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Habitat suitability and potential range shifts under projected
climate change in two temperate octocorals using species
distribution modelling
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Understanding how animals and plants are distributed in space and how projected changes
in climate and the environment may affect the future distribution of a species are key
questions in ecology. Species distribution models (SDMs) have a become a valuable tool to
investigate such questions and are widely used in both terrestrial and marine species. In
this study, SDMs were constructed for two shallow-water temperate octocoral species, the
pink sea fan (Eunicella verrucosa) and dead man’s fingers (Alcyonium digitatum), to
investigate and compare habitat preferences and suitability across the study area, defined
from the Bay of Biscay to the British Isles and southern Norway. The SDMs showed that
bathymetry, slope and minimum sea bottom temperatures were key drivers of present-day
distribution in both species. In addition, wave orbital velocity and the proportion of rock
cover were identified as important predictors of present-day distribution in E. verrucosa
but not in A. digitatum, which suggests E. verrucosa prefers habitats with more rock cover
and adequate movements of ocean currents. The SDM built for E. verrucosa was re-run
with projected minimum bottom temperatures in 2050 and 2100 under the Representative
Concentration Pathway 4.5 scenario to test whether its northern range limit (south-west
England and Wales and north-west Ireland) might expand in the future. This analysis
showed that some areas, for example in the eastern English Channel beyond Swanage and
in the Irish Sea beyond Pembrokeshire, that are currently uninhabited may become more
suitable over the next century if bottom temperatures in the study area increase.
Importantly, the results from this study highlight areas of very high habitat suitability
which, combined with knowledge on population density, could inform targeted
conservation efforts to protect and ensure the long-term survival of priority areas.
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13 Abstract

14 Understanding how animals and plants are distributed in space and how projected changes in 

15 climate and the environment may affect the future distribution of a species are key questions in 

16 ecology. Species distribution models (SDMs) have a become a valuable tool to investigate such 

17 questions and are widely used in both terrestrial and marine species. In this study, SDMs were 

18 constructed for two shallow-water temperate octocoral species, the pink sea fan (Eunicella 

19 verrucosa) and dead man’s fingers (Alcyonium digitatum), to investigate and compare habitat 

20 preferences and suitability across the study area, defined from the Bay of Biscay to the British 

21 Isles and southern Norway. The SDMs showed that bathymetry, slope and minimum sea bottom 

22 temperatures were key drivers of present-day distribution in both species. In addition, wave 

23 orbital velocity and the proportion of rock cover were identified as important predictors of 

24 present-day distribution in E. verrucosa but not in A. digitatum, which suggests E. verrucosa 

25 prefers habitats with more rock cover and adequate movements of ocean currents. The SDM 

26 built for E. verrucosa was re-run with projected minimum bottom temperatures in 2050 and 2100 

27 under the Representative Concentration Pathway 4.5 scenario to test whether its northern range 

28 limit (south-west England and Wales and north-west Ireland) might expand in the future. This 

29 analysis showed that some areas, for example in the eastern English Channel beyond Swanage 

30 and in the Irish Sea beyond Pembrokeshire, that are currently uninhabited may become more 

31 suitable over the next century if bottom temperatures in the study area increase. Importantly, the 

32 results from this study highlight areas of very high habitat suitability which, combined with 

33 knowledge on population density, could inform targeted conservation efforts to protect and 

34 ensure the long-term survival of priority areas.     
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35 Introduction

36 Species distribution models (SDMs), also known as ecological (or environmental) niche models 

37 (ENMs), are a class of predictive models that seek to explain how animals and plants are 

38 distributed in space and time (Guisan & Thuiller 2005). These models estimate the relative 

39 suitability of habitat in a geographical area for a particular species by using locations where a 

40 species is known to occur (presences), and in some models not occur (absences or pseudo-

41 absences), and a suite of predictor variables that represent the terrain and environmental 

42 conditions of the study area (Elith & Leathwick 2009). SDMs have become a frequently used 

43 tool to address questions such as: what are the main ecological drivers that determine the range 

44 of a species?; what are the levels of habitat suitability in areas currently outside the known range 

45 of a species?; and how will projected changes in climate and the environment affect the future 

46 habitat suitability of a species? (Warren & Seifert 2011). From a conservation management 

47 perspective, the ability of SDMs to provide insights on these questions has led to SDMs being 

48 considered in biodiversity assessments; some of these include: identifying priority areas for 

49 restoration and/or protection; detecting and/or monitoring pathways for invasive species; and 

50 forecasting the effects of climate change on biodiversity (Araújo et al. 2019). SDMs can, 

51 however, be sensitive to the input data and to the methodology and parameters used to build the 

52 models, which means it is important to assess the accuracy and reliability of model predictions, 

53 particularly if they are to be applied in a conservation management setting (Sofaer et al. 2019). In 

54 recent times, a number of studies have been published to address these concerns which provide a 

55 set of guidelines for assembling robust SDMs to address various study objectives (Araújo et al. 

56 2019; Feng et al. 2019; Sillero & Barbosa 2020). 

