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A B S T R A C T   

Cold-water coral (CWC) reefs create hotspots of metabolic activity in the deep sea, in spite of the limited supply 
of fresh organic matter from the ocean surface (i.e. phytodetritus). We propose that ‘dead’ coral framework, 
which harbours diverse faunal and microbial communities, boosts the metabolic activity of the reefs, through 
enhanced resource retention and recycling. Analysis of a video transect across a 700-540 m-deep CWC mound 
(Rockall Bank, North-East Atlantic) revealed a high benthic cover of dead framework (64%). Box-cored frag
ments of dead framework were incubated on-board and showed oxygen consumption rates of 0.078–0.182 μmol 
O2 (mmol organic carbon, i.e. OC)− 1 h− 1, indicating a substantial contribution to the total metabolic activity of 
the CWC reef. During the incubations, it was shown that the framework degradation stage influences nitrogen 
(re)cycling, corresponding to differences in community composition. New (less-degraded) framework released 
ammonium (0.005 ± 0.001 μmol NH4

+ (mmol OC)− 1 h− 1), probably due to the activity of ammonotelic mac
rofauna. In contrast, old (more-degraded) framework released nitrate (0.015 ± 0.008 μmol NO3

− (mmol OC)− 1 

h− 1), indicating that nitrifying microorganisms recycled fauna-excreted ammonium to nitrate. Furthermore, the 
framework community removed natural dissolved organic matter (DOM) from the incubation water 
(0.005–0.122 μmol C (mmol OC)− 1 h− 1). Additional feeding experiments showed that all functional groups and 
macrofauna taxa of the framework community incorporated 13C-enriched (‘labelled’) DOM, indicating wide
spread DOM uptake and recycling. Finally, the framework effectively retained 13C-enriched phytodetritus, (a) by 
physical retention on the biofilm-covered surface and (b) by biological filtration through suspension-feeding 
fauna. We therefore suggest that the dead framework acts as a ‘filtration-recycling factory’ that enhances the 
metabolic activity of CWC reefs. The exposed framework, however, is particularly vulnerable to ocean acidifi
cation, jeopardizing this important aspect of CWC reef functioning.   

1. Introduction 

In the resource-limited deep sea, cold-water corals (CWCs) such as 
Lophelia pertusa (suggested revised name Desmophyllum pertusum, 
Addamo et al., 2016) form flourishing reefs of high biodiversity and 
biomass (Jonsson et al., 2004; Henry and Roberts, 2007, 2016). These 
reefs are hotspots of metabolic activity and organic matter mineraliza
tion (Van Oevelen et al., 2009). They consume up to 20 times more 

oxygen (O2) and release around twice as much dissolved inorganic ni
trogen (DIN) compared to adjacent soft sediment grounds (Cathalot 
et al., 2015; De Froe et al., 2019). In the absence of light, CWC reefs 
depend on food from the ocean surface, such as phytodetritus, i.e. 
phytoplankton-derived particulate organic matter (POM) (Duineveld 
et al., 2004; Kiriakoulakis et al., 2005; Van Oevelen et al., 2018a). 
However, the POM flux to CWC reefs, measured by sediment traps, is 
orders of magnitude lower than their POM demand to maintain their 
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high metabolic activity (Van Oevelen et al., 2009). Specifically in the 
temperate North-East Atlantic (Freiwald et al., 2004), where large CWC 
reefs and mounds are particularly abundant (Roberts et al., 2006), 
phytodetritus is limited to the productive spring season and supply is 
low during the remaining part of the year (Duineveld et al., 2004, 2007). 
To date, it remains unclear how CWC reefs maintain their high meta
bolic activity under limited resource supply. 

Two mechanisms could explain the high metabolic activity of CWC 
reefs, namely (1) increased POM retention on the reef, through efficient 
phytodetritus filtration, and (2) recycling of metabolic ‘waste’ products, 
such as dissolved organic matter (DOM) and dissolved inorganic nitro
gen (DIN). Firstly, the three-dimensional reef framework induces tur
bulence and may physically trap phytodetritus, which would not settle 
on a flat seafloor (‘physical filtration’; De Haas et al., 2009; Mienis et al., 
2009a; Mienis et al., 2019). In addition, suspension feeders trap phy
todetritus from the reef-overlaying water (‘biological filtration’; Lav
aleye et al., 2009; Wagner et al., 2011). Secondly, the reef community 
may recycle metabolic ‘waste’ products beyond the productive spring 
season (Maier et al., 2020a, 2020b). For example, sponges consume 
(recycle) DOM from coral mucus, transform DOM into particulate 

sponge detritus (POM), which subsequently feeds reef detritivores 
(‘sponge loop’, de Goeij et al., 2013; Rix et al., 2016; Maier et al., 
2020b). Furthermore, microbial assemblages of CWCs and sponges 
oxidize ammonium to nitrate and fix dissolved inorganic carbon (nitri
fication; Van Duyl et al., 2008; Hoffmann et al., 2009; Middelburg et al., 
2015). 

Dead framework, i.e. coral skeleton without live coral tissue, is an 
integral part of a CWC reef (Wilson, 1979; Freiwald and Wilson 1998; 
Vad et al., 2017). The dead framework could play a central role in the 
reef metabolic activity (De Froe et al., 2019). While live corals protect 
their carbonate skeleton against colonisation, the unprotected dead 
framework offers a hard substrate for a diverse faunal and microbial 
community (Mortensen et al., 1995; Henry and Roberts, 2007; Van 
Bleijswijk et al., 2015). The outside of the dead framework (i.e. ‘epi
lithic’) is colonized by a thin ‘biofilm’ (bacteria, fungi, encrusting 
sponges, hydroids), sessile suspension feeders, mobile detritivores and 
predators (Henry and Roberts, 2007, 2016; Henry et al., 2013). The 
inside of the dead framework (i.e. ‘endolithic’) is inhabited by bio
eroding bacteria, fungi, sponges, bryozoans and foraminiferans (Beuck 
et al., 2010). Appearance, stability and associated communities of dead 

Fig. 1. Dead cold-water coral framework studied at Haas Mound. (a) Haas Mound, located at Rockall Bank in the North-East Atlantic. Shown are the south-to-north 
video transect across Haas Mound and box core sampling sites on the southern flank and summit area. (b) Box core with new dead framework and live reef-building 
coral situated on top of old dead framework (left picture, arrows) and experimental fragments of new and old dead framework (right pictures). 
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framework change over time (Freiwald and Wilson, 1998; Beuck and 
Freiwald, 2005). The early postmortem stage, here called ‘new frame
work’, still appears bright, almost white, and shows little bioerosion and 
biofilm overgrowth (Fig. 1b). In contrast, ‘old framework’ is typically 
coated by a dark-brown ferromanganese layer and shows clear signs of 
bioerosion (traces of borers, pores) and biofilm overgrowth. 

The diverse community associated with dead framework might 
facilitate various trophic pathways (Van Oevelen et al., 2009), pro
moting resource retention and recycling. So far, however, studies have 
focussed on the metabolic activity of live corals (Mueller et al., 2014; 
Middelburg et al., 2015; Maier et al., 2019) and individual macrofauna 
taxa (Rix et al., 2016; Van Oevelen et al., 2018b; Maier et al., 2020b), 
while the role of the dead framework remains largely unknown. 

