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While the exploitation of aquatic fauna and flora has been documented in several primate species to date, the evolutionary contexts and mechanisms behind the emergence of this behavior in both human and non-human primates remain largely overlooked. Yet, this issue is particularly important for our understanding of human evolution, as hominins represent not only the primate group with the highest degree of adaptedness to aquatic environments, but also the only group in which true coastal and maritime adaptations have evolved. As such, in the present study we review the available literature on primate foraging strategies related to the exploitation of aquatic resources and their putative associated cognitive operations. We propose that aquatic resource consumption in extant primates can be interpreted as a highly site-specific behavioral expression of a generic adaptive foraging decision-making process, emerging in sites at which the local cost-benefit trade-offs contextually favor aquatic over terrestrial foods. Within this framework, we discuss the potential impacts that the unique intensification of this behavior in hominins may have had on the evolution of the human brain and spatial ecology.
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INTRODUCTION

Under the framework of optimal foraging theory (Stephens and Krebs, 1986), animals are thought to have evolved foraging strategies that increase individual fitness by maximizing the benefits while minimizing the costs and risks related to the exploitation of resources in their natural habitats (Charnov, 1976). In turn, the outcomes of this optimization are suggested to be reflected in a variety of observable behaviors and domains, such as spatial ecology (Pyke, 2019b; Tórrez-Herrera et al., 2020), patch use (Bedoya-Perez et al., 2013) and dietary preferences (Harris et al., 2019). Accordingly, the evolution of foraging strategies must be accompanied by the evolution of (i) cognitive abilities that allow for a contextual computation of costs and benefits resulting in the decision-making processes expressed as behavior (Rosati, 2017) and (ii) their specific neuroanatomical correlates, such as overall brain size (e.g., DeCasien et al., 2017) or the size of specific brain regions involved in those processes (e.g., Louail et al., 2019). As such, considering this framework for investigating the underpinnings of differences in foraging niches and territorial occupation patterns between primate species, and its application in the context of human evolution may provide essential insights on what mechanisms have allowed hominins to inhabit an unmatched variety of ecosystems when compared to non-human primate species.

In this context, two main hypotheses have been formulated to link the decision-making challenges primates face in the wild to the evolution of their complex cognition and brain size: the social and ecological brain hypotheses. According to the former (Dunbar, 1998; Dunbar and Shultz, 2007), cognitive challenges associated with living in large, complex social groups require individuals to keep track of and act on a broader record of competitive and cooperative interactions, which in turn generates selective pressures for adaptive cognitive traits (Byrne, 1996; Brosnan et al., 2010; Massen et al., 2014). As such, the increase in social complexity would comprise the most expressive selective force acting on the evolution of primate cognition and, in turn, of their brain size (Jolly, 1966; Humphrey, 1976; Dunbar, 1998). The second hypothesis, i.e., the ecological brain hypothesis, seeks to explain the evolution of brain size and complex cognition primarily using ecological proxies (Milton, 1981, 1988; Rosati, 2017). In this context, the evolution of cognitive traits related to decision-making, spatial memory and executive control, for example, would be adaptive toward optimizing the trade-offs between costs and benefits of foraging in complex and fluctuating environments (Rosati, 2017; Garcia et al., 2021). In support of this hypothesis, a recent study by DeCasien et al. (2017) using data from a wide diversity of primate species provided evidence that diet is a better predictor of total relative brain size in primates—an measure for global cognitive skills (Deaner et al., 2007; Shultz and Dunbar, 2010)—when compared to social variables, such as group size. Nonetheless, recent research has demonstrated that overall brain size can be a poor proxy for studying the development of specific cognitive skills related to foraging ecology and sociality (Louail et al., 2019). Moreover, it is important to note that these two hypotheses are not mutually exclusive, and each of them can be better at explaining different aspects of primate cognition (Cunningham and Janson, 2007; Rosati, 2017). In this sense, social proxies may be better suited to explain the evolution of cognitive skills related to social learning, for example, and ecological factors, in contrast, may offer a higher explanatory power for the evolution of cognitive skills related to foraging and dietary preferences (Ban et al., 2016; Janmaat et al., 2016; Trapanese et al., 2019). This observation is consistent with evidence presented by DeCasien and Higham (2019), suggesting that the mosaic brain evolution observed in primates is linked to niche specialization, with the evolution of the size of different brain regions being selected according to specific ecological characteristics of distinct primate species (Louail et al., 2019).

Several recent studies aimed at assessing the evolution of cognitive skills involved in finding and exploiting high-quality ephemeral resources in complex terrestrial environments (e.g., Janmaat et al., 2014; Ban et al., 2016; Salmi et al., 2020). In densely forested tropical ecosystems, for example, high-energy foods, such as fruits, may be sparsely distributed and difficult to find, making food search a highly costly activity (Janmaat et al., 2016). As such, the goal of optimal foragers inhabiting these areas is to increase their intake yield while minimizing the energetic expenses derived from food search (Schoener, 1971). One way chimpanzees (Pan troglodytes) have been demonstrated to achieve this is via the modulation of their navigation strategies through the use of less energetically demanding paths when moving between sparsely distributed food sources (Green et al., 2020). In addition, chimpanzees are also known to plan their nest departure time according to the availability, nutritional quality and location of seasonal food resources (Janmaat et al., 2014). However, in the context of energetic optimization, some high-risk, high-yield items such as high-trophic level aquatic resources (both marine and riverine/lacustrine) could also hold major importance in the regulation of energetic balance of primates (Cunnane and Stewart, 2010; Koops et al., 2019), but have been rather overlooked compared to terrestrial resources. This focus on terrestrial resources, albeit partly rooted in the fact that most non-human primate species inhabiting coastal or flooded areas do not forage on aquatic resources (Nowak et al., 2019), may have caused researchers to overlook the relative importance of this behavior in the evolution of some primate species, and particularly in hominins. As pointed out by Archer et al. (2014), for example, the components of archeological assemblages related to aquatic fauna have been far less studied as evidence of early hominin exploitation when compared to terrestrial components, even when the two are found at the same site. As such, this type of issue creates a bias in our reconstruction of the niches occupied by extinct hominins and extant primates, leading to gaps in our understanding of how the consumption of aquatic resources may be linked to the evolution of brain size and cognition in these groups.

Thus, the purpose of this literature review is to discuss primate foraging strategies and their putative associated cognitive operations related to the exploitation of aquatic resources, as well as their implications in the evolution of the primate brain. As such, firstly we present some of the main patterns observed in the aquatic foraging behavior of non-human primates. Then, we review the costs and benefits related to the consumption of aquatic resources, with a particular focus on how marine and freshwater resources contrast with terrestrial resources in their contribution to the energetic optimization in extant non-human primates. We also consider the evidence for intentionality in the exploitation of aquatic resources by hominins and non-human primates and, as such, the extent to which their associated behaviors take place in a planned or opportunistic fashion. In addition, we also aim to specify the potential cognitive operations involved in foraging for aquatic resources, and evaluate the correlation between the evolution of such skills and neuroanatomical changes during the course of human evolution. Finally, by examining the evidence for the emergence of true coastal adaptation in hominins, we aim to assess the implications of the exploitation of coastal resources in the context of territorial occupation, movement ecology, technological complexity and social behavior, as well as the relation of such novelties with the evolution of complex cognitive skills. Overall, the present review seeks to set the foundation for future research attempting to ratify evolutionary interrelationships between aquatic resource exploitation, cognitive ecology and neuroanatomy in extant primates and extinct hominins.



