glutamine and aspartic
acid/asparagine. Preferential AA uptake can be related to the
pathways of AA synthesis in corals, as both glutamine/gluta-
mate and asparagine/aspartate share an important role as
intermediates in the tricarboxylic acid cycle (Fitzgerald and
Szmant 1997; Piniak et al. 2003). A preference of those AAs
was also reported for L. pertusa’s AA de novo synthesis from
an inorganic carbon source (Middelburg et al. 2015).

Lophelia pertusa largely used the essential short-chain
MUFAs and PUFAs to build longer chain HUFAs. In this pro-
cess of “trophic upgrading of FAs”, marine invertebrates
acquire essential “precursor” PUFAs and MUFAs such as oleic
acid (C18:1ω9), linoleic acid (C18:2ω6), and linolenic acid
(C18:3ω3) from marine microalgae and elongate and/or desa-
turate them to longer chain HUFAs such as arachidonic acid
(C20:4ω6), docosapentaenoic acid and docosahexaenoic acid
(C22:5ω3 and C22:6ω3), and mono-unsaturated nervonic acid
(C24:1ω9c; Kelly and Scheibling 2012; Monroig et al. 2013).
As most marine invertebrates, L. pertusa is particularly rich in
eicosapentaenoic acid (EPA, C20:5ω3; Phillips 1984), which
plays an important role in its membrane-forming phospho-
lipid pool (Lee et al. 2006). The coral incorporated EPA directly
(and preferentially) from the diatom-derived phytodetritus. As
marine microalgae have been considered the only marine
organisms capable of synthesizing essential “precursor” FAs
(Dalsgaard et al. 2003), the use of those FAs as trophic markers
has found a wide application in ecology (Dalsgaard et al.
2003; Iverson et al. 2004; Kelly and Scheibling 2012). A recent
study, however, showed that L. pertusa can also synthesize
linoleic acid (Mueller et al. 2014). This finding complicates the
use of FA trophic markers for CWCs and indicates a partial
independence of CWCs from the surface production (phyto-
plankton and zooplankton) for their FA metabolism.

Conclusion
This study shows for the first time that CWC L. pertusa is

able to utilize a phytodetritus food pulse for a prolonged

Table 5. Oxygen consumption and ammonium excretion rates and respective O : N indices of L. pertusa and D. dianthus measured in
different studies under different temperatures.

Study Species

Tempe-
rature
(�C)

Respiration
(μmol O2

[g DM]−1 h−1)

Ammonium
excretion

(μmol NH4
+

[g DM]−1 h−1)
O : N
index

Present study L. pertusa, (fed) 8 0.14�0.02 0.004�0.001 35

Khripounoff et al. (2014) L. pertusa, in situ 9.6 to 10.2 0.30 0.008 41

Larsson et al. (2013a) L. pertusa 8 � ca. 0.13 na na

Larsson et al. (2013b) L. pertusa 8 0.27�0.05 na na

Naumann et al. (2014) L. pertusa 12 1.05�0.3 0.13�0.07 10

Maier et al. (2013) L. pertusa 13 0.07–0.27 na na

Naumann et al. (2011) D. dianthus 12 1.51�0.4 na na
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period of time, by metabolizing only parts of it immediately
and moving the remainder to a longer term storage pool with
slower turnover. Carbon storage, most likely in neutral lipids
(Dodds et al. 2009; Larsson et al. 2013a; this study), allows
L. pertusa to maintain their metabolic rate during several
weeks of food deprivation (Larsson et al. 2013a; Baussant et al.
2017; this study). Nevertheless, their FA incorporation
revealed that a sole phytodetritus diet may not be sufficient to
store up lipid reserves, and lipid-rich diurnally and seasonally
migrating zooplankton could provide an important addition
(Kiriakoulakis et al. 2005; Hebbeln et al. 2014; Guihen et al.
2018; Van Engeland et al. 2019). Besides bridging periods of
reduced food supply, lipid stores are crucial to pay for seasonal
reproduction, and food supply, (lipid) storage, and reproduc-
tion may undergo a close interplay which is barely understood
(Brooke and Järnegren 2013). The current study underlines
that L. pertusa is well-adapted to temporal variations in food
availability. The experiment provided important knowledge of
a specific simulation of the dynamic environment that CWCs
thrive in, that complements in situ observations on their dis-
tribution and environmental requirements. The fine-tuned
balance of resource supply and needs of deep-sea habitat-
forming CWCs may be affected by global climate change, with
increased temperature and stratification potentially reducing
primary productivity and export production (Bopp et al. 2001;
Gregg et al. 2003; Soetaert et al. 2016) and ocean acidification
increasing the resource demand for increased calcification
costs (Cohen and Holcomb 2009; McCulloch et al. 2012a,b;
Büscher et al. 2017).
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