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ABSTRACT
Spearfishing is practiced by a small fraction of younger recreational fishers and has received considerably less scientific attention than angling. This knowledge gap may negatively affect the ability for developing sustainable marine recreational fisheries. We address this through a global systematic review of the literature pertaining to marine spearfishing (both recreational and otherwise) and providing an integrative overview of key research topics of ecological, social, and economic dimensions. The systematic review indicated an increasing number of papers related to marine recreational spearfishing, with the majority exclusively focused on ecological impacts of spearfishing. The integrative review identifies the most relevant ecological impacts and possible strategies to minimize them to develop sustainable marine recreational spearfishing. Marine recreational spearfishing fosters connection with the underwater environment, but more research on the social aspects is needed. Results also show a growing research interest in assessing the economic contribution of marine recreational spearfishing. Finally, we argue that recreational spearfishers represent a widespread network of underwater observers whose extensive knowledge may help to identify and track changes in marine ecosystems. Overall, we highlight key points to consider when conducting multi- and interdisciplinary research regarding marine recreational spearfishing.
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TEXT BOX - Definition of marine recreational spearfishing
Spearfishing is the use of hand-held underwater harvesting gear to capture marine organisms including fish, crustaceans and cephalopods. Underwater refers exclusively to fishing actions undertaken by means of freediving, scuba diving and hookah diving (Fig. 1). Underwater harvesting gear includes spearguns, pole spears, Hawaiian slings, hand spears, hand hooks and bare hands (Fig. 1). Recreational spearfishing is defined as the fishing of aquatic organisms that neither constitute the individual’s primary source of nutrition nor are sold or otherwise traded on any market (FAO, 2012). While a key motivation of recreational spearfishers may relate to bringing food home, unlike commercial or subsistence fishers, these activities are not primarily responsible for the livelihood or nutritional needs of the individual and their family (FAO, 2012).

1. INTRODUCTION
The act of catching aquatic organisms with a spear is an ancient human activity which has been dated back to 90,000 years ago (Yellen et al., 1995), and likely preceded the development of more complex gear such as hooks, nets and lines. Nowadays, spearfishing is practiced for recreational, subsistence or commercial purposes, but globally it accounts for only a small proportion of fishing activities. For example, in several European countries spearfishers represent less than 5% of marine recreational fishers (Table 1), and only exceed 50% in relatively small subsistence oriented fisheries (Gillett & Moy, 2006). Recreational spearfishers are also younger than anglers (Table 1; Gordoa et al., 2019). Currently, the scope of the scientific literature pertaining to recreational spearfishing is generally limited and recent reviews on recreational fishing mainly focused on angling (e.g., Cooke et al., 2019; Cooke et al., 2021b; Lewin et al., 2019).
Spearfishing differs from other fishing modes in several ways. First, in contrast to most recreational fishing, spearfishing is an active, underwater method of fishing where, almost uniquely, it allows fishers to select which individuals to catch because spearfishers visually identify their potential catch, which maximizes the selection and deliberate targeting of large individuals (Pavlowich & Kapuscinski, 2017). Second, spearfishers use several techniques that are more comparable to those used by natural predators (e.g., ambush, sit-and-wait, or active hunting strategies) than other fishing methods such as angling or netting. Thus, spearfishing may trigger fish defense behaviors analogous to natural anti-predator responses (Samia et al., 2019). Third, the selectivity patterns of spearfishing differ from other fishing modes because of maximum depth limitations of spearfishers (or their gear) and preference for larger individuals of particular species (Dedeu et al., 2019; Mbaru et al., 2020; Sbragaglia et al., 2020b). Fourth, spearfishing is restricted to areas and times where water clarity is suitable to visually detect fish, and rarely occurs where sediment or primary production makes water too turbid (e.g., estuaries) or where meteorological conditions are unfavorable for diving. Fifth, recreational spearfishers often differ demographically and attitudinally from recreational anglers, and report more satisfaction related to the catch and activity (e.g., web-surveyed Spanish recreational fishers; Gordoa et al., 2019). Recreational spearfishers also show different engagement dynamics on social media with respect to recreational anglers (e.g., Italian recreational fishers target an iconic species; Sbragaglia et al., 2020b).
These attributes of recreational spearfishing could result in differences between spearfishing and other fishing modes in the ecological effects of fishing on marine ecosystems (e.g., the highly size selective nature of recreational spearfishing may create distinct cascading effects at the ecosystems level), foster unique psychological and social drivers (e.g., a stronger connection with the marine environment and different motivation for fishing), or make specific and complementary contributions to scientific knowledge by sharing their local ecological knowledge (e.g., distinct sensitivity in understanding and monitoring changes of marine ecosystems due to a unique connection to and perspective of the underwater environment).
In this article we conduct a systematic review of published peer-reviewed research papers on marine spearfishing (both recreational and subsistence/artisanal/commercial) to characterize the global research effort and the main topics of research. We then develop an integrative review focused on marine recreational spearfishing: (i) harvesting patterns; (ii) effects on marine ecosystems; (iii) social and economic aspects; (iv) and participatory management. Although we mainly focused on marine recreational spearfishing, many aspects may be applicable to freshwater recreational spearfishing as well as to subsistence, artisanal or commercial spearfishing, as usually occurs for angling (Lewin et al., 2019). We focused on finfishes, although cephalopods (e.g., cuttlefish and octopuses) crustaceans (e.g., crabs and lobsters), molluscs (e.g., scallops and bivalves), and echinoderms (e.g., sea urchins and cucumbers) may also constitute target species for spearfishing in several areas of the world.

2. A SYSTEMATIC REVIEW OF GLOBAL MARINE SPEARFISHING RESEARCH
We used the keywords “spearfishing” or “spear fishing” to search published peer-reviewed papers (in English) on the Web of Science and Scopus databases. We identified and retrieved a total of 403 papers based on queries of the two databases on 2nd of April 2020 (we present a diagram according to the Preferred Reporting Items for Systematic Reviews and Meta Analyses, PRISMA, in Figure S1). After a first screening of titles and abstracts, we excluded 216 papers mainly because they were not related to spearfishing (Fig. S1). The majority (58%) of these papers were rejected because they referred to the genus Tetrapturus, which comprises several fish species commonly known as “spearfish” (e.g., Mediterranean spearfish, Tetrapturus belone). Next, we accessed the full-text version of the remaining papers and excluded 64 of them because they were related to freshwater spearfishing, to fishing with a spear from outside of the water or to papers where spearfishing was not explicitly tested as an effect, but only referred to as a possible cause of the observed ecological patterns. After these two screenings, we retained 123 papers related to marine spearfishing (Fig. S1; Table S1). We then focused on extracting the following information by searching the full-text papers: (i) geographic location where the study was conducted; (ii) year of publication; (iii) whether the study was related to recreational or other forms of spearfishing (i.e., subsistence, artisanal or commercial); (iv) whether the study was directly related to spearfishing or spearfishing was used for other scientific purposes (e.g., as a sampling method or for tracking changes in marine ecosystems); and (v) the main research dimension of the study such as ecological (e.g., catch composition or fish behavioral response to spearfishing), social (e.g., motivations and activity satisfaction), or economic (e.g., expenditures).
The papers analyzed were published from 1967 to 2020 (Table S1). Of the 123 selected papers, 83 focused on recreational spearfishing and 40 on subsistence, artisanal or commercial spearfishing. The latest were grouped as “others”, since the main focus of this review is recreational spearfishing. Of the 83 recreational spearfishing papers, 54 directly investigated spearfishing and 29 used spearfishing for other scientific purposes. Of the remaining 40 papers focusing on other forms of spearfishing (i.e., subsistence, artisanal or commercial), 29 directly investigated spearfishing and 11 used spearfishing for other scientific purposes. In the next three sections we describe the geographical distribution, the temporal pattern and the research dimensions of the 123 papers included in the systematic review (Table S1).

