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Abstract :   
 
The Molène Archipelago in Brittany (France) hosts one of the largest kelp forests in Europe. Beyond their 
recognized ecological importance as an essential habitat and food for a variety of marine species, kelp 
also contributes towards regional economies by means of the alginate industry. Thousands of tons of kelp 
are collected each year for the needs of the chemical and food industries. Kelp harvesting in Brittany 
mainly concerns two species, Laminaria digitata (59,000 t) and Laminaria hyperborea (24,000 t), that, 
together, represent approximately 95% of the national landings. Estimating the available standing stock 
and its distribution is a clear need for providing appropriate and sustainable management measures.  
 
Prior to estimating the spatial distribution of biomasses, we produced a detailed seabed topography map 
with accurate hard substrate delineation thanks to surveys and appropriate processing of airborne optical 
and acoustic imaging. Habitat suitability models of presence–absence and biomass were then developed 
for each species by relating in situ observations from underwater video and sampling to the many biotic 
and abiotic factors that may govern kelp species distribution. Our statistical approach combining 
generalized additive models (GAM) in a delta approach also provided spatial uncertainty associated with 
each prediction to help management decisions.  
 
This study confirmed that the adopted strategy, based on an integrated approach, enhanced knowledge 
on kelp biomass distributions in the Molène Archipelago and provided a promising direct link between 
research and management. Indeed, the high resolution topography and hard substrate maps produced 
for the study greatly improved knowledge on the sea bottom of the area. This was also of major importance 
for an accurate mapping of kelp distribution. The quality of the habitat suitability models was verified with 
fishing effort data (RECOPESCA program) and confirmed by local managers and kelp harvesters. Based 
on the biomass maps produced and their associated confidence intervals, we proposed more precise 
management rules than those already in use for both L. digitata and L. hyperborea. Our mapping 
approach is a first step towards sustainable kelp species management in the area. Introducing higher 
resolution environmental variables and population dynamics would help interannual management. 
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Highlights 

► Accurate maps of the topography and hard substrates were produced ► Zero-inflated biomass models 
based on presence–absence and biomass data from different sources were fitted with environmental data 
through Generalized Additive Models (GAM) for three Laminarian species. ► High resolution topography 
maps combined with the statistical models greatly increased knowledge on the laminarian biomass 
distribution and its confidence intervals in the Parc Marin d'Iroise (Brittany, France). ► This approach, 
directly linking researchers and managers, allowed for new resource management rules to be suggested. 

 

Keywords : Laminaria, Lidar, Acoustic imagery, Zero-inflated model, Habitat mapping, Spatial 
management 
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may govern kelp species distribution. Our statistical approach also provided spatial 19 

uncertainty associated with each prediction to help management decision. Thus, median and 20 

extreme limits (minimum and maximum) of biomass estimates were mapped. 21 

This study confirmed that the adopted strategy, based on an integrated approach, readily 22 

performed effective mapping of kelp species of the Molène Archipelago and provided a 23 

direct link between research and management. Accurate maps of the topography as well as 24 

hard substrates, a key input for kelp forest habitat mapping, were thus produced. The habitat 25 

suitability models provided useful support to help managers by enhancing knowledge of 26 

biomass distribution as well as their confidence intervals, for the two main harvested species 27 

L. digitata and L. hyperborea.  28 

Management measures were also proposed thanks to standing stocks evaluation and VMS 29 

data from RECOPESCA program. 30 

Highlights 31 

 We combined direct and indirect observations with generalised additive models (GAM). 32 

 Accurate maps of the topography as well as hard substrates were produced 33 

 We Enhanced knowledge of biomass distribution as well as its confidence intervals 34 

 We implemented an approach providing direct link between researchers and managers  35 

Keywords 36 

Biomass; Harvesting; Imagery ; Kelp; Laminaria ; Lidar, Mapping;  Spatial management;  37 

Standing stock; Statistical modeling. 38 

1.  Introduction 39 

Kelp forests are some of the dominant producers and most diverse habitats within near-40 

shore coastal ecosystems (Mann 1973; Kerambrun 1984, Dayton et al. 1998). Beyond their 41 

recognized ecological importance as an essential habitat and food for a variety of marine 42 

invertebrates and fish species (Christie et al. 2003, Fowler-Walker and Connell 2002, Derrien 43 

et al., 2013), they also contribute to regional economies for alginate industry. Used in many 44 

applications such as pharmaceutical, cosmetic and food products, their industry records an 45 

ever increasing demand (Frangoudes, 2012). 46 

The Molène Archipelago (Brittany coast, France), located within the Parc Naturel Marin 47 

d’Iroise (PNMI) marine protected area, hosts one of the largest kelp forests in Europe. It is 48 

mainly structured by four species: Laminaria digitata, Laminaria hyperborea, Laminaria 49 

ochroleuca and Saccorhiza polyschides. These kelp differ in their morphology, ecophysiology 50 
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and longevity and show distinctive patterns of distribution on the shore (Birkett et al, 1998). 51 

L. digitata and L. hyperborea form the most extensive monospecific kelp beds. Tens of 52 

thousands tons of these two species are collected each year by a professional harvesting 53 

fleet (Arzel, 1998). 54 

Management rules to access and exploit kelp have been developed over a long period along 55 

the coastal area of the French region of Brittany (Frangoudes, 2011). Even if L. digitata has 56 

been traditionally harvested for almost 170 years, the current rules were developed in the 57 

last 40 years when the fleet became mechanized. For L. hyperborea, some of the 58 

management rules come from the Norwegian experience (Vea and Ask, 2010). 59 

Since 1985, Laminaria digitata production has been considered as quite stable  in Brittany, 60 

even if some annual fluctuations are recorded (Laurans et al. 2010, Davoult et al. 2011). As to 61 

L. hyperborea, it is considered as a new harvest as its production only really started in 1996. 62 

Since 2007, the production has increased due to higher demands from the two main 63 

industrial firms and new vessels were able to target this kelp. The main part of the French 64 

seaweed harvesting activity takes place within the PNMI, mainly in the Molène Archipelago. 65 

Faced with this evolution and the prominent position of kelp in the coastal ecosystem off 66 

Brittany (Shaal, 2010; Leclerc, 2013), the need to increase overall knowledge has become a 67 

key issue in order to improve the management of the PNMI area. In fact, the spatial 68 

distribution of key species such as kelp (Derrien et al., 2013) at relevant scales is essential for 69 

coastal management and conservation of the environment (Hooper et al., 2005, Holmes et 70 

al. 2008).  As a consequence, the ability to accurately quantify and map each of the main 71 

kelp species in this harvesting area is of upmost importance as exploiting pressure increases.  72 

Previous studies have estimated the Laminaria kelp stocks of the Molène Archipelago (Floc’h 73 

J.Y., 1967 ; Kerambrun, 1984, Piriou, 1987, Arzel, 1998), however the different methods used 74 

and the imprecise hard substrate localization conducted to varying stock evaluations and 75 

approximate estimations of distribution. In fact, various methods may be used for kelp forest 76 

characterisation (Kerambrun 1984, Ben Moussa 1987., Piriou, 1987, Bajjouk et al. 1996, 77 

Kepel, 1995), but there all have limitations to retrieve required information for kelp species 78 

standing stock estimation (Review Guillaumont et al. 1997): (i) traditional direct sampling 79 

methods such as video or diving are precise but time consuming and costly whatever the 80 

working scale of the study area, (ii) remote sensing tools, such as aerial photography or 81 

airborne and satellite imagery allow large area covering but rapidly reach their limits for 82 

subtidal surveys because of the absorption of visible radiation by water which limits this 83 
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method to a the first  ten meters when the maximum depth of observed kelp in this area is 84 

30 m (Derrien, 2013), (iii) acoustic methods also allow large surface covering but may have a 85 

limited ability to discriminate between macrophyte types which leads to the difficulty of 86 

assessing biomass.  87 

Statistical modeling approaches have a great potential for predicting distributions on large 88 

scale areas where field data are limited or unavailable (Guisan and Zimmermann, 2000).  89 

Several studies referring to the use of statistical models that link the effects of several biotic 90 

and abiotic factors to the distribution of kelp species have been published. Bekkby et al. 91 

(2009b) modelled the probability of observing four density classes of L. Hyperborea along the 92 

Norwegian coasts according to physical parameters using a generalized additive model 93 

(GAM). In Brittany, Méléder (2010) established a frequency of occurrence predictive map of 94 

kelp forest for the MESH project by applying a parametric linear regression model. The 95 

results were limited as shallow waters (0-12m) were not sampled, coarse resolution maps of 96 

physical parameters that do not allow local effects to be assessed were used and important 97 

parameters, such as wave exposure, were missing. Bonetti (2009) continued this work using 98 

the same dataset while adding chlorophyll-a as an explanatory variable. Moreover, a cross-99 

validation technique was adopted to evaluate the performance of the spatial distribution 100 

model. This strategy allowed the use of all the observations made for the construction and 101 

validation of the model. More recently, Gorman et al. (2012) used the GAM method to 102 

model presence / absence and biomass of kelp forests in the Bay of Morlaix. L. digitata and L. 103 

hyperborea distributions were predicted on the basis of high-resolution maps (25m pixel 104 

size) which provided a level of information compatible with the needs of marine spatial 105 

planning.  106 

Since kelp forests require hard substrate to live, statistical approach depends on accurate 107 

delineation of hard bottom area to produce distribution maps of good precision. The most 108 

accurate bottom substrate maps previously available were at a scale of 1:50000. Rocky areas 109 

may be provided from bottom topography expertise (2009a). But the finest available 110 

bathymetric digital terrain model (DTM) had a 100m resolution, which was too coarse 111 

knowing the high topographical complexity of the archipelago (Raffin, 2003). A precise 112 

bathymetry is also of particular interest for kelp forest delineation as it is of major 113 

importance in the calculation of bottom light availability, the main influential factor for 114 

photosynthetic species. For shallow waters, Lidar (Light Detection And Rangin) is quite an 115 

original approach to provide accurate DTM (Parrot et al., 2008). This has been successfully 116 
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applied to coastal areas for ecosystem mapping (Lefsky et al., 2002; Chust et al., 2010), 117 

bathymetric programs (Irish and Lillycrop, 1999; Wozencraft and Lillycrop, 2003) and other 118 

geomorphological applications (Flood and Gutelius, 1997; Stock et al., 2005; Webster et al., 119 

