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Abstract

The health status of cold-water coral reefs on the West African coast was investigated with the main objective of obtain-
ing knowledge of the adaptive capacity of Lophelia pertusa to environmental stressors. Three coral sites were studied, in
Northern Morocco, in the Morocco/Mauritania region (both in 2020) and, in the Ghana and Ivory coast region (visited in
2012, 2017, and 2019). Area cover of live colonies, explored through underwater videos, was used as an indicator of reef
health and compared with the environmental variables: reef position, depth, water mass, temperature, dissolved oxygen con-
centration (DO), carbonate chemistry (pH, aragonite saturation (QAr), macronutrients and particles (visual). For a broader
picture of the adaptations presented by Lophelia our results were compared with reefs in contrasting environments. Off
Ghana and Mauritania healthy reefs (i.e., having areas with more than 20 % cover of live colonies) were found to reside at
DO concentrations between 1.1 and 1.6 ml L™, in corrosive waters (pH 7.7 and QAr 1.0) with high nutrient concentrations.
By contrast, the reefs off the North of Morocco, sitting in well-oxygenated waters with oversaturated QAr, had no or few
live colonies. Our findings together with data from other studies show that Lophelia has a wide tolerance to hypoxia and
acidification, and that in relation to climate change increased temperature and silting could pose more serious threats. These
findings highlight the importance of continued studies of Lophelia reefs in contrasting environmental conditions to better
understand their adaptation potential to climate change-related stressors.
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Introduction

Lophelia pertusa, synonymous with Desmophyllum per-
tusum (Addamo et al. 2016), is a cold-water Scleractinian
coral found worldwide, and it is the major reef-forming coral
in the North Atlantic (Davies and Guinotte 2011; Buhl-
Responsible Regional Editor: Ciemon Frank Caballes. Mortensen et al. 2015a, b; 2016). The greatest density of
Lophelia reefs known so far has been found along the Nor-
wegian coast (Buhl-Mortensen et al. 2015a, b) but it occurs
throughout the Atlantic and is present along the West Afri-
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Zibrowius 1980; Frederiksen et al. 1992). Under favorable
conditions, L. pertusa can form reefs that are tens of meters
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tall and hundreds of meters long, offering a wide range of
habitats to other organisms (Mortensen et al. 1995; Wheeler
et al. 2007; Buhl-Mortensen et al. 2010).

Previous studies on cold-water corals have shown that
physical environmental factors such as temperature, salin-
ity, water velocity, substratum type and food availability
are important drivers influencing the distribution of Lophe-
lia reefs (Strgmgren 1971; Frederiksen et al. 1992; Frei-
wald et al. 1999; Mortensen et al. 2001; Dodds et al. 2007;
Dullo et al. 2008). Few studies include information on their
chemical environment such as the dissolved oxygen (DO)
concentration, and aragonite saturation state (QAr) in the
water column which is an indicator of potential limitation
to calcification for Lophelia. The response of Lophelia reefs
to climate change impacts, such as warming, deoxygena-
tion and ocean acidification (IPCC 2019) warrants further
investigation.

Scientific literature on Lophelia reefs in Africa remains
limited. Buhl-Mortensen et al. (2017) reported a substan-
tial reef on the Ghana/Ivory Coast shelf, and Coleman et al.
(2005) and Wienberg et al. (2018) documented multiple
mounds off the coast of Mauritania. The characteristics
of these West African reefs differ from those of the North
Atlantic reefs. These reefs, situated in an area that expe-
rienced minimal change during the last ice age, have sus-
tained ongoing growth. Additionally, they are marked by
a significant oxygen minimum zone (OMZ). Nonetheless,
there exists a deficiency of knowledge and data concerning
carbonate chemistry in this African region. Such data are
indispensable for describing the main state of ocean acidi-
fication, its variability, driving forces, and its impact on the
condition of Lophelia reefs.

With the support of the Ecosystem Approach to Fish-
eries (EAF) Nansen program, multiple scientific surveys
have been conducted to facilitate habitat mapping along the
North-West (NW) African shelf and slope, as well as along
Ghana-Ivory Coast. As part of these surveys, three cold-
water coral sites were studied: two along the Morocco and
Mauritania coastline and one along Ghana-Ivory Coast.

The data collected during these scientific surveys have
enabled a comprehensive study of the coral reef sites,
covering the continental shelf/slope of the Mauritania-
Morocco coast and Ghana/Ivory Coast. Underwater videos
and parameters such as landscape features (canyons/shelf-
slope), depth, water masses, currents, temperature fluctua-
tions, dissolved oxygen concentration, carbonate chemistry
(pH, QAr), nutrient composition, and particle distribution
have been assessed. The environmental conditions at reef
sites were compared with the health status of reefs (level
of cover of live and dead Lophelia colonies). The results
from the study areas were compared with reports from other
North Atlantic reefs. This comparative analysis of the health
status of documented Lophelia reefs within highly divergent
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environmental contexts can offer valuable insights into their
adaptive capacity to climate change. This study presents a
rare insight into the range and spatial variability of ocean
acidification state within this region, and its subsequent
impact on the well-being of Lophelia coral reefs.

Methods and data
Study area

Multiple cruises were conducted in the years 2012, 2017,
2019, and 2020 in the NW Africa shelf and slope, as well as
the Ghana-Ivory Coast region, aboard the Research Vessel
(RV) Dr. Fridtjof Nansen (DFN) as part of the EAF Nansen
Program. This program is the outcome of a collaborative
effort involving two prominent Norwegian institutions: the
Norwegian Agency for Development Cooperation (Norad)
and the Institute for Marine Research (IMR) in Bergen,
Norway, in partnership with the United Nations' Food and
Agriculture Organization (FAO) and NW African countries.
These surveys successfully documented three sites with
cold-water coral formations: Area A in northern Morocco,
Area B at the Morocco-Mauritania border, and Area C in the
waters of Ghana and Ivory Coast (Fig. 1).

Oceanographically, the study area is influenced in the
north by the Canary Current System (CCS), which extends
from the Strait of Gibraltar to the south of Guinea-Bissau
(Bakun 1990), and in the south by the Guinea Current Sys-
tem (GCS) extending from Cape Lopez near the equator to
Cape Palmas at 7° W longitude. With the exception of Area
A, Area B and C are subjected to upwelling. The CCS, one
of the world’s four major upwelling ecosystems, is charac-
terized by seasonal variability of the trade winds between
winter and summer inducing pronounced coastal sea surface
temperature (SST) anomalies with a high seasonal contrast,
mainly in the southern part of the system (BenAzzouz et al.
2015; Aristegui et al. 2009; Barton et al. 2013). During the
last three decades, the CCS has warmed above the perma-
nent thermocline. The more marked warming tendencies are
observed in the Senegalo-Mauritanian tropical sector (Kifani
et al. 2018; Portner et al. 2014; Vélez-Belchi et al. 2015;
deCastro et al. 2014; Lima and Wethey 2012; Stramma et al.
2008).