57
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58 SDMs have been used to investigate global habitat suitability of cold-water octocorals (Yesson et 

59 al. 2012) and regional habitat suitability in one or a few temperate and deep-water species (Tong 

60 et al. 2013; Lauria et al. 2017; Burgos et al. 2020; Georgian et al. 2020; Morato et al. 2020). 

61 These studies have revealed novel findings about which terrain and environmental factors are the 

62 most important for determining habitat suitability in the octocoral species studied and how future 

63 suitability might be affected by projected changes in climate and the environment. Such a study, 

64 however, has yet to be applied to the pink sea fan (Eunicella verrucosa) and dead man’s fingers 

65 (Alcyonium digitatum), two temperate octocoral species that are found in the north-east Atlantic. 

66 These two species are both sessile, need substrate on which to attach to, require moderate-strong 

67 water movement, and are typically recorded in coastal shallow-waters 1-50m depth (Budd 2008; 

68 Readman & Hiscock 2017). Eunicella verrucosa is a colonial gorgonian and is found from the 

69 western Mediterranean and north-east Africa (southern range) to south-west England and Wales 

70 and north-west Ireland (northern range). The species is considered ‘vulnerable’ by the IUCN Red 

71 List, and it is listed as a species of principal importance in England and Wales under the NERC 

72 Act 2006, which is reflective of its national rarity and its ecological importance as a valuable 

73 habitat provider for other benthic species, particularly when colonies form gorgonian ‘forests’ 

74 (Pikesley et al. 2016; Ponti et al. 2018; Chimienti 2020). Alcyonium digitatum, on the other hand, 

75 is a colonial soft coral and is found from Portugal (southern range) to parts of Norway and 

76 Iceland (northern range). In comparison to E. verrucosa, whose northern range is limited to 

77 Donegal Bay–Aghros Point in north-west Ireland, Pembrokeshire in south-west Wales and off-

78 Swanage in southern England, A. digitatum is ubiquitous along all British and Irish coasts (Fig. 

79 1). This presents an interesting opportunity to explore the ecological drivers that limit the 

80 distribution of E. verrucosa, but not A. digitatum, across Britain and Ireland.
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81

82 The first aim in this study, therefore, was to explore which terrain and environmental variables 

83 are the most important predictors of present-distribution in E. verrucosa across its northern range 

84 and in A. digitatum across its middle-northern range. The second aim was to assess habitat 

85 suitability across this spatial extent in both species and potentially identify areas of suitable 

86 habitat that are currently not known to be inhabited. The final aim was to test whether habitat 

87 north of the northern range limit of E. verrucosa will become more suitable in 2050 and 2100 

88 based on projected changes in sea bottom temperatures.

89

90
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91 Materials and methods

92 Study area

93 The study area covered all seas in north-west Europe from the Bay of Biscay to the British Isles 

94 and southern Norway (Fig. 1). This area captures the northern range of the present-day 

95 distribution of E. verrucosa and the middle-northern range of the present-day distribution of A. 

96 digitatum in the north-east Atlantic Ocean.     

97

98 Figure 1: Present-day distribution of the pink sea fan (Eunicella verrucosa) and dead man’s 

99 fingers (Alcyonium digitatum) across the study area. This area represents the northern range of E. 

100 verrucosa and the middle-northern range of A. digitatum in the north-east Atlantic Ocean. 

101 Presence records were extracted from the Global Biodiversity Information Facility data (GBIF) 

102 portal on 4th August 2021 (presence data were not available for the Faroe Islands on the GBIF 

103 portal but anecdotal evidence supports the presence of A. digitatum in the coastal waters of these 

104 islands). Image credits: Jamie R. Stevens.

105

106 Presence records

107 Presence-only records for both species were obtained from the Global Biodiversity Information 

108 Facility (GBIF) data portal (accessed on 4th August 2021). The gbif() function from the package 

109 dismo v1.3-3 (Hijmans et al. 2020) was used in R v4.1.0 (R Core Team 2021) to extract records 

110 for each species within a predefined geographic extent (longitude: -16.0, 9.0, latitude: 44.5, 

111 62.75). Records were removed if they had missing data for longitude, latitude or institution code, 

112 or identifications prior to 1990. Remaining records were used to visualise the present-day 

PeerJ reviewing PDF | (2021:08:64520:0:0:NEW 13 Sep 2021)

Manuscript to be reviewed

andrewdavies
Comment on Text
Is this credit needed given JR Stevens is an author on the manuiscript?

andrewdavies
Comment on Text
Why GBIF? GBIF does not have the most up to date marine records and there are far better databases out there. You mentioned in your introduction about the standards that are appearing in the literature, and having the "best" available presence information is absolutely critical. You should be querying multiple databases, including OBIS and also exploring (un)published records from other sources that are often out there but not reported in GBIF, OBIS or other large data aggregation service. As of right now, the presence records do not represent the "best available" dataset.

Why did you remove identifications prior to 1990? Have the species undergone taxonomic re-evaluation since then? A line of justification would help.

The spatial thinning to cell scales is appropriate, but as far as I can tell, you did not include any metric of abundance, so you did not assess population density  as expressed in the abstract, so that must be removed.



