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Understanding population structure and habitat use of poorly known cetacean species is a first step toward scientifically informed management decisions. In the southern range of New Caledonia (South Pacific), a long-term dataset of Indo-Pacific bottlenose dolphins (Tursiops aduncus) encounters primarily during winter seasons 1997 to 2019 (473 group observations) was used to assess social structure, habitat use and potential threats. A total of 338 individuals were photographically identified, forming three distinct communities in the south-west lagoon, the south lagoon and the Isle of Pines. Mark-recapture histories revealed that the three communities were weakly connected and might be considered as independent management units. Suitable habitats were estimated with presence-only distribution models relative to topographic and seabed substrate predictors. Habitat suitability increased with proximity to coasts or reefs, at shallow depth, and over muddy bottom. These habitats had various levels of protection and were used by humans, mostly in the south-west lagoon. External injuries were interpreted to determine natural interactions and potential anthropogenic threats. The prevalence in injuries did not vary among the three areas. A substantial proportion of injuries related to propeller hits was reported, representing a total of 16.7% (34 of 204) of all injuries observed on dolphins. The three communities of Indo-Pacific bottlenose dolphins revealed in the southern part of New Caledonia are particularly vulnerable due to their insularity, their coastal habitat use and the low levels of connectivity found among them. In a context of increasing maritime traffic, fishing and recreational activities, this study provides a useful baseline to the urgent assessment of the conservation status of dolphins in New Caledonia.
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INTRODUCTION

Connectivity is known to positively influence populations by favoring gene flow (Wright, 1943). In the absence of connectivity, insularity may result in higher susceptibility of small populations to inbreeding (Charlesworth and Charlesworth, 1987) and ultimately increase the risk of local species extirpation, especially when these populations face threats from human activities. Non-migratory insular species such as lagoon-living cetaceans are particularly at risk as their gene flow may only be ensured by punctual and rare immigration events (Oremus et al., 2015).

The Indo-Pacific bottlenose dolphin (Tursiops aduncus, Ehrenberg 1833) is one of the most frequently observed cetacean species in the Indian and Pacific Ocean coastal waters. Three phylogenetic units specific to African waters, to the Pacific Ocean and to the Arabian Sea have been highlighted within the species (Hale et al., 2000; Oremus et al., 2015; Amaral et al., 2017; Gray et al., 2018). They are characterized by local ecological adaptations, as well as reproductive isolation and minimal or absent gene flow. Mean ranges of Indo-Pacific bottlenose dolphins vary among regions or islands (Chilvers, 2001; Kiszka et al., 2012) and can rise up to 150 km2 (Sprogis et al., 2016). Despite their capacity to travel long distances, Indo-Pacific bottlenose dolphins may be genetically structured at a fine scale leading to the separation of distinct populations (Ansmann et al., 2012; Manlik et al., 2019). In particular cases, regional adaptations to environmental parameters can in turn lead to morphological differences between populations (van Aswegen et al., 2019).

Generally, this species occupies both continental shelf waters and oceanic island waters (Wang and Yang, 2009; Braulik et al., 2019), using a diversity of habitats such as rocky and coral reef areas, sandy bottoms and seagrass beds (Sprogis et al., 2018a). In some regions, the Indo-Pacific bottlenose dolphin shows a marked preference for waters with shallow depth, flat seabed, and in close proximity to the coast, suggesting that these environmental conditions may be important predictors of their spatial distribution (Ross et al., 1987; Gross et al., 2009; Kiszka et al., 2012). These parameters directly impact the abundance of preys (Torres et al., 2008; Torres and Read, 2009; Sprogis et al., 2016), and that of predators (Heithaus and Dill, 2006; Sprogis et al., 2018b), thus influencing habitat use patterns of dolphins. In turn, spatial distribution results in varying levels of exposure to anthropogenic threats.

Bycatch in fishing gear probably represents the most important threat to small cetaceans (Kiszka et al., 2008; Mansur et al., 2012) and has considerably increased over recent decades (DeMaster et al., 2001). In addition, collisions with boats may also constitute an important threat to dolphins (Van Waerebeek et al., 2008; Avila et al., 2018). Due to their coastal habitats, Indo-Pacific bottlenose dolphins are particularly at risk, many of them showing scars from nets or propellers (Kiszka et al., 2008; Mansur et al., 2012). In 2019, the conservation status set by the IUCN Red List was upgraded from “Data Deficient” to “Near Threatened” (Braulik et al., 2019), considering the small and coastal range of the species and the vulnerability to human threats such as entanglement in fishing gear, or habitat loss and degradation. However, data are still insufficient in many regions (Cottarel et al., 2016) to estimate the diversity of threats and their current impact on dolphins at a local scale, especially in tropical lagoon remote islands.

New Caledonia (South Pacific) is the eastern limit of the Indo-Pacific bottlenose dolphin’s range (Braulik et al., 2019). The species is encountered around the main island of New Caledonia “Grande Terre” and into the western coasts of the Isle of Pines. The species belongs to the Pacific Ocean phylogenetic unit and only two mitochondrial DNA haplotypes (364 bp control region) have been detected among 88 individuals sampled in different parts of the archipelago (Oremus et al., 2015). This low level of genetic diversity suggests that the species colonized the region a few thousand years ago and then became isolated by distance (Oremus et al., 2015). Considering its geographic isolation, the eastern limit to the species’ range and low genetic diversity, there is an urgent need to evaluate the current status of the Indo-Pacific bottlenose dolphin in New Caledonia. Moreover, separate communities have been detected through photo-identification and genetic sampling all around New Caledonia (Oremus et al., 2009), thus highlighting the need to separately estimate vulnerability of subpopulations at very small scale.