2.1 Geographical distribution
Papers related to marine recreational spearfishing predominantly focused on spearfishing in European countries (Fig. 2A). By contrast, papers related to other forms of spearfishing were mostly focused on activities occurring in the southwestern Pacific Ocean and Caribbean Sea (Fig. 2A). This could highlight the dominant type of spearfishing that occurs in those areas, but may also represent a publishing and/or research bias. For example, we did not identify any paper dealing with commercial spearfishing from Europe, which is a minor activity compared to the magnitude of recreational spearfishing, but countries such as Italy and Denmark allow a limited number of commercial spearfishing licenses. Papers related to research on spearfishing were distributed widely around the world, while papers using spearfishing for other scientific purposes (e.g., tracking distributional range shifts using local ecological knowledge) were mostly confined to the Mediterranean and the Caribbean Sea (Fig. 2B).

2.2 Temporal pattern
There has been an increase in the number of papers on marine recreational spearfishing (Fig. 3A) as opposed to papers using spearfishing for other scientific purposes (Fig. 3B). For example, only four papers on recreational spearfishing were published in 2006–2010, but the number of papers increased to 24 during 2016–2020 (Fig. 3A). The growing trend relative to other forms of spearfishing suggests an increasing need to better understand aspects of recreational spearfishing.

2.3 Research dimensions
Ecological aspects were most commonly studied both for recreational (77 out of 83) and other forms of spearfishing (32 out of 40 papers). The majority of papers investigated topics related to only one of the three research dimensions, i.e. ecological, economic or social (69 out of 83 for recreational spearfishing; 35 out of 40 for other forms of spearfishing; Table S2). By contrast, only a few papers investigated all three of the dimensions simultaneously (9 out of 83 for recreational spearfishing; 1 out of 40 for other forms of spearfishing; Table S2). Economic or socio-economic aspects were the least investigated dimensions for both forms of spearfishing (Table S2).
In particular, we found the lack of a comprehensive understanding of the social-ecological dynamics of marine recreational spearfishing (Arlinghaus et al., 2019; Arlinghaus et al., 2016; Brownscombe et al., 2019). Indeed, spearfishing can be considered as a complex, adaptive social-ecological system characterized by intimate behavioral interactions and other feedback mechanisms between humans, fish and ecosystems (Arlinghaus et al., 2017a). One key aspect that deserves specific attention is the role of spearfishers’ behavior in modulating the catch process and how this can be examined as a predator-prey interaction. A primary challenge when studying predator-prey systems (including spearfishing) is that there is typically more emphasis placed on prey behavior (e.g., flight initiation distance; see section 4.2), because prey species are more numerous and hence much easier to observe than predators (Lima, 2002). However, predator behavior can strongly influence risk perception by prey, and vice versa, prey behavior can affect predator hunting strategies (Stankowich & Blumstein, 2005), creating an “arms race” of behavioral adaptations between both predator and prey that is rarely considered (Lima, 2002). In this context, we suggest that by viewing spearfisher-fish behavioral interactions as a continually interaction between fishers and fishes (including demographic changes, plasticity and evolution), we may create new insights into the ecological and evolutionary aspects of spearfishing and, more generally, in the human responses to ecological changes as recently demonstrated for angling (Innes-Gold et al., 2021).

3. CHARACTERIZING MARINE RECREATIONAL SPEARFISHING HARVEST
The integrative literature review revealed that total biomass removal and catch per unit effort (CPUE) are used as indicators to characterize marine recreational spearfishing. Other prominent indicators used are the trophic level of caught species (Christensen, 1996), and in some cases the intrinsic vulnerability of a species (i.e., an index ranging from 0 to 100, which integrates life history and ecological characteristics of marine fishes to estimate their intrinsic vulnerability to fishing; Cheung et al., 2005).

3.1 Total biomass removal
Several papers estimated the total biomass removal of recreational spearfishing compared to recreational angling or commercial fishing (Table 2). However, besides the great uncertainty in the data presented (discussed below), we argue that these results should be interpreted with caution. The total biomass removal should not be used as an indicator of the impact of recreational spearfishing without implementing a stock assessment, where total fishing mortality is considered together with other important parameters such as natural mortality and recruitment (see also Eero et al., 2014; Griffiths & Fay, 2015 for specific examples; Hilborn & Walters, 2013). Overall the biomass removed by recreational spearfishing compared to commercial fisheries can range from negligible to highly relevant (Table 2). For example, by considering the data presented in Herfaut et al. (2013), we estimated that in France spearfishing is equivalent to 0.4% of total commercial (unfrozen) catches (see text S1 for more details), whereas in Cyprus, it adds up to over 17.5% (Michailidis et al., 2020; Table 2). For another example, Lloret et al. (2008) estimated that annual recreational spearfishing catch was equivalent to about 40% of artisanal fishing landings in Cap de Creus (Catalonia; Northwestern Mediterranean Sea). However, other recent surveys estimated that in Cap de Creus the recreational spearfishing catch comprised approximately 13% of the total artisanal fishing landings, (see text S1 for more details); whereas, for the whole of Catalonia, recreational spearfishing catches represented approximately 4% of artisanal catches (ICATMAR, 2020; Table 2). Considering that industrial fisheries (e.g., trawling and seining) can also exploit species targeted by artisanal fisheries and recreational spearfishers, a species-specific approach—aiming at stock assessment—rather than comparing the relative proportion of biomass extracted, should be considered in future studies. In particular, biological and economic elements should be considered in determining the balance between recreational and commercial sectors, and recent studies showed that recruitment is specifically important in determining such balance (Tidbury et al., 2021).