113 distribution of both species (Fig. 1). To mitigate potential effects of survey bias among the 

114 presence records, only one point per raster cell was retained. For E. verrucosa this reduced the 

115 number of points from 2,778 to 318, while for A. digitatum this reduced the number of points 

116 from 15,807 to 1,940. Some of the raster predictor variables contained missing data at some 

117 points which reduced the final number of presence points to 273 for E. verrucosa and 1,527 for 

118 A. digitatum.   

PeerJ reviewing PDF | (2021:08:64520:0:0:NEW 13 Sep 2021)

Manuscript to be reviewed

andrewdavies
Comment on Text
There are many new ways to consider survey bias in the literature, why were these not used or considered?



119 Predictor variables

120 A set of terrain and environmental variables were used as candidate predictors of present-day 

121 distribution (Table 1; Fig. S1). These variables were chosen based on their potential links to the 

122 habitat requirements of octocoral species (Munro & Munro 2003; Yesson et al. 2012; Holland et 

123 al. 2017). Bathymetry (depth) and slope data were downloaded from MARSPEC through Bio-

124 ORACLE (Assis et al. 2018) using the R package sdmpredictors v0.2.9 (Bosch 2020). Minimum 

125 sea bottom temperature, minimum sea surface temperature, calcite concentration and pH were 

126 also downloaded from Bio-ORACLE using sdmpredictors. All raster data sets accessed through 

127 Bio-ORACLE had a resolution of 0.083 to 0.083 degrees and present-day data sets represent 

128 long-term averages between 2000 and 2014 (Assis et al. 2018). Rock cover, orbital velocity and 

129 tidal velocity were extracted from a data set assembled and published by the University of 

130 Strathclyde (Wilson et al. 2018). This data set covers (and is limited to) the north-west European 

131 continental shelf from the Bay of Biscay to the North Sea and the Faroe Islands at a resolution of 

132 0.125 by 0.125 degrees (Fig. S1). Due to the difference in resolution, these rasters were 

133 resampled to match the resolution of the Bio-ORACLE rasters using the resample() function 

134 from the R package raster v3.4-13 (Hijans 2021) using the bilinear interpolation method. 

135 Collinearity between all predictor variables was evaluated using correlation tests and the 

136 variance inflation factor. The vifcor() function from the R package usdm (Naimi et al. 2014) was 

137 run using all observations in each raster variable. One variable was removed if VIF values >10 or 

138 the correlation was >0.70. Sea surface temperature was very strongly correlated with sea bottom 

139 temperature (r = 0.97), therefore only the latter was retained. We anticipate that bottom 

140 temperature is more likely to be ecologically relevant for the adult phase of sessile octocoral 
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141 species, although sea surface temperature has been shown to affect the pelagic larval duration of 

142 a number of marine species (reviewed by Cowen & Sponaugle 2009). 

143

144 Climate projection layers were sourced from Bio-ORACLE for Representative Concentration 

145 Pathway (RCP) climate scenarios 4.5 and 8.5 for the years 2050 and 2100 (Assis et al. 2018). 

146 These layers were produced by averaging data from distinct atmosphere-ocean general 

147 circulation models provided by the Coupled Model Intercomparison Project Phase 5 (Assis et al. 

148 2018). RCP 4.5 represents a peak and decline (intermediate) scenario in greenhouse gas 

149 concentration levels ending in stabilisation, while RCP 8.5 represents a (worst-case) scenario of 

150 increasing emission over time leading to high greenhouse concentration levels. Projection layers 

151 were only available for sea temperatures, so future distributions in 2050 and 2100 were modelled 

152 based on projected values for minimum sea bottom temperature. 

153
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154 Background locations

155 Reliable absence data that detail accurately where a species is not found were not available for 

156 either octocoral species. Therefore, SDMs were constructed using presence-only data and 

157 ‘background’ locations in the study area. These types of models attempt to quantify statistical 

158 relationships between predictor variables at locations where a species has been observed versus 

159 randomly selected points within the study area where a species has not been found (pseudo-

160 absence points). For E. verrucosa, random selection of background points was constrained to the 

161 northern limit of its present-day distribution; this ensured that background points were not 

162 sampled from beyond the potential area where E. verrucosa are known to occur or potentially 

163 disperse to (Fig. S2). This was performed using the randomPoints() function from dismo using 

164 the rock cover raster as a mask. Initially, 6,000 points were randomly sampled which was 

165 reduced to a final number of 5,767 background points after filtering for missing data at some 

166 predictor variables. For A. digitatum, the same approach was applied except that the entire study 

167 area was used for randomly selecting background points (Fig. S2). Here, 6,000 points were 

168 reduced to a final number of 5,985 background points after filtering for missing data.

