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Abstract: 
Small-Scale Fisheries (SSF) are globally prevalent, playing a critical role in food security, employment, and poverty alleviation. Yet, there is a scarcity of data on the operating behaviour of SSF, despite their importance for management. To address this knowledge gap, we performed a structured review of published literature to synthesise available data on the operating behaviour of SSF. This field of research in SSF is relatively young with only 64 peer-reviewed publications from 34 countries – with 89% (n = 57) of studies published after 2010. We also show 66% (n = 42) of published studies that include data on operating behaviours are focused on SSF in emerging and high-income countries, and 77% (n = 49) of studies include ≤ 2 behavioural metrics, providing only a limited understanding of behaviour of SSF.  Nonetheless, our findings suggest a high degree of variability in SSF operating behaviour globally – with trips ranging between 2 - 305 kilometres (mean 57.7 km S.D. ± 71 km; n = 37 studies) and lasting 1 – 170 hours (mean 42.7 hrs S.D. ± 54 hrs, n = 35 studies). This behavioural variability was influenced by the economic status of a country, with fishers from lower-income countries travelling further than fishers in emerging and high-income countries. This is the first global synthesis of published knowledge in this field, providing critical insights into the operating behaviour of SSF. More robust and comparable data to industrial fisheries and other maritime sectors must be generated to enhance transparency and equity in decision making.
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Introduction
Globally, 113 million people are engaged in small-scale fisheries (SSF) with up to 500 million people thought to rely on SSF for their livelihoods, accounting for approximately 90% of total capture fisheries employment and generating an estimated $77 billion USD annually (FAO et al., 2023)(Teh and Sumaila, 2013). Approximately 40% of the SSF workforce comprises of women who are heavily involved in pre- and post- production activities alongside subsistence fishing predominantly through shore-based harvesting whilst male participation in SSF is often characterised by income generating ventures further offshore (Harper et al., 2013, FAO et al., 2023).  SSF also provide a host of other benefits to communities by contributing to social cohesion, providing a sense of identity and honouring heritage (Nunan et al., 2018, Leite et al., 2023). Consequently, SSF make a significant contribution to local and national economies due to their pivotal role in food security, employment, poverty alleviation and wellbeing (Chuenpagdee et al., 2006, Islam and Chuenpagdee, 2022).

Despite being extensively distributed and a mainstay of the fisheries sector, particularly in developing countries, there is a limited understanding of spatiotemporal patterns of resource use in SSF in comparison to large-scale and industrialised fisheries (Chuenpagdee, 2012, Metcalfe et al., 2017). Large-scale and industrial fisheries are often legally required to be equipped with vessel tracking technologies that report vessel positions at regular intervals which can be used to characterise fishing effort (Witt and Godley, 2007, Kroodsma et al., 2018), behaviour (Li et al., 2021) and compliance (Doherty et al., 2021). In contrast, the large number of vessels and dispersed nature of many SSF fleets has made this approach economically and logistically challenging, particularly where government regulations do not enforce their use (Behivoke et al., 2021, Baker Jr et al., 2016). Consequently, policy and management decisions directed at SSF which are designed to influence, modify, or change behaviours (e.g., gear restrictions and spatial management measures) are often based on limited understanding of fisher behaviour and the extent of their fishing grounds (Behivoke et al., 2021, Teh et al., 2012). This could ultimately reduce the effectiveness of interventions, hamper fishers’ compliance (Hauck, 2013), lead to marginalisation (Nayak et al., 2014), and result in socioeconomic impacts that generate conflict (Freduah et al., 2017); particularly where there are competing interests for access to resources (Alfaro-Shigueto et al., 2010). 