We propose that the dead framework boosts the metabolic activity of 
CWC reefs, by enhancing phytodetritus retention (filtration) and recy
cling of DOM and DIN. We present a comprehensive study on the dead- 

framework community at the 700-540 m-deep Haas Mound at the south- 
eastern flank of the Rockall Bank (Fig. 1, Logachev Mound Province, 
North-East Atlantic). We investigated (1) the quantitative importance of 
dead framework on the reef, (2) the composition of the dead-framework 
community, (3) its metabolic activity, (4) phytodetritus retention 
(filtration), (5) DOM uptake and (6) (re)cycling of DIN. Firstly, we 
determined the cover of dead framework, live corals and sediment along 
a cross-mound video transect (1). Then, we collected dead framework 
and described the composition and organic carbon content of the asso
ciated biota (2). We incubated fragments of dead framework on-board, 
in natural reef water (Fig. 2a), to measure community oxygen con
sumption (3), uptake of natural dissolved organic carbon (DOC) (5) and 
DIN cycling (6). Finally, we carried out a feeding experiment with 13C- 
enriched phytodetritus and 13C-enriched DOM (Fig. 2b). 13C serves as 
tracer to follow the incorporation of phytodetritus (4) and DOM (5) by 
the different community members (tracer-C incorporation). 

Fig. 2. Experimental design. (a) Oxygen 
and nutrient flux incubations: Fragments 
of new framework from the mound flank 
and old framework from the mound 
flank and summit were individually 
incubated to measure fluxes of oxygen 
(O2 sensor), dissolved organic carbon 
(DOC) and dissolved inorganic nitrogen 
(DIN). n: number of replicates, t0, t1, t2: 
water sampling time points. After the 
incubation, the framework biota were 
sorted into functional groups (1–3) and 
macrofauna taxa. (b) Stable isotope 
tracer feeding experiment: Framework 
fragments were fed with either 13C- 
enriched phytodetritus or 13C-enriched 
dissolved organic matter (DOM). 13C 
served as a tracer for substrate (phyto
detritus/DOM) utilization, i.e. respira
tion, measured in incubations via 
production of 13C-enriched dissolved 
inorganic carbon (DI13C), and incorpo
ration, measured via 13C appearance in 
the community functional groups (1–3) 
and macrofauna taxa.   
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2. Materials and methods 

2.1. Cross-mound video transect 

Haas Mound (700-540 m depth, Fig. 1a) is the largest carbonate 
mound of the Logachev CWC province. A detailed description of the 
local environmental conditions is provided by De Froe et al. (2019). 
During the RV Pelagia cruise 64PE360 in October 2012, a video transect 
was recorded across Haas Mound with a towed camera system from the 
NIOZ (Royal Netherlands Institute for Sea Research). The camera system 
has two parallel laser pointers, which mark a fixed difference of 30 cm 
on the video frames. The 94 min recording covered a linear transect 
distance of 1553 m, calculated from the transect start and end co
ordinates with the Haversine formula in R4.0.0 (R Core Team, 2020; 
package geosphere, Hijmans et al., 2015). Every 1500th still frame was 
imported into Adobe Photoshop 2020, which resulted in approximately 
one still frame per 30 s of video time or one every 8.3 m of distance. Each 
still frame covered an area of 2.8 ± 1.5 m2 (mean ± standard deviation), 
which was calculated from the known distance between the two laser 
dots and was measured in Photoshop. All 187 still frames were manually 
analysed in Photoshop (Van der Kaaden, 2021; see examples in Sup
plementary Figure A.1), for percent benthic cover of (a) live 
reef-building corals, (b) new dead framework (i.e. early postmortem), 
(c) old dead framework, (d) sediment plus coral rubble, (e) large erect 
sponges and (f) other macro- or megafauna (e.g. fish, sea urchins, crabs 
and sessile taxa besides sponges and reef-building corals). The terms 
‘new’ and ‘old’ framework are used for visually different stages of 
framework degradation (Freiwald and Wilson, 1998), although the 
framework age was not determined here. Coral rubble represents small 
pieces of dead framework that do not form a three-dimensional structure 
above the sediment surface. 

2.2. Framework collection 

Dead framework (with the associated biota) was collected from Haas 
Mound during the RV Pelagia cruise 64PE420 in May 2017 with a NIOZ- 
designed box corer (55 cm high × 50 cm wide, Fig. 1b). The box corer 
has a trip valve that seals the undisturbed framework sample in its 
surrounding overlying bottom water while retrieving. Two box cores 
were taken for the incubation experiment, one at the southern flank of 
Haas Mound at 643 m depth (Fig. 1a, N 55◦ 29.45′, W 15◦ 47.63′), and 
one at the mound summit area at 540 m depth (N 55◦ 29.75′, W 15◦

47.98′). For the stable isotope tracer feeding experiment, two box cores 
were taken at the mound flank at 648 m depth (N 55◦ 29.45′, W 15◦

47.64’). On board, the framework was immediately placed into 100 L- 
maintenance tanks in a thermo-controlled room (8.5 ◦C). The mainte
nance tanks contained 0.35 μm-filtered reef water, collected 10 m above 
the reef with Niskin bottles. Submersible pumps maintained water cir
culation. The framework was sorted in fragments of new and old 
framework, while remaining submersed. The summit box core only 
contained old framework. 

2.3. Oxygen and nutrient flux incubations 

Triplicate, similar-sized fragments of new framework from the 
mound flank and old framework from the mound flank and summit (111 
± 49 mL, 181 ± 35 g dry mass, Fig. 1b) were individually incubated on 
board in 0.35 μm-filtered reef water for 41–52 h. Incubations were done 
in two incubation runs (Supplementary Table A.3) within one day of 
framework collection. Duplicate controls of 0.35 μm-filtered reef water 
were run in parallel to measure planktonic oxygen and nutrient fluxes. 
Incubations were performed in closed, bubble-free 4.83 L-plexiglass 
chambers in a dark thermo-controlled room (8.5 ◦C, Fig. 2a). A magnetic 
stirrer in the chamber lid ensured a well-mixed environment. A FireSting 
optode (TeX4, Pyro Science) continuously recorded the oxygen (O2) 
concentration. At three time points (t0 = start, t1 = 23–37 h, t2 = 41–52 

h), water samples were taken with a glass syringe (cleaned with 2 
%-hydrochloric acid) from each chamber, for the analysis of dissolved 
organic carbon (DOC) and dissolved inorganic nitrogen (DIN, here 
ammonium and nitrate; nitrite fluxes were not detectable and are 
therefore not reported). After the t0-sampling, the chamber was refilled 
with 0.35 μm-filtered reef water. DOC and DIN were likewise measured 
in the refill water. To avoid DOC contamination during the incubation, 
water was not replaced after the t1-sampling, and therefore, the oxygen 
measurement was stopped at this time point. DOC samples were filtered 
over combusted glass fiber filters (GF/F, ca. 0.7 μm pore size) in 40 mL 
acid-cleaned and combusted amber vials, acidified to a pH of ~2 with 
concentrated hydrochloric acid (HCl) and stored at 4 ◦C in the dark. The 
DOC concentration was measured via high-temperature catalytic 
oxidation on a Shimadzu TOC-VCPN analyser, calibrated with certified 
reference material (Hansell Laboratory). DIN samples were filtered over 
0.45 μm-membrane filters in 5 mL-polyethylene vials and stored frozen 
(− 20 ◦C). Ammonium and nitrate concentrations were analysed on a 
SEAL QuAAtro segmented continuous flow analyser. Fluxes of O2, DOC, 
ammonium and nitrate were calculated by linear regression of the 
respective concentrations over time, and corrected for the fluxes in the 
control incubations (Supplementary Table A.3). Fluxes were standard
ized to the organic carbon content of the framework (OC). To facilitate 
comparability with other studies, we further report fluxes standardized 
to framework dry mass (DM) and framework volume within Supple
mentary Tables A.1 and A.3. 

