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Overlapping distribution of common bottlenose dolphin,
recreational boating, and small-scale ûshery: Spatial
management insight from modelling exercises
Gabriella La Manna Corresp., 1, 2 , Fabio Ronchetti 2 , Francesco Perretti 2 , Giulia Ceccherelli 1, 2

1 University of Sassari, Sassari, Italy
2 Environmental Research and Conservation, MareTerra Onlus, Alghero, Italy

Corresponding Author: Gabriella La Manna
Email address: gabriella.lamanna@gmail.com

Background. Sustainable management requires spatial mapping of both species distribution and human
activities to identify potential risks of conûict. The common bottlenose dolphin (Tursiops truncatus) is a
priority species of the EU Habitat Directive; thus, to promote its conservation, the understanding of
habitat use and distribution, as well as the identiûcation and spatial trend of the human activities which
may directly aûect population traits, is pivotal.

Methods. A MaxEnt modeling approach was applied to investigate the seasonal (from April to
September) distribution of a small population of bottlenose dolphins in north-western Sardinia
(Mediterranean Sea), using environmental variables and the likelihood of boat and ûshing net presence
as predictors. Then, the overlapping areas between the dolphins, ûshing net and boat presence were
identiûed to provide insights for the marine spatial management of this area.

Results. Three of the main factors inûuencing the seasonal distribution of bottlenose dolphins in the
area are directly (boating and ûshing) or indirectly (ocean warming) related to human activities.
Furthermore, almost half of the most suitable area for dolphins overlapped with areas used by both
ûshing and boating. Finally, relyingon ûshing distribution models, we also shed light on the potential
impact of ûshing on the Posidonia oceanicabeds, a protected habitat, which received higher ûshing
eûorts than other habitat types.

Discussion. Modelling the distribution patterns of anthropogenic activities was fundamental in
understanding the ecological impacts both on cetacean habitat use and protected habitats. A greater
research eûort, especially inside the MPA/SCI, is suggested to detect potential changes in dolphin
distribution patterns, also in relation to climate change, to assess dolphin bycatch and the status of
target ûsh species and to evaluate sensitive habitat conditions, such as the Posidonia oceanica meadow.
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18 Abstract

19 Background. Sustainable management requires spatial mapping of both species 

20 distribution and human activities to identify potential risk of conflict. The common 

21 bottlenose dolphin (Tursiops truncatus) is a priority species of the EU Habitat Directive, 

22 thus, to promote its conservation, the understanding of habitat use and distribution, as 

23 well as the identification and spatial trend of the human activities which may directly affect 

24 populations traits, is pivotal. 

25 Methods. A MaxEnt modeling approach was applied to investigate the seasonal (from 

26 April to September) distribution of a small population of bottlenose dolphins in the north-

27 western Sardinia (Mediterranean Sea), using environmental variables and the likelihoods 

28 of boat and fishing net presence as predictors. Then, the overlapping areas between 

29 dolphin, fishing net and boat presence were identified to provide insights for the marine 

30 spatial management of this area.

31 Results. Three of the main factors influencing the seasonal distribution of bottlenose 

32 dolphins in the area are directly (boating and fishing) or indirectly (ocean warming) related 

33 to human activities. Furthermore, almost half of the most suitable area for dolphins 

34 overlapped with areas used by both fishing and boating. Finally, relying on fishing 

35 distribution models, we also shed light on the potential impact of fishing on the Posidonia 

36 oceanica beds, a protected habitat, which received higher fishing efforts than other habitat 

37 types.

38 Discussion. Modelling the distribution patterns of anthropogenic activities was 

39 fundamental to understand the ecological impacts both on cetacean habitat use and 

40 protected habitats. A greater research effort, especially inside the MPA/SCI, is suggested 

41 to detect potential changes in dolphin distribution patterns, also in relation to climate 

42 change, to assess dolphin bycatch and the status of target fish species, and to evaluate 

43 sensitive habitats conditions, such as the Posidonia oceanica meadow.

44

45

PeerJ reviewing PDF | (2023:05:86103:0:1:NEW 19 May 2023)

Manuscript to be reviewed



46 Introduction 

47 Marine coastal biodiversity in the Mediterranean is severely threatened by different 

48 anthropogenic pressures (chemical and acoustic pollution, eutrophication, marine traffic, 

49 alien species), which are expected to increase in the next future (Coll et al., 2010, 2012). 

50 Moreover, the cumulative and synergistic effects of multiple human-induced alterations 

51 on coastal ecosystems may impair the attempt to protect marine biodiversity (Micheli et 

52 al., 2013). 

53 Among other species, marine mammals in coastal areas suffer habitat fragmentation and 

54 loss, reduced availability of resources and disturbance from human recreational activities 

55 (Reeves et al., 2003, 2013; Natoli et al., 2021). One of the most common species 

56 distributed along the Mediterranean coasts in the continental shelf (0�200 m) is the 

57 common bottlenose dolphin (Tursiops truncatus) (Bearzi et al., 2008; Gnone et al., 2023), 

58 where local communities, generally small sized, display limited home ranges and may 

59 form isolated and even genetically distinct units at small geographic scales (Gnone et al., 

60 2020; Natoli et al., 2021). The species is strictly protected according to the Habitats 

61 Directive (Annex IV; 92/43/ECC), the Protocol for Specially Protected Areas, the 

62 Biological Diversity in the Mediterranean of the Barcelona Convention (Annex II), and the 

63 ACCOBAMS agreement. Prey depletion, incidental catches in fishing activities and 

64 habitat loss are currently the primary threats to bottlenose dolphins in the Basin (Bearzi 

65 et al., 2012; Natoli et al., 2021). Further, they may be exposed to high levels of human 

66 disturbance, such as shipping, recreational boating, collision, and underwater noise 

67 (Bearzi, 2002; Reeves et al., 2013). 