3.2 Catch per unit effort and catch characteristics
We showed a strong variability of indicators of spearfishing catches, in particular CPUE. We underline major factors that could be linked to such variability and stress important aspects to consider in future studies such as specialized surveys, and the need to account for heterogeneity and biases, especially when using data from spearfishing tournaments.
We retrieved 21 mean CPUE estimates varying between 0.39 and 2.22 kg/spearfisher/hour (Table 3). CPUE of recreational spearfishers was estimated in several regions of the world using different methodologies, encompassing a wide temporal span between 1996 and 2020, and catches differed considerably in targeted species. Hence, any aggregation of those estimates may not be informative about real patterns. Additionally, CPUE was estimated from both tournaments (5 estimates) and recreational spearfishing (16 estimates). We did not provide a comparison among these two groups because spearfishers aims at maximizing score according to specific regulations of the tournaments; moreover, rules differ among tournaments and also prevent aggregation within this group. Future studies should consider comparing tournament data and recreational spearfishing from the same area and period because they could represent different strata and therefore enrich the representativeness of the overall spearfishing community, allowing for more robust total catch estimates. Furthermore, tournament data allow longitudinal data analysis and comparisons in highly standardized conditions, while accounting for individual heterogeneity among participants. For example, large differences in CPUE have been documented among participants within the same tournament (Coll et al., 2004; Lincoln Smith et al., 1989), as well as among different typology of tournaments (Cinelli & Fresi, 1980; Pita & Freire, 2014), but the drivers governing these differences are still unknown.
The average intrinsic vulnerability of recreational spearfishing catches was reported in seven papers from the Mediterranean Sea and North-East Atlantic Ocean, spanning values from 36.70 to 64.70 (Table 3), indicating that spearfishers mostly targeted species of moderate to high levels of vulnerability. The trophic levels of species targeted by recreational spearfishers were reported in three papers from the Mediterranean Sea and North-East Atlantic Ocean and ranged between 3.24 and 3.89 (Diogo & Pereira, 2014; Lloret et al., 2008; Martín-Sosa, 2019; see also Table 3). This suggests that recreational spearfishers mostly target mid-trophic level carnivorous fishes.
Overall, these results raise concerns over the representativeness of the monitoring surveys. Recreational spearfishing is especially difficult to survey due to the small proportions of practitioners and to the dispersed nature of the activity, which makes spearfishers hard to intercept. For example, CPUE estimated by onsite and online surveys can produce discordant results (0.71 and 0.25 kg/spear/h respectively; ICATMAR, 2020). We argue that specialized survey methods are required to obtain representative samples for recreational spearfishing such as those developed for gamefish fisheries in Australia (e.g., time-location sampling which focuses on sampling predictable aggregations of spearfishers; Griffiths et al., 2013). Moreover, it is plausible to expect that differences in experience and fishing skills will be associated with large differences in CPUE within the recreational context as suggested by spearfishing tournaments (Lincoln Smith et al., 1989), but this aspect has been neglected to date and represents a priority research topic in the future.

4. RECREATIONAL SPEARFISHING EFFECTS ON MARINE ECOSYSTEMS
Recreational spearfishing can have several effects on marine ecosystems (Lewin et al., 2019; fig. 4). As with many other fishing activities, many of these effects may emerge from the selection of large, highly fecund individuals (Pavlowich & Kapuscinski, 2017). Long-lived, slow-growing, sedentary, territorial, mid-trophic level species may suffer from more spearfishing pressure (Giglio et al., 2017; Lloret et al., 2019; Lloret et al., 2008). Importantly, recreational spearfishing also imposes selection on behavioral traits such as boldness (Bergseth et al., 2016; Gotanda et al., 2009; Sbragaglia et al., 2018), which can foster a timidity syndrome (Arlinghaus et al., 2017b). In addition, as with other fishing and recreational activities, recreational spearfishing may inadvertently damage important habitats such as corals in areas that experience high levels of fishing effort (Giglio et al., 2018). It is possible that this damage is smaller than that associated with other methods because there may be fewer anchor deployments per trip (Frisch et al., 2008). Spearfishing may contribute to lower environmental damage compared to other fishing techniques because there is essentially no discarded gear, very little if any bycatch, and requirement for bait (Frisch et al., 2008). Spearfishing likely still alters community structure, ecosystem processes and functions of marine ecosystems if local harvesting pressure or size-selectivity is significant. Additionally, since spearfishing is a uniquely selective, active fishing method that mimics a regular predator-prey interaction (Frid & Dill, 2002; Lima & Dill, 1990), it may have unique effects on the behavioral dimension of trophic processes according to the timidity syndrome (Arlinghaus et al., 2017b; Fig. 4). As shown in section 2.3, we found the lack of a comprehensive understanding of the social-ecological dynamics of marine recreational spearfishing. Therefore, the potential ecological impacts highlighted in this section should be always contextualized in a conservation social science perspective (Bennett et al., 2017).

4.1 Selectivity of marine recreational spearfishing
Size-selective harvesting (as practiced by spearfishers) can trigger changes in life history and behavior in exploited populations, similar to other fishing activities (Heino et al., 2015). This, together with selective harvesting of some species, could have potential ecological effects that are yet to be properly characterized and quantified. We argue that these potential effects can be minimized by changing beliefs, and consequently behavior and targeting decisions of spearfishers.
The selective harvesting of large individuals may decrease fish risk-taking behavior (Sbragaglia et al., 2021b; Walsh et al., 2006), which in turn may have negative consequences for recreational spearfishers because it can decrease future catchability (Arlinghaus et al., 2017b). Furthermore, the removal of larger females might also be linked to loss of individuals with higher reproductive potential (Barneche et al., 2018), which could have negative consequences on population productivity under certain conditions (Ahrens et al., 2020). The size-selectivity of spearfishers may allow slot limits to be highly effective conservation and management measures, although this will depend on the species (Ahrens et al., 2020; Gwinn et al., 2015). However, this requires a socio-cultural change of the spearfishing community, which believes that harvesting larger individuals that have completed several spawning cycles, leaving the possibility for small individuals to spawn as well, is an effective sustainable practice. Specific attention should be allocated to not generalizing that only spearfishers can harvest larger fish individuals, because in some instances, other fishing modes are more size-selective than spearfishing. For example, Mediterranean recreational anglers may be more selective than recreational spearfishers in catching larger common dentex, Dentex dentex (Marengo et al., 2015; Sbragaglia et al., 2020b), which could be a recent emerging pattern due to technological innovations such as underwater cameras, boat-based electronics and use of live prey as bait (Cooke et al., 2021a).
Spearfishing is also often considered to have higher potential for species selectivity relative to other recreational fishing methods. Angling inherently cannot choose which species to target or catch directly, aside from bait choice or habitat fished. By visually identifying target fishes, spearfishers can avoid protected and vulnerable species (Frisch et al., 2008; Pavlowich & Kapuscinski, 2017). This is borne out by multiple papers about recreational fishing suggesting fewer species are caught by recreational spearfishers compared to anglers (Dedeu et al., 2019; Frisch et al., 2008; Herfaut et al., 2013; Pita et al., 2018). Nevertheless, evidence from artisanal or subsistence spearfishing suggests that the diversity of species captured by spearfishing gear is higher than angling or netting, particularly in species-rich ecosystems (Humphries et al., 2019; McClanahan & Cinner, 2008; Tuda et al., 2016). Therefore, any increase in the species richness of recreational spearfishing catches could be an indication that the motivation for fishing is to gather food. This represents an intriguing question for future research.