PATTERNS IN THE EXPLOITATION OF AQUATIC RESOURCES BY NON-HUMAN PRIMATES

While several primate species that inhabit flooded areas exhibit aquatic behaviors that are relevant to aspects of their ecology, only a fraction of them seems to forage on aquatic foods (Nowak et al., 2019). Together, the five main reviews on the use of aquatic resources by non-human primates show that a total of 26 species (i.e., about 4% of the existing non-human primate species) feed on aquatic fauna (Stewart et al., 2008; Kempf, 2009; Stewart, 2010; Russon et al., 2014; Nowak et al., 2019), out of which ten are found to feed on fish (Russon et al., 2014; Mallick, 2019). Since their publication, developments in this field have caused this number to increase, for example with the first evidence of regular consumption of aquatic fauna (i.e., crabs) by a population of chimpanzees in the Nimba mountains, Guinea (Koops et al., 2019). Still, the total number of species that exploit aquatic resources in general—including fauna and flora—remains disputed, as no systematic reviews are available on the consumption of aquatic flora by primates (Russon et al., 2014). Nevertheless, aquatic foraging has been well documented in several species—e.g., chimpanzees (Nishida, 1980; Sakamaki, 1998; Devos et al., 2002), bonobos (Hohmann et al., 2019), chacma baboons (Lewis et al., 2018) and long-tailed macaques (Tan et al., 2015; Tan, 2017)—leading to speculation on its relative importance for the ecology of a variety of primate groups, and ultimately in the context of hominin evolution (e.g., Boesch et al., 2017; Hohmann et al., 2019; Koops et al., 2019).

Although the exploitation of aquatic fauna and flora may involve distinct acquisition and extraction processes, a few general patterns emerge from the available records of aquatic resource consumption by extant non-human primates. Firstly, behaviors associated with aquatic resource exploitation tend to be highly site-specific, independently of the type of food consumed (Table 1). In chimpanzees, for example, the consumption of aquatic fauna has only been observed in the Nimba mountains (Koops et al., 2019), in spite of the existence of several long-term field projects dedicated to the study of this species in situ (e.g., Pusey et al., 2007; Boesch et al., 2019; Thompson et al., 2020)—also including nearby locations, such as Bossou (Humle et al., 2011; Koops et al., 2019; Matsuzawa, 2019). Notably, the chimpanzee populations in these two locations also differ in their consumption of aquatic flora: while individuals at Bossou have been observed engaging in algae scooping—a behavior characterized by using sticks to scoop algae from water bodies (Matsuzawa, 1996; Humle et al., 2011)—the chimpanzees at Nimba have not (Matsuzawa, 2019). As such, the disparity in observed aquatic foraging behaviors in these two locations has been hypothesized to be a product of differences in resource availability within the ranges of both chimpanzee groups, given the absence of shallow freshwater streams with crabs at Bossou and the scarcity of ponds with algae at Nimba (Matsuzawa, 2019). Nevertheless, chimpanzees represent only one example of the site-specificity of the consumption of aquatic fauna and flora in primates. Differences in aquatic fauna exploitation have been described between chacma baboons troops (Papio ursinus) living at Cape Reserve—which fed on marine invertebrates (Hall, 1962; Lewis and O’Riain, 2019)—and groups inhabiting the Namib desert, which fed on fish from drying desert pools (Hamilton and Tilson, 1985). In addition, this pattern can also hold true for certain species of Pan-American monkeys, such as bearded capuchins (Sapajus libidinosus), which have also been recorded to forage on either marine invertebrates (Santos et al., 2019b) or fishes (Mendes et al., 2000), depending on the studied site.


TABLE 1. Cited examples of aquatic resource consumption by non-human primates.
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Secondly, the exploitation of aquatic resources in a variety of sites can also be dependent on demographic and individual factors. This is the case for Orangutans living in a fresh-water island habitat in Borneo, Indonesia, for example, where aquatic foraging behavior depends on individual age and water skills (Russon et al., 2014). At this site, all the individuals who were observed to engage in fish catching and eating were juveniles or adolescents. In this context, Russon et al. (2014) suggested that this pattern may be related to the innovative character of juvenile and adolescent primates, which has been well documented in previous research (e.g., Reader and Laland, 2001; Russon et al., 2010). In addition, orangutan individuals who consumed fish were also more skilled in the water compared to others at the same site (Russon et al., 2014), providing evidence that previously acquired skills of individuals can also affect the development of behaviors involved in aquatic resource exploitation. Furthermore, demographic factors have also been demonstrated to affect the consumption of aquatic crabs by chimpanzees at the Nimba mountains (Koops et al., 2019), where females and infants were found to forage for crabs more frequently and for longer periods when compared to adult males, which was hypothesized to be linked to their reduced access to game meat (Koops et al., 2019).

Thirdly, the exploitation of aquatic resources in primates may or may not rely on the use of tools (Table 1), depending on the species and individual skills. Several species of extant non-human primates have been recorded to exploit aquatic foods using external tools (Russon et al., 2014). A notable example outside of the great apes are Burmese long-tailed macaques (Macaca fascicularis), which employ a variety of stone-hammering techniques for obtaining aquatic foods in coastal environments (Tan et al., 2015; Gumert et al., 2019). For each of these techniques, individuals may employ distinct manual skills, in addition to selecting tool types according to their suitability for the intended task (Gumert et al., 2009; Tan et al., 2015). Besides its specificity regarding the target food item, tool-assisted aquatic resource foraging techniques can also vary within species across different locations. For example, bearded capuchins have been documented to employ different tool-assisted foraging techniques to obtain aquatic foods in distinct study sites, such as the use of baits to prey on fish (Mendes et al., 2000) and shell cracking through percussion (Santos et al., 2019b). In the first case, fishing capuchins would either place food baits under water or hold them partially submerged to attract pond fish, subsequently assuming a fishing body posture that allowed the individual to observe and attempt to capture approaching fishes that were attracted to the bait (Mendes et al., 2000). Invertebrate foraging individuals, on the other hand, used branches as hammers to crack the shells of marine invertebrates in order to forage on them (Santos et al., 2019b). Nevertheless, similarities in techniques used for foraging on aquatic resources have also been observed across sites located at great distances from each other, showing that some of these behaviors can also be geographically widespread. This is the case in some chimpanzee populations which have been observed to employ comparable scooping on foraging for algae in a variety of sites throughout Western (Matsuzawa, 1996; Boesch et al., 2017) and Central Africa (Devos et al., 2002), all of which included some form of tool selection or modification.

