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Culture—group-typical behaviour shared by community members that
rely on socially learned and transmitted information—can drive animal
adaptations to local environments and thus has the potential of generating
specialized behavioural tactics to solve fundamental life challenges,
including capturing prey. However, as human activities rapidly change
the world in unprecedented ways, animal foraging cultures may no longer
represent optimal solutions to local environments. Odontocetes (toothed
whales, dolphins and porpoises) are of particular concern because they
rely on learned, specialized foraging tactics in habitats highly affected by
human activities. We present a global inventory of odontocete foraging
tactics to evaluate their cultural underpinnings, vulnerability to human-
induced threats and how this knowledge can inform safeguards. Our
synthesis reveals a diverse repertoire—190 cases of 36 foraging tactics in
21 species—but highlights that linkages between culture and anthropogenic
impacts are generally obscured by a dearth of data on individual
identity, social associations and behavioural diffusion. By identifying
global patterns, knowledge gaps and common threats to specialized
foraging, our review can guide long-term research towards understanding
their ecological and evolutionary drivers. This crucial first step towards
designing policies that mitigate human impacts on marine habitats may
ultimately protect the diverse odontocete behavioural repertoires that
contribute to their survival.

This article is part of the theme issue ‘Animal culture: conservation in a
changing world’.

1. Introduction

Behavioural specializations can significantly influence a population’s
“These authors contributed equally to the study ecological and evolutionary dynamics, affecting resource use, population
structure and trophic cascades [1,2]. These specializations arise from a

Electronic supplementary material is available combination of intraspecific competition, environmental and social heteroge-

online at https://doi.org/10.6084/
m9.figshare.c.7772586.

neity and individual morphological and personality traits [3,4]. Increasing
theoretical and empirical evidence highlights the role of social learning and
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culture in shaping specialized behaviours [4,5]. Through cultural transmission, behavioural innovations can spread rapidly [ 2 |
within populations [6]. However, while behavioural specialization and cultural transmission amplify diversity, they also
complicate conservation efforts—both the behaviours themselves and their ecological roles are worth safeguarding [7,8], but
best practices for doing so are unclear.

The integration of behavioural [9] and cultural factors [10] into conservation practices has been gaining traction. Recent calls
to action emphasize the need to conserve cultural diversity not only for its intrinsic value but also for its significant effects on
individual fitness, population structure and resilience [11,12]. Cultural behaviours can delineate distinct population segments
[10,12] and enhance a population’s capacity to adapt to environmental changes [13], which can be crucial for both individual
survival and the long-term persistence of populations [14]. This is particularly true for behaviours related to solving the
fundamental life challenge of finding and capturing food. Specialized foraging tactics can promote adaptive solutions to local
environments and potentially alter predator-prey dynamics (figure 1A) [17]. However, anthropogenic activities increasingly
disrupt animal behaviours [18,19], including foraging behaviours, and erode cultural diversity that has persisted for generations
[20]. Paradoxically, these same human activities can also drive the emergence of new foraging strategies [21], highlighting the
complex relationship (figure 1B) between human influence and animal cultures [22].

Odontocetes (toothed whales, dolphins and porpoises) offer a compelling case study for exploring the relationship between
behavioural diversity, anthropogenic impacts and conservation. Their social [23] and cognitive abilities [24] create a fertile
ground for culturally driven behavioural specializations to flourish [5,25]. Their diverse foraging repertoires, including tactics
with cultural foundations [25], demonstrate their adaptive responses to local environments worldwide, including those altered
by human actions. For example, killer whales pass down unique dietary preferences and hunting techniques through genera-
tions (figure 1C) [15], leading to the evolution of distinct ecotypes [26]; sperm whales rapidly learn from each other how to
exploit human longline fisheries (figure 1D) [16]; and coastal bottlenose dolphins develop creative tactics for capturing prey
in both natural environments and areas influenced by human activities (figure 1E) [27]. The spread and persistence of cultural
foraging behaviours can profoundly impact population dynamics of odontocetes, leading to within-population distinctions that
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carry significant ecological and evolutionary consequences [10,23]. However, our understanding of the natural history, drivers
and threats to these specialized foraging tactics remains incomplete, particularly regarding the cultural processes involved
and their vulnerability to human impacts. This knowledge gap complicates conservation, as overlooking cultural factors can
compromise the effectiveness of management strategies [7,28], but translating this understanding into practical actions remains
extremely challenging [10,29].

Here, we present a global synthesis of foraging tactics in odontocetes, examining the evidence for their underlying drivers,
the threats they face and the potential implications of cultural factors for conservation strategies. First, we conceptualize how
specialized foraging tactics emerge from interactions among predators, prey, the environment and human activities (figure
1). Second, we conduct a scoping literature review to inventory and describe foraging tactics of odontocetes on a global
scale. Third, we use the unified classification schemes from the International Union for Conservation of Nature (IUCN) and
the Conservation Measures Partnership (CMP) [30] to evaluate the impact of human activities on socially learned foraging
tactics, as well as the prevalence of existing and proposed conservation actions that target those threats. Finally, we discuss
how the discreteness and evolutionary significance of cultural foraging specializations [10] could be integrated into future
conservation efforts, and the challenges that doing so poses for practical actions. By identifying common threats to these
specialized behaviours in marine predators, our review aims to guide long-term research on their ecological and evolutionary
drivers, ultimately informing strategies to safeguard behavioural diversity.

2. Material and methods

(a) Key definitions

Foraging is a behavioural state related to the search for, acquisition of and consumption of food. A foraging tactic refers to the
immediate, situation-dependent actions taken towards the ultimate goal of consuming food and includes the decisions about
where to search, how much effort to expend, which prey items to target and how to pursue, handle, capture or process an item
before consumption [31]. While some foraging tactics are general, i.e. used by all individuals in a population, others can be
distinctive and used by a subset of the population for reasons not exclusively linked to sex, age, or morphology [1,4,5]. We refer
to the latter as specialized foraging tactics.

We are specifically interested in specialized foraging tactics that are, at least partially, driven by social learning and culture.
Social learning is the acquisition of new information or behaviours that is facilitated by the observation of, or interaction with,
another individual or its products [32]. Behaviours can be socially transmitted from parents to offspring (vertically), from
non-parental individuals of the parental generation (obliquely) and/or from individuals of the same generation (horizontally)
[33]. When a foraging tactic spreads through a population via social learning and is shared among a subset of individuals, it
can be considered a cultural trait [25]. We adopt the broad definition of culture as ‘group-typical behaviour patterns shared by
members of a community that rely on socially learned and transmitted information’ [34, p. 4].

(b) Literature review

We conducted a scoping review of primary and secondary literature on odontocete foraging tactics (electronic supplementary
material, table S1). We initially identified eight key secondary sources providing compilations of cetacean foraging behaviours
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Figure 1. Ecological and behavioural drivers of foraging tactics in odontocetes. (A) A conceptual framework illustrating the interconnected, fundamental elements
—environment, prey and predators—that make up a foraging tactic. (i) Predator—prey interactions are shaped by features of the physical environment, which
influence the abundance, movement and behaviour of both (i) predators and prey. Additionally, (iii) predators’ learning and other transmission processes (e.g.
genetic, epigenetic) can further refine these interactions into specialized foraging tactics exhibited by a subset of the population. (B) The framework extends to
odontocetes exposed to human activities; such activities can either hinder or promote specialized foraging tactics. Anthropogenic impacts may occur (iv) directly or
indirectly—through alterations in (v) the physical environment, (vi) prey abundance or (vii) odontocete behaviour, which can generate (viii) feedback on the effects of
human activities, further promoting (blue +) or hindering (red —) the development of specialized foraging. The three exemplar cases show the (C) absent, (D) negative
and (E) positive influence of human activities on odontocete foraging tactics. (C) Cooperative wave-washing specialized foraging tactic exhibited by killer whales
(Orcinus orca, ecotype B) in the Antarctic Peninsula where groups of killer whales swim in a highly coordinated way to create waves that dislodge Weddell seals
(Leptonychotes weddellii) from ice floes [15], in the absence of humans. (D) Fish removal from demersal longlines by sperm whales (Physeter macrocephalus) spread
through the Gulf of Alaska after the expansion of longline fisheries increased opportunities for sperm whales to prey on captured sablefish (Anoplopoma fimbria),
causing catch and gear loss to humans and increased injury risk to whales [16]. (E) Cooperative foraging between bottlenose dolphins (Tursiops truncatus gephyreus)
and artisanal net-casting fishers targeting migratory mullet (Mugil liza) in southern Brazil, where dolphins herd schools towards fishers in shallow estuarine waters and
cue when and where fishers should cast nets in a synchronous tactic that benefits both species [14]. Original art by G.FF. and D.S.M. Please see colour version of figure
online.