Over the last decade, researchers and practitioners have adopted a variety of approaches to fill data gaps and improve understanding of the behaviour of fisheries fleets (Table 1). These range from low-tech approaches such as interviews, participatory mapping (Turner et al., 2015, Thiault et al., 2017), and onboard observers (Mendo et al., 2019); to high-tech approaches such as vessel monitoring systems, VMS (Campbell et al., 2014, Torres-Irineo et al., 2021), and satellite automatic information systems, S-AIS (Natale et al., 2015, James et al., 2018). Although these high-tech approaches have been used to monitor SSF (Birchenough et al., 2021, James et al., 2018), they are predominately used in large-scale industrialised fisheries which can afford the maintenance and operating costs, have the technological capacity, and access to a sufficient on-board energy supply (Behivoke et al., 2021, Baker Jr et al., 2016). However, in the context of SSF, recent improvements in tracking technology (e.g., miniaturisation) have led to the increased use and development of various low cost, battery or battery-solar hybrid powered global positioning systems (GPS) and global systems for mobile communications (GSM) devices (Burgos et al., 2013), which are well suited to the complexities of SSF (Orofino et al., 2023, Metcalfe et al., 2017, Alvard and Carlson, 2020, Alvard et al., 2015, Behivoke et al., 2021). The UK Government in particular has begun to phase in the use of inshore Vessel Monitoring Systems (iVMS) devices for SSF vessels < 12 metres, that will provide high-resolution data, with positional updates every two minutes, which can be linked to logbook and landings data (MMO, 2023). A similar strategy is being explored by several EU Member States (EMFF, 2020).

Nonetheless, whilst most global literature reviews on SSF have focused on socio-economic characteristics (Schuhbauer and Sumaila, 2016, d’Armengol et al., 2018), management factors (Berkes, 2001, Barreto et al., 2020), impacts of fishing activities (Jones et al., 2018) or the SSF science field in general (Smith et al., 2021), there has been no attempt to synthesise the operating behaviour of small-scale fishers despite the importance of this data for management. To address this knowledge gap, we undertook a structured review of published literature with the aim of: (1) understanding this nascent field of research, and identifying the characteristics of studies that include spatiotemporal data on operating behaviours; (2) evaluating variability in the fishers’ spatiotemporal operating behaviours; and (3) exploring the relationships between the characteristics of fishing vessels (e.g. size, gear type and engine power) and fishers’ behaviour.

Table 1 | Summary of advantages and disadvantages (which were identified from a review of the cited studies) for each of the SSF monitoring approaches, including categorisation of their financial cost (low <£100, medium < £500, high >£1000) relating to the total cost of buying and operating device/method per boat being assessed; and logistical cost (low, medium, high), relating to the costs in terms time management, and data processing. 
	Monitoring Method
	Advantages
	Disadvantages
	Financial 
Cost
	Logistical 
Cost
	Examples of references employing method to monitor SSF

	Automatic Identification Systems (AIS)
	Provides higher resolution spatial-temporal data on fishing activity than VMS. Satellite AIS can detect vessels beyond limits of traditional terrestrial receivers. Information can be received by other ships equipped with AIS making it more accessible and cheaper than VMS. AIS data is publicly available (high accessibility).
	Provides slightly lower resolution than iVMS. Terrestrial AIS receivers have range limitations and so complex coastal topography could impair AIS detection. The data requires high computational demands; high maintenance and startup costs; not possible on small vessels. 
	High
	Medium
	(James et al., 2018)

	Electronic Video-based monitoring (EVM) 
	The cost of EVM can be less than other similar monitoring methods such as onboard observers. It can be extremely effective when used to review self-reported logbook data; useful in vertical hook and line fisheries.
	Costly in terms of set up cost and processing time. Data does not provide any spatial temporal information; more informative for characterising behaviours when used in combination with VMS or GPS tracking data.
	Medium
	High
	(Stanley et al., 2009, Ames et al., 2007)

