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Abstract 19 

Vast cold-water coral (CWC) reefs occur in temperate regions, where strong seasonality in 20 

temperature and light leads to a short but highly productive spring period. How CWCs 21 

respond physiologically to this strong seasonal forcing remains unclear, due to the 22 

remoteness of their deep-sea habitats. In an in situ transplantation study at Nakken reef, 23 

Norway, we investigated a full seasonal cycle of (1) temperature and food availability, (2) 24 

diet, (3) biomass and tissue reserves, (4) oxygen consumption, and (5) linear growth of the 25 

reef-building coral Lophelia pertusa. All investigated variables showed a distinct seasonality. 26 

An increase in the organic carbon and amino acid content, linear extension and budding rate 27 

from February to late May, at a simultaneous increase of phytoplankton- and zooplankton-28 

fatty acid trophic markers (FATMs), and δ15N-derived trophic level, indicates an efficient 29 

exploitation of the spring phytoplankton- and the subsequent zooplankton bloom. A pool of 30 

neutral-lipid-derived fatty acids (NLFAs), indicative of energy storage and gametogenesis, 31 

was formed from May to October, accompanied by increased oxygen consumption, i.e., 32 

metabolic activity. In late autumn and early winter (October to December), tissue reserves 33 

were maintained, in spite of low sPOM and zooplankton food availability, and the lower 34 

tissue δ13C and higher contribution of bacterial FATMs suggest increased reliance on more 35 

degraded material. The concurrent reduction in linear growth further suggests a lower energy 36 

availability at this time of the year. A large (>50%) drop of all tissue pools between 37 

December and February coincided with the spawning season of L. pertusa, and demonstrates 38 

a high energetic cost of reproduction. Our results show for the first time a strong seasonal 39 

control of critical life history traits such as growth patterns and timing of reproduction in this 40 

prominent deep-sea species.  41 

 42 
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Introduction 43 

Diverse and productive cold-water coral (CWC) reefs are frequently found at high latitudes 44 

that are characterised by a pronounced seasonality, including the North East Atlantic Ocean 45 

(Freiwald 2002; Roberts et al. 2006). The dominant reef-forming species here is Lophelia 46 

pertusa (syn. Desmophyllum pertusum, Addamo et al. 2016), which feeds on surface-derived 47 

organic matter and zooplankton (Duineveld et al. 2004; Kiriakoulakis et al. 2005; van 48 

Oevelen et al. 2018). The transport of this surface material to the deep reefs is facilitated by 49 

hydrodynamic mechanisms (Frederiksen et al. 1992; Thiem et al. 2006), and zooplankton 50 

migrations (Jónasdóttir et al. 2015; Van Engeland et al. 2019). However, in high latitude 51 

waters, the phytoplankton production and export to the deep-sea undergoes a typical seasonal 52 

succession, from very low values in winter to spring bloom conditions (Duineveld et al. 2004, 53 

2007; Lavaleye et al. 2009).   54 

Seasonally varying food availability requires (1) a high resource flexibility, (2) efficient 55 

tissue storage, and/or (3) an adaptation of growth and metabolic rate. Feeding experiments 56 

have shown that L. pertusa is able to consume DOM and bacteria (Mueller et al. 2014), and 57 

to even convene chemoautotrophic pathways (Middelburg et al. 2015). Furthermore, L. 58 

pertusa contains large amounts of storage lipids (triacylglycerides and wax esters, Dodds et 59 

al. 2009), which they build-up during experimental food pulses, and deplete during 60 

subsequent food deprivation (Maier et al. 2019). However, experimental food deprivation 61 

causes a relatively low reduction of metabolic rates, and no reduction of skeletal growth 62 

(Larsson et al. 2013; Maier et al. 2019).  63 

The growing body of experimental studies on CWC adaptation to variable food availability is 64 

in stark contrast to the limited in situ data, owing to the low accessibility of their remote 65 

deep-sea habitats, especially in autumn and winter. To date, one study has addressed the 66 

seasonal development of CWC lipid stocks, and found no significant change of lipid content 67 
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or composition over the year (Dodds et al. 2009). In situ time series on seasonal CWC 68 

performance are, however, crucial, since global climate change might alter the seasonal 69 

forcing, and hence the phenology, i.e., seasonal activity of organisms (Walther et al. 2002).  70 

 We present an integrative full-year dataset from an in situ transplantation experiment, 71 

in which corals (L. pertusa) were repeatedly transplanted to a reef in a Norwegian fjord, and 72 

recollected. We evaluate the seasonal controls of varying temperature and food availability, 73 

i.e., suspended particulate organic matter (sPOM, above-reef) and zooplankton (entire water 74 

column), on their diet (1), tissue reserves (2), metabolic activity (oxygen consumption) (3), 75 

and linear skeletal growth (4). Diet shifts were inferred from a combination of trophic 76 

markers, including tissue δ13C and δ15N (Fry 2006; Michener and Lajtha 2008), amino-acid-77 

specific δ15N (McClelland and Montoya 2002; Chikaraishi et al. 2009), and fatty acid trophic 78 

markers (FATMs; Dalsgaard et al. 2003; Kelly and Scheibling 2012).   79 

 80 

Materials and methods 81 

Site description 82 

The Nakken reef (59o49.89N, 05o33.38E) is located 30-40 km south of Bergen, western 83 

Norway, at the intersection of Hardanger and Langenuen fjord (Figure 1a). Patchily 84 

distributed live coral colonies (height: 1-2 m, diameter: up to 4 m) grow on a base of dead 85 

coral framework (Figure 1b), particularly densely in a slightly elevated 200 x 200 m2 area at 86 

220-200 m depth (Figure 1c).  87 
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 88 

Figure 1: Study site and transplantation experiment. (a) Location of Nakken reef at the intersection of 89 
Hardanger and Langenuen fjord, western Norway. (b) Live coral colonies (Lophelia pertusa) grow in 90 
patches on a base of dead coral framework, particularly densely in an area of elevated seafloor (c, 91 
indicated by arrow). (d) Workflow of transplantation experiment (OC: organic carbon, ON: organic 92 
nitrogen, FA: fatty acids, AA: amino acids, SI: stable isotopes). 93 
 94 

Transplantation experiment 95 

The in situ transplantation experiment (Figure 1d, Table 1) consisted of several seasonal 96 

rounds of (1) L. pertusa collection from Nakken reef, (2) coral staining for skeletal growth 97 

measurement, (3) transplantation back to the reef, and (4) recollection several months later to 98 