[25,27,31,35-39] and extracted all cases of odontocete foraging tactics along with their original references. Through hand
searches of Google Scholar, we expanded this list to include more recent peer-reviewed studies. When primary sources
referenced additional foraging tactics, we added those tactics to our list. We excluded studies on foraging as a general behaviou-
ral state or on odontocetes in human care. In total, we analysed 281 peer-reviewed articles, book chapters and grey literature.
This scoping review generated a comprehensive, but not exhaustive, list of foraging tactics in odontocetes (complete dataset
available at [40]).

For each foraging tactic, we extracted a suite of metrics that are described in detail in electronic supplementary material,
table S2. These included: species, location, foraging category, prey type, habitat type, tactic driver, whether the tactic is human-
induced, whether information is available to identify individuals, and whether the tactic is shared. We then applied two ‘filters’
to this dataset of foraging tactics: the first to identify putative specialized foraging tactics and the second to identify which
putative specialized foraging tactics could be cultural traits. We refer to the latter as putative cultural foraging tactics. At both
filtering steps, we used inclusive minimum criteria that aligned with the definitions in §2.1 to ensure that no relevant data were
excluded.

The minimum criteria that a foraging tactic had to meet to be considered a putative specialized foraging tactic were that
individual identity information was available and that the tactic was shared by two or more individuals. For tactics meeting
these criteria, we extracted demographic information of the individuals displaying the tactic (sex and age class) and whether
there was evidence that the tactic was socially learned. If forager demographics had changed over time (e.g. owing to manage-
ment actions [41]) then we used the most updated information.

We only considered specialized foraging tactics with positive evidence of social learning as putative cultural foraging tactics.
For these tactics, we first recorded the type of evidence for social learning and the transmission direction, if known. Then, we
investigated whether any of the corresponding references acknowledged anthropogenic threats to the tactic (i.e. threats to the
predator, prey, environment or behaviour itself), as well as whether any references discussed existing or proposed conservation
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actions pertaining to the tactic. We classified both threats and actions according to the IUCN-CMP Unified Classifications of [ 4 ]
Threats and Conservation Actions [30]. A lack of acknowledgement of threats or conservation actions should not be construed
as a true dearth of either. Our goal was to understand how often these topics were discussed in papers about foraging
behaviour; we did not explicitly target papers about threats or management, but opportunistically recorded when these topics
were mentioned. Similarly, if we knew of an existing threat or conservation action but it was not mentioned in any of the
reviewed references, we did not include it in our dataset.

Finally, for putative cultural foraging tactics with quantitative evidence of social learning, we evaluated whether the available
evidence suggests the behaviour can be used to assess the discreteness and/or evolutionary significance (electronic supplemen-
tary material, table S2) of potential conservation units [10]. Discrete units are demographically isolated, and evolutionarily
significant units are repositories for unique information and behaviour that cannot be quickly reconstituted if units are lost.
Evidence for differences in diet or foraging techniques that are stable (i.e. persist over multiple generations) and inherited (i.e.
socially learned) will typically satisfy the criterion for both discreteness and evolutionary significance [10].

3. Results

Our scoping review yielded 190 cases of 36 distinct foraging tactics (electronic supplementary material, table S1; complete
dataset available at [40]) among 21 species of odontocetes across the world (figure 2A) . Of the 190 cases, common bottlenose
dolphins (Tursiops truncatus, 34.7%), killer whales (22.6%), Indo-Pacific bottlenose dolphins (Tursiops aduncus, 12.6%) and
Indo-Pacific humpback dolphins (Sousa chinensis; 8.4%) dominate (figure 2B). Among 10 broad foraging categories (electronic
supplementary material, table S1), fisheries interactions (40.5%) and prey herding (17.9%) are the most common, followed
by prey species specialization (9.5%) and human-cetacean cooperation (8.9%) (figure 2A,B). The less common categories are
human-mediated feeding (5.8%), shore-based hunting (5.8%), aquaculture-associated foraging (5.3%), prey disruption (3.7%),
tool use (1.6%) and seabird interaction (1.1%). Foraging tactics were mainly reported in coastal habitats (75.3%), followed
by oceanic (22.1%) and riverine habitats (2.6%) and primarily target fish (85.3%) and marine mammals (8.4%) (figure 2C).
Structures (both natural and anthropogenic) were a key driver of 74.2% of foraging tactics, and diverse human activities seem
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to, directly or indirectly, facilitate 62.1% of odontocete foraging tactics (figure 2B). Individual identity information, most often
from photo-identification, was available for 54.7% of cases. Just 3.2% of all 190 foraging tactics had only been described for
single animals; the rest had at least some evidence of being shared (figure 2D).

Of all cases, 98 met the minimum criteria—having both individual identity information and evidence of being shared
among conspecifics—for being a putative specialized foraging tactic (figure 2D). While the sex of animals engaging in these
98 specialized foraging tactics was sometimes unknown (26.5%), we most often found evidence that both sexes participated
(52.0%), followed by evidence of females only (16.3%) or males only (5.1%). Similarly, both adults and subadults participated in
most specialized foraging tactics (63.2%), with a smaller proportion of tactics restricted to adults (14.3%) and none restricted to
subadults (age class was unknown for the remainder) (figure 2E).

In total, 55 putative specialized foraging tactics had positive evidence of social learning and thus could be considered
putative cultural foraging tactics (figure 2D). Reviewed papers specifically acknowledged culture as a potential tactic driver for
37 of the 55 cases. We found quantitative support for social learning in 50.9% and qualitative support in the remaining 49.1%
of these 55 cases. Of the 28 cases with quantitative support, the evidence was most often (82.1%) based on analyses indicating
a correlation between social structure and foraging tactic use. A much smaller number of these 28 cases provide quantitative
evidence for the diffusion of the foraging tactic through the population (7.1%) or a combination of social structure and diffusion
analyses (e.g. network-based diffusion analysis; 10.7%; figure 2D). In total, eight of the 28 cases had enough evidence to likely
indicate discreteness and/or evolutionary significance of potential conservation units; examples include bottlenose dolphins
foraging with marine sponges [42], bottlenose dolphins cooperatively foraging with artisanal fishers [14] and killer whales
specializing on certain prey [43]. Of the 55 putative cultural foraging tactics, the social transmission direction was known or
hypothesized in 43 cases (78.2%). Among those 43 tactics, evidence for vertical learning was most common (76.7%), followed
by horizontal (51.2%) and oblique learning processes (14.0%)—note that some cases had evidence for multiple transmission
directions, hence the sum exceeds 100% (figure 2F).

