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Globally, non-human primates face mounting threats due to unsustainable harvest by humans. There is a need to better understand the diverse drivers of primate harvest and the complex social-ecological interactions influencing harvest in shared human-primate systems. Here, we take an interdisciplinary, systems approach to assess how complex interactions among primate biological and ecological characteristics and human social factors affect primate harvest. We apply our approach through a review and synthesis of the literature on lemur harvest in Madagascar, a country with one of the highest primate species richness in the world coupled with high rates of threatened primate species and populations in decline. We identify social and ecological factors affecting primate harvest, including the characteristics of lemurs that may make them vulnerable to harvest by humans; factors describing human motivations for (or deterrents to) harvest; and political and governance factors related to power and accessibility. We then discuss social-ecological interactions that emerge from: (1) the prevalence of informal institutions (e.g., cultural taboos), (2) adoption of human predatory strategies, (3) synergies with habitat use and habitat loss, and (4) interactions among regional- and local-scale factors (multi-level interactions). Our results illustrate that social-ecological interactions influencing lemur harvest in Madagascar are complex and context-specific, while influenced by a combination of interactions between species-specific characteristics and human social factors. These context-specific interactions may be also influenced by local-level cultural practices, land use change, and effects from regional-level social complexities such as political upheaval and food insecurity. We conclude by discussing the importance of identifying and explicitly accounting for nuances in underlying social-ecological systems and putting forth ideas for future research on primate harvest in shared human-primate systems, including research on social-ecological feedbacks and the application of Routine Activities Theory.
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INTRODUCTION

The world's non-human primates (hereafter primates) are facing unprecedented pressures from anthropogenic threats, with ~75% of the world's 504 species with populations in decline and ~60% threatened with extinction (Estrada et al., 2017, 2018). The hunting and trapping of primates for direct consumption and trade is a rapidly growing threat across the four main primate distribution regions: Neotropics, Mainland Africa, Madagascar, and Asia (Maldonado et al., 2009; Alves et al., 2010; Nijman et al., 2011; Rovero et al., 2012; Maldonado and Peck, 2013; Fa et al., 2015; Estrada et al., 2017, 2018; Arcus Foundation, 2021). Globally, hunting and trapping threatens 60% of the world's primate species (Estrada et al., 2017). In Mainland Africa, 54% of primate species are threatened by hunting and trapping, while ~40% are impacted in the Neotropics (Estrada et al., 2017, 2018). This threat is more pronounced in Asia and Madagascar, where hunting and trapping threaten 90 and ~70% of the species, respectively (Meijaard et al., 2011; Mittermeier et al., 2013; Schwitzer et al., 2013b; Estrada et al., 2017, 2018).

Although archaeological and ethnographic records suggest that humans are the main predators of primates (Cheney and Wrangham, 1987; Pérez et al., 2005; Urbani, 2005), studies have often ignored the importance of human predation in shaping shared human-primate systems (Urbani, 2005, 2017; Darimont et al., 2015). It has been postulated that the role of humans as predators of primates does not fit within the same theoretical frameworks adopted to understand predation by non-human predators (Vermeij, 2012; Darimont et al., 2015; Urbani, 2017). For instance, human predatory behavior has had a more rapid evolutionary pathway (when compared to that of other predators) relative to the slower evolution of defensive adaptations of prey (Vermeij, 2012). In addition, cultural practices by humans have a level of complexity that may not be adequately addressed in frameworks for non-human predators. Thus, recent studies on the hunting and trapping of primates by humans have aimed to adopt a comprehensive predator-prey framework that incorporates the human dimension within shared human-primate systems (Fuentes and Wolfe, 2002; Fuentes and Hockings, 2010; Fuentes, 2012; Blair et al., 2017b; Riley, 2020: ch. 5). This is critical given the role of humans globally as an unsustainable “apex predator” (Darimont et al., 2015).

Issues of primate harvest should be analyzed holistically and from a systems perspective (Sterling et al., 2010; Blair et al., 2017a,b). Systems thinking calls for an understanding of an entire system, including its individual components, interactions between components, and emergent properties (Ostrom, 2009; Ramage and Shipp, 2009; Sterling et al., 2010; McGinnis and Ostrom, 2014). In the context of biodiversity conservation, systems thinking serves as an approach that integrates human culture and relationships (e.g., traditional ecological knowledge, livelihoods, resource use and valuation) into traditional views of biodiversity (Sterling et al., 2010). A social-ecological system can thus be defined as “a system of bio-geo-physical and social factors that interact regularly,” and that exhibits properties of complex systems, such as feedbacks (see Blair et al., 2017b for definitions of key terms and references therein related to systems thinking).