Collection TransplantationStaining &
fragmentation

- O2 consumption
- Tissue: OC, ON, FA, AA, SI

- Linear growth

Recollection

Figure 1: Study site and transplantation experiment. (a) Location of 
Nakken reef at the intersection of Hardanger and Langenuen fjord, 
western Norway. (b) Live coral colonies (Lophelia pertusa) grow in 
patches on a base of dead coral framework, particularly densely in an 
area of elevated seafloor (c, indicated by arrow). (d) Workflow of
transplantation experiment (OC: organic carbon, ON: organic 
nitrogen, FA: fatty acids, AA: amino acids, SI: stable isotopes).  

ba

c
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assess skeletal linear extension (‘Linear growth’), oxygen consumption as a measure of 99 

metabolic activity, tissue reserves and trophic markers (‘Tissue samples’). The time points of 100 

recollection will be referred to as ‘season’ (Table 1). An additional set of corals was collected 101 

at the end of May 2014, and (without transplantation) used to measure oxygen consumption, 102 

tissue reserves and trophic markers.  103 

Coral samples were collected using the ROV Aglantha (run by the Institute of Marine 104 

Research, IMR), brought to the surface in a closed ROV-biobox, and transferred without air 105 

exposure to a tank with deep water, collected on-site from 100 m depth. Exposure to sunlight 106 

was kept to a minimum (2-15 min). Corals were transported to Austevoll Research Station 107 

(IMR, 1.5 h sailing time), where they were maintained in the dark in 1,000 L flow-through 108 

tanks receiving unfiltered deep water from Langenuen fjord (160 m depth) at a rate of 200 L 109 

h-1 until transplantation.  110 

The coral skeleton was stained with 10 mg L-1 Alizarin red in 200 L-aerated tanks for 48 h 111 

(Brooke and Young 2009). Fragments were clipped from the stained coral samples (for 112 

replication see Table 1), and placed in a non-toxic epoxy putty in transplant units made of 2 113 

cm PVC pipes filled with cement. The transplant units were left to harden in an aerated sea-114 

water tank and then placed back in the flow-through tanks. 115 

The coral transplant units were transported back from Austevoll to the Nakken reef site in 116 

deep-water-filled cooling containers (1.5-3 h). Before deployment, they were fastened with 117 

cable ties to three modified scallop cultivation trays, which were attached to moorings, and 118 

deployed 5 m above the sea-bed in the centre of Nakken reef. They were recovered after 2.5 119 

to 4.7 months (Table 1). Air exposure during deployment and recollection was kept to a 120 

minimum (1 min). After recollection, the transplanted coral fragments (or subsets, see Table 121 

1) were incubated on-board to measure oxygen consumption, then measured for linear 122 

growth, and thereafter frozen (-20 °C) for later tissue analysis. The oxygen consumption of 123 
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the non-transplanted corals was measured on-board after collection (May 2014), before they 124 

were frozen. 125 

Table 1: Coral transplantation experiment, metadata: dates, cruises, replicates (n). For explanation of 126 
experiment, see Figure 1d. Colour code (filling/text colour) to connect measured parameters with 127 
measurement dates/periods. 128 

 129 

  130 

Oxygen consumption 131 

Directly after (re-)collection, corals were transferred to 1 L- cylindrical, acrylic incubation 132 

chambers, partly submerged in a cooled (8 °C) water bath, and supplied with a flow-through 133 

(20 mL min-1) of unfiltered deep water collected on-site with Niskin bottles. After coral 134 

recovery, indicated by fully-extended polyps (1-2 h), chambers were closed air-tight, and 135 

incubated for 7-12 h. A stirrer in the lid created a circular flow to ensure mixing. The oxygen 136 

concentration was continuously logged with PreSens micro-optodes inserted through the 137 

chamber lid. One seawater-only control was carried out per incubation run to control for 138 

potential O2 consumption by plankton. The coral O2 fluxes were calculated by linear 139 

 

Season 
(month) Collection  Transplant

ation 
Recolle
ction 

Transpl
antatio
n 
duratio
n 
[month
s]  

Linear growth 

O2  
con-
sump-
tion 

Tissue 
samples 

 Date Cruise Date n Date Period n n n 

Dec_13 

Sep 
2013 

RV H. 
Mosby  
# 
2013621   

29 Sep 
2013    7 13 Dec 

2013 2.5 Oct-Dec 7 5 12 

Mar_14 29 Sep 
2013 5 27 Mar 

2014 3.5 

Dec-Mar 
(Dec-Mar 
min. Oct-
Dec) 

5 5 5 

May/ 
Jun_14 May 

2014 

RV H. 
Mosby  
# 
2014611  

NA  NA  NA  5 6 

Oct_14 02 Jun 
2014 5 22 Oct 

2014 4.7 Jun-Oct 5 5 5 

Feb_15 Jul 
2014 

RV G.O. 
Sars  
# 
2014111  

28 Oct 
2014 5 09 Feb 

2015 3.5 Oct-Feb 5 NA 5 
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regression, corrected for O2 fluxes in the seawater controls, and standardized to coral dry 140 

mass. 141 

 142 

Linear growth and polyp budding  143 

From each of the transplanted coral fragments, we measured the linear extension of 5-7 144 

terminal polyps from their alizarin stained band to the outer edge of their calices, according 145 

to Brooke and Young (2009). Polyps were therefore externally photographed using a Leica 146 

(MZ7) stereo microscope connected to a Q IMAGING RoTS camera. Linear extension was 147 

measured on these pictures, using QCapture and Image J photo software, and expressed as 148 

mm polyp-1 month-1. Polyps were categorized in (a) old terminal polyps, i.e., polyps that were 149 

stained before transplantation, (b) young terminal polyps, i.e., polyps that were growing on 150 

old terminal polyps and were likewise stained before transplantation, and (c) new polyps, i.e., 151 

non-stained polyps that formed during the transplantation period. The linear growth of old, 152 

young and new polyps of coral fragments transplanted in October 2013 and recollected in 153 

March 2014 (‘Oct13-Mar14’) was corrected for the average linear polyp growth from 154 

‘Oct13-Dec13’, to calculate linear growth rates for the interval ‘Dec13-Mar14’ (Table 1). 155 

The number of new polyps was additionally counted for each transplantation period to 156 

elucidate when new polyps were formed (budding). 157 

 158 

Tissue analysis 159 

Coral samples were analysed for the following tissue parameters: organic carbon (OC), 160 

organic nitrogen (ON), organic δ13C, organic δ15N, hydrolysable amino acid (AA) 161 

concentration and AA-δ15N, neutral- and phospholipid-derived fatty acid (NLFA and PLFA) 162 

concentration and NLFA- and PLFA-δ13C. Coral fragments were lyophilized, weighed (dry 163 

mass, i.e., DM), and homogenized to fine coral powder with a ball mill. Extraction and 164 
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analytical procedures are described in detail in Maier et al. (2019). In brief, the OC content 165 