Anthropogenic threats were acknowledged for 35 of the 55 putative cultural foraging tactics (63.3%) and single tactics
often had multiple threats (figure 3). Of these 35 cases, human activities either affected the animals’ ability to perform the
foraging tactics (25.7%; red arrows in figure 3A), or the execution of these tactics increased their susceptibility to anthropogenic
impacts (74.8%; grey arrows in figure 3A). Under the IUCN-CMP Unified Classification of Threats, the most commonly
recognized anthropogenic activities among these 35 cases fell under biological resource use (62.9%), human intrusions and
disturbance (34.3%), pollution (25.7%) and natural system modifications (17.1%; figure 3A). Multiple threats were acknowl-
edged for some tactics, hence the summed percentages exceed 100%. All threats under biological resource use fell into the
same IUCN-CMP subcategory —fishing and harvesting aquatic resources—which includes bycatch, entanglement, fishing
vessel strikes, overfishing prey and persecution by fishers. Similarly, for human intrusions and disturbance, all threats were
associated with recreational activities (e.g. cetacean provisioning, recreational vessel traffic, unsustainable cetacean-watching
tourism). Pollution threats spanned multiple subcategories and included household sewage and urban wastewater, industrial
and military effluents, agricultural and forestry effluents, air-borne pollutants and excess energy (i.e. anthropogenic noise).
Habitat degradation in the form of dams and water management use or other types of ecosystem modifications was sometimes
reported. Threats were more often acknowledged for human-induced putative cultural foraging tactics (90.6% of 32 tactics)
than for natural tactics (26.1% of 23 tactics). Prey herding was the foraging category impacted by the highest number of threat
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Figure 2. The global scope of odontocete foraging tactics. (A) Spatial distribution of 190 documented foraging tactics across 21 species, primarily in the Global North,
categorized into 10 broad categories (warm colours: natural foraging tactics; cool colours: human-induced tactics). Putative cultural foraging tacticc—those linked
to individual identity and supported by evidence of sharing and social learning—are indicated by filled circles. Latitude and longitude were manually jittered for
overlapping points and are approximate. Fundamental ecological drivers of foraging tactics for each odontocete species, including (B) whether the tactic primarily
relies on the nature of their prey or physical structures (both human-made and natural), as well as the (C) main prey and habitat types (circles proportional to number
of tactics, coloured by broad category). (D) The dlassification of foraging tactics (black) into putative specialized tactics (dark grey) and putative cultural tactics (light
grey), based on (i) individual identity information, (ii) evidence of sharing among multiple individuals, (iii) evidence of social learning and (iv) evidence for culture in
the form of association between social structure and tactic use and/or diffusion of the tactic through learning; cultural tactics are further evaluated on evidence for
discreteness and evolutionary significance (white). (E) Proportion of specialized foraging tactics with known information on the individual identity, sex and/or age of
foragers. (F) Proportion of cultural foraging tactics with known information on the social transmission mode. All variables mentioned are fully defined in electronic
supplementary material, table S2. Cetacean silhouettes were generated from illustrations provided by Uko Gorter. Please see color version of figure online.

categories (n = 5), while human-mediated feeding led to odontocete susceptibility to the most threats (1 = 5; figure 3A). In
contrast, tool use and seabird interaction had few to no reported threats.

Similarly, conservation actions were acknowledged for 30 of the 55 putative cultural foraging tactics (54.5%; figure 3B).
Among these 30 cases, authors typically discussed both existing and proposed actions (66.7%), but sometimes only mentioned
one or the other (existing only: 20.0%; proposed only: 13.3%). By far the most common existing protection type (see electronic
supplementary material, table S2) among the 30 cases was law and policy (70%; n = 21), with legislation (1 = 16/21) and
policies and regulations (1 = 8/21) discussed much more frequently than compliance and enforcement (n = 3/21). Other existing
protections among the 30 cases included: site/area protection (20.0%); awareness and communications (16.7%); substitution, in
the context of livelihood, economic and other incentives (10%); and, for one case, alliance and partnership development (3.3%).
We saw similar trends in proposed conservation actions (electronic supplementary material, table S2) among these 30 cases:
authors frequently proposed legislation (26.7%) and policies and regulations (20.0%), but also highlighted a need for compliance
and enforcement (30.0%). Authors also proposed conservation actions linked to livelihood, economic and other incentives,

VELOVOT ‘088 8905 4wy g qsyeunofbuobusyndtaposeos [



(A) Unified classification of threats
5

. Biological . 6. Human instrusions| | 7. Natural system | (11. Climate change | 4. Transportation 2. Agriculture & 8. Invasive & .
9. Pollution € P . . other problematic
resource use & disturbance modifications & severe weather | | & service corridors aquaculture species & genes

Threat to the tactic

Consequence of the tactic

Proposed action

Existing action

. 1. Land or water 6. Livelihood, economic & 4. Education 3. Species 7. External
5. Law & policy . ; : : S
protection other incentives and awareness management capacity building
(B)

Unified classification of conservation actions
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affected by, a range of anthropogenic threats, and are (B) protected, or proposed to be protected, by a range of conservation actions. Threats and actions are
numbered per the IUCN-CMP Unified Classifications. The foraging tactics are organized into 10 broad categories (electronic supplementary material, table S1):
(i) aquaculture-associated foraging, (ii) fisheries interaction, (iii) prey herding, (iv) human-mediated feeding, (v) human—cetacean cooperation, (vi) prey disruption,
(vii) shore-based hunting, (viii) prey species specialization, (ix) tool use and (x) seabird interaction. The tripartite network represents the threats to (red inward arrows)
and threats that are a consequence of (grey outward arrows) the foraging categories and the existing (green inward arrows) and proposed (purple outward arrows)
conservation actions reported in the reviewed studies. Arrows are weighted by the number of tactics within broad categories for which such threats or actions were
reported. Original art by D.S.M. and G.F.F. Please see colour version of figure online.

including substitution (20%); linked enterprise and livelihood alternatives (6.7%); and nonmonetary values (6.7%). Additional
proposed conservation actions for those 30 cases included awareness and communications (13.3%), species management (13.3%)
and site/area protection (10%). Once again, multiple actions were acknowledged for some tactics, hence summed percentages
exceed 100%. Conservation actions were more often acknowledged for human-induced putative cultural foraging tactics (81.3%
of 32 tactics) than for natural tactics (17.4% of 23 tactics). Fisheries interaction was the foraging category with the most
existing (n = 4) and proposed conservation actions categories (1 = 5), followed by aquaculture-associated foraging (3 existing, 3
proposed) and human-mediated feeding (3 existing, 2 proposed) (figure 3B).

Our synthesis generates a global inventory of foraging tactics in 21 species of odontocetes, uncovering an array of behavioural
diversity. In what follows, we discuss overarching trends in the distribution of natural and human-induced foraging tactics
worldwide, including persistent biases in the most-studied species and regions (§4a). We also consider the unique conservation
challenges that arise when foraging tactics are socially learned (§4b). Given the increasing pressure of human-induced threats to
odontocete specialized foraging tactics, our synthesis emphasizes the need for dedicated, specific and timely threat mitigation
efforts (§4c). Such efforts will be essential for ensuring the immediate survival of the species highlighted in our review.
Long-term studies focused on gathering quantitative evidence for the cultural underpinnings of specialized foraging tactics are
needed before conservation practitioners can implement culture-based targeted actions to safeguard this behavioural diversity

(§4d).

Our scoping review reveals a wealth of behavioural diversity in odontocete foraging tactics. There is likely no single source
for this within- and between-species diversity. Beyond ecological conditions and intrapopulation competition for resources



[1,4], large brains and complex social structures are likely to further drive behavioural diversity in odontocetes [24,44]. Indeed, -
environment, large brains and behavioural innovation are linked in chimpanzees (Pan troglodytes), with behavioural diversity —
including diversity in foraging tactics—highest in the most variable habitats [45]. Such environments are said to be character-
ized by ‘red noise’, where variation over long time-scales is large, and ocean environments are generally redder than terrestrial

~

environments [46]. This environmental mutability sets the stage for extreme behavioural flexibility in odontocetes, including
when it comes to developing solutions to the fundamental life challenge of finding food.

Odontocete foraging tactics could generally be characterized as either natural or human-induced. Natural tactics involve
behavioural adaptations to exploit specific physical features of local habitats and/or the ecology and availability of preferred
prey. For example, Guiana dolphins (Sotalia guianensis) use mangroves as barriers to trap fish [47]; common bottlenose dol-
phin groups intentionally propel themselves onto mud banks to capture fish they have driven out of the water [48]; and
Indo-Pacific bottlenose dolphins use marine sponges to dislodge small bottom-dwelling fish from the sea floor [49]. In contrast,
human-induced tactics often take advantage of anthropogenic structures that concentrate prey (e.g. trawl and longline fisheries,
aquaculture facilities) and control prey movements (e.g. seawalls, dams) or modify human behaviour directly (e.g. provisioning,
cooperative fishing). While all odontocete foraging tactics are susceptible to anthropogenic threats, the types of threats vary
depending on whether the tactic is natural or human-induced (§4.3).

Certain odontocete species, habitats and regions are over-represented in our dataset, possibly reflecting their uniqueness
and/or biases in the research effort. For example, bottlenose dolphins and killer whales account for 70% of cases, but are also
the most intensively studied odontocete species [50]. Similarly, the emphasis on coastal foraging tactics over oceanic ones could
be because coastal areas are more accessible to researchers, have more diverse physical features and/or are subject to more
diverse processes than the remote and more stable oceanic waters [51], which may help to diversify coastal foraging tactics
[27]. However, these biases could also stem from the historical long-term research efforts in and funding to the Global North.
Unravelling the underlying drivers of biogeographical patterns in odontocete foraging tactics will require prioritized efforts in
the Global South.