In the Canary Current system (CCS), the core of the Oxy-
gen Minimum Zone (OMZ) extends to the surface, and the
upwelling of older, oxygen-depleted waters with low dis-
solved oxygen (DO) content is typically accompanied by
high concentrations of DIC (i.e., CO,) and consequently,
low QAr and pH levels. These conditions are expected to
be enhanced as ocean acidification progresses due to the
increase in atmospheric CO, (Kifani et al. 2018; Portner
et al. 2014; IPCC 2019). The Guinea Current System (GCS)
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Fig.1 Current systems and oceanographic features influencing
the study areas: CC, Canary Current; GC, Guinea Current; NEC,
North Equatorial Current; NECC, North Equatorial Countercurrent;
nSEC, northern South Equatorial Current; NEUC, North Equatorial

originates from two sources: the North Equatorial Counter-
current (NECC) and the Canary Current (CC), which flows
into the Gulf of Guinea from the west-northwest (see Fig. 1).
The Guinea Current (GC) follows an easterly path along
the western coast of Africa at depths ranging from approxi-
mately 20 to 50 m, within the latitudinal range of 3°N to
5°N (Henin et al. 1986). As it enters the Gulf of Guinea, its
velocities can reach nearly 100 cm/s near 5°W (Richardson
and Reverdin 1987). The seasonal variability of the source
currents plays a role in influencing the seasonal patterns of
the Guinea Current. It experiences a minimum flow during
the winter months (November—February) and a maximum
flow during the summer months (May—September) (Ing-
ham 1970). Notably, the GCS is characterized by areas of
upwelling (Bakun 1978) and heightened biological produc-
tivity (Binet 1997). This upwelling is in geostrophic balance,
with isotherms tilting upward towards the northern coast. As

Undercurrent; SEUC, South Equatorial Undercurrent; EUC, Equato-
rial Undercurrent; sSEC, southern South Equatorial Current; GUC
, Guinea Undercurrent; OMZ, Oxygen Minimum Zone. Green stars
represent sampling areas

the current's intensity increases, this slope becomes steeper,
bringing the thermocline closer to the coastal surface. Con-
sequently, the coastal upwelling and the summer intensi-
fication of the Guinea Current are interconnected (Philan-
der 1979). However, the Guinea Current stands out among
upwelling regions due to the unique characteristic of exhibit-
ing minimal correlation between sea surface temperature and
wind patterns on a seasonal time scale. This suggests that
remote factors, such as Kelvin waves, likely contribute to
the dynamics of the region (Longhurst 1962; Bakun 1978).

Geomorphologically, Area A belongs to the “Strait of
Gibraltar-Gulf of Cadiz” domain (Gibbons and Moreno
2002). It is characterized by a variety of geomorphological
features (allochthones units, sediment wave, mega ripples,
and mud volcanoes) that provide dynamic and diverse envi-
ronments generating a variety of marine habitats (Agudo-
bravo and Mangas 2015). In this zone, the continental shelf
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is 40 to 50 km wide, the continental slope starts at 200 m
and ranges from 1500 to 2000 m depth and the upwelling
activities are seasonal (Fig. 1). Area B, is located on the
border region between Morocco and Mauritania, between
21°N and 20°N. It is part of the Cape Blanc-Timiris Canyon
landslide domain. The continental shelf is very wide as the
result of strong sedimentation from an ancient paleo-river
system (watershed, Tamanrasset); it extends to 140 km at
the Banc d'Arguin. Between Cap Blanc and Cap Timiris,
there are two groups of canyons, which converge at the foot
of the slope and continue into the deep ocean (Agudo-Bravo
and Mangas 2018). In this area, the upwelling activity is
strong and permanent with a maximum intensity in sum-
mer and early fall (Fig. 1). Area C is situated on the upper
continental slope at around 400 m depth in the vicinity of a
canyon, and just off the narrow continental slope off Ghana
at4° 46 N and 3°09 W (Buhl-Mortensen et al. 2017). Gener-
ally, the configuration of the continental shelf is controlled
by various breach systems that appear to extend to the edge
of the slope (Cudjoe and Khan 1972). The region where
the reef is located falls within the maximum width region,
approximately 100 km offshore. The slope in this area is
steep, extending seaward along an elongated and sediment-
starved marginal ridge, the Ghana/Ivory Coast Marginal
Ridge, which is aligned with the Romanche Fracture Zone.
The reef is oriented perpendicular to the coast occurs within
the depth range dominated by South Atlantic Central Water
(SACW)-the source water mass that feeds the West African
upwelling.

Oceanographic data

Data on hydrography and the chemical environment were
collected during scientific cruises carried out by the FAO’s
regional EAF Nansen program and the National Maurita-
nian marine-surveys program. During EAF Nansen surveys,
vertical hydrography profiles and water sampling were con-
ducted using a CTD-Rosette system with 12-niskin bottles.
In 2019, four CTD surveys were performed in Area A and
B, which provided a high resolution of physical and chemi-
cal conditions and supported the habitat mapping survey
conducted on cruise 2020401. The summary of the sources
with cruise ID, sampling dates, main study area, collected
variables and survey program are listed in Supplementary
information ESM 1.

CTD sensors for vertical profiles and water sampling

Hydrographical conditions were documented using a CTD
(pressure) sensor (Seabird911, SBE3plus, SBE 4c¢) mounted
to a 12-Niskin bottle Rosette. Additional sensors were
mounted on the CTD-Rosette system for measurements of
dissolved oxygen (DO) (SBE-53), chlorophyll fluorescence
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(WET Labs ECO-FL) and Photosynthetically Active Radia-
tion (PAR, LOG CSW).

For validation and calibration of conductivity and DO
sensors, water was collected from low-gradient depths at
selected CTD stations for analysis. A Guildline Portasal
Salinometer 8410A was used to measure the samples col-
lected for conductivity (salinity), whereas the DO water
samples were measured using a Metrohm 916 Ti-Touch
potentiometric titrator performing automated Winkler
titrations (Grasshoff et al. 1983). Additional water column
hydrography data (salinity, temperature, DO) were collected
along the Mauritania coast and shelf on cruises conducted
by the Mauritanian Institute IMROP as part of their national
monitoring surveys between 2010 and 2012 (Supplementary
information ESM 1).