2006). Acoustic technology is commonly used in many seafloor mapping programs and 120 

marine monitoring habitat projects (Mitchell et Hughes 1994; Ehrhold et al, 2006, Cuadrado 121 

and Gomez, 2011; Legrand et al., 2012). 122 

The present paper shows how different common and recent methods of observation can 123 

simultaneously be used to produce precise maps of kelp biomass for the sustainable 124 

spatially-explicit management of resources. The proposed approach consists in, at first, 125 

establishing surveys and appropriate processing methods in order to provide a detailed 126 

underwater topography of the area and to accurately delineate preferential hard substrates 127 

(bedrock) potentially colonized by kelp. Secondly, a habitat suitability model has been fitted 128 

for each species on some carefully selected field stations, measuring kelp presence/absence 129 

and biomass. Predictive maps were produced based on hard substrate area previously 130 

delineated. The third step aimed at comparing the standing stock distributions obtained with 131 

a fine scale spatial harvesting distribution of effort to propose new tools to improve 132 

management rules. Thanks to the recent equipment of the fleet with a geolocation system 133 

(Leblond, 2008), spatio-temporal activities of fishing boats could be well known.   134 

This study focuses on three kelp species: (i) L. digitata which has been traditionally harvested 135 

for almost 170 years and also because harvesters observe a strong inter-annual variation in 136 

stocks, (ii) L. hyperborea which seems to be a promising abundant species for future harvest 137 

and (iii) S. polyschides which, although it contains no alginate and presents no industrial 138 

interest, is an opportunistic species which competes with the other two. 139 

2.  Materials and methods 140 

2.1.  Study site 141 

The study area is the Archipelago of Molène located at the western tip of France in Brittany, 142 

in the Iroise Sea (Fig.1). The area is an extended plateau, which has a complex topography up 143 

to 50 m deep (at shelf break), has strong hydrological conditions (8 knots max.) and is often 144 

exposed to W and NE winds. 145 

Separated from the Island of Ushant by a channel around 50 meters deep, the Molène 146 

Archipelago displays nine major islands and secondary islets (Guilcher 1959). These islands 147 

are the emerged part of  a large rocky platform which extends over 150 km². Apart from the 148 

islands of Molène and Béniguet which are 20 m and 16 m high respectively (Raffin, 2003), 149 
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this Archipelago is composed of low-lying islands that do not rise more than ten meters 150 

above the level of high seas. This platform has many geomorphological features which have 151 

been shaped under the combined action of waves and currents.  152 

Pierres Noires rocks are the southern edge of the Molène Archipelago. The relatively large 153 

area of foreshore and shallow waters (0 to 10 meters) is a remarkable element. This zone 154 

hosts especially vast boulder fields and rocks that are of particular importance for algal 155 

communities and ecosystems that depend on them. 156 

2.2. Optical and acoustic data acquisition 157 

Precise bathymetric and hard bottom maps were produced from (i) bathymetric and 158 

topographic Lidar acquisition and optical imagery provided by planes, particularly for 159 

intertidal areas, and (ii) acoustic imagery on board different scientific vessels, particularly for 160 

subtidal areas (Table 1, Fig. 2).  161 

Lidar data were acquired in April/May 2010 by Blom Aerofilms for the PNMI using a 162 

Hawkeye II system. The planimetric accuracy is considered  to be better than 280 cm with a 163 

confidence level of 95% and 50 cm for vertical accuracy. Simultaneously, spectral imagery 164 

was acquired with the sensor Asia Eagle 1k. More than 100 million Lidar topographic and 165 

bathymetric soundings were obtained. They were converted into the hydrographic vertical 166 

datum and Lambert 93 geodetic system using the ArcGIS software.  167 

Acoustic data were issued from the Multibeam Echosounder (MBES) Simrad EM1000 that 168 

insonified the seafloor with at least 20% overlap in the echosounding corridors. This MBES 169 

operated at 100 kHz, and provided multibeam bathymetry with vertical resolution better 170 

than 0.5% of water dept. Other acoustic data were issued from the GeoSwath 171 

interferometer. This system provides compact and robust system which is suitable for 172 

deployment in shallow waters, an area where towed sidescan sonar has particular problems. 173 

A full description of used acoustic system and data preprocessing is given by Le gall et al. 174 

(2014). 175 

Resulting bathymetric data were converted to chart datum based on the semi-diurnal tides 176 

measured at Le Conquet pier. Nearly 190 million points were gathered from three surveys of 177 

acoustic measurements preprocessed using SonarScope software (©Ifremer).  178 
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2.3. Environmental variables 179 

Variables governing the distribution of marine benthic habitats have been widely discussed 180 

within the framework of the European mapping projects MESH (Connor, 2005) and 181 

EUSeaMap (Cameron & Askew, 2011). All spatially available environmental data having a 182 

known or supposed influence on kelp forest distribution were gathered to allow statistical 183 

model testing (see appendix). Oceanographic variables were retrieved from the PREVIMER 184 

project (Lecornu et De Roeck, 2009). Data originated from averages of 6 years (2006-2011) 185 

hind-cast archives (recorded hourly) for the variables resulting from the MARS3D 186 

hydrodynamical model and had a 250m regular grid resolution. Data were averages from the 187 

2009 – 2011 period when issued from the WaveWatch wave model which had a non-regular 188 

grid, more precise along the coasts (Ardhuin, 2012). Light data were derived from MERIS 189 

satellite images averaged from the 2007-2009 period (Saulquin et al., 2010). Variables 190 

derived from the bathymetry were based on a high resolution (5m) DTM produced for the 191 

study.  192 

2.4. Kelp sampling 193 

The sampling plan (Fig. 2) was designed to encompass the broader range of predictor values 194 

and to minimize the effort required in terms of logistics and navigation constraints. Caution 195 

was taken to avoid sampling areas where kelp commercial harvesting had been recorded.  196 

2.4.1. Video sampling 197 

Information on the presence/absence of Laminaria species was acquired by high definition 198 

video towed in a cage directly underneath the ship (Segalen system 2010). Video data 199 

processing was performed using the COVER software “Customizable Observation Video 200 

imagE Record” (developed by Ifremer for Coralfish project) allowing to produce a table of 201 

geo-referenced observations. Presence or absence of kelp, all species combined, was 202 

reported at regular automatic distance intervals. As video observations did not allow for 203 

species identification, data were mainly used to detect absence and thus the limits of species 204 

distribution. Twenty three video profiles were recorded across the study area. 205 

2.4.2. Biomass sampling 206 

For each station, species-specific density and biomass were recorded in three replicates of 207 

1m² quadrats considered homogeneous and representative of the surrounding area. Stations 208 

were sampled at low tide for the intertidal areas and by scuba diving for the subtidal areas in 209 

order to sample all kelp species depth zones. Removed kelp were sorted by species and 210 
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weighed separately. One hundred and thirty five stations were sampled across the study 211 

area. 212 

2.4.3. Proximity to sediment impact evaluation 213 

Proximity to sediment seems to be an element which could impact the local dynamic of kelp 214 

(Derrien, 2013;  Gorman et al. 2012). In order to evaluate this potentiel impact, a specific 215 

protocol has been established. On two transects, three 1m² quadrats were positioned at 216 

three locations: 4, 15 and 30 meters away from the sediment boundary, respectively at 18, 217 

15, 12m depth. We assumed that the impact increases when a sample is closer to the 218 

sediment. Size structure and biomass of kelp were recorded on these six square meters. As 219 

the characteristics of the study area did not allow to have whole transects at a unique depth, 220 

3 additional replicates were sampled at 18m depth on a rocky outcrop far from the influence 221 

of sediment. The latter were used as a reference to exclude depth influence.  222 

2.5. Harvesting data 223 

Faced with a lack of data to precisely assess the spatial distribution of harvest and fishing 224 

effort, Ifremer has implemented, since 2005, the Recopesca project. It consists in fitting out 225 

sensors which record data on fishing effort to voluntary fishing vessels. The challenge was to 226 

develop different sensors which didn't cause trouble to the fishermen (Leblond et al., 2008).  227 

Electronic devices which monitor the position of the vessel were installed on board and 228 

automatically stored the data in what is called a “concentrator” and sent it to Ifremer 229 

databases by GPRS every 24 hours. This system is equivalent to the Vessel Monitoring System 230 