2.4. Framework community composition 

After the incubation, the volume of the framework fragments was 
measured (on board) via water displacement in a graduated beaker. The 
framework community was then sorted into the following functional 
groups (Fig. 2a): (1) mobile macrofauna, including detritivores and/or 
predators, (2) sessile epilithic macrofauna, encompassing mostly 
suspension-feeders, and (3) the remaining ‘cryptic (hidden) commu
nity’. The cryptic community comprises of all biota, that are too small or 
interwoven with the framework matrix to be physically separated, i.e. 
the epilithic biofilm on the framework surface (e.g. bacteria, fungi, 
encrusting sponges, hydroids; Henry et al., 2016), and the endolithic 
community inside the dead framework (e.g. bacteria, fungi, sponges, 
bryozoans, foraminiferans; Beuck et al., 2010). Macrofauna (1–2) was 
additionally sorted into broad taxonomic groups (Supplementary 
Table A.2). All samples (1–3) were stored frozen (− 20 ◦C). For analysis, 
samples were lyophilized, weighed (dry mass), ground, and homoge
nized by pestle and mortar (macrofauna) or ball mill (framework with 
cryptic community). Subsequently, samples were acidified with HCl to 
remove inorganic carbon (Maier et al., 2019), and analysed for organic 
carbon content (OC) and carbon isotope composition (δ13C) on an 
elemental analyser coupled to an isotope ratio mass spectrometer 
(EA-IRMS, Flash 1112, DELTA-V, THERMO). δ13C measurements pro
vide the non-enriched background values for the stable isotope tracer 
feeding experiment (see 2.5.4). It should be noted that the endolithic 
community (3) cannot be separated from the (dead) intraskeletal 
organic matrix, which was produced by the corals antemortem and re
mains after death (Ingalls et al., 2003; Falini et al., 2015). The OC of the 
endolithic community may hence be overestimated. 

2.5. Stable isotope tracer feeding experiment 

2.5.1. Substrate enrichment 
Two 13C-enriched substrates were prepared prior to the cruise, (1) 

lyophilized diatoms, as a proxy for ‘phytodetritus’, and (2) dissolved 
organic matter (DOM) derived from diatoms. The diatoms (Skeletonema 
marinoi, NIOZ culture collection) were cultured axenically under a 12 h- 
light 12 h-dark cycle, in 1 L-F/2 culture flasks (7 batches of 12 flasks). 
For 13C-enrichment, 2 mM NaHCO3 (99 mol-% 13C) was added. After 
three weeks, the diatoms were collected on a 0.45 μm-filter, rinsed with 
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ca. 1 L of artificial seawater to remove residual medium, and centrifuged 
(1500 rpm). The diatom pellet was frozen (− 20 ◦C) and lyophilized. One 
diatom batch was used as 13C-enriched phytodetritus-substrate. For the 
extraction of 13C-enriched DOM, six diatom batches (10 g dry mass) 
were mixed with ultrapure water to lyse the cells. The lysate was 
centrifuged (4000 rpm) to remove particulate cell residuals, then sub
sequently 0.22 μm-filtered (sterile), frozen (− 20 ◦C) and lyophilized. 
Subsamples of 13C-enriched phytodetritus and 13C-enriched DOM were 
analysed without acidification on the EA-IRMS to determine their frac
tional abundance of 13C (F13

substrate, i.e. F13
phytodetritus: 32.6%, F13

DOM: 
24.4%). Throughout this manuscript, the term ‘tracer-C’ signifies the 
total carbon (13C + 12C) derived from the substrates phytodetritus or 
DOM. 

2.5.2. Framework preparation 
Fragments of new and old (dead) framework from the mound flank 

were combined to form mixed ‘framework fragments’ (n = 6, Fig. 2b). 
New framework was carefully attached on top of old framework with a 
nylon wire to simulate a reef substrate with increasing degradation in 
deeper layers. Framework fragments were placed separately in 3.36 L- 
plexiglass chambers with 0.35 μm-filtered reef water and kept in the 
dark in a thermo-controlled room (8.5 ◦C; Fig. 2b). To ensure mixing and 
substrate suspension, a magnetic stirring bar on the chamber floor 
created a circular flow around the experimental fragment, which was 
sitting above on a perforated table. 

2.5.3. Feeding 
After three days of acclimatization, the framework fragments were 

fed for three consecutive days with either 13C-enriched phytodetritus or 
13C-enriched DOM (both n = 3) at a daily rate of 0.1 mmol tracer C L− 1 

d− 1, i.e. in total 1.01 mmol tracer C fragment− 1 (3 d)− 1 or 0.04 ± 0.01 
mmol tracer C (mmol fragment OC)− 1 (3 d)− 1. The food concentration 
was chosen to be high enough to ensure detectable isotope enrichment 
of the dead-framework community, while still resembling natural reef 
concentrations (>0.1 mmol total organic carbon L− 1; Maier et al., 2011; 
Van Duyl et al., 2008). The two substrates were fed at the same con
centration to ensure comparability. Prior to feeding, the substrates were 
dissolved/suspended in 40 mL filtered reef water. The DOM solution was 
again 0.22 μm-filtered to remove potential colloids. The substrate sol
ution/suspension was added to the chambers by syringe (Fig. 2b). Daily 
feeding lasted for 12 h. Then the water was partially exchanged with 
fresh 0.35 μm-filtered reef water, while keeping the fragments immersed 
to limit disturbance. For each substrate, duplicate seawater controls 
without framework were run to account for planktonic tracer-C respi
ration (see 2.5.4). 

2.5.4. Substrate incorporation and respiration 
Two parameters were measured to verify whether the framework 

community utilized the 13C-enriched substrates (phytodetritus/DOM), i. 
e. tracer-C incorporation and tracer-C respiration. Tracer-C incorpora
tion means incorporation of carbon (13C+12C) from the substrates, and 
includes food uptake by the framework biota, but also physical substrate 
retention on the framework surface (mostly relevant for particulate 
phytodetritus). Tracer-C incorporation is measured as the appearance of 
13C in the dead-framework community (Fig. 2b). Tracer-C respiration 
means respiration of carbon (13C+12C) from the substrates. This addi
tional parameter was used to verify that the substrates were not only 
retained, but also used for community metabolism. Tracer-C respiration 
is measured as the production of 13C-enriched dissolved inorganic car
bon (DI13C, Fig. 2b). 

To measure DI13C production, the framework fragments were indi
vidually incubated in 0.35 μm-filtered reef water for 20–22 h after the 
last feeding day. Incubations of seawater controls (see 2.5.3) served to 
measure planktonic DI13C production. For the incubation, the chambers 
were flushed with 0.35 μm-filtered reef water (3.5 L) to remove residual 
substrate and closed with no air-bubbles. At the start (t0) and end (t1) of 

the incubation, the water was sampled for DI13C. After the t0-sampling, 
the chamber was refilled with 0.35 μm-filtered reef water. DI13C was 
likewise measured in the refill water. The DI13C water samples were 
filled in 10 mL-headspace vials, closed with no air-bubbles, fixed with 
10 μL of a saturated mercury chloride solution and stored at 4 ◦C. DIC 
concentration was measured on an Apollo SciTech AS-C3, and DIC-δ13C 
on an EA-IRMS (see 2.4). A detailed description of analytical procedures 
and stable isotope calculations can be found in Maier et al. (2020b). In 
short, DI13C concentrations at t0 and t1 (DI13Ct0, DI13Ct1) were calcu
lated as DIC concentration ⋅ F13

DIC. F13
DIC was derived from δ13CDIC with 

the standard Vienna Pee Dee Belemnite (R = 0.0111802). The tracer-C 
respiration rate was calculated as 

TracerC − respiration =
(DI13Ct1 − DI13Ct0) − (DI13Ct1 control − DI13Ct0 control)

F13
substrate⋅OCframework⋅t

,

where DI13Ct1 control and DI13Ct0 control are the DI13C concentrations in 
the seawater control incubations (Supplementary Table A.6), F13

substrate 
the fractional abundance of 13C in phytodetritus/DOM (see 2.5.1), 
OCframework the organic carbon content of the framework, and t the in
cubation time. The tracer-C respiration rate was extrapolated to three 
days for comparability with tracer-C incorporation. 