In the southern range of New Caledonia, maritime traffic has increased significantly since 1995, thus influencing the potential risk of negative interaction with marine mammals in this region (Bourgogne et al., 2018). In this study, we first used photo-identification to test for demographic structuring within the study area, using social community analysis. Second, habitat use was assessed in order to identify priority conservation areas where dolphin presence may conflict with coastal anthropogenic activities. Finally, injuries found on the dorsal fin or on the body of identified individuals were described and interpreted as indicators of anthropogenic threats (Luksenburg, 2014). This study constitutes a first step toward conservation of a poorly-known species to ensure its protection in a remote island of the South Pacific.



MATERIALS AND METHODS


Study Area

New Caledonia is an archipelago located in the southwest Pacific Ocean east of Australia (21°30′S 165°30′E, Figure 1). The main island, the Grande Terre, is about 400 km long and 50–80 km wide and is surrounded by a large lagoon delimited by 1,600 km of barrier reef considered as one of the world’s largest lagoons. The study area is located at the southeastern tip of the Grande Terre (Figure 1). It includes the coastal waters surrounding Nouméa, the capital of the island, which is the most populated and industrialized city of New Caledonia. The southern part of the lagoon includes the less populated Ouen Island, the Prony Bay and a wide Integral Marine Protected Area (IMPA), the Merlet reserve (IUCN category 1a, 17,000 ha). The Isle of Pines is separated from the Grande Terre by the Sarcelle pass. Since 2008, a large part of the provincial Park “Great South Lagoon” is a UNESCO World Heritage Zone (UNESCO, 2009).
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FIGURE 1. Map of the study area in the southern range of New Caledonia (South Pacific). Land and shallow reefs are shown in black. Winter study area with recorded effort during humpback whale season is shown in light gray. Delimitation of the provincial Park “Great South Lagoon” is shown with a dotted line. Polygons represent Integral Marine Protected Areas (gridded) or natural reserves with restrictions (hashed). Light gray lines represent 50–1000 m isobaths.




Data Collection

Dolphin data were acquired at sea from 1997 to 2019 (Supplementary Table 1). The great majority of dolphin data was collected in the south lagoon during boat-based surveys aimed at monitoring humpback whales in austral winter, from July to September (Garrigue et al., 2001). These surveys were conducted from a 6-m rigid-hulled inflatable boat in Beaufort sea states ≤3 and survey effort was recorded (as shown in Figure 1, adapted from Derville et al., 2019). Other sightings (16%) were collected outside this season.

For each sighting of a Indo-Pacific bottlenose dolphin group, basic information was collected including the GPS position at detection of the group and the number of individuals. When possible, a focal follow was initiated during which photographs of the right and/or left sides of the dorsal fins were taken. We defined a group as an association of individuals moving in the same direction, engaged in similar behavioral activities, or interacting with each other within a radius of 100 m (McHugh et al., 2011). Each group was either simply “recorded,” when only basic information was reported or “studied,” when individuals were photographed for the purpose of identification.



Photo-Identification

Individuals were identified using photo-identification (Würsig and Jefferson, 1990). For each individual dolphin photographed in a group, the best photograph of the right and/or left sides of the dorsal fin was selected and used for photo-identification. Photographs were selected based on two criteria: the distinctiveness of the dorsal fin (for recognition of unique individuals) and the quality of the photograph (for judging the presence and nature of any injuries). The level of recognition (I) was based on the analysis of the marks on the dorsal fin and ranked from 1 to 4. A high value corresponded to the presence of significant marks or scars allowing an easy distinction of individuals. The quality of the photograph (Q) depended on four criteria, each ranked from 1 to 5: the sharpness, the exposure, the orientation and the percentage of the dorsal fin visible in the photograph. The overall quality Q of the photograph corresponded to their average. A high value represented a dorsal fin picture with excellent quality. Only photographs with I ≥ 2 and Q ≥ 2 were used in this study. The selected photographs were then compared using the open-source R package “finFindR” (Thompson et al., 2019). This software is capable of isolating fins in photographs, tracing the trailing edge of the fin, and producing a sorted list of likely identities from a reference catalog of known individuals. Here, the reference catalog was built by comparing trailing edges of dorsal fins from all dolphins photographed in New Caledonia. When a dorsal fin was not found with finFindR, another comparison was conducted manually to avoid potential recognition errors of the software. Once the lack of match with the catalog was cross-checked, the dorsal fin corresponding to a new unique individual was added to the reference catalog.



Connectivity

Social interactions between individuals observed at least twice(Bejder et al., 1998) were investigated using SOCPROG 2.9 (Whitehead, 2009). Individuals observed in the same group were considered associated (Whitehead, 2009). The half-weighted association index (HWI, Cairns and Schwager, 1987) was used, as it accounts for incomplete photo-identification of individuals within groups (Parra et al., 2011; Smith et al., 2016; Baker et al., 2018; Genov et al., 2019). A social network was built from an association matrix using NetDraw 2.158 (Borgatti, 2002) to assess social communities. In order to estimate if individuals associate at random or if they show preferred or non-preferred associations, the permutation test developed by Bejder et al. (1998) and modified by Whitehead (2009) was applied. This test is based on the standard deviation of the mean HWI and permutation is set on individuals among groups inside each sampling period. If individuals do not associate at random, the standard deviation of the observed mean HWI is significantly higher than that of the random mean HWI (p < 0.05; Gowans et al., 2007; Whitehead, 2009). Association matrices were randomly permuted 20,000 times.



