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30  Abstract

31 Human disturbance drives rapid biodiversity loss, yet how prey diversity shapes individual niche differentiation
32 and scales up to structure social organisation remains poorly understood, particularly in marine systems where
33 prey are largely invisible to observation. Here we mapped prey community structure ('prey fields') using
34 environmental DNA metabarcoding, integrating these maps with stable isotope data and >20 years of
35 behavioural observations on bottlenose dolphins. We show that dolphins specialised on specific prey fields to

36 varying degrees, and that none of 471 tracked individuals changed their predominant prey field — even
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37 through climate-driven habitat reorganisation. Isotope profiles confirmed dietary differentiation scaling with
38 specialisation strength. Across four independent sex—subpopulation networks, prey field overlap predicted
39 social affinity in non-foraging contexts, revealing that prey community structure organises social ties beyond
40 foraging. These results expose a socio-ecological link between prey diversity, trophic ecology, and social

41 organisation, providing a transferable eDNA framework for predators with elusive prey.

42 Introduction

43 Biodiversity varies across landscapes and seascapes, creating heterogeneous ecological contexts for
44 individuals. Increasing human pressures are now driving rapid biodiversity declines across terrestrial,
45 freshwater, and marine ecosystems (1), yet little is known about how spatial variation in biodiversity structures
46 individual niche differentiation and scales up to shape social organisation (2). This is particularly consequential
47 in long-lived, socially complex species where individual ecological strategies can persist across decades, spread
48 culturally, and may shape the social fabric of entire populations. Marine mammals exemplify all these traits,
49 yet socio-ecological studies in marine systems remain rare because prey diversity is difficult to observe
50 directly. Here, we address this gap by using published maps based on an environmental DNA (eDNA)
51 metabarcoding study (3) to characterise spatial variation in prey communities and test how prey diversity
52 predicts niche specialisation, diet, and social organisation in Indo-Pacific bottlenose dolphins (Tursiops

53 aduncus) in Shark Bay, Western Australia.

54 In the past, researchers inferred individual foraging niches in marine systems from environmental proxies such
55 as depth, substrate type, or seagrass distribution (4-6). While readily available, these variables are often one
56 dimensional and approximate potential prey distributions poorly, as areas that are similar according to such
57 proxies can host fundamentally different prey assemblages. Depth, for example, is often used to delineate
58 microhabitats of cetaceans (e.g., Kopps et al., 2014; O’Brien et al., 2020; Zanardo et al., 2018), yet similar
59 depths can host entirely different prey assemblages depending on salinity or substrate structure (3). Without
60 quantifying prey directly, it is difficult to distinguish genuine ecological specialisation from apparent space-use
61 patterns shaped by philopatry, demography, or social preferences. The core problem is that prey biodiversity
62 in marine systems is difficult to observe, making the ecological contexts that directly structure predator

63 behaviour and social structure largely inaccessible.

64 Advances in molecular biodiversity assessment have begun to change this. Environmental DNA metabarcoding
65 can reveal entire species assemblages from trace genetic material with high spatial resolution across marine,
66 freshwater, and terrestrial systems (9—11). When combined with high-resolution remote sensing data, eDNA
67 enables prey diversity patterns to be extrapolated across large areas (12, 13). This opens the possibility of
68 defining predator habitats in the same currency predators use to make foraging decisions: spatially delineated
69 prey community structure (i.e., prey fields) rather than environmental proxies — and testing longstanding but
70 empirically inaccessible predictions about how prey diversity structures individual niche differentiation and its

71 effects on social organisation.
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72 Within populations, individuals often diverge in their foraging niches, meaning individuals only exploit a subset
73 of the resources that all individuals in a population collectively use (14). Individuals can diverge in niches
74 through a combination of different dietary choices (15), by employing different foraging techniques (16), or by
75 searching different microhabitats for food (17). When individual niche differences arise from consistent
76 behavioural phenotypes, individuals exploiting different niches are termed ‘specialists’ (14). Prey diversity is an
77 important factor driving such specialisations (18). Empirical studies demonstrate that individual specialisations
78 can persist over months to years, indicating that they often represent stable ecological strategies rather than
79 transient behavioural states (14). Furthermore, specialisations occur along a continuum, such that populations

80 may consist entirely of specialists or comprise a mixture of more and less specialised individuals (19, 20).

81 Individual niche differentiation, once established, is not only a pattern of resource use (14, 21), but structures
82 encounter rates and association patterns when individuals repeatedly exploit the same resources (22). In
83 fission—fusion societies, heterogeneous resource distribution alone can generate structured social networks, as
84 individuals converging on shared patches can form stronger associations (23). Such patterns can extend
85 beyond foraging contexts, for example, in a fission—fusion population of Indo-Pacific bottlenose dolphins,
86 individuals specialising on trawler-associated feeding formed distinct social clusters that, after trawling ceased,
87 reintegrated with the wider population, illustrating how changes in feeding ecology can reshape social
88 organisation (24, 25). In such socially fluid systemes, it is also expected that an individual’s social connectedness
89 can depend on its degree of niche specialisation, with less specialised individuals occupying more central roles

90 in the social network because they traverse a broader set of ecological contexts and social opportunities (26).

91 Cetaceans provide an exceptional model for investigating how prey diversity shapes individual specialisation
92 and social structure. They are highly mobile, socially complex, long-lived and behaviourally flexible, with
93 diverse (and often socially transmitted) foraging techniques (27-29). These specialisations are often associated
94 with specific ecological contexts and can shape patterns of social associations (30-32). To date, however,
95 individual niche specialisations are easiest to detect when prey differences are conspicuous, such as killer
96 whale (Orcinus orca) ecotypes specialising on hunting mammals versus fish (33), or when individuals use visible
97 tools or structures, such as the aforementioned dolphins foraging in association with trawlers, leaving
98 specialisations arising from spatially distinct prey community composition largely undetected and

99 understudied.

100 Shark Bay, Western Australia, provides a rare opportunity to fill this gap. The system hosts the longest-running
101 study of wild Indo-Pacific bottlenose dolphins (35). Behavioural data from two subpopulations in ecologically
102 comparable sites in the eastern and western gulfs span more than two decades and more than 20,000 boat-
103 based surveys, in which individually identified dolphins were followed briefly and their GPS location and group
104 activity recorded. The dolphins display remarkable behavioural variation, from widespread foraging techniques
105 such as belly-up fish chasing, 'snacking' (36), and bottom grubbing in seagrass beds (37) to highly specialised,
106 culturally transmitted techniques such as sponge tool use, 'sponging' (38, 39). Socially, Shark Bay dolphins live
107 in a complex open fission—fusion society with adult males and females socially segregated (40). Males form

108 bonds with other unrelated males in a multi-level alliance network (35, 41), whereas female associations are
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109 more fluid and often influenced by maternal kinship and habitat similarity (32, 42, 43). Dolphins are not

110 territorial, with individuals exhibiting overlapping home ranges that range from 30-160 km? (8, 35, 44).

111 Previous studies in this population suggested that habitat-associated niche segregation predicts social
112 organisation in both sexes (4, 7, 8, 32), but because habitats were defined using environmental proxies never
113 linked to prey composition, it remained unclear whether these patterns reflected genuine ecological

114 differentiation or artefacts of space use.

115 Yet, recently Bizzozzero and colleagues (2025) complemented the long-term behavioural dataset by collecting
116 270 eDNA samples for metabarcoding of ray-finned fish (Actinopterygii) — the main food source of dolphins in
117 Shark Bay. Using machine-learning models, they delineated five distinct prey fields across both study sites in

118 2021 (3).