68 Sustainable management requires spatial mapping of both species distribution and 

69 human activities to identify potential risk of conflict. For example, depredation attempts, 

70 bycatch and entanglement in fishing gears, and conflict with fishers are most likely to take 

71 place where spatial overlap between marine mammal distribution and fisheries occurs (Di 

72 Tullio et al., 2016), while the risk of collisions and disturbance by boating may be most 

73 severe in highly attractive tourist areas (O�Connor et al., 2009; La Manna et al., 2020). 

74 Thus, according to the EU Habitats Directive and the Maritime Spatial Planning Directive 

75 of the EU (2014/89), assessing the overlap between dolphins and human activities 
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76 distribution is crucial to identify conservation strategies and strengthen current policies 

77 regarding spatial coastal zone management. 

78 The coasts of Sardinia are considered high-biodiversity areas, where the human impacts 

79 can be considered less pronounced than other Mediterranean sites (Coll et al., 2012). 

80 However, even in the most pristine coasts, two potentially damaging human activities for 

81 dolphins, small-scale fishery and boating, are widely spread. Small-scale fishery is 

82 currently defined by the European Union as the fishing activities performed by vessels 

83 12/m-and-under in length, which do not use towed fishing gears (Davies et al., 2018). 

84 Small-scale fishery is generally considered less impacting on the marine environment 

85 than the industrial one, even if it cannot be considered �sustainable� by definition (Davies 

86 et al., 2018). In fact, small-scale and artisanal fisheries can have the potential to over-

87 exploit resources and may cause mortality to cetaceans because of by-catch (Read et 

88 al., 2006), two of the major causes of cetacean population decline. Further, conflict with 

89 fishers due to the depredation on fishing nets can reduce dolphin local abundance and 

90 impair conservation status (Read et al., 2006; Read, 2008) owing to retaliatory measures 

91 (intentional injury and killing) taken by fishers. The economic crisis faced by small-scale 

92 fishery have exacerbated fishers� perceptions of dolphins as competitors (Lauriano et al., 

93 2004; La Manna et al., 2022). This is particularly relevant in Sardinia where a depredation 

94 frequency of dolphins on gillnets and trammel nets higher than 50% has been recently 

95 estimated (La Manna et al., 2022a). Sardinia is also one of the Italian regions with the 

96 largest concentration of boat berths, tourist ports and marinas (ONN, 2011). Recreational 

97 boating is still considered less harmful than shipping for the marine environment, thus it 

98 is still scantly regulated (La Manna et al., 2020). However, the impact of boating may lead 

99 to dolphin behavioral changes, shifts in habitat use, temporary displacement, increase in 

100 energy consumption, and, in the long-terms, changes in survival rates or population size 

101 (Constantine et al., 2004; Lusseau, 2005; La Manna et al., 2013, 2014). Furthermore, 

102 especially in coastal areas, dolphins attract tourists, leading to a significant growth in 

103 commercial or accidental dolphin-watching activities, which can represent an additional 

104 source of disturbance linked to both the physical presence of boats and the noise they 

105 produce (O�Connor et al., 2009; Kassamali-Fox et al., 2020). 
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106 To promote dolphin conservation, the understanding of their habitat use and distribution, 

107 as well as the identification and spatial trend of the human activities which may directly 

108 affect populations traits (Carlucci et al., 2016; Lambert et al., 2017; La Manna et al., 2020), 

109 is pivotal. Thus, the aim of this study was two folds: i) to investigate the distribution of a 

110 small population of bottlenose dolphins in the north-western Sardinia and identify the 

111 environmental and anthropogenic variables that mostly explain its distribution patterns; ii) 

112 to estimate the distribution overlaps between dolphins, boating and small-scale fishing 

113 activity. To these aims, a MaxEnt modeling approach (Maximum Entropy; Phillips et al., 

114 2006) was used on fishing gear and boat presence data to predict the spatial distribution 

115 patterns of fishing and boating in one of the most popular tourist destinations in Sardinia 

116 (Alghero), whose harbor has one of the highest numbers of fishing licenses and boat 

117 berths of the island. Then, we used the likelihood of boat and fishing net presence and 

118 other environmental variables to predict the distribution of dolphins in two seasons (spring 

119 and summer 2022) and in the whole period (spr-sum 2022). Finally, the overlapping areas 

120 between dolphin, fishing net and boat presence were identified to provide insights for the 

121 marine spatial management of this area.      

122

123 Materials & Methods

124

125 Study area

126 The study area (about 400 km2) is in northwest Sardinia, Italy (40.5580 N, 8.3193 E, Fig. 

127 1) and includes three coastal protection measures (the Capo Caccia - Isola Piana MPA, 

128 the SCI �Capo Caccia e Punta del Giglio� ITB010042 and the SCI �Entroterra e zona 

129 costiera tra Bosa, Capo Marargiu e Porto Tangone� ITB020041) and Alghero, the largest 

130 harbor on the western coast of the island (with 2200 berths), which hosts a fishing fleet 

131 mainly composed of small-scale fishing vessels (n=75; mean length ñ SD = 7.18 ñ 2.10; 

132 La Manna et al., 2022b). The area is characterized by a variety of habitats (Table 2), but 

133 the MPA and SCIs were established mainly for the protection of endemic Mediterranean 

134 seagrass (Posidonia oceanica) and coralligenous. The local economy relies on sea-

135 related tourism activities (La Manna et al., 2016b); fishing is mainly small scaled and 

136 based on traditional practice (La Manna et al., 2022b). Common bottlenose dolphin 
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137 (Tursiops truncatus) is the only species of cetacean regularly present in the area. The 

138 local population counts 130 photo-identified individuals, with at least 30% of them 

139 showing high site fidelity (La Manna et al., 2023b).  