Moreover, it is critical to understand the underlying drivers of primate harvest and how these drivers interact across scales (Blair et al., 2017a,b). Past research has explored potential drivers of primate harvest and trade including increased access to technology (i.e., guns; Remis and Robinson, 2012), demand for traditional medicine use (Alves et al., 2010), and biomedical trade (Maldonado et al., 2009). There is a growing body of literature that explicitly considers interactions, including feedbacks, between social and ecological components (Blair et al., 2017a). For example, a study in Indonesia found that in communities with strong traditions and taboos against harvesting slow lorises, these primates were found to live side-by-side in human-modified habitats (i.e., in or near villages) (Nijman and Nekaris, 2014). Thus, human social factors (i.e., informal institutions) limiting harvest appeared to contribute positively to slow loris habitat selection. Similarly, in Madagascar, erosion of once prominent taboos against primate harvest has increased the hunting of lemurs for wild meat (i.e., bushmeat; Jenkins et al., 2011), which may feed-back to impact both economic and ecological systems as demand for primates increases and primate populations face rapid declines. Understanding the factors influencing these complex dynamics, including who is consuming primates and why (i.e., diverse motivations), can contribute to the development of interventions that mitigate the drivers and impacts of harvest (Jenkins et al., 2011; Blair et al., 2017a,b).

Madagascar is home to 103 primate species across fifteen genera and is a priority range country for primate conservation (Mittermeier et al., 2013; Schwitzer et al., 2013b; Estrada et al., 2017, 2018). All of Madagascar's primates, the lemurs, are endemic to the country (Myers et al., 2000; Mittermeier et al., 2010), and constitute the highest percentage of threatened primate taxa in the world (Mittermeier et al., 2013; Schwitzer et al., 2013b; Estrada et al., 2017, 2018). Moreover, all lemur species are protected under law; however, illegal hunting and trapping is the second principal threat to lemurs (after habitat loss and degradation from agriculture) and impacts about 70% of extant species (Schwitzer et al., 2013a; Estrada et al., 2017, 2018). Madagascar is also a place with a complex cultural context: the population is comprised of about twenty ethnic groups, two-fifths of the population practices traditional religions, and a system of taboos (including some linked to human-lemur relationships) is dominant throughout the country (Jones et al., 2008; Schwitzer et al., 2013a, 2014; Dresch et al., 2021). Thus, Madagascar is an ideal case for the study of primate harvest and other human-primate interactions (Loudon et al., 2006; Fuentes and Hockings, 2010; Riley, 2020: ch.5).

Here, we put forth a literature review and synthesis on the diverse social and ecological factors, and social-ecological interactions, influencing primate harvest in Madagascar. The concepts of “harvest” and “hunting” of wildlife may vary depending on disciplinary perspectives (i.e., conservation biology, social science, environmental policy) (Bennett et al., 2007). Whether harvest is a threat to specific species or populations (e.g., unsustainable), and whether it is primarily an issue of human livelihood or biodiversity conservation (or both), also varies according to perspective, place, and time (Bennett et al., 2007). For the purposes of this synthesis, and to facilitate integration and dialogue across disciplines, we use the umbrella term “harvest” to refer to any removal of an individual from a population, through hunting or trapping, whether lethal or non-lethal, and for a diverse suite of uses by humans (Estrada et al., 2017; Arcus Foundation, 2021). When referring specifically to the primates of Madagascar in our synthesis, we use the term “lemur.” We summarize the diverse factors influencing lemur harvest, examine key social-ecological interactions, and identify priorities and opportunities for future research. Our study has implications for more holistically understanding and explicitly considering the complex social-ecological interactions influencing primate harvest in Madagascar and beyond.



LITERATURE SEARCH AND SYNTHESIS

We developed a list of factors that influence the harvest of primates by humans. To develop our initial list, we built off of key factors presented in a recent social-ecological systems framework proposed to guide studies on hunting and trade in primates (Blair et al., 2017b). Blair et al. (2017b)'s framework and associated variables/factors related to primate hunting and trade are derived from biological and social data and models that build on concepts in ethnoprimatology (i.e., study of the human-primate interface; Fuentes, 2012; Riley and Ellwanger, 2013; Ellwanger, 2017; Riley, 2018, 2020: ch.5). Their flexible framework can be used to explore the roles of diverse human actors, primate species and populations, and governance in primate hunting and trade systems.

Our list of factors (Table 1 and Supplementary Table 2) used to guide this review and synthesis is organized according to Routine Activities Theory (RAT) (following the organization in Carter et al. (2017)'s social-ecological systems framework). Routine Activities Theory emerged within the field of criminology and provides a framework to assess crime from the potential offender's point of view (Cohen and Felson, 1979; Clarke, 2008). RAT is now increasingly applied in the growing field of conservation criminology to understand issues of illegal hunting and trapping of wildlife by assessing the interactions between the characteristics of suitable targets (i.e., vulnerable or desirable wildlife), motivated offenders (i.e., would-be “poachers”), and level of guardianship (e.g., protected area or community-based management) in time and space (Pires and Clarke, 2012; Pires, 2015; Warchol and Harrington, 2016; Carter et al., 2017). Routine Activities Theory posits that for a crime (e.g., illegal harvest or poaching) to occur, there must be a suitable target (e.g., primates with ecological and biological characteristics that make them vulnerable to harvest), a motivated or likely offender (e.g., actors with diverse cultural and socio-economic motivations), and lack of capable guardianship (e.g., decreased or ineffective governance and political systems). We organized our list of factors affecting primate harvest following these principles (Table 1).