119 In combination, these datasets allowed us to ask whether: (1) individuals specialised on different prey fields
120 and, if so, how strongly; (2) such specialisations were stable across years; (3) prey field specialisation was
121 reflected in diet; and, using social network analysis, how strongly; (4) prey field overlap predicted social
122 associations and (5) specialisation strength predicted individual network position. To reconstruct the ecological
123 context for our long-term behavioural dataset, we hindcasted prey field maps across the study period and
124 calculated individual specialisation indices quantifying how consistently each dolphin used a subset of available
125 prey fields. We linked these specialisations to diet using stable isotope data (6'3C and &™N) and to social

126 organisation through network analysis of non-foraging association data.

127 Together, this work provides a transferable eDNA-based framework for revealing ecological structure hidden
128 from traditional observation and a foundation for comparative socio-ecological analyses in a large-brained,
129 culturally complex marine mammal. Understanding which prey fields individual predators depend on is
130 increasingly critical as accelerating biodiversity loss restructures prey communities worldwide. If prey
131 community structure shapes individual strategies and social networks even in one of the most intensively
132 studied wild mammal populations in the world, analogous structure may be widespread — but has simply

133 remained out of reach.
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134 Results

135 Hindcasting the prey fields

A fihark Boy Study Arcas c Wasalem Gulf — Pray Flakis 2021 E Wastern Guli - Pray Flakd Ghanges
- 250518 "A
mams O
26,03
ant-n o
-  %ES 260572
0
O
-8 28108 Proy Seld
FEM% L3
o E
nn 2156 N
A ), ]
. A H . 25200 W Wk 26200 W W5 ,:
& & & & R R R 4 & & K F &
IS ES by a5 3
- -f \‘qp \@‘p \‘.'!F \‘99 -95. Sy o & 3 \'{"@
8 D Eactemn Gult - Proy Flelda 2021 F Esetern Gul = Pray Flaid Changse
D O Mo
/ chenges
N N
v
258519 25050 2
1
BTG 25707 5
W% TEE I5.758
80 Fot ]

W5k [ B B Ry

PEEFE IS ""}v Lo E S ”"}' S

136

137 Fig. 1. Study sites and spatial distribution of prey fields in Shark Bay, Western Australia. (A) Overview of Shark Bay
138 showing bathymetry (depth in metres) and the two Indo-Pacific bottlenose dolphin (Tursiops aduncus) study sites (black

139 outlines, 90% kernel density utilisation distributions). Inset shows the location of Shark Bay on the Australian continent
140 (red box). (B) Prey field coverage percentage per reference year within each of the two study sites, years with the least
141 seagrass coverage and corresponding prey field configuration change are marked in black rectangles. (C and D) Spatial

142 distribution of the five prey fields, labelled A-E, in the western and eastern gulf, respectively, as delineated by eDNA
143 metabarcoding of ray-finned fish (Actinopterygii) in 2021 (3). Prey fields were extrapolated across the study sites using a

144 random forest algorithm trained on depth, salinity, seagrass coverage, and channel habitat. Only grid cells with assignment
145 probability > 0.4 are shown in colour, lower values are shown as whitespace. (E and F) Number of prey field changes across
146 five reference years (2002, 2010, 2014, 2016, 2021) in the western and eastern gulf, respectively. Darker colours indicate
147 cells that shifted prey field identity more frequently across reference years, reflecting seagrass loss following marine
148 heatwave events. Black outlines indicate study site boundaries.

149 We hindcasted prey field configurations for four additional reference years (2002, 2010, 2014, 2016) using
150 published seagrass maps (45} and the machine learning algorithm trained in (3). Combined with the published
151 2021 map, this spanned five key time points (Fig. S1) and allowed us to assign each behavioural survey to its
152 temporally closest prey field configuration, defining five reference periods: ref. period 2002: 1998-2006; ref.
153 period 2010: 2007-2012; ref. period 2014: 2013-2015; ref. period 2016: 2016-2018; ref. period 2021: 2019-
154 2024. Prey field configurations were relatively stable across decades (Fig.1), with the most pronounced decline
155 of prey field A (beige} in 2014 in the western gulf; and in prey field B (green} in 2016 in the eastern gulf (Fig.
156 1B). Both prey fields, A and B, are based mostly on seagrass and declines correspond to documented seagrass

157 loss following the 2011 marine heatwave.
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158 Dolphins exhibit strong but variable individual specialisation

159 Using prey field configurations across reference periods, we quantified individual and subpopulation-level
160 specialisation (S, and S, with lower values indicating stronger specialisation) based on a total of 14,151 foraging
161 surveys (western gulf: n.,.= 1,991; n,..= 1,480; Nuoon = 122; eastern gulf: n,,..= 5,628; Ny = 4,903; Nyoon= 27).
162 We were able to calculate the S, of 500 individuals, comprising 160 from the western gulf (N.....= 86; N.,..= 66;
163 N oon= 8; Fig. S2), and 340 from the eastern (N, .= 167; N,e= 171; N, o= 2; Fig. S2).

164 In each subpopulation, low S, values show that dolphins used on average only a fraction of the locally available
165 and collectively used prey fields, indicating that each subpopulation consisted predominantly of specialised
166 individuals. This pattern was statistically significant compared to a null model accounting for sampling effort

167 and data structure: western gulf S,= 0.48, p < 0.001; eastern gulf 5,=0.69, p < 0.001 (Fig. S3).

168 Consistent with the expected continuum of specialisation, individuals varied markedly in their degree of

169 specialisation (Fig. 2). Individual S, values ranged from O to 1.13 and from O to 1.36 in the western and eastern
170 gulfs, respectively. An individual specialisation index of zero indicates an individual foraged exclusively in one
171 prey field; higher values indicate progressively more even prey-field use, with S,equal to one corresponding to
172 a within-individual diversity (Shannon entropy) equal to that of the pooled subpopulation. Values above 1 arise

173 when a dolphin distributes its foraging more evenly across prey fields than the subpopulation does collectively.

174 Individual foraging proportions across prey fields at the base of these indices are shown in Fig S4.
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176 Fig. 2. Distribution of individual foraging specialisation indices (S)). Bars are colour-coded according to sex. (A) Shows
177 individuals of the western and (B) of the eastern gulf subpopulations. Subpopulation-level specialisation indices (S,) are
178 indicated with a red dashed line.

179 Of the 160 observed individuals in the western gulf, 58.1% predominately foraged in prey field A; 37.5%, 3.8%,
180 0.6% and 0% in prey fields C, B, E and D, respectively. This loosely traced average prey field availability over all
181 reference periods in this study site (A: 40.6%, C:35.2%, B:13.9%, E: 8.3% and D: 2.0%; Fig. 1B).

182 Of the 340 observed individuals in the eastern gulf, 333 could be assigned a single predominant prey field; the
183 remaining seven showed ties between two fields. Of those 333, 54.7% predominately foraged in prey field E;
184 42.6%, 2.1%, 0.6%, and 0% in prey fields B, C, D, and A, respectively. This loosely traced average prey field
185 availability across all reference periods in this study site (E: 41.1%, B: 38.3%, D: 16.2%, C: 3.3%, and A: 1.1%;
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186 Fig. 1B). Prey field D was the exception: it covered 16.2% of the eastern gulf on average, yet only 2 of 333

187 individuals specialised on it.

188  Specialisation strength varies with sex and subpopulation

189 The specialisation strength differed systematically across subpopulation and sex (Fig. 3). A Bayesian
190 generalised linear model (GLM) incorporating these variables explained 18% of the variance in S; (R’ = 0.180,
191 95% CI = 0.13-0.23) and substantially outperformed the null model including only sampling effort (expected
192 log predictive density difference AELPD + SE = -42.3 = 9.0). After excluding individuals of unknown sex, the
193 model included data on 167 and 86 females and 171 and 66 males from the eastern and western gulf

194 subpopulations, respectively.