Habitat Modeling

In order to characterize habitats of the Indo-Pacific bottlenose dolphins, a series of environmental variables were acquired, based on preferences identified in other regions of the world: distance to the coast, distance to the reefs, water column depth, seabed slope and sedimentology (Torres et al., 2008; Gross et al., 2009; Sprogis et al., 2018a; Vargas-Fonseca et al., 2018). The distance to the coast (DIS_COAST in meters) corresponded to the distance to the nearest land (excluding the islets), considering only the “Grande Terre,” the Ouen Island and the Isle of Pines (Figure 1). Alternative descriptors of reef habitats were derived from geomorphological maps provided by Andréfouët et al. (2008): the distance to all reefs except for the fringing reefs (DIS_REEF in meters), the distance to the barrier reef only (DIS_BAR in meters) and the distance to the intermediate reef patches only (DIS_PATCH in meters). The fringing reefs that surround the coastline were excluded from this analysis because their effect cannot be differentiated from that of the coast. Bathymetry (DEPTH in meters) was provided by the DTSI (2016) at a resolution of 100 × 100 m. The non-hydrographed areas were subsequently filled through extrapolation of satellite and aerial composite imagery (J. Lefèvre, IRD, pers. com.). The slope (SLOPE in°) was derived from bathymetric charts. Finally, the sedimentology was acquired from maps produced by P. Douillet (IRD, pers. com.) according to the method developed by Chevillotte et al. (2005). The percentage of sedimentary muddy clay (SED in%) in the bottom sediments was spatially interpolated from surveys obtained after (Debenay, 1987) and (Chardy et al., 1988).

To model dolphin habitat use, we accounted for the spatial heterogeneity of research effort in the southern range of New Caledonia by using the so-called “target” method (Phillips et al., 2009) that approximates the research effort at sea. According to this method, the points of presence of “the species of interest” (i.e., Indo-Pacific bottlenose dolphins) were compared to the control points of another species observed with the same spatially biased research effort, called the “target species” (i.e., humpback whales). As the great majority of Indo-Pacific bottlenose dolphin sightings were made during winter surveys aimed at studying humpback whales, the “target” method was particularly suitable to our dataset. However, in this approach calibration of the models was restricted to Indo-Pacific bottlenose dolphin observations made during such surveys.

Generalized additive models (GAM; Hastie and Tibshirani, 1990) were used to model and predict the distribution of suitable Indo-Pacific bottlenose habitat in the study area. This approach models the non-linear relationships between a binomial variable (presence and control points) and a series of explanatory variables. The probability of presence of a group of dolphins was modeled according to environmental variables, as well as a smooth of location (latitude/longitude projected in a UTM58S coordinate system). This spatial variable was included in the model using a Gaussian process (Wood, 2017), which allows to model variations in probability of presence on a very fine scale in a two-dimensional field. The Gaussian process relied on a Matern correlation function with kappa equal to 1.5. The range parameter of the Gaussian process was set to 10 km. Three types of models were tested: a spatial model including only a smooth of location (M1), environmental models including only environmental variables (M2.1, M2.2, M2.3, and M2.4) and a combined model including both a smooth of location and environmental variables (M3.4, see Supplementary Table 2). Including a smooth of location is a common approach to approximate other unavailable variables such as social drivers of distribution. Environmental models and spatial models may both provide valuable insights. Comparing the predictions from both types of models may help reveal suitable areas not currently used by a species or that have been subject to less survey effort. Hence, the combined model Menv–spa was derived from the best environmental model Menv and they were both used to produce predicted maps of habitat suitability.

Cross-correlation among explanatory variables was checked beforehand, to ensure that Spearman correlation coefficients between pairs of variables would be below 0.7. The effect of DIS_COAST and either DIS_PATCH or DIS_REEF were modeled separately or as an interaction term, assuming that dolphins may show variable and complex habitat use patterns with respect to these geomorphic characteristics of the lagoon environments. Indeed, dolphins were hypothesized to regroup in shallow waters either in proximity to the coast or in proximity to intermediate reef patches. Variables were modeled with penalized thin plate regression splines optimized with a Restricted Maximum Likelihood and limited basis size to prevent overfitting (Wood, 2017). The basis size parameter k was limited to 3 for environmental variables and to 50 for the two-dimension smooth of location. Variable selection across environmental models was conducted with a shrinkage approach which adds an extra penalty to each smoother and penalizes them non-significant variables to zero (Marra and Wood, 2011). In addition, the Akaike Information Criterion (AIC, Burnham and Anderson, 2004) and the percentage of deviance explained by the models was used to select between alternative environmental models (with or without interactions, with DIS_PATCH or with DIS_REEF) and compare them to a null model (M0, see Supplementary Table 2; Friedman, 2001). Finally, Moran’s I was computed in the residuals of the selected models Menv and Menv–spa to check for the absence of spatial autocorrelation (Dormann et al., 2007), using a Monte-Carlo simulation with 1000 permutations.

All statistical analyses were performed using the open-source program R (RCoreTeam, 2020), specifically with the mgcv R package (version 1.8–31). Map illustrations were produced with QGIS 3.4.0 (QGIS Development Team, 2018).