Lastly, alike other innovations, behaviors related to the exploitation of aquatic foods can be invented, lost, independently reinvented, acquired through social learning and adapted to and from other tasks unrelated to aquatic foraging (Nishida et al., 2009; Shumaker et al., 2011; Russon et al., 2014; Bandini and Tennie, 2017; Luncz et al., 2017; Mallick, 2019; Santos et al., 2019b). Therefore, in some cases, such behaviors can potentially develop into local traditions with respect to (i) the social position of individuals partaking in it (e.g., Koops et al., 2019), (ii) the type of resource consumed (Matsuzawa, 1996, 2019; Koops et al., 2019), and possibly (iii) the technique used to obtain it (e.g., algae feeding behavior as described in Sakamaki, 1998; Devos et al., 2002; Boesch et al., 2017, albeit the evidence described in Sakamaki, 1998 stems from only one female chimpanzee who was hypothesized to have acquired her distinct algae feeding behavior from her natal group). Furthermore, aspects of exploiting aquatic foods in non-human primates may not only be socially learned from conspecifics, such as shellfish cracking techniques in long-tailed macaques (Tan, 2017), but also be facilitated or primed by the behavior of individuals from other species, such as Homo sapiens (reviewed in Russon et al., 2014). Finally, in some cases, such as in long-tailed macaques, the exploitation of aquatic resources can encompass a variety of local traditions (Tan et al., 2015). Thus, alike other behaviors associated with foraging for terrestrial resources (e.g., tool use; Whiten et al., 1999; Whiten and van de Waal, 2017), it might be hypothesized that, in some cases, the exploitation of aquatic resources by extant non-human primates can be interpreted as a cultural phenomenon, adding to the portfolio of socially transmissible behavioral strategies that different species and populations have developed to forage more optimally on locally available resources.



TRADE-OFFS BETWEEN AQUATIC AND TERRESTRIAL FORAGING

The nature and the importance of aquatic resource exploitation in the context of primate feeding ecology remains a contested topic, as many species of primates that live nearby water bodies or flooded areas often do not feed on aquatic foods (Nowak et al., 2019). Thus, the precise mechanisms through which the consumption of aquatic resources can be beneficial for and influence selection in primate populations remains largely unknown (Hohmann et al., 2019). In addition, the site-specificity of the types of resources consumed, of the demographics of who consume them and of the employed techniques hinders general interpretations of the value of such behavior. Nevertheless, within the framework of optimal foraging theory, there may be several potential ways in which foraging for aquatic resources can be a useful behavioral strategy toward energetic optimization in non-human primates.

Firstly, the nutritional benefits of aquatic fauna consumption would include increased intake of long-chain polyunsaturated fatty acids (LC-PUFAs), which have been regarded as important for the development and function of large primate brains (Joordens et al., 2014). In this sense, the intake of eicosapentaenoic acid (EPA) and arachidonic acid (AA) would be specially increased with aquatic fauna consumption, as these nutrients are rare in terrestrial foods, with the exception of the fatty parts of meat and the brain tissue of some animals (Li et al., 1998; Cordain et al., 2002; Carlson and Kingston, 2007; Stewart, 2010; Joordens et al., 2014). However, brain tissue can be costly to extract, and given the evidence for the health risks associated with its consumption in humans, such as prion diseases (Berger et al., 1997; Domachowske and Suryadevara, 2020), and the susceptibility of non-human primates to such diseases (Dalsgaard, 2002; Race et al., 2009), acquiring EPA and AA through the consumption of brain tissue may not represent an optimal strategy when compared to aquatic fauna. In addition, obtaining fresh terrestrial animal tissue through hunting can be highly energetically costly, dangerous (Boesch, 1994; Tennie et al., 2014) and carry the associated risk of failure (Boesch and Boesch-Achermann, 2000; Gilby and Wrangham, 2007). Comparatively, foraging on some aquatic resources such as mollusks and arthropods can represent a less risky and more energetically efficient alternative to obtain LC-PUFAs for some non-human primates, especially considering the relative abundance and ease of access to these resources in some sites (e.g., Malaivijitnond et al., 2007; Koops et al., 2019). In this sense, this behavior could be particularly advantageous for non-human primate populations that exhibit relatively low hunting opportunities (Koops et al., 2019), and for individuals who have less access to hunting meat, such as females and infants (Fahy et al., 2013; Gilby et al., 2017). Nevertheless, other brain-essential LC-PUFAs, such as docosahexaenoic acid (DHA), can also be metabolically synthesized from precursors, but the relative importance of their dietary uptake vs. their synthesis in the context of brain development remains unclear, and should be experimentally addressed in future studies (Joordens et al., 2014; Koops et al., 2019). Moreover, the quantities of EPA, DHA, and AA found in aquatic fauna can be tied to local conditions, and as such it may vary over time, space and according to the species consumed (Joordens et al., 2014).

Furthermore, it has been hypothesized that the consumption of aquatic flora is important for ensuring sufficient uptake of certain minerals like iodine (Hohmann et al., 2019). Iodine is essential for numerous physiological and developmental functions, including brain development, due to its influence on thyroid function (Venturi and Bégin, 2010). It can be abundant in a diversity of ecosystems, such as coastal and volcanic areas, as well as wetlands (Hohmann et al., 2019). In other terrestrial habitats such as rainforests, on the other hand, access to iodine can be limited (World Health Organization, 2007), with health issues tied to iodine deficiency occurring at relatively high rates in some human populations inhabiting these areas (Phillips et al., 1988; Vanderpas and Moreno-Reyes, 2017). Given the similar detrimental effects that iodine deficiency can have in humans and non-human primates (Mano et al., 1987), it is reasonable to assume that developing a way to access iodine in these iodine-poor environments would be advantageous, and possibly confer a fitness advantage. In this sense, Hohmann et al. (2019) have demonstrated that aquatic algae can provide a rich source of iodine for primates living in rainforest environments, and that a population of bonobos (Pan paniscus) at the Congo basin regularly consumed aquatic herbs as part of their diet. In addition, aquatic algae were found to contain higher levels of several essential minerals (i.e., Mn, Ca, Mg, Fe, K, and I) when compared to ripe fruits and terrestrial herbs (Hohmann et al., 2019). Other species of apes also feed on aquatic herbs (Kempf, 2009), and the potential importance of aquatic plants as sources of minerals in primate diets has also been proposed by other authors (e.g., Boesch et al., 2017).