169

170 Maximum entropy modelling

171 Maximum entropy (Maxent), a machine learning algorithm, was used to build SDMs (Philips et 

172 al. 2006; Philips et al. 2017). Maxent models were fitted to the data using the ENMevaluate() 

173 function from the R package ENMeval v2.0.1 (Muscarella et al. 2014; Kass et al. 2021). This 

174 function builds SDMs iteratively across a range of user-defined tuning settings, enabling 

175 different models to be compared and the optimal model to be selected. The Maxent algorithm 

176 from dismo (maxent.jar v3.4.4) was used to construct the models. To assess model performance, 
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177 the location data were divided up into training and test sets using cross-validation, and metrics 

178 were calculated for each model. The ‘block’ spatial partition method was used for the division, 

179 which splits the presence points into four spatial groups of equal numbers (or as close as 

180 possible) that correspond to lines of latitude. The assignment of points into groups based on 

181 spatial rules attempts to mitigate spatial autocorrelation, which can overinflate model 

182 performance (Veloz 2009, Wenger & Olden 2012, Roberts et al. 2017), between points that are 

183 included in the training and validation sets. The Maxent algorithm allows the user to implement 

184 different types of models by specifying different combinations of feature classes and 

185 regularisation multipliers (Elith et al. 2011; Merow et al. 2013). The feature class determines the 

186 shape of the response curves, while the regularisation multiplier determines the penalty 

187 associated with adding more parameters to the model. For example, a linear feature class will 

188 likely result in a simpler model than a model that allows both linear, quadradic and hinge feature 

189 classes. Higher regularisation multipliers, on the other hand, impose a stronger penalty on model 

190 complexity and therefore result in smoother response curves and simpler models. 

191

192 In this study, a combination of feature classes (linear, quadratic and hinge) and regularisation 

193 multipliers (1-5) were implemented using Maxent. The area under the receiver operating 

194 characteristic curve (AUC) was calculated for each model and averaged across the test sets of a 

195 particular combination (AUCTEST) to assess the performance of each model to predict the species 

196 distribution. Values close to 1 indicate excellent predictive performance, while values of 0.5 

197 indicate that the model is no better than random. To select the model with the optimal fit to the 

198 data, both AICc and a sequential method that uses the cross-validation results were examined. 

199 The sequential method selects the model with the lowest average test omission rate and then the 
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200 highest AUCTEST if two or more models have the same omission rate. If these two methods 

201 disagreed over the optimal model, but the predictive power (AUCTEST) was very similar, the 

202 predictions of each model were inspected to inform selection of the optimal model. In addition, a 

203 null model was run and compared to the optimal model to test whether this (empirical) model 

204 differs from that of a null model. The null model was configured with the ENMnulls() function 

205 from ENMeval using the same withheld presence data and method of spatial partition as the 

206 optimal model, which enabled direct comparisons between the performance metrics of the null 

207 and the optimal model (Bohl et al. 2019; Kass et al. 2020). 

208

209 Once the optimal model was selected, the percent contribution and the permutation importance 

210 of each predictor variable was extracted from the results. The percent contribution is a measure 

211 of which variables are contributing to fitting the model during training of the Maxent model 

212 (Philips 2006). The permutation importance, on the other hand, is a measure of the final Maxent 

213 model in which values of a variable are randomly permuted among the training presence and 

214 background points and the resulting value of the training AUC is recorded; a large decrease in 

215 the training AUC suggests that the model is highly dependent on that particular variable (Philips 

216 2006). The predictions showing the probability of presence, interpreted here as areas of habitat 

217 suitability, were then extracted and visualised using functions from the R packages ENMeval and 

218 tmap v3.3-2 (Tennekes 2018). To predict future areas of habitat suitability based on projected 

219 minimum sea bottom temperatures, the present-day raster was substituted for each future raster 

220 layer and the optimal model was re-run. Future predictions of habitat suitability were then 

221 extracted for 2050 and 2100 and visualised using tmap.  

222
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223 Results

224 Model evaluation

225 The optimal model was selected based on the lowest AICc because the predictions for both 

226 species made more biological sense using the models derived from this metric compared to the 

227 sequential method. For E. verrucosa, the hinge feature class with a regularisation multiplier of 4 

228 was identified as the optimal model, with very high predictive power (AUCTEST = 0.965). For A. 

229 digitatum, the hinge feature class with a regularisation of multiplier of 1 was identified as the 

230 optimal model, also with very high predictive power (AUCTEST = 0.934). The average difference 

231 between the value for the AUC training set (AUCTRAIN) and the value for the AUCTEST was close 

232 to zero for E. verrucosa (AUCDIFF = 0.005) and A. digitatum (AUCDIFF = 0.022), indicating little 

233 evidence of overfitting in these models. In addition, comparison tests in both species showed that 

234 the AUCTEST of the optimal model was statistically different from a null model (E. verrucosa, p 

235 = 0.001; A. digitatum, p < 0.001). 

236

237 Contribution of predictor variables

238 The contribution of each predictor variable to the SDMs was assessed by visualising the percent 

239 contribution and the permutation importance (Fig. 2). Among the predictors, bathymetry showed 

240 high percent contribution and permutation importance for E. verrucosa (25.3% and 44.1%, 

241 respectively) and A. digitatum (54.4% and 64.4%, respectively). For E. verrucosa, orbital 

242 velocity made the second highest contribution to fitting the model followed by sea bottom 

243 temperature, slope, rock cover, pH and calcite concentration. For A. digitatum, sea bottom 
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244 temperature and slope were the only other predictors that noticeably contributed to fitting the 

245 model. In both species, tidal velocity contributed very little to predicting distribution. 

246

247 Figure 2: Contribution of each predictor variable to fitting the optimal model. Proportions for 

248 percent contribution and permutation importance are shown for the pink sea fan (Eunicella 

249 verrucosa) and dead man’s fingers (Alcyonium digitatum).