Determination of carbonate chemistry including pH
and aragonite saturation

Water samples were collected and analyzed for pH and total
alkalinity (AT) onboard following the general procedures
described in Dickson et al. (2007). AT was determined
using potentiometric titration (Metrohm) with 0.1 N hydro-
chloric acid in an open cell. Precision for AT was between
+2 and +5 umol kg ~! based on triplicate analysis of each
sample. The accuracy was controlled using Certified Refer-
ence Material (CRM) provided by Dickson laboratory (SIO,
USA). pH was determined on a total scale using a spectro-
photometric method and m-cresol purple as pH-sensitive
indicator in a 1-cm pathlength quartz cuvette (Clayton and
Byrne 1993). The perturbation from the indicator pH was
corrected according to Chierici et al. (1999). The preci-
sion was between +0.001 and +0.005, based on triplicate
measurements. The full carbonate chemistry including
total dissolved inorganic carbon (DIC), QAr and in situ pH
(pHry), were calculated based on measured AT and pH, and
CTD data using the carbonate system calculation program
CO2SYS (Pierrot et al. 2006). The calculations were per-
formed on the total hydrogen ion scale, using the carbonate
system dissolution constants from Mehrbach et al. (1973)
refit by Dickson and Millero (1987), and the hydrogen sul-
phate (HSO,") dissociation constant of Dickson (1990). The
concentration of calcium (Ca**) is assumed to be propor-
tional to the salinity according to Mucci (1983; 10.28 X
S/35 umol kg™'). The thermodynamic solubility products
for aragonite and calcite (Ksp) are from Mucci (1983).

Nutrients

Seawater samples for nutrient analyses (nitrite, nitrate, sili-
cate and phosphate) were collected at each water column
sampling station in 20 ml polyethylene vials. Samples were
preserved with 0.2 ml chloroform and kept refrigerated and
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dark until being sent to the Institute of Marine Research
(IMR), Bergen, Norway for analysis. Analyses were per-
formed using a Skalar San++ Continuous Flow Analyser
while following the procedures explained in detail by Gun-
dersen et al. (2022).

Surface ocean data from remotely sensed resources

We obtained daily sea surface temperature (SST) data on a
0.25° % 0.25° grid from the National Oceanic and Atmos-
pheric Administration (NOAA) National Centers for Envi-
ronmental Information (NCEI) Optimum Interpolation Sea
Surface Temperature (OISST) v2.1 product. The OISST
product is produced by combining observations from ship
measurements, Argo floats, buoys, and satellites (e.g., from
the Advanced Very High-Resolution Radiometer -AVHRR-
infrared satellite) (Reynolds et al. 2007). Six-hourly Ocean
gap-free 0.25° x 0.25° gridded surface wind data were
obtained from the Remote Sensing Systems’ (RSS) Cross-
Calibrated Multi-Platform (CCMP) v2.0 product (Mears
et al. 2019). This product is produced by combining cross-
calibrated satellite microwave winds and instrument obser-
vations. Surface velocity currents at a spatial resolution of
1° X 1° and representing mean currents in the upper 30 m
of the ocean were obtained from the Ocean Surface Current
Analyses Real-Time (OSCAR) data set (Bonjean and Lager-
loef 2002). OSCAR currents are produced by combining
satellite-derived ocean surface heights, surface winds, and
SST using a diagnostic model of ocean currents based on
frictional and geostrophic dynamics. Monthly mean values
are computed from daily mean values. Seasonal anomalies
were computed as the difference between monthly climatolo-
gies and the data mean, where means are computed over the

common period of the datasets (i.e., January 1988—Decem-
ber 2020).

Visual mapping of reef sites

In total twelve video transects targeting coral reefs were con-
ducted (Table 1 and Fig. 3), three in Area A and six in Area
B in 2020 at cruise 2020401, and three in Area C in 2012 on
cruise 2012407 targeting a large reef off Ghana. The posi-
tioning of video transects was selected based on bathymetry
and acoustic backscatter gained from prior multibeam map-
ping. Positions, depth range and length of the video transects
are provided in Table 1.

The video transect surveys were conducted using a
Remotely Operated Vehicle (ROV) that is part of the IMR
Video Assisted Multi Sampler (VAMS) (Buhl-Mortensen
et al. 2017). During dives, the VAMS was towed by the DFN
vessel at a speed of ~0.3 knots, and the ROV was remotely
driven in front of VAMS. The benthic community compo-
nents of the seabed encountered during video recording were
annotated using the “CampodLogger” program developed by
IMR. It allows for selecting bottom types from a drop-down
menu while entering taxon names and comments manually.
These entries are automatically ‘tagged’ with date, time,
depth (both from the ship’s echosounder and the ROV depth
sensor), latitude and longitude (from both the ship and the
ROV). The annotated occurrences of coral skeletons (rubble
and blocks) and live Lophelia colonies were together with
the bathymetry, used to identify coral reefs and their extent.
The occurrence and cover of live coral colonies were used as
an indicator of reef status as follows: “Dead” when no live
colonies were observed, “Poor” when live coral colonies
were present but never covered more than 5%, and “Healthy”
when there were areas with a cover of live coral colonies

Table 1 Sampling information for the 12 video transect surveys conducted on mounds and coral reefs off West Africa by R/V Dr. Fridtjof
Nansen including station number, date, start and stop positions, depth range and length of the transect (see also Fig. 3)

Area Station Date START STOP Depth range Transect length
Deg Min Deg Min Deg Min Deg Min (m) (m)
A A5-7  18.02.2020 35 10.673 N 46415 W 35 10526 N 46.198 W 679-696 430
A5-8  19.02.2020 35 00.141 N 48882 W 34 59910 N 6 48.900 W  574-675 400
A5-9  19.02.2020 34 51335 N 6 45892 W 34 51266 N 6 46.087 W 169-245 400
B B6-1B  01.02.2020 20 14.798 N 17 40200 W 20 14227 N 17 40250 W  486-597 1200
B6-2  02.02.2020 20 14996 N 17 42380 W 20 15174 N 17 42288 W 520-581 280
B6-3  03.02.2020 20 45862 N 17 42262 W 20 45974 N 17 42.091 W 452-542 300
B6-3B  03.02.2020 20 45.850 N 17 42702 W 20 45892 N 17 42727 W 533-551 300
B6-4  03.02.2020 20 48326 N 17 42281 W 20 48173 N 17 42263 W 503-575 300
B6-5 03.02.2020 21 04325 N 17 40.699 W 21 04196 N 17 40.581 W  489-583 300
C 219 17.11.2012 4 45681 N 3 09.181 W 4 45850 N 3 09.253 W 385-423 277
312 23.11.2012 4 45.846 N 09246 W 4 46231 N 3 08.819 W  375-442 349
313 23.11.2012 4 46.237 N 08.816 W 4 46361 N 3 08.379 W  373-402 275
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exceeding 20%. The presence of trawl marks was used as an
indicator of physical damage from fisheries.