(VMS) although here it equipped smaller vessels, from 6 to 12 meters. 231 

With the position of the vessels, the data were analysed to implement the spatial 232 

distribution of effort and production for each vessel outing (Leblond et al., 2008). In the kelp 233 

fleet, one position per minute was recorded. The harvesting activity was taken into account 234 

when the average speed was inferior to 1 knot when targeting L.digitata and 2.5 knots when 235 

targeting L. hyperborea. From this analysis, two types of representation could be developed:  236 

the first one showed only the harvesting positions of the vessels and the second aggregates 237 

the fishing activities (effort or harvesting) on a specific 1 minute grid. The harvesting per 238 

boat is divided into in each cell proportionally to the estimated fishing time. 239 

2.6. High resolution bathymetric and substrate mapping 240 

2.6.1. Seabed topography mapping 241 
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Lidar and acoustic data were merged to provide a unique georeferenced digital elevation 242 

model of the Molène Archipelago.  243 

The bathymetric map with a resolution of 5x5m was obtained by ordinary Kriging the billion 244 

points data using Isatis Geostatistical software. A variogram was fitted with a linear model 245 

that had a 50 m radius neighborhood. The neighborhood was divided into eight octants with 246 

an optimum number of samples of 3 per octant to avoid taking into account the points of the 247 

same transect. The maximum number of consecutive empty sectors was 3 and the minimum 248 

number of points required for interpolation was 2 to limit border area extrapolation. The 249 

quality of the resulting model was controlled by graphical visualization of the results through 250 

isolines that enabled to clearly identify potential interpolation artifacts. 251 

2.6.2. Hard substrate mapping 252 

The method used to delineate areas of rocky substrates was performed using GIS to 1:2000 253 

based on acoustic and optical data (Fig. 3).  254 

For littoral and shallow water areas, aerial images acquired during the Lidar surveys were 255 

used to delineate the bedrock where the seabed was visible (Fig. 3b). Where not visible, DTM 256 

derivatives, such as hillshade and slope were used. Their signatures help differentiate soft 257 

bottom from hard substrate: (i) irregular contours highlighted by hillshade (Fig. 3c) indicate 258 

rocky bottoms while soft and rounded up appearance generally denoted sand 259 

accumulations. (ii) Rapid transitions from steep sectors to gentle slopes generally indicated 260 

the boundary between soft and hard bottoms.  261 

In subtidal areas, hard substrate was mainly delineated using acoustic images (Fig. 3a) that 262 

consisted in mosaics of sonar geoacoustic reflectivity in the shallow waters and Klein sonar 263 

reflectivity in deeper areas. The range of sonar signatures was very large and individualized, 264 

allowing to accurately separate rocky hard bottoms from soft bottoms with sediment, often 265 

shaped by currents. 266 

2.7. Kelp species predictive biomass mapping 267 

2.7.1. Outlines of the method  268 

For kelp mapping and stock estimating, statistical models of presence / absence and biomass 269 

were developed for each species separately by relating in situ underwater video observations 270 

and samples to available environmental factors that may govern kelp species distribution. 271 

Figure 4 shows the modeling process used for kelp forest mapping. The modelling process 272 

relied on the method developed by Gorman et al. (2012) in the Bay of Morlaix: (i) in situ 273 
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observations (presence/absence and biomass) were cross-tabulated with all available 274 

environmental factors, (ii) correlated environmental variables were separated in the models 275 

tested, (iii) a model selection procedure allowed to choose the best model for each species 276 

and (iv) models were used to map the probability of species presence and biomass. This 277 

method was improved through different steps: (i) physico-chemical parameters were 278 

integrated, (ii) a cross-validation approach allowed to choose the best models for their 279 

robustness of prediction, (iii) the species spatialized total biomass was estimated with a delta 280 

model combining a presence/absence model to a biomass where kelp presence is predicted 281 

(iv) uncertainty of prediction was estimated providing complementary mapping products 282 

(minimum and maximum) that may help management decisions. All statistical operations 283 

were achieved using the R software. 284 

Predictor correlation tests 285 

For identifiability problems, highly correlated environmental variables were not included in 286 

the same models. Correlations between all possible pairs of variables were tested using the 287 

Pearson rank coefficient. All pairs with a Pearson coefficient value exceeding 0.7 were 288 

considered as correlated. This step also allowed to reduce the number of models to be 289 

tested.  290 

Statistical model selection with a cross-validation approach 291 

Kelp biological response (presence/absence or biomass) was estimated using Generalised 292 

Additive Models (GAM), a semi-parametric extension of Generalised Linear Models (GLM, 293 

see Guisan et al, 2002 and Wood, 2006). This type of model offers a great flexibility in the 294 

shape of the response curve. Indeed, the response of organisms to their environment rarely 295 

results in a linear relationship, especially when working on large scale areas that induce 296 

greater physical and environmental parameter variability. GAM models were fitted with the 297 

mgcv package in the R-software (Wood, 2011). 298 

Total biomass distribution estimations were based on a delta approach (Stefanson, 1996; 299 

Rochette et al., 2010). This consisted in building two separate sub-models: a presence-300 

absence (P/A) sub-model and a biomass sub-model. Specific data used and model 301 

construction for these two sub-models are detailed further.  302 

The cross-validation approach used for both sub-models was similar. Models were fitted 303 

using 75% of the data. Predictions were made for the remaining 25% and were compared 304 

with observed data. This cross-validation was repeated 100 times with random data re-305 
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sampling. The random data re-sampling respected the total proportion between presence 306 

and absence for the P/A sub-model. The 100 times repetition was considered sufficient to 307 

reach result convergence. For each of the 100 cross-validations, models were ranked from 308 

best to worst based on a percentage of error on the validation dataset, specific for each sub-309 

model (detailed below). Models were ranked again considering the median of the 100 ranks. 310 

The model which displayed the best median of the 100 rank was considered to be the best 311 

one. Models which had the best medians and had a 100 rank distribution and were not 312 

significantly different from the best model were considered as having the same quality of 313 

prediction; they could not be statistically differentiated. This cross-validation method was 314 

performed iteratively : (i) models were fitted against one environmental variable, (ii) 315 

environmental variables with the statistically best quality of prediction were kept as possible 316 

first parameters, (iii) models were fitted against two variables, the first one being one of 317 

those kept at the first step, (iv) the procedure was repeated until the models got 5 318 

environmental parameters. Interactions of order two were also tested at each iteration. This 319 

iterative procedure limited the number of model configurations tested, which could be huge 320 

knowing the number of environmental variables available. All models kept at the different 321 

iterations were finally ranked with the median of their 100 ranks. This was allowed because 322 

the 100 random data subsamples were the same for each model tested. The best model 323 

amongst all was retained for prediction. If distinction could not be made statistically among 324 

ranks of the best models, priority was given to models with physical parameters that have 325 

more biological sense with regards to kelp species. Indeed, structure difference between best 326 

models was often due to two correlated physical parameters of the presence interactions 327 

with a spatially limited significance, thus providing equivalent prediction maps. For instance, 328 

the model "Biomass ~ Bathymetry + Factor1" can have the same quality of prediction as the 329 

model "Biomass ~ Light + Factor1" as bathymetry and bottom light availability are highly 330 

correlated parameters. In this case, the model displaying light was preferably chosen because 331 

light has a direct effect on the species physiology. Bathymetry has only an indirect effect, in 332 

particular through light availability. 333 

Building biological response prediction maps  334 

The best model selected predicted the response variable as a function of all possible 335 

combinations from the values of the selected environmental variables. Each pixel of 5m x 5m 336 

(finest resolution of environmental variables) contained a unique combination of values of 337 

each environmental variable, which could have its own prediction through the model.  338 
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A final prediction map of the response variable was obtained by applying a mask on non-339 

rocky areas, on which kelp could not be present. Caution was taken on the interpretation of 340 

predictions when environmental variables were outside of the range encountered in the in 341 

situ data to avoid uncontrolled and potentially meaningless extrapolations. 342 

Mapping statistical indicators of prediction  343 

It should be noted that predictions were not a single mean but a probability distribution 344 

around a mean (distribution of possible values for each pixel). Each prediction was 345 

performed with a statistical confidence interval based on the assumption that the estimation 346 

error of a parameter follows asymptotically a normal distribution when the number of 347 

observations tends to infinity. These confidence intervals were used to produce different 348 

indicators to map minimum and maximum predicted distributions with 5% and 95% 349 

quantiles. Moreover, rather than the mean, medians were used as the best predictions. 350 

Although estimators uncertainty may be Gaussian, the resulting predicted probability 351 

distributions were not and the median was the closest to the most probable value. The 352 

median may also be considered as a 50% risk of underestimation, which is a good indicator 353 

for management approaches. 354 

2.7.2. Presence/absence sub-model 355 

The presence-absence sub-models were fitted using all adequate in situ observations. For 356 

video data, only absence samples were used as video did not allow species identification. 357 