195 Sex differences were modest. Males showed slightly higher S; values (8 = 0.07, 95% C/ = 0.02 — 0.11) than
196 females, indicating marginally lower specialisation (Fig. 3A). Individuals from the subpopulation in the western
197 gulf had consistently lower S, values, i.e., were more specialised, than those in the eastern gulf (8 = -0.25, 95%
198 Cl =-0.31 —-0.19; Fig. 3B). Variation in S; attributable to differences in sampling effort was small but accounted
199 for (log(surveys): 8 = 0.05, 95% Cl = 0.01 — 0.09). Including individual age had no effect on S, (SI Section S1,
200 Table S1).

A B
1.0 1.0
o = +* 2 -
0.5 05 X B
0.0 0.0
201 female male WG EG
202 Fig. 3. Conditional effect plots of estimated effects of sex and subpopulation on S, values. Light blue points represent
203 individual observed data points, while black points and whiskers indicate posterior means and their 95% credible intervals.

204 (A) displays the relationship between S, and sex, (B) illustrates the effect of (WG: western gulf subpopulation, EG: eastern
205 gulf subpopulation).

206 Foraging specialisations persist through climate-driven habitat change

207 To evaluate the temporal consistency of individual specialisation, we determined each individual's
208 predominant foraging prey field for each reference period. After restricting analyses to individuals observed in
209 at least two reference periods, we examined 471 dolphins for temporal consistency in predominant prey field

210 (WeStern gu”: Nfemules = 81: Nrnales = 65: Nunknawn = 8; eastern gUH:: Nfemales = 154: Nrnales = 161: Nunknawn = 21)

211 None of the 471 individuals included in this analysis changed their predominant prey field across reference

212 periods, indicating striking long-term stability in prey field specialisation (Fig. 4). This stability persisted despite
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213 spanning multiple decades of observation and extensive prey field configuration shifts (Fig. 1E & F), especially

214 in 2014 (western gulf) and 2016 (eastern gulf).
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216 Fig. 4. Temporal stability of individual foraging habitat preferences. Per subpopulation, each row represents a reference
217 period, while each column corresponds to an individual. Coloured tiles indicate the predominant foraging prey field for
218 each individual in a given period. Reference periods with most drastic habitat reconfiguration due to seagrass coverage

219 changes are highlighted with black rectangles.

220 Prey field specialisations are reflected in trophic differentiation

221 To assess whether prey field specialisation was reflected in trophic differentiation, we analysed previously
222 published stable isotope data from dolphin biopsies {34, 46). Nitrogen isotope ratios (§"N) indicate trophic
223 position, whereas carbon isotope ratios (5§C) reflect the primary production sources supporting the food web.
224 In total, we analysed 14 tissue samples from the western gulf and 21 from the eastern gulf subpopulations

225  (Fig.S5).

226 After confirming no interannual trend in either isotope (S| Section S2, Table S2), we tested whether 6®N
227 differed among individuals specialising in different prey fields. A Bayesian GLM model including predominant
228 prey field and the potentially confounding variables sex and subpopulation substantially outperformed the null
229 intercept-only model (AELPD + SE =-9.1 £3.9; R% = 0.51, 95% C/ 0.31 — 0.64). Sex showed a modest effect (6 =
230 0.23, 95% CI 0.03 — 0.43), while subpopulation (8 = -0.26, 95% C/ -5.89 — 5.48) had non-credible to marginal
231 effects.

232 Since individual specialisation strength itself covaries with sex and subpopulation, including all predictors

233 simultaneously would introduce redundancy. We therefore tested a complementary model where 6N
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234 differentiation among prey fields was modulated by individual specialisation strength, fitting a model with the
235 interaction between predominant prey field and S,. This interaction captures the expectation that isotopic
236 distinctiveness reflects both prey field identity and the strength to which individuals restrict their foraging to
237 that field. The interaction model credibly outperformed the null (AELPD + SE = -12.9 + 4.9) and marginally
238 outperformed the sex—subpopulation model (AELPD + SE = -3.8 + 2.9), explaining 65% of variance in 6N (R%. =
239 0.65, 95% C/ 0.49 — 0.74). We retained the interaction model as the primary analysis because it slightly
240 outperformed the sex—subpopulation model in predictive accuracy. This suggests that the interaction between
241 predominant prey field and S,captures the variation associated with sex and subpopulation, while also adding

242 biologically meaningful information beyond it.
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244 Fig. 5. Relationship between prey field specialisation and 6™N ratios. Coloured points represent observed §™N ratios of
245 individuals and their predominant prey field. The size of the point indicates the strength of specialisation S; Both panels
246 show predictions from the same model with predominant foraging prey field and S, as predictors. (A) Black points with 95%
247 credible interval error bars show the conditional effect of prey field, averaged across S, values. (B) Coloured lines with 95%
248 credible intervals show the interactive effect of prey field and S, illustrating how the relationship between S, and 8N

249 differs between prey fields.

250 Relative to prey field A, individuals specialising in prey field C showed markedly elevated 6N (8 = 2.05, 95% C/
251 1.33 — 2.77), and those in prey field B moderately elevated values (6 = 1.13, 95% C/ 0.43 — 1.85). Both prey
252 fields showed strong negative interactions with S, (prey field B x S;: 6 =-1.71, 95% C/ -3.00 — -0.44; prey field C
253 x S;: 8 =-2.49, 95% CI -3.92 — -1.05), indicating that more specialised individuals exhibited increasingly distinct
254 trophic signatures within their prey field {Fig. 5). Prey field E estimates were highly uncertain (6 = -0.15, 95% C!
255 -2.23 = 1.79; prey field E x S;: 8 = -0.07, 95% (I -2.59 — 2.68), reflecting the small sample size of individuals
256 predominantly foraging in this prey field (N = 5). 8"C values showed no detectable effect of prey field or
257 specialisation (SI Section S3, Table S3, Fig. S6), suggesting prey fields do not differ substantially in basal carbon

258 sources.

259 Individuals specialising on the same prey fields cluster socially outside foraging contexts
260 Individuals with greater overlap in foraging prey fields spent more time together outside of foraging contexts.
261 Across all four sex—subpopulation combinations, pairwise prey field overlap (PS)} significantly predicted social

262 affinity, quantified by the Simple Ratio Index (SR/). All model comparisons strongly supported the niche
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263 specialisation model over the null model accounting only for individual-level variation in association rates
264 (Table 1, Fig. 6, Fig. S7). The strength of this relationship was greatest among western gulf females, followed by
265 eastern gulf females, and then western and eastern gulf males. Hierarchical clustering of social association
266 matrices further revealed prey field identity as an underlying organising principle of social structure, with
267 individuals sharing prey fields forming deeply rooted social clusters — also most pronounced in the western

268 gulf and among females (Fig. S8).

Table 1. Summary of the results of the social network analyses. Summary table of Bayesian zero-inflated binomial
GLMM computed for the four separate datasets consisting of eastern and western gulf females and males, respectively.
n.ps describes the number of dyads included in the analyses and N,y the number of individuals included. AELPD + SE
describes the difference between the null model only including the random intercept for each individual within dyads,
thereby accounting for individual-level variation in association rates, and the model including the PS; of a dyad as a
predictor. Subpopulations and sexes are ordered according to variances explained by the model in decreasing order.