	Global Positioning System (GPS)
	Widely used and so makes use of existing infrastructure. Can be set up to provide high resolution data that can be used to derive vessel speeds. GPS devices are small so easily taken on SSF vessels; signal transmits from anywhere on the globe (compared to AIS and iVMS).
	Remote data download requires additional infrastructure (i.e., base stations), and so often requires frequent intervention to download tracking data. Devices require more regular servicing. Reliant on fishers using device correctly.
	Low
	Medium
	(Cardiec et al., 2020, Metcalfe et al., 2017, Alvard et al., 2015, Baker Jr et al., 2016, Behivoke et al., 2021, Daw, 2011, Navarrete Forero et al., 2017)


	Global System Mobile Communication (GSM) 
	Uses mobile phone networks to transmit GPS data. Low-cost method that offers good coverage if within a GSM area. Very small in size and easily accessible.
	Reliant on fishers using device correctly. Longevity of devices is low, and devices require more regular servicing. 
	Low
	Medium
	(Hsu et al., 2019, Burgos et al., 2013)

	Interviews & Participatory Mapping
	Can rapidly provide good representation of spatial patterns of resource use which in combination with GIS can be used to map fishing effort distribution and extract behavioral metrics. Can track changes over large temporal scales at minimal costs. This approach can increase relations with local communities and provide information on cultural services.
	Requires extensive engagement to initiate. Limited by restrictions in fishers’ knowledge that are spatially localised and seasonal. Requires large sample size to provide robust data on sector wide patterns. Differences in fishers’ spatial perceptions can impact accuracy. 
	Low
	High
	(Turner et al., 2015, Thiault et al., 2017, Aswani and Lauer, 2006, Szostek et al., 2017, Scholz et al., 2004, De Freitas and Tagliani, 2009, Ardron and Wallace, 2005, Lima et al., 2017, Hall and Close, 2007)




	Models Using Generalised Behaviour Rules (FEET)
	When data is scare, these rules can be universally applied; allows interregional comparisons of fishing effort and behavioural characteristics. 
	Generalisations can lead to under- or over- estimation of fishing effort as it often assumes all fishers behave uniformly. 
	Low
	Medium
	(Stewart et al., 2010, Dunn et al., 2010, Chuenpagdee et al., 2006, Chuenpagdee and Pauly, 2008, Johnson et al., 2017)
 

	Onboard Observers
	Can be used to record fishers’ behaviours (e.g., set and haul locations). Reliable data on bycatch and gear type; can monitor with global navigation satellite system (GNSS); easily combined with data from VMS or GPS tracking data.
	Space limits this approach to larger vessels. Expensive in terms of personnel time to implement on SSF. If not used in combination with GPS or VMS tracking data, it doesn’t provide detailed spatial temporal information. Logistically hard to organise in LEDCs with complex SSF.
	High
	High
	(Cardiec et al., 2020, Mendo et al., 2019) 

	Vessel Sightings
	Reliable and accurate spatial temporal data on SSF when other statistical data for the fishery is scarce. 
	This data is often limited in its breadth; comes as a by-product of patrol vessels; doesn’t record entire trip only a specific moment in space and time.
	Low
	Low
	(Turner et al., 2015, Breen et al., 2015, Kleiven et al., 2011) 

	Inshore Vessel Monitoring System (iVMS)
	Provide robust overall package in terms accessibility to managers and of scrutiny of units and data. Has the ability to integrate plug-ins for catch reporting; higher resolution than AIS and VMS.
	iVMS track data is not yet publicly available. High maintenance and startup costs and are typically limited to inshore areas in developed nations with established infrastructure as linked to GPRS mobile phone signals to transmit data.
	High
	Medium
	(Tully, 2017)

	Vessel Monitoring Systems (VMS)
	Provides good temporal and spatial coverage of patterns of fisheries activity. High-resolution real-time data with high transmission range. Independence of vessel master and catch book; previous use on SSF vessels.
	High logistical and computational cost when processing data.; High financial start-up and maintenance costs. Not possible to install on small vessels that lack a sufficient energy source.
	High
	Medium
	(Witt and Godley, 2007, Birchenough et al., 2021, Lee et al., 2010, Campbell et al., 2014, Jennings and Lee, 2012, Russo et al., 2014)