Data from in situ diving and low tide measurements were rather presence data, which 358 

balanced absence video data. 359 

Spatial proximity of samples, in particular data issued from video sampling, may conduct to 360 

parameter over-estimation due to spatial auto-correlation. To reduce problems of auto-361 

correlation, a grid method was used (Keil et al, 2013). Correlation was estimated between 362 

the response variables for different classes of distances. A minimum of 50 m between 363 

observations was a good compromise between auto-correlation and the amount of data 364 

remaining to fit the models. The study area was divided into 50*50m grid cells. The average 365 

position of samples in each cell was retained as the unique sample of the grid cell. If any 366 

observation was a presence, the sample was considered as a presence. 367 

The GAMs were built with a binomial distribution with a logit link function. The effect of 368 

predictors was fitted with a smooth function (s) on the individual effects and tensor "te" for 369 

interactions (Wood, 2006). The maximum smoothing parameters of the functions were set so 370 
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that it was equivalent to a polynomial of degree 3, a parsimonious approach to allow 371 

biological interpretation.  372 

Since the model predicts a probability of presence, a threshold value was required to 373 

determine if the probability was rather an absence or a presence. The intuitive threshold 374 

value is 0.5. However, an unbalanced sampling design between observations of presence and 375 

absence in relation to selected physical parameters requires a revised threshold. This 376 

threshold was chosen following the cross-validation method. For each of the 100 cross-377 

validations, the threshold value leading to the smallest prediction error on the validation 378 

sub-dataset was retained. The mean of the 100 threshold values, named "BestTHD", was the 379 

best compromise for predicting presence / absence.  380 

The model selection during the cross-validation process required an index of the quality of 381 

prediction adapted to binomial models. The area under the curve (AUC) approach is 382 

commonly used to assess the quality of binomial models (Elith et al,, 2006; Townsend 383 

Peterson et al., 2008). Here, the AUC value was calculated on the validation sub-dataset for 384 

each of the 100 iterations of the cross-validation. The higher the AUC, the better the fitting 385 

quality of the model. The AUC value was used to rank the models in the iterative cross-386 

validation procedure. 387 

2.7.3. Presence-only biomass sub-model 388 

This sub-model only applies to presence-only data. Species-specific biomasses from in situ 389 

diving and low tide measurements were used. The three replicates for each station were 390 

averaged. The sampling plan designed for presence-only data did not require specific 391 

attention on spatial auto-correlation. In addition to the test on the number of variables, 392 

different distributions of residual formulations were tested: Gaussian, log-normal and 393 

Gamma distributions. The last two prevent negative predictions and allow for non-rare high 394 

values.  395 

The model selection during the cross-validation process required an index of the prediction 396 

quality fit for the estimation of biomass. A coefficient of variation (CV) estimated the relative 397 

percentage of error between predictions and observations on the validation dataset: The 398 

lowest the CV, the better the fitting quality of the model. The CV value was used to rank the 399 

models in the iterative cross-validation procedure. 400 

2.7.4. Combination of presence/absence and biomass sub-models  401 

Predicting the distribution of biomass through the delta approach required combining the 402 

best model of presence/absence and the best model of presence-only biomass. Variables 403 
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selected in sub-models may be different as kelp presence and biomass are not necessarily 404 

governed by the same environmental conditions.  405 

The prediction of biomass was produced with a simple multiplication of the probability of 406 

presence with the prediction of the presence-only biomass. Estimation of uncertainty in 407 

delta models may be tricky when both distributions are not Gaussian. To allow for this 408 

estimation, a resampling approach was used. For each pixel, 5000 values were randomly 409 

resampled in the distribution of the Gaussian error around the prediction in the logit scale 410 

for the P/A model. The 5000 values were transformed with the logit-1 function to be in the 411 

scale of the probability of presence. In parallel, for each pixel, 5000 values were randomly 412 

resampled in the Gaussian error distribution of the biomass presence-only prediction. The 413 

5000 values of the two distributions were multiplied together to obtain the 5000-values 414 

distribution final biomass prediction for each pixel. Quantiles 5%, 50% and 95% were 415 

extracted for each pixel to map estimations of the minimum, the median and the maximum 416 

biomass predictions. The map of medians remained the best estimation of biomass in the 417 

study area. The uncertainty of prediction may be approached through the 5% and 95% 418 

biomass maps. The presence-only biomass sub-models selected used Gamma or log-normal 419 

distributions that allowed a non-negligible number of high predictions, exacerbated by the 420 

relatively high uncertainty of prediction due to the small sample size. For some pixels, 421 

excessive predicted biomass that had no reality in the field was predicted. To avoid excessive 422 

stock estimates , predictions were truncated to 10% above the maximum observed biomass 423 

prediction. Although truncated, the total estimated biomass may be slightly overestimated, 424 

especially for the maximum biomass maps, as the uncertainty of prediction was particularly 425 

high in some areas. 426 

The final maps were also limited in space according to three conditions: (i) where the 427 

probability of presence was lower than ThP=5%, the risk was estimated to be small enough to 428 

predict total absence of kelp. These low probability areas were generally associated to 429 

particularly high uncertainty on presence-only biomass predictions leading to unlikely 430 

biomass predictions. The 5% limit based only on the P/A sub-model avoided unlikely 431 

predictions. (ii) Predictions in areas where bathymetry was greater than the maximum 432 

bathymetry where kelp were observed, Thb=30m, were assumed empty of kelp. (iii) Areas 433 

outside the rocks delineated in the present study were considered empty of kelp.  434 
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3. Results 435 

3.1. Topography and hard substrate mapping 436 

Several bathymetric surveys covered the entire Molène site. Figure 5a illustrates the DTM 437 

(Digital Terrain Model) that was obtained with a resolution of 5m. The maximum depth 438 

recorded was 89m. The interpretation of the imagery, DTM and derivates enabled to 439 

accurately identify two seabed classes: hard substrates, including massive rocks and boulders 440 

and homogeneous sediment units. These hard substrate, potentially allowing for kelp 441 

development, represented more than 60% of the bottom of the study area. Results obtained 442 

showed an uneven distribution (Fig. 5b). The main outcrops of hard substrate occupy the 443 

southern fringe of the Archipelago extending well beyond a depth of 30m. In the north hard 444 

substrate is often intertwined with soft sediments.  445 

3.2. Kelp forest species distribution 446 

Predictions resulted in 5m resolution grid maps showing the probability of the presence of 447 

kelp species or its biomass in each grid cell. The analyses showed that among environmental 448 

variables tested, only some of them were useful for predicting kelp forest distribution 449 

depending on the species and predicted attributes. 450 

L. digitata 451 

Presence-absence of L. digitata distribution was best determined by combined effects of 452 

depth, sediment proximity along current direction, benthic position index (BPI), immersion 453 

rate and spring temperature (Table 2). The model explained 75.3 % of the deviance in 454 

presence and absence of observations. Assessing the predictions by the cross-validation 455 

method revealed high prediction accuracy (area under the curve, AUC = 0.88). Depth, as well 456 

as its interaction with the BPI, sediment proximity and interaction temperature and 457 

immersion were the most important contributors for predicting the presence of L. digitata. 458 

Biomass observations showed an average of 6.7 kg/m² for L. digitata. Its variability 459 

throughout the study site should be pointed out with a relatively high standard deviation of 460 

5.1 kg/m². The sub-model for biomass of L. digitata where present, was predicted using the 461 

additive contributions of principally light (55.62) and its interactions with wave exposure and 462 

winter temperature. Total suspended matter contributed little and only through the 463 

interaction with light (Table 3). The selected model explained 83.49 % of the deviance. The 464 

cross-validation method showed a coefficient of variation of 78.11 %.  465 

Results also showed that although some of the environmental factors, such as temperature, 466 

had a coarse resolution, their integration to the statistical model contributed nevertheless 467 

significantly to describe L. digitata distribution. 468 

Only median maps are presented even if the extreme limits (minimum and maximum) of the 469 

predicted values were also produced. L.digitata distribution appeared to be limited to the 470 

intertidal zone around the islands and to very shallow waters (Fig. 6ab). This was confirmed 471 
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by summing up the biomass according to bathymetric classes which showed that most of the 472 

L. digitata standing stock was located between 0 and 3 meters (Fig 6 c). 473 

Laminaria digitata forests cover was estimated at 4686 ha using a best estimated threshold 474 

value of Thp=0.45 with a minimum and maximum occupied area being respectively 4050 and 475 

5770 ha. As to biomass, the median standing stock of L. digitata within the Molène 476 

Archipelago was estimated at 98 401 t, with a minimum and a maximum, respectively, of 53 477 

374 t and 164 851 t. 478 

The harvesting area obtained by processed RECOPESCA VMS data showed that the 479 

harvesting activity takes place mainly in the northern part of the Molène Archipelago (Fig 6 480 

d) and limits fit well with the estimated distribution from our model. 481 

L. hyperborea 482 

The best model that explained 78.89 % of deviance for the presence of L. hyperborea 483 

included depth, winter temperature, sediment proximity along current direction and benthic 484 

position index (Table 4). The cross-validation method showed an AUC of 0.96. Depth and its 485 

interaction with sediment proximity displayed the highest contribution to the presence of L. 486 

hyperborea with respectively 33.87% and 26.84%. 487 

Using a best estimated threshold value of 0.65, the surface area occupied by L. hyperborea 488 

was estimated to be 11052 ha, with a confidence interval ranging from 10 404 to 11 533 ha. 489 

Its median standing stock within the Molène Archipelago was estimated at 426 518 t, with a 490 

minimum and a maximum, respectively, of 260 527 t and 669 044 t.  491 

Biomass observations showed an average of 5.8 kg / m² for L. hyperborea. As for L. digitata, 492 

the variability of observed biomass presented a relatively high standard deviation of 4.5 493 

kg/m². Biomass where L. hyperborea was present was mainly modeled by the same 494 

predictors as presence/absence. The selected model explained 79.59 % of the L. hyperborea 495 

biomass deviance (Table 5). A cross-validation showed a CV (Coefficient of Variance) of 496 