269

o Intercept 8 o

Model Nobs Ning R, (95% CI) AELPD * SE (95% C1) (95% C1) (95% Ci)
Western gulf 7 169 67 0.228 -235.9 -7.45 4.21 1.28
females ’ (0.185-0.274) +28.7 (-7.93--6.97) (3.80-4.62) (1.02 - 1.60)
Eastern gulf 11.310 161 0.196 -1,781.6 -7.83 4.42 1.42
females ’ (0.181-0.212) +166.6 (-8.08--7.57) (4.27 - 4.57) (1.26 - 1.62)
Western gulf 2013 65 0.173 -655.4 -6.98 4.96 1.04
males ’ (0.156 - 0.192) 198.6 (-7.33--6.64) (4.69-5.23) (0.85-1.27)
Eastern gulf 12504 169 0.112 -10,212.2 -8.65 6.82 1.25
males ’ (0.105 - 0.119) +838.7 (-8.86- -8.44) (6.70 - 6.93) (1.12 - 1.40)

Note: Model diagnostics showed that a small proportion of observations showed influential Pareto k diagnostics (k > 0.7;
range: 0.3-2.0% across sex—region groups, highest in western gulf males). Given that model comparisons strongly
favoured the prey field overlap model over the null in all four groups (AELPD range: -235.9 + 28.7 to -10,212.2 + 838.9, all
exceeding eight standard errors), these observations do not affect model selection conclusions.
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271 Fig. 6. Social network plots for females and males from the eastern and western gulfs of Shark Bay. Individual Indo-
272 Pacific bottlenose dolphins (Tursiops aduncus) are represented as network nodes (points), which are connected by edges
273 (lines) indicating social associations. Nodes are coloured according to the individual's predominant foraging prey field and
274 are sized based on the individual's strength of specialisation S,. Their positions correspond to the centroid of their foraging
275 surveys. Edge widths represent dyadic social relationship indices SRIs, reflecting the strength of associations between
276 individuals in non-foraging surveys. The background map displays prey fields using coloured tiles according to the prey field
277 map of the 2021 reference period, while landmasses are shown in white.

278  Sex shapes social network position more than foraging specialisation

279 We quantified each dolphin's social position using four centrality metrics derived from non-foraging
280 association networks built separately for each sex and subpopulation (463 individuals across four networks:
281 western gulf females = 67, western gulf males = 65, eastern gulf females = 161, eastern gulf males = 169):
282 degree (number of associates), strength (summed association indices), mean association strength (average
283 bond strength per partner), and betweenness (frequency of bridging otherwise disconnected individuals). We
284 predicted that foraging generalists would show broader, less committed social ties — higher degree and

285 strength, lower mean association strength, and higher betweenness.
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286 Across all three joint models, the most consistent pattern was a sex difference in how individuals are socially
287 positioned within their networks (Table 2). Mean association strength was credibly higher in males than
288 females, and males also tended toward lower total association weight (i.e., strength), while showing no
289 credible difference in number of associates (i.e., degree). Read together, this is consistent with males and
290 females occupying structurally different social systems: males maintaining stronger average bonds across a
291 comparable number of partners, females distributing comparable association activity across more partners

292 with weaker average bonds per partner.

293 Within this sex-structured backdrop, foraging specialisation appeared as a weaker secondary modifier of social
294 position. For degree centrality, more generalist individuals tended to have more recorded associates, however,
295 with the lower credible bound reaching zero, this is best interpreted as a suggestive trend rather than a
296 credibly non-zero effect. The S, main effect on strength was effectively null, so the trend in degree did not
297 translate into proportionally greater total association weight. The most credible effect of specialisation was its
298 interaction with sex on mean association strength, indicating that more specialised males had stronger
299 average bonds per partner, whereas, in females, the relationship was flat to weakly negative. Across all four
300 sex—subpopulation networks, betweenness centrality models did not outperform their respective null models,
301 and specialisation showed no credible association with betweenness in either the gamma or hurdle
302 component of any subgroup (Table S4).
Table 2. Summary of the Bayesian models linking foraging specialisation to centrality in non-foraging social networks.
Degree and strength were standardised within network prior to modelling and analysed with Gaussian families; mean
association strength was analysed on the raw scale with a Beta family (logit link). All three models were fitted jointly across
both subpopulations with S, sex, their interaction, subpopulation, and log-transformed non-foraging sighting frequency as
predictors. Each model was compared via leave-one-out cross-validation against a null model including only log-transformed
sighting frequency; AELPD # SE and Bayesian R . (with 95% CI) refer to the focal model. 8 values are posterior means with

95% credible intervals; the reference level for sex is female and for subpopulation is eastern gulf. Metrics are ordered by ch
in decreasing order.

303

Metric Predictor 8 (95% Ci) AELPD + SE R (95%Ci)
Degree Intercept -4.27 (-4.59 — -3.94) -40.0+9.5 0.645 (0.611 —0.674)
S 0.29 (0.00 — 0.58)
Sex -0.07 (-0.36 —0.23)
S, % Sex -0.26 (-0.68 —0.17)
Subpopulation 0.59 (0.46 —0.73)
log(survey count) 1.06 (0.99-1.13)
Strength Intercept -3.08 (-3.52 —-2.65) -10.8+5.7 0.366 (0.309 —0.417)
s, -0.01(-0.39-0.37)
Sex -0.30(-0.67 —0.08)
S, % Sex 0.21(-0.33-0.77)
Subpopulation 0.44 (0.26 — 0.61)
log(survey count) 0.80 (0.70 —0.90)
Mean association Intercept -2.53 (-2.84 — -2.22) -75.3+9.4 0.185 (0.138 —0.234)
strength S -0.16 (-0.43-0.11)
Sex 0.41 (0.15 - 0.67)
S, % Sex 0.46 (0.07 — 0.85)

Subpopulation
log(survey count)

0.16 (0.04 — 0.27)

-0.19 (-0.26 — -0.12)



https://doi.org/10.64898/2026.06.06.730606
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.06.730606; this version posted June 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

304 Discussion

305 By defining prey fields from measured fish community structure rather than environmental proxies, we could
306 test socio-ecological predictions that have remained difficult to evaluate empirically in marine systems. Doing
307 so revealed that Indo-Pacific bottlenose dolphins consistently specialise on distinct prey fields, that these
308 specialisations persist over decades — including through a period of substantial habitat reorganisation — and
309 that ecological similarity predicts social affinity outside of foraging contexts. Documented across two
310 demographically independent subpopulations and over 20 years of behavioural data, these results suggest that

311 spatial prey community structure is reflected in individual niche differentiation and social organisation.

312 Prey-defined seascapes reveal strong and persistent individual specialisation

313 Using Roughgarden's framework (47), we showed that individuals exploited a smaller subset of the realised
314 prey fields than the collective use of prey fields of each subpopulation in each gulf, reinforcing the idea that
315 individuals within a population are not ecologically equivalent (14). The specialisation strength occurred along
316 a continuum, ranging from highly specialised individuals foraging exclusively in one prey field to less
317 specialised foragers that nonetheless exhibited clear preferences. This pattern matches continua documented
318 in other systems, such as pigeon guillemots, Cepphus columba (48), and bluegill sunfish, Lepomis macrochirus
319 (49). In marine mammals, the documentation of such continua are limited to a few studies using stable isotope
320 analyses, e.g., in Australian fur seals, Arctocephalus pusillus doriferus (50), or in species with visible prey items,
321 e.g., sea otters, Enhydra lutris nereis (51). Our framework now allows the investigation of individual

322 specialisation in a system where prey is invisible to direct observation in a non-invasive manner.

323 Importantly, individual specialisations were remarkably stable over time. Across both gulfs, dolphins
324 consistently specialised in the same prey field over multiple reference periods. This specialisation persistence
325 occurred even after dramatic habitat changes driven by a significant marine heatwave event in 2011 triggering
326 seagrass die-offs which impacted dolphin survival and reproduction (39) and regrowth during the subsequent
327 years (45), and a configuration shift from prey field A to E in the western gulf in 2014 and B to E in the eastern
328 gulf in 2016. Rather than shifting into newly formed prey fields within the same spatial area, specialists of prey
329 field B were observed less frequently within our core survey zone following its reconfiguration, suggesting that

330 they tracked their preferred prey assemblages beyond the study boundaries.