140

141 Field data collection

142 Data on fishing, boating and the common bottlenose dolphin were collected from April to 

143 September 2022. Systematic standardized surveys were conducted from two identical 

144 9.7 m motorboats, equipped with 270 hp sterndrive engines. Survey routes followed a 

145 haphazard sampling procedure (La Manna et al., 2016a, 2020), with a generally 

146 perpendicular direction with respect to the coast and depth contours. In each survey, boat 

147 speed was kept between 6 and 10 kn, to ensure dolphin detection, while two experienced 

148 observers scanned the sea surface with both necked eyes and with the help of binoculars. 

149 Scans occurred from 9 am to 6 pm, only in days with a visibility of over 3 miles and good 

150 sea conditions (sea state 2 Douglas; wind force 2 Beaufort). The position of the research 

151 boat was automatically recorded every 30 sec using a Garmin GPS chart-plotter. Using 

152 binoculars (10 power magnification, 42 mm objective lens), trained observers counted 

153 boats, both moored and underway, and fishing buoys encountered within 300 m during 

154 the survey, recording their position using GPS. Boats were classified as: recreational 

155 inflatable boats, speed boats, cabin cruisers, sail boats, diving boats, fishing boats and 

156 tourist ferry boats. Fishing buoys (thus the attached gears) were classified as fishing net 

157 or traps, based on their peculiar and distinctive positions (Fig. 2). When the classification 

158 was ambiguous the gear was classified as not determined (ND) and excluded from the 

159 analysis. During a dolphin sighting, animals were approached cautiously, to avoid 

160 disturbance, and data about dolphin group size and geographic position were collected.

161

162 Environmental predictors

163 We incorporated data on environmental variables, dolphin, fishing gear, and boat 

164 occurrence into a Geographic Information System (GIS; software ArcMap 10.8) using the 

165 World Geodetic System 1984 (WGS84) and the Universal Transverse Mercator (UTM) 

166 32 N projection. 

167 The following environmental variables were selected to model dolphin distribution, based 

168 on previous studies on cetacean (Azzellino et al., 2012; Marini et al., 2014; Bonizzoni et 
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169 al., 2019; La Manna et al., 2016, 2020): water depth (m), mean sea surface temperature 

170 (SSTm), difference between the maximum and the minimum sea surface temperature 

171 (SSTr), chlorophyll concentration (Chl-a - mg/m3), seafloor slope (degree), distance to the 

172 coast (m), aspect (downslope direction) and seabed habitat type (Table 1, Suppl. Mat. 1). 

173 All data were pooled into grids with a resolution of 250 m and averaged over two periods 

174 (spring: from April to June; summer: from July to September) and the whole period (spr-

175 sum). We used �Raster Correlations and Summary Statistics� tools of the plug-in 

176 SDMtoolbox 2.5 for ArcGis to create a correlation matrix of the Pearson correlation 

177 coefficients (r) between the environmental predictors (Brown et al., 2017). Since 

178 collinearity was found between distance to the coast, chlorophyll concentration and depth, 

179 only depth was used in the modelling exercises (Kramer-Schadt et al., 2013). 

180

181 Model generation and validation 

182 We modeled boat, fishing gear, and dolphin occurrence at different temporal scales by 

183 Maximum Entropy (MaxEnt version 3.4.1, Phillips et al., 2020), one of the most reliable 

184 tools (Elith et al., 2006, 2011) when presence-only data (Guisan and Thuiller, 2005) are 

185 available and the number of sightings is low (Elith et al., 2006). MaxEnt estimates a 

186 probability distribution (i.e., relative likelihood of presence; McClellan et al., 2014) for a 

187 species by contrasting occurrence data with background data, rather than true absence 

188 data (Thorne et al., 2012). Thus, MaxEnt does not assume that the absence precludes 

189 the likelihood of occurrence and this aspect is particularly relevant in case of highly elusive 

190 species, such as cetaceans (La Manna et al., 2016, 2020). 

191 Boating and fishing activities were modelled by MaxEnt since they vary temporally and 

192 spatially as a function of human behavior (Cummins et al., 2008; La Manna et al., 2020). 

193 Thus, we modelled the likelihood of fishing gear and boat presence using the location 

194 points of all boats and fishing buoys (distinguished in traps and fishing nets) recorded 

195 during the surveys as presence data and the raster surface of depth, slope, aspect, and 

196 seabed habitat types as explanatory variables (Table 2). These environmental predictors 

197 were chosen since seabed morphology and habitats may affect both fisher and boater 

198 behavior. For modeling the likelihood of fishing gear presence, we also considered SSTm 

199 and SSTr, since temperature is among the main driver of fish distribution (Azzurro et al., 
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200 2019), and distance to harbor, since the distance between the harbor and the fishing site 

201 could influence fishers� choice. Other predictors, that have been used in fishing modelling 

202 exercises (van der Reijden et al., 2018), such as tidal currents and wave height, were not 

203 considered here because of their irrelevance in the local (small scaled) context. 