4.2 Changes in behavioral phenotypes of fishes
The most common traits known to be influenced by spearfishing are those related to fish anti-predator behavior. One common metric of defensive behavior in highly mobile species is fleeing from threats. This can be quantified using flight-initiation distance (FID), which is defined as the distance to which a predator can approach a prey before the prey flees (Stankowich & Blumstein, 2005; Ydenberg & Dill, 1986). It has been widely demonstrated that spearfishing increases FID of targeted fishes (Gotanda et al., 2009; Januchowski-Hartley et al., 2011; Nunes et al., 2018; Sbragaglia et al., 2018; Stamoulis et al., 2019), but it can also influence FID of non-targeted species (Tran et al., 2016). Spearfishing also influences other aspects of animal defensive behaviors, such as pre- and post-flight behavior (Bergseth et al., 2016; Januchowski-Hartley et al., 2011; Nunes et al., 2015), the latency to emerge from shelter (Satterfield & Johnson, 2020) as well as daily hiding behavior (Côté et al., 2014). It has also been suggested that spearfishing can contribute to ontogenetic increases in the depth of a species’ niches according to the “depth refuge” hypothesis—i.e., larger individuals move to deeper water to search for protection from spearfishers (Lindfield et al., 2014; Pereira et al., 2020)—though this topic requires further study (Sbragaglia et al., 2021a).
Each of these changes in individual behavioral phenotypes of fishes will result in time and energy costs (Dill et al., 2003), and may also affect fish shoaling behavior with repercussions for fisheries and conservation strategies (Sbragaglia et al., In press). Moreover, spatial activity patterns can be modified as expected from the “landscape of fear” hypothesis, which may have wider ecosystem effects (Gaynor et al., 2019). However, there remains limited research on how behavioral changes due to fishing influences the ecology and biology of exploited species, as well as the wider landscape and ecosystem functioning (Mitchell & Harborne, 2020; Sbragaglia et al., In press).
While there is a growing body of evidence regarding spearfishing effects on the traits of exploited species, we lack a comprehensive mechanistic understanding of how these trait changes occur. Spearfishing can change the observed occurrence of traits in exploited fish populations through three mechanisms: (i) demographic effects by reducing the number of individuals that have a specific trait in exploited populations without triggering evolution or learning; (ii) triggering learning or plastic changes in an individual non-lethally exposed to spearfishing; or (iii) triggering evolution of traits as well as of learning skills. Rapid behavioral changes after short-term fisheries closures (0.5–3 years) on coral reefs suggest that spearfishing may not alter the evolution of behavior (Januchowski-Hartley et al., 2014). Yet, delayed behavioral changes in long-term closures (>30 years) in temperate kelp forests suggest that behavior could evolve (Rhoades et al., 2018). Moreover, Satterfield and Johnson (2020) showed that anti-predator behavior of lab-born fish offspring can be predicted according to FID in source populations. Indeed, several papers demonstrated that selective and unselective fishing may trigger evolution in those traits linked to catchability (Andersen et al., 2018; Claireaux et al., 2018; Heino et al., 2015). A key point for future research will be to understand how changes over space and time in fish individual traits in response to spearfishing are governed by these three mechanisms relative to other fishing- and human-induced changes.

4.3 Potential ecological impacts
By altering the abundance, composition, distribution, and traits of targeted species and species assemblages, spearfishing likely influences trophic flow. However, we must still better understand how the strength and types of ecological impacts of recreational spearfishing vary relative to those of recreational angling (or other coastal fisheries). Recreational spearfishing may affect food-web dynamics by various potential mechanisms. Spearfishing may reduce the abundance of exploited predatory species. A decline in predators may reduce both density-mediated and risk-mediated effects of these species on prey and competitor populations, with cascading effects on prey and competitive release on community structure and potential changes in ecosystem function sometimes referred to as "prey release" (Estes et al., 2011; Madin et al., 2016). Spearfishing may also alter the defensive traits, habitat use, and distribution of exploited predatory species, which may also change their foraging strategies and spatio-temporal dynamics according to the landscape of fear (Gaynor et al., 2019). For example, recent research demonstrated that reduced boldness is linked to reduced feeding rates on standard prey in fished areas (with spearfishing) relative to protected areas (Rhoades et al., 2019; Skinner et al., 2019), which is also a common prediction in response to exploitation by passive fishing gear such as angling (Arlinghaus et al., 2017b). 
In general, the effects of spearfishing-driven changes in the abundance and traits of exploited consumers are empirically difficult to test, but they may be predicted based on the ecological role of the targeted species or assemblage. For example, reduced boldness of herbivores in the presence of predators can lead to reduced algal consumption on coral reefs, leaving the system more vulnerable to phase shifts (Madin et al., 2016). At present, such ecosystem effects remain speculative but could be assessed; for example, by first measuring exploitation-driven variation in individual feeding rates, prey selection, foraging mode, or foraging area, and then by empirically evaluating the effects of these changes on ecosystems. This is a challenging task that is essential to developing effective ecosystem-based management of spearfishing and therefore deserves research attention in the future.