331 This pattern is consistent with distinct ecological preferences rather than with passive site fidelity alone. These
332 findings align with the ‘distinct preference model’ of (52), in which individuals develop first-choice resources
333 (here prey fields) and maintain them due to strong behavioural trade-offs. In long-lived mammals with socially
334 transmitted techniques, such trade-offs may be reinforced by learning constraints and energetic investment
335 (29, 53). Frequency-dependent trade-offs may further stabilise specialisation (54). Persistent specialisation
336 therefore likely arises from the interaction of learning constraints, behavioural trade-offs, and frequency-

337 dependent dynamics.

338 Stable and persistent specialisations mirror long-term specialisation observed in bottlenose dolphins at

339 population levels at larger geographic scales (32, 55). The observation that habitat-associated differentiation
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340 operates consistently across spatial scales, from ocean basins to shared foraging grounds within a single
341 population, suggests that ecological fidelity to prey communities may be a fundamental and scale-independent
342 organising principle in this species, with implications for how population-level divergence originates and is

343 maintained.

344  Individual specialisation is reflected in trophic differentiation

345 Stable isotope analyses revealed that prey fields captured ecologically meaningful trophic differences.
346 Individuals specialising in different prey fields showed distinct 8N signatures, with trophic divergence scaling
347 with specialisation strength, but similar 8C ratios across prey fields, consistent with a shared nearshore
348 carbon baseline (56). Highly specialised individuals showed the most pronounced isotopic differentiation,
349 whereas generalists exhibited more intermediate isotopic profiles. These findings demonstrate that our eDNA
350 based approach captured the realised ecological niches of individual dolphins rather than abstract abiotic
351 spatial categories. Traditional trophic tools such as stable isotopes, fatty acids, or stomach contents, reveal
352 dietary composition (57), but cannot delineate the spatial organisation of prey assemblages (58). By contrast,

353 prey-defined seascapes provide an explicit ecological map linking resource structure to individual behaviour.

354 In systems where prey species are cryptic, mobile, or difficult to sample, our approach provides a powerful
355 alternative for linking behaviour to trophic ecology. More broadly, it suggests that individual-level niche
356 variation can be quantified without assuming fixed prey identities, using prey community structure as an

357 integrative ecological measure.

358 From ecological similarity to social structure

359 Ecological similarity predicted social affinity: by quantifying prey fields directly rather than inferring habitat
360 from proxies, we show that ecological structure predicts substantial components of social organisation in a
361 highly mobile marine mammal. Dolphins foraging in the same prey field associated more frequently outside of
362 foraging contexts. This is despite them living in an open, unbounded fission—fusion society where group
363 composition changes frequently and individuals have ample opportunity to associate broadly (35). Our results
364 are consistent with the idea that repeated convergence on shared ecological contexts can structure encounter
365 rates and, over time, social networks (59, 60). Our study thus provides empirical support for resource
366 dispersion theory (22) and its extensions to dynamic social systems (23). Such patterns were suspected based
367 on studies using environmental approximations for prey distributions (5, 6, 32), but, until now, were rarely

368 explicitly linked to ecological preferences.

369 Remarkably, social structuring was not binary but graded. Social segregation reflecting niche differentiation
370 was strongest in the subpopulation and sex with higher degrees of overall specialisations, i.e., in the western
371 gulf and in females. This suggests that the strength of specialisation could shape the strength of social
372 segregation. Since specialisation strength depends on biodiversity patterns (61, 62), these findings elucidate a

373 mechanical pathway through which biodiversity patterns can shape social organisations.
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374 At the level of individual network position, sex was a more consistent organising axis than specialisation, with
375 males maintaining credibly stronger average bonds per partner than females while showing comparable
376 numbers of associates. This pattern is broadly consistent with the well-documented male alliance system (63—
377 65). Within this sex-structured backdrop, specialisation acted as a weaker secondary modifier: more generalist
378 individuals showed a suggestive trend toward more recorded associates, and the relationship between
379 specialisation and average bond strength differed credibly between sexes, with more specialised males
380 maintaining stronger average bonds; a pattern absent in females. This represents a rare empirical test on wild
381 animals of theoretical predictions that ecological specialisation can structure social connectivity in group-living
382 species (26, 66). Together, these subpopulation- and individual-level patterns suggest that the continuum of

383 specialisation, rather than its presence alone, shapes the social fabric of animal societies.

384 Ecological structuring and social feedbacks: the limitations of our approach

385 Our data cannot disentangle whether ecological differentiation preceded social clustering, or inversely,
386 whether pre-existing social groups converged on shared foraging strategies. Critically, however, both
387 mechanisms implicate ecological context as a necessary condition. If ecological similarity drives social affinity,
388 prey field overlap directly structures who associates with whom. If pre-existing social groups converge on
389 shared strategies, the convergence itself requires an ecological substrate: shared prey fields must exist for
390 groups to specialise on them collectively. Social structure and ecological context are therefore not
391 independent regardless of causal direction, and prey community structure remains a fundamental organising

392 axis of dolphin societies under either scenario.

393 The male social system illustrates this point particularly clearly. Male bottlenose dolphins in Shark Bay form
394 multi-level alliance networks structured around cooperative mate access, with adult partner choice predicted
395 by affiliation history and age similarity rather than kinship (35, 41, 65). Shared foraging tactics have long been
396 suspected to contribute to alliance formation, as coordination is more tractable among males with similar
397 foraging behaviour (8, 30). Our results provide direct evidence for this: even within a social system organised
398 primarily around mating cooperation, males preferentially associated with others sharing similar foraging
399 specialisations. This suggests that ecological preferences constitute a persistent and fundamental axis of social
400 structuring that operates alongside, and partially independently of other social forces: not overriding alliance

401 dynamics, but detectable even within a system where those dynamics dominate.

402 Bottlenose dolphins as a model for eco-social and evolutionary processes

403 Bottlenose dolphins offer a uniquely powerful model system for investigating how ecological heterogeneity
404 structures social systems. Unlike systems characterised by near-complete social segregation (e.g., killer whale
405 ecotypes), dolphin societies exhibit partial, flexible segregation: specialists preferentially associate with one
406 another but remain socially connected. This intermediate structure mirrors early-stage divergence processes,
407 where ecological specialisation generates social structuring without complete reproductive isolation. Such

408 systems provide fertile ground for studying cultural niche construction and gene—culture co-evolution (7, 67).


https://doi.org/10.64898/2026.06.06.730606
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.06.730606; this version posted June 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

409 A general framework for predators with elusive prey: Implications for conservation

410 Beyond dolphins, this study provides a generalisable roadmap for integrating eDNA-derived prey fields with
411 long-term behavioural data. Where long-term behavioural records are unavailable, the same framework can
412 be applied to telemetry or other movement data. Many predators forage on prey that are difficult or
413 impossible to observe directly, including pelagic fishes, deep-sea mammals, nocturnal terrestrial carnivores,
414 and aerial insectivores. In such systems, prey fields derived from eDNA and environmental extrapolation offer
415 a scalable, non-invasive means of quantifying ecological niches at biologically relevant scales; and, as our
416 results illustrate, of revealing individual-level structure that is invisible when habitat is approximated by abiotic

417 proxies alone.

418 This matters for conservation because individual specialisation can promote population-level resilience by
419 maintaining behavioural and ecological diversity (26, 68), yet the same specialisations may also increase
420 vulnerability when specialised resources decline and specialists cannot flexibly shift (14, 69—71). Our data show
421 that such specialisations can be deeply entrenched: over two decades and through documented climate-driven
422 seagrass loss, no single tracked individual switched its predominant prey field. Understanding where, how, and
423 by whom resources are exploited is therefore critical for effective conservation planning (72). For apex
424 predators, preserving not only population size but also ecological diversity may be key to maintaining

425 ecosystem stability and preventing trophic cascades (73).