External Injury Interpretation

Photographs of all recorded individuals were examined for external injuries on the dorsal fin and body. All marks (wounds, scars, and nicks) on the leading edge of the dorsal fin were considered as an injury (Luksenburg, 2014). Marks on the trailing edge of the dorsal fin were considered as an injury if the mark was deeper than 5% of the dorsal fin width (Luksenburg, 2014). Injuries were classified in one of the ten following categories: (a) linear severed dorsal fin, (b) non-linear severed dorsal fin, (c) straight, deep cut, (d) opposing cuts, (e) parallel cuts, (f) collapse, (g) obtuse, short, cut-like indentation, (h) indentation, (i) round cut, (j) crescent shaped cut (shark inflicted bite wound in Luksenburg, 2014), and (k) cookie-cutter shark bite wound. A new category was added to this classification: (l) wide v-shaped cut. This wound is characterized by a wide v-shaped cut which is more wide than deep (see Supplementary Figure 1 for description and examples). Individuals may bear multiple injuries on different parts of their body, which may have been attributed to different categories. The origin of each injury was assessed on a case-by-case basis and was classified as natural, human-related or unidentified origin. Categories (b), (i), (k) may be attributed to natural origin, (a), (d), (e) to human-related origin and (c), (f), (g), (h), (j), (l) to natural or human-related origin. Natural injuries were assigned to intra/inter-specific interactions with unidentified species, or to shark attacks when the crescent shape and/or teeth marks were evident. Human-related injuries were assigned to propeller hits or fishing gear when possible. The Pearson’s χ2 homogeneity test was used to estimate whether the percentages differed significantly according to social communities identified in the study area.



RESULTS


Individual Identification and Social Connectivity

In total, 397 groups of Indo-Pacific bottlenose dolphins were recorded during 812 survey days (associated with humpback whale survey effort) mostly focused in the south lagoon in austral winter (Figure 1). Among these 397 groups, 160 were studied. Other sightings completed the dataset with 76 groups recorded and 45 studied. In total, 473 groups were recorded, among which 205 were studied.

The number of groups recorded, groups studied and photographs allowing individual identification are the highest in the south lagoon (Table 1). From the 1,567 photographs that passed the quality control (I ≥ 2 and Q ≥ 2), 338 unique individuals were identified. A total of 64 unique dolphins were photo-identified in the south-west lagoon, 240 in the south lagoon and 39 around the Isle of Pines. Recapture rate varied between the three areas (χ2 = 49.8, p < 0.001) and was the highest in the south lagoon (73%), followed by the Isle of Pines (41%) and the south-west lagoon (24%).


TABLE 1. Number of groups recorded (during/outside the humpback whale winter season), groups studied (during/outside of the humpback whale winter season), photographs allowing individual identification and unique individuals photo-identified in the south-west lagoon, the south lagoon and the Isle of Pines.
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Given that few individuals were resighted in the south-west lagoon and in the Isle of Pines (Supplementary Table 3), social network analysis was performed over 185 individuals sighted at least twice. The standard deviation of the observed mean HWI was significantly higher than that of the randomly generated data (observed mean HWI = 0.0393 ± 0.1097; random mean HWI = 0.0392 ± 0.1079; p < 0.001). This statistic indicated that individuals tend to have preferred associations.

Results highlighted the presence of three communities of dolphins in the study area (Figure 2). The Isle of Pines community (IoPc: red) did not show any connection with the other two communities. Within the IoPc, a total of 16 individuals were identified and only observed around the Isle of Pines. Within the south community (Sc: blue), 157 individuals were identified and observed in an area delimited by Ouen Island to the west and Merlet IMPA to the east. Finally, 11 individuals were identified in the south-west community (SWc: yellow) and observed around Nouméa and Plum. One individual was socially linked to individuals from both Sc and SWc (green, Figure 2). Out of the four observations of this dolphin (Supplementary Figure 2), two were in interaction with individuals from SWc, one with individuals from Sc and one with an individual from an unknown community (i.e., never recaptured). A small number of individuals (n = 4) belonging to the Sc was occasionally observed west of Ouen Island or around Plum, but never in interaction with individuals belonging to SWc (Supplementary Figure 2).
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FIGURE 2. Population structure of Indo-Pacific bottlenose dolphins photo-identified in the southern range of New Caledonia between 1997 and 2019 (winter seasons mostly). (A) Social network of interactions among individuals between three communities: the south-west community (SWc in yellow), the south community (Sc in blue) and the Isle of Pines community (IoPc in red). The green point represents an individual interacting with other dolphins from two different communities (SWc and Sc). (B) Group positions where individuals were observed. Three out of four positions of the green point represents interactions with SWc (yellow center) and Sc (blue center). Gray points represent groups recorded that have not been studied or those containing individuals observed only once.




Habitat Suitability and Use

Binomial statistical models were used to determine the environmental variables likely to predict the distribution of the groups of Indo-Pacific bottlenose dolphins in austral winter. Only the observations of dolphins made during humpback whale-dedicated surveys were taken into account for this analysis (n = 397), with 2.8% observed in the south-west lagoon, 97.2% in the south lagoon and none in the Isle of Pines (Supplementary Figure 3). In comparison, 1,560 humpback whale group positions were used as background points in the binomial models. Except for DIS_REEF and DIS_PATCH that were highly correlated (Spearman coefficient = 0.98), all other variables were related with Spearman coefficients below 0.7, with the strongest correlation being found between DEPTH and DIS_COAST (Spearman coefficient = −0.67). Residuals from the models Menv and Menv–spa showed no significant pattern of spatial autocorrelation (Moran’s I, Menv: statistic = −0.0005, p = 0.352; Menv–spa: statistic = −0.0007, p-value = 0.818).