204 For modeling the likelihood of dolphin presence, we considered four continuous 

205 environmental variables (SSTm, SSTr, depth and slope), two categorical environmental 

206 variables (aspect and seabed habitat type) and two anthropogenic predictors (the 

207 likelihood of boat and fishing net presence modeled by MaxEnt). Since collinearity was 

208 found between the likelihood of fishing net and trap presence, only the former was used 

209 in modelling dolphin presence. 

210 For all models, MaxEnt settings were chosen in relation to the specific questions of the 

211 study and data limitations (Merow et al., 2013): (i) the cloglog output since it is most 

212 appropriate for estimating likelihood of presence (Phillips et al., 2020), (ii) hinge features 

213 (Phillips and Dudík, 2008), (iii) default regularization parameters, and (iv) 10-fold cross 

214 validation to assess the average behavior of the algorithms randomly partitioning the 

215 occurrence data in ten random subsets (Phillips et al., 2006). The geographical extent of 

216 the models coincides with the monitored area that includes the typical and known habitat 

217 of bottlenose dolphins (Bearzi et al., 2012). Thus, we used all the background sites 

218 available (5,358) to increase the predictive performance (Phillips and Dudík, 2008). 

219 Furthermore, since background points were generated from the same environmental 

220 space as the presence locations, bias files, useful to fine-tune the selection of background 

221 points in MaxEnt and to account for sampling bias (Brown et al., 2014), were not used. 

222 We ran a jackknife analysis to estimate the contribution of each variable to the MaxEnt 

223 run, obtaining alternative estimates of variable importance for our models. The 

224 performance of each MaxEnt model was assessed using the AUC (area under the 

225 receiver operating characteristic curve; Phillips et al., 2006), a threshold-independent 

226 metric of overall accuracy. The AUC provides an adequate evaluation of model 

227 performance (Phillips et al., 2006), even if, in the case of presence-only distribution 

228 models, AUC will compare presences with background points and cannot be considered 

229 a perfect measure of model accuracy (Lobo et al., 2008; Merow et al., 2013). AUC values 

230 range between 0 and 1: models with moderate to-good discrimination ability correspond 
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231 to AUC higher than 0.7 (Swets, 1988). Additionally, we verified the model robustness by 

232 computing: (i) the test-AUC standard deviation (SD) and (ii) the difference between the 

233 train-AUC values (using all presences) and the mean test-AUC values. Low test-AUC SD 

234 and/or small difference between the train-AUC and mean test-AUC values indicate model 

235 robustness (Herkt et al., 2016). 

236 Using the cloglog output of MaxEnt (Phillips et al., 2020), we produced maps for each 

237 season (spring and summer) and the whole period (spr-sum) relative to the likelihood of 

238 boat, fishing net and dolphin presence.

239 To visualize the overlapping area between dolphins and boats and between dolphins and 

240 fishing nets, the intersections of their representative areas were calculated, for both 

241 seasons and the whole period, using as representative areas those with likelihood of 

242 presence >0.6. This value corresponds to the threshold which balances sensitivity (the 

243 change of correctly identifying suitable areas) and specificity (the change of correctly 

244 identifying not suitable areas) (Liu et al., 2013). Finally, two percent area overlap, one 

245 between dolphins and boats (PAOd,b) and the other between dolphins and fishing nets 

246 (PAOd,f), were calculated following Atwood & Weeks (2003):

247

248 PAOd,b = (Ad,b / Ad) x (Ad,b / Af)0,5

249 PAOd,f = (Ad,f / Ad) x (Ad,f / Af)0,5

250

251

252 where Ad,b is the overlap area between dolphins and boats, Ad,f is the overlap area 

253 between dolphins and fishing nets, Ad is the representative area for dolphins, Ab is the 

254 representative area for boats, and Af is the representative areas for fishing nets.

255

256 Results

257

258 Boat and fishing net presence 

259 Between April and September, a total of 2973 boats were counted, 657 in spring and 

260 2316 in summer. The accuracy of MaxEnt in predicting the likelihood of boat presence 

261 was higher than 0.75 in any investigated period (Table 2). The most important contributor 
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262 in predicting the likelihood of boat presence was depth, followed by aspect (Table 2). The 

263 probability of finding boats was higher between - 60 and - 15 m of depth and similar for 

264 all aspect classes, except for the classes 2 (NW) and 7 (W), the orientation most exposed 

265 to the dominant local wind (Suppl. Mat. 1 and 2). Overall, the highest likelihood of boat 

266 presence was along the north-western part of the Alghero coast and inside the boundaries 

267 of the MPA/SCI (Figure 3), especially in summer.

268 A total of 409 fishing nets were counted, 175 in spring and 234 in summer. The accuracy 

269 of MaxEnt in predicting the likelihood of fishing net presence was higher than 0.8 in any 

270 investigated period (Table 2). The most important contributors in predicting the likelihood 

271 of fishing net presence were depth (in summer), SSTm, distance to harbor and seabed 

272 habitat type (in spring) (Table 2). In spring, the probability of finding fishing nets was 

273 higher in the habitat �Mediterranean communities of muddy detritic bottoms� and 

274 �Posidonia bed�, and within 4 km to the harbor (Suppl. Mat. 3), while in summer the 

275 probability of finding fishing nets was higher between - 60 and - 20 m of depth and 

276 between 8 and 12 km from the harbor. In any period, the increase of SSTm decreased 

277 the probability of finding fishing nets. Overall, the likelihood of fishing net presence was 

278 highest along the coast closest to Alghero, especially in spring, but also in the areas inside 

279 and surrounding the MPA/SCI, especially in summer (Figure 3).    