Methods
Structured literature review
A structured literature review was conducted to identify sources that provided information on spatiotemporal operating behaviours of fishers within marine SSF. This followed the PRISMA statement for meta-analysis and standardised systematic literature reviews (Moher et al., 2009, Iacarella et al., 2021); which aims to enhance the transparency of reviews. The Publish or Perish software application (Harzing, 2007) was used to extract sources from Web of Science and Google Scholar using combinations of boolean search terms that accounted for variations in British and American spelling of key words (Table 2). Given that grey literature is more difficult to access systematically (Mahood et al., 2014) we focused only on peer-reviewed literature. Furthermore, as there are very few publications on SSF prior to 2000 (Smith et al., 2021), the literature search was constrained to the period 2000 – 2022. Papers were selected if they specified that the study and metrics were derived from marine small-scale fisheries, which is typically defined by vessel length (< 15 meters), vessel gross tonnage (< 5 GT), gear type, and socioeconomic characteristics (Halim et al., 2019, Smith and Basurto, 2019). 

Table 2 | Boolean search terms used in the structured literature review to identify relevant sources.
	Search Terms

	“small scale fisher*” OR “artisanal fisher*” AND “spatial dynamics”

	“small scale fisher*” OR “artisanal fisher*” AND “characteri*” OR “behavio*”

	“small scale fisher*” OR “artisanal fisher*” AND “temporal dynamics”

	“small scale fisher*” OR “artisanal fisher*” AND “spatial temporal” OR “spatio temporal”

	“small scale fisher*” OR “artisanal fisher*” AND “GPS” OR “participatory mapping” OR “AIS” OR “VMS” OR “GSM”

	“small scale fisher*” OR “artisanal fisher*” AND “GPS” AND “Monitoring”



On the 18th of June 2023, the search terms returned a total of 975 publications (Figure 1). Duplicates were removed (n = 152) and the title and abstract were screened to exclude papers that were not focused on marine small-scale fisheries and/or did not allude to the study of fisher operating behaviour (n = 576). The screening process resulted in a total of 247 papers that met the eligibility criteria, of which 13 publications (5.26%) were not accessible. The remaining papers (n = 234) were read in full to determine whether they included spatiotemporal metrics describing fisher behaviour (e.g., fishing trip duration, total trip distance, maximum offshore distance), with a total of 64 papers selected for inclusion to build a database on fishers’ spatiotemporal operating behaviours (Table S1).
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Figure 1 | Structured literature review process 
Data extraction
For the 64 papers included in the analysis, the information extracted consisted of: (1) year of the publication; (2) country of the lead authors’ institution; (3); method used to collect or derive spatiotemporal metrics of fisher behaviour; (4) country of the fishery, and its socioeconomic status (e.g., high-income; upper-middle income; lower-middle income; and low-income) as defined by its World Bank economic development classification (World Bank, 2021); (5) type and characteristics of the fishing vessels (e.g., motorised, non-motorised, engine size, vessel length); and (6) type of fishing gear deployed, which were classified as either fisheries using only static fishing gear (hand line, pots and traps, spear gun), mobile gears (e.g., drift/gill nets, mid water trawls, long lines) or a combination of both mobile and static, hereafter defined as mixed. 

Where available, the following study and behavioural metrics were also extracted: (1) sample size of the study (e.g., number of boats and/or fishers); (2) maximum trip duration (hr); (3) mean trip duration (hr); (4) mean time spent fishing (hr); (5) maximum trip distance (km); (6) mean trip distance (km); (7) maximum offshore distance (km); (8) maximum average speed (km/h); (9) mean speed (km/h); (10) maximum depth (meters); and (11) maximum spatial footprint (km2). To support full text screening, a keyword search (e.g., “kilometre”, “km”, “mile”, “nautical mile”, “nm”, “distance”, “duration”, “hour”, “minute”) was employed to facilitate data extraction. These spatiotemporal behavioural variables were chosen based upon Metcalfe et al. (2017); a study which looked at a variety of fine-scale behavioural characteristics of small-scale fishers operating in the Republic of the Congo.
Data analysis
Each entry in the database represented a fishery from a specific study region, however, as 14 of the 64 publications included data from multiple regions and fishery types within the same country, it translated into 94 spatiotemporal data entries. To better understand the current state of knowledge around the spatiotemporal behaviours of small-scale fishers, we assessed three aspects.

