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Adaptation to changes in the delivery of ecosystem services while maintaining resilience of natural systems is one of the main challenges faced by multi-use marine protected areas (MPAs). To overcome this, it is crucial to improve our understanding of interdependencies among resource users and ecosystems. In this study we used networks to model the socio-ecological system of a multi-use MPA in the southern Caribbean. Using a mixed-method approach, we built a socio ecological network (SEN) from the flow of economic benefits that stakeholders obtain from coral reefs in Los Roques National Park. We specifically looked at how these benefits are distributed among stakeholder groups and how the structure and other network properties can inform management. For this, four networks (simple, weighted, directed and directed-weighted) were built from 125 nodes representing three services and six stakeholder groups, linked through 475 edges. The SEN structure indicated an open resource use pattern with reduced social capital, suggesting that community-based management could be challenging. Only 31% of the benefits from ecosystem services stay within the SEN. Regulation services, derived from the coral reef framework were the most important in terms of maintaining the flow of benefits through the SEN; however, most benefits depended on provisioning services. This approach, based on network theory allowed identification of inequalities in the access to benefits among groups, externalities in benefits derived from fisheries and trade-offs between provisioning and regulation services. Our results suggest that Los Roques might be falling into a socio-ecological trap. Improving access to benefits and increasing trust need be prioritized. Low-cost management intervention can help internalize financial benefits and reduce trade-offs affecting more vulnerable stakeholder groups. However, these would require changes in governance and institutions at the executive level.
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INTRODUCTION

Marine protected areas (MPAs) have been championed as a tool to increase resilience of coral reefs (Bruno and Selig, 2010; Cinner et al., 2016; Bellwood et al., 2019). Area-based protection has been put in the forefront of the global conservation agenda as a strategy to halt the loss of marine biodiversity (Toonen et al., 2013; Zhao et al., 2020). Both the Convention on Biological Diversity and the Sustainable Development Goals (SDG) set targets to protect 10% of the ocean with the goal of “safeguarding both habitats and populations of species and for delivering important ecosystem services” (CBD, 2010; Strategic Plan 2011-2020) and to “conserve and sustainably use the oceans and marine resources for sustainable development” (SDG, 2015).

However, the mere land and water coverage of a marine protected area is not indicative of its conservation value or effectiveness in moving forward toward these goals (Mora et al., 2006; Bruno and Selig, 2010). The effectiveness of MPAs to conserve biodiversity depends on a myriad of factors. While some, such as the MPA’s age and size affect their protection effectiveness (Claudet et al., 2008; Edgar et al., 2014; Strain et al., 2019), those related with how the MPA is managed can ultimately hinder the area’s capacity to protect biodiversity (Guidetti et al., 2008; Giakoumi et al., 2018; Strain et al., 2019). Unlike fully protected marine reserves (i.e., no-take zones), multi-use MPAs encompass areas with different levels of protection or allowed uses, often with human settlements inside the boundaries of the MPA. Here, management effectiveness becomes more critical, because securing the well-being of local communities living in, or using the MPA is also indispensable for actors to use resources sustainably and ensure the provision of ecosystem services (Mumby et al., 2014).

Recognizing where and when to adapt management and conservation interventions for resilience or transformation is becoming increasingly important to maintain the delivery of ecosystem services under a changing climate (Darling et al., 2019; Woodhead et al., 2019; Peterson St-Laurent et al., 2021). Socioeconomic and cultural processes change in response to how the provision of ecosystem services also change (Bohan et al., 2016; Bellwood et al., 2019; Williams et al., 2019). Adjustment of these processes can thus modify how resources are used by either increasing or decreasing pressure from anthropogenic local drivers of change in natural systems (Barnes et al., 2017). In multi-use coral reef MPAs where resource users are more reliant on natural resources (Cinner et al., 2011; Coulthard, 2012), changes in cultural, socioeconomic, and institutional aspects can rapidly affect the way people use these resources (Bohan et al., 2016). The relative importance that these changes have in protecting coral reefs increases within multi-use MPAs, because the effective protection of these systems is highly dependent upon limiting extractive activities for restoring and maintaining the biomass of fish and key guilds through no-take zones and fishing regulations (Bellwood et al., 2012; Mumby et al., 2014). Therefore, understanding how resource users adapt in response to changes in both the social and the ecological components of the system is key for maintaining the conservation value of these MPAs.

Using a multi-use coral reef MPA in the southern Caribbean as a study case, we explore the use of networks to understand the distribution of benefits from ecosystems among stakeholders. Socio ecological networks (SEN) can significantly aid in understanding and monitoring change in socio-ecological systems (Sayles et al., 2019; Barnes et al., 2019a). Network theory can provide information about the structure and dynamics of systems in terms of the connectivity of their components (Boccaletti et al., 2014). For more than a decade, network theory has been used as a tool to assess interactions among people and the environment (Janssen et al., 2006; Norberg and Cumming, 2008; Sayles et al., 2019). Applications in various areas of environmental and resource management demonstrate how network analysis can be useful in identifying interdependencies among people, organizations, and institutions (Bergsten et al., 2014; Alonso Roldán et al., 2015; Maciejewski and Cumming, 2015). Here, we specifically used network theory to answer the following questions: (i) how equitably distributed are benefits derived from ecosystem services among stakeholders? (ii) is the structure of the SEN likely to facilitate adaptation to change? and (iii) what components of the SEN should be prioritized when managing for change in the delivery of ecosystem services?