Table 1. Social and ecological factors used to guide literature review and synthesis.
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To refine our list and synthesize knowledge on the factors contributing to or hindering the harvest of primates in Madagascar, we conducted a literature search using Web of Science for eight searches of paired terms (19 May 2020): primat* & trade, hunting, poaching, exploitation, conservation, bushmeat, pet, and human-primate conflict. We skimmed the title, abstract, keywords, and objectives of each study and identified 13 (out of 121) studies that were focused on the harvest and/or use of primates in Madagascar. We also included studies focused on wildlife harvest and use generally in Madagascar if primates were included in the study. We examined the References sections of the 13 papers for additional relevant references to include in our review. Moreover, we scanned for articles fitting our key terms in all volumes published in Lemur News (Volumes 1-22; years 1996-2019/20), the newsletter of the Madagascar section of the IUCN/SSC Primate Specialist Group (http://www.primate-sg.org/lemur_news/). Two references, a global overview of the use of primates in traditional medicine (Alves et al., 2010) and a recent study on local attitudes toward aye-ayes (Daubentonia madagascariensis) (Randimbiharinirina et al., 2021), were not part of the original search results but were included in the review. Our search resulted in 51 total papers used for a content analysis (see Supplementary Table 1 for a complete list of references).

We then applied our list by coding each paper through the use of the qualitative analysis software Atlas.ti (https://atlasti.com). We assigned each factor in our initial list a code and proposed, tested, and refined factors through iterative exploration during the coding process (Bernard et al., 2017:ch. 6). For example, if “success in captivity” was identified as a potential factor affecting primate harvest in the nth paper, we returned to the previous papers, tested and coded evidence of that factor, and added it to the list. Table 1 presents the refined list of 34 factors used in our content analysis. “Primate characteristics” refer to the biological and ecological characteristics of primates that may make them vulnerable to harvest by humans; “socio-economic” and “cultural factors” refer to factors describing human motivations for (or deterrents to) harvest; and “political and governance factors” include issues of power and accessibility and political factors influencing primate harvest. We also included a code labeled “Inhibiting” to be co-coded if the specific factor(s) from Table 1 inhibited or hindered the harvest of primates. We used thematic analysis (Bernard et al., 2017; ch. 5) to analyze the coded data and identified emergent themes affecting lemur harvest. We synthesized relevant data under each theme with a focus on interactions between factors.



RESULTS


Summary of Factors

Of the total of 34 factors included in our typology, our analysis of the literature showed evidence for 26 factors affecting lemur harvest in Madagascar (Supplementary Table 2). Eleven different primate characteristics affected lemur harvest. Occurrence of lemur harvest was positively related to abundance, group cohesion, primate health, mobility, success in captivity, and site fidelity. Activity patterns of lemurs, age, defensive behavior, locomotion type, and morphology/body size all affected lemur harvest in mixed ways that depended on the species and specific context. Four cultural factors were identified to affect lemur harvest, including traditional consumption of and preference for wild meat, informal institutions, pet-keeping, and use in traditional medicine. Further research is needed to understand the role of religion in influencing lemur harvest. Moreover, demand from commercial trade, desire to protect crops and meet subsistence needs, and a decline in adequate livelihood earning opportunities in Madagascar promoted lemur harvest. Lemur harvest was also associated with opportunistic harvest (when targeting other resources), high social status, and an increasing availability of modern technologies (e.g., guns). We identified three political and governance factors that promoted lemur harvest, including access to forest, lax law enforcement, and political instability in the country. Considering all types of factors, the most commonly referenced factors across the 51 reviewed articles were subsistence (n = 20 articles), commercial trade (n = 17 articles), and informal institutions (n = 13 articles) (Figure 1). Refer to Supplementary Table 2 for specific examples of how social and ecological factors affect (enhance/promote or hinder/inhibit) harvest of lemurs by humans in Madagascar.
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FIGURE 1. Number of reviewed publications (total reviewed = 51) in which each factor affecting lemur harvest in Madagascar was identified. Refer to Table 1 for descriptions of each factor.




Social-Ecological Interactions

Here, we detail social-ecological interactions that we identified from our synthesis and discuss how they enhance or hinder the harvest of lemurs by humans. We discuss social-ecological interactions that emerge from: (1) the prevalence of informal institutions, (2) human predatory strategies, (3) synergies with habitat use and habitat loss, and (4) interactions among regional- and local-scale factors (multi-level interactions). We indicate factors (and thus, any interactions between factors) using the labeling in Table 1.