VELOVZO7 <08€ 9905 Y SUDIL g GisyRuImol /1o Busgndisaposiedo

(b) Specialized foraging tactics and putative cultural traits

Social learning is an advantageous strategy for the development of foraging behaviours in odontocetes [25,27,44]. Our synthesis
reinforces this by gathering evidence for the link between social learning and foraging tactics for approximately 30% of all
190 foraging tactics reviewed. Vertical learning from mother to offspring was the main pathway reported for the transmission
of specialized foraging tactics, highlighting female-based sociality as a cornerstone of cetacean societies and the substrate for
cultural transmission [52].

Notably, 94.5% of the putative cultural foraging tactics were observed in bottlenose dolphins and killer whales, once again
emphasizing the immense research attention that has been directed at these species. However, other species, including the
Amazon river dolphin (Inia geoffrensis), the Australian humpback dolphin (Sousa sahulensis) and the sperm whale also exhibit
human-induced socially learned foraging tactics. Even qualitative descriptions of social learning require long-term observations
of behaviour; as such studies on odontocetes continue and data accumulate, we anticipate that social learning will be implicated
in additional foraging tactics on this list.

At present, the dynamic interface of specialized foraging tactics, social learning and conservation is best illustrated by killer
whales. Globally, killer whales are divided into ecologically distinct communities, called ecotypes (although the robustness
of support for ecotype designation varies by region [26]). Sympatric ecotypes are specialized on different prey and exhibit
specific suites of behaviours suited to that prey [26]. For example, eastern North Pacific killer whales are divided into transient,
resident and offshore ecotypes, which specialize in salmonids, marine mammals and elasmobranchs, respectively [53]. These
dietary preferences are socially learned within matrilines and can be quite rigid, even when individuals are faced with declining
preferred prey populations and nutritionally suitable alternatives [54]. Orcas belonging to different ecotypes do not interbreed
and may be undergoing incipient speciation as a result [53]; this makes ecotypes—not the species as a whole —the relevant unit
for conservation, which has downstream implications for conservation and management actions (§4.4).

When dietary specialization is culturally driven, as is the case for orcas, models suggest that groups of animals can become
more susceptible to extirpation [55]. However, not all cultural foraging tactics are as rigid as those seen in the highly structured,
matrilineal societies of certain orca ecotypes. Bottlenose dolphins, which live in more fluid social systems, demonstrate that
specialized foraging tactics can spread throughout entire populations without dividing the population into segments [56] and
that existing segmentation can potentially be reversed through management actions [57]. Evaluating the resilience of odontocete
groups exhibiting socially learned foraging tactics will require understanding the degree of reliance on the tactic, its transmis-
sion mode (vertical, oblique, horizontal) and its impact on shaping social structure [13,14]. This insight is crucial for developing
effective conservation strategies but can only be achieved through long-term observations of individuals. Without such detailed
knowledge, managers will face significant challenges in ensuring the persistence of culturally distinct populations, risking the
loss of behavioural diversity [57] and potentially irreplaceable cultural knowledge [14,58].

(<) Human-induced drivers and threats to putative cultural foraging tactics

Animals can adapt to human-induced environmental changes, often resulting in the loss or modification of existing behaviours
and the emergence of new ones [18]. In non-human primates, for example, human activities can lead to changes in dietary



habits and the development of new foraging tactics, simultaneously threatening existing cultural behaviours and promoting n
the development of novel ones [22]. As our synthesis shows, odontocetes have also adapted their foraging tactics to thrive in
human-altered habitats, most notably in direct or indirect interactions with human fisheries. The nature of these interactions
can vary from conflicts (such as removing prey from fishing gear) to neutral (scavenging and opportunistic foraging on
discards) to mutually beneficial (cooperating with small-scale artisanal fishers) [35]. Given this preponderance of fisheries
interactions, it is unsurprising that the most frequently highlighted threat to putative cultural foraging tactics included bycatch
and entanglement in fishing gear, followed by vessel strikes and overfishing of prey. When odontocete interactions with
fisheries are perceived as conflicts, persecution by fishers can also become a significant threat to animal health and life [59].

Most of these threats fall into the biological resource use IUCN-CMP category, which includes all deliberate and unin-
tentional threats from the consumptive use of wild biological resources [30]. The prevalence of this threat category in our
dataset highlights the ever-increasing potential for human-wildlife conflict [60]. Another IUCN-CMP threat category that
we frequently encountered was human intrusions and disturbances, which includes threats from human activities that alter,
destroy or disturb habitats and animals [30,61]. Human-mediated foraging tactics (i.e. provisioning and begging) belong to this
category and present unique conservation challenges, as they create new ecological opportunities but may also cause animals
to become overly reliant on human-provided food resources, sometimes at the expense of natural foraging behaviours [41,62].
Other potential examples of ‘anthropo-dependence’ [12] include neutral and mutually positive cetacean—fisheries interactions
that shape the social structure of dolphins into distinct units. This is illustrated by the cooperative fishing between bottlenose
dolphins and artisanal net-casting fishers that has persisted for generations [14], and the adaptation by some Indo-Pacific
bottlenose dolphins that for decades specialized on feeding on trawlers” discards but reverted to natural foraging tactics and
socially reintegrated with the rest of the population after the fishery’s closure [57]. In such cases, effective management can
become essential for animal welfare [41].

Reviewed papers were more likely to discuss threats for human-induced specialized foraging tactics compared with natural
ones, likely because threats are extremely salient for foraging tactics centred on anthropogenic activities. Indeed, our results
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show that many odontocetes’ specialized foraging tactics are both induced and threatened by human activities, emphasizing the
double-edged sword that is animal adaptation to human encroachment [35]. Additionally, certain IUCN-CMP threat categories,
such as climate change and severe weather and natural system modifications, were conspicuously rare in our scoping review.
This likely reflects challenges in forecasting climate and habitat change effects on ecosystems and animals, rather than a true
lack of impact on cetacean foraging behaviour. For example, shallow-water foraging tactics that involve substrate manipulation,
such as mud-ring and mud-plume foraging [63], may be compromised as sea levels continue to rise.

(d) Safequarding odontocete foraging behavioural diversity

Understanding behavioural variation and social learning is relevant for the successful conservation of odontocetes: while
behavioural specialization may promote vulnerability, behavioural plasticity may promote resilience. Conservation efforts
have traditionally targeted diversity at the species level because of its crucial role in ecosystem function. However, our
growing understanding of how intraspecific variation and behavioural flexibility enhance populations’ resilience and influence
communities and ecosystems [8,18] highlights the importance of considering finer population segments as conservation units
[12,28]. The IUCN primarily assesses data for conservation efforts at global and regional levels, but tends to significantly
underestimate, and thus inadequately safeguard, intraspecific variation [8]. Our synthesis highlights the diversity in inter- and
intra-specific behavioural specialization in odontocetes, and below, we discuss two approaches to safeguarding this diversity:
first, by interpreting trends in existing and proposed conservations actions, and second, by considering whether any of the
foraging tactics in our review meet standard criteria for conservation unit designation [10].

Authors were more likely to acknowledge existing or proposed conservation actions for human-induced foraging tactics than
for natural ones. The most common existing protections were legislation, policies and regulations, but enforcement to ensure
compliance was rarely mentioned. As authors often pointed out [64], lack of enforcement undermines the efficacy of existing
legal protections. For example, uncontrolled dolphin provisioning is common in Florida, despite such interactions being
illegal under the U.S. Marine Mammal Protection Act [62,64]. Long-term education and outreach programs combined with
pulsed enforcement efforts have been ineffective, which suggests that dedicated and sustained enforcement will be essential
to protecting both dolphins and humans [62]. This example highlights an important point: “anthropo-dependent’ odontocete
foraging tactics can be advantageous in the short-term (e.g. facilitated prey capture) but not necessarily in the long-term (e.g.
reduced survival or reproduction [65]). Such tactics with the potential to be maladaptive [7] should therefore be discouraged
rather than conserved, for instance, by working to alter human behaviour first [66]. Regardless, conservation practitioners and
international policymakers should prioritize compliance with existing laws and have enforcement plans in place for any new
legislation aimed at protecting foraging odontocetes.