First, we evaluated trends in studies that included spatiotemporal components. This included: (1) summarising the number of peer-reviewed publications by year to highlight trends in the reporting of spatiotemporal behaviours of SSF over time; (2) aggregating publications by the type of methodology and number of spatiotemporal behaviour metrics evaluated to ascertain the variability in the adoption of different approaches used to characterise SSF behaviour; and (3) establishing the number of publications by country, continent and across world bank economic development categories to identify geographic gaps in the availability of behaviour data.

Second, we assessed the level of variability in spatiotemporal behaviours as this is important for informing policy and management (Teh et al., 2012). To achieve this, we presented the range in fishers’ operating behaviour for: (1) four temporal variables (maximum trip distance, maximum offshore distance, mean trip distance and maximum depth) and (2) three spatial variables (maximum trip duration, mean trip duration and mean gear soak time). 

Third, we explored the relationship between maximum fishing trip distances and vessel characteristics by World Bank economic development classification to assist policy makers and practitioners understand what factors potentially influence fisher behaviour. Maximum trip distance was chosen as metrics with under 20 data points (i.e., soak time, maximum offshore distance) were excluded after being deemed to have insufficient sample sizes for further statistical analysis, whilst all remaining spatiotemporal variables (maximum trip duration, maximum depth, mean duration and mean distance) were found to correlated with maximum trip distance (Figure S1) using the stats 3.6.2 package in R 4.3.0 (R Core Team, 2023). This is likely because greater distances travelled by fishers are linked to longer travel times and access to deeper waters. 

Vessel characteristics were chosen based on past studies which have found causal relationships with fisher behaviour. Relationships between continuous predictor variables (fishing vessel length, engine size; Natale et al., 2015) were assessed by creating generalised linear models with gaussian error structures using the MASS 7.3-60 package in R 4.3.0 (R Core Team, 2023). Relationships between categorical predictor variables (i.e., method of propulsion, such as motorised, or non-motorised (e.g., sail or hand powered; Metcalfe et al., 2017, Daw, 2011), the socio-economic context of the fishery (Agar et al., 2017), and gear type (Wiyono et al., 2006)) were explored using the non-parametric Kruskal Wallis rank sum test with pairwise Wilcoxon rank sum tests implemented on significant results using the stats 3.6.2 package in R 4.3.0 (R Core Team, 2023).  
Results 
Characteristics of the field
The 64 sources identified during the structured literature review were published between 2005 and 2022, with 89% (n = 57) of those studies published after 2010 and peaking in 2020 (Figure 2A). Between 2005 and 2014, only four methods were used with data gathered primarily through interviews (n = 8; 67%), whilst from 2015 to 2022 this shifted to GPS tracking (n = 8; 29%) with nine methods adopted (Figure 2A). In terms of methodology, the most frequent approach adopted to characterise spatiotemporal metrics of fisher behaviour were interviews (n = 23; 36%) followed by GPS tracking (n = 22; 34%) with nine other methods accounting for the remaining 19 (30%) studies (Figure 2B). The number of behavioural metrics reported in each study ranged from 1 to 10 metrics per publication (mean number of metrics per study: 2.08 S.D. ± 1.48; n = 64), with most studies (n = 49; 77%) including ≤ 2 metrics (Figure 2C). In terms of regional distribution, most publications that included spatiotemporal components were from Europe (n = 15; 23%), followed by Africa and North America (n = 14; 22%), and Asia (n = 12; 19%) (Figure 2D). Most studies that included components of SSF behaviour were conducted in high-income countries (n = 22; 35%), whilst low-income-countries were represented by only 5 (8%) studies (Figure 2E). The 64 sources included spatiotemporal metrics on SSF from 34 countries with Mexico (n = 9) and the UK (n = 5) accounting for 22% of publications. In contrast, countries with extensive coastlines such as the USA, France, Philippines, and South Africa were represented by only one publication (6%) each (Figure 2F). 
Variability in spatiotemporal behaviour
Data from the 64 studies included in our analysis revealed that there is a great deal of variance in both the reporting of, and variability in, the spatial and temporal behaviour of SSF (Figure 3). For instance, the difference between the maximum documented trip distances ranged between 2 km and 305 km (mean 57.7 km S.D. ± 71 km, n = 37 studies; Figure 3A). Similar trends were evident for maximum trip duration which ranged between 1 hr and 170 hrs across studies (mean 42.7 hrs S.D. ± 54 hrs, n = 35 studies; Figure 3B).
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Figure 2 | Sources identified from the structured literature review including spatiotemporal metrics of small-scale fishers operating behaviour: (A) the number of publications and methods utilised by year between 2000 and 2022 ; (B) the methodology employed to derive spatiotemporal information of small-scale fishers operating behaviour; (C) the number of metrics derived by each publication; (D) the number of publications by continent; (E) the number of publications by World Bank economic development classification (HIE – high income economy; UMIE – upper middle income economy; LMIE - lower middle income economy; LIE - lower income economy) and (F) the number of publications by country.
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Figure 3 | Small-scale fishers operating behaviour: (A) spatial variability in distance and depth; and (B) temporal variability in duration of fishing events. 