To measure tracer-C incorporation after the incubation, the biota of 
the new and old framework fragments were separately sorted into 
functional and taxonomic groups (Fig. 2b), as described in 2.4. The 
remaining cryptic community was additionally separated in (a) ‘epilithic 
biofilm’, scraped off the framework surface with a scalpel (microor
ganisms and small, encrusting fauna), and (b) the remaining ‘endolithic 
community’ (fauna and microorganisms inside the framework). The 
samples were individually analysed for organic carbon content (OC) and 
δ13C (see 2.4). 

The tracer-C incorporation rate in each sample was calculated as 

TracerC − incorporation=
(
F13

sample − F13
baseline

)
⋅ OCsample

F13
substrate  

where F13 is the fractional abundance of 13C, in the sample (F13
sample), in 

the non-enriched background samples (F13
baseline = 0.0108, see 2.4), and 

in the substrates (F13
substrate, see 2.5.1). OCsample is the sample organic 

carbon content. The tracer-C incorporation rate refers to three days 
feeding time. F13 is calculated from δ13C as explained in Maier et al. 
(2019). Tracer-C incorporation into individual samples were summed to 
determine the tracer-C incorporation into (a) the entire framework 
fragment (old versus new), (b) the different functional groups and (c) the 
different macrofauna taxa (Fig. 2b). Tracer-C incorporation rates were 
standardized to organic carbon content (μmol tracer-C (mmol OC)− 1 (3 
d)− 1). For comparability between studies, rates standardized to grams 
dry mass are reported in Supplementary Table A.6. 

2.6. Data analysis 

All data presented in this paper are available at http://doi.org/10. 
5281/zenodo.4076147 and as ‘Supplementary Tables’. Data in text are 
reported as mean ± standard deviation. Computations and analyses 
were done in R 4.4.0 (R Core Team, 2020). 

2.6.1. Cross-mound video transect 
Benthic cover of (a) live corals, (b) new (dead) framework, (c) old 

(dead) framework, (d) sediment plus coral rubble, (e) sponges and (f) 
other macro- and megafauna was plotted along the cross-mound tran
sect. To identify the correlation between the benthic cover of habitat or 
fauna variables (a-f), a Pearson correlation matrix was calculated with 
the R package ‘corrplot’ (Wei and Simko, 2017). 

2.6.2. Incubation experiment and framework community composition 
We compared the community composition between new and old 
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(dead) framework (see 2.4, Fig. 2a) for (1) total community organic 
carbon content (in OC per gram dry mass), (2) composition of functional 
groups (as percentage OC in ‘cryptic’ community, sessile epilithic 
macrofauna, mobile macrofauna), and (3) composition of macrofauna 
taxa (in percentage OC). Furthermore, we compared O2, DIN and DOC 
fluxes (benthic fluxes) between old and new framework. 

2.6.3. Stable isotope tracer feeding experiment 
We compared the tracer-C incorporation (see 2.5.4) from phytode

tritus with the tracer-C incorporation from DOM between (1) new and 
old (dead) framework, (2) the functional groups and (3) the macrofauna 
taxa. Here, OC-specific tracer-C incorporation rates (in μmol tracer-C 
(mmol OC)− 1 (3 d)− 1) were interpreted as the efficiency by which the 
respective organisms incorporated a substrate. In addition, we used the 
relative tracer-C incorporation into different functional groups and taxa 
(in percent of totally incorporated tracer-C) to identify dominant carbon 
sinks in the community. 

3. Results 

3.1. Cross-mound video transect 

The video transect over Haas Mound started at the southern side at 
670 m water depth (Fig. 3a). The southern flank increases steeply until 
the peak at 540 m water depth. At the northern side behind the peak, the 
topography descends steeply for 20 m. The steep zones flanking the peak 
at the south and north are called ‘summit area’ here. Behind the summit 
area, the northern flank continues into a 700 m-wide slightly-sloping 
plateau (560–590 m water depth). Behind the plateau, the mound de
scends steeply (northern flank) until the end of the transect at 650 m 
water depth. 

Dead framework (new plus old) covered on average 64% ± 29% of 
the transect (Fig. 3b). New dead framework could be clearly distin
guished from old dead framework in the video stills due to its brighter 
colour (Fig. 1b, Supplementary Figure A.1). Old dead framework 
dominated the reef, covering 50% ± 24% of the transect, while new 
dead framework covered 14% ± 11%, live corals 8% ± 12% and sedi
ment plus coral rubble 16% ± 21%. 

Benthic cover of live corals, new and old dead framework, sediment 
and sponges was heterogeneous along the transect (Fig. 3b). Live coral 
colonies occurred mostly in the summit area, where they formed ridges 
perpendicular to the slope; only here, their average cover (over 21 
transect positions) exceeded 10%. The live coral zone likewise showed a 
high benthic cover of new and old dead framework. The plateau was 
covered mostly by old dead framework and sediment plus coral rubble, 
which was abundantly colonized by large erect hexactinellid sponges of 
the species Nodastrella nodastrella (formerly Rossella nodastrella). The 
deeper, steeper section of the northern flank showed another smaller 
local maximum of live corals, new and old dead framework. At the 
deepest points of the transect (start and end), sediment plus coral rubble 
dominated. 

New dead framework was positively correlated with live corals 
(Table 1). Old dead framework was positively correlated with new dead 
framework, but not with live corals. Sediment was negatively correlated 
with live corals, new and old dead framework. Sponges (mostly 
Nodastrella nodastrella) were negatively correlated with live corals. The 
sum of other macro- and megafauna was positively correlated with new 
dead framework. 

3.2. Dead-framework community composition 

Old dead framework collected from the mound summit had the 

Fig. 3. South-to-north video transect across Haas Mound. (a) Transect depth profile and ‘zones’. (b) Benthic cover (in %) of live reef-building corals (‘coral’), new 
and old dead framework, sediment plus coral rubble (‘sediment’), erect sponges (‘sponge’) and other macro- or megafauna (‘other’); black line: transect depth profile. 

S.R. Maier et al.                                                                                                                                                                                                                                 



Deep-Sea Research Part I 175 (2021) 103574

7

highest total-community organic carbon content (OC: 0.21 ± 0.02 mmol 
OC (g DM)− 1). The average OC of new and old dead framework from the 
flank was similar (0.15 ± 0.01 and 0.11 ± 0.05 mmol OC (g DM)− 1, 
respectively), with a higher variability in the old dead framework. 

Old dead framework was strongly dominated by a cryptic (‘hidden’) 
community (Fig. 4a, endolithic community plus epilithic biofilm), which 
contributed over 90% to the total-community OC. It should be noted that 
this OC pool includes the live biomass of the framework community, but 
also the dead intraskeletal organic matrix. Macrofauna (sessile and 
mobile) only formed 7% and 4% of the total-community OC. On the new 
dead framework, macrofauna formed a substantial part of the commu
nity OC (sessile: 22%, mobile: 12%), but the cryptic community still 
comprised the largest OC share (66%). Dominant macrofauna taxa on 
the new framework (in terms of OC, Fig. 4b) included the sessile sus
pension feeders Protanthea simplex (sea anemone, order Actiniaria), 
Stylasteridae (class Hydrozoa), Asperarca nodulosa (class Bivalvia), 
emergent sponges (phylum Porifera), and mobile macrofauna from the 
families Ophiuroidea (brittle stars, phylum Echinodermata) and Hesi
onidae (class Polychaeta). Macrofauna taxa dominating the old frame
work (in terms of OC) were Asperarca nodulosa in the flank- and summit- 
samples, Actiniaria and the tube-forming polychaete Eunice sp. in the 
flank-sample, and emergent sponges (Porifera) and the tube-forming 
suspension-feeding polychaete Chaetopterus sp. in the summit-sample. 