Other frequently proposed (but rarely implemented) conservation actions fall under the IUCN-CMP umbrella of livelihood,
economic and other incentives. These actions were often discussed in the context of fisheries interactions and human-—cetacean
cooperations—foraging tactics that engage directly with human dimensions. While interactions between cetaceans and human
fisheries often lead to conflicts and economic losses [59], they can also foster cooperation. Cooperative foraging between
humans and odontocetes showcases how these species influence each other’s behavioural adaptations for mutual benefit [36]
while also highlighting how human and nonhuman cultures can be directly intertwined. The persistence of such cultural
practices relies on protecting both the ecological factors (willing human and animal partners, shared prey and a conducive
environment) and the compatible interspecies knowledge that guides synchronized foraging actions for mutual benefit [58].
Therefore, conservation strategies must be ethically grounded, explicitly involving Indigenous Peoples and local communities



to thoughtfully incorporate their rich Local and Traditional Knowledge and safeguard their livelihoods [58] to ensure that E
human-cetacean interactions remain mutually beneficial.

Despite growing consensus on the importance of incorporating insights into animal culture into conservation efforts,
concrete and practical methods for doing so remain nebulous. A recent proposed step forward is mapping out how cultural
information can be used to assess the discreteness and evolutionary significance of potential conservation units [10]. Of the
28 putative cultural foraging tactics in our dataset with quantitative evidence of social learning (i.e. inheritance), only eight
likely meet the discreteness and evolutionary significance criteria [10]. These eight cases were limited to long-term field research
on bottlenose dolphins and killer whales. The remaining 20 cases very well might satisfy the aforementioned criteria, but
additional years of monitoring are requisite to verify whether these foraging tactics persist for multiple generations. Other
tactics that currently only have qualitative evidence of social learning, such as bottlenose dolphin mud-ring foraging [63], may
be stable over time as well, but require quantitative analyses to confirm social learning.

Integrating nonhuman cultural heritage into conservation practices remains a complex endeavour. This approach needs to be
rigorous and evidence-based to be efficiently implemented [11,29]. A persistent challenge is the paucity of detailed empirical
data on animal culture across diverse taxa, which hinders the identification of common patterns and drivers that can aid
the development of practical conservation tools. Here, we take a step forward by addressing that paucity for odontocetes—a
taxonomic group for which culture can significantly drive individual behaviour, group interactions and population structure
[25]. Through a scoping literature review, we characterized 190 different odontocete foraging tactics and evaluated threats
and conservation actions for tactics with evidence of social learning. Our comprehensive yet not exhaustive review may have
missed some odontocete foraging tactics but still offers a panoptic summary of existing knowledge in the field. Perhaps more
importantly, this synthesis identified persistent knowledge gaps that must be filled before we can incorporate foraging cultures
into conservation unit designation for most species.

During our scoping review, it became clear that information on forager demographics was often missing from papers
about odontocete foraging tactics. For example, information on the identity of animals exhibiting specific foraging tactics was
available for only about half of the 190 cases. Even when some identity information was accessible, the sex and age of animals
were often unknown. Future research should prioritize collecting this baseline information because factors like sex and age
can expose different demographics to unique threats based on the foraging tactics they use [67]. When faced with conservation
triage, attending to threats that impact adult females could be prioritized, given this demographic’s essential role in calf rearing
and, as our review emphasized, calf learning.

Relatedly, it was often unclear what proportion of a community or population exhibited a specific foraging tactic, which
ultimately forced us to use a coarse, binary metric (exhibited by one vs. more than one animal) when evaluating whether there
was evidence that a foraging tactic was shared. Understanding how frequently a tactic is employed by specific individuals
relative to the rest of the population is requisite for evaluating tactic stability, which has implications for whether foraging
tactic use can be incorporated into conservation and management decisions. Additionally, understanding a species’ social
structure can provide managers with early hints of whether an emerging foraging tactic will crystallize or disappear. In
matrilineal societies (e.g. orcas, sperm whales), both adaptive and maladaptive behaviours can spread, stabilize and become
quite rigid, even as environmental conditions change [54]. In contrast, fluid, fission-fusion societies (e.g. bottlenose dolphins)
appear to be able to ‘bounce back’ more quickly and adopt different foraging tactics in the face of change [57], but this also
means that unique, generally positive foraging tactics, such as the cooperative human—dolphin fishery in Laguna, Brazil, may
be quickly lost [14]. Accounting for social structure is thus crucial if managers want to discourage a maladaptive foraging
tactic or encourage an adaptive one. For most foraging tactics, we thus must first resolve a lack of baseline data before we
can productively consider how the use of a given foraging tactic can improve conservation outcomes for individuals and
populations.

We found evidence of social learning for about 30% of foraging tactics, but expect the true proportion to be much higher
based on ample evidence that social learning is an important process for cetaceans in general [25] and odontocetes specifically
[23]. Detecting social learning is almost impossible without long-term, repeated observations of individuals; for that reason, we
once again emphasize that funding for basic research and monitoring programs is essential if international policymakers and
conservation practitioners want to improve conservation by accounting for odontocete culture. In the meantime, developing and
implementing policies that address acute threats to odontocete foraging tactics are essential to protect animals and conserve
behavioural diversity, both in the short-term and over the longer time periods required to study social learning [29]. Our
review showed that certain categories of threats, such as biological resource use and human intrusions and disturbance, are
more prevalent than others. However, the most significant threat to any given foraging tactic generally reflects features of
the tactic itself (e.g. whether it is human-induced, whether it relies on a structure), meaning that threats can be very species-
and location-specific. This suggests that local conservation strategies will be crucial for safeguarding behavioural diversity and
should be prioritized.

Our synthesis supports the calls for incorporating nonhuman culture in conservation efforts [28,68] while cautioning that this
concept should enhance, not necessarily replace, existing strategies [29]. Despite regular discourse in recent years on the merits
of integrating culturally transmitted information into conservation unit designation [11,69], barriers and disincentives continue
to challenge evidence-based conservation interventions, and practical recommendations for how to integrate nonhuman culture
into said interventions have only recently emerged [10,70]. These new resources can, in theory, help us transition from



acknowledging the existence of animal cultures to actively conserving them [70]. Culturally transmitted foraging behaviour
is a prime candidate for assessing conservation units [10], but our review of the odontocete literature shows that most foraging
tactics are undercharacterized. Even those tactics that are shared within a subset of the population through social learning—and
so are likely cultural traits —typically lack the information needed to assess discreteness and evolutionary significance. Our best
hope lies in directing resources and capacity towards addressing pressing local threats to the persistence of cetacean foraging
tactics, thereby buying us the time needed to truly understand the drivers of such behavioural diversity and how much it
impacts the survival of odontocetes. While it may take generations of odontocetes, and generations of researchers, to fully
incorporate knowledge of cetacean foraging cultures into conservation, these efforts are worthwhile—not just to reveal the
cultural significance of these behaviours but to ensure their persistence in the face of accelerating human impacts.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The compiled dataset, supplementary material, and code to generate the core figures and analyses are available at [40].
Supplementary material is available online [71].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. T.A.H.: conceptualization, data curation, formal analysis, investigation, methodology, project administration, validation,
writing—original draft, writing—review and editing; D.S.M.: data curation, formal analysis, funding acquisition, investigation, validation,
visualization, writing—review and editing; G.F.F.: data curation, formal analysis, funding acquisition, investigation, validation, visualization,
writing—review and editing; ]J.V.S.V.-P.: data curation, formal analysis, investigation, software, validation, visualization, writing—review
and editing; M.A.K.: formal analysis, funding acquisition, software, visualization, writing—review and editing; A.M.S.M.: formal analysis,
funding acquisition, investigation, software, visualization, writing—review and editing; S.A.: investigation, validation, writing—review and
editing; K.R.B.: data curation, formal analysis, investigation, software, validation, visualization, writing—review and editing; K.McG.: formal
analysis, investigation, visualization, writing—review and editing; M.M.R.: data curation, formal analysis, investigation; S.P.G.d.M.: funding
acquisition, investigation, validation, writing—review and editing; F.F.: funding acquisition, investigation, validation; M.C.: conceptualization,
data curation, formal analysis, funding acquisition, investigation, methodology, project administration, resources, software, supervision,
validation, visualization, writing—original draft, writing—review and editing.
All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This work was supported by the Marine Mammal Research Program Fund, the Jungers Faculty Development and Research Fund,
the Marine Studies Initiative and the College of Agricultural Sciences at Oregon State University (OSU), granted to M.C. T.A.H. received
postdoctoral support from the Oregon Gray Whale License Plate Program at the Marine Mammal Institute. J.V.S.V-P, KR.B. and M.M.R.
received graduate scholarships from the Marine Mammal Institute and support from the Marine Mammal Research Program Fund at
OSU. D.SM., GEFE, SPG.dM., AMSM and EF. received graduate scholarships from the Coordenagao de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES, Finance Code 001). A.M.S.M. received additional support from the Sistema Estuarino de Lagunae Adjacéncias
Long-Term Ecological Research Program (SELA-PELD) funded by the Conselho Nacional de Pesquisa e Desenvolvimento Tecnolégico (CNPq
#445301/2020-1). M.A.K. received a National Science Foundation Graduate Research Fellowship (#1840998). M.C. received additional support
from National Geographic Society (NGS-101549R-23).
Acknowledgements. We thank the guest editors for inviting us to contribute to this theme issue, as well as Hal Whitehead, Clara Bird, Leigh
Torres, Hannah Myers, Taina de Souza Duarte Nogueira, Uko Gorter, Bob Pitman, Hannah Sawyer and Clarissa Ribeiro Teixeira for insightful
discussions and contributions.