The Role of Informal Institutions

Informal institutions, including social norms, community pride, customs, and social and cultural taboos, shape primate harvest in complex ways. A system of informal institutions known as fady are cultural taboos prevalent throughout Madagascar (van Gennep, 1904 in Jones et al., 2008; Rudd, 1960 in Jones et al., 2008; Anania et al., 2019/20). Fady are powerful forces that profoundly shape Malagasy culture and include a range of prohibitions that, if not observed, can result in diverse consequences spanning social disapproval and supernatural punishments (Jones et al., 2008). There are various examples documented in the literature in which adherence to fady have resulted in the protection of species and habitats in Madagascar (see Jones et al., 2008 and references therein). There are several fady that involve taboos against harvesting primates. Within a single region, the role of fady in deterring harvest of lemurs is variable. In the late 1980s in northern Madagascar, for example, lemurs appeared to be protected by a fady against their hunting in Ankarana Massif Special Reserve, but not in the adjacent Analamera Special Reserve; the reasons for this variation are not reported (B3) (Hawkins et al., 1990). Moreover, fady appear to limit the harvest of Milne-Edwards's sifaka (Propithecus edwardsi) in the southern region of Ranomafana National Park (southeastern Madagascar) (Wright et al., 2005 in Dunham et al., 2008), while hunting of this species occurs in the northern region (Lehman et al., 2006 in Dunham et al., 2008). In the Ranobe forest of southwest Madagascar, fady do not seem to contribute to restrictions on lemur hunting, and residents (consisting primarily of farmers) hunt lemurs opportunistically and for subsistence purposes (C7; C9) (Gardner and Davies, 2014). Urban residents of western Madagascar cite fady as the main reason for not consuming lemurs, as well as bush pigs, fruit bats, goats, and domestic pigs (B3) (Randrianandrianina et al., 2010). However, illegal harvest of lemurs still occurs to supply demand for lemur meat in urban areas, though demand is thought to be low based on current understanding of lemur harvests gathered from interviews (B1; C2) (Randrianandrianina et al., 2010). Fady might influence the ownership of pet lemurs throughout urban and rural areas of Madagascar, particularly prohibition of keeping lemurs as pets, but further research is needed to understand this phenomenon (B3; B5) (see Reuter et al., 2016a, 2018).

We identified complex interactions between taboos, harvest, and the “human-like” characteristics of some lemur species (e.g., large body size, human-like posture, and morphology). This is a key interaction between a social factor and various biological/ecological factors, as it links informal institutions with lemur morphology and behavior. For example, a study on the consumption of wild meat in the Alaotra-Mangoro region of eastern Madagascar found a positive relationship between lemur species that locals considered taboo to eat and those that had more “human-like” characteristics, notably large diurnal lemurs in the family Indriidae (A11; B1; B3) (Jenkins et al., 2011). This aversion to consuming lemurs with human-like features may stem from the notion that larger lemur species embody human ancestors (e.g., eastern wooly lemur- Avahi laniger), and from stories of large lemurs helping warn humans against enemies who entered the forest (A11; B1; B3) (Jones et al., 2008). At the Beza Mahafaly Special Reserve in southern Madagascar, local people (composed of Mahafaly, Antandroy, and Tanala peoples) do not kill ring-tailed lemurs (Lemur catta) and Verreaux's sifaka (Propithecus verreauxi) because, according to origin myths, they were once human, and causing these species harm results in bad luck (B3) (Loudon et al., 2006). Local Mahafaly people acknowledge the morphological and behavioral similarities between the aforementioned diurnal lemur species and humans, notably a reduced rostrum, grasping hands, reliance on vision, and group living (A5; A11; B3) (Loudon et al., 2006). Moreover, residents note that these species live in families and “fight among each other”; the perceived uniqueness of these aggressive, human-like behaviors partly contributed to Mahafaly people's self-imposed restrictions on hunting ring-tailed lemurs and Verreaux's sifakas (A4; A5; B3) (Loudon et al., 2006). In eastern Madagascar, smaller species like the brown lemur (Eulemur fulvus) have a less “human-like face and stance” compared to other diurnal lemur species and are a preferred wild meat (A11; B1) (Jones et al., 2008; Jenkins et al., 2011).

Recent data on increases in hunting of large diurnal lemurs suggest that taboos against hunting various species may be eroding. Social change- driven by wealth disparities, human migration, and growing food insecurity throughout Madagascar- may drive site- and context-specific taboo erosion (A11; B3; C6; C9) (Figure 2) (Sautter, 1980 in García and Goodman, 2003; Jenkins et al., 2011; Sauther et al., 2013). For example, although there is a fady against eating golden-crowned sifakas (Propithecus tattersalli) by sympatric humans throughout their range, immigrants to the areas who do not observe the fady tend to hunt them (Meyers, 1996; Vargas et al., 2002). Taboo erosion in some regions also leads to increased harvesting of lemurs for trade as pets and meat (B3; C2) (Mutschler et al., 2001; Gould and Sauther, 2016).


[image: Figure 2]
FIGURE 2. Interactions among regional- and local-scale factors contributing to harvest of lemurs in Madagascar (multi-level interactions). Positive feedbacks (amplifying effects) on local harvest of lemurs by humans may result from political/governance (e.g., political instability, reduced agricultural investments) and socioeconomic (e.g., increased food insecurity, human migration) factors originating at the regional scale. The figure highlights opportunities for future studies on primate harvest in Madagascar (and beyond) to explicitly consider the impacts of regional factors on interactions with site-specific cultural factors and species-specific vulnerabilities to harvest. Figure adapted from Brashares et al. (2014).