Spatiotemporal relationships
Variability in fisher behaviour could not be explained by vessel length (Figure 4A), engine size (Figure 4B), method of propulsion (motorised or non-motorised) (Figure 4C), gear type (static, mobile, or mixed) or by continent (Figure 4E).  However, variability in fisher behaviour could be explained by the World Bank economic classification of the flag state of fleets (Figure 4D) with the maximum trip distance of fleets from lower income countries being significantly higher than those from lower middle income (p = 0.02) and higher income countries (p = 0.02). The maximum trip distance of fleets from upper middle-income countries was also significantly higher than those from lower middle income (p = 0.006) and higher income countries (p = 0.005) (Figure 4C). 
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Figure 4 | The relationship between fisher operating behaviour (maximum trip distance (km)) and: (A) vessel length (m); (B) engine size (hp); (C) method of propulsion by World Bank economic development classification (inset – overall); (D) continent by World Bank economic development classification (inset – overall); and (E) gear type by World Bank economic development classification (inset – overall).

Discussion 
Small-scale fisheries are prevalent throughout the world, employing more individuals than large-scale industrialised fisheries, shipping, and oil and gas sectors combined (Kelleher et al., 2012, OECD, 2016). However, despite their critical role (Kraan, 2009, Loring et al., 2019), there is very little understanding or awareness of the variability in their operating behaviour. Our findings provide critical insights into this sector, which can be used to guide future research priorities and better inform policy and management to ensure appropriate governance mechanisms are in place to enhance transparency and equity in decision-making. 
Characteristics of the field
Since 2005, there has been an increased focus in recording or reporting of SSF spatiotemporal operating behaviours. However, whilst data is available from most continents (e.g., Africa, North America, Europe, Asia, South America, and Oceania), it is not representative of the global distribution of SSF fleets. For example, only two studies provided data on the operating behaviour of SSF in Oceania, despite the important role of SSF in this region (Schnierer and Egan, 2016, Smith et al., 2021). Furthermore, we found that studies on the operating behaviour of fishers from low-income economies was limited (n = 5) in contrast to high-income countries (n = 22), despite this sector playing an important social and economic role in terms of employment, food security, poverty alleviation and well-being in countries with fewer alternative livelihood opportunities (Chuenpagdee et al., 2006, Loring et al., 2019). These findings could reflect the fact that we did not review the grey literature and that the search protocol excluded languages other than English and so will likely have missed locally specific or national reports published in other languages. Similarly, we focused on a small number of well recognised and specific search terms and so may have excluded studies that used broader terms to describe SSF behaviour.  