(in mmol OC gDM-1) and δ13C were analysed on decalcified samples on an elemental 166 

analyser coupled to an isotope ratio mass spectrometer (EA-IRMS), the ON content and δ15N 167 

on non-decalcified samples on the same machine. Hydrolysable AAs were extracted 168 

according to Veuger et al. (2005) and Maier et al. (2019), by acidic hydrolyzation and 169 

derivatization with acidified isopropanol and pentafluoropropionic anhydride. Total lipids 170 

were extracted with a modified Bligh-Dyer extraction, according to Boschker et al. (1999) 171 

and Maier et al. (2019), separated based on polarity into neutral-lipid-derived fatty acids 172 

(NLFAs) and phospholipid-derived fatty acids (PLFAs) by silicic acid column 173 

chromatography, and derivatized by mild alkaline methanolysis. Concentrations of individual 174 

AAs, NLFAs and PLFAs (in e.g., mmol AA-C gDM-1), and the AA-δ15N, NLFA- and PLFA-175 

δ13C were measured on a gas chromatograph (GC) ZB-5 MS column (Phenomenex, USA), 176 

coupled to an isotope ratio mass spectrometer (IRMS) via a THERMO combustion GC-c-III 177 

interface. The AA, NLFA and PLFA concentrations were corrected for C-atoms added during 178 

derivatization, the AA concentration additionally for the AA recovery efficiency (Maier et al. 179 

2019).  180 

 181 

Temperature and food availability 182 

The temperature at Nakken reef (6 m above bottom) from December 2013 to October 2014 183 

was extracted from the NorKyst-800 numerical ocean modelling system (Albretsen 2011). 184 

sPOM samples were taken with Niskin bottles 3-5 m above the reef during most seasons 185 

(Table 2). 3-10 L of water was filtered over pre-combusted, pre-weighed 47 mm GF/F filters 186 

to retain material >0.7 μm. Filters were dried to constant weight at 60 ºC (sPOM-dry mass). 187 

A filter subsample (5%) was analysed on the EA-IRMS for OC, ON, δ13C, and δ15N. For 188 

every season, some entire filters were used for AA-and NLFA/PLFA- instead of CN-analysis 189 
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(Table 2). Their sPOC and sPON concentration was estimated from their dry mass, and the 190 

%OC measured on other filters of the same season. AAs were extracted from the sPOM 191 

samples (Table 2) according to Grosse et al. (2015), NLFAs and PLFAs as described for the 192 

coral tissue. Concentration, δ13C and δ15N of AAs, and concentration and δ13C of NLFAs and 193 

PLFAs was measured as described above. 194 

Zooplankton was sampled with a 180-μm-WP2 net (diameter: 0.57 m), in vertical hauls from 195 

10 m above the reef (190 m depth) to the surface or from 100 m depth to the surface, at the 196 

time points indicated in Table 2. Unlike sPOM concentrations, the zooplankton 197 

concentrations are integrated over the water column above the reef rather than on-reef 198 

concentrations, but zooplankton from shallower depth is assumed to migrate from shallower 199 

depths to the reef on a daily basis (Jónasdóttir et al. 2015; Van Engeland et al. 2019). 200 

Zooplankton samples were processed and analysed for zooplankton-C-and -N concentration 201 

(μmol C or N (L of filtered water)-1), AAs, NLFAs and PLFAs and the respective δ13C and 202 

δ15N as described for the coral tissue.  203 

Table 2: Sampling and analysis of zooplankton and suspended particulate organic matter, metadata: 204 
dates, and analysed replicates (n) for CN (carbon, nitrogen), FA (fatty acids) and AA (amino acids). 205 
For cruises see table 1. 206 

 207 

 208 

 
Season 
(month) 

Zooplankton sPOM 

 Date 
Depth 
[m] 

CN 
[n] 

FA 
[n] 

AA 
[n] 

Date 
Depth 
[m] 

CN 
[n] 

FA 
[n] 

AA 
[n] 

Dec_13 
11 Dec 
2013 

190 to 0 3 3 3 
12 Dec 
2013 

190 3 1 2 

Mar_14 NA        
27 Mar 
2014 

190 1 1 1 

May/ 
Jun_14 

27 May 
2014 

190 to 0 4 4 1 
26 May 
2014 

190 1 1 1 

Oct_14 NA     NA     

Feb_15 
09 Feb 
2015 

100 to 0 3 1 1 
09 Feb 
2015 

190 1 1 1 
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Data analysis 209 

Graphical and statistical analysis was done with R (R Core Team 2017). Statistical 210 

significance is based on a probability value p < 0.05. P values are given in text, detailed 211 

results of statistical analyses are provided as online resources (S1, S2).  212 

 213 

Seasonality of coral physiology and food availability 214 

Non-parametric Kruskal-Wallis rank sum tests (‘Kruskal’) with post-hoc Dunn tests (‘Dunn’, 215 

R-package FSA, Ogle et al. 2018) were applied for seasonal comparison of coral OC and ON 216 

content (biomass), summed AA concentration, summed NFLA and PLFA concentration, 217 

oxygen consumption and linear growth rate (in mm polyp-1 month-1, independent of polyp 218 

categories old, young, new; because nesting ‘polyp categories’ in ‘season’ is not possible in 219 

the required non-parametric test). The same statistics was applied to detect seasonal 220 

differences in food availability (concentration of sPOC, zooplankton-C). Linear models (lm) 221 

served to test the influence of temperature on dry-mass-specific coral oxygen consumption 222 

(lm1), the influence of coral OC (seasonal average, lm2) and the combined influence of 223 

temperature and coral OC (lm3). 224 

 225 

Trophic markers as indicators of seasonal diet shift 226 

Differences in δ13C and δ15N were analysed in stable isotope biplots (1) between corals, 227 

sPOM and zooplankton, and (2) between corals of the different seasons. Differences in δ13C 228 

and δ15N were statistically assessed in separate Kruskal-Wallis and Dunn tests. Since fatty 229 

acids (FAs) are depleted in δ13C, a varying FA content might confound the use of δ13C as 230 

trophic marker (Post et al. 2007). The δ13C values of corals, sPOM and zooplankton are 231 

therefore presented both as measured, and corrected for FA-δ13C as  𝛿!"𝐶#$%% =232 

&!"'#$%%&'		∙		##$%%&'()		*		&!"'*+		∙		#*+()
##$%%&'()		*		#*+()