Results
Water mass distribution

Three water masses can be identified off the coasts of Mau-
ritania and Morocco (Figs. 1 and 2): South Atlantic Cen-
tral Water (SACW), Eastern North Atlantic Central Water
(ENACW) and Mediterranean Intermediate Water (MIW)
(Fig. 2). In the upper water layer, the SACW and ENACW
are dominant, with the well-oxygenated ENACW mixing
with the salty sub - 11°C MIW coming from the Strait of
Gibraltar (Area A). A frontal zone is located off Cape Blanc
at 21°N (Area B) that separates the SACW and ENACW
where mixing occurs. The ENACW has a salinity maxi-
mum of 36.7 PSU, whereas the SACW has a lower salin-
ity maximum of 35.8 PSU (Emery 2001). The less saline
SACW of Area B is also characterized by its DO deficiency
with concentrations just above 1 ml L™! qualifying as a pro-
nounced oxygen minimum zone (OMZ) (Glessmer et al.
2009). SACW is also rich in nutrients and, exhibits a linear
temperature—salinity relationship. During the survey, the
measured temperature range in the vicinity of the coral reef
was 8.5-9 °C and the salinity range was 34.8-34.85 psu.
The water surrounding the Ghana reef (Area C) (Fig. 2) is
mostly dominated by SACW with its characteristic tempera-
ture between 5°C and 18°C and salinity between 34.3 and
35.8 PSU (Emery 2001). However, it is only the low DO
concentration of the SACW below 1.5 ml L™! between 300
and 500 m that can be observed near the Ghana reef. The
SACW can be seen mixing with the Antarctic Intermediate
Water (AAIM) at 550 m where salinity and DO concentra-
tions begin to increase.

Characteristics of reef sites and coral status
Area A

In Area A, off the northern Moroccan Atlantic coast, the
observed corals are located around 35° N, between 200 and
700 m depth (Fig. 3a). In this Area, three video transect
surveys were conducted at structures that potentially could
be coral reefs. Table 2 and Supplementary information ESM
2 provide, respectively, information on coral observations
and bathymetry of the surroundings of the coral mounds
including the position of the video transects. Three transects
showed remnants of coral reefs buried in the sediments and
with few visible coral skeletons (Table 2 and Supplementary
information ESM 2) and Fig. 4 presents examples of coral
observations from the transects. On the mound at station
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AS5-7,a430 m long transect was conducted at 692 to 700 m
depth uncovering soft bottom with coral skeletons occurring
in depressions. Bathymetry revealed several mounds indicat-
ing the presence of a silted large coral reef. A 400 m long
transect was conducted at A5-8 on the continental slope at
574 to 661 meters depth (Supplementary information ESM
2). The detailed bathymetry reveals a large reef area with
several visible mounds. The dense occurrence of rubble and
coral blocks with few signs of silting indicates that the reef
died relatively recent. The 400-meter-long transect carried
out at A5-9 spanned depths of 169 to 245 m on a shallow
mound characterized by bathymetric features suggesting
the presence of a submerged reef that is entirely covered
by sediment. The observations revealed a mixed sediment
setting consisting of gravel, bedrock and boulders, and 47%
soft sediment. Coral rubble and blocks that look old, gray
colored and corroded, are present at 213-243 meters depth.

Area B

In Area B, the observed corals were located between 21°N
and 20°N (Fig. 3b) at a depth between 400 m and 600 m. Six
video transect surveys were recorded on mounds that indi-
cating the presence of reefs (B6-1 to B6-5) (Supplementary
information ESM 3). At all mounds, “coral rubble” and/or
“coral blocks” were observed and live Lophelia coral were
found on three of these (Table 2; Supplementary informa-
tion ESM 3 and Figs. 4, 5, 6, 7). Further north the targeted
mounds were dead reefs with coral rubble scattered over
large areas, while lost fishing gear and trawl marks indicated
damage by trawling. On the mound at station B6-1, a 1200 m
long video transect was conducted covering depths from 526
to 590 m. Here, large areas of healthy and living L. perstusa
colonies were observed on a 70 m tall reef situated on the
side of a canyon (Figs. 3b, 4d, 5). At station B6-2, a 280 m
long video transect, was conducted on a 50 m tall and 350 m
long reef, situated at 538 to 573 m depth. This reef had only
a few scattered live L. pertusa colonies and large blocks of
dead corals dominating the summit of the reef (Figs. 4e, 6).
On the mound at station B6-3, a ~300 m long video tran-
sect was conducted at 453 to 540 m depth on a reef, that
consisted mainly of dead corals. Only a single small colony
of live L. pertusa was observed in an area with many coral
blocks (Figs. 4f, 7). On a small mound near the larger reef
at B6-3, at station B6-3B, a ~300 m long video transect was
conducted between 536 and 560 m depth (Fig. 7, Supple-
mentary information ESM 3; ESM 4). Some coral rubble
was observed but no live colonies. On the mound at B6-4 a
~300 m long transect was conducted between 503 and 569 m
depth, here large areas were covered with coral rubble and
no live colonies were found (Supplementary information
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EMS 3; ESM 4). At station B6-5 a transect was conducted
from 492 to 583 m depth on a mound that was partly covered
with a thick layer of coral rubble (Supplementary informa-
tion EMS 3; ESM 4).
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scale to the right. The water masses are: South Atlantic Central Water
(SACW), Eastern North Atlantic Central Water (ENACW), Mediter-
ranean Intermediate Water (MIW), and Antarctic Intermediate Waters
(AAIW)

Area C
The location of the Ghana reef site is shown in Fig. 2c.

The multibeam bathymetric mapping conducted in 2009
indicates that the reef is 70 m high and1400 m long and

@ Springer



29 Page 8 of 25 Marine Biology (2024) 171:29
a
7°00"W 6°00"W b | 17°300W 16°30'0"W 15°30'0"W 14°30'0"W
z ¢ uo, ,fuxm W z = :‘ g :
o =3
e - ‘ - e
3 Strait of Gibraltar 8 22°0'0"N 5 F22°0'0"N
1) Morocco
N
Cape Spartel &
< I3 *30'0" E A
21°30'0"N+
é? e £ ~ '§ § gE 885
o s s Morocco o
s *0'0" . - -
8 & N 2RO Mauritania
z < k. A.5-7€ o ‘:"
3 $ éf o 20°30'0"N B6-3B@B6-3
o 58 ¥ I3 E
. . & * g8 8§58
Area A 20°0'0"N- %
&P Area B
L ks
7°00"W O s w »
C 19°30'0"N-
H 209 3°0'0"W 2°30'0"W $Ekes-18
s m = 45
2313 Y |Z 17°30'0"W 16°30'0"W T -8 -
c-219 8
A
00, Legend
60p
I ) o Coral sampling stations
X
T > z @ Dead Lophelia
g S % Live Lophelia
w w
Isobaths (m)
Area C
z 200 1, =
5 0 15 30 60 05, o
8 — — 1 %, 3
- - T ¥ -
3°30'0"W 3°0'0"W 2°30'0"W
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the Ghana reef at the Ghana-Ivory coast. Red dot: Reef with no live coral colonies. Blue stars: Reefs with live colonies