280

281 Dolphin presence

282 Across all periods, 110 dolphin groups were sighted in about 5650 km of navigation and 

283 163 surveys (Fig. 1). All MaxEnt models obtained AUC higher than 0.75, indicating high 

284 accuracy in predicting dolphin presence (Table 2). Further, the overall model robustness 

285 can be inferred by the small difference between train-AUC and mean test-AUC values 

286 (Table 2).

287 The most important contributing variables to the dolphin habitat suitability models were 

288 the likelihood of fishing net presence, seabed habitat type, aspect, SSTm and the 

289 likelihood of boat presence (Table 2). Particularly, the probability of finding dolphins: i) 

290 increased as the likelihood of fishing net presence increased, in all seasons; (ii) changed 

291 with the seabed habitat types and aspect classes, depending on the season; (iii) 

292 decreased when the SSTm increased in summer; iv) decreased when the likelihood of 
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293 boat presence was higher than 0.5 in spring (Suppl. Mat. 4). The most suitable areas for 

294 dolphins are inside the Alghero Bay, both along its western and southern coasts, and only 

295 partially overlap with the boundaries of the MPA/SCI (Figure 3). 

296 The area with the likelihood of dolphin presence higher than 0.6 extended for about 58 

297 km2, ranging from 49 km2 in spring to 61 km2 in summer (Table 3). This area largely 

298 overlapped with both the areas with the highest likelihood of fishing net and boat 

299 presence, mainly in Summer (Table 3; Fig. 4). 

300

301 Discussion
302

303 The study highlighted the distribution patterns of boating and small-scale fishing activity 

304 and how they both contribute to defining the distribution of dolphins.

305 Particularly, based on the MaxEnt outputs, boaters tend to navigate inside the Alghero 

306 Bay and the MPA/SCI, the areas most protected by the dominant winds and mostly 

307 attractive for the scenic coasts and pristine waters. The most important predictor of boat 

308 distribution was depth and the area with the likelihood of boat presence higher than 0.6 

309 extends for 70 km2, ranging from 50 km2 in spring to 62 km2 in summer. These results 

310 were consistent with a previous study conducted between 2015 and 2018 (La Manna et 

311 al., 2020), and highlighted the constant use by boaters of the same areas over the years. 

312 Further, the study measured the extension of the area with the highest likelihood of fishing 

313 net presence (about 60 km2, ranging between 35 km2 in spring and 40 km2 in summer) 

314 and found the key environmental factors associated with fishing. In spring, fishers tended 

315 to use mainly the coastal shallow waters inside the Alghero Bay, at distance to the harbor 

316 shorter than 4 km, coherently with the need for small-sized vessels to remain close to the 

317 harbor when the local weather conditions are still variable. Fishers showed a clear 

318 preference for specific seabed habitat types (namely, muddy detritic bottom and 

319 Posidonia oceanica beds), a pattern already observed in other areas (van der Reiijden et 

320 al., 2018). In summer, fishers operated at greater distance to the harbor (between 8 and 

321 12 km), also using a consistent area within the MPA/SCI. Apart from depth, distance to 

322 the harbor and habitat type, SSTm and SSTr were among the most important contributing 

323 variables of fishing net distribution in both seasons. The fishing hotspots reflect the 

324 fishers' preference for areas with high abundances of the target species, thus the 
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325 observed decrease of fishnet presence where the SSTm was higher and SSTr lower than 

326 4°C, could be related to the effect of warming on fish abundance and distribution. Ocean 

327 warming may impact commercially exploited fish stocks, both directly (acting on fish 

328 physiology, behavior, reproduction, and distribution) and indirectly (acting on productivity 

329 and structure of ecosystems on which fish depend) (Brander, 2007; Cheung, 2018; 

330 Holsman et al., 2020). The changes in the quality, timing, and abundance of fish species 

331 may alter the transfer of marine secondary production to higher trophic levels, with 

332 cascading implications for food webs (Silber et al., 2017), and consequent shift in high-

333 level predator distribution and fishing hotspots. These impacts could be particularly 

334 severe in the Mediterranean Sea (Azzurro et al., 2019), one of the fastest warming areas 

335 of the planet with temperatures rising at a rate two to three times faster than the open 

336 oceans (Cramer et al., 2018).

337 The modelling exercises on boating and fishing were particularly useful for understanding 

338 the influence of the anthropogenic factors on dolphin distribution. In fact, the most 

339 important contributing variable was the likelihood of fishing net presence, especially in 

340 summer, when both fishers and dolphins have used less coastal areas. Consistently, the 

341 overlapping area between dolphins and fishing nets in summer reached 47%. The 

342 bottlenose dolphin is a species characterized by opportunistic feeding behaviors, known 

343 to target a wide range of prey, mostly consisting of demersal fish species (e.g., European 

344 hake, red mullet, European conger), benthic fish of soft bottom (e.g., common sole) and 

345 cephalopods (e.g., common octopus and common cuttlefish) (Blanco et al., 2001; Bearzi 

346 et al., 2008; Milani et al., 2019), which also represent target species for trammel and gill 

347 net fishing. Top predators for which the predation risk is generally low, such as the 

348 bottlenose dolphin in the Mediterranean Sea, develop strategies of resources and 

349 habitats use based on the optimization of their foraging success (Mannocci et al., 2014). 