Other types of fady promote lemur harvest. For example, one fady promotes the persecution of aye-ayes (Daubentonia madagascariensis) in some parts of Madagascar due to their reputation as evil omens. This fady, along with local characterizations of aye-ayes as crop pests, results in their killing when sighted near villages (B3; C3; C7) (Albignac, 1987 in Simons and Meyers, 2001; Quinn and Wilson, 2004; Koenig, 2005 in Loudon et al., 2006; Jones et al., 2008). A recent study, however, revealed the heterogeneity in local attitudes toward aye-ayes across 11 villages in northern Madagascar (Randimbiharinirina et al., 2021). The researchers found that negative attitudes toward aye-ayes in some villages stemmed from vague accounts unfounded in the ecology of this lemur species, while positive and neutral attitudes in other villages were based on the observed behavior of aye-ayes as providers of pest-control services and curiosity about the species (B3; C3) (Randimbiharinirina et al., 2021). The identification of this variable social-ecological relationship across the study area provides opportunities for targeted conservation initiatives that highlight the beneficial value of aye-ayes as providers of pest-control services, and offers a nuanced approach that considers local and site-specific values.



Human Predatory Strategies

A number of lemur species have adopted ecological and behavioral adaptations which also contribute to predator avoidance (e.g., nocturnal activity patterns, arboreality, group cohesion) (Vermeij, 2012; Urbani, 2017). However, humans as predators have in turn adapted several novel harvesting strategies in response to these behavioral adaptations in an evolving predator-prey arms race (Vermeij, 2012; Urbani, 2017). For example, researchers posit that diurnality is a main ecological trait characterizing the extinct lemurs of Madagascar, and that diurnal behavior, along with large body size, enhances lemur vulnerability to harvest by humans (A2; A11) (Godfrey and Irwin, 2007). However, small, extant nocturnal lemur species (e.g., Avahi occidentalis and Lepilemur edwardsi) are often susceptible to harvest by manual removal from nesting sites during the day (A2; A10; A11) (García and Goodman, 2003). In other cases, entire trees are cut down to extract nocturnal lemurs resting in tree cavities (A2; A7; A10) (Reuter et al., 2016c). Nocturnal mouse lemurs (Microcebus spp.) nest in tree cavities and hollow branches of dead octopus trees (Didierea madagascariensis), or in leaf nests in the canopy when tree cavities are unavailable (Gardner and Davies, 2014). In southwest Madagascar, groups of sleeping mouse lemurs are harvested during the day by hand, but entire trees may be removed if manual access is difficult (A2; A5; A7; A10) (Gardner and Davies, 2014). If the mouse lemurs are active when found during the daytime, they are captured using a pole covered in untreated latex of the plants Euphorbia stenoclada or Folotsia grandiflora (Gardner and Davies, 2014).

Human predatory behavior interacts with lemur locomotion types (i.e., terrestrial or arboreal behavior). Primates that range primarily in the forest canopy are considered more evasive to hunting than ground-dwelling species (Rovero et al., 2012). In the Makira forest of northeastern Madagascar, however, people build bridges with snares (called laly totoko) which connect fruiting trees to forest fragments to trap arboreal frugivores (A7; A10) (Golden, 2009; Schwitzer et al., 2013a). Noose rope traps placed at ground level and baited with fruit ensnare other more ground-dwelling, diurnal lemurs, including common brown lemurs (Eulemur fulvus), ring-tailed lemurs (Lemur catta), and white-headed lemurs (Eulemur albifrons) (Goodman and Raselimanana, 2003; Borgerson, 2015). Although sifakas (Propithecus spp.) and ring-tailed lemurs (Lemur catta) can climb trees, pursuit hunting by use of dogs exhausts them and increases their chance of capture close to the ground by people (A7; A8) (Goodman and Raselimanana, 2003; Gardner and Davies, 2014).

As alluded to above, interactions between human predatory strategies and lemur site fidelity (i.e., an individual or group's tendency to return to or remain in a previously occupied place, such as in a feeding or roosting site) generally promote lemur harvest. Frugivorous lemurs that are restricted to acquiring food from specific trees during the fruiting season (austral winter) are targets for capture (A10) (Golden, 2009; Schwitzer et al., 2013a; Borgerson, 2015). Hunters build bridges with snares across forest fragments, which forces lemurs to cross in order to access the fruiting trees. The predictability of the foraging habits of frugivorous primates at specific sites makes them susceptible to harvest (Hill and Padwe, 2000 in Borgerson, 2015). In the Masoala Peninsula, the predictable travel paths of white-headed lemurs (Eulemur albifrons) and red ruffed lemurs (Varecia rubra) to seasonally fruiting trees eases their capture (A10). In Vohimana Reserve (estern Madagascar) people construct snares with a noose made from bicycle brake cables and lure lemurs into the snare with fruit (e.g., guava, Psidium spp.) (Anania et al., 2019/20). Nocturnal species roosting in tree cavities during the day are also susceptible to manual harvest by people with knowledge of nesting sites (A2; A10) (García and Goodman, 2003). Hunters prey on fat-tailed dwarf lemurs (Cheirogaleus medius) nesting in the forest canopy during the day by poking their nests with a pole to wake them (Gardner and Davies, 2014).