3.3. Fluxes of oxygen, dissolved organic carbon and dissolved inorganic 
nitrogen 

The oxygen consumption of the dead framework ranged from 0.078 

to 0.182 μmol O2 (mmol OC)− 1 h− 1 (Fig. 5a; dry-mass and volume- 
specific oxygen consumption rates are provided as Supplementary 
Table A.1). 

Fluxes of dissolved inorganic nitrogen (DIN) differed between new 
and old dead framework. The new framework released ammonium 
(0.005 ± 0.001 μmol NH4

+ (mmol OC)− 1 h− 1), while nitrate fluxes were 
highly variable (Fig. 5c and d). The old framework released only nitrate 
(flank-sample: 0.016 ± 0.005 μmol NO3

− (mmol OC)− 1 h− 1, summit- 
sample: 0.014 ± 0.002 μmol NO3

− (mmol OC)− 1 h− 1). 
New and old dead framework took up natural dissolved organic 

carbon (DOC) at ambient reef concentrations; the incubation water 
collected 10 m above the reef naturally contained 66 μmol DOC L− 1 

(Supplementary Table A.5, t0 start concentrations). DOC uptake rates 
ranged between 0.005 and 0.122 μmol C (mmol OC)− 1 h− 1, with no clear 
differences between new and old dead framework (Fig. 5b). DOC uptake 
represented on average 29% of the aerobic carbon respiration (assuming 
an O2:CO2 ratio of 1:1, Glud et al., 2008). 

3.4. Utilization of DOM versus phytodetritus 

In the stable isotope tracer feeding experiment, the dead-framework 
community utilized both substrates, DOM and phytodetritus. DOM and 
phytodetritus were incorporated at similar rates (DOM: 4.8 ± 0.6 μmol C 
(mmol OC)− 1 (3 d)− 1, phytodetritus: 6.3 ± 0.5 μmol C (mmol OC)− 1 (3 
d)− 1). The old dead framework showed slightly higher tracer-C incor
poration rates for both substrates compared to the new dead framework 
(Fig. 6a). Tracer-C from DOM and phytodetritus was also respired 
(DOM: 0.3 ± 0.2 μmol C (mmol OC)− 1 (3 d)− 1; phytodetritus: 2.1 ± 0.4 

Table 1 
Correlation between benthic cover of sediment, sponges (Nodastrella nodastrella), live reef-building corals (‘coral’), new and old dead framework, and other macro-and 
megafauna (‘other fauna’) on the Haas Mound video transect. R: Pearson correlation coefficient, p: significance of correlation.   

sediment sponge coral new dead framework old dead framework other fauna 

r p r p r p r p r p r p 

sediment 1.00 0.00           
sponge 0.11 0.17 1.00 0.00         
coral -0.47 0.00 -0.17 0.03 1.00 0.00       
new dead framework -0.69 0.00 -0.12 0.12 0.35 0.00 1.00 0.00     
old dead framework -0.85 0.00 -0.10 0.21 0.02 0.76 0.34 0.00 1.00 0.00   
other fauna -0.12 0.11 -0.07 0.38 0.02 0.81 0.22 0.00 0.03 0.67 1.00 0.00  

Fig. 4. Dead-framework community composition. Comparison between new and old dead framework (‘framew.‘) from mound flank and summit (summit box core 
did not contain new framework). (a) Percent of the total-community organic carbon in indicated functional groups. Error bars indicate standard deviations. (b) 
Percent of the total-community organic carbon in indicated macrofauna taxa. 
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μmol C (mmol OC)− 1 (3 d)− 1), confirming substrate metabolization. 
The epilithic biofilm showed the highest phytodetritus incorporation 

rate of all functional groups (Fig. 6b). This effect was more pronounced 
on the old dead framework than on the new dead framework. DOM 
incorporation into the epilithic biofilm was lower compared to phyto
detritus incorporation. The endolithic community showed the second- 
highest rates of phytodetritus and DOM incorporation, with no sub
stantial difference between the substrates. Sessile epilithic macrofauna 
(mostly suspension-feeders) and mobile macrofauna incorporated phy
todetritus and DOM at largely similar rates (Fig. 6b). 

On the old dead framework, over 70% of the total incorporated 
phytodetritus and DOM ended up in the endolithic community, which 
represented the largest C sink (Table 2). The epilithic biofilm retained 
another 20% of the substrates, followed by the sessile and mobile 
macrofauna (together <10%). On the new dead framework, the endo
lithic community was less abundant (in terms of OC), and accordingly 
retained only around 50% of the phytodetritus and DOM, followed by 
the sessile epilithic macrofauna (>30%), the epilithic biofilm (>10%) 
and the mobile macrofauna (<10%). 

All present macrofauna taxa incorporated DOM and phytodetritus 
(Fig. 6c) at rates between 0.5 and 22.2 μmol C (mmol OC)− 1 (3 d)− 1. 
Several taxa incorporated DOM and phytodetritus at similar rates; these 
included emergent sponges (Porifera), Hydrozoa, the anemone Protan
thea simplex and the suspension-feeding polychaete Chaetopterus sp. 
Those taxa likewise displayed the highest DOM incorporation rates. The 
taxa Stylasteridae, Alcyonacea, Asperarca nodulosa and Ophiuroidea 
incorporated phytodetritus at higher rates than DOM. Stylasteridae 
displayed the highest phytodetritus incorporation rate, closely followed 
by Porifera, Hydrozoa, Protanthea simplex and Ophiuroidea. The most 
abundant macrofauna taxa (in terms of OC), i.e. Stylasteridae and the 
anemone Protanthea simplex, represented the largest C sinks within the 
macrofauna community (Table 2). 

4. Discussion 

The data presented here suggest that the ‘dead’ cold-water coral 

(CWC) framework boosts the metabolic activity of CWC reefs, by 
enhancing resource retention and recycling in a ‘filtration-recycling 
factory’ (Fig. 7). We found that on Haas Mound (Logachev CWC prov
ince), dead framework forms the most abundant habitat and hosts a 
diverse community of sessile suspension-feeding macrofauna, mobile 
macrofauna and cryptic organisms ‘hidden’ in the dead-framework 
matrix. Our data indicate that the dead-framework community con
tributes substantially to the metabolic activity of the CWC reef. We show 
that the dead framework filters phytodetritus particles in two ways, i.e. 
through (1) active, biological filtration by suspension-feeders and (2) 
passive, physical retention on the ‘sticky’ biofilm-covered surface. 
Further, our data indicate that the diverse faunal-microbial community 
of the dead framework recycles ‘waste’ materials, such as dissolved 
organic matter (DOM) and dissolved inorganic nitrogen (DIN). In the 
following, we discuss the important role of the dead framework on CWC 
reefs. 