250

251
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252 Present-day predictions of habitat suitability

253 The probability of presence maps, interpreted here as a proxy for habitat suitability, mostly 

254 captured the distribution where both octocoral species are known to occur (Fig. 3 – see 

255 Supplementary Information for an interactive version of Figure 3). For E. verrucosa, for 

256 example, there are areas of high habitat suitability across north-west France and the Channel 

257 Islands, south-west England and Wales, and south-west and western Ireland. However, the SDM 

258 also predicted suitable habitat in the eastern England Channel, in northern Donegal in Ireland 

259 and in parts of western Scotland and the Outer Hebrides, all of which are not thought to harbour 

260 populations of E. verrucosa. For A. digitatum, areas of high habitat suitability were predicted 

261 across north-west and northern France, the Channel Islands, most of the British Isles, including 

262 the Shetland Islands and some offshore areas in the southern North Sea, and parts of southern 

263 Norway. The SDM also predicted suitable habitat in the Faroe Islands, despite no presence points 

264 from this location being used in training the model. In addition, compared to the present-day 

265 distribution of A. digitatum (Fig. 1), there was little support for habitat suitability in the central 

266 Celtic Sea. There was also a similar pattern with other coastal sites in the Netherlands, Germany, 

267 Denmark and Norway. When all probabilities are visualised, there is very low or zero probability 

268 of habitat suitability at these locations (Fig. S3).

269

270 Figure 3: Present-day maps of habitat suitability for the pink sea fan (Eunicella verrucosa) and 

271 dead man’s fingers (Alcyonium digitatum) based on Maxent species distribution models. 

272 Probability of presence is interpreted as a proxy for habitat suitability; only probabilities greater 

273 than 0.5 are shown (see Fig. S3 for maps with all probabilities).

274
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275 Future predictions of habitat suitability

276 Future predictions of habitat suitability for RCP 4.5 (intermediate scenario) based on projected 

277 sea bottom temperatures showed some different patterns to the present-day predictions for E. 

278 verrucosa (Fig. 4 – see Supplementary Information for an interactive version of Figure 4). In 

279 particular, there were two key differences from present-day to future scenarios. Firstly, the model 

280 predicted that a few areas in the southern Irish Sea become more suitable in 2050, the number of 

281 which increases from 2050 to 2100; these areas are located along the coasts of western Wales 

282 and north-east Ireland. Secondly, there is an increase in habitat suitability on both sides of the 

283 eastern English Channel, the number of which also increases from 2050 to 2100. No areas in the 

284 North Sea become suitable under this intermediate scenario; however, under RCP 8.5, the model 

285 predicted suitable habitat in parts of the North Sea (Fig. S4). 

286

287 Figure 4: Future predictions of habitat suitability for the pink sea fan (Eunicella verrucosa) 

288 based on a Maxent species distribution model. Future layers of sea bottom temperature were 

289 substituted for the present-day layer while all other layers used to originally train the model were 

290 kept; the model was then re-run to generate future predictions. Predictions for Representative 

291 Concentration Pathway (RCP) 4.5 are shown for 2050 and 2100. Probability of presence is 

292 interpreted as a proxy for habitat suitability; only probabilities greater than 0.5 are shown.

293

294
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295 Discussion

296 Habitat preferences

297 Bathymetry and slope explained a large component of the present-day species distribution of 

298 both E. verrucosa and A. digitatum (Fig. 2). This finding is not surprisingly since topography can 

299 influence a number of processes central to octocoral survival, including sedimentation, ocean 

300 currents and food availability (Yesson et al. 2012). Interestingly, wave orbital velocity and, 

301 though to a lesser extent, rock cover were notable predictors for E.  verrucosa but not for A. 

302 digitatum. This suggests that the ecological requirements of E. verrucosa may be more 

303 dependent on the availability of rock substrate and adequate current flow than A. digitatum. 

304 Indeed, E. verrucosa typically attaches to stable rock or other hard substrates via a basal holdfast 

305 and grows upwards and outwards towards the current flow, and, while A. digitatum is also found 

306 attached on such substrates, it is also capable of settling on other substratum including shells, 

307 cobble and other (unstable) coarse substrates (Wood 2013). 

308

309 Tidal velocity, in comparison to orbital velocity, only had a negligible contribution to explaining 

310 the distribution of E. verrucosa and A. digitatum. This may be reflective of the fact that most 

311 colonies / populations of these two octocoral species are found in sublittoral zones and not in air-

312 exposed intertidal zones and therefore strong tidal regimes are not generally much of an 

313 influence. Alternatively, it may indicate that wave orbital velocity is more important for bringing 

314 in fresh nutrients and oxygen, both for polyps to feed on and for exporting waste products, than 

315 tidal velocity. 

316
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317 Calcite concentration and pH also did not contribute as highly to explaining species distribution 

318 compared to the other variables, particularly for A. digitatum. This is in contrast to a global study 

319 of habitat suitability for cold-water octocorals where calcite saturation state was identified as an 

320 important factor for determining habitat suitability (Yesson et al. 2012). Availability of calcium 

321 carbonate is critical for the formation of skeletal structures in octocoral species (Conci et al. 