Access to technology, such as guns, has changed the nature of lemur harvest in Madagascar in recent years (C10). Guns facilitate the harvest of large numbers of lemurs by only a few people, and anecdotal reports suggest that use of firearms requires individuals to have the financial means to access them (A1; C10) (Jenkins et al., 2011; Reuter et al., 2016c). Wealthy, urban individuals travel into rural areas to hunt lemurs with guns, although rural people rely on traditional trapping methods (Golden, 2009; Jenkins et al., 2011). There is evidence of lemur hunting by commercial shotguns or locally made models in Ankarafantsika National Park, northwestern Madagascar (García and Goodman, 2003). People may also use a combination of technologies, including blowpipes, slingshots, and snares, to hunt lemurs and other wildlife (Anania et al., 2019/20).



Synergies With Habitat Use and Habitat Loss

People carry out opportunistic and indiscriminate harvest of lemurs when conducting other extractive activities in lemur habitat (C7; D1). Selective logging has been identified as one of the most prevalent forms of habitat degradation in Madagascar, resulting in the opportunistic harvest of lemurs by loggers (Schwitzer et al., 2013a). In the Vohimana forest (eastern Madagascar) timber extraction (e.g., hardwood logging), slash-and-burn agriculture (tavy), and charcoal production act in synergy with hunting through the use of snares to threaten lemurs and their habitat (Anania et al., 2019/20). An increasing number of lemur traps have also been documented in Tsimanampetsotse National Park in southwestern Madagascar (Sauther et al., 2013). This is one of the few protected areas of Ceonozoic limestone habitat, and the resident ring-tailed lemur (Lemur catta) populations are threatened by opportunistic hunting for food (adults) and to supply the pet trade (infants) while people extract trees for cattle forage, construction materials, pirogues, and firewood to fuel the production of bricks in the city of Ankoronga (C2; C7; C9) (Sauther et al., 2013). Increases in the illegal hunting of lemurs in the Jardin Botanique B study site in Ankarafantsika National Park (northwestern Madagascar) are partly attributed to the increasing numbers of people who enter the park and dig holes to collect maciba (Dioscorea maciba), fish illegally in Lake Ravelobe, and harvest trees (Henkel et al., 2019/20). Within Ankarafantsika National Park (northwestern Madagascar) there is an official zone designated for the legal collection of raffia palms (Raffia) (García and Goodman, 2003). About 20 or more raffia fiber harvest camps are occupied each year and the remains of consumed wildlife in some camps have been found to consist primarily of lemurs (C7; C9; D1) (García and Goodman, 2003). Similarly, activities such as livestock grazing and the collection of forest products (medicinal plants, fibers, wood for fuel and construction) in multiple-use protected areas (e.g., Ranobe PK32, southwest Madagascar) result in the opportunistic hunting of lemurs for subsistence (C7; C9; D1) (Gardner and Davies, 2014).

Increased rates of deforestation in Madagascar, primarily driven by the need to meet economic and subsistence needs at the household level, have resulted in high degrees of habitat fragmentation (Schwitzer et al., 2013a). Fragmented, patchy areas lead to increased encounters with lemurs, increases in hunting opportunities (e.g., to meet subsistence needs, supply wildlife trade), and in turn potential disease transmission (C2; C7; C9; D1) (Barrett and Ratsimbazafy, 2009; Gilles and Reuter, 2014; LaFleur et al., 2016, 2018, 2019). The decline in the populations of red-collared brown lemurs (Eulemur collaris) in Saint Luce (southeast Madagascar) is attributed to hunting, although a population persists in the littoral forest fragments of the area (Roberts et al., 2019/20). However, a proposed mining plan threatens to clear the forest fragments, and thus would restrict dispersal and reduce the viability of the red-collared brown lemur population (Temple et al., 2012 in Roberts et al., 2019/20). Populations of ring-tailed lemurs (Lemur catta) persisting in unprotected, isolated forest fragments throughout Madagascar are also vulnerable to increased encounter rates with humans, and thus opportunistic harvest; this is complicated by the synergistic effects of taboo erosion in some ring-tailed lemur habitat (B3; C7; D1) (Gould and Sauther, 2016). Conversely, decreased lemur harvest rates in some regions (e.g., Ranobe OK32 protected area) may be a result of declines in lemur abundance due to forest degradation (A1; D1) (Gardner and Davies, 2014), and in some areas, such as in the Beza Mahafaly Special Reserve (southwest Madagascar), lemur species are still protected by the synergistic effects of hunting taboos and ancestral forests that are protected against deforestation (B3; D1) (Loudon et al., 2006).