Our review also revealed the most common approach to characterise SSF behaviour prior to 2015 was interviews. The low-cost and flexible nature of this approach has been well suited to the complexities and low technological capacities of SSF (Lima et al., 2017, Metcalfe et al., 2017). However, in recent years (i.e., 2015 onwards), GPS trackers have become dominant as advances in technology and increased affordability have enabled their deployment within SSF (Tassetti et al., 2022). This method has been particularly useful as it can be combined with other approaches such as participatory mapping (Borges et al., 2021), video-based electronic monitoring (Baker Jr et al., 2016) and onboard observers (Behivoke et al., 2021), to provide greater insights into fishing activities. The benefits of this approach have been demonstrated in industrial fleets where access to large amounts of data have highlighted Illegal, Unreported or Unregulated (IUU) fishing operations (Park et al., 2020, Seto et al., 2023, Ford et al., 2018), species risk (White et al., 2017, Kroodsma et al., 2023, Queiroz et al., 2019, Womersley et al., 2022) and the effectiveness of policy and management interventions (Dureuil et al., 2018, Lynham et al., 2020, Visalli et al., 2020, Kerry et al., 2022). Advances in machine learning capabilities and computer processing power have also meant that the ability of this data to perform predictive analysis is now being realised which should improve resource management through pre-emptive conservation efforts (White et al., 2019, Watson and Woodill, 2022, Welch et al., 2022). Similarly, there is a growing opportunity with advances in satellite technology to use high resolution optical imagery to perform object-based image analysis to detect SSF vessels and identify patterns of fishing practices and behaviours, such as for industrial fisheries and shipping (Aiello et al., 2019, Park et al., 2020). Nonetheless, our study demonstrates that comparable data for SSF is both lacking and dispersed with a small set of studies that generally evaluate fleets using a limited number of metrics. Consequently, as policy and management decisions become increasingly data driven, SSF risk becoming further marginalised if data collection and centralisation efforts are not improved.
Variability in small-scale fisher behaviour
As well as characterising the field, understanding the full extent of the variability in small-scale fisher behaviour is essential if both policy makers and practitioners are to develop effective policies. Within the context of SSF, several researchers have defined SSF by their vessel length, size, weight (Halim et al., 2019) and operational range to quantify fishing effort (Natale et al., 2015). Others have developed generalised behavioural rules that apply uniform operational ranges to small-scale fishers globally to map the footprint of activities (e.g., Fishing Effort Envelope Tool, FEET and Predicted Fishing Effort, PFE; Stewart et al., 2010, Johnson et al., 2017). However, this study demonstrates that these approaches do not account for the high degree of variability observed in the operating behaviours of small-scale fishers which are comprised of varying vessel types and employ a range of fishing practices and gears. Consequently, failure to account for such differences in fisher behaviour could reduce the effectiveness of policies that are designed to influence, modify, or change behaviours (Fulton et al., 2011, Metcalfe et al., 2017). 