322 2021), so the results in the present study suggest that the observed variation in calcite 

323 concentration and pH across the study area (Fig. 1) may be within acceptable limits for the 

324 survival of both E. verrucosa and A. digitatum. Nevertheless, ocean acidification, a reduction in 

325 pH of the ocean caused by the uptake of carbon dioxide from the atmosphere (Hoegh-Guldberg 

326 et al. 2007), is often linked with negative effects on biomineralisation and calcification, for 

327 example, in species of scleractinian corals (Mollica et al. 2018), coralline algae (Martin and Hall-

328 Spencer 2017) and molluscs (Gazeau et al. 2013). An acceleration in ocean acidification, 

329 therefore, could alter the current acceptable limits of calcite concentration and pH across the 

330 study area and reduce the suitability of habitat in certain locations. However, octocoral species 

331 subjected to different pHs appear to show varied responses in calcification rates and sclerite 

332 structure (Conci et al. 2021), which suggests that some species may have greater resilience to 

333 ocean acidification than others. 

334

335 Lastly, sea bottom temperature was identified as an important predictor for both E. verrucosa 

336 and A. digitatum. To our knowledge, as yet there are no published studies which explore the 

337 thermal minima or maxima for either of these species. Therefore, the only evidence we currently 

338 have that gives us insights on the thermal tolerances of either species are the sea temperatures at 

339 the locations where they are known to occur. Accordingly, we anticipate that the northern range 
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340 of E. verrucosa is constrained, at least in part, by temperature and, based on seasonal marine 

341 thermoclines (Brown et al. 2003), minimum winter temperatures appear to be closely aligned 

342 with the current northern and north-eastern edges of the distribution of E. verrucosa in Britain 

343 and Ireland. We also envisage a similar scenario for the northern range of A. digitatum, though 

344 the current study is less well placed to address this because the extent of some the raster 

345 predictor variables do not cover the northern limits of the A. digitatum distribution. The results 

346 for E. verrucosa in this study appear to support this suggestion because predictions in future 

347 habitat suitability changed as projected minimum bottom temperatures changed (Fig. 4). If 

348 minimum bottom temperatures do indeed play a significant role in the survival of both species, 

349 this suggests that approximately 6.66oC and 0.97oC (Table 1) are the currently known thermal 

350 minima estimates for E. verrucosa and A. digitatum, respectively. However, A. digitatum has 

351 also been recorded in several locations north of the study area, in parts of north-west Norway and 

352 Iceland, so this species could potentially tolerate even lower temperatures.

353

354 Present-day habitat suitability

355 Maxent models built for both E. verrucosa and A. digitatum had very high predictive power 

356 (AUCTEST = 0.965 and AUCTEST = 0.934, respectively), which suggests the models perform well 

357 at capturing areas of habitat suitability (Fig. 2). For E. verrucosa, the optimal model indicated 

358 potentially suitable habitat in three areas beyond its northern range limit that are currently not 

359 thought to harbour populations of this species: (i) several inshore and offshore areas west and 

360 east of the Isle of Wight in the eastern English Channel; (ii) northern Donegal in Ireland; and (iii) 

361 parts of western Scotland and the Outer Hebrides. However, the probability of habitat suitability 

362 across these areas was generally less than 0.6, with only a few isolated areas showing high 
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363 suitability (probabilities greater than 0.8). There are three likely explanations for the discrepancy 

364 between the model predictions of habitat suitability (Fig. 2) and the present-day distribution of E. 

365 verrucosa (Fig. 1). Firstly, it is logistically and financially expensive to survey all potential areas 

366 in which E. verrucosa could be present across the UK, so the records database may be 

367 incomplete, and the model may have indeed captured some areas which genuinely harbour 

368 colonies of pink sea fans. Secondly, although the predictive power of the model was very high, 

369 these predictions of habitat suitability could be artefacts of the modelling process (see model 

370 limitations section). However, further research could test these two hypotheses by conducting 

371 targeted surveys in one or more of the newly identified areas which display the highest 

372 probabilities of habitat suitability to find out whether E. verrucosa are indeed present or absent at 

373 these sites. Thirdly, habitat identified by the model may genuinely be suitable for colonisation, 

374 but E. verrucosa larvae are unable to disperse to these sites because of low dispersal capacity 

375 and/or oceanographic barriers to dispersal (Brown et al. 2003; Holland et al. 2017). 

376 Unfortunately, studies of dispersal and connectivity tend to focus on characterising populations 

377 for which samples are readily available. Moreover, we envisage that this explanation would be 

378 difficult to validate unless a translocation experiment was carried out in situ which explored 

379 whether fragments of the nearest living colonies could survive in one of the uninhabited sites 

380 identified by the model. 