In this context, given the diverse nature of behaviors linked to aquatic resource exploitation in non-human primates, the costs and benefits of consuming these items have also been hypothesized to vary temporally, spatially and across sex and age. Long-tailed macaques, for example, show higher rates of aquatic foraging during periods when the abundance of ripe fruit is reduced (Yeager, 1996; Malaivijitnond et al., 2007). In this case, the consumption of aquatic resources could potentially serve as a fallback source of nutrients in periods when other food sources are scarcer (Stewart, 2010). In Bakoun, Guinea, fishing for algae among chimpanzees is frequent during the dry season and absent during the wet season (Boesch et al., 2017). Aquatic algae is a highly preferred food item at this site, which has been suggested to play an important role in satisfying chimpanzee dietary requirements by providing a source of protein, carbohydrates, lipids and minerals (Becker, 2007; Tipnee et al., 2015; Boesch et al., 2017). Given the limited availability of aquatic algae in Bakoun, which is restricted to the dry season, its frequent consumption during such periods likely represents a more optimal behavioral strategy considering the otherwise limited access to abundant terrestrial foods and water at this location (Boesch et al., 2017). Contrastingly, in sites where ponds with aquatic algae are scarcely found, algae foraging behavior would likely incur higher search costs and lower yields, which in turn would not be as energetically profitable. This is the case for chimpanzees inhabiting the Nimba mountains, where algae scooping behavior has not yet been observed (Matsuzawa, 2019), and instead chimpanzees feed on aquatic crabs, which are more widely available and likely represent a more optimal local foraging strategy (Koops et al., 2019; Matsuzawa, 2019). Unlike the aquatic algae foraging in Bakoun, crab consumption on Nimba mountains chimpanzees occurs independently of seasonality, and is instead dependent on demographic factors, with females and infants engaging in this behavior significantly more often than adult males (Koops et al., 2019). In this context, Koops et al. (2019) proposed that the associated benefits of crab foraging for females may be linked to an increase in access to salts. In addition, given the small size of the majority of crabs found at this site (Koops et al., 2019), crab fishing also poses less injury risks when compared to hunting (e.g., getting wounded; Busse, 1977) and ant-dipping (e.g., suffering painful bites; Humle et al., 2009). As such, this activity could be suitable for immature individuals practicing their foraging skills (Koops et al., 2019).

Nevertheless, foraging on aquatic resources is not devoid of associated risks. Freshwater crabs, for example, may be a source of parasites that cause human lung fluke disease, which is known to also affect non-human primates (Sachs and Voelker, 1975; Voelker and Sachs, 1977; Friant et al., 2015). Moreover, primates in close proximity to water bodies may be susceptible to predators such as crocodilians in some environments (Cowlishaw, 1994; Hill and Dunbar, 1998; Cheney et al., 2004). At coastal sites, primates engaging on aquatic foraging may also face challenges related to accessing frequently submerged food items (e.g., mollusks and invertebrates). The predation of marine organisms by chacma baboons in the intertidal zone at the Cape Peninsula, for example, has been negatively correlated to increases in risks associated to coastal foraging (e.g., wave height, offshore wind speed and increasing tides; Lewis and O’Riain, 2019). In addition, the use of flooded habitats may also involve increases in energetic costs associated with thermoregulation (Head et al., 2019) and with the extension of ranging areas and travel distances (Santos et al., 2019a). In this context, such cost-benefit trade-offs may be more likely to affect aquatic foraging when the relative payoff of such behavior is higher. In line with this premise, a recent study on Japanese macaques (Macaca fuscata) has found that their seafood feeding behavior is only linked to tidal cycles in months when forests are poorer in resources, favoring behaviors that increase the efficiency of aquatic resource exploitation (Tsuji and Kazahari, 2019). Finally, in some cases, the exploitation of aquatic foods can also involve high extraction costs, especially when it concerns the consumption of encapsulated foods (e.g., shelled mollusks and crustaceans). To counter this issue, some non-human primate populations resort to the use of percussive tools, presumably to increase the efficiency of the acquisition of aquatic resources (Gumert et al., 2019; Santos et al., 2019b). Such use of percussive tools in the context of aquatic foraging can be cognitively demanding (Santos et al., 2019b), which may help to explain why this behavior has only been observed in species for which the use of percussive techniques for the extraction of encapsulated forest foods has also been recorded: long-tailed macaques (Gumert et al., 2019) and bearded capuchins (Santos et al., 2019b). Nevertheless, it is important to note that there are also examples of other non-human primate species that are able to intensively exploit shelled aquatic resources without using external tools, such as green monkeys (Galat and Galat-Luong, 1976; Head et al., 2019) and rhesus macaques (Mallick, 2019).



INTENTIONALITY IN THE CONSUMPTION OF AQUATIC RESOURCES

Within the framework of the optimal foraging theory, individuals would evolve cognitive skills that allow them to exhibit more efficient foraging decision-making strategies in their local environment (Charnov, 1976; Stephens and Krebs, 1986; Pyke, 2019a). Thus, when the benefits of exploiting aquatic resources outweigh its risks and costs, it can be expected that this behavior will take place intentionally (i.e., as the expected outcome of a decision-making process) rather than opportunistically (i.e., via a set of simple reflexes based on direct perceptions that enable animals to maximize intake and minimize costs without any cognitive operation). In this sense, while some non-human primate species have been shown to make use of aquatic habitats intentionally, for example, for predation avoidance choice (see Otani et al., 2020), establishing the intentionality of aquatic resource exploitation would require evidence for planning and anticipation of a specific feeding event by an individual. In this context, although it has been suggested that deliberate aquatic resource consumption in primates can be detected from search behavior (Russon et al., 2014), the most reliable available proxy to establish intentionality is likely tool selection followed by tool use.

In order to select, prepare and flexibly use tools, animals need both to understand causality and to be able to plan sequences of actions (Musgrave and Sanz, 2019). In other words, when an individual selects and uses a tool for foraging, it must first be able to anticipate the required task to obtain the intended resource, subsequently engaging with the chosen tool in a way that is suitable for accomplishing the envisioned goal. Algae-scooping chimpanzees in Bossou, for example, are known to preferably use fern stalks when manufacturing the sticks that are used to retrieve algae from ponds, which in turn has been hypothesized to be due to its suitability for the task, as the small hooks on fern stalks may increase algae gathering efficiency (Matsuzawa, 2019). Likewise, long-tailed macaques are known to select aquatic foraging tools according to their intended use, employing different techniques depending on prey species (Gumert et al., 2009). Additionally, tool-use has been suggested to depend on the prior computation of the relative costs and benefits of tool-assisted foraging when compared to other foraging modes (Musgrave and Sanz, 2019). In Bakoun, where algae fishing becomes a highly profitable foraging strategy during the dry season, chimpanzees have never been observed to collect algae with their hands, and instead used stick tools to retrieve the algae in all instances (Boesch et al., 2017). This preference for tool use has been proposed to increase the yield of algae consumption—as deeper sections of water bodies contain more algae—while at the same time reducing the associated costs (e.g., thermoregulation) by eliminating the need for immersion in the water (Boesch et al., 2017).

Furthermore, intentional aquatic resource exploitation can involve complex decision-making strategies such as evaluating what, where and when to eat in fluctuating terrestrial environments (Trapanese et al., 2019). As such, the emergence of more sophisticated aquatic foraging behaviors in primates, such as fish-eating, was suggested to involve a gradual increase in behavioral complexity over time (Russon et al., 2014). According to this hypothesis, this behavior would start with the inadvertent acquisition of fish by naïve individuals, successively progressing into opportunistic hand-catching, followed by intentional hand-catching and finally developing into tool-assisted fish acquisition (Stewart, 2010). This hypothesis is supported by a study on fish-eating by orangutan populations in Borneo, where fish-catching that involved tool use was preceded by all hypothesized precursors (Russon et al., 2014). Comparatively, for early hominins inhabiting the coast, intertidal zones would provide a richness of edible seaweed, shellfish and fish, which when combined with other resources that wash up on the shore, such as carcasses, would provide an ideal scenario for opportunistic scavenging without the need for advanced technology (Erlandson, 2017). Over time, such practice would open up possibilities for the development of more complex and efficient strategies for foraging on marine resources. This scenario would not only be consistent with Stewart’s (2010) hypothesis, but also resemble previously proposed ways in which terrestrial hunting could have developed in early hominins, beginning with confrontational scavenging, progressing toward cooperative exhaustion pursuits and ultimately leading to more complex hunting strategies involving long-distance weapons and other tools (Garcia et al., 2021). However, the scarcity of available research on the evolution of the techniques that primates use to exploit aquatic resources indicates that the existence of such a generalized pathway toward the development of this behavior remains speculative (Russon et al., 2014). In addition, different populations and species may also acquire aquatic fauna exploitation behavior through distinct pathways according to variations in local ecological conditions and required techniques (Russon et al., 2014). In this sense, it is also likely that human populations inhabiting different ecosystems started to exploit aquatic resources through distinct behavioral pathways, whether that included the consumption of fish or not.