57.55%. Sediment proximity as well as its interaction with depth were one of the most 497 

important contributors for predicting L. hyperborea biomass. This result seems to be in line 498 

with in situ observations that highlight sand scouring as a significant factor limiting the 499 

development and growth of kelp species. 500 

Figure 7 shows the results obtained from measurements of sediment proximity impact 501 

evaluation. The size structure of individuals was expressed as the relationship between 502 

frequency and stipe length classes according to distance from the sediment. 503 
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Indeed, the lowest stipe size was recorded in sediment samples (quadrats 5 and 6) that 504 

received the strongest effect of sand scouring and was 60 to 70 cm in length, while further 505 

away from the impact of the sediment (quadrats 1 and2) a longer stipe size was observed 506 

(more than 120 cm). For samples at the same bathymetry away from the sediment the size 507 

structure was different with several higher individuals. These elements reinforce the possible 508 

scouring effect on one part of the population located close to sand, not to forget the role 509 

played by swell and currents. 510 

Unlike L. digitata, distribution of L. hyperborea was much broader (Fig. 8ab) and seemed to 511 

be present in deeper areas. The maximum recorded depth for the in situ presence of this 512 

species was around 29 m. According to the bathymetric gradient, the estimated standing 513 

stock distribution showed that biomass increased with depth from 23 000 t at 0 to 3 m to 514 

reach the maximum available stock (225 231 t) in areas located between 7 to 15m and 515 

become negligible beyond 30 m (Fig8 c). As shown on figure 8d the zoning currently used by 516 

the profession for fallow exploitation of this species, is large and do not appear to be 517 

appropriate when considering the distribution of L. hyperborea biomass. 518 

S. polyschides 519 

Occurrence of S. polyschides distribution was modeled by combined effects of principally 520 

light and sediment proximity along wave direction associated with current and wave 521 

exposure (Table 6). The model explained 51.73 % of the deviance in the presence and 522 

absence model. Assessing the predictions by the cross-validation method indicated high 523 

prediction accuracy with an area under the AUC curve of 0.89. The fraction of the light 524 

reaching the sea bottom and distance to sediment due to wave exposure were retained as 525 

factors that mostly explained the distribution of S. polyschides with a contribution of 526 

respectively 20 % and 17%. Nevertheless, the high residuals (non explained deviance) of 527 

48.27% was approximately twice the value of those of the Archipelago's main species, L. 528 

digitata (24.17%) and L. hyperborea (21.11%).  529 

When compared to L. digitata and L. hyperborea distributions, S. polyschides was modeled 530 

present in an intermediate zone between these two species (Fig. 9). 531 

The use of threshold values (Thp>=0.45 for L. digitata, >=0.65 for L. hyperborea and >=0.48 532 

for S. polyschides) from occurrence probabilities, enabled to delineate between presence 533 

and absence areas for the 3 kelp species. Comparing the presence areas to the bathymetry 534 

allowed to determine their vertical zonation, as light and bathymetry were the main 535 

parameters determining kelp species presence. L. digitata was predicted to be mainly located 536 
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between 2 and -6 m, L. hyperborea between 0 and -19 m and S. polyschides between 2 and -537 

10 m (Fig. 10). S. polyschides seemed to be able to extend over L. digitata and L. hyperborea 538 

areas but shallower than the latter. 539 

4. Discussion 540 

4.1.1. Hard substrate mapping 541 

Visual comparison of the substrate digital map produced with the existing map showed that 542 

with a scale of 1:2000, overall knowledge has been largely improved by our study giving a 543 

more detailed interpretation of the limits of the hard substrate. In particular, we showed that 544 

certain rocky areas were less continuous than supposed in the northern part of the Molène 545 

Archipelago and also underestimated on the western side. This demonstrates the interest 546 

there is to update this information as a key variable used for limiting the model prediction area 547 

to this kelp forest preferential habitat. The adopted strategy, based on optical airborne 548 

acquisitions in shallow areas completed by acoustic data in deeper areas where optical 549 

signals cannot be recorded because of light penetration limitation, has also proved its 550 

effectiveness in producing a continuous hard substrate layer for the entire study site. 551 

Whether for bathymetry or the substrate, newly obtained resolutions were in fact much 552 

more relevant to characterize the distribution of kelp habitat than previously existing data. 553 

4.1.2. Main physical predictors driving kelp species distribution 554 

Our study showed that the main kelp species do not respond in the same way to predictor 555 

variables. Some of the selected variables behave as strong habitat drivers while others 556 

present a minor effect in shaping kelp distribution. Factors that influence their distribution 557 

also differ depending on the model, presence/absence or biomass prediction. 558 

Bathymetry – Bathymetry appeared to play a major role for L. digitata as well as for L. 559 

hyperborea distributions. This is consistent with the results of other studies showing its 560 

significant impact (Bekkby et al., 2009b; Meleder et al., 2010; Gorman et al., 2012). Depth 561 

limits for presence/absence also agree with those found in the literature. In Europe, the 562 

maximum depth for kelp presence is generally around 35m (Birkett et al, 1998). Derrien et. 563 

al. (2013) have shown that depth limits for kelp in Brittany significantly decreased with 564 

turbidity and varied from -32.2 m in offshore clear water to -1.6 m in sheltered and turbid 565 

sites. Depth does not have a direct impact on kelp distribution, but it reflects light 566 

attenuation. The probability of finding kelp increases as the light exposure index increases 567 

(Lobban and Harrison 1994 , Bekkby 2009 b), with a high quantitative light demand for S. 568 

polyschides (Norton & Burrows, 1969a in Werner) in accordance with the highest 569 

contribution of this parameter to the probability of occurrence of this species. 570 
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Wave exposure – Wave exposure is also one of the most important factors structuring coastal 571 

communities (Lewis 1964). In the models, this parameter contributed to the prediction of the 572 

biomass of both L. digitata and L. hyperborea, especially through the interaction with depth 573 

and light availability. With its flexible stipe and deeply divided blade L. digitata is well 574 

adapted to fast, turbulent water flow and mechanical stress. Our results are also in line with 575 

studies that have found that growth and densities of L. hyperborea were significantly 576 

influenced by wave exposure (Kain, 1971; Bekkby et al, 2009).  Pedersen (2012) has also 577 

shown that the biomass and production of L. hyperborea doubled along a gradient from low- 578 

to high-exposure sites.  579 

Current exposure – The influence of exposure to current was mainly expressed through the 580 

interaction with the proximity of kelp to the sediment, used here as a proxy for sand 581 

scouring. This parameter contributes significantly to the presence of L. digitata and L. 582 

hyperborea as well as to the biomass of the latter, mainly by interacting with depth. Perez 583 

and Audouin (1973) indicated that with the proximity of sandy areas, L. hyperborea 584 

populations were scattered, particularly at their upper levels. L. digitata then occupies the 585 

space left free, mixed with other species such as Saccharina latissima. 586 

Sediment proximity –Percentages of explained deviance showed the strong role of sediment 587 

proximity while simply expressed as the distance from unconsolidated sediments. Similar 588 

results were obtained by Gorman et al. (2012) in the Bay of Morlaix. The consistency of the 589 

statistical model results with in situ observations seems to highlight sand scouring as a 590 

significant factor limiting the development and growth of kelp species or inducing higher 591 

mortality rate. In winter, high swell energy removes the sand and the scouring effect has a 592 

bearing on recruitment at first and on the growth of individuals at a later stage. 593 

Immersion was only expressed in the L. digitata presence/absence model especially with the 594 

interaction of temperature. This result seems to reflect the ability of this species to tolerate 595 

desiccation during extreme low tides. The much more flexible stipes of this species enable 596 

the thalli to lie flat on the seabed with the uppermost covering the lower ones and thereby 597 

protecting them against desiccation (Birkett et al, 1998, Lüning 1990 in Werner). 598 

Our results also showed that some environmental factors affecting the distribution of the 599 

species at a biogeographical scale (Bekkby et al, 2009. Bonneti, 2009, Meleder, 2010) may 600 

also have an influence at a local scale. This is the case for temperature. Despite its small 601 

variation across the study area (~1°C spatial variation in each season), it seems to control the 602 

distributions of the two species L. digitata and L. hyperborea. However, this could be more a 603 
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correlation side-effect than a real influence, or could be integrative of annual variations of 604 

temperature encountered in the area. 605 

4.1.3. Kelp species distribution and standing stock estimation 606 

Several studies have performed predictive mapping of kelp presence/absence (Bekkby et al, 607 

2009, Meleder et al. 2010, Bekkby and Moy. 2011) but to our knowledge, only a few 608 

concerned kelp biomass mapping (Gorman et al, 2012). In this study, we investigated 609 

occurrence as well as biomass because of the importance of estimating standing stocks for 610 

the management of this resource. 611 

Kelp species distribution maps considered in the present study showed a well marked 612 

vertical zonation between the two main species present in the Archipelago. The distribution 613 

of L. digitata mainly between +2 and -5 m seems to be in line with the narrow distribution 614 

known for this species along the Brittany coast (Arzel 1998, Kerambrun 1984, Perez et 615 

Audouin 1973, Derrien et al., 2013) where it is limited to the infra-littoral fringe and upper 616 

subtidal. However, when comparing this distribution to that found on the coasts of Calvados 617 

in Normandie, where L. hyperborea is absent and where L. digitata grows to a depth of up to 618 