5. SOCIAL AND ECONOMIC ASPECTS OF MARINE RECREATIONAL SPEARFISHING
5.1 The ecological knowledge and connection with marine ecosystems
It is widely accepted that an increased connection between people and nature is beneficial not only for human well-being (Keniger et al., 2013), but also for achieving sustainable use of natural resources (Ives et al., 2017; Nisbet et al., 2009). Spearfishers may develop a deep knowledge of habitat preferences, behavior and occurrence of targeted species, which makes them feel like an integral part of marine ecosystems (Assis et al., 2018; Pita et al., 2020b). As such they may detect underwater habitat changes or the arrival of invasive species even without catching them, which is generally not possible by anglers or by those engaged in other types of fishing (Fig. 4). Therefore, spearfishers may be considered a widespread network of underwater observers that have extensive knowledge of their surrounding environment (Middleton et al., 2021; Sbragaglia et al., 2020a). Indeed, local ecological knowledge of spearfishers can provide early warnings of species declines (Young et al., 2014), recognize pollution problems, such as marine plastics, many years before they became a public concern (Sbragaglia & Arlinghaus, 2020), foster self-regulation (Sbragaglia et al., 2016; Young et al., 2014), and help eradicate invasive species (Harris et al., 2019; Michailidis et al., 2020). These activities should be encouraged, in particular when they emerge as voluntary bottom-up resource-conserving actions (Sbragaglia & Arlinghaus, 2020), since they provide good alternatives to costly institutional actions (Arlinghaus et al., 2019; Cooke et al., 2013; Fujitani et al., 2017).
Recreational spearfishers’ knowledge can be then integrated into scientific data collection in direct or indirect ways. Direct approaches are seen when spearfishers voluntarily share their knowledge with scientists. Such methodology has been widely used as complementary knowledge of marine ecosystems (Bulleri & Benedetti-Cecchi, 2014; Hamilton et al., 2012; Irigoyen et al., 2005; Middleton et al., 2021; Pita et al., 2020b; Sbragaglia et al., 2020a; Young et al., 2014). Indirect approaches are used when scientists employ spearfishing data that were not created with the specific aim of being shared with scientists. For example, catch data from spearfishing tournaments can provide information on marine fish communities and monitor them over time (Boada et al., 2017; Gledhill et al., 2015; Mann et al., 1997; Ordines et al., 2018; Pita & Freire, 2014), as well as catches during recreational spearfishing (e.g., see section 3.1 in Bo et al., 2020). A promising indirect approach for future applications is seen with the expanding research areas of conservation culturomics and iEcology to marine recreational spearfishing (Jarić et al., 2020). For example, a recent study showed that digital data published by recreational spearfishers on social media can be used to characterize macroecological patterns such as ontogenetic deepening in the dusky grouper, Epinephelus marginatus (Sbragaglia et al., 2021a). Although recreational spearfishing may have potential to contribute to marine research, possible limitations and biases should be considered and assessed in future research (e.g., avid and specialized spearfishers are expected to be more interested in contributing to research). In particular, an open question is whether spearfishers can provide unique information than that provided by recreational anglers. 

5.2 Why do recreational spearfishers fish?
Outdoor activities such as recreational spearfishing provide a range of social, psychological and physiological benefits (Manfredo et al., 1996; Fig. 4; Parkkila et al., 2010). Like other forms of recreational fishing, spearfishing has catch and non-catch motivations, but there is little information related to the motivations of recreational spearfishers compared to recreational anglers. One of the main non-catch related motivations for recreational spearfishers is to be underwater and in touch with the beauty of the underwater world (Assis et al., 2018; Young et al., 2016). In particular, recreational spearfishing provides different social benefits with respect to angling as shown by web-surveyed Spanish recreational spearfishers that report higher levels of catch and activity satisfaction than recreational anglers (Gordoa et al., 2019). This difference may relate to the underwater experience of nature, but robust scientific evidence is still lacking (Januchowski-Hartley et al., 2020). Interestingly, recreational spearfishing videos trigger strong appreciation for the freediving and fishing actions on social media, something not observed for anglers (Sbragaglia et al., 2020b). Indeed, spearfishers use the term “aquaticity” to refer to their capacity to relax and move in a fluid and smooth way underwater. A compelling and systematic review on the term “aquaticity” highlighted how human contact with the water could promote physical as well as psychological and emotional well-being (Varveri et al., 2016). Images and sounds of marine ecosystems also have demonstrated beneficial psychological and physiological effects which include reducing stress, and helping reduce sleep disorders and depression (Bratman et al., 2019). Moreover, the human body undergoes physiological changes when diving, especially freediving (i.e., the human diving response; Foster & Sheel, 2005), some of which could be specific evolutionary changes. Indeed, the indigenous Bajau people (in southeast Asia) evolved an increased spleen size (an adaptation to providing them with a larger reservoir of oxygenated red blood cells during spearfishing diving) and other adaptations related to genes controlling the diving response (Ilardo et al., 2018). Therefore, it is plausible that social, psychological and physiological benefits provided by recreational spearfishing differ from recreational angling, making this an interesting topic for future research.
The acquisition of high quality food is also an important motivation of recreational fishers, particularly those that use lethal methods such as spearfishers where the decision to harvest the fish is a deliberate choice (Cooke et al., 2018). Given that food plays an important role in recreational spearfishing (Assis et al., 2018), this could be used as an incentive to reduce the selective targeting of larger individuals and long-lived species, because of the higher general levels of contaminants their consumption may have implications for human health (Cooke et al., 2018).

5.3 Economic expenditure
Some papers have recently attempted to estimate the economic importance of recreational fishing at global or regional levels (Cisneros-Montemayor & Sumaila, 2010; Hyder et al., 2018). Economic studies related to recreational spearfishing are seldom conducted (Table S2), but some recent research on expenditures can be found in the literature. In the area of Cap de Creus (Catalonia, Spain), recreational spearfishers spent roughly €800 per year per person in acquiring goods and services directly related to spearfishing activities (Lloret et al., 2008), and €1700 per year in Galicia (Spain; Hyder et al., 2018). Moreover, a recent survey estimated that in 2019 the total expenditure of the recreational spearfishing sector in Catalonia (Spain) was about €5.4 million, which represents 7% of the direct revenue of the catch sold by the professional fishing sector (ICATMAR, 2020). Similarly, Pita et al. (2018) showed an analogous result for marine recreational spearfishing in Galicia (Spain; €5.1 million). Another economic estimate for mainland Portugal reports that 65% of recreational spearfishers spent less than €500 per year in direct expenditures related to the activity (namely on equipment and trips), while 35% spent over €500 per year in the same expenditures (Assis et al., 2018). Jiménez-Alvarado et al. (2020) estimated that recreational spearfishers in the Canary Islands (Spain) spent, on average, €484 as an initial investment in equipment, and then have an average annual expenditure of €245 (including travel, maintenance, equipment replacement, insurance and a fishing license), while in Cyprus recreational spearfishers spent on average €748 per year (Michailidis et al., 2020). These recent published research highlight that there is a growing interest in the expenditure of marine recreational spearfishers, at least in several areas of the Mediterranean and North-East Atlantic Ocean. However, to have a full spectrum of the economic contribution of recreational spearfishing, future research should move beyond the current state of the art of the characterization of expenditure and conduct on knock-on effects of the activity on the rest of the economic branches (Dyck & Sumaila, 2010), as well as the economic and socio-cultural values of ecosystem services provided by spearfishing activities (De Groot et al., 2012).