4.1. Abundance and distribution of dead framework 

The high abundance of dead framework, that we observed all over Haas 
Mound, is characteristic of CWC reefs (Wilson, 1979; Freiwald and Wilson 
1998; Vad et al., 2017). While live corals are particularly abundant at the 
mound summit, their dead framework dominates the sloping mound flanks 
(Fig. 3). This zonation pattern is typical of CWC mounds (De Haas et al., 
2009; Lim et al., 2017; Conti et al., 2019) and reefs (Freiwald et al., 2002). 
On the mound summit, live corals find favourable feeding and growth 
conditions due to the locally increased vertical transport of phytodetritus 
from the ocean surface (White et al., 2005; Mohn et al., 2014; Soetaert et al., 
2016). The increased vertical transport is caused by the large mound 
structures, that partially block the tidal current and induce tidal pumping, 
turbulence (Van Haren et al., 2014; Cyr et al., 2016; Juva et al., 2020) and 
‘downwelling’ of surface water (White et al., 2005; Mohn et al., 2014; 
Soetaert et al., 2016). On the flanks, conditions for live corals are less 
suitable, probably because downwelling intensity is lower (Mohn et al., 
2014; Cyr et al., 2016; Soetaert et al., 2016) and phytodetritus is already 
depleted by the filtering reef community on the summit (Lavaleye et al., 

Fig. 5. Oxygen and nutrient fluxes of new dead framework (‘framew.‘) from the mound flank, old dead framework from the mound flank and summit. Rates of (a) 
oxygen consumption, (b) dissolved organic carbon uptake, (c) ammonium release, and (d) nitrate release per mmol organic carbon (OC). Error bars indicate 
standard deviations. 
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2009; Wagner et al., 2011). Here, dead framework contributes substantially 
to mound development (Mienis et al., 2009b), as it traps suspended sedi
ment and prevents erosion of loose sediment particles (De Haas et al., 2009; 
Mienis et al., 2019). On the mound plateau, near-absence of live corals and 
dominance of old dead framework, small coral rubble and large sediment 
patches (Fig. 3, Supplementary Figure A.1b) signify advanced framework 
erosion. The disintegrated framework has a reduced capacity to trap sus
pended particles and strong currents wash away formerly deposited sedi
ment, eroding the mound structure (De Haas et al., 2009; Mienis et al., 
2009b). Haas Mound thus appears to exert a positive feedback on mound 

growth at the coral-covered summit and dead-framework covered flanks 
and a negative feedback at the plateau, an example of scale-dependent 
self-organization (Van der Kaaden et al., 2020). 

4.2. Dead-framework community composition 

The diverse community associated with the dead framework (Fig. 4) 
contributes substantially to total reef diversity (Mortensen et al., 1995; 
Henry and Roberts, 2007). The differential communities that we found 
on new versus old dead framework likely relate to progressive substrate 

Fig. 6. Incorporation of phytodetritus (in green) 
versus dissolved organic matter (DOM, in purple) by 
the dead-framework community; measured as 
tracer-C incorporation, i.e. incorporation of carbon 
(13+12C) from phytodetritus or DOM per mmol 
organic carbon (OC) per three days (3d) of feeding 
time. (a) Tracer-C incorporation into new versus old 
dead framework. (b) Tracer-C incorporation into the 
indicated functional groups on new versus old dead 
framework. (c) Tracer-C incorporation into the 
indicated macrofauna taxa; * taxon not present in 
this feeding treatment. Error bars indicate standard 
deviations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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instability (Beuck and Freiwald, 2005; Mortensen and Fosså, 2006; 
Hennige et al., 2020). New dead framework is more stable, enabling 
attachment of sessile and mobile macrofauna, that form around 30% of 
the community organic carbon (Fig. 4). In contrast, the porous old 
framework seems to hamper macrofauna attachment on the outer sur
face (‘epilithic’) and we only found few specialized macrofauna taxa 
such as the bivalve Asperarca nodulosa (Kazanidis et al., 2016). Instead, 
the old framework is dominated by a cryptic (‘hidden’) community 
(Fig. 4), which is known to consist of microorganisms (bacteria, fungi) 
and bioeroding fauna, e.g. bryozoans, foraminiferans, and sponges 
(Beuck and Freiwald, 2005). Since the cryptic community cannot be 
separated from the dead organic matrix, which the corals produced 
antemortem (Ingalls et al., 2003; Falini et al., 2015), its OC content was 
likely overestimated. Nevertheless, the high metabolic activity of old 
and new dead framework (see following paragraphs) indicates that the 
OC of the dead organic matrix was low relative to the OC of the live 
cryptic community. The dominance of old dead framework, that we 
observed on Haas Mound, implies that the cryptic community strongly 
dominates the total reef community. A strong dominance of cryptic 
cavity-dwellers (coelobites) was likewise observed on tropical reefs 
(Richter et al., 2001) and may be a common trait of calcareous reefs. 

4.3. Dead framework contribution to reef oxygen consumption 

Our study indicates that dead framework plays an important role in 
the benthic metabolism of CWC reefs. The oxygen consumption rate of 
the dead-framework community (0.01–0.03 μmol O2 (g DMframework)− 1 

h− 1, at 8.5 ◦C) is on average ten times lower compared to live corals 
(Lophelia pertusa: 0.1–0.3 μmol O2 (g DMcoral)− 1 h− 1, Khripounoff et al., 
2014 at 10 ◦C; Maier et al., 2019 at 8 ◦C). Nevertheless, since dead 
framework covers an eight times larger reef area compared to live corals, 
it likely contributes at least eight times more to the total framework dry 
mass (live plus dead). Based on these assumptions, dead framework (DF) 
and live corals (LC) would contribute almost equally to the total reef 
oxygen consumption (DF:LC = 8:10). However, since dead framework 
forms a thick three-dimensional layer on the reef, also below live corals 
(Freiwald et al., 2002; De Haas et al., 2009; Mienis et al., 2009b), its 
contribution to total framework dry mass and reef oxygen consumption 
could even be higher. A previous study estimated that dead framework 

Table 2 
Sinks of phytodetritus and dissolved organic matter (DOM) in the dead- 
framework community, as relative tracer-C incorporation from phytodetritus 
or DOM into different functional groups (upper table) and macrofauna taxa 
(lower table). Data are shown separately for new and old dead framework.  

Relative tracer-C incorporation into functional groups [% of totally incorporated 
tracer-C]  

Phytodetritus Dissolved organic matter  

new dead 
framework 

old dead 
framework 

new dead 
framework 

old dead 
framework 

Epilithic biofilm 12 20 12 22 
Endolithic 

community 
53 73 49 75 

Sessile epilithic 
macrofauna 

34 6 36 2 

Mobile 
macrofauna 

1 2 4 1  

Relative tracer-C incorporation into macrofauna taxa [% of totally incorporated 
tracer-C]  

Phytodetritus Dissolved organic matter  

new dead 
framework 

old dead 
framework 

new dead 
framework 

old dead 
framework 

Porifera 2 1 0 2 
Bryozoa 0 0 0 0 
Hydrozoa 0 1 0 0 
Stylasteridae 26 0 19 0 
Protanthea 

simplex 
4 1 13 0 

Actiniaria 0 0 0 0 
Alcyonacea 1 0 1 0 
Asperarca 

nodulosa 
1 1 0 0 

Pectinidae 0 0 0 0 
Lima marinoi 0 0 2 0 
Ophiuroidea 1 2 0 0 
Hesionidae 0 0 3 1 
Chaetopterus sp. 0 2 0 0 
Polynoida 0 0 1 0 
Ascidiacea 0 2 0 0  

Fig. 7. Drivers of resource retention and recycling on cold-water coral reefs, a conceptual model.  
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contributes 10–75% to the total reef oxygen consumption at the Loga
chev mounds (De Froe et al., 2019). 