Within this framework, when trying to infer intentionality in early hominin aquatic resource use, scientists cannot rely on direct observation, and instead must use indirect proxies. The difficulties associated with this methodology are manifold. Firstly, not all types of aquatic resource exploitation produces remains that may become material evidence, such as the consumption of aquatic flora without the use of tools. Secondly, even when tools are used, they may be made from soft material, such as those used by some non-human primates to catch algae (e.g., Matsuzawa, 1996; Boesch et al., 2017). As such, their remains are unlikely to be preserved in the archeological record, which in turn may create a bias in the material evidence preventing the accurate reconstruction of the emergence of aquatic resource exploitation in primates and extinct hominins (McGrew, 2010). In this context, most of the available evidence for aquatic foraging in early hominins comes from taphonomic analyses, frequently from sites where paleoanthropological remains are associated with aquatic fauna remains (Will et al., 2019). The use of this methodology has allowed scientists to suggest that Plio-Pleistocene hominins were exploiting aquatic resources as early as 1.95 Ma at the Turkana Basin (Archer et al., 2014). In addition, it also provided evidence for shellfish foraging and for shell tool manufacturing by Homo erectus in Java around 0.5 Ma (Joordens et al., 2015). Nevertheless, reliably determining whether this type of exploitation was opportunistic or not solely from faunal assemblages can be challenging, and scientists must also rely on complementary research methods that allow for dietary reconstruction, such as isotopic analyses (e.g., Lewis and Sealy, 2018). In the Neanderthal site of Vanguard cave, in Gibraltar, for example, while the taphonomic evidence points to the collection, processing and consumption of aquatic resources during the Middle Paleolithic, the absence of isotopic evidence for this behavior—as well as the absence of associated tools—suggests that this practice was opportunistic (Stringer et al., 2008; Richards and Trinkaus, 2009; McLeod, 2018). A variety of other sites provide evidence for the consumption of aquatic animals by Neanderthals in France (Hardy and Moncel, 2011), Greece, Italy, Portugal, Spain (Cortés-Sánchez et al., 2011) and Belgium (Guillaud et al., 2021), albeit without isotopic or tool-related evidence for intentional exploitation. The majority of the evidence for intentional and intensive exploitation of aquatic resources within hominins comes from Anatomically Modern Humans (AMHs), with the first record of tool-associated mollusk exploitation dating back to around 164 ka from Pinnacle Point, South Africa (Marean et al., 2007). Despite the existence of some described fishing tools from the upper Paleolithic (e.g., Gramsch et al., 2013), most lithic evidence for tool-associated fishing comes from much later during the Mesolithic (Cleyet-Merle, 1990). In this context, isotopic analyses of AMH remains also point toward a greater reliance on aquatic resources when compared with Neanderthals during the Paleolithic, albeit with significant regional variation (Richards and Trinkaus, 2009).

However, the period in which extinct hominins and modern humans may have started to intentionally forage for aquatic resources is likely underestimated for two reasons. Firstly, the post-glacial sea level rise during the Holocene has likely limited the archeological record from coastal hominin occupations from the Pleistocene (Bailey et al., 2007; Erlandson, 2017), potentially resulting in a significant loss in evidence of early coastal—and consequently aquatic—resource exploitation. Secondly, not all behaviors associated with intentional aquatic resource exploitation require technological assistance, as it is evidenced by data collected from non-human primates (Russon et al., 2014) and from ethnographical studies in modern indigenous populations consuming similar resources (Stewart, 1994). In this sense, earlier, less complex aquatic foraging behaviors could be absent from the archeological record due to lack of material remains (e.g., tools). As such, while the usage of taphonomic, lithic and observational data has promoted significant advances in our knowledge about the intentional use of aquatic resource in non-human primates and hominins, further empirical evidence is needed (1) to better detect intentionality in the use of aquatic resources in non-human primates, (2) to reconstruct the technological patterns of the emergence of this behavior, (3) to determine which early Pleistocene hominins intentionally exploited aquatic resources and finally (4) to allow for comparisons between the aquatic resource consumption patterns of non-human primates and hominins.



AQUATIC FOODS AND HOMININ BRAIN SIZE

Coastal, riverine and lacustrine ecosystems are complex and fluctuating environments, in which the availability of resources may be affected by tidal regimes, weather and seasonality. Thus, as is the case in other environments with rapidly changing conditions, primates inhabiting such areas are likely to mobilize cognitive skills that reflect a high level of behavioral flexibility in their foraging decisions (Trapanese et al., 2019; Garcia et al., 2021). In this sense, foraging in aquatic environments could imply a diversity of behavioral responses ranging from simple reflexes to more complex mental representations of goals, their values and the potential courses of action required to make decisions and optimize energetic balance in a social context. At the cognitive level, these decision-making processes are based on a set of skills—for example, episodic memory, planning and value-based decision making—which allow individuals to optimize the outcomes of their actions both at the individual and collective levels (Garcia et al., 2021). Considering the putative benefits of the consumption of aquatic foods for brain development and function (Joordens et al., 2014; Hohmann et al., 2019), many authors have proposed a potential link between the exploitation of these food sources and the evolution of brain size and cognition in hominins (e.g., Marean et al., 2007; Archer et al., 2014; Russon et al., 2014; Will et al., 2019).