381

382 For A. digitatum, the study area did not represent the northern limit of its range which meant 

383 discrepancies between the model predictions of habitat suitability and the present-day 

384 distribution were less obvious. However, the model showed that most coastal areas around the 

385 Faroe Islands contained suitable habitat. Although no presence points from this location were 
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386 used to train the model, anecdotal evidence suggests that A. digitatum do inhabit coastal waters 

387 of the Faroe Islands. Thus, this finding provides additional and independent validation of the 

388 performance and reliability of this SDM. Nevertheless, in comparison to the present-day 

389 distribution (Fig. 1), the model for A. digitatum showed little support for suitable habitat in 

390 several areas where A. digitatum are known to be present, including a central Celtic Sea offshore 

391 site (surveyed by the Joint Nature Conservation Committee) and across the southern North Sea 

392 which covered coastal sites in the Netherlands, Germany and Denmark. This discordance 

393 between the presence records and the habitat suitability predictions is likely a limitation of the 

394 model. 

395

396 Future habitat suitability with projected sea bottom temperatures

397 The Maxent model for E. verrucosa, re-run with projected minimum sea bottom temperatures for 

398 2050 and 2100 using RCP 4.5 (Fig. 4), revealed subtle but noteworthy differences compared to 

399 the present-day predictions of habitat suitability. Based on the raster data acquired for this study, 

400 minimum sea bottom temperatures across the study area are projected to increase by a mean 

401 average of 0.19oC (-0.94–1.35 oC) by 2050 and by a mean average of 0.58 oC (-0.59–2.19 oC) by 

402 2100 under the RCP 4.5 scenario. The model predicts that a number of additional areas in the 

403 Irish Sea and the eastern English Channel will harbour more suitable habitat for E. verrucosa. 

404 Again, this supports the hypothesis that minimum sea bottom temperatures could indeed be one 

405 of the limiting factors that explains why the current range of E. verrucosa does not extend into 

406 parts of the Irish Sea and the eastern English Channel. If E. verrucosa are able to take advantage 

407 of projected increases in habitat suitability, this suggests that over the next century this species 

408 may colonise more coastal areas of south-west and southern England and Wales, as well as parts 
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409 of the north of Ireland and western Scotland. However, these predictions do not account for 

410 future changes in the other predictor variables (Table 1) used to build the model in this study. 

411 Therefore, although projected changes in sea bottom temperatures in 2050 and 2100 may appear 

412 to drive expansion of pink sea fan ranges in the UK and Ireland, if other variables also change, 

413 such as rock cover (unlikely) or orbital velocity (possible in light of changing global weather 

414 patterns, e.g. Hu et al. 2020; Gupta et al. 2021), this may affect the future patterns of habitat 

415 suitability presented here (Fig. 4, Fig. S4).

416

417 Model limitations

418 There are two potential limitations that may introduce uncertainty in the SDM predictions. 

419 Firstly, there could be survey bias associated with the presence records. For instance, most 

420 records of pink sea fans and dead man’s fingers on the database are recorded by diver surveys 

421 which rarely go beyond depths of 50m even though both species are known to inhabit deeper 

422 environments. Deeper records may instead come from technical diving surveys or from bottom 

423 trawling surveys where an individual is accidentally caught in the gear. Nevertheless, attempts 

424 were made to control for this type of survey bias in the analysis by only selecting a single 

425 presence point per raster grid cell. A related limitation to this is that there appears to be much 

426 greater sampling effort and records available in the GBIF database for both species from the UK, 

427 Ireland and France. Although this may be reflective of genuine absences in the southern North 

428 Sea, this may also explain why the Netherlands, Belgium, Germany, and Denmark in particular 

429 have very few records for A. digitatum. This in turn reduces the number of presence points in the 

430 model training set for these areas which may in part explain why the predictions of habitat 

431 suitability do not match the present-day distribution of A. digitatum in the southern North Sea.  
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432

433 Secondly, there could be one or more predictor variables missing from the model which are key 

434 factors for determining the distribution of either species. In E. verrucosa, a missing predictor 

435 variable could explain why some model predictions of habitat suitability extend beyond the 

436 present-day northern range limit, or potentially why in both species some areas have well 

437 supported presence records with very low probabilities of habitat suitability. For example, both 

438 species are commonly found on shipwrecks, which may have come to rest on an area of seabed 

439 that is otherwise unsuitable substrate for colonisation, such as bare sand or mud. These artificial 

440 reef-like habitats, for example, HMS Scylla in Whitsand Bay, Cornwall, which lies on a seabed 

441 of sand and fine shale, can support small populations of E. verrucosa and A. digitatum (Hiscock 

442 et al. 2010). Therefore, obtaining accurate species data for wrecks to include as a predictor 

443 variable may improve the performance of the SDMs. In contrast to missing predictors, the 

444 resolution of the raster predictor variables used may also explain why some areas have presence 

445 records with very low or zero probability of suitable habitat. For instance, some presence records 

446 that were located near the shoreline or within estuaries / inlets fell outside of the extent of the 

447 raster data and were subsequently removed due to missing data; this meant that the terrain and 

448 environmental conditions for this location were not used to train the model and therefore no 

449 predictions of habitat suitability were generated for these locations. 

450
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451 Conclusion

452 This study built Maxent species distribution models for two coastal temperate octocoral species 

453 in the north-east Atlantic, E. verrucosa and A. digitatum. The optimal model for both species had 

454 very high predictive performance and mostly captured areas known to harbour populations in 

455 their present-day distribution. These models suggested that topography (depth and slope) and sea 

456 bottom temperatures were important predictors of present-day distribution in both species. 