References

1. Bolnick DI, Svanbéck R, Fordyce JA, Yang LH, Davis JM, Hulsey (D, Forister ML. 2003 The ecology of individuals: incidence and implications of individual specialization. Am. Nat. 161,
1-28. (doi:10.1086/343878)

2. DesRochesS, Post DM, Turley NE, Bailey JK, Hendry AP, Kinnison MT, Schweitzer JA, Palkovacs EP. 2017 The ecological importance of intraspecific variation. Nat. Ecol. Evol. 2, 57—64.
(doi:10.1038/541559-017-0402-5)

3. Montiglio PO, Ferrari C, Réale D. 2013 Social niche specialization under constraints: personality, social interactions and environmental heterogeneity. Phil. Trans. R. Soc. B 368,
20120343. (doi:10.1098/rsth.2012.0343)

4. Sheppard CE, Heaphy R, Cant MA, Marshall HH. 2021 Individual foraging specialization in group-living species. Anim. Behav. 182, 285-294. (doi:10.1016/j.anbehav.2021.10.011)

5. (antor M, Whitehead H. 2013 The interplay between social networks and culture: theoretically and among whales and dolphins. Phil. Trans. R. Soc. B 368, 20120340. (doi:10.1098/
rsth.2012.0340)

6. Boyd R, Richerson P. 2005 The origin and evolution of cultures. New York, NY: Oxford University Press.

7. Whitehead H. 2010 Conserving and managing animals that learn socially and share cultures. Learn. Behav. 38, 329-336. (doi:10.3758/1h.38.3.329)

8. Des Roches S, Pendleton LH, Shapiro B, Palkovacs EP. 2021 Conserving intraspecific variation for nature’s contributions to people. Nat. Ecol. Evol. 5, 574-582. (doi:10.1038/541559-
021-01403-5)

9. Berger-Tal 0, Blumstein DT, Carroll S, Fisher RN, Mesnick SL, Owen MA, Saltz D, St. Claire CC, Swaisgood RR. 2016 A systematic survey of the integration of animal behavior into
conservation. Conserv. Biol. 30, 744—753. (doi:10.1111/cobi.12654)

10.  Whitehead H, Ford JKB, Horn AG. 2023 Using culturally transmitted behavior to help delineate conservation units for species at risk. Biol. Conserv. 285, 110239. (doi:10.1016/j.
biocon.2023.110239)

11.  Brakes P et al. 2021 A deepening understanding of animal culture suggests lessons for conservation. Proc. R. Soc. B 288, 20202718. (doi:10.1098/rsph.2020.2718)

12. Brakes P, Rendell L. 2022 Conservation relevance of individuals and societies. In Marine mammals: the evolving factor (eds G Notarbartolo di Sciara, B Wiirsig), pp. 83—111. Cham,
Switzerland: Springer. (doi:10.1007/978-3-030-98100-6_3)

13. Wild S, Hoppitt WIE, Allen SJ, Kriitzen M. 2020 Integrating genetic, environmental, and social networks to reveal transmission pathways of a dolphin foraging innovation. Curr. Biol.
30, 3024-3030.(doi:10.1016/j.cub.2020.05.069)

ot o 355w aseuroowowswpdioior B


http://dx.doi.org/10.1086/343878
http://dx.doi.org/10.1038/s41559-017-0402-5
http://dx.doi.org/10.1098/rstb.2012.0343
http://dx.doi.org/10.1016/j.anbehav.2021.10.011
http://dx.doi.org/10.1098/rstb.2012.0340
http://dx.doi.org/10.1098/rstb.2012.0340
http://dx.doi.org/10.3758/lb.38.3.329
http://dx.doi.org/10.1038/s41559-021-01403-5
http://dx.doi.org/10.1038/s41559-021-01403-5
http://dx.doi.org/10.1111/cobi.12654
http://dx.doi.org/10.1016/j.biocon.2023.110239
http://dx.doi.org/10.1016/j.biocon.2023.110239
http://dx.doi.org/10.1098/rspb.2020.2718
http://dx.doi.org/10.1007/978-3-030-98100-6_3
http://dx.doi.org/10.1016/j.cub.2020.05.069

20.
21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3N

32.

33.

34.

35.

36.
37.

38.

39.

40.
41.

.
3.
44,
45,
6.
47.
48,

49.

50.

51.
52.

Cantor M, Farine DR, Daura-Jorge FG. 2023 Foraging synchrony drives resilience in human—dolphin mutualism. Proc. Natl. Acad. Sci. USA 120, €2207739120. (doi:10.1073/pnas. m

2207739120)

Pitman RL, Durban JW. 2012 Cooperative hunting behavior, prey selectivity and prey handling by pack ice killer whales (Orcinus orca), type B, in Antarctic Peninsula waters. Mar.
Mammal Sci. 28, 16-36. (doi:10.1111/j.1748-7692.2010.00453.x)

Schakner ZA, Lunsford C, Straley J, Equchi T, Mesnick SL. 2014 Using models of social transmission to examine the spread of longline depredation behavior among sperm whales in
the Gulf of Alaska. PLoS One 9, €109079. (doi:10.1371/journal.pone.0109079)

Wooster EIF, Gaynor KM, Carthey AJR, Wallach AD, Stanton LA, Ramp D, Lundgren EJ. 2024 Animal cognition and culture mediate predator—prey interactions. Trends Ecol. Evol. 39,
52-64. (doi:10.1016/j.tree.2023.09.012)

Wong BBM, Candolin U. 2015 Behavioral responses to changing environments. Behav. Ecol. 26, 665—673. (doi:10.1093/beheco/aru183)

Wilson MW, Ridlon AD, Gaynor KM, Gaines SD, Stier AC, Halpern BS. 2020 Ecological impacts of human-induced animal behaviour change. Ecol. Lett. 23, 1522—1536. (doi:10.1111/
ele.13571)

Kiihl HS et al. 2019 Human impact erodes chimpanzee behavioral diversity. Science 363, 1453—1455. (doi:10.1126/science.aau4532)

Klump BC, Martin JM, Wild S, Hrsch JK, Major RE, Aplin LM. 2021 Innovation and geographic spread of a complex foraging culture in an urban parrot. Science 373, 456—460. (doi:
10.1126/science.abe7808)

Gruber T, Luncz L, Mérchen J, Schuppli C, Kendal RL, Hockings K. 2019 Cultural change in animals: a flexible behavioural adaptation to human disturbance. Palgrave Commun. 5, 64.
(d0i:10.1057/541599-019-0271-4)

Wade PR, Reeves RR, Mesnick SL. 2012 Social and behavioural factors in cetacean responses to overexploitation: are odontocetes less ‘resilient’ than mysticetes? J. Mar. Biol. 2012,
1-15. (doi:10.1155/2012/567276)

Marino L. 2022 Cetacean brain, cognition, and social complexity. In Marine mammals: the evolving human factor (eds G Notarbartolo di Sciara, B Wiirsig), pp. 113—148. Cham,
Switzerland: Springer. (doi:10.1007/978-3-030-98100-6_4)