, where cFA-C is the summed NLFA- or PLFA-C 233 
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concentration, ctissue-C the coral OC content, and δ13CFA the NLFA/PLFA-δ13C derived as 234 

weighted average from the δ13C of the individual NLFAs/PLFAs. Seasonal increases in coral-235 

δ13C were interpreted as consumption of a higher trophic level (Fry, 2006), and/or 236 

consumption of fresher material, based on the high δ13C of chlorophyll-a-derived C (Miller et 237 

al. 2008). 238 

The trophic level of corals was assessed for every season, (a) based on their bulk tissue δ15N 239 

(‘tissue-δ15Ν-derived trophic level’), compared with the sPOM-δ15N and zooplankton-δ15N, 240 

assuming a trophic fractionation factor of 2.2‰ to 3.4‰ (Fry, 2006); (b) as ‘AA-δ15Ν-241 

derived trophic level’, based on the δ15N of the ‘trophic’ AA phenylalanine, which becomes 242 

enriched with every trophic level (McClelland and Montoya 2002), and the non-enriched 243 

‘source’ AA glutamine/glutamic-acid, as 𝑇𝐿+,-*./0 =
&!-1./&	*	&!-101'*".3

4.5
+ 1, according to 244 

Chikaraishi et al. (2009).  245 

Seasonal patterns in fatty acid trophic markers (FATM, table 3), i.e., the percentage of 246 

zooplankton-, phytoplankton-, or bacteria-specific FAs in coral tissue, were analysed by 247 

Kruskal-Wallis and Dunn tests (Dalsgaard et al. 2003; Kelly and Scheibling 2012).  248 

The similarity of AA, NLFA and PLFA composition between corals, sPOM and zooplankton 249 

(fixed factor 1: ‘type’) and between the seasons (fixed factor 2: ‘season’) was analysed with a 250 

2-factor permutational ANOVA (‘Permanova 1’), based on a Bray-Curtis similarity matrix on 251 

non-transformed data (R package vegan, Oksanen et al. 2018). Further, the respective 252 

compound compositions were compared between corals-only of the different seasons in a 1-253 

factor (‘season’) Permanova (‘Permanova 2’). For significant season-effects, additional 254 

pairwise comparisons between the seasons were carried out here, with the R-function 255 

pairwise.adonis (Martinez 2019), and ‘Bonferroni’-adjusted p-values. Biplots of non-256 

parametrical multidimensional scaling (nmds) of non-transformed data were used to illustrate 257 

the respective compositional similarities, analogous to Permanova 1 and 2. Finally, the AAs, 258 
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NLFAs or PLFAs causing the seasonal coral differences observed in Permanova 2 were 259 

identified in a SIMPER (SIMilarities PERcentages) analysis.  260 

 261 

Results 262 

Seasonality of the environment 263 

Modelled temperatures at Nakken reef from December 2013 to February 2015 ranged from 264 

6.5 °C to 9.2 °C. Temperatures were higher in autumn and winter, i.e., from mid-September 265 

to end of March, and lower over spring and summer, i.e., from beginning of April to 266 

September (Figure 2).   267 

 268 

Figure 2: Seasonality of the environment at Nakken reef: Modelled temperature (in black) 6 m above 269 
bottom, and food availability, i.e., concentration of suspended particulate organic carbon (sPOC, in 270 
green) 3-5 m above the reef, and zooplankton-C-concentration (in red) in the water column above the 271 
reef. Letters: months from October 2013 to February 2015.  272 
 273 

The concentration of suspended particulate organic carbon and nitrogen (sPOC, sPON) above 274 

the reef (Figure 2) increased from December 2013 to March 2014, and had decreased again to 275 

low winter-levels by late May 2014. The sPOC and sPON concentration was higher in 276 

February 2015, compared to December 2013. The zooplankton-C concentration in the water 277 
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column followed the sPOC concentration with a time lag of ± 2 months (Figure 2), and was 278 

low in December and February, and high at the end of May.  279 

 280 

Tissue reserves  281 

The OC content of L. pertusa differed significantly between seasons (Figure 3a, b; Kruskal, p 282 

= 0.0; Online Resource S1-1), with highest values in December 2013, and lowest values in 283 

February 2015, indicating a drop in OC between December and February. The OC steadily 284 

increased in spring, i.e., from March 2014 to late May 2014, following the development of 285 

the sPOC and zooplankton-C concentration. The ON content showed a similar trend. The CN 286 

ratio of corals was higher in October and December than in February, March and May 287 

(Online Resource S3). About 65% of the coral OC was accounted for by the analysed tissue 288 

pools (AAs, NLFAs and PLFAs), which showed a similar seasonal trend as the OC content, 289 

with highest concentrations in December, and significantly lower concentrations in February 290 

(Figure 3c, Kruskal, Dunn, p < 0.05). Like the OC content, the AA concentration increased 291 

already from February to May, while the NLFA concentration increased later, from May to 292 

October. 293 
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 294 

Figure 3: Seasonal environmental controls on tissue reserves and metabolic activity of Lophelia 295 
pertusa. (a, b) seasonal control of food availability (concentration of suspended particulate organic 296 
carbon, i.e., sPOC, and zooplankton; in grey) on coral organic carbon (OC) content (in black); (c) 297 
tissue pools amino acids (AA), neutral-and phospholipid-derived fatty acids (NLFA, PLFA) in 298 
relation to total coral OC; (d) oxygen consumption (in black) in relation to modelled temperature (in 299 
grey). All coral parameters are normalized to coral dry mass (DM). For clearer illustration of seasonal 300 
development, the time axis is non-continuous. *: data point(s) significantly different (p < 0.05) from 301 
previous data point(s)/data point indicated by bracket. 302 
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Figure 3: Seasonal environmental controls on tissue reserves and metabolic activity of Lophelia pertusa. 
(a, b) seasonal control of food availability (concentration of suspended particulate organic carbon, i.e., 
sPOC, and zooplankton; in grey) on coral organic carbon (OC) content (in black); (c) tissue pools amino 
acids (AA), neutral-and phospholipid-derived fatty acids (NLFA, PLFA) in relation to total coral OC; 
(d) oxygen consumption (in black) in relation to modelled temperature (in grey). All coral parameters are 
normalized to coral dry mass (DM). For clearer illustration of seasonal development, the time axis is 
non-continuous. *: data point(s) significantly different (p < 0.05) from previous data point(s)/data point 
indicated by bracket.
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 303 

Oxygen consumption  304 

The oxygen consumption of L. pertusa (Figure 3d) was lower in December and March, and 305 

increased significantly from March to October (Kruskal, Dunn p = 0.0, Online Resource S1-306 