In the best environmental model Menv (Table 2), distance to the coast and intermediate reef patches (edf = 8.6, χ2 = 32.0, p < 0.001), distance to barrier reef (edf = 1.3, χ2 = 4.7, p = 0.025), bathymetry (edf = 1.1, χ2 = 80.3, p < 0.001) and percentage of sedimentary muddy clay (edf = 0.9, χ2 = 7.6, p = 0.001) significantly influenced the presence of dolphins in austral winter (12.7% explained deviance, Supplementary Table 2, Supplementary Figure 4 and Table 2). Based on these environmental variables, the Menv model predicted suitable habitats in the main south lagoon region, but also suggested potentially suitable habitats in the south-west lagoon and the Isle of Pines, even though these areas had been subject to less survey effort (Figure 3A). In the south-west lagoon, the waters most suitable for the presence of Indo-Pacific bottlenose dolphins were predicted in the coastal shallow waters around Nouméa and Plum, the reefs south of Plum and south-west of Ouen Island. In the Isle of Pines, the waters most suitable were located all around the island, close to the coast.


TABLE 2. Summary of the two generalized additive models selected to estimate dolphin habitat use: Menv (best environmental model) and Menv–spa (equivalent combined model with environmental and spatial predictors).
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FIGURE 3. Predicted winter habitat suitability for Indo-Pacific bottlenose dolphins in the southern range of New Caledonia. (A) Environmental model Menv; (B) Combined environmental-spatial model Menv–spa. Approximate boundaries to the south-west lagoon, the south lagoon and the Isle of Pines are represented with black lines. Predicted habitat suitability is represented on a colored scale from high suitability (red) to low suitability (blue). Land and shallow reefs are shown in black.


In the equivalent combined model with environmental and spatial predictors Menv–spa, only the bathymetry (edf = 1.2, χ2 = 68.0, p < 0.001) and the smooth of location (edf = 21.3, χ2 = 91.7, p < 0.001) significantly influenced the presence of dolphins in austral winter (14.9% explained deviance, Supplementary Table 2, Supplementary Figure 5 and Table 2). Due to the effect of the smooth of location, this model primarily predicted suitable habitats in the south lagoon (Figure 3B) where most dolphin observations were concentrated. Based on this model, the waters most suitable to the presence of dolphins were the shallowest (0–50 m) located inside the Prony Bay and around reefs, particularly the Gué reef and the reef plateaus south of Ouen Island. The southeastern waters of Merlet IMPA also appeared to be suitable.



Levels and Origins of Injuries

Injuries (n = 204) were observed in the photographs of 131 out of 338 uniquely identified dolphins (38.8%, Table 3). At least 25% of the upper body was visible in 20.6% of cases and this proportion did not vary between the three geographical areas (χ2 = 4.5, p > 0.05). The proportion of animals with injuries did not vary geographically either (χ2 = 2.2, p > 0.05). Most of the injuries were observed on the dorsal fin only (82.4%). The most frequently observed injuries were round and oval cuts (i, 32.8%), followed by straight, deep cuts (c, 23.5%) and by wide v-shaped cuts (l, 13.7%).


TABLE 3. Quantification of external injuries following (Luksenburg, 2014) in Indo-Pacific bottlenose dolphins photo-identified in the southern range of New Caledonia between 1997 and 2019.

[image: Table 3]
Among the dolphins with injuries, 28.2% (37 of 131) showed scars of probable human-related origin (Table 3 and Figure 4). Among them, a great majority of injuries was likely related to propeller hits (87.2% – 34 of 39 – representing 16.7% – 34 of 204 – of overall injuries, Figures 4.1A–C) and to fisheries interaction (10.3% – 4 of 39 – representing 2.0% – 4 of 204 – of overall injuries) (Figure 4.1D). In one case, the origin of the human-related injuries could not be specified (either fisheries or propeller).
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FIGURE 4. Examples of injuries observed on Indo-Pacific bottlenose dolphins in the southern range of New Caledonia. Injuries were probably from human-related origin characterized by (1.A): straight and parallel deep cuts on the trailing edge generally caused by a propeller hit. (1.B): linearly severed top of dorsal fin generally caused by a propeller hit. (1.C): straight deep cut on the leading edge likely caused by a propeller hit. (1.D): opposite cuts on the tops of the dorsal fins generally caused by fishing gear interaction. Natural origin characterized by (2.E): v-shaped cut on the trailing edge mostly caused by inter or intra-specific interactions (2.F): crescent shaped bite marks on the flank of the body mostly caused by shark attacks.


The injuries observed on 60.3% (79 of 131) of injured individuals were assigned to a natural origin. In most cases, these injuries were attributed to inter or intra-specific interactions (80.8% – 84 of 104 – representing 41.2% – 84 of 204 – of overall injuries, Figure 4.2E) or to an evident shark attack (19.2% – 20 of 104 – representing 9.8% – 20 of 204 – of overall injuries, Figure 4.2F). Finally, the origin of some injuries remained unidentified (29.9%, 61 of 204). Prevalence in the origin of injuries did not vary between the three geographical areas (χ2 = 5.7, p > 0.05).