Whitehead H, Rendell L. 2014 The cultural lives of whales and dolphins. Chicago, lllinois: University of Chicago Press.

de Bruyn PIN, Tosh CA, Terauds A. 2013 Killer whale ecotypes: is there a global model? Biol. Rev. 88, 62—80. (doi:10.1111/j.1469-185x.2012.00239.x)

Wells RS. 2019 Common bottlenose dolphin foraging: behavioral solutions that incorporate habitat features and social associates. In Ethology and behavioral ecology of odontocetes
(ed. B Wirsig), pp. 331-344. Cham, Switzerland: Springer International Publishing. (doi:10.1007/978-3-030-16663-2_15)

Brakes P et al. 2019 Animal cultures matter for conservation. Science 363, 1032—1034. (doi:10.1126/science.aaw3557)

Carvalho S et al. 2022 Using nonhuman culture in conservation requires careful and concerted action. Conserv. Lett. 15, €12860. (doi:10.1111/conl.12860)

Salafsky N et al. 2008 A standard lexicon for biodiversity conservation: unified classifications of threats and actions. Conserv. Biol. 22, 897-911. (doi:10.1111/j.1523-1739.2008.
00937.x)

Heithaus MR, Dill LM, Kiszka JJ. 2018 Feeding strategies and tactics. In Encyclopedia of marine mammals (eds B Wiirsig, JGM Thewissen, KM Kovacs), pp. 354-363. London, UK:
Elsevier. (doi:10.1016/B978-0-12-373553-9.00099-7)

Heyes (M. 1994 Social learning in animals: categories and mechanisms. Biol. Rev. 69, 207-231. (doi:10.1111/j.1469-185x.1994.th01506.x)

Cavalli-Sforza L, Feldman M. 1981 Cultural transmission and evolution: a quantitative approach. Princeton, NJ: Princeton University Press. (doi:10.1515/9780691209357)

Hoppitt W, Lala KN. 2013 Social learning: an introduction to mechanisms, methods, and models. Princeton, NJ: Princeton University Press. (doi:10.23943/princeton/9780691150703.
001.0001)

Bearzi G, Piwetz S, Reeves RR. 2019 Odontocete adaptations to human impact and vice versa. In Ethology and behavioral ecology of odontocetes (ed. B Wirsig), pp. 211-235. Cham,
Switzerland: Springer International Publishing. (doi:10.1007/978-3-030-16663-2_10)

Cram DL et al. 2022 The ecology and evolution of human-wildlife cooperation. People Nat. 4, 841-855. (doi:10.1002/pan3.10369)

Ford JK. 2019 Killer whales: behavior, social organization, and ecology of the oceans apex predators. In Ethology and behavioral ecology of odontocetes (ed. B Wiirsig), pp. 239-259.
Cham, Switzerland: Springer International Publishing. (doi:10.1007/978-3-030-16663-2_11)

Vaughn-Hirshorn R. 2019 Social ecology of feeding in an open ocean. In Ethology and behavioral ecology of odontocetes (ed. B Wirsig), pp. 51-73. Cham, Switzerland: Springer
International Publishing. (doi:10.1007/978-3-030-16663-2_3)

Wild S, Rendell L. In press. Cultural transmission of foraging behavior in cetaceans. In The evolution of cetacean societies (eds DP Croft, AD Foote, EC Garland, SL King), pp. 292-317.
Chicago, lllinois: University of Chicago Press.

Hersh TA. 2024 Data from: Ecology and conservation of socially learned foraging tactics in odontocetes. Zenodo. (doi:10.5281/zenodo.13697033)

Foroughirad V, Mann J. 2013 Long-term impacts of fish provisioning on the behavior and survival of wild bottlenose dolphins. Biol. Conserv. 160, 242—-249. (doi:10.1016/j.biocon.
2013.01.001)

Wild S, Allen SJ, Kriitzen M, King SL, Gerber L, Hoppitt WJE. 2019 Multi-network-based diffusion analysis reveals vertical cultural transmission of sponge tool use within dolphin
matrilines. Biol. Lett. 15, 20190227. (doi:10.1098/rshl.2019.0227)

Ford J, Ellis G. 2014 You are what you eat: foraging specializations and their influence on the social organization and behavior of killer whales. In Primates and cetaceans: field
research and conservation of complex mammalian societies (eds Juichi Yamagiwa, L Karczmarski), pp. 75-98. Tokyo, Japan: Springer. (doi:10.1007/978-4-431-54523-1_4)

Fox KCR, Muthukrishna M, Shultz S. 2017 The social and cultural roots of whale and dolphin brains. Nat. Ecol. Evol. 1,1699—-1705. (doi:10.1038/541559-017-0336-y)

Kalan AK et al. 2020 Environmental variability supports chimpanzee behavioural diversity. Nat. Commun. 11, 4451. (doi:10.1038/s41467-020-18176-3)

Whitehead H. 2007 Learning, climate and the evolution of cultural capacity. J. Theor. Biol. 245, 341-350. (doi:10.1016/j.jtbi.2006.10.001)

Pierry J, Morete M, Monteiro-Filho E, Teixeira C. 2024 Guiana dolphins use mangrove margins as a natural barrier to chase fish prey. Ethology 130, €13411. (doi:10.1111/eth.13411)
Gisburne TJ, Connor RC. 2015 Group size and feeding success in strand-feeding bottlenose dolphins (Tursiops truncatus) in Bull Creek, South Carolina. Mar. Mammal Sci. 31, 1252—
1257. (d0i:10.1111/mms.12207)

Mann J, Sargeant BL, Watson-Capps JJ, Gibson QA, Heithaus MR, Connor RC, Patterson E. 2008 Why do dolphins carry sponges? PLoS One 3, e3868. (doi:10.1371/journal.pone.
0003868)

Hill H, Guarino S, Dietrich S, St. Leger J. 2016 An inventory of peer-reviewed articles on killer whales (Orcinus orca) with a comparison to bottlenose dolphins (Tursiops truncatus).
Anim. Behav. Cogn. 3, 135-149. (doi:10.12966/abc.03.08.2016)

Mann KH, Lazier JRN. 2006 Dynamics of marine ecosystems: biological-physical interactions in the oceans. Malden, MA & Oxford, UK: Blackwell Publishing.

Rendell L, Cantor M, Gero S, Whitehead H, Mann J. 2019 Causes and consequences of female centrality in cetacean societies. Phil. Trans. R. Soc. B 374, 20180066. (doi:10.1098/rstb.
2018.0066)

VELOVZ0T :08€ g 20S Y suvij /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i


http://dx.doi.org/10.1073/pnas.2207739120
http://dx.doi.org/10.1073/pnas.2207739120
http://dx.doi.org/10.1111/j.1748-7692.2010.00453.x
http://dx.doi.org/10.1371/journal.pone.0109079
http://dx.doi.org/10.1016/j.tree.2023.09.012
http://dx.doi.org/10.1093/beheco/aru183
http://dx.doi.org/10.1111/ele.13571
http://dx.doi.org/10.1111/ele.13571
http://dx.doi.org/10.1126/science.aau4532
http://dx.doi.org/10.1126/science.abe7808
http://dx.doi.org/10.1057/s41599-019-0271-4
http://dx.doi.org/10.1155/2012/567276
http://dx.doi.org/10.1007/978-3-030-98100-6_4
http://dx.doi.org/10.1111/j.1469-185x.2012.00239.x
http://dx.doi.org/10.1007/978-3-030-16663-2_15
http://dx.doi.org/10.1126/science.aaw3557
http://dx.doi.org/10.1111/conl.12860
http://dx.doi.org/10.1111/j.1523-1739.2008.00937.x
http://dx.doi.org/10.1111/j.1523-1739.2008.00937.x
http://dx.doi.org/10.1016/B978-0-12-373553-9.00099-7
http://dx.doi.org/10.1111/j.1469-185x.1994.tb01506.x
http://dx.doi.org/10.1515/9780691209357
http://dx.doi.org/10.23943/princeton/9780691150703.001.0001
http://dx.doi.org/10.23943/princeton/9780691150703.001.0001
http://dx.doi.org/10.1007/978-3-030-16663-2_10
http://dx.doi.org/10.1002/pan3.10369
http://dx.doi.org/10.1007/978-3-030-16663-2_11
http://dx.doi.org/10.1007/978-3-030-16663-2_3
http://dx.doi.org/10.5281/zenodo.13697033
http://dx.doi.org/10.1016/j.biocon.2013.01.001
http://dx.doi.org/10.1016/j.biocon.2013.01.001
http://dx.doi.org/10.1098/rsbl.2019.0227
http://dx.doi.org/10.1007/978-4-431-54523-1_4
http://dx.doi.org/10.1038/s41559-017-0336-y
http://dx.doi.org/10.1038/s41467-020-18176-3
http://dx.doi.org/10.1016/j.jtbi.2006.10.001
http://dx.doi.org/10.1111/eth.13411
http://dx.doi.org/10.1111/mms.12207
http://dx.doi.org/10.1371/journal.pone.0003868
http://dx.doi.org/10.1371/journal.pone.0003868
http://dx.doi.org/10.12966/abc.03.08.2016
http://dx.doi.org/10.1098/rstb.2018.0066
http://dx.doi.org/10.1098/rstb.2018.0066

53.