Table2 Depth (m) range of Lophelia occurrences at the 12 video
transects conducted on mounds and coral reefs of West Africa in

areas A, B and C by RV-DFN. Coral presence is listed as the depth

range of Dead coral (rubble and blocks), Dead blocks, Live colony
cover. less than 5%, 5 to 20%, and more than 20%

Area Station Dead coral Dead blocks Live <5% Live Live >20% Trawl marks Fishing gear Reef status
5-20%

AS5-7 692-700 X Dead

A A5-8 574-661 580-583 X Dead
A5-9 213-243 213-228 X X Dead
Bo6-1B 515-597 559-597 538-562 Healthy
B6-2 535-576 525-536 X Poor

B B6-3 454-536 457-511 469-515 X X Poor
B6-3B 538-554 X X Dead
B6-4 505-585 X X Dead
B6-5 490-577 519-556 X Dead
219 385423 385423 385403 Poor

C 312 374442 374-428 374-428 375-377 Healthy
313 373-402 373-393 373-375 375-374 Healthy

The occurrence of trawl marks and fishing gear at the stations is marked with x. Reef status is indicated as: Dead: only coral skeleton present,
Poor: live corals covering < 5% in any area along the transect, Healthy: areas with a coral cover off > 20%
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Fig.4 Photos from the video transect surveys conducted on coral
reefs, for positions of transects see Table 1 and Supplementary EMS
1-3. From Area A: a. At A5-7 coral rubble on top of a mound (black
arrow) was buried under soft sediment. b. At A5-8 a thick carpet of
coral rubbles and blocks indicating an old reef. ¢. At A5-9 at a reef
almost totally covered by sediment with coral blocks and debris.
From Area B: d. At B6-1 photo from an area with > 30 % cover of
live L. pertusa colonies from a 70 m tall and healthy reef with a rich
fauna. e. At B6-2 a thick cover of coral skeletons and blocks was pre-

around 250 m wide at the base. In this Area C, a large and
healthy reef was located on the outer shelf on the eastern
side of a canyon to the right side (Figs. 4g—i, 8). This 70 m
high and 1400 m long reef is curve-shaped and located at
400 m depth. All three video transect surveys (219, 312,
and 313) that were conducted on the reef showed the pres-
ence of healthy and live corals from 375 to 428 meters
depth (Table 2).

sent together with a few live colonies of L. pertusa. f. At B6-3 a small
colony of live L. pertusa was found on a dead coral block (see also
Fig. 5, 6, 7). At B6-3B, B6-4 and B6-5 dead reefs with coral rubble
was observed (see Supplementary information EMS 4). From Area C
at the large Ghana reef live L. pertusa colonies and a rich associated
fauna was observed: g. from station 219. h. station 312 at the sumit
of the reef. i. at station 313 (see Fig. 8 for details on video transect
surveys)

Physical and chemical environment of the water
column in the NW Africa reef sites

Area A
In Area A temperature, salinity, DO, chlorophyll a flu-

orescence (Chl a), pH and aragonite saturation (QAr)
decreased from surface to bottom, while total dissolved
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Fig.5 In Area B the video transect survey at station B6-1 revealed a indicating depth). Below: the depth profile of the transect with the
70 m tall live and healthy Lophelia reef. Above: the position of the presence of Lophelia along the transect
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Fig.6 In Area B the video transect survey at station B6-2 showed depth. Below: the depth profile of the transect with the presence of
a reef with a few live corals. Above: the position of the transect is Lophelia. Dashed line: no corals observed. Only a few colonies of
marked as a white line on a 3D bathymetry map colors indicating live corals were observed, for details see Fig. 4
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Fig.7 In Area B the video transect surveys at station B6-3 covered
two reefs. Above: the position of the transects is marked as a white
line on a 3D bathymetry map with colors indicating depth, B6-3 to

inorganic carbon (DIC) and nitrate (NOj;) increased
(Figs. 9a—d; 10). This is likely caused by a gradually
decreasing influence by the ENACW as it mixes with the
MIW. In the upper 200 m, the warmest and most saline
water was found mid-section at about 34.8 N, where the
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Distance (m)

the right and B6-3B to the left. Below: The depth profile of transect
B6-3 with the presence of Lophelia along the transect. Only a small
colony of live coral was observed at B6-3, for details see Fig. 4

bottom shoals (Fig. 10a, b). At this point, the DO, DIC,
QAr and NO; have lower concentrations than the sur-
rounding water and further decreased with depth (Fig. 10c,
e, f—h). The lowest DO, observed close to the seabed at
the seabed at the northernmost station, was below 3.9
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Fig.8 The Lophelia reef on the Ghanian shelf in Area C. a. The posi-
tion of the 70 m high and 1400 m long reef. The reef is curved and is
located at 400 m depth on the continental slope off Ghana (colours

ml L. Here, we also found the highest NO; concentra-
tions (>17 umol/L, Fig. 10h), suggesting the influence of
MIW. DIC in the bottom is high over the whole section
(>2170 pmol/kg) and increases towards the south to maxi-
mum values near 2200 umol/kg (Fig. 10g), while pH and
QAr decreased going south with minimum values of 7.93
and 1.65, respectively (Fig. 10e, f).

indicates depth in meters). b. Shaded relief showing the position of
three video transect surveys with station number

Area B

The surface layer in Area B is ventilated by the Maurita-
nia Current and consists of relatively warm (15-22 °C) and
salty (35.6-36.4 PSU) waters with a high DO concentration
(4-6.8 ml L'l) (Figs. 9e, f, 11a, b, f). Below the surface layer
(~50m), the DO decreased considerably (minimum ~0.5 ml
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Fig.9 Vertical profiles in the upper 800 m of, temperature (°C), prac-
tical salinity (Salinity, psu), dissolved oxygen (DO, ml L_l), and chlo-
rophyll a fluorescence (Chl a, mg m~3) for the three areas A to C. The

L"), as well as the temperature (<15°C). Salinity dropped
slightly to ~35 PSU. A poorly ventilated upper thermocline
was clearly visible between 450 and 600m depth (Figs. 9,
11a), that is occupied by relatively old South Atlantic Cen-
tral Water (SACW). This is also the location of the observed
coral reefs where the along-slope vertical distributions show
relatively low DO (<1.5 ml LY (Figs. 9, 11c). At the reef
locations temperature is between 8 and 10 °C, the pH is very
low, QAr values are near dissolution (~1), and coincide with
high DIC (>2200 pmol/kg) and high NO; (Fig. 11e-h).
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depth interval indicated with a gray shade is the depth zone where
coral reefs were observed in the study areas

Area C

In Area C, the temperature and salinity distribution in the
upper 800 m is presented in Figs. 91, j and 12a, b. The upper
40 m of the water column from coast to offshore was rela-
tively warm (>15°C), fresh, and salty (30.6-36.1 PSU) and
DO concentrations ranging between 2 and 6 ml L™! (Fig. 9k)
and highest Chl a observed in all areas (Fig. 91). A shallow
thermocline at ~50 m separated cooler and low DO water
from this upper layer. Below, the cooler (<15°C), salty (~35