9m (Perez and Audouin 1973), the question arises whether the narrowness of L. digitata 619 

distribution on the Brittany coasts is not the result of competition between these two kelp 620 

species. 621 

L. hyperborea can spread from the extreme limit of low waters to depth of up to 40 m when 622 

the clarity of the water allows their extension (Perez et Audouin 1973, Floc’h 1982, Castric-623 

fey, 1973). Derrien et al (2013) showed that kelp can grow to approximately 30 m in clear 624 

water at offshore sites (Ushant Island), a value very closed to the 29 m observed at Molène 625 

during our study, even if 85% of the biomass is limited to depths less than 15 m. 626 

Saccorhiza polyschides predicted distribution must be considered with great caution, as it is 627 

an annual opportunistic algae. Living at the same level as L. digitata and L. hyperborea as 628 

shown by potential occurrence maps, Sacchorhiza polyschides competes with these two 629 

species, while invading the space left by them (Perez and Audouin, 1973). The greater 630 

production and high growth rate of this species explains the pioneering role of Sacchorhiza in 631 

the colonization of rocky bottoms. This species settles preferentially in unfavourable 632 

conditions for the others, whether in contact with sand or in areas devastated by storms 633 

(Chassé C. et Le Gendre A.F., 1977). But when L. digitata and L. hyperborea populations are 634 

abundant, Sacchoriza polyschides is very poorly represented. These variations make the 635 

mapping of this species highly uncertain (residual deviance of 48.27 %), explaining why a 636 

biomass model was not performed. 637 
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In our study, occurrence of L. digitata and its biomass appeared to have spatially correlated 638 

distributions. In contrast, the distribution of biomass of L. hyperborea do not necessarily 639 

follow the same spatial organization as the probability of presence. This species clearly 640 

shows an increasing gradient of biomass along the SE/NW axis. The south-western part 641 

exhibits lower biomass values despite high presence probabilities. This observation was 642 

made by kelp harvesters (Laurans, Pers. Comm.) and confirmed by in situ measurements. A 643 

higher frequency of S. polyschides in the SE area suggested a greater competition with L. 644 

hyperborea in this sector.  645 

The median estimated area occupied by L. digitata (4686 ha) was greater than that so far 646 

predicted in the literature. The nearest value is 3500 ha estimated by Kerambrun (1984). 647 

Those estimated by Piriou, 1987 (1600 ha) and Arzel, 1998 (1045 ha) were significantly lower. 648 

The latter used a very approximate method of interviewing harvesters so that their 649 

estimation did not include areas where L. digitata was certainly present but as combined 650 

with other algae, irrelevant for harvesting. By contrast, the estimated values in the present 651 

study concerned the entire Molène Archipelago area regardless of the density or biomass 652 

locally encountered. The two main species, L. digitata and L. hyperborea, totalized an 653 

average area estimated at 15 738 ha which is significantly greater than the 10 900 ha 654 

estimated by Kerambrun (1984).  655 

The cross-validation method was chosen in this study to evaluate the model performance as 656 

was done by Bonetti (2009). All samples were included in the modelling process for a better 657 

spatial representativeness of L. digitata and L. hyperborea distributions. Besides, we brought 658 

to light the fact that the delineation of L. digitata harvesting using the RECOPESCA VMS data, 659 

which could be considered as external data, strongly reaffirmed the model performance as 660 

harvesting locations were consistent with the predicted L. digitata distributions. Our results 661 

also pointed out that relatively large-scale predictors such as temperature were able to 662 

improve the performance of the model and were found to be betteras good contributors to 663 

fit the model at a local scale. However, due to resolution incompatibility (5 m bathymetry 664 

and 1 km for temperature), some artefacts were locally observed when zooming-in on 665 

certain areas.  666 

4.1.4. Application of predictive habitat models for kelp management 667 

There is a need to improve management measures for kelp exploitation in Brittany with 668 

regards to industrial demand. The evolution of kelp production on the Brittany coast 669 

increased from 30000 to 60000 tons in the 80’s and since 1991 fluctuates between 50000 670 

and 70000 tons (Davoult et al. , 2011). Such fluctuations depend on several parameters such 671 
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as available biomass, weather conditions for harvesting and industrial demand. Today, the 672 

Molène Archipelago, which provides more than half of total landings, is the ideal area to 673 

develop new tools. By providing information on where important kelp habitats can be found 674 

and monitored in the PNMI, the potential of the proposed method in developing integrated 675 

solutions for sustainable coastal management can also be demonstrated.  676 

Werner et al. (2004) indicated that there are two main tools for regulating the harvest of 677 

seaweed with respect to natural marine resources exploitation. The first can be defined by 678 

the number of licenses and the second consists in regulating harvesting times and quotas. 679 

We focused on the spatial distribution of biomass to make proposals for defining 680 

management measures of the two harvested kelp species. To provide detailed estimates on 681 

standing stocks of kelp beds suitable for harvesting, the overall accuracy or sensitivity of the 682 

model is not sufficient if end-users or managers are to draw appropriate conclusions on the 683 

usefulness and limitations of the model. Hence, we calculated the estimation of the 684 

confidence interval for areas covered by kelp as well as their biomass. For both species, the 685 

interval range is much greater for their biomass than for the area they cover.  686 

Laminaria digitata 687 

Currently, as L. digitata is supposed to have sufficient recruitment and growth (Laurans 688 

2010), most of these kelp beds are harvested year after year. There is only an annual and 689 

global quota that is set at 30% of the standing stock. 690 

The comparison with the production data provided by RECOPESCA, which gives an estimated 691 

standing stock (median of the model) calculated according to a gridded area (1min by 1min), 692 

shows a heterogeneous exploitation rate of the stock (Fig. 11). With a standard deviation of 693 

23 points, the ratio of harvested biomass to estimated standing stock varies considerably 694 

between sectors of the archipelago although its average of 21% remains below the global 695 

quota value. This tendency to an uneven harvesting pressure was confirmed by consulting 696 

professionals (Laurans, pers. comm). However, we point out the exceptional maximum value 697 

of 111% estimated locally near Molène Island. This is probably due to an underestimation of 698 

the model on the lower limit of L. digitata distribution where the transition towards L. 699 

hyperborea takes place. Also, the bathymetric gradient was particularly low. Underestimation 700 

of the model can also be associated with an overestimation of production for this statistical 701 

rectangle. Indeed, the integration of exploitation data to statistical rectangles is determined 702 

proportionally to the time spent by vessels and the total exploited quantity and is also based 703 

on the hypothesis that the fishing yield is the same in each rectangle. However, stock 704 
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distribution maps show that this assumption is not necessarily true throughout the study 705 

area. 706 

Figure 11 also shows that the harvesting activity is currently taking place mainly in the north 707 

part of the Molène Archipelago. It may also offer a guide for harvesting to expand or to 708 

redirect some of the current harvesting towards the south-eastern area of Molène which is 709 

not being exploited despite high biomass. This is probably due to the constraints related to 710 

the proximity of Lanildut, the landing harbour on the mainland (Fig. 1) as well as to 711 

treatment facilities.  712 

The introduction of fallow periods or periods of low harvest would be advisable. These 713 

measures are thought to be sufficient to ensure significant sustainable harvesting by 714 

increasing the average plant age within the populations. As L. digitata has a relatively short 715 

regeneration time with a life span of 3 years (Arzel, 1998 ; Lüning, 1990), it is also seen as a 716 

method to limit the development of S. polyschides, because the latter is an annual species 717 

which dies off in winter. Indeed, the occurrence of Saccorhiza polyschides observed in recent 718 

years seems to be related to biomass variations of L. digitata beds (Engelen et al., 2011). 719 

Local over-harvesting (Arzel, 1998) or impact of climate change (Raybaud et al, 2013) may 720 

explain these situations.  These two species compete but to our knowledge no research has 721 

been undertaken to explain the mechanisms of this interaction. 722 

It is important to give a special attention to the development of S. Polyschides. The increase 723 

in abundance of this species is leading to economic losses for the fishermen. In fact, the 724 

industry rejects any L. digitata containing over 20% S. polyschides as described in the current 725 

contract between harvesters and the industry. As mentioned earlier, this kelp is an 726 

opportunistic fast growing and annual species (Chassé and Le Gendre, 1977). It could rapidly 727 

colonize free space created after harvesting. Over-harvesting could lead to increasing 728 

abundance of S. polyschides and the consequential replacement of L. digitata.  729 

One of the harvesting strategies that can be recommended here, would be to start the 730 

exploitation of L. digitata early in the season to rapidly eliminate S. polyschides individuals 731 

before their fronds reach their maximum size. This will allow L. digitata to grow better as it 732 

can take better advantage of the newly available light. 733 

Laminaria Hyperborea 734 

L.  hyperborea has been harvested in the Molène Archipelago since 1995. Very limited 735 

information is available about the exact location and production of this newly exploited 736 

species. To anticipate an increase in fishing effort which is suspected in the coming years by  737 
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managers, a number of precautions can be suggested to obtain a sustainable management of 738 

this kelp species. 739 

A harvesting plan has been in place for fifteen years. Fishermen have introduced fallow 740 

periods as a self-management measure. The coast is thus divided into sectors where when 741 

an allocated quota of 20% of the estimated biomass is once reached, it causes the closure of 742 

the area for five years.It would be interesting to improve this plan based on new knowledge 743 

gained through our study. In fact, the zoning which supports the actual L. hyperborea 744 

management plan is quite extensive (Fig. 12). Using the RECOPESCA data, one could suggest 745 

a finer one minute grid along with the current biomass model developed. The advantage 746 

would be that the overall distribution of exploitation would be more in line with the biomass 747 

present and would thus avoid any local concentration. Figure 12 shows the available quotas 748 

as a result of applying the 20% rule of estimated biomass to this rezoning of the archipelago. 749 