6. TOWARDS PARTICIPATORY MANAGEMENT IN RECREATIONAL SPEARFISHING
The inclusion of recreational spearfishers in participatory processes (e.g., co-management systems) may be advisable for, at least, two main reasons. First, they may provide knowledge about conservation problems where relevant monitoring data are insufficient (Gledhill et al., 2015; Middleton et al., 2021; Sbragaglia et al., 2020a; Zapelini et al., 2017). Second, fostering an inclusive process could reduce conflicts and stimulate cooperation, trust and proactive behaviors and even change misperceptions such as those related to systematic harvesting of large, long-lived and slow-growing species (Gledhill et al., 2015; see also section 4). A proportion of recreational spearfishers support self-regulatory actions (Sbragaglia et al., 2016; Young et al., 2014) and perceive that no-take Marine Protected Areas (MPAs) are important for the conservation of marine ecosystems (Assis et al., 2018; Mann et al., 1997). Moving from a situation where scientists exclusively use recreational spearfishers to gain knowledge on marine ecosystems (e.g., basic citizen science approach), to a situation where such a relationship stimulates co-creation of knowledge and social norms to be used in inclusive and transparent multi-stakeholders' decision-making processes through transdisciplinary research, could be a triggering factor to successfully navigate towards the sustainable development of recreational spearfishing in the future, as demonstrated for recreational angling (Fujitani et al., 2017).

6.1 Management strategies for marine recreational spearfishing
No-take protected areas represent one of the only nature-based solutions that consistently shows evidence of long-term marine conservation benefits (Claudet et al., 2020). Yet in Southern Europe, one of the most common measures to specifically manage the potential ecological impacts of recreational spearfishing is banning this activity from partially-protected MPAs, while other fishing activities such as recreational angling are allowed. Similar measures are also in place on the Great Barrier Reef, where solely spearfishing is restricted within certain zones (Frisch et al., 2012; GBRMP, 2004). In the perspective of protecting 30% of the sea by 2030 with the goal of achieving biodiversity conservation and the development of the blue economy (EC, 2020), the implementation of partially protected areas that solely exclude spearfishing does not appear to be an effective strategy for managing exploited species, either from an ecological or from a social perspective.
As a general tool, partially-protected areas (including those that both allow and prohibit spearfishing) often do not have strong or predictable biodiversity conservation benefits relative to no-take areas (Claudet et al., 2020; Giakoumi et al., 2017; Lester & Halpern, 2008; Sciberras et al., 2013). For example, partially-protected areas that still permit recreational angling but exclude recreational spearfishing show no increase in biomass or diversity of fish assemblages relative to unprotected areas (Di Franco et al. 2009). Moreover, species richness in MPAs could be lower than in nearby fished areas, which is known as the “biodiversity paradox” (Boulanger et al., 2021). While also failing to restore the densities and composition of exploited fishes, the implementation of partially-protected areas that solely exclude spearfishing can also foster social tensions within the local spearfishing community (Diogo et al., 2020; Pita et al., 2020a), because they usually do not consider spatial synergies and trade-offs between users. The exclusion of the numerical minority and likely under-represented community of spearfishers reinforces  power imbalances in the context of marine governance (Bennett et al., 2019). Banning specific activities and exclusion of certain user groups from marine resource use should be supported by adaptive evidence-based-management and when exclusion is the only evidence-based solution available, it should be periodically reviewed. We argue that additional investments should be made in designing appropriate management strategies for all types of recreational fisheries, including spearfishing, which could complement the establishment of no-take protected areas. 
Considering such alternative management strategies, periodic spatial and/or temporal closures of all fishing activities appear to effectively maintain populations of exploited species (Carvalho et al., 2019; Goetze et al., 2018). This could represent a more socially inclusive management strategy than partially-protected areas that solely exclude spearfishing. Indeed, a recent theoretical study showed periodic closures during which all fishing activities were halted could achieve equivalence in maximum yield and stock abundance compared with permanent closures and non-spatial management, but with the added benefit of greater catch rate due to the reduction in fish wariness during the closure period (Carvalho et al., 2019). Long-term fisheries benefits may be further enhanced by increasing the size of the area periodically closed to fishing and extending closure periods (Goetze et al., 2018), as well as by specifically protecting highly vulnerable species (Frisch et al., 2012). Careful adjustment of the frequency of zone closures/openings and employing enforcement and social planning to adhere to harvest target limits will also influence fisheries benefits, which quickly diminish with frequent zone openings and by exceeding harvest target limits (Carvalho et al., 2019; Goetze et al., 2018). Thus far, such approaches have mainly been implemented in subsistence fisheries and by halting all fishing activities (not only spearfishing); they can similarly be applied and tested for recreational spearfishing.
In this context it should be considered that non-compliance with regulations also influences sustainability of fisheries (Byers & Noonburg, 2007; McCauley et al., 2016; Oyanedel et al., 2020). Non-compliance in recreational spearfishing includes the illegal selling of catches (Diogo et al., 2017), which is probably used to compensate costs of transport, maintenance and equipment replacement (Mann et al., 1997). Such behavior may be common in areas where enforcement is poor and the probability of detection of illegal activities is low (Bergseth et al., 2017). Pluralistic ignorance (where the majority of a group goes along with a social norm despite privately disagreeing as individuals), false consensus, social learning and a perceived lack of deterrence may be fundamental mechanisms associated with non-compliance of recreational fishers (Bergseth & Roscher, 2018). Assessment and management of non-compliance and poaching associated with recreational fisheries such as spearfishing requires a specific and multidisciplinary approach, which should consider a wide range of disciplines such as anthropology, criminology, economics, psychology, among others, and above all, adaptive co-management and social responsibility (Bergseth et al., 2017; Oyanedel et al., 2020). As such, key actions to prevent poaching may be to change perceptions of recreational fishers, act on social norms and strengthen coercive deterrence measures (Bergseth & Roscher, 2018; Mackay et al., 2019, 2020). Most importantly, management measures should also work towards reducing support for a culture of non-compliance (Bergseth & Roscher, 2018).