Multi-Level Interactions

Multi-level interactions, or interactions between social and ecological factors at multiple organizational levels (e.g., individual actors, institutions) (Hull et al., 2015), affect lemur harvest and result in key feedbacks and impacts across scales (Figure 2). Madagascar has undergone high political instability at a regional level in recent years, which interacts with protected area management to affect local rates of illegal harvest (D3; D4). In 2009, Madagascar underwent a political crisis (military coup) which had far-reaching impacts on both local livelihoods and the environment. In the immediate aftermath, there was a significant decrease of international support for environmental programs, among others (Schwitzer et al., 2014). Although the World Bank continued to provide support for protected areas, inappropriate allocation and management of funds occurred, in part due to the decrease in government control throughout the country (Schwitzer et al., 2014). The political instability and decreased support for environmental management efforts resulted in a rapid increase in illegal harvest and trafficking of wildlife and wildlife products, including lemurs (a positive feedback or amplifying effect, D3; D4) (Barrett and Ratsimbazafy, 2009; Schwitzer et al., 2014). For example, in the Jardin Botanique B study site in Ankarafantsika National Park (northwestern Madagascar), there was an increase in human encroachment into the forest following the 2009 political crisis that resulted in increases in illegal hunting (as well as illegal fishing and extraction of other forest resources), partly driving the decline of the golden-brown mouse lemur (Microcebus ravelobensis) population (D1; D3; D4) (Henkel et al., 2019/20).

Madagascar's rapidly growing human population (which increased sevenfold since the early 1910s) resulted in increased environmental pressures to meet the growing demand for food (Schwitzer et al., 2013a). Ongoing and increasing issues of food insecurity at a regional level, notably the lack of domestic meat options, also caused a positive feedback (amplifying effect) that drove up local harvest of wildlife in Madagascar (C6; C9) (Figure 2) (Schwitzer et al., 2013a; Reuter et al., 2016b). Lemurs comprise an important part of the diets of rural inhabitants throughout Madagascar, where subsistence hunting is increasing to feed this rapidly growing population (C6; C9) (Goodman, 1993; Dunham et al., 2008; Golden, 2009; Jenkins et al., 2011; Razafimanahaka et al., 2012; Sauther et al., 2013; Gardner and Davies, 2014; Borgerson, 2016; Borgerson et al., 2016; Reuter et al., 2016b,c). Because the opportunity or capacity to engage in sustainable agricultural activities (including livestock production) in and near protected areas is limited, people increasingly rely on wild meat resources to supply their dietary needs (C6; C9) (Goodman and Raselimanana, 2003; Golden, 2009; Schwitzer et al., 2013a; Gardner and Davies, 2014). This is exemplified within protected areas of southwest Madagascar, where hunting for wild meat occurs as an indirect result of limited land allocated for farming, reducing the prospects of income-generation from agriculture (C6; C9) (Schwitzer et al., 2013a; Gardner and Davies, 2014). Moreover, on the Masoala peninsula in northeast Madagascar, poverty, poor household health, and child malnutrition are strong predictors of trapping and consuming lemurs for subsistence (C9) (Borgerson et al., 2016). Furthermore, lemur harvest and trade via opportunistic means is increasing throughout rural Madagascar to meet basic household income needs (C7; C9) (Gardner and Davies, 2014; Reuter et al., 2016c). In some cases, meat consumption occurs in the home and the surplus is sold in local markets (C2; C9) (Gardner and Davies, 2014).





DISCUSSION

In this study, we identify and synthesize the diverse social and ecological factors and social-ecological interactions that affect lemur harvest in Madagascar. We highlight and discuss social-ecological interactions that emerge from informal institutions, human innovation and predatory strategies, synergies with habitat use and habitat loss, and interactions between social and ecological factors across scales. Our study highlights the value of identifying social-ecological interactions and provides implications for the sustainable management of human-primate systems. Many of the key themes that emerged in our synthesis on Madagascar, such as the role of informal institutions, interactions between harvest and habitat loss, and complex role of political and governance factors are also relevant to other human-primate systems of the world that face similar challenges with co-managing primate conservation and human livelihood needs (Riley, 2007; Parathian and Maldonado, 2010; Starr et al., 2010; McLennan et al., 2017; Hockings et al., 2020).

Studies from other regions also provide insights into further lines of inquiry that may be relevant to explore in Madagascar in the future. For example, a study on the harvest and trade of slow lorises (genus Nycticebus) in Vietnam used ethnographic approaches to identify key differences in knowledge of slow loris habitat between men and women (Thạch et al., 2018). Women had knowledge of loris roosting sites due to their encounters with sleeping lorises in bamboo stands when collecting non-timber forest products during the day, while men noted encountering active lorises in cashew and other plantations while engaging in nighttime hunting trips (Thạch et al., 2018). Gendered differences in knowledge regarding slow loris ecology and behavior such as those identified in Vietnam provide context for understanding and potentially mitigating differences in local-scale opportunistic harvest of primates.

In another study in the Cantanhez National Park, Guinea Bissau, a social-ecological approach revealed complex interactions between humans and chimpanzees in their shared habitat (Hockings et al., 2020). Here Nalú and Balanta peoples share habitat and wild food resources (i.e. fruit) with chimpanzees (Hockings et al., 2020). Nalú and Balanta communities observe informal institutions that protect chimpanzees from hunting and consumption. These informal institutions stem from the notion that chimpanzees are thought to have previously been human and currently share many similarities with people (Casanova et al., 2014 in Hockings et al., 2020). This protection may not hold, however, when people seek to retaliate against crop raiding (e.g., of orange fruits), resulting in the occasional killing of chimpanzees (Hockings et al., 2020). Hockings et al. (2020) suggest that there should be active management of the plant species that are consumed by both people and primates, particularly in degraded and deforested areas. Thus, building on established informal institutions, local values, knowledge of shared resource use, and emergent social-ecological relationships can simultaneously benefit people, chimpanzees, and the shared forest habitat.