4.4. Filtration of suspended phytodetritus 

The feeding experiment with 13C-enriched phytodetritus confirmed our 
initial assumption that the dead framework efficiently traps phytodetritus 
particles (i.e. POM), which would not settle on a flat sea floor (De Haas 
et al., 2009; Mienis et al., 2009a; Van Oevelen et al., 2009), through physical 
and biological filtration. Sediment traps obviously lack these filtration 
mechanisms, and therefore, underestimate the deposition of phytodetritus 
on CWC reefs. Efficient particle filtration could hence provide one expla
nation for the mismatch between the low POM flux measured by sediment 
traps, and the high metabolic activity (organic matter mineralization) of the 
deep reefs (Van Oevelen et al., 2009). 

Biological particle filtration is driven by suspension-feeders living on 
or inside the dead framework, indicated by their incorporation of 13C- 
enriched phytodetritus (Fig. 6, sessile epilithic macrofauna and endo
lithic community). This experimental observation is corroborated by the 
low δ15N value of most reef-associated suspension feeders at Rockall 
Bank, which indicates feeding on fresh phytodetritus (Duineveld et al., 
2007). Efficient biological filtration is also known from reef framework 
cavities on tropical reefs, where encrusting filter-feeders remove large 
amounts of phytoplankton (Richter et al., 2001). Interestingly, the 
cryptic community hidden on the surface and inside the framework 
branches forms the largest phytodetritus sink (Table 2). This corrobo
rates results from a Rockall Bank food web model (Van Oevelen et al., 
2009), which show that microbes, thinly encrusting and endolithic 
fauna (e.g. sponges) are the dominant carbon consumers on a CWC reef. 

Physical particle filtration is suggested by the high phytodetritus 
incorporation in the epilithic, surface-covering biofilm of the framework 
(Fig. 6b). Biofilms efficiently sequester organic and inorganic particles 
through sorption (Flemming et al., 2016) and facilitate detritus trapping 
on dead CWC framework (Freiwald and Wilson, 1998). Physical filtra
tion is facilitated by the branched framework structure which reduces 
the local current velocity (De Haas et al., 2009; Mienis et al., 2009a) and 
induces turbulence (Mienis et al., 2019). Increased framework degra
dation appears to stimulate the adhesion effect (Fig. 6b; Freiwald and 
Wilson, 1998), likely because increased porosity (Hennige et al., 2020) 
facilitates biofilm development (Beuck and Freiwald, 2005). 
Physically-retained phytodetritus, in turn, seems to provide an impor
tant food source for mobile detritivore macrofauna (Fig. 6b; Duineveld 
et al., 2007; Henry et al., 2013). 

With the effective combination of physical and biological filtra
tion, a CWC reef acts as a huge filter that removes organic particles 
from the overlaying water (see also Wagner et al., 2011). The ‘reef 
filter’ may provide a number of important deep-sea ecosystem ser
vices, such as sustenance of complex food webs (Van Oevelen et al., 
2009), engineering of a ‘topographically-enhanced carbon pump’ 
(Soetaert et al., 2016), and organic carbon sequestration to the deep 
sea. Deep-sea CWC reefs could therefore play a ‘paramount role’ in 
the marine carbon cycle, just like shallow-water suspension-feeding 
communities (Gili and Coma, 1998; Rossi and Bramanti, 2020). 

4.5. DOM recycling 

The presented data likewise confirm our second assumption that the 
dead framework efficiently (re)cycles material, i.e. DOM and DIN. We 
provide the first evidence of ‘natural’ DOC uptake, i.e. at ambient reef 
concentration (66 μМ DOC) and composition (Fig. 5b). High rates of 
DOC uptake in relation to oxygen consumption (respiration) suggest that 
DOC is an important food source to fuel the metabolism of the frame
work community. On the reef, DOC is produced by the corals as mucus 
(Wild et al., 2008) and DOC uptake is considered an important recycling 
pathway (Rix et al., 2016). Previously, benthic DOM uptake on coral 
reefs was attributed mostly to sponges, aided by their symbiotic 

microbiome (Reiswig, 1981; Yahel et al., 2003; Ribes et al., 2012). 
However, our additional feeding experiment with 13C-enriched DOM 
demonstrates that recycling is mediated by the entire framework com
munity. All functional groups and macrofauna taxa incorporated DOM, 
mostly at similar rates as phytodetritus (Fig. 6). Lower DOM incorpo
ration into the epilithic biofilm likely relates to the dissolved nature of 
the substrate, which, unlike phytodetritus, is not physically retained. 

Most DOM is retained in the (endolithic) cryptic community 
hidden inside the dead-framework branches (Table 2). Likewise in 
tropical reef cavities, the cryptic community shows high DOM uptake 
rates (De Goeij and van Duyl, 2007). Microorganisms, that form an 
abundant part of the endolithic community (Beuck and Freiwald, 
2005; Van Bleijswijk et al., 2015), might hence play an important 
quantitative role in DOM recycling on CWC reefs. Nevertheless, 
comparatively high rates of DOM incorporation by macrofauna 
(Fig. 6) disagree with the previous perception that DOM utilization 
by animals is negligible (Siebers, 1982). We show that also suspen
sion feeders without abundant microbiomes, such as hydrozoans and 
the anemone Protanthea simplex, incorporate DOM at high rates 
(Fig. 6), indicating DOM uptake by the animal itself (Wright and 
Manahan, 1989). Accordingly, a recent study demonstrated that 
CWC reef bivalves and low-microbial-abundance sponges incorpo
rate DOM at similar rates as high-microbial abundance sponges 
(Maier et al., 2020b). Furthermore, Rix et al. (2020) demonstrated 
direct DOM uptake by the sponge host cells. 

CWC reef sponges and bivalves release part of the assimilated DOM 
as a particulate waste product, which in turn feeds the detritivore food 
chain (Rix et al., 2016; Maier et al., 2020b). Given the ubiquitous uti
lization of DOM by the framework community, this recycling pathway 
termed ‘sponge loop’ (De Goeij et al., 2013) might also be performed by 
macrofauna taxa other than sponges. DOM recycling may counteract the 
seasonal limitation of particulate food (Duineveld et al., 2004; Maier 
et al., 2020a) and sustain the high metabolic activity and complex food 
web of CWC reefs. 

4.6. Complex nitrogen cycling 

The dead framework demonstrates complex nitrogen cycling, with 
differential nitrogen release depending on the state of degradation 
(Fig. 5c and d). New dead framework releases ammonium, at similar OC- 
specific rates as Lophelia pertusa (Khripounoff et al., 2014; Maier et al., 
2019). Ammonium is produced by ammonotelic (ammonium-excreting) 
macrofauna (Wright, 1995), that are relatively abundant on the new 
framework (Fig. 4). In contrast, net nitrate release by the old dead 
framework hints at active nitrifying bacteria, which oxidize ammonium 
to nitrate (reviewed by Stief, 2013). Indeed, nitrifying Bacteria 
(ammonia oxidizers: Nitrosomonas, Nitrosococcus; nitrite oxidizers: 
Nitrospira) and Archaea (Thaumarchaeota) occur in the dead framework 
(endolithic and epilithic, Van Bleijswijk et al., 2015) and as symbionts in 
reef sponges (Cardoso et al., 2013). Ammonium concentration in 
ambient reef water is, however, low (Supplementary Table A.5, 
t0-values) and nitrification of background ammonium cannot explain 
the high nitrate release (Fig. 5). We therefore suggest that, on the old 
framework, microbial nitrifiers recycle ammonium, which was previ
ously released by ammonotelic fauna (Fig. 4; Beuck and Freiwald, 
2005). Ammonium production by benthic fauna is known to boost mi
crobial nitrogen cycling (Stief, 2013), e.g. in tropical coral reef frame
work cavities (Risk and Muller, 1983; Rasheed et al., 2002; Van Duyl 
et al., 2006). The produced nitrate could in turn be used by denitrifying 
bacterial communities associated with live CWCs (Middelburg et al., 
2015) and dead framework (Van Bleijswijk et al., 2015) for the oxida
tion of organic matter under (temporally) anoxic or suboxic conditions 
(Hanz et al., 2019; Hebbeln et al., 2020). The suggested exchange of 
inorganic nitrogen compounds between microbes and fauna on the dead 
framework could hence stimulate nitrogen recycling within the reef 
community, similar to tropical coral reefs (Crossland et al., 1991; 
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Hatcher, 1997). 