350 Thus, the present result can be explained by both the depredation behavior of the 

351 bottlenose dolphins on fishing nets, a widely spread feeding strategy in the Mediterranean 

352 Sea (Reeves et al., 2001; Bearzi et al., 2002; Brotons et al., 2008; Lauriano et al., 2004, 

353 2009; Revuelta et al., 2018; Pardalou et al., 2020; La Manna et al., 2022), and the likely 

354 sharing of the most productive zones within the study area between dolphins and fishers 

355 (Pennino et al., 2015; Carlucci et al., 2016). 
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356 Boat presence was a less important predictors, being relevant only in spring, when an 

357 increase in the likelihood of boat presence higher than 0.5 leaded to a decrease in the 

358 likelihood of dolphin presence. This result seems to contrast with what was found in a 

359 previous study in the same area, where boat presence was the most important 

360 contributing variable in the dolphin distribution modelling (La Manna et al., 2020). 

361 However, this inconsistency could be explained by the shift in the dolphin distribution 

362 towards areas less used by boaters, as confirmed by the reduction from 85% (between 

363 2015-2018) to 41% (in 2022) of the overlapping area between dolphins and boats, and 

364 by the introduction in the model of a more relevant predictor (the likelihood of fishing net 

365 presence), which in turn may be related to prey distribution and dolphin feeding. The latter 

366 aspect is also confirmed by the importance of seabed habitat types in modelling dolphin 

367 distribution: the preference for certain habitat types, which changes by season, could 

368 likely be related to the different prey availability (Hastie et al., 2004; Palacios et al., 2006, 

369 2013; Gilles et al., 2016). At the end, SSTm also influenced dolphin distribution, mainly in 

370 summer, when higher SSTm reduced the likelihood of dolphin presence. The importance 

371 of SST in defining dolphin distribution is coherent with recent studies conducted in other 

372 geographical areas (Hartel et al., 2014; La Manna et al., 2016a; Lambert et al., 2017) and 

373 with the strong influence of warming and marine heat waves on the occurrence, home 

374 range and group sizes recently found in the same dolphin population (La Manna et al., 

375 2023a, 2023b).

376 Study limitations 

377 Some ecologically relevant results were obtained with this study, although not all the 

378 potential factors influencing dolphin distribution were included in the models. Thus, the 

379 limited number of predictors constrains the interpretation of the results within the range 

380 of the investigated environmental conditions (La Manna et al., 2016, 2020). For example, 

381 although fishing and SST can be considered good proxies of prey availability, the model 

382 predictability would be certainly improved including data on fish abundance and 

383 distribution (MacLeod et al., 2014). Further, other aspects remain to be clarified. For 

384 example, the distribution of dolphins during the winter months, when sea-based tourist 

385 activities cease and fishing reduce due to adverse weather conditions, as well as the 

386 influence of different behavioral states (feeding, socializing, resting) on the selection of 
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387 habitats (Giannoulaki et al., 2017) should be investigated. Finally, considering that marine 

388 mammals respond to climate change (Silber et al., 2017), and early indications on the 

389 effect of warming on the studied population have already been found (La Manna et al., 

390 2023a, 2023b), further effort should be done to anticipate changes in occurrence, 

391 distribution, and relative abundance of this population under climate change scenarios.

392

393 Conclusions

394

395 Almost half of the most suitable area for dolphins overlapped with areas used by both 

396 fishing and boating. Moreover, three of the main factors influencing the seasonal 

397 distribution of bottlenose dolphins in the area are directly (boating and fishing) or indirectly 

398 (ocean warming) related to human activities, showing the importance of adding 

399 anthropogenic activities in the modelling of cetacean habitat use, especially considering 

400 the worldwide increase of human pressure on these species (Tardin et al., 2019).

401 The study confirmed the use by boaters of the same coastal areas over years (La Manna 

402 et al., 2020), especially the zones surrounding and inside the MPA/SCI. Therefore, 

403 boating represents a constant anthropogenic pressure, which already showed to 

404 influence the distribution pattern of dolphin mother-calf pairs (La Manna et al., 2020) and 

405 to change whistling as likely adaptation to the noise produced by boats (La Manna et al., 

406 2019). However, the effect of boating on species� fitness and conservation status is far to 

407 be disentangled (La Manna et al., 2019). Further, boating, in terms of physical presence 

408 of boats, related noise, and anchoring, may have detrimental effects also on other 

409 species, such as fish (La Manna et al., 2016b), and habitats, such as the Posidonia 

410 meadows (Milazzo et al., 2004; Ceccherelli et al., 2007; Carreño and Lloret, 2021).

411 The study provided also the first evidence on the spatial distribution of small-scale fishing 

412 activity, whose vessels (less than 12 m in length) are not legally required to carry 

413 automatic identification or vessel monitoring systems, given insights into the areas where 

414 the chances for dolphins to encounter setnets is higher, as well as the risk of bycatch and 

415 entanglement (Breen et al., 2016). No quantitative data regarding the latter aspects exist. 

416 However, several cases of survived or stranded dolphins showing signs of entanglements 

417 or violent interactions with fishers and dead dolphins due to bycatch were recorded in 
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418 Sardinia (La Manna, pers. comm; Fig. 5). Another relevant aspect, from a conservation 

419 point of view, is the depletion of fish resources due to intense fishing activities, especially 

420 when they are exploited in small-sized areas, as in the present study. The population-

421 level consequences of potential prey depletion for species with varied diet, such as the 

422 bottlenose dolphin, are difficult to demonstrate (Natoli et al., 2021). However, the 

423 identification of �hot spot areas�, namely areas with high probabilities of dolphin presence 

424 and fishing activities, can lead to more effective protection and management measures 

425 (Sofaer et al., 2019), such as the restrictions of fishing in same areas or seasons 

426 (Giannoulaki et al., 2017).