Our synthesis and approach provide the foundation for further exploration of key research questions dealing with often overlooked and underappreciated feedbacks in social-ecological systems (coupled human and natural systems; Miller et al., 2012; Hull et al., 2015; Larrosa et al., 2016). These include (1) what are potential unintended social-ecological feedbacks (surprises) of primate harvest and overharvest on human-primate systems? (2) What is the role of delayed effects (time lags) in the emergence and impacts of social-ecological feedbacks resulting from primate harvest over time? Addressing these questions requires prioritizing the collection and analysis of long-term data in established research sites, and collaborative research resulting from interdisciplinary teams (Black and Copsey, 2014; Pooley et al., 2014; Hull et al., 2015; Blair et al., 2017a,b). Policy makers and conservation practitioners interested in identifying and understanding the emergence of social-ecological feedbacks in systems where humans and lemurs co-occur, including how regional policies may affect local human-lemur interactions, may benefit from adapting the schematic presented in Figure 2 (see Brashares et al., 2014 for inspiration for the figure and further examples). The figure can be used as a guide to organize regional-scale factors, while local- and site-specific factors, including species-specific primate vulnerabilities, can be “plugged in” to the diagram to illustrate potential feedbacks affecting primate harvest. Furthermore, it is critical to consider multilevel analyses that elucidate local- to national-level dynamics and the challenges of site-specific and limited conditions for biodiversity conservation toward efficient allocation of scarce conservation resources (see Horning, 2008).

Our study also highlights the value of using Routine Activities Theory (RAT) to frame research on wildlife harvest. By seeking to understand illegal harvest events from the actor's point of view, we can better consider the nuances of site-specific cultural and socio-economic systems in relation to species vulnerability and existing governance structures. This is particularly important in Madagascar, where all lemur species are protected by law and hunting and trapping is their second principal threat (after habitat loss and degradation from agriculture) (Schwitzer et al., 2013a; Estrada et al., 2017, 2018). Thus, RAT provides a promising avenue for designing studies that focus on why individuals may be motivated to harvest primates, and linking those motivations to the biological and ecological characteristics of primates that may make them vulnerable and desirable for harvest. Moreover, the approach also integrates issues of governance by explicitly considering the factors that may result in effective or ineffective guardianship of wildlife (Carter et al., 2017). We facilitate the application of RAT by providing researchers with a flexible list of considerations for study design (Table 1).

This study adds to the growing body of research on interdisciplinary approaches toward understanding wildlife harvest that consider site- and context-specific complexities (Duffy et al., 2016; Blair et al., 2017a,b; Carter et al., 2017; Thạch et al., 2018). We build on the list of factors proposed by Blair et al. (2017b) to analyze primate hunting and trade systems. Blair et al. (2017b)'s social-ecological systems framework and associated factors are derived from concepts in ethnoprimatology. Ethnoprimatology can be defined as the study of the human-primate interface, and combines human economic, social, and political elements with the objective biological approaches of “traditional primatology” (Fuentes and Wolfe, 2002; Fuentes and Hockings, 2010; Fuentes, 2012; Malone et al., 2014). The ethnoprimatological approach is thus complementary to and inherently a systems approach, as humans and other primates are seen as co-creating and shaping shared social-ecological systems. As such, a goal is to understand system complexity (e.g., role of feedbacks) through disentangling different components of a system and their interactions. Such an approach allows for the convergence of “anthropogenic realities” into the lives of non-human primates (Malone et al., 2014).

Our results also have meaningful implications for conservation and management of primates in a critical era in which there are more complex threats to their survival than ever before (Estrada et al., 2017). Identifying diverse social and ecological factors influencing primate harvest, and key social-ecological interactions, is an initial step toward understanding and mitigating the mounting threats that primates- and the people that rely on them- face in shared human-primate systems worldwide. Our results highlighting the complexity of interacting factors that influence primate harvest suggests that a “one size fits all” approach to primate harvest mitigation efforts is unlikely to be successful (Ostrom, 2007; Horning, 2008). Furthermore, efforts that focus solely on blanket regulatory mechanisms while ignoring deeper cultural and political underpinnings that are driving primate harvest and trade may be misplaced. Madagascar in particular is at a crucial point at present to mitigate issues of human-primate interactions, especially given record rates of primate species declines driven by anthropogenic threats (Schwitzer et al., 2013b; Estrada et al., 2017, 2018). Primate conservation efforts in Madagascar have historically overlooked the role of local cultural knowledge and informal institutions (Jones et al., 2008). Strategies such as co-management, community-based management, and participatory approaches may help bridge this gap. Our results showing the multi-level interactions suggest that using solely locally-driven management approaches may also be ineffective. Nested governance structures (such as those described in Ostrom, 1990, 2007; Marshall, 2008) may be a more promising model, which would allow for critical coordination across local, regional, and global institutional levels.
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