Marine Biology (2024) 171:29

Page150f25 29

Temperature [°C]

344N 34.6°N 34.8°N 3I5°N ISTN

C Dissolved Oxygen [mi/L]

Area A (N-S along reef stations)

Salinity [PSU]

JEN HEN MEN ISN IS2N

d Chla (mgm3)

DIC umol/kg]

344N 34.6'N 348N 3I5°N 82N

Fig. 10 Water column properties on reef sites from north to south in
area A. a. Temperature (°C), b. Salinity (psu), c. Dissolved oxygen
(DO, ml L71), d. chlorophyll a fluorescence (Chl a, mg m~3), e. pH

PSU), and low DO waters (minimum ~1.1 ml L") char-
acteristic of the SACW dominates the water column. The
SACW that is most visible between 200 and 600 m depth
extends offshore and has low pH, and QAr values near or
at dissolution concentration (<1), and high DIC and NO,

344N 34.6°N 348N ISN ISN

h Nitrate [umol/L]
o

344N 34.6°N 34.8°N 35N ISTN

on total scale (pHT), f. aragonite saturation (QAr), g. total dissolved
inorganic carbon (DIC, pmol kg_l) and h. nitrate (umol L

concentrations (Fig. 12) that are especially visible on the
slope between 300 and 400 m in 4.7 N and 4.8 N (Fig. 12f).

Interestingly, the observed coral reef occurs in the area
with the lowest DO (Fig. 12d), pH (Fig. 12e), and QAr
(Fig. 12f), and the highest DIC (Fig. 12g) (i.e., high CO,,

@ Springer



29 Page 16 of 25

Marine Biology (2024) 171:29

Area B

Temperature [°C]
o 25

1.65W 178w

C Dissolved Oxygen [ml/I] X

200
300
400
500
600
”rw 17.ew 17.5w 17ew
DIC {umol/kg]
g 0 0 2250
100
200
-~
&
300
§
2 400
500
600
1”rw 17.6'W 17.5'W 174'W

Fig. 11 Water column properties on reef sites from coast to offshore
(east to west) in area B. a. temperature (°C), b. salinity (psu), ¢. dis-
solved oxygen (DO, ml L™!) d. chlorophyll a fluorescence (Chl a,

low pH) values (Fig. 9 i-1, grey shaded area). The water sub-
sequently cools to <5°C from 600 m and below, a signature
of the Antarctic Intermediate Water (AAIW). This water
mass contains more DO and NO;, and higher pH values
than in SACW, but still, the QAr concentrations are at the
minimum and are undersaturated (<1) (Fig. 12d).
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Environmental parameters at coral sites

There is a clear contrast between the carbonate chemistry
including the aragonite saturation in Area A and B. In gen-
eral, the environmental settings in Area A appeared to be
more favorable to aragonite-forming corals than Area B. In



Marine Biology (2024) 171:29

Page170f25 29

Area C

a Temperature ['C)

i SR s—

130
25
20
15
10
5
6
5
4
3
2
1

(8]
]

79
18
7

K
E
s i
L
N 4N N
c Dissolved Oxygen [mi1]

Ocean Data View / DAVA

e PHT in situ

Depth [m]

4TN 48N 4N SN
DIC(P,T,ALK,pH) [umol/kg]
T 7250

I
}
L
Inoo
I
¥
L

2150

Fig. 12 Water column properties on reef sites from coast to offshore
(east to west) in area C. a. temperature (°C), b. salinity (psu), c¢. dis-
solved oxygen (ml L7!), d. chlorophyll a fluorescence (Chl a, mg

Area A the DO concentrations are relatively high (>3 ml
L~!) and DIC and CO, are at moderate concentrations and
QAr is relatively high (Table 3). In Area B DO concentra-
tions are low and between 1.30 and 1.65 ml L™, the DIC
concentrations are among the highest in the study with a
mean value of >2230 umol/kg. Below 400m, QAr is under-
saturated (<1) favoring the dissolution of the aragonite
mineral (Fig. 16f). The mean values for the total alkalinity

b Salinity [PSU]
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m™), e. pHT, f. aragonite saturation (QAr), g. total dissolved inor-
ganic carbon (DIC, umol kg™") and h. nitrate (umol L)

(AT) were similar in Area A and B, 2340 and 2320 pmol/kg,
respectively. Since the mean values for AT are similar, we
suggest that it is the higher DIC concentrations that result in
the low QAr at Area B. This means that there are likely other
causes for the non-living reefs on both sites than existing
environmental conditions. This is also confirmed when com-
paring environmental conditions between B and C, where
the environmental conditions are similar. In both areas,
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healthy coral reef sites are located in the SACW, with the
lowest DO concentrations, a QAr close to or at dissolution
concentrations (QAr < 1), high DIC values (>2230 umol/
kg) and to AT (2330 umol/kg, Table 3).

On a more local scale, the reefs with live Lophelia in
Areas B and C were situated with their summit in the lower
part of the oxygen minimum zone where the DO concentra-
tion start to increase with depth. Here the oxygen minimum
zone stretched from 100 to 500 m with a slowly increasing
DO concentration below 500 m (Figs. 9, 10, 11). The same
feature was observed for the QAr which was lowest in the
low oxygen zone, particularly evident in area B. The low
DO concentration in this water mass coincides with a high
concentration of DIC, nitrate and phosphate, suggesting a
large influence from the decomposition of organic matter
into CO, and nutrients (Figs. 9, 10, 11, 12).

In general, the oxygen minimum zone (OMZ) is related
to the SACW which is an old water mass that makes lit-
tle contact with the atmosphere, where accumulation and
decomposition of organic matter result in low DO, high
DIC and inorganic nutrients. During the composition of
organic matter, oxygen is consumed and inorganic carbon
(DIC, CO,) and nutrients (e.g. nitrate) are produced lead-
ing to low DO and high DIC concentrations. As a con-
sequence, the OMZ contains the lowest QAr concentra-
tions and in Area C and B undersaturation with regard to
aragonite is found below 400 m (Figs. 11f; 12f). The high
particle load in these areas was confirmed by the video
observations at the sites with live corals in Area B (reef
B6-1 and B6-2) where large quantities of marine snow
were observed (Supplementary information ESM 5). A
reef positioned in the lower realm of the OMZ may benefit
from plenty of food particles while at the same time avoid-
ing the lower DO concentrations and higher temperatures
at shallower depths. The Ghana reef in Area C was situated
in a similar setting and in both Area B and C the healthy
reefs were on the shelf slope break on the side of a canyon.
It is also clear from ship and satellite data of Chl a as well
as primary production (PP) data, that PP in upper water
column was high at Area B and C (Figs. 11d, 12d, 14b, d).
PP is seasonal and depends on the upwelling conditions
along the coast (Fig. 13). Those sites are upwelling regions
which are sites of high primary production, which may
enhance the production in higher trophic concentrations
and high vertical carbon transport to underlying water.