In this context, while there is an overlap between the onset of aquatic resource exploitation and an increase in hominin encephalization (Braun et al., 2010; Joordens et al., 2014), it seems unlikely that the former would have triggered the latter for a variety of reasons. Firstly, intensive use of aquatic resources does not necessarily depend on high technological prowess (Carlson and Kingston, 2007; Cunnane et al., 2007; Archer et al., 2014; Russon et al., 2014). As such, the extent to which an increase in reliance on aquatic foraging behavior would generate selective advantages for larger brains remains unclear. Early hominins such as Ardipithecus and some species of Australopithecus. would have likely lived in similar habitats as chimpanzees, the latter being known to exploit aquatic resources in forested environments (Koops et al., 2019). Considering the similarities in brain size between early hominins and chimpanzees (Klein, 2009; Carlson et al., 2011), as well as similarities between the dietary needs of chimpanzees and humans for some brain-selective nutrients (e.g., iodine; Mano et al., 1987), it is possible to hypothesize that these early hominins may have also exploited aquatic resources (Koops et al., 2019), albeit without the onset of the brain expansion process observed only in later hominins. However, this hypothesis strongly relies on nutritional data, and the knowledge about which ecological conditions can contribute to the onset of aquatic resource exploitation remains scarce (Koops et al., 2019). Secondly, the pattern observed in aquatic foraging non-human primates is that of the adaptation of previous terrestrial foraging tool-use behavior and skills into aquatic foraging (Shumaker et al., 2011; Russon et al., 2014). Indeed, by the time when the first evidence for intensive aquatic resource use in hominins is recognized (ca. 1.95 Ma; Braun et al., 2010; Archer et al., 2014), hominins had already been making and using stone-tools for over a million years (McPherron et al., 2010; Harmand et al., 2015). Comparatively, by the time that the first evidence for tool-assisted aquatic resource exploitation appears in the archeological record of AMHs (ca. 164 ka in South Africa; Marean et al., 2007), Neanderthals and AMHs had already been engaging in complex forms of social hunting for over 100 ka (ca. 300 ka in Europe, Conard et al., 2020; and between 259 and 125 ka in South Africa, Bamford and Henderson, 2003). Carrying out these hunting practices, in turn, would depend on complex planning skills associated with the manufacturing of tools (e.g., wooden spears), and involving a variety of cognitive mechanisms such as working memory, context-specific goal value representations and the computation of trade-offs associated with costs and benefits (Garcia et al., 2021). In this sense, the onset of aquatic resource exploitation would not necessarily trigger an increase in cognitive complexity and brain size, as it may instead derive from the behavioral plasticity associated with already existing cognitive skills, expressed in a process of adaptive decision-making. Accordingly, we suggest that the emergence of aquatic resource use per se, as well as the onset of tool-assisted aquatic resource exploitation can be more parsimoniously explained as the product of a local shift in foraging cost/benefit trade-offs favoring aquatic over terrestrial resources, followed by a behavioral adaptation that optimized energetic and nutritional balance in this novel ecological context. This shift in cost-benefit trade-offs, in turn, could have been induced by a variety of locally specific factors, such as (i) seasonality (e.g., aquatic foods as fallback resources; Stewart, 2010; Archer et al., 2014), (ii) technological advancement (e.g., the repurposing of previously used skills and tools; Shumaker et al., 2011; Russon et al., 2014), (iii) physiological changes (e.g., bigger brains requiring more efficient energetic intake and more brain-selective nutrients; Navarrete et al., 2011; Potts, 2011; Joordens et al., 2014; Hohmann et al., 2019), and (iv) demographic conditions (e.g., higher benefits of aquatic resource exploitation for females and immature individuals; Koops et al., 2019).

Moreover, when considering the spatial, technological and demographic specificity of the emergence of aquatic foraging behavior in some of our closest non-human relatives (Russon et al., 2014), any overarching explanation seeking to causally link the local emergence of such behavior with a subsequent sharp development of the global cognitive abilities and brain expansion of a species seems implausible. Likewise, Joordens et al. (2014) rule out the possibility of a driving role of aquatic resource consumption on the expansion of the human brain. According to these authors, if the early evolution of larger brains in Homo was driven by aquatic resource exploitation, we would expect to see a similar pattern in the context of other species that shifted toward foraging for these resources. In this context, while there is evidence that, in some animal groups, aquatic foraging species have the largest absolute brain size (e.g., herpestids, mustelids, and procyonids; Shabel, 2010), and that a shift toward aquatic foraging in cetaceans is linked to brain expansion (Marino, 2007; Xu et al., 2012), the magnitude of these associations is not comparable to the increase in brain size and cognition complexity as seen in hominins, and as such more factors are needed to explain this evolutionary transition (Joordens et al., 2014). In addition, the association between aquatic foraging and brain size does not seem hold true within non-human primate groups either, where the brains of some species that forage intensively for aquatic resources (e.g., long-tailed macaques; Tan et al., 2015) are not enlarged when compared with those of other closely related terrestrial foraging species (Navarrete et al., 2018).

Nevertheless, the exploitation of aquatic resources could have had an important role as a facilitator in the evolution of brain size and complex cognition in hominins, potentially providing a crucial fuel for our encephalization when combined with the consumption of meat (Kyriacou, 2017; Hohmann et al., 2019). Indeed, studies on human nutritional requirements provide evidence that even the consumption of a small amount of aquatic fauna could provide enough LC-PUFAs and other brain-essential micronutrients to meet daily nutritional needs of hominins (Kyriacou et al., 2014, 2016). In this sense, some researchers have hypothesized that the evolution of enlarged fat deposits in humans, for example, could be linked with an increase in aquatic resource exploitation, with adipose tissue providing an efficient way to store a surplus of consumed LC-PUFAs, and as such serving as a buffer ensuring a steady supply of brain-essential nutrients in fluctuating environments (Joordens et al., 2014). This buffering effect, in turn, could have been essential to guarantee proper cognitive function in a large part of the population during food shortage events, and particularly for individuals with decreased access to game meat, such as females and developing immature individuals (Koops et al., 2019; Will et al., 2019; Lombard and Kyriacou, 2020). As such, aquatic resource exploitation could bring about both proximate (e.g., nutritional and energetic) and ultimate (e.g., increased survival and fecundity) adaptive benefits, potentially conferring individuals or groups of individuals that engage in this behavior a selective advantage (Will et al., 2019).

In non-human primates, however, such innovative behaviors are more likely to be lost over time, either through a cessation in the display of an innovative behavior by an innovator or through the direct loss of innovator individuals (Perry et al., 2003; Nishida et al., 2009; Russon et al., 2014). Indeed, data from recent studies in captive primates suggested that besides social learning, individual learning may also influence the appearance of some behaviors such as tool-use (Bandini and Tennie, 2017, 2018, 2019; Bandini et al., 2021). Notably, in the context of aquatic foraging, Bandini and Tennie (2017) demonstrated that captive naïve chimpanzees can independently express algae-scooping behavior if provided with the necessary materials without any social learning involved. These results also suggested that while tested naïve individuals had the inherent cognitive skills to engage in algae-scooping, the emergence of such behavior was dependent on a transition to a new environmental context in which the motivation for them to do so was present (Bandini and Tennie, 2017). Thus, while there is evidence that aquatic exploitation behaviors can be socially learned in the wild (Russon et al., 2014; Tan, 2017), this does not necessarily mean that they will be socially learned, and neither that innovative behaviors will be successfully transmitted across generations and become local traditions.