6.2 Conflicts and synergies with others stakeholders
Marine recreational spearfishers compete for resources and space with other stakeholders, particularly small-scale fishers and recreational anglers (Lloret & Font, 2013; Mann et al., 1997; Morales-Nin et al., 2005; Pita et al., 2017; Rocklin et al., 2011; Fig. 4). Despite not directly addressing this aspect in our review, promoting spearfishers’ interactions with other forms of fishing could mitigate such conflicts and support a common ground to find synergies. For example, the spearfishing association of Barcelona and the artisanal small-scale fishers of Port de la Selva (northwestern Mediterranean Sea) recently started a collaboration whereby spearfishers locate and recover lost traps and pots on the sea bottom. Brazilian recreational spearfishers are being actively included in the zoning process of the Queimada Grande Island reefs which is part of a partially-protected area in Brazil. These activities can certainly contribute to reducing conflicts with other stakeholders. Balanced solutions should be assessed by policy makers that put recreational spearfishers on equal footing with other fisheries, particularly in mixed coastal fisheries (Arlinghaus et al., 2019). Furthermore, as a uniquely selective form of fishing that can deliberately target certain species, sizes, and other traits, spearfishers can have a positive influence on fisheries conservation and management. For example, spearfishing may mitigate the effects of non-native species by targeting invasive or harmful species such as lionfishes (Harris et al., 2019), reducing their abundance and altering their traits (Côté et al., 2014), and thereby mitigating the effects of those species on community structure and ecosystem function (Giakoumi et al., 2019).
Several studies have characterized catches of spearfishing tournaments (Coll et al., 2004; Lincoln Smith et al., 1989; Pita & Freire, 2016), but the potential effects of such biomass removal is still not clear and probably limited to few target species. What is rarely studied, are the indirect social aspects related to spearfishing tournaments that can foster representation of the spearfishing community. Spearfishing tournaments include participants from different local spearfishing organizations, which in turn belong to national and international federations. These organizations can help to create bridges between spearfishers, researchers and conservationists by stimulating trust and cooperation. Moreover, spearfishing tournaments may also offer an opportunity for gathering ecological data in coastal areas (see section 5.1). Recreational spearfishing organizations could play a key role in promoting proactive behaviors related to management and conservation actions, as well as providing an important educational role for new generations of spearfishers (Arlinghaus et al., 2019). For example, the spearfishing association of Barcelona, founded in 1946, is promoting changes in the spearfishing community in Europe towards a more sustainable activity (Sbragaglia et al., 2016), which includes supporting that fraction of spearfishers that are becoming to be also interested in complementary activities such as underwater photography tournaments. Similarly, spearfishers participating in tournaments in KwaZulu-Natal (South Africa) recognized the decline of two species of groupers (Epinephelus lanceolatus and Epinephelus tukula) and lobbied for their protection by the implementation of a moratorium on their capture in 1974 (Mann, 2013). Well-designed, evidence-based regulations could help to mitigate the possible ecological impacts of spearfishing tournaments without losing the social benefits derive from them.

7. CONCLUSIONS
Our review provides a comprehensive, multidisciplinary, and global understanding of marine recreational spearfishing spanning the range of ecological, social and economic dimensions (Fig. 4). Research interest in marine recreational spearfishing is increasing, but there are several key points to keep in mind for a successful development of this multidisciplinary research area, and consequently for the future sustainability of marine recreational spearfishing (Table 4).
Spearfishers represent a numerical minority within the population of recreational fishers. They can be highly selective (both in terms of species and fish size) and have specific motivations related to being in touch with the sea, which opens several opportunities for participatory management that cannot be applied to marine recreational angling. Specific research effort should be dedicated to better understanding marine recreational spearfishing as a complex adaptive social-ecological system, which is a crucial aspect for governing recreational fishing (Arlinghaus et al., 2019; Arlinghaus et al., 2017a), but has been mostly ignored in the recreational spearfishing literature.
[bookmark: _gjdgxs]Changing perceptions, beliefs and ultimately behavior of marine recreational spearfishers is key for the future sustainability of this recreational fishing modality, which regardless of its size, is an important economic and cultural activity. For example, the attitudes of some recreational spearfishers are already changing from being a group exclusively interested in “adventure-seeking hunting” to a group that is interested in “sea-appreciating hunting”. Changes in attitudes have already been shown by spearfishers towards sharks and rays on the Great Barrier Reef (Whatmough et al., 2011), and is suggested by an increase in conservation awareness in the Mediterranean Sea (Sbragaglia & Arlinghaus, 2020). Scientists as well as managers may benefit from recognizing this ongoing transition and work towards the spreading of best practices driven by the fraction of recreational spearfishers showing these new attitudes. We look forward to the outcomes of such future collaborations.
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Table 1 – Participation rate and average age of marine recreational spearfishers. a Age difference with respect to shore anglers; b Age difference with respect to boat anglers.  

	Reference
	Area
	% spearfishers
within
recreational fishers
	Average spearfishers age

	Ennis and Aiken (2014)
	Jamaica
	
	36

	Gordoa et al. (2019)
	Spain
	1.2 - 4.9%
	36 (-5a; -9b)

	Morales-Nin et al. (2005)
	Majorca (Spain)
	3.6%
	

	Assis et al. (2018)
	Portugal
	
	33

	Martínez-Escauriaza et al. (2020)
	Madeira (Portugal)
	
	33

	Pita et al. (2018)
	Galicia (Spain)
	5%
	37

	Mann et al. (1997)
	South Africa
	1.7%
	30

	Skov et al. (2020)
	Denmark
	< 5%
	






Table 2 – Proportion of total biomass removal of three main marine recreational fishing modalities including spearfishing (Spear) from different countries or localities. The proportion of total biomass removal of spearfishing is also reported with respect to artisanal fisheries and total commercial fisheries. a Values estimated using the relative weight of spearfishing catches compared to the total recreational fishing catch, and the relation of recreational to commercial catches. b The study includes shellfish gathering, which accounts for 19% of total MRF catch.

	Reference
	Area
	Recreational fishing
	Spear/ Artisanal
	Spear/
Commercial

	
	
	Shore angling
	Boat angling
	Spear
	
	

	Michailidis et al. (2020)
	Cyprus
	64%
	24%
	12%
	-
	17.5%a

	Lloret et al. (2008)
	Cap de Creus (Spain)
	-
	-
	-
	40%
	-

	ICATMAR (2020)a
	Catalonia (Spain)
	37%
	56%
	7%
	4%
	0.4%a

	Pita et al. (2018)
	Galicia (Spain)
	50%
	40%
	10%
	-
	1%

	Gordoa et al. (2019)
	Spain
	47%
	49%
	4%
	-
	-

	Unal et al. (2010)
	Çanakkale strait (Turkey)
	37%
	49%
	4%
	-
	1.2%a

	Herfaut et al. (2013)
	France
	26%b
	50%b
	4%b
	-
	0.4%a







Table 3 – Compilation of papers including estimates of mean trophic level (MTL) and intrinsic vulnerability index (IV) of species caught by marine spearfishers as well as their catch per unit effort (CPUE; kg/spearfisher/hour). Information is reported according to recreational and sportive (i.e., tournaments) marine spearfishing, whether spearfishing was via freediving or SCUBA diving, together with the region where the study was conducted. a CPUE were provided in Kg/spearfisher/day and according to information provided in the study—i.e., average spearfishing time equals to 4h/day—the values were transformed in Kg/spearfisher/h. b Values estimated from average catch per trip and average trip duration from onsite surveys. c Maximum values are reported with respect to variability across seasons; d value extrapolated from figure 4a in Coll et al. (2004). e This refers to SCUBA spearfishing in Italy, which has been forbidden after 1980. f CPUE is provided as the average value across a wide range of tournament levels.