Given the SE-NW gradient observed in the distribution of biomass, it also suggests that the 750 

20% quota could be modulated depending on the local available stock. Similar management 751 

strategies are currently being applied in Norway (Vea et al. 2011), where managers also apply 752 

the 5-year closure period described above. This duration would require more detailed local 753 

studies on the population dynamics of L. hyperborea in the Molène archipelago. 754 

To somehow optimize L. hyperborea exploitation, results obtained for stock distribution 755 

according to the bathymetric gradient suggest that harvesting activity could target the area 756 

between 5 and 15 m that hosts the majority of the L. hyperborea standing stock. Two zones 757 

are to be avoided : the first lies between 0 and 3 m where L. digitata is assumed to be mixed 758 

with L. hyperborea which implies an additional sorting operation that is not economically 759 

interesting. The other zone without economical interest for L. hyperborea kelp exploitation 760 

lies beyond 15 m as presence decreases and biomass only represent 15% of the estimated 761 

standing stock. 762 

Besides, it is important that end users, PNMI managers as well as fishermen, are aware that 763 

kelp habitat maps obtained can be improved and updated on an ongoing basis due to the 764 

increase in knowledge, from physical data to the biological cycles of species. Despite this 765 

limitation, the results of kelp modelling and mapping were very encouraging and increased 766 

knowledge significantly on the spatial distribution of the main kelp species of the Molène 767 

Archipelago.  768 

4.1.5. Issues related to kelp species predictive mapping and management 769 
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Regarding kelp distribution, the design for collecting field data is crucial for modeling and 770 

making spatial predictions. Sampling strategy could be refined by a better analysis of the 771 

model sensitivity, especially when considering the number of samples used as well as the 772 

range and resolutions of data related to the physical predictor inputs. A better resolution of 773 

physical parameters that were shown to have an influence on kelp species would improve 774 

predicted distributions and allow a better management plan. Indeed, some low resolution 775 

parameters have an influence on the quality of the model. Knowing the resolution 776 

differences of available environmental parameters, we compared for instance, the 777 

probability of presence of L. digitata with a model not incorporating large scale data (1km). 778 

The selected model in this case shows a lower AUC of 0.78 (compared to 0.96) as also a 779 

residual deviance of 36.61 % (compared to 21.1%).  780 

Observations related to the size structure showed clearly that the population dynamics is not 781 

homogeneous throughout the study area. The separation of juveniles (unharvested 782 

individuals) would be a new step towards a better management by integrating observed 783 

densities. This separation would identify areas and therefore the parameters which 784 

determine the recruitment of kelp (Pedersen et al., 2012). 785 

Over-harvesting practices may also lead to the fragmentation of populations beyond their 786 

demographic viability.  Several studies demonstrated that L. digitata populations along the 787 

Brittany coast were strongly influenced by habitat discontinuities (Billot et al. 2003; Valero et 788 

al., 2011). Their analyses clearly showed an effect of small population sizes on genetic 789 

instability of isolated populations. Knowing the role of Molène L. digitata populations in the 790 

gene flow (Couceiro et al., 2013), they can help depleted populations in adjacent areas to 791 

recover. Thus, fragmentation could be an additional monitoring indicator to ensure their 792 

sustainable exploitation. 793 

Further aspects should be considered for developing management programs for kelp 794 

resources and ensure sustainability. In fact, habitats depicted in the maps are never static 795 

and may have seasonal or multi-annual cycles. In addition to spatial regulations on 796 

harvestable biomass, harvesting season and fallow periods should be considered with 797 

respect to each species' growth strategy and their capacities of stock renewal. Indeed, a 798 

specific monitoring program repeated annually may help integrate temporal variations of 799 

kelp distribution. The establishment of areas with no harvesting in 2014 is a complementary 800 

approach to the tools proposed in this study. This would provide objective information on 801 

the state of conservation of kelp forests and quantify harvesting impact in time. 802 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

26 
 

The development of the RECOPESCA program and its extension to the entire fleet would also 803 

be an opportunity to better manage and monitor the evolution of harvesting. With such 804 

equipment, it would be easier to follow the implementation of a refined zoning plan and 805 

more specifically monitor the areas identified as the most sensitive. If new measures were 806 

applied, they should be implemented in consultation with fishermen. A system should be 807 

also designed to assess their relevance. 808 

5.  Conclusions 809 

This study showed that the adopted strategy and data processing methodology readily 810 

performs effective mapping of kelp species of Molène Archipelago. To our knowledge, this is 811 

the first time in France that such an approach has been implemented to help kelp 812 

management by providing standing stock of the main harvested species distributions. Our 813 

study thereby provides a direct link between researchers, managers and fishermen. 814 

By an integrated approach combining optical and acoustic techniques, information on the 815 

sea bottom has been greatly improved.  Accurate maps on the topography as well as hard 816 

substrates were thus obtained and were a key input for kelp forest habitat mapping. 817 

Our study also demonstrated the successful application of predictive habitat models to 818 

provide kelp species and biomass distributions along temperate coastlines. In fact, 819 

parameters were statistically significant in the model to spatially represent kelp occurrence 820 

and biomass along Brittany's coast. They were also ecologically coherent and in agreement 821 

with previous studies. The performance could be increased by improving the resolution of 822 

environmental predictors that significantly control kelp distribution. 823 

Although these predictive modeling tools cannot completely replace direct and overall 824 

observation of seabed, they can provide a comprehensive picture of some habitats that are 825 

compatible with marine ecosystem management. They also enable a significant gain of 826 

money and time compared to direct methods. The generated spatial product provides useful 827 

support to help managers by enhancing knowledge of standing stocks, distributions as well 828 

as their confidence intervals, for the two main harvested species L. digitata and L. 829 

hyperborea. Identifying productive areas and apprehending the temporal dynamics of kelp 830 

stocks may be of major importance for long-term management. 831 
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Appendix 832 

Description and sources of various physical parameters used for modelling. 833 

Physical 
parameter 

Source Description Resolution 

Bathymetry 
and 
derivatives  

From the 
present 
study 

Bathymetry is a direct result from acoustic and optical data treatment, 
which is detailed further in §2.5. Classical topographic indicators can be 
derived from the bathymetry such as the slope, the benthic position 
index (BPI) or the hillshade. Combination of BPI and the slope allowed 
to build a 4 class factor indicating the position of 1-peaks, 2-troughs, 3-

flats and 4-slopes. 

5 m 

Light 
availability 
KdPAR (m-1) 

MERIS 
satellite 
 

Light fraction that reaches a given depth is calculated with Fr = e-h/Dm, 
where h is the depth and Dm = KdPAR-1 is sometimes called the average 
depth of penetration. The attenuation coefficient of light KdPAR 
("diffuse attenuation coefficient of downwelling photosynthetically 
available radiation") was estimated from the radiance measured by 
MERIS (MEdium Resolution Imaging Spectrometer Instrument), and was 
calculated every 3 hours to account for tides, Fr being equal to 1 when 
the area had emerged. Light fraction was then averaged to provide an 
annual map. 

250 m 

Tidal current 
(kg. m². s

-2
) 

MARS 2D 
model 
 

Tidal current data were issued from the MARS 2D hydrodynamical 
model with a resolution of 250 m. Two indicators were extracted: kinetic 
energy and direction of currents. Kinetic energy was calculated with 
E=1/2 * m * v², where m is salt water density (= 1027 kg / L) and v the 
velocity. Direction of current was used to calculate the exposure to 
current, which indicated whether an area was facing currents or not.  

250 m 

Waves  
(kg. m². s

-2
) 

MARS 2D 
model 
 

Wave direction and kinetic energy were issued from the wave model. 
Wave exposure was calculated similarly to current indicators. 

200 m 

Sediment 
proximity 

From the 
present 
study 
 

Sediment proximity was used as proxy of sand scouring influence. It was 
calculated from current/wave and was approximated by calculating the 
distance from sediments to rocky areas, following the average direction 
of current/wave. Effect of sand scouring is non linear and rapidly 
decreases with distance. This was ranked in four classes: ]0,20m], 
]20,50m], ]50,100m] and >100m, respectively coded from 1 to 4. 

5m 

Tempeature 
(°C) 

satellite data The study area does not present water stratification (ref), thus sea 
surface temperature from satellites is a good proxy (substitute?) for 
bottom temperatures. Annual average summer and spring temperatures 
were tested. Temperatures for the other seasons were spatially 
correlated either with the summer (autumn) or the spring (winter) ones. 

1 km 

Total 
Suspended 
Matter  

(g.m-3) 

 
satellite data 

Total suspended matter (TSM) is the set of visible and insoluble solid 
matter present in water the size of which generally ranges from 1 µm to 
1 cm. TSM is considered as a substitute for turbidity and affects the light 
available for kelp. . Although it is included in the calculation of KdPAR to 
estimate the fraction of light reaching the bottom, its direct effect was 
tested in the models. TSM were issued from satellite data. Summer, 
winter and spring concentrations were tested.  