2). The O2 consumption peak in October coincided with a high monthly average model 307 

temperature (7.5 °C), but in December 2013, O2 consumption rates were low in spite of high 308 

temperatures (7.7 °C). Variability in temperature and coral OC content alone did not explain 309 

the variability in coral O2 consumption (linear models lm1, lm2, p > 0.05, Online Resource 310 

S1-4), but the combination ‘temperature x OC’ content explained 89% of the variability in O2 311 

consumption, and the linear relation was significant (lm3, p < 0.05). 312 

 313 

Linear growth and polyp budding 314 

Lophelia pertusa terminal polyps showed skeletal linear growth throughout the year, with 315 

rates varying significantly with season (Figure 4, Kruskal, p = 0.0). Linear growth rate per 316 

polyp (independent of polyp type young, old or new) was significantly lower from October to 317 

December than from December to March (Dunn, p = 0, Online Resource S1-2), and from 318 

June to October (Dunn, p = 0). Linear growth rate decreased with polyp age, with new polyps 319 

growing fastest (1.1 ± 0.2 mm polyp-1 month-1), and old polyps slowest (0.3 ± 0.3 mm polyp-1 320 

month-1). New polyps were formed from December 2013 to March 2014 and from October 321 

2014 to February 2015, i.e., polyp budding occurred most likely between December and 322 

February/March. 323 

 324 

 325 

 326 

 327 
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 328 

Figure 4: (a) Linear extension of Lophelia pertusa old, young, and newly formed terminal polyps over 329 
the indicated time periods. Numbers above bars indicate the numbers of examined polyps. *: linear 330 
extension (mean of old, young, new) in this period significantly different from previous period. (b) 331 
Old, young and new terminal polyps.  332 
 333 

Isotope composition of coral tissue and amino acids 334 

The δ13C of L. pertusa (-24.2‰ to -21.9‰) was comparable to the δ13C of zooplankton (-335 

23.7‰ to -22.6‰), and significantly higher than the δ13C of sPOM (-27.8‰ to -24.8‰, 336 

Figure 5a, Dunn, p = 0.0, Online Resource S1-2). The high variability in sPOM-δ13C was 337 

mostly caused by low values in February (-27.8‰). The δ13C of L. pertusa differed 338 

significantly between the seasons (Kruskal, p = 0), with a lower δ13C in October and 339 

December, and a higher δ13C in March and late May (Figure 5a). Significant differences 340 

between the seasons remained after the fatty-acid correction of δ13C-values (Figure 5b, 341 

Kruskal, p = 0).  342 

The δ15N (8.5‰ to 11.5‰) of the corals was significantly higher than the δ15N of 343 

zooplankton (7.5‰ to 9.5‰) and sPOM (3.4‰ to 8.4‰, Kruskal, Dunn, p = 0). The high 344 

variability in sPOM-δ15N was mostly caused by two samples with very low values in 345 

December (Figure 5a). The mean difference in δ15N between corals and zooplankton (2.2‰) 346 

spans one trophic level or less, while the difference in δ15N between corals and sPOM (3.7‰) 347 

Figure 4: (a) Linear extension of Lophelia pertusa old, young, and newly formed terminal 
polyps over the indicated time periods. Numbers above bars indicate the numbers of 
examined polyps. *: linear extension (mean of old, young, new) in this period significantly 
different from previous period. (b) Old, young and new terminal polyps. 
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spans more than one trophic level. The coral tissue showed significant seasonal differences in 348 

tissue-δ15N (Kruskal, p = 0), with highest values in late May (Figure 5a, Dunn not significant, 349 

p > 0.05). 350 

 351 

Figure 5: Isotope δ13C and δ15N composition of Lophelia pertusa, zooplankton and suspended 352 
particulate organic matter (sPOM). (a) δ13Cδ15N composition of corals (black) in comparison with 353 
zooplankton (red) and sPOM (grey) over the seasons (legend). (b) like (a), but with fatty-acid 354 
corrected δ13C values. (c) δ15N of coral tissue and the amino acids glutamic acid/glutamine and 355 
phenylalanine over the seasons; in red: trophic level calculated from δ15NGlu and δ15NPhe based on 356 
Chikaraichi et al., 2009. *: data point significantly different (p < 0.05) from previous data point. 357 
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Figure 5: Isotope δ13C and δ15N composition of Lophelia pertusa, zooplankton and suspended 
particulate organic matter (sPOM). (a) δ13Cδ15N composition of corals (black) in comparison 
with zooplankton (red) and sPOM (grey) over the seasons (legend). (b) like (a), but with fatty-
acid corrected δ13C values. (c) δ15N of coral tissue and the amino acids glutamic acid/glutamine 
and phenylalanine over the seasons; in red: trophic level calculated from δ15NGlu and δ15NPhe 
based on Chikaraichi et al., 2009. *: data point significantly different (p < 0.05) from previous 
data point.
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The trophic level estimates based on the AA-δ15N-analysis of phenylalanine (source AA, 358 

stable throughout the months, Figure 5c) and glutamine/glutamic acid (trophic AA, more 359 

variable) indicate a similar, annually-averaged trophic level for corals (1.9 ± 0.3) and 360 

zooplankton (2.2 ± 0.2). The glutamine/glutamic acid-δ15N and hence trophic level estimate 361 

of L. pertusa was highest in May (2.2 ± 0.2). Trophic level estimates based on δ15N-analysis 362 

of other AA-pairs (i.e., phenylalanine versus proline, isoleucine, valine and alanine) were 363 

slightly higher (2.3 ± 1, Online Resource S3), but do not support an increase in trophic level 364 

in May. 365 

 366 

Fatty acid and amino acid composition 367 

The coral AA, NLFA and PLFA composition (Figure 6) differed significantly from 368 

zooplankton and sPOM (Permanova 1, pNLFA, pPLFA, pAA =  0.01, Online Resource S2-3a). In 369 

terms of their NLFA and PLFA composition, corals and zooplankton were more similar to 370 

each other than to sPOM, which showed a high within-group variability (Figure 6, low 371 

sample number of sPOM should be noted). 372 

The NLFA, PLFA and AA composition of L. pertusa further showed significant differences 373 

between the months (Permanova 2, pNLFA, pPLFA, pAA =  0.01, Online Resource S2-3b). 374 

Specifically in the NLFAs and PLFAs, December samples were most distinct from the other 375 

months (pairwise comparison, Online Resource S2-3b). Results of the SIMPER analysis 376 

(Online Resource S2-4) indicate that NLFA- and PLFA- differences of the December-377 

samples were mostly caused by a lower concentration of C22:1ω11 and C20:3ω3/C20:1ω9c 378 