DISCUSSION


Community Structure Increasing Vulnerability

Social network analysis contributes to understand connectivity between populations and dynamics in social species that may inform management (Whitehead, 2009; Smith et al., 2016). Our study has revealed that Indo-pacific bottlenose dolphins are socially structured in three communities in southern New Caledonia at least in winter when surveys were predominantly conducted. Communities were, respectively, sighted across a straight line distance of about 30 km. Based on photo-identification comparison and social network analysis, dolphins observed around the Isle of Pines appeared to form a separate community (IoPc), with no links to the neighboring communities of the south-west lagoon (SWc) and the south lagoon (Sc), while the latter two were weakly connected. On one hand, the isolation of IoPc could be influenced by the topography of the region: although the Sarcelle Pass that separates the Merlet IMPA from the north-west reefs of the Isle of Pines is quite shallow (about 60 m deep), it appears to be deep and unsuitable to Indo-Pacific bottlenose dolphin presence (Kiszka et al., 2012). Then, social components might also limit interactions between communities. For example, communities of Indo-Pacific bottlenose dolphins are known to be influenced by cultural transmission leading to genetic and habitat segregation (Kopps et al., 2014). On the other hand, the presence of coral reef complexes in the south-eastern limit of the Merlet IMPA and north-west of the Isle of Pines would constitute potential bridges for connectivity: these geographic structures are expected to be suitable to Indo-Pacific bottlenose dolphin and might be used for dispersion. Dolphin use of the Merlet IMPA cannot be confirmed due to restricted access but an increase in sampling effort in this area would help understand geographical limits of IoPc.

The weak social connectivity observed between the Sc and the SWc in winter may be explained by a few individuals either (1) conducting social interchange between communities or (2) simply occupying wider larger home ranges than others. The first hypothesis could lead to reproductive interchange between communities. However, this phenomenon cannot be assessed as to date only one dolphin was observed in interaction with more than one community. The second hypothesis is supported by four individuals from the Sc encountered on both sides of the Ouen Island without interacting with individuals from the SWc. Even if these spatial movements occurred both across and within years (e.g., 2009, 2018), this potential social connectivity is expected to be quite low as it represents only 2.1 and 7.8% of all individuals encountered in the south lagoon and the south-west lagoon, respectively. The social structure highlighted in our study during the winter months was established over all dolphins sighted at least twice, although most studies conducted on social structure of dolphins used individuals resighted at least five times to reduce data skew from individual rarely resighted (e.g., Chilvers and Corkeron, 2001; Moreno and Acevedo-Gutiérrez, 2016; Baker et al., 2018). Given the small sample sizes collected in the southwest lagoon and the Isle of Pines, we considered this choice more suitable to our dataset. The collection of additional data in these two regions and over other seasons (austral summer) will provide a more exhaustive view of Indo-Pacific bottlenose dolphins connectivity, as this species is known to display seasonally-varying social structure (Sprogis et al., 2018a).

Despite their inherent capacity to move over long distances, in an open and barrier-free marine environment, Indo-Pacific bottlenose dolphin communities often show fine-scale demographic and genetic structuring (Hoelzel, 1998; Möller et al., 2007; Wiszniewski et al., 2009, 2010; Oremus et al., 2015). Over the east coast of Australia, gene flow among communities of Indo-Pacific bottlenose dolphins was predominately governed by the capacity of communities to locally adapt to heterogeneous habitats (Wiszniewski et al., 2010). Previous studies performed in other regions of New Caledonia highlight an extremely low genetic diversity and the presence of multiple putative management units based on photo-identification and genetic data (Oremus et al., 2009). Further molecular analyses are therefore needed to confirm the population structure revealed by photo-identification in the southern range of New Caledonia.



Suitable Habitats Overlapping With Coastal Activities

Habitat models revealed that Indo-Pacific bottlenose dolphin presence in the southern range of New Caledonia in austral winter is primarily driven by seabed depth. Indeed, both the combined environmental-spatial and environmental models predicted that shallow waters (0–50 m) were most suitable, either when located in coastal areas (e.g., around Nouméa and Plum, or in the Prony Bay) or reef patches (e.g., Gué reef or the reef plateaus south of Ouen Island). Such habitat preferences are consistent with other studies conducted in tropical archipelagoes (Gross et al., 2009). They reveal that Indo-Pacific bottlenose dolphins take advantage of the diversity of habitats that is found in the south-west and south lagoons of New Caledonia. This diversity of biotopes is likely to be reflected in the distribution of prey that dolphins rely on, as observed in Indo-Pacific bottlenose dolphins (Heithaus and Dill, 2006) and common bottlenose dolphins (Torres et al., 2008; Torres and Read, 2009). Indo-Pacific bottlenose dolphins are known to feed on demersal and reef fishes, small and medium-sized neritic fishes and cephalopods (Amir et al., 2005). In New Caledonia, photographs attest that Indo-Pacific bottlenose dolphins may feed on neritic lagoon fish such as halfbeaks (Hemirhamphus far). Analysis of stomach content on one individual stranded in 1994 in the south-west lagoon has revealed that the species may locally feed on a variety of lagoon fishes (Rivaton, pers. com.). Analysis of 81 otoliths highlighted that the diet of this dolphin was constituted of fishes found on sandy and muddy bottoms (39.5% Scolopsis sp. Nemipteridae, 9.9% Saurida undosquamis Synodontidae, 2.5% Gerres longirostris Gerreidae, 2.5% Nemipterus sp. Nemiptiridae) and coastal brackish waters and coral reefs (39.5% Lethrinus rubrioperculatus Lethrinidae, 2.5% Lutjanus fulviflamma Lutjanidae, 2.5% Echenis naucrates Echeneidae). The heterogeneity of habitats used is therefore likely related to variations in prey availability and further investigation into their diet may help understand their fine scale distribution in the southern range of New Caledonia.