457 However, wave orbital velocity and rock cover were also identified as key predictors in E. 

458 verrucosa compared to A. digitatum, suggesting that E. verrucosa prefers habitats with more 

459 rock cover and adequate movements of ocean currents. The model predictions also showed areas 

460 of potentially suitable habitat that are not thought to be currently inhabited, particularly in E. 

461 verrucosa, where areas beyond its known northern range limit were identified. Moreover, 

462 analysis with projected sea bottom temperatures in 2050 and 2100 suggested that some of these 

463 uninhabited areas may become more suitable over the next century if minimum sea bottom 

464 temperatures in the study area increase.

465

466 From a conservation management perspective, these results highlight areas of high habitat 

467 suitability which may warrant additional targeted protection by inshore marine reserves. For 

468 example, increased protection may be afforded to areas where very high habitat suitability 

469 accords with confirmed records of high-density populations of E. verrucosa (gorgonian 

470 ‘forests’), such as found in several areas of Cornwall and Devon in south-west England. Indeed, 

471 E. verrucosa ‘forests’ are thought to provide valuable habitat for a number of sessile and mobile 

472 species but are under threat from bottom-towed gear and moorings. In addition, colonies of E. 

473 verrucosa are known to act as an ecological indicator of environmental condition (Pikesley et al. 
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474 2016) as detachment, disease and mortality may be linked to human disturbance from bottom-

475 towed gear. In conclusion, the results of this study report the habitat preferences and suitability 

476 of the pink sea fan and dead man’s fingers and provide insights into how populations of pink sea 

477 fans may respond to projected changes in sea temperatures. 
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Table 1(on next page)

Summary table of the terrain and environmental variables used as predictors in the
species distribution models.

The minimum and maximum values for each predictor are shown for the entire study area,
Eunicella verrucosa presence points only and Alcyonium digitatum presence points only.
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1 Table 1: Summary table of the terrain and environmental variables used as predictors in the species distribution models. The minimum and 

2 maximum values for each predictor are shown for the entire study area, Eunicella verrucosa presence points only and Alcyonium digitatum 

3 presence points only.

Predictor Description Unit
Study area

(min / max)

E. verrucosa

(min / max)

A. digitatum

(min / max)
Source

Terrain

Bathymetry Depth of the seafloor m 1 / 5488 2 / 122 1 / 179 MARSPEC

Slope Bathymetric slope degrees 0 / 1.83 0 / 0.10 0 / 0.27 MARSPEC

Rock cover
Fraction of rock in the top 50 cm 

of sediment
proportion 0 / 1 0 / 1 0 / 1 Wilson et al. 2018

Environmental

Sea bottom 

temperature+

Minimum sea water temperature 

at mean bottom depth

oC -0.91 / 11.27 6.66 / 10.36 0.97 / 9.79 Bio-ORACLE

Orbital velocity
Mean wave orbital velocity at the 

seabed
ms-1 0 / 1.06 1.72e-2 / 0.90 2.06e-4 / 0.90 Wilson et al. 2018

Tidal velocity Mean tidal velocity at the seabed ms-1 0.09 / 156.82 2.32 / 123.96 2.30 / 136.37 Wilson et al. 2018

Calcite
Mean calcite concentration at sea 

surface
mol.m-3 5.0e-5 / 0.060 1.11e-4 / 0.023 5.0e-5 / 0.050 Bio-ORACLE

pH pH at sea surface 8.06 / 8.29 8.08 / 8.22 8.06 / 8.26 Bio-ORACLE

4 +Sea surface temperature was excluded from the models due to strong collinearity (r = 0.97) with sea bottom temperature.  
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Figure 1
Present-day distribution of the pink sea fan (Eunicella verrucosa) and dead man’s
fingers (Alcyonium digitatum) across the study area.

This area represents the northern range of E. verrucosa and the middle-northern range of A.

digitatum in the north-east Atlantic Ocean. Presence records were extracted from the Global

Biodiversity Information Facility data (GBIF) portal on 4th August 2021 (presence data were
not available for the Faroe Islands on the GBIF portal but anecdotal evidence supports the
presence of A. digitatum in the coastal waters of these islands). Image credits: Jamie R.
Stevens.
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Figure 2
Contribution of each predictor variable to fitting the optimal model.

Proportions for percent contribution and permutation importance are shown for the pink sea
fan (Eunicella verrucosa) and dead man’s fingers (Alcyonium digitatum).
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Figure 3
Present-day maps of habitat suitability for the pink sea fan (Eunicella verrucosa) and
dead man’s fingers (Alcyonium digitatum) based on Maxent species distribution models.

Probability of presence is interpreted as a proxy for habitat suitability; only probabilities
greater than 0.5 are shown (see Fig. S3 for maps with all probabilities).
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Figure 4
Future predictions of habitat suitability for the pink sea fan (Eunicella verrucosa) based
on a Maxent species distribution model.

Future layers of sea bottom temperature were substituted for the present-day layer while all
other layers used to originally train the model were kept; the model was then re-run to
generate future predictions. Predictions for Representative Concentration Pathway (RCP) 4.5
are shown for 2050 and 2100. Probability of presence is interpreted as a proxy for habitat
suitability; only probabilities greater than 0.5 are shown.
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