(Figure 6b, compounds ‘16’, 6d compounds ‘15’), and a higher concentration of two 379 

unknown fatty acids eluting at ecl19.4/20.5 (most likely another C20-polyunsaturated FA) 380 

and ecl21.2 (most likely another C22-poly- or monounsaturated FA; Figure 6b, compounds  381 
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 382 

Figure 6: Non-parametric multidimensional scaling (nmds) biplots, illustrating the compositional 383 
similarity in neutral-lipid-derived fatty acids (NLFAs), phospholipid-derived fatty acids (PLFAs), and 384 
amino acids (AAs), of (a, c, e): corals (black), zooplankton (red) and suspended particulate organic 385 
matter (sPOM, grey) between the respective seasons (symbols, see legend); and (b, d, f): of corals-386 
only, between the different seasons. (a, c, e) is analogous to Permanova 1 (factors type x season; 387 
Online Resource S2-3), (b, d, f) to Permanova_2 (factor season). Orange numbers indicate 388 
compounds, provided as Online Resource S2-2 and in text. Further given is the stress of the nmds.  389 
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Figure 6: Non-parametric multidimensional scaling (nmds) biplots, illustrating the compositional 
similarity in neutral-lipid-derived fatty acids (NLFAs), phospholipid-derived fatty acids (PLFAs), 
and amino acids (AAs), of (a, c, e): corals (black), zooplankton (red) and suspended particulate 
organic matter (sPOM, grey) between the respective seasons (symbols, see legend); and (b, d, f): 
of corals-only, between the different seasons. (a, c, e) is analogous to Permanova 1 (factors 
type x season; Online Resource S2-3), (b, d, f) to Permanova 2 (factor season). Orange 
numbers indicate compounds, provided as Online Resource S2-2 and in text. Further given is the 
stress of the nmds. 
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‘9’, Figure 6c compounds ‘6’). Seasonal differences in coral AA composition were less 390 

pronounced (Figure 6f).  391 

The coral NLFAs and PLFAs contained zooplankton-, phytoplankton- and bacteria-FATMs 392 

(Figure 7). The zooplankton NLFAs and PLFAs likewise comprised zooplankton-, 393 

phytoplankton- and bacteria-FATMs, while the sPOM FAs mostly displayed bacteria- 394 

 395 

Figure 7: Lophelia pertusa fatty acid trophic markers (FATMs, in % of total fatty-acid-carbon) for 396 
zooplankton, phytoplankton and bacteria over the seasons; (a) in neutral-lipid-derived fatty acids 397 
(NLFAs); (b) in phospholipid-derived fatty acids (PLFAs). For clearer illustration of seasonal 398 
development, the time axis is non-continuous. *: data point(s) significantly different (p < 0.05) from 399 
previous data point(s)/data point(s) indicated by bracket. Numbers below legend: respective FATMs 400 
in zooplankton (zoopl) and suspended particulate organic matter (sPOM). 401 
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FATMs. The percentage of zooplankton-FATMs in L. pertusa was higher in February, March 403 

and late May, as compared to December and October. The percentage of phytoplankton-404 

FATMs in the coral NLFAs was highest in October and December, in PLFAs in October and 405 

February. In October and December, coral PLFAs showed the highest percentage of bacteria-406 

FATMs. 407 

 408 

Discussion 409 

Annual seasonal cycles of light and temperature have profound effects in sunlit surface 410 

waters, but also in deep-sea ecosystems (Billett et al. 1983). The seasonal dynamics of 411 

temperature and food availability at Nakken reef control the diet and physiology of CWC L. 412 

pertusa, i.e., its metabolic activity, tissue reserves, skeletal growth and reproduction.  413 

 414 

Seasonal environmental dynamics  415 

The temperature of the deep-water around Nakken reef undergoes an annual cycle 416 

characteristic for Norwegian fjords (Bakke and Sands 1977). Higher temperatures in autumn 417 

and winter are caused by the intrusion of deep, warmer water from the Norwegian Sea over 418 

the fjord sill (Bakke and Sands 1977). Temperatures decrease in late winter, and remain low 419 

throughout summer, due to the pronounced water column stratification, established by the 420 

spring freshwater flood (Husa et al. 2014b).  421 

The availability of sPOM and zooplankton food at Nakken reef follows a seasonal succession 422 

typical for high latitude waters. The increasing sPOM concentration from February to March 423 

indicates an export of the early phytoplankton bloom from the ocean surface. Such an early 424 

phytoplankton bloom is common in Norwegian fjords, which are protected from the 425 

counteracting wind-induced vertical transport of the developing phytoplankton below the 426 

critical depth (Braarud 1974; Braarud et al. 1974; Husa et al. 2014a). The sPOM-food pulse 427 
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at Nakken reef ceases by late May, likely related to the senescence of the spring bloom in the 428 

surface waters (Braarud 1974), and the progressing water column stratification (Husa et al. 429 

2014b), which attenuates the downward transport of phytodetritus. With reduced sPOM 430 

availability, zooplankton becomes the most abundant food source in the water column above 431 

Nakken reef. Zooplankton performs diurnal vertical migrations between the ocean surface 432 

and deep water masses, and could therefore maintain the supply of CWCs with fresh organic 433 

matter under stratified conditions (Jónasdóttir et al. 2015; Van Engeland et al. 2019). Low 434 

sPOM and zooplankton concentration in December indicate winter food limitation at Nakken 435 

reef.   436 

 437 

Seasonal controls on coral diet  438 

The seasonal succession of sPOM and zooplankton at Nakken reef is reflected in the diet of 439 

L. pertusa. The combination of different trophic markers suggests a mixed, mostly surface-440 

derived diet, with seasonally varying contributions of phytodetritus, zooplankton and a lower 441 

proportion of bacteria/more degraded material. The year-round high percentage of 442 

zooplankton FATMs, the lower percentage of phytoplankton FATMs, and the bulk tissue-443 

δ15N-derived trophic level indicate that corals feed mostly on zooplankton, with a smaller 444 

share of phytoplankton/-detritus. By contrast, trophic level estimates based on various AA 445 

pairs average around two, indicating a phytodetritus-dominated diet. Lophelia pertusa is, 446 

however, capable of complex N (re-)cycling, utilization of alternative N resources including 447 

ammonium and dissolved amino acids, and de novo synthesis of several putatively ‘essential’ 448 

amino acids (Mueller et al 2014; Middelburg et al. 2015). This high metabolic flexibility may 449 

complicate the use of AA-δ15N as trophic marker. For the present study, we consider the 450 

trophic level estimates from the bulk tissue δ15N to be more robust because firstly, the bulk 451 

tissue method has been tested on this CWC species in several studies (Duineveld et al. 2004; 452 
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Kiriakoulakis et al. 2005; van Oevelen et al. 2018), and secondly, the results agree with the 453 