In the south-west lagoon, the environmental model predicted highly suitable habitats for Indo-Pacific bottlenose dolphins in the coastal areas of Nouméa and Plum. The importance of these areas for the species remains to be confirmed with more dedicated surveys, as data is currently sparse in the south-west lagoon. In the south lagoon, the relatively high probability of dolphin presence predicted in Prony Bay by both models can be explained by its shallow depths, combined with proximity to the coast and muddy bottoms. On the contrary, model predictions differed in the south lagoon area over the Corne Sud (Figure 3), which was predicted to be highly suitable only by the environmental model, despite few dolphin observations in this zone (Figure 2). The Corne Sud was not hypothesized to be intensively used by Indo-Pacific bottlenose dolphins and we suggest that this prediction was biased by the high proportion of sedimentary muddy clay in this area. Compared to the Prony Bay where the sediments are composed by terrigenous clay, the clays of the Corne Sud are carbonated and do not host the same biotope. Predictions made in this area should therefore be cautionary questioned until more surveys are conducted. Finally, in the Isle of Pines, predicted suitability was generally lower than in the other two regions. The highest predictions were found in the shallow coastal waters of the island and decreased rapidly as depth increased. Here again, model extrapolation should be carefully interpreted, as more data covering a wider period and other seasons would be needed to validate predictions, as the Indo-Pacific bottlenose dolphins are known to shift habitats seasonally (Fury and Harrison, 2011; Sprogis et al., 2018a).



Unexpected Threats in New Caledonia

This study constitutes the first attempt to describe and interpret injuries as indicators of natural and anthropogenic threats to Indo-Pacific bottlenose dolphins in New Caledonia. The proportion of individuals showing injuries was similar among the three areas and concerned more than a third of all individuals identified in the southern range of New Caledonia. Injuries of both natural and human-related origins were found in all three areas, with no significant geographical difference in proportion.

Most of the injuries observed on dolphins were attributed to a natural origin, due to social interactions between individuals. Indeed, marks resulting from such interactions are commonly found in gregarious species such as dolphins (McCann, 1974; MacLeod, 1998; Scott et al., 2005). Tooth rakes resulting from agonistic interactions are known to be due to sexual coercion and intra-sexual male competition (Scott et al., 2005; Marley et al., 2013).

Among the other injuries of natural origin, 19.2% (20 of 104) appeared to have been caused by evident inter-specific attacks, most likely due to sharks. None of these were related to cookie-cutter sharks (Isistius sp.), which is consistent to the known pelagic habitat of these shark species. Estimating which shark species may predate on Indo-Pacific bottlenose dolphins remains challenging (Heithaus, 2001; Smith et al., 2018; Sprogis et al., 2018b). In New Caledonia, large species of sharks such as tiger sharks (Galeocerdo cuvier) or bull sharks (Carcharhinus leucas) are present in the lagoon and are known to be involved in attacks on dolphins (Heithaus et al., 2017). Such predation marks have been observed in other Indo-Pacific bottlenose dolphin populations (Heithaus, 2001; Heithaus et al., 2017; Smith et al., 2018; Sprogis et al., 2018b). For instance, across 101 individuals studied in La Réunion Island, 20 showed shark-inflicted bite wounds (Heithaus et al., 2017), leading to an attack rate (19.8%) similar to our study. Other known predators such as killer whales (Orcinus orca) are less likely to affect dolphins in the New Caledonia lagoon as no injuries related to this species has been highlighted within our dataset and they have never been observed within the lagoon (Garrigue and Poupon, 2013; Derville et al., 2018).

Studies of human-related injuries provide good insights into anthropogenic impacts on cetacean population health. In this way, anthropogenic interactions with coastal dolphins increase the occurrence of injuries (Christiansen et al., 2016) and may affect survival, reproduction (Wells et al., 2008) and social interactions (Greenfield et al., 2020). Human-related injuries were observed in surprising proportions in all three study regions in the southern range of New Caledonia. Most of these were likely due to boat strikes. Indo-Pacific bottlenose dolphins are known to interact with vessels (Hawkins and Gartside, 2009) but boat strikes remain poorly documented. Strandings of Indo-Pacific dolphins have been associated with deadly propeller strikes in the past (Byard et al., 2012). Moreover, the prevalence of injuries related to boat strikes on the west coast of Florida was estimated at 6% for common bottlenose dolphins (Wells and Scott, 1997; Bechdel et al., 2009), against 9.8% (33 of 338) of all Indo-Pacific bottlenose dolphins identified in this study. In the southern range of New Caledonia, maritime traffic related to recreational use of the lagoon is growing, particularly within local MPAs during weekends and in austral summer (Gonson et al., 2016). It differs considerably between the three study regions, with a predominance in the south-west lagoon. Indeed, the latest human census conducted in 2019 showed that about 70% of the whole New Caledonian population was concentrated in the area of Nouméa1 in the south-west lagoon. Several marine protected areas exist within this region (natural reserves with restrictions, Figure 1), but recreational activities related to navigation remain allowed, such as motor-boats, sail-boats, jet-skis and taxi-boats (Gonson et al., 2017). In addition, the coastal waters around Nouméa are intensively used by recreational users, such as high-speed motorized vessels and engine-free nautical activities (e.g., kitesurf, windsurf), that likely increase collision risk. In the south lagoon, there are fewer recreational boats, mostly present during the whale-watching season in austral winter (Derville et al., 2019). Judging by the seemingly lower human use of the south lagoon, it is surprising that dolphins should bear as many injuries from propellers as in the south-west lagoon. Further investigation of dolphin injuries of human-related origin in no-go zones such as the Merlet IMPA would provide interesting insights.