Similarly, the application of generalised behaviour rules to quantify SSF fishing effort and spatial patterns of resource use (i.e., fishery footprints) could lead to the over- or under-representation of the extent of fishing grounds and level of effort within these areas (Nayak et al., 2014, Hiddink et al., 2007, Navarrete Forero et al., 2017). More specifically, the under-estimation of fishers operating behaviours could result in increasing competition for access to near-shore fishing grounds with other competing marine resource users and activities such as tourism, large-scale and industrialised fisheries, marine protected areas, and resource exploitation (e.g., petrochemicals); which could subsequently lead to declines in catches and socio-economic living standards (Chuenpagdee et al., 2006, d’Armengol et al., 2018). Additionally, the over-representation of SSF operating behaviours could obstruct the full extent of the impact fishers have on the marine environment from being accurately quantified thereby leading to the overexploitation of target stocks (Stewart et al., 2010, Thoya et al., 2020, Navarrete Forero et al., 2017). This can be particularly problematic when considering the high levels of bycatch associated with many SSF (Shester and Micheli, 2011, Jones et al., 2018). 
Exploring relationships
Despite previous national scale studies finding vessel length to be correlated with operational range (Natale et al., 2015) – we found no significant relationship between the length of vessels and the operating behaviour of SSF – such as distance travelled. These differences in findings could reflect the sample size of our analyses that were small in part due to the limited number of published studies, or that the high variability in fisher behaviour observed at a global scale masks differences commonly observed within national SSF fleets. 

Whilst no significant relationship was found between the operating behaviour of SSF and method of propulsion (i.e., motorised or non-motorised), previous national scale studies have shown that motorised SSF vessels are able to fish further and for longer than their non-motorised counterparts that are typically small, low-tech, low power vessels (e.g., paddle or sail powered) which limits the distances they can travel offshore (Daw, 2011, Metcalfe et al., 2017). Similarly, we detected no relationship between engine size/power and the operating behaviour of fishers despite previous national scale studies showing that engine power could predict fishers operational range (Natale et al., 2015). These findings may reflect fishers’ financial power as well as the size, construction and condition of many vessels which are typically wooden hulled vessels that can be in service for up to a decade and lack powered refrigeration. All of which combined may constrain how far fishers can safely and physically operate (i.e., how much fuel they can purchase) and the amount of catch that they can store onboard without compromising its quality and value (Chuenpagdee et al., 2006, Natale et al., 2015); ultimately leading to a high dependency on nearshore shallow waters. 

Our findings also show that the type of fishing gear deployed had no observed effect on the operating behaviour of SSF. Similar trends were observed in a previous study, investigating a single fishery (Natale et al., 2015). However, it is worth noting that fishers using small vessels with low engine power have been observed travelling great distances to deeper waters to combat fish stock declines in their local grounds (Damasio et al., 2020), and so the health of fish stocks are also likely to play an important role in shaping fishers’ operating behaviour.

Perhaps most interestingly, we found a significant difference in the operating behaviour of SSF fleets from low- to high-income countries. These differences could reflect the high dependency on fish as a source of protein (Kraan, 2009, Loring et al., 2019), the presence of overfishing driven by IUU fishing, and weaker governance that forces fishers in these countries to travel further afield to find productive fishing grounds (Chuenpagdee et al., 2006, Hall et al., 2009).
Conclusion
Although some of our main findings have previously been replicated at a national scale by several other publications (e.g., Daw, 2011, Natale et al., 2015, Metcalfe et al., 2017, Quijano Quiñones et al., 2021), this is the first study on marine fisheries to synthesise the spatiotemporal operating behaviour of SSF at a global scale. In summary, we show: (1) this field of research is relatively young and under-representative of certain regions; (2) there is a high degree of variability in fishers’ operating behaviours, which means that generalised or uniform behavioural rules could lead to an under- or over-estimation in SSF behaviour and extent of fishing grounds; (3) the operating behaviour of fishers is influenced by economic status of a country with fishers from lower-income countries travelling further than fishers in emerging and high income countries; and (4) further studies are needed to better understand the nuances between regions, types of vessels and fishing practices to ensure that policy and management decisions accurately reflect spatiotemporal patterns of SSF resource use from local to global scales. Currently, it does not appear cost effective for countries to implement large scale SSF tracking programs, and so further research is needed to help understand the mechanisms and resources that need to be in place to provide comparable data to industrial fisheries and ensure equity in decision making for SSF. 
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Figure S1 | Correlation plots between spatiotemporal variables: using the Pearson's correlation coefficient test.
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