Primary production and potential food supply
to corals based on satellite data

Area A

In Area A satellite data shows warm surface waters dur-
ing July-September and a sea surface temperature anomaly

@ Springer

(SSTA) exceeding 3°C (Fig. 13a), surface winds are mainly
northerly (Fig. 13a) and surface currents predominantly
westward (Fig. 13c). This indicates possible remote forcing
of the surface currents. The surface waters are most produc-
tive during summer, and off the coast of Morocco, primary
production (PP) can exceed 400 g C m~2 day™! (Fig. 13c).
During November-January the surface waters in Area A are
cool with the winds becoming easterly and relatively weak
offshore (Fig. 13b), meanwhile the surface currents are pre-
dominantly eastward, and the surface waters become less
productive (Fig. 13d).

Area B

In Area B, the seasonal changes in surface oceanography are
generally similar to those in Area A. The main difference
between the two regions is that the winds and surface currents
are stronger in Area B than in Area A leading to a higher pri-
mary production during summer (Fig. 13c).

Area C

In Area C the seasonal pattern of SSTA is opposite to pat-
terns observed in Areas A and B. During boreal summer it
experiences surface temperatures that could go 3 °C lower
than the seasonal average (Fig. 13a). This low SSTA is pri-
marily caused by wind-driven upwelling that brings cooler
bottom waters to the surface and increases primary production
especially off the coasts of Ivory Coast and Ghana (Fig. 13c)
(Wiafe and Nyadjro 2015). Winds during this time are south-
westerly (Fig. 13a) and the surface Guinea Current is eastward
(Fig. 13c). However, during boreal winter, the surface waters
in Area C are anomalously warm and the winds are northeast-
erly (Fig. 13b), while the Guinea Current is westward, and the
region is less productive (Fig. 13d).

Discussion
Contrasting reef conditions and vulnerability

To obtain knowledge on the physiological ranges and
adaptive capacity of Lophelia reefs we compared the
health status and environmental conditions of the coral
reef sites on the Mauritania-Morocco and Ghana/Ivory
coast and shelf/slope with information from other known
reefs. In table 3, the health status of coral reefs from our
study is listed together with the ocean chemistry informa-
tion from reef areas in other regions.

Norway is one of the North Atlantic countries with the
most occurrences of Lophelia reefs. In Fig. 14 we present
the relation between coral health, temperature, and DO
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concentration. Norwegian reefs are in areas with DIC and
AT conditions resulting in relatively high QAr between
1.7 and 2 (Table 3), and DO of about 5 ml L™! (Fig. 14).
The largest contrast between Norwegian and West African
reefs concerning the carbonate chemistry is observed in
the DIC and QAr. In Areas B and C, the DIC mean values
reached 2260 umol/kg, nearly 100 umolkg™") higher than
is considered to be the threshold for healthy reefs (Flogel
et al. 2014; DIC of <2170 pmol/kg). High DIC values
(2200 umol/kg) were found on wall reefs in Norwegian
fjords and are considered to be sentinels for future climate
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mary production (gCm~2 day-1; color shading) and surface currents
(ms~!; vectors) for the same seasons. Pink stars mark the location of
the reefs on the coast off Ghana/ Ivory Coast

change (Juva et al., 2021). This suggests that the reef in
Ghana may have some adaptive capacity, which has also
been indicated for Lophelia reefs in the Mediterranean
(Maier et al. 2013).

Before the present study, reefs off Mauritania were
reported to be in a dormant state with only sporadic
occurrences of live corals and at oxygen concentrations of
1.1-1.4 mL L™! (Wienberg et al. 2018), which are similar
concentrations to our study. The few live colonies present
in the area were viewed as part of a re-colonization of
old and long-dead coral mounds. Based on paleo studies,
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Table 3 Health status and depth of coral reefs listed together with the mean for ocean chemistry measurements conducted at depth relevant for
reef sites in Area A, B, and C (data sources are listed in Supplementary information ESM 1)

Area/Station Reef Reef Depth Temp. Oxygen QAr pHT AT DIC pCO2 NO3 PO4
status depth m °C ml/l umol/’kg pmol/kg patm  pmol/l umol/l
Area A
5-7 Dead 700-692 679 11.08 3.87 1.63  7.938 2340 2175 496 17.09  1.02
696 11.10 3.89 1.66  7.940 2346 2182 497 17.52  1.05
5-8 Dead 661-574 574 11.34 4.01 1.66 7943 2346 2174 487 15.53  0.96
675 11.49 4.09 1.75  7.954 2348 2181 492 16.99
5-9 Dead 241-213 169 15.34 4.67 239 8.016 2373 2148 432 555 042
245 15.47 4.71 240 8.019 2378 2151 436 577 042
Area B
6-1B Healthy 562-538 486 9.66 1.48
Poor 597-559 597 9.96 1.52
6-2 Poor 536-525 520 9.95 1.38
581 10.45 1.48
6-3 Poor 515-469 452-542 9.68 1.31 1.04 7.740 2317 2236 812 30.88 1.81
6-3B Dead 577-490 533-551 10.53 1.51 1.12  7.746 2324 2236 841 3220 1.87
64 Dead 585-505 503 10.30 1.34
575 11.02 1.46
6-5 Dead 577-490 489 10.12 1.64 1.10 7.761 2321 2230 781 2841 1.69
583 10.20 1.65 1.20 7.764 2328 2232 801 30.79  1.89
Area C
219 Poor 403-485 385 9.54 1.47 1.00 7.724 2305 2230 830 33.34  2.08
423 9.76 1.53 1.04  7.736 2313 2238 879 34.08 2.10
312 Healthy 428-374 375 9.47 1.47 1.00 7.724 2305 2230 830 33.34  2.08
442 9.76 1.55 1.04  7.736 2313 2238 879 34.08 2.10
313 Healthy 375-373 373 9.70 1.47 1.00 7.724 2305 2230 830 33.34  2.08
402 9.76 1.48 1.04  7.736 2313 2238 879 34.08 2.10
Norway
Hola (1) Healthy 260 6.70 1.72  8.01 2314 2135 364 377 048
8.18 191 8.07 2332 2162 419 11.69 0.73
Wall (2) Healthy 80 -220 7.51 4.96 1.5 7.944 2300 2136 374 8.64 0.67
12.2 5.81 1.98 8.063 2330 2187 501 11.61 0.96
Banks (2) Healthy  190-220 7.53 5.07 1.56  7.968 2317 2135 356 1040 0.69
8.35 5.75 2.01 8.081 2343 2192 506 11.37  0.89
Mauritania (3) Healthy 596-560 10.0-12.0 1.1-1.4
Namibia (4) Dead 260-160 11.8-13.2 0-0.15 8.010
Angola (4) Healthy 473-331 7.8-11.1 0.6-1.1 8.120
Poor 260-250 11.1-14.1 0.7-0.9
Gulf of Mexico (5) Healthy  600-500 6.6-11.6 2.7-2.8