4.7. Conclusion and perspectives 

We conclude that the dead CWC framework acts as a ‘filtration- 
recycling factory’ (Fig. 7), attributable to its structural complexity and 
the close interaction between suspension-feeding animals and microbial 
communities (Fig. 4; Mortensen et al., 1995; Henry and Roberts, 2007; 
Van Bleijswijk et al., 2015). Enhanced resource retention and recycling 
on the abundant dead framework provides a missing link to the previ
ously described paradox, i.e. the high metabolic activity of CWC reefs 
under limited organic matter flux (Van Oevelen et al., 2009). The dead 
coral framework is, however, under particular threat of ocean acidifi
cation, which rapidly and drastically increases the porosity of 
non-protected coral skeleton (Hennige et al., 2020). Ocean acidification 
furthermore increases bioerosion (Wisshak et al., 2014), disrupting the 
balance between reef construction and erosion (Büscher et al., 2019). 
CWC reefs that already occur below aragonite saturation show little to 
no dead framework and represent live-CWC ‘crusts’ rather than 
structurally-complex reefs (Hennige et al., 2020). Based on the results 
presented here, those CWC ‘crusts’ likely have a much lower diversity, 
metabolic activity, filtration and recycling capacity and presumably a 
completely different ecosystem function compared to healthy reef ‘fil
tration-recycling factories’. We urgently need to understand the effects 
of the ‘coralporosis’ (Hennige et al., 2020) on reef functioning and 
identify ‘climate refuges’ (Morato et al., 2020), where functioning CWC 
reefs can prevail in the future. 
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Juva, K., Flögel, S., Karstensen, J., Linke, P., Dullo, W.-C., 2020. Tidal dynamics control 
on cold-water coral growth: a high-resolution multivariable study on eastern Atlantic 
cold-water coral sites. Front. Mar. Sci. 7 https://doi.org/10.3389/ 
fmars.2020.00132. 

Kazanidis, G., Henry, L.-A., Roberts, J.M., Witte, U.F.M., 2016. Biodiversity of 
Spongosorites coralliophaga (Stephens, 1915) on coral rubble at two contrasting cold- 
water coral reef settings. Coral Reefs 35, 193–208. https://doi.org/10.1007/s00338- 
015-1355-2. 

Khripounoff, A., Caprais, J.-C., Le Bruchec, J., Rodier, P., Noel, P., Cathalot, C., 2014. 
Deep cold-water coral ecosystems in the Brittany submarine canyons (Northeast 
Atlantic): hydrodynamics, particle supply, respiration, and carbon cycling. Limnol. 
Oceanogr. 59, 87–98. https://doi.org/10.4319/lo.2014.59.01.0087. 

Kiriakoulakis, K., Fisher, E., Wolff, G., Freiwald, A., Grehan, A., Roberts, J., 2005. Lipids 
and Nitrogen Isotopes of Two Deep-Water Corals from the North-East Atlantic: Initial 
Results and Implications for Their Nutrition. In: Freiwald, A., Roberts, J. (Eds.), 
Cold-Water Corals and Ecosystems. Springer, Berlin, Heidelberg, pp. 715–729. 

Lavaleye, M., Duineveld, G., Lundälv, T., White, M., Guihen, D., Kiriakoulakis, K., 
Wolff, G.A., 2009. Cold-water corals on the Tisler reef: preliminary observations on 
the dynamic reef environment. Oceanography 22, 76–84. 

Lim, A., Wheeler, A.J., Arnaubec, A., 2017. High-resolution facies zonation within a cold- 
water coral mound: the case of the Piddington Mound, Porcupine Seabight, NE 
Atlantic. Mar. Geol. 390, 120–130. https://doi.org/10.1016/j.margeo.2017.06.009. 

Maier, C., de Kluijver, A., Agis, M., Brussaard, C.P.D., van Duyl, F.C., Weinbauer, M.G., 
2011. Dynamics of nutrients, total organic carbon, prokaryotes and viruses in 
onboard incubations of cold-water corals. Biogeosciences 8, 2609–2620. https://doi. 
org/10.5194/bg-8-2609-2011. 

Maier, S.R., Bannister, R.J., van Oevelen, D., Kutti, T., 2020a. Seasonal controls on the 
diet, metabolic activity, tissue reserves and growth of the cold-water coral Lophelia 
pertusa. Coral Reefs 39, 173–187. https://doi.org/10.1007/s00338-019-01886-6. 

Maier, S.R., Kutti, T., Bannister, R.J., van Breugel, P., van Rijswijk, P., van Oevelen, D., 
2019. Survival under conditions of variable food availability: resource utilization 
and storage in the cold-water coral Lophelia pertusa. Limnol. Oceanogr. 64, 
1651–1671. https://doi.org/10.1002/lno.11142. 

Maier, S.R., Kutti, T., Bannister, R.J., Fang, J.K.-H., van Breugel, P., van Rijswijk, P., van 
Oevelen, D., 2020b. Recycling pathways in cold-water coral reefs: use of dissolved 
organic matter and bacteria by key suspension feeding taxa. Sci. Rep. 10, 9942. 
https://doi.org/10.1038/s41598-020-66463-2. 

Middelburg, J.J., Mueller, C.E., Veuger, B., Larsson, A.I., Form, A., van Oevelen, D., 
2015. Discovery of symbiotic nitrogen fixation and chemoautotrophy in cold-water 
corals. Sci. Rep. 5, 1–9. https://doi.org/10.1038/srep17962, 17962.  

Mienis, F., Bouma, T.J., Witbaard, R., van Oevelen, D., Duineveld, G.C.A., 2019. 
Experimental assessment of the effects of cold-water coral patches on water flow. 
Mar. Ecol. Prog. Ser. 609, 101–117. https://doi.org/10.3354/meps12815. 

Mienis, F., de Stigter, H.C., de Haas, H., van Weering, T.C.E., 2009a. Near-bed particle 
deposition and resuspension in a cold-water coral mound area at the Southwest 
Rockall Trough margin, NE Atlantic. Deep-Sea Res. Pt. I 56, 1026–1038. https://doi. 
org/10.1016/j.dsr.2009.01.006. 

Mienis, F., van der Land, C., de Stigter, H.C., van de Vorstenbosch, M., de Haas, H., 
Richter, T., van Weering, T.C.E., 2009b. Sediment accumulation on a cold-water 
carbonate mound at the Southwest Rockall Trough margin. Mar. Geol. 265, 40–50. 
https://doi.org/10.1016/j.margeo.2009.06.014. 

Mohn, C., Rengstorf, A., White, M., Duineveld, G., Mienis, F., Soetaert, K., Grehan, A., 
2014. Linking benthic hydrodynamics and cold-water coral occurrences: a high- 
resolution model study at three cold-water coral provinces in the NE Atlantic. Prog. 
Oceanogr. 122, 92–104. https://doi.org/10.1016/j.pocean.2013.12.003. 

Morato, T., González-Irusta, J.-M., Dominguez-Carrió, C., Wei, C.-L., Davies, A., 
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Gutiérrez-Zárate, C., Gianni, M., Gilkinson, K., Hayes, V.E.W., Hebbeln, D., 
Hedges, K., Henry, L.-A., Johnson, D., Koen-Alonso, M., Lirette, C., Mastrototaro, F., 
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