	Reference
	Modality
	Region
	MTL
	IVI
	CPUE (kg/spear/h)
	CPUE
(kg/angler/h)
(shore; boat)

	Morales-Nin et al. (2005)
	Rec
	Med.
	
	
	0.67a
	

	Lloret et al. (2008)
	Rec
	Med.
	3.89
	51.61
	1.36
	

	Lloret et al. (2019)
	Rec
	Med.
	
	64.70
	
	

	ICATMAR (2020)b
	Rec
	Med.
	
	
	0.71
	0.05; 0.37

	Unal et al. (2010)
	Rec
	Med. 
	
	
	
	

	Gordoa et al. (2019)
	Rec
	Atl./Med.
	
	
	0.50a
	0.21a; 0.50a

	Pita et al. (2018)
	Rec
	Atlantic
	
	
	0.96
	0.31c; 0.61c

	Diogo and Pereira (2013)
	Rec
	Atlantic
	
	46.70
	1.16
	

	Diogo and Pereira (2014)
	Rec
	Atlantic
	3.40
	50.90
	1.97
	0.84

	Martín-Sosa (2019)
	Rec
	Atlantic
	3.24
	45.72
	0.39
	

	Jiménez-Alvarado et al. (2020)
	Rec
	Atlantic
	
	55.55
	0.65
	

	Pinheiro and Joyeux (2015)
	Rec
	Atlantic
	
	
	1.30
	

	Guabiroba et al. (2020)
	Rec
	Atlantic
	
	
	2.96
	1.34

	Mann et al. (1997)
	Rec
	Atl./Ind.
	
	
	0.94
	

	Mann et al. (1997)
	Rec
	Indian
	
	
	1.43
	

	Meyer (2007)
	Rec
	Pacific
	
	
	1.13
	

	Dalzell (1996)
	Rec
	Pacific
	
	
	1.20
	

	Friedlander and Parrish (1998)
	Rec
	Pacific
	
	
	0.87
	

	Frisch et al. (2008)
	Rec
	Pacific
	
	
	2.22
	1.57

	Morales-Nin et al. (2005)
	Tourn.
	Med.
	
	
	0.59a
	

	Coll et al. (2004)
	Tourn.
	Med.
	
	
	1.50d
	

	Cinelli and Fresi (1980)e
	Tourn.
	Med.
	
	
	0.62f
	

	Pita and Freire (2016)
	Tourn.
	Atlantic
	
	36.70
	1.60
	

	Lincoln Smith et al. (1989)
	Tourn.
	Pacific
	
	
	1.45
	






Table 4 – A summary of the most important research priorities we highlighted in our review that will contribute to sustainable development of marine recreational spearfishing. 
	Section
	Theme
	Knowledge gap or observed pattern
	Research priority

	2.1
	Geographical distribution
	Papers largely from European countries
	Increase and foster research effort in underrepresented areas

	2.2
	Temporal pattern
	Scarcely investigated in the past (2006–2010)
	Keep increasing the research effort as observed in recent years (2016–2020)

	2.3
	Research dimensions
	Research almost exclusively focused on ecological aspects
	Research on complex adaptive social-ecological systems is needed

	3.1
	Total biomass removal
	Total biomass removal should not be used as indicator of ecological impact
	Provide robust parameters for stock assessment

	3.2
	Catch per unit effort and catch characteristics
	Strong uncertainties in indicators such as CPUE
	Specialized survey; proper integration of tournament data

	4.1
	Selectivity of marine recreational spearfishing
	Selective harvesting of larger individuals and species is based on wrong beliefs
	Change beliefs on selective harvesting

	4.2
	Changes in behavioral phenotypes of fishes
	Mechanisms on how spearfishing affects behavioral phenotypes is lacking
	Assess the evolutionary impact of spearfishing on fish behavior

	4.3
	Potential ecological impacts
	Lack of robust evidence for ecological impact of spearfishing
	Project impacts with food-web modelling

	5.1
	Ecological knowledge and connection with marine ecosystems
	Spearfishers have a deep connection with the underwater environment
	Use it for monitoring marine ecosystems and foster bottom-up actions

	5.2
	Why do recreational spearfishers fish?
	Food plays an important role in the motivation of spearfishers
	Use food as integrative strategy to reduce selective harvesting of large individuals

	5.3
	Expenditure in marine recreational spearfishing
	Increasing interest in characterizing expenditure of spearfishers
	Assessment of economic indicators such as willingness-to-pay is needed

	6.1
	Management strategies for marine recreational spearfishing
	Banning spearfishers is the most common management strategy
	Evaluate the effectiveness of periodic spatial and/or temporal closures

	6.2
	Conflicts and synergies with other stakeholders
	Spearfishers exploit same resources of other stakeholders generating conflicts
	Focus on synergies instead of conflicts
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Figure 1 – Spearfishing can be practiced by means of three main diving techniques: freediving (A); scuba diving (B); hookah diving (C). Spearfishers can use a variety of underwater gears such as spearguns with slings (D) or pneumatic (E), pole spears (F), Hawaiian slings (G), hand spears (H), or hand hooks (I). Source of pics: (A, D, E, I: Marco Bardi; B: Sisbiota-Mar; C, F, G, H: from manufacturers’ website).


[image: C:\Users\valer\Google Drive\1. ONGOING PAPERS\9. spearfishing review\figures\Fig. 3.tiff]


Figure 2 – The geographical distribution of the published papers identified during the systematic review according to; (A) the typology of spearfishing (i.e. recreational or others, i.e., subsistence, artisanal or commercial) and (B) whether the papers were related to research on spearfishing or using spearfishing for other scientific purposes.
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Figure 3 – The temporal patterns derived from the papers identified during the systematic review according to the year in which they were published. The papers were subdivided according to the spearfishing typology (recreational or others, i.e. subsistence, artisanal or commercial) and whether the papers were related to (A) research on spearfishing or (B) using spearfishing for other scientific purposes.
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Figure 4 – A conceptual representation of the different processes involved in multidisciplinary research applied to marine recreational spearfishing. Socio-economic dynamics are presented at the top: contribution to scientific research (section 5.1); cultural and social benefits (section 5.2); economic aspects (section 5.3); and conflicts/synergies with other users such as artisanal fishers and SCUBA divers (section 6.2). Ecological processes are presented at the bottom; downsizing of individuals (section 4.1); timidity syndrome (section 4); possible cascading effects at ecosystem level (section 4.3). Symbols courtesy of the Integration and Application Network (http://ian.umces.edu/symbols/).
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