Reef status: “Dead” no observations of live colonies, “Poor” only few live colonies. and “Healthy” larger areas with live colonies. For comparison
the lower part of the table includes information from Lophelia reefs in Norway, other regions off west Africa and the Gulf of Mexico with reported
reef status and ocean chemistry measurements from literature. Sources are: (1) Jarnegren and Kutti (2014), (2) Juva et al. (2021), (3) Phaeton

report (2012), (4) Hanz et al. (2019), (5) Matos (2017)

Wienberg et al. (2018) and Tamborrino et al. (2019) This contrasts with our documentation of healthy reefs
hypothesized that regional changes in water column struc-  occurring under hypoxic conditions off Mauritania which
ture during the last ~20,000 years had caused a collapse of ~ agrees with reports from African reefs by Buhl-Mortensen
these L. pertusa dominated ecosystems due to decreasing et al (2017) and Hanz et al. (2019). The latter found that L.
DO concentrations, an explanation that was supported by

Portilho-Ramos et al. (2022).
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Fig. 14 Plot of the temperature
and oxygen setting in Lophelia
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pertusa could thrive in hypoxic and rather warm waters in
the NE Atlantic off Angola. Hebbeln et al. (2020) stated
that reefs appear to thrive at DO concentrations of 1 ml
L~! and at temperatures up to 14.2 °C and the authors
speculate that the negative effects of hypoxia and high
temperature could be compensated for by enhanced food
supply. This theory seems to be at odds with the general
observation that increased feeding will increase respira-
tion rate (Maier et al. 2013) and thus the oxygen demand.
In addition, an increased load of organic particles will
demand more mucus production to clean the coral which
in turn would increase respiration and oxygen demand
(Buhl-Mortensen et al. 2015a, b).

The relationship between reef health and environmental
conditions (Fig. 14) indicates that the tolerance window for
hypoxia is larger than for temperature. This supports the
view that L. pertusa as a species appears to have a high oxy-
gen tolerance, but individual populations could have limited
adaptive capabilities to cope with reductions (Dodds et al.
2007; Lunden et al. 2013). The tolerance to hypoxia could
be related to the relatively low respiration rate of cold water
Scleractinia (Buhl-Mortensen et al. 2007, Maier 2013).
Maier et al. (2013) and Hebbeln (2020) suggest that local
adaptation can affect tolerance to environmental stressors

and highlights the need to compare reefs in contrasting
settings.

Environmental conditions and age and growth of reefs

Both the Mauritanian and Ghanaian reefs are of substantial
size and occurs in a region where the conditions during the
last ice age allowed for continued growth. Reefs off Nor-
way have been aged using radiocarbon and Uranium/Tho-
rium techniques (Mikkelsen et al.1982; Mortensen 2000;
Rokoengen and @stmo 1985), estimating a maximum age
of around 9000 years. The vertical extension of a 30 m high
and 9000-year-old reef indicates a reef growth of 3.3 mm
year'!. Applying this reef growth rate to the African reefs,
heights of 60 to 70 m, indicates continuous growth for at
least 20,000 years. This is in line with the U/Th-dating
of deep-water corals from seamounts off NW-Africa by
Schroder-Ritzrau et al. (2005) which showed that the cor-
als have had continuous growth over the last 53,000 years.
This does not support the hypothesis that live colonies in the
region represent a re-colonization of old and dead reefs pro-
posed by Wienberg et al. (2018), Tamborrino et al. (2019)
and Portilho-Ramos et al. (2022). On the Norwegian shelf,
the main temperatures in areas where thriving old reefs are
located range from 4 to 12 °C. The temperature range of
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8.5-9 °C recorded at the African reef sites examined in this
study falls within this established range. Therefore, dispari-
ties in temperature are unlikely to account for the observed
variations in size. Furthermore, reefs in both areas occur in
highly productive upwelling settings with a good food sup-
ply. There is, however, a possibility that the reef growth was
interrupted at some stage during the Holocene transgres-
sion or the Holocene itself. Ayers and Pilkey (1981) have
dated some coral samples from the Florida—Hatteras slope
and inner Blake Plateau, in the Western Atlantic. Their dead
coral samples ranged in age from 5000 to 44,000 years old.
The much younger age of Norwegian reefs reflects the strong
glacial influence (Mortensen 2000). Verification of reef age
will require the ageing of skeleton sampled by coring to
the base of the reef. Cores have been collected from reef
remnants in other areas of Africa but results on age have to
our knowledge not yet been published (Westphal et al. 2012
unpublished data).

Conclusions

Based on many studies from the North Atlantic the assumed
lower limit of oxygen tolerance of L. pertusa ranges around
a DO concentration of 2-3.7 ml L. However, the first large
and healthy reef off Atlantic Africa was found off Ghana
in the OMZ zone (Buhl-Mortensen et al. 2017). Our study
has shown that large and old thriving reefs occur off Africa
in areas with low oxygen concentrations. Clearly, this spe-
cies has a broad tolerance for oxygen concentrations at least
down to 1 ml L™, altering our view on oxygen demand for
L. pertusa .

The African reefs are much older than the northern coun-
terpart which clearly shows that low DO consentration, pH,
and low QAr are not hindering rich and healthy Lophelia
reefs, this is in line with the observations by Maier et al.
(2013) who found that Lophelia reefs in the Mediterranean
are not affected by or may be adapted to corrosive aragonite
conditions. However, studies show that calcifying organisms
can calcify at corrosive conditions but to an energetic cost
(Spalding et al. 2017).

The reefs in the OMZ co-occur with a rich load of organic
particles and are probably more than double the age of
northern reefs. The OMZ reefs will trap a lot of sediment
during their growth. Likely both growth and aging patterns
differ from the northern reefs as do tolerances to environ-
mental stressors: e.g., lower oxygen, pH, QAr, industrial
activities resulting in physical damage and increased silt-
ing. Even though climatic changes causing a decrease in
oxygenation might not be a serious threat to Lophelia reefs
in general, in already hypoxic settings this might be differ-
ent. Even if smaller decreases in DO alone might not pose a
serious threat to Lophelia reefs, they must be considered in

@ Springer

concert with other changing environmental parameters that
might form additional stressors such as increased tempera-
ture and physical pressure from silting and crushing related
to industrial activities such as fisheries. The dead or almost
dead reefs we observed in Area B near an old healthy and
large reef had signs of physical damage that can be attributed
to trawling.

Our findings highlight the importance of continued
studies of Lophelia reefs in contrasting environmental
conditions to improve our understanding of their resilience
and adaptation potential in relation to climate change,
ocean acidification, and other stressors.
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