Many studies suggest that bycatch is the dominant threat affecting Indo-Pacific bottlenose dolphins throughout their range (Kiszka et al., 2008; Amir, 2010; Mansur et al., 2012; Shirakihara and Shirakihara, 2012) and it has been estimated that in some populations, it is sufficiently high to cause declines (Braulik et al., 2019). Yet, in this study collisions with vessels appeared to be preponderant (87.2% of human-related origin injuries) compared to fishery-related injuries (10.3% of human-related origin injuries). Informal fisheries are known to occur in the south-west and south lagoons of New Caledonia (Jollit et al., 2010). Based on interviews with local fishermen from 2004 to 2005, fishing pressure appeared higher in coral habitats (mid-lagoon and nearby islet reefs), on the shore next to villages, by the reef passes and in Prony Bay (Jollit et al., 2010). This artisanal fishing does not seem to threaten dolphins as much as maritime traffic.

Most of the injuries were observed on the dorsal fin, probably because it is the part of the individual that most often emerges out of the water. Thus, the number of injuries on the body might be underestimated. We also acknowledge the difficulty of attributing a specific origin to an injury. Yet, using an objective classification system, tested in other study areas, should have limited potential interpretation biases (Luksenburg, 2014). In the end, this study constitutes an important contribution for the conservation of the species and will help the implementation of adequate management policy in the future.



CONCLUSION

The social structure and spatial distribution of Indo-Pacific bottlenose dolphins in the southern range of New Caledonia during the winter season has highlighted three distinct communities that should be considered as three independent management units, a suggestion supported by an extremely low genetic diversity which alters the resilience of this species in New Caledonia. Habitat use analysis further revealed that Indo-Pacific bottlenose dolphins mostly use coastal habitats, where anthropogenic activities are documented to be quite high. The assessment of anthropogenic threats has revealed that maritime traffic can constitute a threat to Indo-Pacific bottlenose dolphins in the southern range of New Caledonia by causing propeller hits. These new findings should be considered for the implementation of future management measures that will contribute to the conservation of Indo-Pacific bottlenose dolphins in New Caledonia.
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Area # groups recorded # groups studied

# photographs allowing individual

# unique individuals

(during/outside) (during/outside) identification (I > 2, Q > 2) (recapture rate in%)
South-west lagoon 44 (11/33) 26 (4/22) 151 64* (24)
South lagoon 417 (386/31) 169 (156/13) 1,305 240* (73)
Isle of Pines 12 (0/12) 10 (0/10) 111 39 (41)
Total 473 (397/76) 205 (160/45) 1,567 338

*Five unique individuals are found both in the south-west lagoon and the south lagoon.
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Explanatory variables

Model Latx Lon (GP)  DIST_COAST x DIS_BAR DEPTH SLOPE SED Deviance df AlC
DIST_PATCH explained
Menv Edf = 8.6 Edf=1.3 Edf = 1.1 NS Edf=0.9 12.7% 16.3 1756
Y2 =32.0 Y2 =47 ¥? =80.3 2 =76
P < 0.001 P=0.025 P < 0.001 P =0.001
Menv-spa Edf = 21.3 NS NS Edf=1.2 NS NS 14.9% 27.4 1736
2 =917 Y2 =68.0
P < 0.001 P < 0.001

For each model, we report: deviance explained, Df, estimated number of parameters in the model and AIC, Akaike Information Criterion.

For each explanatory variable we report approximate significance tests: edf = estimated degrees of freedom, 2 = test statistic, p = p-value.

All variables were included in the model with penalized thin plate regression splines s(): DIS_COAST x DIS_PATCH: interaction term between distance to the coast and
distance to intermediate reef patches; DIS_BAR: distance to the barrier reef, DEPTH: bathymetry;, SLOPE: slope; SED: percentage of sedimentary clay. GP: Gaussian
Process location smooth over latitude and longitude.
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Number of  Number
individuals of injuries

Quantification No injury 207 =
>1 injury 181 204

Location Dorsal fin injury 111 167
only
Body injury only 10 10
Dorsal fin and body 10 27
injuries

Description (a) Linear severed 8 8
dorsal fin
(b) non-linear 8 8
severed dorsal fin
(c) straight cut 39 48
(d) opposing cuts 1 1
(e) parallel cuts 2 2
(f) collapse 1 1
(9) obtuse, short, 17 17
cut-like indentation
(h) indentation 4 4
(i) round cut 56 67
(j) crescent shaped 19 20
cut

(k) cookie-cutter - -

() wide v-shaped 26 28
cut
Possible Human-related  Total 37 39
origin injuries
Propeller 33 34
Fisheries 4 4
Fisheries or 1 1
propeller
Naturally- Total 79 104
caused injuries
Interspecific (shark) 16 20
Intra or interspecific 65 84
(unidentified)
Unidentified Total 47 61

injuries

Values in bold represent the total number of injured individuals and injuries with
possible human origin, natural origin, or unknown origin.
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