426 Prey-informed maps are particularly well suited to this task. They identify which areas support distinct prey
427 assemblages, can be monitored over time, and can be modelled under future climate-change scenarios. They
428 can also reveal which prey communities support — or fail to support — individual specialisation in the first
429 place. For example, the almost complete absence of specialists in open-water prey field D, despite its
430 substantial area, suggests that predictable, benthic or seagrass-associated prey fields B, C, and E offer more
431 favourable conditions for specialisation than schooling fish in pelagic waters (3, 14, 69). This kind of
432 asymmetry, between habitat that is available and habitat that actually structures individual ecology, is invisible
433 to area-based assessments alone, but has direct implications for conservation planning and tourist
434 management in systems where managers need to know which habitats sustain ecological diversity rather than

435 simply which habitats are present.

436 In conclusion, defining predator habitats in the same currency animals use to make foraging decisions — prey
437 community structure rather than environmental proxies — makes long-standing socio-ecological questions
438 tractable at a resolution rarely achieved in marine systems. Across two demographically independent
439 subpopulations and more than two decades of observation, Indo-Pacific bottlenose dolphins consistently
440 specialised on distinct prey fields, maintained those specialisations through climate-driven habitat
441 reorganisation, and socially aligned with ecologically similar conspecifics outside of foraging contexts. That
442 such a fundamental axis of individual variation was invisible until prey were mapped directly underscores how
443 much ecological structure can remain hidden in systems where prey are inaccessible to observation. As prey
444 distributions shift under ongoing environmental change, prey-informed approaches will be increasingly critical

445 for anticipating how biodiversity loss translates into altered ecological strategies, social dynamics, and
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446 ultimately population resilience — not only in dolphins, but across the many predator systems where the

447 ecological substrate of behaviour has, until now, been largely out of reach.
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a8 Methods

449 Experimental Design

450 This study was an observational, integrative analysis testing how prey community structure relates to
451 individual specialisation, diet, and social organisation in Indo-Pacific bottlenose dolphins, Tursiops aduncus
452 (74). 1t combined three data streams: environmental DNA-derived prey-field maps generated in a previous
453 study (3), more than two decades of behavioural surveys collected in two demographically mostly independent
454 subpopulations in the western and eastern gulfs of Shark Bay, Western Australia, and published stable isotope
455 data from skin biopsies. The units of investigation were individually identified dolphins followed across

456 multiple years.

457 The study addressed five pre-specified questions, set out at the end of the Introduction. No interventions were
458 applied; all data derive from non-invasive observation and pre-existing biopsy archives. Detailed analyses,
459 together with their inclusion criteria, spatial frameworks, and statistical models, are described in the

460 subsections below.

461  Study System

462 Our two long-term study sites for dolphin behaviour (Shark Bay Dolphin Research) are in the eastern gulf (~320
463 km?) and the western gulf (~230 km?) of Shark Bay, Western Australia (Fig. 1). We defined our core study areas
464 using kernel density estimation at the 90% utilisation distribution level, based on all surveys (see Long-term
465 behavioural data) conducted between 1998 and 2024 in eastern gulf and between 2007 and 2024 in western
466 gulf. Specifically, we used the kernelUD of the ‘adehabitatHR’ package (75) function, with the “href”
467 bandwidth selection method (h = "href") and the Epanechnikov kernel (kern = "epa").

468 Long-term behavioural data

469 We used long-term behavioural data collected mostly during the cooler months between May and November,
470 including 15,000 behavioural surveys in the eastern gulf and 6,093 in the western gulf (Fig. S9). During a boat-
471 based survey, we identified dolphins by photographing their dorsal fins (76). Within the first five minutes of a
472 survey, we recorded group size and composition, GPS position, sea state, and predominant group activity (rest,
473 forage, travel, socialise, or unknown) following (37) (see ethogram in (30)). Group membership was defined
474 using the 10 m chain rule, in which individuals within 10 m of any other group member are considered part of
475 the same group (37). We determined an individual's sex through behavioural observations, i.e., presence of a
476 dependent calf in the infant position (77), genital area inspection, or genetic analysis (see also laboratory

477 protocols in (30). Biopsy samples were collected opportunistically using a Paxarms biopsy rifle (78).

478 Prey fields from previous eDNA study

479 We defined prey fields based on a study that characterised fish distribution across both dolphin study sites in
480 western gulf and eastern gulf during survey efforts in the austral winter of 2021 (3). In brief, via eDNA
481 metabarcoding, the study analysed 270 water samples collected from 45 locations, targeting ray-finned fish

482 (Actinopterygii) specific 16S and 12S rRNA gene regions. The study identified five distinct fish communities (A—
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483 E), whose distributions were influenced by four environmental variables: depth, salinity, seagrass coverage,
484 and channel habitat, i.e., deep areas (15-30 m) with complex rocky substrate delineated by steep slopes (79).
485 The study used a random forest algorithm to extrapolate these fish communities across the study sites on a
486 500 x 500 m raster grid, providing a high-resolution framework for defining prey fields. Unlike proxy-based
487 approaches that define habitats directly from environmental variables without explicitly linking them to prey
488 distribution, this approach defines prey fields from directly measured prey community structure and uses

489 explicitly linked environmental correlates solely to extrapolate these prey fields in space (3).

490 Prey fields A and B were located in shallow seagrass habitats, distinguished by varying seagrass coverage, with
491 prey field A occurring in areas with lower seagrass coverage, lower salinity, but higher fish richness than prey
492 field B. Prey field C, located in deeper channel areas with no seagrass, exhibited the highest fish richness. Prey
493 field D occurred in deep and open waters with sandy sea floor and consisted primarily of pelagic schooling fish
494 but had the lowest fish richness. Prey field E occurred in medium-depth area with no seagrass but

495 predominant turf substrate, and with intermediate fish richness (3).

496 Hindcasting prey fields

497 One of the key environmental layers influencing prey field distribution was seagrass coverage. However, the
498 extent of seagrass has been significantly affected by an unprecedented marine heatwave in recent years (45),
499 therefore causing potential shifts in prey field composition. To incorporate historical prey field changes into
500 our long-term behavioural dataset, we employed the trained random forest algorithm previously used for
501 contemporary prey field modelling (3) to hindcast prey fields for years with available data on seagrass
502 variation. Specifically, documented seagrass extents in Shark Bay for 2002, 2010, 2014, and 2016 (45), enabling
503 us to model prey fields under these distinct conditions. For each predicted layer, we evaluated assignment
504 probabilities to prey fields, and only retained assignments with a probability > 0.4 for analysis. Higher
505 thresholds disproportionately excluded cells in the southern eastern gulf, where prediction certainty was
506 lower, causing surveys conducted in these areas to be discarded for downstream analyses (see also sensitivity
507 analysis in Fig. S10). As individuals foraging across multiple prey fields, including these ambiguous zones, would
508 lose surveys selectively, stricter thresholds would artificially inflate specialisation indices by retaining only
509 observations from high-certainty areas. A threshold of 0.4 was therefore chosen as a conservative compromise
510 that maximised spatial coverage while maintaining reasonable assignment confidence. Repeating analyses

511 with a more noise inducing threshold of 0.3 did not significantly impact the results.