FATM-results of the present study. For the AA-method, we suggest controlled feeding 454 

experiments (Chikaraichi et al. 2009) to investigate its applicability for L. pertusa.  455 

Classic analysis (tissue-δ15N, FATM) suggests a diet of phytoplankton and/or zooplankton at 456 

varying proportions for L. pertusa from the North Atlantic (Kiriakoulakis et al. 2005; van 457 

Oevelen et al. 2018), the Bay of Biscay (Duineveld et al. 2004), and the Mediterranean 458 

(Carlier et al. 2009). The trophic contribution of zooplankton, phytodetritus, and other 459 

resources, such as more degraded sPOM or bacteria varies locally, for instance with reef 460 

depth (van Oevelen et al. 2018), but also on a seasonal scale, as we show here. The spring 461 

sPOM and zooplankton food pulse at Nakken reef is reflected in an increased coral-δ13C, 462 

which indicates feeding on fresher material with a high chlorophyll-a- and correlated δ13C 463 

content (Miller et al. 2008), or feeding on a higher trophic level (Fry 2006), such as 464 

zooplankton. An increased trophic contribution of zooplankton to the coral diet in spring is 465 

corroborated by the increased percentage of zooplankton FATMs, and the peak in tissue-466 

δ15Ν-derived and AA-δ15N-derived trophic level. The lower δ13C, higher C:N ratio and 467 

increased bacteria FATMs in October and December imply a more degraded diet of a lower 468 

trophic level during the autumn and winter food limitation.  469 

 470 

Seasonal controls on coral physiology 471 

The ecological fitness of an organism depends on a close interplay of different physiological 472 

functions, including growth in size, storage of tissue reserves, and metabolic activity 473 

(Ricklefs and Wikelski 2002). Lophelia pertusa at Nakken reef maintains metabolic activity 474 

and linear skeletal growth throughout the year, albeit at seasonally variable rates, while 475 

showing a build-up and decline of tissue reserves. Oxygen consumption was largely in the 476 

range of previous studies (0.07 to 0.30 μmol O2 (gDM)-1 h-1, Maier et al. 2019 and references 477 
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therein), besides higher rates in October. Linear growth was likewise in the range of previous 478 

studies (Brooke and Young 2009 and references therein). Young polyps contribute most to 479 

the linear extension of the colony (present study; Mortensen 2001), owing to their high 480 

calcification (Maier et al. 2009). The maintenance of linear growth, even under food-481 

limitation, underlines its importance for sessile cold-water corals to escape less-favourable 482 

conditions, e.g., enhanced local sedimentation or locally reduced currents and food 483 

availability (Brooke and Young 2009). 484 

The annual variation in tissue reserves, linear growth, and metabolic activity reflects the 485 

seasonal dynamics of the reef environment. From February to late May, L. pertusa almost 486 

doubles its OC content, underlining its reliance on the spring-bloom related food pulse, and 487 

its efficient exploitation and storage (Maier et al. 2019). The acquired resources are initially 488 

largely invested in the AA pool, while a pool of NLFAs is built-up later, from October to 489 

December. Tissue reorganization and FA build-up in autumn could indicate energy storage 490 

for food-limited winter months, as suggested by Dodds et al. (2009), and/or relate to the high 491 

oocyte growth during this time of the year (Brooke and Järnegren 2013). The simultaneous 492 

increase in metabolic activity in October indicates an enhanced energetic demand, which 493 

could result from the tissue modifications. At the same time, increasing temperatures at 494 

Nakken reef in autumn partly explained the increase in respiration, endorsing the previously 495 

observed low acclimatization capacity to increased temperatures in L. pertusa (Dodds et al. 496 

2007). During the presumably limited phyto-and zooplankton availability in this season, the 497 

consumption of degraded, resuspended sPOM and/or bacteria could facilitate the increased 498 

energy investment. Nevertheless, the concurrent reduction of linear growth from October to 499 

December (present study), or June to September (Mortensen 2001), could indicate an 500 

energetic shortcut, with a trade-off between tissue growth (somatic and reproductive) and 501 
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calcification, as suggested for tropical corals (Harrison and Wallace 1990; Anthony et al. 502 

2002).  503 

The >50% drop in OC, FAs and AAs between December and February coincides with the 504 

annual spawning season of Norwegian L. pertusa (late January to early March; Brooke and 505 

Järnegren 2013; Larsson et al. 2013), and indicates the massive release of gametes. A 506 

comparable seasonal development of tissue reserves, with a build-up of OC and lipids, and a 507 

sudden drop during spawning, has been observed in shallow-water Scleractinians (Oku et al. 508 

2003) and gorgonians (Gori et al. 2012; Viladrich et al. 2016). Dodds et al. (2009) reported 509 

no statistically significant seasonal pattern of FA concentrations in North Atlantic L. pertusa, 510 

but their data show a similar trend as the present, with a drop of triacyl-glyceride-derived FA 511 

concentration from November to February. The >50% reduction in tissue biomass during the 512 

spawning season suggests that reproduction is associated with high costs and energy 513 

investments, which is typical for a broad-cast spawning species such as L. pertusa (Brooke 514 

and Järnegren 2013; Larsson et al. 2014). The spawning season coincides with the period of 515 

polyp budding and highest linear growth. The biomass-depleted, fast-growing corals likely 516 

profit from the exploitation of the simultaneously starting spring bloom, underlining the 517 

seasonal environmental forcing on CWC life history. 518 

 519 

An annual cycle of a cold-water coral  520 

The present study demonstrates that tissue biomass and composition, metabolic activity and 521 

linear growth of L. pertusa undergo a pronounced seasonal cycle, driven by the interplay of 522 

seasonally-variable temperature and food availability (Figure 8). In spring, L. pertusa builds 523 

up OC and AA reserves, profiting from the enhanced phyto- and zooplankton production of 524 

the spring bloom. During autumn, the corals reorganize their tissue reserves, accompanied by 525 

an increase in metabolic activity, which may be linked to the rapid gametogenesis at this time 526 
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of the year (Brooke and Järnegren 2013). The related energetic investment could be 527 

facilitated by the consumption of more degraded, resuspended sPOM and/or bacteria, since 528 

phyto-and zooplankton is presumably limited. However, the simultaneous reduction in linear 529 