427 Further, relying on fishing distribution models, we also shed light on the potential impact 

428 of fishing on the Posidonia oceanica beds, which received higher fishing efforts than the 

429 other habitat types. Although this is a protected habitat listed in the Habitats Directive 

430 (92/43/ECC), to the best of our knowledge, no studies have investigated the ecological 

431 impact of both boating and fishing on seagrass meadow in this area, either inside the 

432 MPA/SCI. Since healthy and functional marine ecosystems depends primarily on the 

433 minimization of habitat loss and degradation (Klein et al., 2008), knowledge of the 

434 location, extent and ongoing condition of this habitat should be implemented, also to 

435 protect the numerous varieties of fish and other marine species seeking food and refuge 

436 around the seagrass beds (Waycott et al., 2009), with the aim of preserving both 

437 biodiversity and fishing socio-economic viability (Vlachopoulou et al., 2013). 

438 In conclusion, greater research effort is required to understand the ecological impacts 

439 and pressures of boating (Carreño and Lloret, 2021) and fishing, both on dolphins, fish, 

440 and protected habitats. Particularly, to draw up management strategies aimed to mitigate 

441 the identified impacts, especially inside the MPA/SCI, the following actions should be 

442 implemented: i) systematic surveys of the bottlenose dolphin population to detect 

443 potential changes in distribution patterns, also in relation to climate change; ii) fishery 

444 monitoring to assess dolphin bycatch and the status of target species; iii) assessment of 

445 sensitive habitats conditions, especially that of the Posidonia oceanica meadow.

446
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723 FIGURE CAPTIONS
724

725 Fig. 1. Map of the study area showing the total sampling effort (shades of blue) pooled 

726 into grid cells (2 x 2 km). Red points: dolphin sightings between April and September 

727 2022.  

728

729 Fig. 2. Peculiar and distinctive positions of the fishing buoys used to classify the gear as 

730 fishing net or traps.

731

732 Fig. 3. Likelihood of boat, fishing net and dolphin presence (cloglog output of MaxEnt 

733 models) for spring (upper row), summer (middle row), and the whole period (spr-sum, 

734 lower row).

735

736 Fig. 4. Overlapping between dolphin and boat representative areas (A) and dolphin and 

737 fishing net representative areas (B) in the two seasons (spring and summer) and for the 

738 whole period (spr-sum). PAO: percent area overlap.

739

740 Fig. 5.  Effects of interactions between dolphins and fishery in Sardinia: dolphins showing 

741 clear signs of entanglement (A and C) and violent interaction with fishers (who use dive 

742 spearguns to get away the animals from the nets, B and D).

743

PeerJ reviewing PDF | (2023:05:86103:0:1:NEW 19 May 2023)

Manuscript to be reviewed



Table 1(on next page)

Description and sources of the predictors used for modelling ûshing net, boat and
bottlenose dolphin presence.
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1 Table 1. Description and sources of the predictors used for modelling fishing net, boat and bottlenose 
2 dolphin presence. 
3

Predictors Description and sources 

Water depth Water depth was mapped using the points recorded every 30 s by the GPS during 

surveys with very good sea conditions (sea state  ó1). These points were used to create 
a raster bathymetry surface using �Topo to raster� function of Spatial Analyst tools 
(resolution 250 m).

SST (mean and 
range) 

SST source satellite data were downloaded from GOS Project 2010 

(https://doi.org/10.5067/GHOUH-4GM20). Monthly climatological raster of GHRSST L4 

SST images with 1 km of resolution were created using the plug-in Marine Geospatial 
Ecology Tools 0.8a68 for ArcGIS. SST raster surfaces were downscaled to the spatial 
resolution of 250 m using the interpolation tool �Geostatistical Wizard: kernel 
smoothing� in the Geostatistical Analyst Toolbar and averaged for each season (spring 
and summer) and for the whole period (spr-sum)

Chl-a Chl-a GlobColour monthly L3 products with a resolution of 1 km were downloaded from 
GlobColour Project (http://globcolour.info). Chl-a raster surfaces were downscaled to 
the spatial resolution of 250 m using the interpolation tool �Geostatistical Wizard: kernel 
smoothing� in the Geostatistical Analyst Toolbar and averaged for each season (spring 
and summer) and for the whole period (spr-sum)

Slope Slope defined the bathymetric gradient along the study area and was measured in 
degrees. A continuous raster surface (250 m resolution) of seabed gradient was 
derived from water depth using �Slope� function in Spatial Analyst Tools in ArcGIS.

Aspect Aspect corresponds to the heterogeneity of the downslope direction and was calculated 
by deriving the maximum rate of change in water depth values from each cell to its 
neighbors, using �Aspect� function in Spatial Analyst Tools in ArcGIS. Aspect was a 
categorical variable, with 8 classes, coded as follows: flat (0); N (1); NW (2); E (3); SE 
(4); S (5); SW (6); W (7); NE (8).

Distance to the 
coast 

The distance to the coast was calculated for each cell centroid from shoreline shapefile 
using �Near� function in Spatial Analysis Tools in ArcGIS.