As such, we hypothesize that observed disparities in the complexity and intensity with which humans and non-human primates exploit aquatic resources may have largely emerged from our increased capacity for retention and improvement of innovations over time through cultural transmission. In this sense, by increasing our dietary breadth and by fueling population growth through increased survival and fecundity (Will et al., 2019), the emergence and intensification of aquatic foraging behavior in hominins could have broadened the diversity of social and environmental contexts to which hominins would have to apply their decision-making skills. In turn, this process would have created novel cognitive challenges requiring more effective decision-making in these more complex ecological contexts. Therefore, while the exploitation of aquatic resources may not have triggered the onset of hominin brain expansion, it could have contributed to an intensification of the selection for more advanced global cognitive skills translated into larger brains. These larger brains, in turn, would require an increase in energetic intake (Navarrete et al., 2011; Potts, 2011), and especially of brain-selective nutrients, which tend to be abundant in aquatic foods (Joordens et al., 2014; Hohmann et al., 2019). As such, this process could then lead to a shift in the cost/benefit ratio of foraging on aquatic foods by increasing the payoff of this activity. In this context, given the strategic and non-random nature of social learning, this increase in payoff would selectively favor the social spread of innovations that optimize aquatic resource exploitation (Laland, 2004; Rendell et al., 2011; Whitehead et al., 2019). Additionally, this could have also influenced the selection for physiological traits that allow for better storage of important brain nutrients such as LC-PUFAs (Joordens et al., 2014). Finally, in areas where aquatic resources are abundant and diverse, these adaptations could fuel additional stable population growth and promote further expansion in the cultural repertoire of hominins (Kolodny et al., 2016; Will et al., 2019). Markedly, this adaptive scenario would only be possible if behavioral innovations associated to the optimization of aquatic resource exploitation could be successfully transmitted between individuals and across generations, which would depend on positive selection for traits that increase reliance on social learning and culture in such populations. This interpretation is consistent with studies suggesting a link between coastal adaptation and selective pressures for prosociality in hominins (Marean, 2014, 2016) and also with evidence from modeling research demonstrating that even small-scale population growth can lead to disproportional effects on cultural accumulation through a positive feedback loop process (Creanza et al., 2017). Still, in order to verify whether the relationship between aquatic resource exploitation, cognition and brain expansion in hominins constitutes an example of gene-culture coevolution, further empirical evidence is needed.



IMPLICATIONS FOR HOMININ SPATIAL ECOLOGY

While a variety of cultural behaviors has been documented in non-human primate species (Whiten, 2011; Whiten and van de Waal, 2017), the extent to which humans are able to accumulate and disseminate cultural changes over generations is unmatched (Mesoudi and Thornton, 2018). This increased capacity for cumulative cultural evolution is thought to have allowed hominins to inhabit a wide range of ecosystems, making use of a remarkable diversity of survival tools and techniques developed over time (Boyd and Richerson, 1996). As such, the extent to which hominins have been able to adapt to inhabiting coastal landscapes is unparalleled among primates, albeit there are examples of secondary adaptations to aquatic lifestyles in a variety of vertebrate species (Mazin and de Buffrénil, 2001; Houssaye and Fish, 2016; Davis, 2019). In this sense, coastally adapted populations exhibit a set of behavioral traits which allowed them to strategically occupy coastal and near-coastal zones in settlement systems with reduced mobility, and where the systematic consumption of marine resources would take place in accordance with tidal regimes and fluctuating food availability (Marean, 2014; Will et al., 2019). Thus, true coastal adaptation would not only involve the habitual consumption of aquatic resources, but also the incorporation of marine resources into the local material culture and the display of specialized technologies that allow for the more efficient exploitation of such resources (Will et al., 2019). Similarly, some non-human primate species that intensively exploit aquatic resources also exhibit other adaptations that are accessory to aquatic foraging, such as agile swimming in rhesus macaques (Mallick, 2019) and the intensification of percussive tool use in bearded capuchins (Santos et al., 2019b). As such, the success of primates—hominins included—in colonizing flooded habitats seems to depend on their capacity to efficiently exploit aquatic resources, which likely involves a variety of complementary adaptations.

In this context, a growth in the effectiveness of coastal resource extraction combined with an increase in sedentism can cause the depletion rate of some high-quality marine food stocks to accelerate. At coastal archeological sites in South Africa, for example, there is evidence for a decline in shellfish size from middle (MSA; ∼120–60 ka) to the late stone age (LSA; ∼12–1 ka) deposits, presumably as a result of hominin impact (Klein and Steele, 2013). A decrease in limpet size associated to late Neanderthal exploitation has also been documented during the Upper Paleolithic (UP) in Europe, which may potentially be associated to increases in population growth and density during that period (Stiner et al., 1999). In addition, modeling research on cultural evolution shows that, through changing resource availability, technological development may result in further population growth (Kolodny et al., 2016), which in turn could expedite the reduction in the local availability of high-quality marine foods (Klein et al., 2004; Niespolo et al., 2021). In this context, a decrease in size and quality of marine stocks could cause a reduction in the yield, and consequently also in the benefit of foraging on local aquatic resources. Moreover, higher population sizes and densities would also generate an increase in intraspecific competition for such resources, raising the costs and risks associated to acquiring them. In response to a shift in the cost-benefit relation of foraging in marine foods, populations would have two ways in which to flexibly adapt: (i) through further technological development that would increase food access (e.g., shifting toward the consumption of more agile, harder-to-catch prey; Stiner et al., 1999) or (ii) through territorial expansion or migration to other inland or coastal areas (e.g., Walter et al., 2000).

Indeed, it has been proposed that some of the earlier terrestrial hominin dispersals out of Africa and into Eurasia have been influenced by food availability and facilitated by similarities in access to resources across sites without predetermination (Prat, 2018). Comparatively, a similar process could have pushed for hominin dispersal along the coast and through the sea. This is specially the case considering similarities in resource availability between some coastal zones, and the presence of intricate oceanic current systems in areas with higher density of islands which may further facilitate dispersal (Erlandson, 2017). In this sense, this facilitation may have been crucial to the success of such hominin dispersals, especially considering that water bodies often also represent substantial biogeographic barriers in the context of non-human primate spatial ecology (e.g., Harcourt and Wood, 2012; Boubli et al., 2015; Shekelle et al., 2019). Notably, a variety of authors has proposed the existence of migration corridors along coastal zones which would likely not constitute substantial ecological barriers for oceanic movement, e.g., the kelp highway along the Pacific Rim (Erlandson et al., 2007, 2015) and the mangrove rim along the Indian Ocean (Kathiresan and Rajendran, 2005). Therefore, dispersals along such coastal migration corridors could have been associated with low technological costs and reduced failure risks, particularly for populations with a high degree of adaptedness to a coastal lifestyle.

Accordingly, a scenario of progressive colonization of different coastal ecosystems could have pushed hominins to display adaptive behaviors in response to novel subsistence challenges and opportunities, likely involving the cultural accumulation and diversification of novel technologies used to exploit aquatic resources and of technologies necessary for water crossings (Gaffney, 2021). Incrementally, this could culminate in the development of maritime adaptations by some human populations, involving intensive use of boats and other sea-going vessels, off-shore exploitation of marine resources and more frequent long-distance sea traveling (Will et al., 2019). Within this framework, an increase in complexity of coastal occupations and water crossings would also impose novel relevant cognitive challenges to hominins (Leppard, 2015b; Leppard and Runnels, 2017). Unlike passive dispersal, strategic longer distance water crossings would require the use of composite technologies, further capacity for projecting future actions to achieve to out-of-sight goals and an ability to engage in more complex cooperative planning interactions (Leppard, 2015a). In this sense, this process could, at least partially, account for observed differences in frequency and intensity of sea dispersals between early and late Pleistocene hominins, with the latter exhibiting higher adaptedness to coastal ecosystems and being more cognitively ready to flexibly adapt to novel environments. Together, such adaptations would also have putatively allowed populations to increase the yield of their foraging behavior and to diversify the array of readily available aquatic resources. In turn, this could confer such populations with a further adaptive advantage, allowing for the progressive increases in efficiency and spread of demographic expansions via water crossings observed in the paleoanthropological record from the Early to the Late Pleistocene (Gaffney, 2021).