512 These hindcasted prey fields enabled us to assess long-term ecological changes and provided a temporal
513 framework for behavioural analyses. We assigned behavioural data to the prey field of the temporally closest
514 reference year; if two reference years were equidistant, we selected the earlier one. This approach categorised
515 the data into reference periods based on reference years: Ref. period 2002: 1998-2006; Ref. period 2010:
516 2007-2012; Ref. period 2014: 2013-2015; Ref. period 2016: 2016-2018; Ref. period 2021: 2019-2024.
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517  Calculation of prey field specialisation indices (S)

518 We quantified individual prey field specialisation using Roughgarden's framework (47), which partitions the
519 total niche width (TNW) of a population into within-individual (WIC) and between-individual components.
520 Essentially, this quantification compares the resource use of an individual (WIC) to the resource use of every
521 individual in a population collectively (TNW). We defined the degree of specialisation, following (80), as the
522 proportion of TNW explained by WIC:

523 S = WIC/TNW (1)

524 where smaller S values denote stronger specialisation. We estimated WIC and TNW variances using the
525 Shannon-Weaver diversity index (81), incorporating the proportion of each individual's foraging surveys in
526 each prey field (WIC), and the proportion of the subpopulations' collective surveys in each prey field (TNW).
527 We calculated S on two levels: the individual level S, yielding an index for every dolphin; and the
528 subpopulation level S, yielding an index for each subpopulation in each gulf. The subpopulation level index
529 parametrised the weighted mean degree of individual prey field specialisation in each gulf. More details on

530 these calculations are provided in Sl Section S4.

531 A central assumption of the Roughgarden’s framework in eq. (1) is that all individuals in a population have
532 access to the full set of resources used collectively by the population, i.e., that the population's realised niche
533 represents the available niche from which individuals select. Several features of our study system support this
534 assumption. First, the two study sites are spatially compact: at the documented cost-of-transport cruising
535 speed of 2 m s™" for bottlenose dolphins (82), an individual can traverse the long axis of either study area in
536 approximately 2—3 hours. Second, dolphins in Shark Bay are not territorial: home ranges of 30-160 km?
537 overlap broadly across individuals, with no defended boundaries (8, 35, 44). Third, there are no physical
538 barriers (coastal topography, depth, or hydrographic features) that would systematically exclude any individual
539 from any prey field within either study site. Fourth, we have occasionally observed individuals crossing from
540 the western gulf to the eastern gulf study site, thus travelling ~120 km between sites, far exceeding the within-
541 site distances that any individual would need to cover to access all prey fields in its study site. We therefore
542 treat each subpopulation's collective prey-field use as a reasonable representation of the available prey-field
543 set for each individual, with home-range area itself representing the spatial expression of an individual's prey-

544 field selection rather than a constraint upon it (83).

545  Stable isotope samples

546 For our analyses, we leveraged previously published stable isotope data (8™C and &"N) measured from skin
547 tissue biopsies of dolphins collected at our study sites between 1997 and 2009 (34, 46). In the field, samples
548 were stored frozen in liquid nitrogen, or in saturated NaCl and 20% dimethyl-sulfoxide (DMSO) solution at
549 -20°C. In the laboratory, samples were stored at —80°C until they were lipid-extracted, dried, ground into

550 powder, and analysed as specified in (46).

Ince € samples were collected over a span O Irteen years, we applied a correction O . 00 year'
551  Sinceth | llected f thirt lied tion of —0.022% (84

552 to the carbon isotope values of dolphin samples. This accounted for changes in §'*C values of atmospheric CO,
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553 caused by fossil fuel combustion, known as the ‘Suess effect’ (84, 85). Given that samples included here ranged

554 from 1997 to 2009, we corrected all carbon isotopic values of samples referenced to the year 2009.

555  Calculation of dyadic prey field overlap (PS)) and dyadic associations (SRI)

556 To investigate whether individuals foraging in the same prey field form social subgroups during non-foraging
557 activities, we quantified dyadic prey field overlap and social affiliations between dolphins using established
558 indices: as a measure of pairwise prey field overlap, we used the Proportional Similarity Index (PS;) (80), while
559 social affiliations were assessed using the Simple Ratio Index (SRI) (86, 87). All dyadic measures were

560 calculated separately for each sex and subpopulation (four networks in total).

561 We used a custom R script to calculate the PS; and the package ‘asnipe’ (88) to calculate the SRI. Detailed index

562 calculations are available in Sl Sections S5 & S6.

563  Calculation and standardisation of social network metrics

564 To test whether individual foraging specialisation predicts social network position, we computed four
565 centrality metrics from the previously calculated non-foraging association networks: degree centrality (number
566 of recorded associates), strength centrality (sum of association indices across all associates), mean association
567 strength (strength divided by degree, reflecting the average association index per partner), and betweenness
568 centrality (frequency with which an individual lies on shortest paths between other network members).
569 Together, these metrics capture complementary aspects of social position: degree and strength reflect the
570 breadth and intensity of social connectivity; mean association strength captures bond commitment per
571 partner; and betweenness captures the role of individuals as bridges between otherwise weakly connected
572 parts of the network. We predicted that more generalist foragers (higher S;) would occupy more central
573 network positions; specifically, higher degree, higher strength, lower mean association strength (weaker
574 average bonds distributed broadly), and higher betweenness, because their foraging behaviour is not confined
575 to prey-field-specific contexts shared with specific individuals, facilitating broader and less committed social

576 associations.

577 Social networks metrics were calculated separately for each sex and subpopulation (four networks in total).
578 Centrality metrics were computed using the igraph package in R (89). For betweenness centrality, edge
579 weights were inverted prior to calculation (weights = 1/SRI) because igraph interprets weights as distances

580 rather than connection strengths, ensuring that stronger associations were treated as shorter paths.

581 Degree and strength centrality were standardised within each network (z-scored to mean = 0, SD = 1) prior to
582 modelling, as their absolute values depend on network size and structure and are therefore not directly
583 comparable across networks. Mean association strength (Strength/Degree) was analysed on the raw scale
584 because dividing by degree removes the network-size dependence of the sum-based strength metric, leaving
585 values interpretable as the average co-occurrence rate per partner regardless of network size. Betweenness
586 centrality was used on the raw scale separately for each network, as its distributional shape differed between

587 subpopulations in ways not addressable by standardisation alone.
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588  Data inclusion criteria

589 For the calculation of S, and S;, we included only foraging surveys of weaned, independent individuals, i.e.,
590 above the age of four (90). To ensure independent foraging bouts, we retained only one foraging survey per
591 individual per day. We assigned each survey to a prey field using its GPS location and the corresponding
592 reference prey field map based on the date of the survey. We only considered surveys with an assigned prey
593 field and included only individuals with at least 10 foraging surveys to ensure sufficient data for meaningful

594 proportion calculations.

595 To assess whether individual prey field specialisation was consistent over time, we first assigned each
596 individual a predominant foraging prey field for each reference period. This was based on the same data
597 restriction criteria as for calculating S, except that we allowed multiple surveys per day, excluding so-called
598 ‘resights’- i.e., surveys of the same individual within one hour - to ensure a sufficient number of observations
599 per reference period per individual. Analyses were further limited to individuals with an assigned foraging prey
600 field in at least two reference periods; reference periods in which an individual was observed fewer than five

601 times were excluded.

602 To assess whether individual prey field specialisations are reflected in trophic differentiation, we only included
603 data from dolphins for which we had: biopsy samples; assighed a predominant prey field; and calculated a
604 specialisation index S;. As no individual changed its predominant prey field across reference periods (see Result
605 2), prey-field assignments and S; values were independent of the temporal window used and could be matched

606 directly to isotope samples regardless of biopsy collection date.

607 For dyadic prey field overlap, we calculated the PS, based on the same foraging surveys per individual that
608 were previously used to estimate S,. The SR/ was calculated based on non-foraging surveys, including only one
609 survey per day to avoid pseudo-replication. We restricted the analysis to independent individuals of known sex
610 that had been recorded in at least 10 non-foraging surveys. Additionally, to ensure comparability between
611 indices, we included only dolphin dyads for which both PS; and SRl could be computed under the given data

612 restrictions. We excluded dyads where individuals could not have associated due to a lack of temporal overlap.

613 Sacial network metrics were based on the same criteria used for SR/ calculation with the exception that one
614 western gulf female (REX_2) was excluded prior to network metric calculation as she had zero recorded
615 associations with any other individual in the dataset, most likely reflecting incomplete spatial coverage at the

616 boundary of the study area rather than true social isolation.