Distance to the 
harbor 

The distance to harbor was calculated for each raster cell using �Euclidean distance� 
function of the Spatial Analyst tool. The source to calculate the distance was the closest 
raster cell to the entrance of the harbor, while the coastline was defined as a barrier. 
The resulting raster was reclassified using the �Reclassify� function of the Spatial 
Analyst tool to create a categorical variable with 5 classes of distance coded as follows: 
4 (from 0 to 4 km), 8 (from 4 to 8 km), 12 (from 8 to 12 km), 16 (from 12 to 16 km) and 
20 (from 16 to 20 km).

Seabed 
Habitats

Information about the habitat types were derived from the European Marine 
Observation Data Network (EMODnet) Seabed Habitats project (http://www.emodnet-
seabedhabitats.eu). Habitat type was a categorical variable, with 9 classes, coded as 
follows: 1 = Mediterranean infralittoral rock (MB15); 2 = Coralligenous biocenosis 
(MC151); 3 = Mediterranean infralittoral coarse sediment (MB35); 4 = Mediterranean 
infralittoral sand (MB55); 5 = Biocenosis of Mediterranean muddy detritic bottoms 
(MC451); 6 = Mediterranean circalittoral coarse sediment (MC35); 7 = Biocenosis of 
Mediterranean open-sea detritic bottoms on shelf-edge (MD451); 8 = Biocenosis of 
Posidonia oceanica (MB252); 9= Facies of dead "mattes" of Posidonia oceanica 
without much epiflora (MB2523).

4  
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Table 2(on next page)

Percent contribution of the diûerent variables to the MaxEnt models predicting the
likelihood of a) boat b) ûshing net and c) bottlenose dolphin presence.

Variable importance is presented as the mean of the 10 runs of each single model. Output
referred to spring, summer and the whole period (spr-sum).
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1 Table 2. Percent contribution of the different variables to the MaxEnt models predicting the likelihood of a) 
2 boat b) fishing net and c) bottlenose dolphin presence. Variable importance is presented as the mean of 
3 the 10 runs of each single model. Output referred to spring, summer and the whole period (spr-sum).
4

MaxEnt 
Model

% Contribution AUC
AUC 

difference

Boat Depth Aspect Slope
Seabed 
habitat

Mean ± SD
Training - 
mean test

Spring 65.3 16.6 16.2 1.9 0.80 ± 0.03 0.017

Summer 65.7 25.4 5.3 3.7 0.79 ± 0.03 0.007

Spr-Sum 70.2 21.8 4.4 3.5 0.78 ± 0.02 0.007

Fishing net Depth Aspect Slope
Seabed 
habitat

Dist. to 
harbor

SSTm SSTr

Spring 7.9 4.3 4.8 25.2 28.4 28.8 0.5 0.84 ± 0.05 0.020

Summer 35.7 3.2 1.9 7.4 13.5 14.2 24.1 0.84 ± 0.02 0.021

Spr-Sum 21.5 2.8 2.3 6.4 17.1 33.9 15.9 0.81 ± 0.02 0.023

Bottlenose 
dolphin

Depth Aspect Slope
Seabed 
habitat

SSTm SSTr Boat Fishnet

Spring 6.1 7.6 4.4 30.3 3.6 2.0 9.9 36.2 0.80 ± 0.08 0.102

Summer 0.7 16.4 7.9 18.9 11.0 3.6 0.7 40.8 0.78 ± 0.08 0.076

Spr-Sum 2.8 11.8 9.6 22.9 7.8 1.9 2.5 40.6 0.79 ± 0.05 0.005

5  
6

PeerJ reviewing PDF | (2023:05:86103:0:1:NEW 19 May 2023)

Manuscript to be reviewed



Table 3(on next page)

Measurement of the overlapping areas between dolphins and ûshing nets and between
dolphins and boats, in the two seasons (spring and summer) and for the whole period
(spr-sum).

Ad: representative area for dolphins; Ab: representative areas for boats; Af: representative

areas for ûshing nets. PAOdb: percent area overlap between dolphins and boats; PAOdf:

percent area overlap between dolphins and ûshing nets.
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1 Table 3. Measurement of the overlapping areas between dolphins and fishing nets and between dolphins 
2 and boats, in the two seasons (spring and summer) and for the whole period (spr-sum). Ad: representative 
3 area for dolphins; Ab: representative areas for boats; Af: representative areas for fishing nets. PAOdb: 
4 percent area overlap between dolphins and boats; PAOdf: percent area overlap between dolphins and 
� fishing nets.
�

Spring Summer Spr - Sum

Ad (km) 48.8 60.6 58.0
Ab (km) 50.7 62.3 70.0
Af (km) 35.1 39.7 59.7

PAOdb 171 431 411
P��df 61 471 421

7
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Figure 1
Map of the study area showing the total sampling eûort (shades of blue) pooled into
grid cells (2 x 2 km). Red points: dolphin sightings between April and September 2022.
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Figure 2
Peculiar and distinctive positions of the ûshing buoys used to classify the gear as ûshing
net or traps.
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Figure 3
Likelihood of boat, ûshing net and dolphin presence (cloglog output of MaxEnt models)
for spring (upper row), summer (middle row), and the whole period (spr-sum, lower
row).
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Figure 4
Overlapping between dolphin and boat representative areas (A) and dolphin and ûshing
net representative areas (B) in the two seasons (spring and summer) and for the whole
period (spr-sum). PAO: percent area overlap.
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Figure 5
Eûects of interactions between dolphins and ûshery in Sardinia: dolphins showing clear
signs of entanglement (A and C) and violent interaction with ûshers (who use dive
spearguns to get away the animals from the nets, B and D).
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