GENERAL DISCUSSION AND PERSPECTIVES

Although the consumption of aquatic resources has been reported in populations of several non-human primate species (Stewart et al., 2008; Kempf, 2009; Stewart, 2010; Russon et al., 2014; Koops et al., 2019), little is currently known about the ecological conditions that favor the emergence and permanence of this behavior in some—but not all—populations that have access to aquatic resources in the wild. In part, this has to do with the lack of studies tracking the emergence of aquatic foraging behavior in a wild setting, of which Russon et al. (2014) is an exception, having documented the appearance of fish-eating behavior among ex-captive, rehabilitated orangutans in Borneo. Evidence from this study, in turn, seems to be in line with Stewart’s (2010) hypothesis that the emergence of complex aquatic resource exploitation would be preceded by simpler behavioral precursors, with the transition from simpler to more complex behaviors gradually developing over time. Still, when considering the myriad of local specificities that may affect aquatic foraging behavior in non-human primates—such as local food availability (e.g., Matsuzawa, 2019), demography (e.g., Koops et al., 2019) and employed techniques (e.g., Sakamaki, 1998; Boesch et al., 2017)—any individual explanation seeking to globally explain the emergence of such behaviors is unlikely to offer a high explanatory power in a local context. Instead, future research may benefit from adopting a comparative approach for studying why non-human primates may favor aquatic over terrestrial resources in some ecological contexts, but not in others. By doing this, researchers would be able to get a better understanding of what cognitive processes may cause some non-human primate populations to transition from an entirely terrestrial diet to one that also includes aquatic foods. Besides, this approach could also aid in assessing the extent to which this transition may be favored by local cost-benefit trade-offs and how such behaviors perish or persist over time across different populations and species.

Regardless of the mechanisms behind their emergence, the presence of widespread and intensive aquatic foraging behaviors in some non-human primate populations (e.g., long-tailed macaques; Gumert et al., 2009; Gumert and Malaivijitnond, 2012; Tan et al., 2015; Tan, 2017) hints at an important role played by these items in their local foraging ecology. According to the optimal foraging theory, this should be specially the case for species that forage for aquatic resources intentionally, as their observed foraging strategies are expected to have resulted from cognitive processes that optimize the energetic balance in dynamic ecological contexts (Charnov, 1976; Stephens and Krebs, 1986). However, considering that the available evidence for intentionality in aquatic resource exploitation by non-human primates mainly comes from planning behavior related to tool selection and use, our current record of how many species consume aquatic resources intentionally likely represents an underestimation. As such, the use of other proxies (see below) to investigate intentionality in non-human primate aquatic foraging is central to future research, and particularly in the case of species that do not use tools when foraging in coastal, riverine or lacustrine environments. In the context of terrestrial foraging, for example, one method that has been proven useful for determining intentionality has been the use of a combination of movement, environmental and behavioral data to study the decision-making processes of primates in the wild on a contextual ecological basis, which in turn helps shed light on what information individuals are acting on and what cognitive skills are associated with their observed behaviors (e.g., Janmaat et al., 2014; Ban et al., 2016; Salmi et al., 2020; but see Janmaat et al., 2021 for a review of this method). By applying such novel methods, researchers could be able to determine, for example, whether the aquatic foraging behavior of coastal-dwelling primates are part of a plan (e.g., if they schedule their foraging to tides) or how the seasonal availability of different aquatic resources spatiotemporally affects their behavior. In addition, this could also allow for determining whether aquatic foods may truly be preferred to terrestrial ones on some environmental contexts, or whether they may simply represent fallback resources in times of terrestrial food shortages.

Moreover, with hominins being the only primate group in which true coastal adaptation has evolved (Will et al., 2019)—and consequently also the one in which the most intensive and complex exploitation of aquatic resources can be observed—such diversification in methodologies could be crucial for a better appraisal of currently existing hypotheses on how the consumption of aquatic resources may be linked to the evolution of the hominin brain and cognitive skills. Additionally, in light of the putative cultural nature of coastal adaptation in hominins (Marean, 2014; Will et al., 2019), future studies could also benefit from assessing foraging decision-making processes at the collective level and the social transmission of behaviors between individuals as an important factor influencing the development of aquatic foraging in extinct hominins. This approach would be of particular value when considering the patterns of aquatic resource exploitation in AMHs, as our species is not only the one for which the largest body of evidence for coastal adaptedness is available, but also the only one in which advanced maritime adaptations have been detected (Erlandson, 2001, 2017; O’Connor et al., 2011; Fujita et al., 2016)—the latter likely being unique in the complexity of cognitive skills and collective decision-making efforts required to achieve it (Leppard, 2015a,b; Leppard and Runnels, 2017). That said, the relatively lower amount of evidence for a high degree of coastal and maritime adaptedness in other hominin species (e.g., Neanderthals and Homo erectus) may also be a product of the loss of coastal archeological remains of such hominins due to the post-glacial sea level rises during the Holocene (Bailey et al., 2007; Erlandson, 2017). Finally, an important knowledge gap remains with respect to how the exploitation of aquatic resources in hominins may have been linked to the regular use of fire and cooking. Given the centrality of cooking in the evolutionary context of hominin foraging ecology (Carmody and Wrangham, 2009), the association between this activity and aquatic foraging becomes specially important when considering that the detection of widespread regular use of fire in the paleoanthropological record (ca. 400–350 ka) predates the earliest available evidence for the appearance of intensive aquatic resource exploitation in AMHs—ca. 164 ka—by over 150,000 years (Marean et al., 2007; MacDonald et al., 2021). Nevertheless, accurate detection of burning traces on aquatic fauna remains can be a challenging and inconclusive process (Guillaud et al., 2021), and more evidence is still needed in order to better assess when hominins first started cooking aquatic foods.

In summary, by adaptively responding to novel ecological challenges linked to local changes in foraging cost-benefit trade-offs, hominin populations have been able to strategically expand their niches through diversifying their diets to include a wide variety of aquatic resources. Over time, the intensification of aquatic resource exploitation combined with higher sedentism and population growth may have led to the development of long-lasting coastal adaptations in AMHs, later followed by maritime adaptations involving advanced sea-faring technologies and deliberate water crossings toward new geographical regions (Erlandson, 2017; Will et al., 2019). Markedly, these ecological shifts were likely linked to key cognitive skills in hominins allowing for a higher level of adaptive flexibility (Leppard, 2015b), which when combined with an increased capacity for accumulating cultural changes over time (Mesoudi and Thornton, 2018), may have translated into an unmatched readiness to adapt to novel ecological niches (Boyd and Richerson, 1996; Wright et al., 2010; Gaffney, 2021). Thus, it is clear that the unique ways in which some coastal populations have been able to exploit aquatic resources most likely had a deep impact on the ecological trajectory of hominins. In this sense, developing a better comparative understanding of how such behavior can emerge in hominins and non-human primates may have profound implications for how we interpret hominin evolution.
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