617  Statistical Analysis

618 Specialisation indices were tested against null distributions using Monte Carlo permutation (80). All other
619 analyses used Bayesian regression models in the ‘brms’ package (91), each compared via leave-one-out cross-
620 validation (LOO-CV) against null models containing only relevant nuisance covariates. Weakly regularising
621 priors were used throughout. For all Bayesian models, we required effective sample sizes above 1,000 and R-
622 values below 1.01 to confirm adequate posterior sampling, increasing adapt_delta up to 0.99 when necessary.

623 Influential observations were assessed using LOO-CV (92); observations with k > 0.7 are reported per model
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624 where relevant. Model performance was evaluated through graphical posterior predictive checks and
625 quantified using a Bayesian R statistic (93). The detailed statistical models are described in the subsections

626 below.

627  Testing for prey field specialisation

628 To test whether in each subpopulation, on average, dolphins used a significantly smaller portion of the prey
629 field than expected by chance, we implemented a non-parametric Monte Carlo resampling procedure, as
630 proposed by (80). In this approach, the observed S, is compared to a distribution of random S,s. To this end,
631 for each gulf, we randomly reassigned prey fields across all surveys conducted within the same reference
632 period and recalculated S,. By preserving the original prey field assignment distribution, each random
633 reassighment reflected the probability of occurrences in the observed dataset. We repeated this process 9,999
634 times, generating a null model representing a population surveyed with the same effort as the observed data,
635 but with individuals foraging randomly within the population’s realised niche. We then compared the observed
636 S, values against this null distribution and assessed their significance at a 5% probability level. If S, exceeded
637 what was expected by chance, we assumed individual specialisation occurred and we assigned each individual
638 to its predominant foraging prey field, defined as the prey field in which it foraged most frequently. All these

639 analyses were performed using a custom R script.

640 To assess whether individual degrees of specialisation (S;) were significantly affected by sex and subpopulation,
641 we excluded all individuals of unknown sex and implemented a Bayesian Generalised Linear Model (GLM) with
642 the response variable S, modelled as a truncated Gaussian distribution (trunc(lb=0)) to account for non-
643 negative values. The model included sex and subpopulation; and log-transformed sighting frequency as a
644 nuisance covariate to account for a potential relationship between observation effort and S;. The model was

645 compared against a null model including only log-transformed sighting frequency using LOO-CV.

646 To aid model convergence, we applied weakly regularising priors, specifying normal distributions for the fixed
647 effects (u =0, 0 = 10) and the intercept (4 = 0, o = 10). Additionally, we used a Student’s t-distribution (v=3, u
648 =0, o = 10) for the residual standard deviation to allow for more robust estimation. We ran the model using

649 MCMC and four chains, each with 2,000 iterations (including 1,000 warm-up iterations).

650 We repeated this analysis, incorporating an individual’s mean age across all its foraging surveys to test for age
651 effects. However, this approach restricted the analysis to individuals with accurate age estimates, significantly

652 reducing our dataset for the western gulf. Therefore, we presented these results separately in SI Section S1.

653 Prey field specialisation stability over years

654 We examined the number of transitions in predominant foraging prey fields across reference periods to assess
655 the temporal consistency of individual prey field specialisation. However, due to complete lack of variation
656 (i.e., no individuals changed their predominant foraging prey field), statistical modelling of prey field shifts was

657 not appropriate.
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658 We used predominant prey field rather than S, for temporal comparisons because the number of foraging
659 surveys per individual within a single reference period was often too low to yield reliable proportion-based
660 indices. Predominant prey field assighment is robust to small sample sizes because it depends only on the rank

661 order of prey field use, not on exact proportions.

662 Linking prey field specialisation to trophic differentiation

663 After ruling out interannual trends in isotope ratios (S| Section S2), we fitted a series of Bayesian linear models
664 to 8"°N and 8™C, with Gaussian response distributions, comparing: (i) a null intercept-only model; (ii) a model
665 including predominant prey field, sex, and subpopulation, to assess isotopic differentiation among prey fields
666 while accounting for potential demographic and spatial confounds; and (iii) a model including the interaction
667 between predominant prey field and S, to test whether isotopic distinctiveness depended on both prey field

668 identity and specialisation strength.

669 To aid model convergence, we applied weakly regularising priors, specifying normal distributions (4 = 0, 0 = 5)
670 for the fixed effects, normal distributions (u = 0, o = 10) for the intercepts, and Student’s t-distributions (v = 3,
671 U =0, o =10) for the residual standard deviations to account for potential outliers. We fitted the model using

672 MCMC sampling with four chains, each run for 2,000 iterations (including 1,000 warm-up iterations).

673 Linking prey field specialisation to social structure

674 To analyse the effect of foraging prey field overlap (PS;) on association strength (SR!), we fitted a Bayesian
675 zero-inflated binomial general linear mixed-effect model (GLMM), as per (32). To account for the dyadic nature
676 of the data, we specified random effects using a multi-membership structure to control for repeated
677 observations of individuals across dyads. Specifically, we included a random intercept for each individual
678 within dyads, thereby accounting for individual-level variation in association rates. Since females and males
679 have different social strategies and to avoid over-parameterising the model, we ran separate models for each
680 sex and subpopulation. We compared a null model including only the random intercept against a model

681 additionally including PS; as a predictor.

682 To aid model convergence in the models for the western gulf subpopulation, we applied weakly regularising
683 priors, specifying normal distributions (¢ = 0, o = 2) for the intercept, normal distributions (1 = 0, o = 1) for the
684 fixed effects, and Cauchy distributions (1 = 0, o = 1) for the standard deviations of the random effects. A
685 normal prior (4 = 0, 0 = 2) was placed on the zero-inflation parameter to constrain estimates of excess zero
686 observations. The models were fitted using MCMC sampling with eight chains each run for 8,000 iterations

687 (including 4,000 warm-up iterations).

688 For the models on the eastern gulf subpopulation, due to low effective sampling sizes, we increased the
689 number of iterations per chain to 15,000 for the male model (using eight chains) and 10,000 for the female

690 model (using six chains). In both models, we regularised the prior of the intercept slightly more (1 =0, o = 1).
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691 Linking prey field specialisation to social network position

692 For degree and strength, Bayesian Gaussian models were fitted jointly across both subpopulations, with S, sex,
693 their interaction, subpopulation, and log-transformed non-foraging sighting frequency (log(IDtotal)) as
694 predictors. The interaction between S, and sex was included because social organisation differs substantially
695 between sexes in this population. Log-transformed sighting frequency was included as a nuisance covariate to
696 account for the positive relationship between observation effort and recorded association rates. For mean
697 association strength, a Beta family with logit link was used, appropriate for proportional data strictly bounded
698 on the open unit interval. For betweenness centrality, 85 individuals (18.4%) had zero betweenness, indicating
699 they did not act as network bridges. A hurdle Gamma family was therefore used for each of the four networks
700 separately, simultaneously modelling the probability of having non-zero betweenness (hurdle component) and
701 the magnitude of betweenness among bridge individuals (Gamma component). Both components included S,
702 and log-transformed sighting frequency as predictors. All models were compared against null models including

703 only log-transformed sighting frequency using LOO-CV.

704 Weakly regularising priors were specified as normal distributions (4 = 0, o = 1) for fixed effects, normal
705 distributions for intercepts (4 = 0; o = 1 for eastern-gulf networks, o = 2 for western-gulf networks) and
706 exponential distributions (A = 1) for residual standard deviations in Gaussian models, gamma distributions (o =
707 0.01, 8 = 0.01) for the shape and precision parameters of Gamma and Beta families, respectively, and normal
708 distributions (i = 0, o = 1) for hurdle component parameters. All models were fitted using MCMC sampling

709 with four chains, each run for 4,000 iterations, including 2,000 warm-up iterations.
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