1 km 

Chlorophyll a 

(mg.m
-3

) 

satellite data The concentration of chlorophyll-a is a proxy for estimating the 
concentration of dissolved inorganic nutrients favourable to primary 
production and potentially for the development of kelp. Concentrations 
of chlorophyll-a were provided by satellite data.  Annual average, winter 
and spring concentrations were tested. Chlorophyll-a for the other 
seasons were spatially correlated either with the winter or the spring 
contents. 

1 km 

Salinity 
(‰) 

ECOMARS3D 
hydrodynam
ical model 

Annual, winter and spring values were tested. Other temporal salinity 
indicators were spatially correlated with one of the three values. 

3 km 

Oxygen ECOMARS3D 
hydrodynam
ical model 

Annual, winter and spring concentrations of dissolved oxygen values 
were tested. Other temporal oxygen indicators were spatially correlated 
with one of the three concentrations. 

3 km 
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Table 1  
Characteristics of remote sensing dataset used to produce a single DTM of the study area 

 

 Sensors Date of survey 
acquisition 

Surface area Depth range 

Airborne Lidar 
bathymetry 

Hawkeye Mk II 06/04 to 09/05 
2010 

170 km
2
 +27 / -32 m 

Spectral imagery Asia Eagle 1k 170 km
2
 +27 / -10 m 

Mutibeam 
echosounder 

Simrad EM1000  
100 kHz 

05-06/2011 97 km
2
 -3 / -97 m 

Interferometric 
sonar bathymetry 

GeoSwath Plus 
250 kHz 

09/2010 
05/2011 
09/2011 

54 km
2
 +2 / -62 m 

 

Table 2 

Deviance explained by selected variables of the generalized additive models (GAM) used to predict the 
occurrence probability of L. digitata in the Molène Archipelago. 
Dist_Sed_Cur: distance to sediment under the influence of current, PInd: bathymetric position index), SST: 
Sea surface temperature, Q2: 2

nd
 quartile of the year. 

 Resid. Df Resid. Dev Df Deviance Pr(>Chi) p %Exp.Dev 

L. digitata Presence/Absence model  
(Cross-validation AUC = 0.88) 163 224,39 NA NA NA NA NA 

 s(Depth)  159,57 178,92 3,43 45,47 0,00 p<0.001 20.27 

 s(Dist_Sed_Cur) 155,55 148,58 4,02 30,34 0,00 p<0.001 13.52 

 s(PInd  153,65 142,71 1,91 5,87 0,05 p<0.05 2.61 

 s(Immersion)  151,82 137,34 1,83 5,37 0,06 p<0.1 2.39 

 s(SST_Q2)  151,62 134,27 0,20 3,07 0,01 p<0.05 1.37 

 te(Depth, PInd)  148,97 105,45 2,65 28,82 0,00 p<0.001 12.84 

 te(Depth, SST_Q2)  147,41 99,79 1,56 5,66 0,04 p<0.05 2.52 

 te(SST_Q2, Immersion) 141,65 54,23 5,77 45,56 0,00 p<0.001 20.3 

Residuals NA NA NA 54,23 NA NA 24.17 
 

Table 3  

Deviance explained by selected variables of the generalized additive models (GAM) used to predict the 
biomass of L. digitata in the Molène Archipelago. 
light_fr_max: Maximum of light fraction, SST: Sea surface temperature, Q3: 3

d
 quartile of the year, 

exp_wave_M: Wave exposure mean, TSM: Total suspended matter, O2_Wint_M : Winter oxygen mean. 

 Resid. Df Resid. Dev Df Deviance Pr(>Chi) p %Exp.Dev 

L. digitata biomass  
(Cross-validation CV = 78.11) 59,00 101,04 NA NA NA NA NA 

 s(light_fr_max)  56,47 44,84 2,53 56,20 0,00 p<0,001 55.62 

 s(SST_Q3)  54,62 40,03 1,85 4,81 0,03 p<0,05 4.76 

 s(exp_wave_M)  53,69 39,15 0,92 0,88 0,25 NS 0.87 

 s(TSM)  52,71 39,15 0,98 0,00 0,93 NS 0 

 s(O2_Wint_M)  51,71 39,04 1,00 0,11 0,71 NS 0.11 

 te(light_fr_max, SST_Q3)  49,37 27,71 2,35 11,33 0,00 p<0,001 11.21 

 te(light_fr_max, exp_wave_M)  46,36 19,08 3,01 8,63 0,00 p<0,001 8.54 

 te(light_fr_max, TSM) 45,31 16,69 1,05 2,40 0,01 p<0,05 2.37 

Residuals NA NA NA 16,69 NA NA 16.51 
 

 
 
 

Table(s)



Table 4 
Deviance explained by selected variables of the generalized additive models (GAM) used to predict the 
occurrence probability of L. hyperborea in the Molène Archipelago.  
Dist_Sed_Cur: distance to sediment under the influence of current, SST: Sea surface temperature, Q3: 3

d
 

quartile of the year., PInd: bathymetric position index 

 

 Resid. Df Resid. Dev Df Deviance Pr(>Chi) p %Exp.Dev 
L. hyperborea Presence/Absence model  
(Cross-validation AUC = 0.96) 208 257,5059 NA NA NA NA NA 

s(Depth)  204,50 170,29 3,50 87,21 0,00 p<0,001 33.87 

 S(dist_Sed_Cur) 200,26 101,17 4,24 69,13 0,00 p<0,001 26.84 

 s(SST_Q3)  197,70 83,45 2,57 17,72 0,00 p<0,001 6.88 

 s(PInd)  196,64 80,25 1,06 3,21 0,08 p<0,1 1.25 

 te(Depth,dist_Sed_Cur)  192,15 66,99 4,49 13,26 0,01 p<0,05 5.15 

 te(Depth, PInd) 191,08 54,36 1,07 12,62 0,00 p<0,001 4.9 

Residuals NA NA NA 54,36 NA NA 21.11 
 

Table 5 Deviance explained by selected variables of the generalized additive models (GAM) used to predict 
the biomass of L. hyperborea in the Molène Archipelago.  
Dep: Depth, SST: Sea surface temperature, Q2 and Q3: 2

d
 and 3

d
 quartile of the year, Dist_Sed_Cur: distance 

to sediment under the influence of current, exp_wave_M: Wave exposure mean. 

 Resid. Df Resid. Dev Df Deviance Pr(>Chi) p %Exp.Dev 
L. hyperborea biomass  
Cross-validation CV = 57.55 % 63,00 66,10 NA NA NA NA NA 

 s(Depth)  60,47 59,61 2,53 6,49 0,06 p<0.1 9.82 

 s(SST_Q2)  59,07 46,08 1,40 13,53 0,00 p<0.001 20.47 

 s(dist_Sed_Cur)  56,48 42,85 2,60 3,23 0,18 NS 4.88 

 s(SST_Q3)  55,46 42,45 1,02 0,40 0,47 NS 0.61 

 s(exp_wave_M) 53,42 41,70 2,04 0,75 0,63 NS 1.14 

 te(Depth,dist_Sed_Cur)  50,05 22,39 3,38 19,31 0,00 p<0.001 29.21 

 te(Depth, SST_Q3)  47,38 14,67 2,66 7,72 0,00 p<0.001 11.68 

 te(Depth,exp_wave_M) 45,57 12,66 1,82 2,01 0,02 p<0.05 3.04 

Residuals NA NA NA 12,66 NA NA 19.15 

 

Table 6 Deviance explained by selected variables of the generalized additive models (GAM) used to predict 

the occurrence probability of S. polyschides in the Molène Archipelago 

Light_fr_max: Maximum of light fraction, dist_Sed_Wav: distance to sediment under the influence of wave,  

PInd : Bathymetric position index, exp_cur_M: Current exposure mean, Wav_kin_M: Wave kinetic mean. 

 Resid. Df Resid. Dev Df Deviance Pr(>Chi) p %Exp.Dev 
S. polyschides Presence/Absence model  
AUC = 0.89 206,00 224,20 NA NA NA NA NA 

 s(light_fr_max)  202,73 178,39 3,27 45,81 0,00 p<0.001 20.43 

 s(dist_Sed_Wav) 198,77 140,34 3,96 38,05 0,00 p<0.001 16.97 

 s(PInd)  197,68 129,00 1,09 11,34 0,00 p<0.001 5.06 

 s(exp_cur_M)  196,58 119,24 1,10 9,77 0,00 p<0.01 4.36 

 s(logWav_kin_M) 194,58 108,23 2,00 11,01 0,00 p<0.01 4.91 

Residuals NA NA NA 108,23 NA NA 48.27 
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Fig. 5. Digital elevation model obtained by (a) kriging at a resolution of 5x5m  and (b) 
substrates of the Molène Archipelago area. 
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Fig. 7. Population size structure (frequency of stipe size classes diagrams) of L. Hyperborea 
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Fig. 8. L. hyperborea prediction maps of occurrence probability (a), biomass (b), biomass 
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Fig. 9. S. polyschides : occurrence probability prediction map 

Fig. 10. Distribution of L. polyschides (hatched area) overlapping (a) L. digitata and (b) L. 
hyperborea (filled areas). 

Fig. 11. L. digitata estimated standing stock summed up in gridded 1min x 1min cells 
overlapping its biomass distribution. Values within grid cells represent the estimated ratio of 
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