54.

55.
56.

57.

58.
59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

Riesch R, Barrett-Lennard LG, Ellis GM, Ford JKB, Deecke VB. 2012 Cultural traditions and the evolution of reproductive isolation: ecological speciation in killer whales? Biol. J. Linn.
Soc. 106, 1-17. (doi:10.1111/j.1095-8312.2012.01872.x)

Ford JKB, Ellis GM, Olesiuk PF, Balcomb KC. 2010 Linking killer whale survival and prey abundance: food limitation in the oceans’ apex predator? Biol. Lett. 6, 139—142. (d0i:10.1098/
rshl.2009.0468)

Whitehead H, Ford JKB. 2018 Consequences of culturally-driven ecological specialization: killer whales and beyond. J. Theor. Biol. 456, 279—294. (doi:10.1016/].jtbi.2018.08.015)
Pace DS, Pulcini M, Triossi F. 2012 Anthropogenic food patches and association patterns of Tursiops truncatus at Lampedusa Island, Italy. Behav. Ecol. 23, 254-264. (doi:10.1093/
beheco/arr180)

Ansmann IC, Parra GJ, Chilvers BL, Lanyon JM. 2012 Dolphins restructure social system after reduction of commercial fisheries. Anim. Behav. 84, 575-581. (doi:10.1016/j.anbehav.
2012.06.009)

van der Wal JEM et al. 2022 Safeguarding human—wildlife cooperation. Conserv. Lett. 15, €12886. (doi:10.1111/conl.12886)

Tixier P, Lea M, Hindell MA, Welsford D, Mazé C, Gourguet S, Arould JPY. 2021 When large marine predators feed on fisheries catches: global patterns of the depredation conflict
and directions for coexistence. Fish Fish. 22, 31-53. (doi:10.1111/faf.12504)

Nyhus PJ. 2016 Human—wildlife conflict and coexistence. Annu. Rev. Environ. Resour. 41,143—171. (doi:10.1146/annurev-environ-110615-085634)

Meaux E, Brown C, Mesnick S, 0'Connell-Rodwell C, Mumby H. 2025 Worlds that collide: conservation applications of behaviour and culture in human—wildlife interactions. Phil.
Trans. R. Soc. B 380, 20240137. (doi:10.1098/rsth.2024.0137)

Powell JR, Machernis AF, Mullen LK, Farmer NA, Spradlin TR. 2023 Sixteen years later: an updated evaluation of the impacts of chronic human interactions with bottlenose dolphins
(Tursiops truncatus truncatus) at Panama City, Florida, USA. J. Cetacean Res. Manag. 19, 79-93. (doi:10.47536/jcrm.v19i1.416)

Engleby LK, Powell JR. 2019 Detailed observations and mechanisms of mud ring feeding by common bottlenose dolphins (Tursiops truncatus truncatus) in Florida Bay, Florida, U.S.A.
Mar. Mammal Sci. 35, 1162—1172. (doi:10.1111/mms.12583)

Cunningham-Smith P, Colbert DE, Wells RS, Speakman T. 2006 Evaluation of human interactions with a provisioned wild bottlenose dolphin (Tursiops truncatus) near Sarasota Bay,
Florida, and efforts to curtail the interactions. Aquat. Mamm. 32, 346-356. (doi:10.1578/am.32.3.2006.346)

Senigaglia V, Christiansen F, Sprogis KR, Symons J, Bejder L. 2019 Food-provisioning negatively affects calf survival and female reproductive success in bottlenose dolphins. Sci. Rep.
9,8981. (doi:10.1038/541598-019-45395-6)

Straley J, 0'Connell V, Liddle J, Thode A, Wild L, Behnken L, Falvey D, Lunsford C. 2015 Southeast Alaska sperm whale avoidance project (SEASWAP): a successful collaboration
among scientists and industry to study depredation in Alaskan waters. ICES J. Mar. Sci. 72, 1598-1609. (doi:10.1093/icesjms/fsv090)

Chdvez-Martinez K, Morteo E, Herndndez-Candelario I, Herzka SZ, Delfin-Alfonso CA. 2022 Opportunistic gillnet depredation by common bottlenose dolphins in the southwestern
Gulf of Mexico: testing the relationship with ecological, trophic, and nutritional characteristics of their prey. Front. Mar. Sci. 9, 870012. (doi:10.3389/fmars.2022.870012)

Whitehead H, Rendell L, Osborne RW, Wiirsig B. 2004 Culture and conservation of non-humans with reference to whales and dolphins: review and new directions. Biol. Conserv.
120, 427-437. (doi:10.1016/j.biocon.2004.03.017)

Greggor AL, Thornton A, Clayton NS. 2017 Harnessing learning biases is essential for applying social learning in conservation. Behav. Ecol. Sociobiol. 71, 16. (doi:10.1007/500265-
016-2238-4)

Mannion KR, Ballare EF, Marks M, Gruber T. 2023 A multicomponent approach to studying cultural propensities during foraging in the wild. J. Anim. Ecol. 92, 1478—1488. (doi:10.
1111/1365-2656.13820)

Hersh TA et al. 2025 Supplementary material from: Ecology and conservation of socially learned foraging tactics in odontocetes. Figshare (doi:10.6084/m9.figshare.c.7772586)

VELOVZ0T :08€ g 20S Y suvij /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i E


http://dx.doi.org/10.1111/j.1095-8312.2012.01872.x
http://dx.doi.org/10.1098/rsbl.2009.0468
http://dx.doi.org/10.1098/rsbl.2009.0468
http://dx.doi.org/10.1016/j.jtbi.2018.08.015
http://dx.doi.org/10.1093/beheco/arr180
http://dx.doi.org/10.1093/beheco/arr180
http://dx.doi.org/10.1016/j.anbehav.2012.06.009
http://dx.doi.org/10.1016/j.anbehav.2012.06.009
http://dx.doi.org/10.1111/conl.12886
http://dx.doi.org/10.1111/faf.12504
http://dx.doi.org/10.1146/annurev-environ-110615-085634
http://dx.doi.org/10.1098/rstb.2024.0137
http://dx.doi.org/10.47536/jcrm.v19i1.416
http://dx.doi.org/10.1111/mms.12583
http://dx.doi.org/10.1578/am.32.3.2006.346
http://dx.doi.org/10.1038/s41598-019-45395-6
http://dx.doi.org/10.1093/icesjms/fsv090
http://dx.doi.org/10.3389/fmars.2022.870012
http://dx.doi.org/10.1016/j.biocon.2004.03.017
http://dx.doi.org/10.1007/s00265-016-2238-4
http://dx.doi.org/10.1007/s00265-016-2238-4
http://dx.doi.org/10.1111/1365-2656.13820
http://dx.doi.org/10.1111/1365-2656.13820
http://dx.doi.org/10.6084/m9.figshare.c.7772586

	Ecology and conservation of socially learned foraging tactics in odontocetes
	1. Introduction
	2. Material and methods
	(a) Key definitions
	(b) Literature review

	3. Results
	4. Discussion
	(a) Odontocete foraging tactics across the globe
	(b) Specialized foraging tactics and putative cultural traits
	(c) Human-induced drivers and threats to putative cultural foraging tactics
	(d) Safeguarding odontocete foraging behavioural diversity

	5. Conclusions and future directions