skeletal growth reveals a potential energetic shortage. A sudden, >50%- drop of tissue 530 

biomass between December and February indicates the annual spawning activity of the 531 

corals, perfectly timed for the larvae and biomass-depleted adults to exploit the upcoming 532 

spring phytoplankton bloom, increase tissue stocks, catch-up with linear growth, bud polyps 533 

and hereby restart the annual cycle.  534 

 535 

Figure 8: Annual cycle of a cold-water coral: Dots/solid lines: measurements; dotted lines: 536 
extrapolations, for phytodetritus according to Braarud et al. (1974), with the exception that no export 537 
of phytoplankton as phytodetritus is assumed in summer due to stratification (Husa et al. 2014b). 538 
Extrapolation for zooplankton according to Gundersen (1953), Lie (1967). ‘Zoo’.: zooplankton; 539 
‘phytodet’.: phytodetritus; ‘fresh/degraded mat.’: fresh/degraded material; ‘NLFA’: neutral-lipid-540 
derived fatty acids; ‘AA’: amino acids; ‘OC’: organic carbon.  541 
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Global change acts upon the seasonal environmental variability, which controls the 542 

phenology of organisms, i.e., their seasonal timing of activities (Walther et al. 2002). Our 543 

study shows that deep-sea species like L. pertusa display a pronounced phenology, and may 544 

therefore be highly sensitive towards changes in the seasonal forcing. Increased temperatures 545 

and ocean acidification may increase their metabolic and growth costs (Dodds et al. 2007; 546 

McCulloch et al. 2012), while enhanced stratification could decrease export production and 547 

food availability (Bopp et al. 2001; Soetaert et al. 2016). Exacerbating already existing 548 

seasonal energetic constraints will impact their growth and reproduction capacities, with 549 

potentially severe consequences for the health and distribution of the deep-sea CWC 550 

ecosystems. 551 
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Figure legends 737 

Figure 1: Study site and transplantation experiment. (a) Location of Nakken reef at the 738 

intersection of Hardanger and Langenuen fjord, western Norway. (b) Live coral colonies 739 

(Lophelia pertusa) grow in patches on a base of dead coral framework, particularly densely in 740 

an area of elevated seafloor (c, indicated by arrow). (d) Workflow of transplantation 741 

experiment (OC: organic carbon, ON: organic nitrogen, FA: fatty acids, AA: amino acids, SI: 742 

stable isotopes).   743 

 744 

Figure 2: Seasonality of the environment at Nakken reef: Modelled temperature (in black) 6 745 

m above bottom, and food availability, i.e., concentration of suspended particulate organic 746 

carbon (sPOC, in green) 3-5 m above the reef, and zooplankton-C-concentration (in red) in 747 

the water column above the reef. Letters: months from October 2013 to February 2015.  748 

 749 

Figure 3: Seasonal environmental controls on tissue reserves and metabolic activity of 750 

Lophelia pertusa. (a, b) seasonal control of food availability (concentration of suspended 751 

particulate organic carbon, i.e., sPOC, and zooplankton; in grey) on coral organic carbon 752 

(OC) content (in black); (c) tissue pools amino acids (AA), neutral-and phospholipid-derived 753 

fatty acids (NLFA, PLFA) in relation to total coral OC; (d) oxygen consumption (in black) in 754 

relation to modelled temperature (in grey). All coral parameters are normalized to coral dry 755 

mass (DM). For clearer illustration of seasonal development, the time axis is non-continuous. 756 

*: data point(s) significantly different (p < 0.05) from previous data point(s)/data point 757 

indicated by bracket. 758 

 759 

Figure 4: (a) Linear extension of Lophelia pertusa old, young, and newly formed terminal 760 

polyps over the indicated time periods. Numbers above bars indicate the numbers of 761 
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examined polyps. *: linear extension (mean of old, young, new) in this period significantly 762 

different from previous period. (b) Old, young and new terminal polyps.  763 

 764 

Figure 5: Isotope δ13C and δ15N composition of Lophelia pertusa, zooplankton and suspended 765 

particulate organic matter (sPOM). (a) δ13Cδ15N composition of corals (black) in comparison 766 

with zooplankton (red) and sPOM (grey) over the seasons (legend). (b) like (a), but with 767 

fatty-acid corrected δ13C values. (c) δ15N of coral tissue and the amino acids glutamic 768 

acid/glutamine and phenylalanine over the seasons; in red: trophic level calculated from 769 

δ15NGlu and δ15NPhe based on Chikaraichi et al., 2009. *: data point significantly different (p < 770 

0.05) from previous data point. 771 

 772 

Figure 6: Non-parametric multidimensional scaling (nmds) biplots, illustrating the 773 

compositional similarity in neutral-lipid-derived fatty acids (NLFAs), phospholipid-derived 774 

fatty acids (PLFAs), and amino acids (AAs), of (a, c, e): corals (black), zooplankton (red) and 775 

suspended particulate organic matter (sPOM, grey) between the respective seasons (symbols, 776 

see legend); and (b, d, f): of corals-only, between the different seasons. (a, c, e) is analogous 777 

to Permanova 1 (factors type x season; Online Resource S2-3), (b, d, f) to Permanova_2 778 

(factor season). Orange numbers indicate compounds, provided as Online Resource S2-2 and 779 

in text. Further given is the stress of the nmds.  780 

 781 

Figure 7: Lophelia pertusa fatty acid trophic markers (FATMs, in % of total fatty-acid-782 

carbon) for zooplankton, phytoplankton and bacteria over the seasons; (a) in neutral-lipid-783 

derived fatty acids (NLFAs); (b) in phospholipid-derived fatty acids (PLFAs). For clearer 784 

illustration of seasonal development, the time axis is non-continuous. *: data point(s) 785 

significantly different (p < 0.05) from previous data point(s)/data point(s) indicated by 786 
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bracket. Numbers below legend: respective FATMs in zooplankton (zoopl) and suspended 787 

particulate organic matter (sPOM). 788 

  789 

Figure 8: Annual cycle of a cold-water coral: Dots/solid lines: measurements; dotted lines: 790 

extrapolations, for phytodetritus according to Braarud et al. (1974), with the exception that no 791 

export of phytoplankton as phytodetritus is assumed in summer due to stratification (Husa et 792 

al. 2014b). Extrapolation for zooplankton according to Gundersen (1953), Lie (1967). ‘Zoo’.: 793 

zooplankton; ‘phytodet’.: phytodetritus; ‘fresh/degraded mat.’: fresh/degraded material; 794 

‘NLFA’: neutral-lipid-derived fatty acids; ‘AA’: amino acids; ‘OC’: organic carbon.  795 
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