MATERIALS AND METHODS


Governance and Management in Los Roques National Park

Los Roques is located off the north coast of Venezuela in the southern Caribbean (11°5′64″ N y 66°45′ W). The MPA encompasses more than 50 coralline cays protected by two barriers within an area of 221,120 hectares (Bisbal, 2008; Figure 1). Created in 1972 Los Roques was the country’s first MPA and the second of Latin America (Zamarro 2002). However, it was not until 1991, that the master plan, including specific objectives and regulations, was officially published (Gaceta Oficial, 1991). This document, known as PORU for its Spanish acronym, establishes seven categories of use ranging from no-take zones to localized built areas in the islands of Gran Roque and Pirata where human settlements are allowed (Figure 1).
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FIGURE 1. Archipielago Los Roques National Park, a Venezuelan multi-use MPA in the southern Caribbean (A). Stellite image of the MPA is shown in panel (B), while the zoning, according to use regulations established in 1991 are shown in panel (C). Based on allowed activities the marine zones from higher to lower protection are: Integral Protection (IPZ), Primitive Area (PA), Marine Managed Area (MMA – corresponding to the extent not included in the other zones) and Recreation (RZ). Image contains modified Copernicus Sentinel data [2020], processed by ESA. Datum: EPSG: 2202 – REGVEN/UTM 19N.


Los Roques has approximately 2,000 permanent residents (INE, 2014) and 60 registered lodges who operate under concessions (SATIM, 2015). Here main stakeholders are organized by trade. Community organizations include two cooperatives gathering all boaters working in tourism, one fisher’s council and a tourism chamber composed mainly of lodges and dive shops. It should be noted that, the last two had not been granted official status by the government at the time of this study. As mandated by national law, there is also one general community council.

The National Park is managed by the National Parks Institute (INPARQUES), with an on-site superintendent who is responsible for drafting annual working plans, that serve as the MPA’s management plan. Most fishing activities are regulated by the country’s national-level fisheries authority INSOPESCA and monitored by on-site officers. In 2011, the Territorio Insular Francisco de Miranda (TIFM) was created by an executive act. The decree establishes Gran Roque, within the National Park, as its capital and grants this new “territory” attributions that collide with the country’s environmental and land planning body of laws, especially pertaining those involving resource management and law enforcement in MPAs (Gaceta Oficial, 2011). Its managing director is not elected but appointed by the president and since 2013 is the de facto higher authority in the MPA.



The Socio-Ecological Network

In a network, the nodes or vertices are the components of the system and the edges or links represent the connection among them (Newman et al., 2006). We represented stakeholders and ecosystem services as nodes in our socio-ecological system. Two or more nodes were linked when they either received or passed on a benefit from any of the ecosystem services included in the network. Stakeholder’s represented as nodes were selected on three criteria: (1) they benefit directly (i.e., extracted goods that are sold such as fish) or indirectly (i.e., lodges reducing costs of protein by buying fish) from coral reef’s ecosystem services, (2) the economic value of such benefits could be estimated, and 3) the benefits represent their main source of income (Table 1; see Supplementary Materials for full list). Under these criteria, a total of 125 nodeswith 475 links among them were identified. We defined the system’s boundaries according to the MPA extension, obtaining a partially articulated SEN (sensu Sayles et al., 2019).


TABLE 1. Nodes within a Socio-Ecological Network (SEN) based on the flow of economic benefits derived from fisheries and tourism, the main human uses within Los Roques National Park, a multi-use MPA in the southern Caribbean.
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Seven different stakeholder groups related with tourism or local fisheries supply chain were assigned as attributes to the nodes. Three ecosystem services were also included as attributes. A weight was assigned to each of the network’s links to build a weighted network based on the economic benefits obtained from these ecosystem services and transferred among stakeholders. Weights represent the gross benefit in US dollars that a node received either directly, or through another node. Depending on which node received and which passed on a benefit, a direction was assigned to both the simple and weighted links or edges. This directed network was used to characterize the flow of such benefits through the SEN according to the source (indegree) and target (outdegree) of the links between nodes (Figure 2).


[image: image]

FIGURE 2. Diagram of a minimum socio ecological network (SEN) configuration for simple, weighted and directed edges or links, where a link between two nodes is realized when each either obtains or transfers an economic benefit derived from an ecosystem service node.



Data Collection

To map the economic benefits obtained by stakeholders from ecosystem services in Los Roques we employed a mix-method approach (Dominguez and Hollstein, 2014). We conducted semi-structured interviews in several islands of the archipelago as part of a socio-economic assessment (Cavada-Blanco, 2018), triangulating the information obtained with key informants, discussion groups and participating observation. The sampling frame was established from the list of concessions and permits granted by the MPAs’ authorities. We used convenience and snowball sampling to interview a total of 161 people: 33 lodge managers (53% of all lodges), 110 fishers (55% of licensed fishers), the only two local fish processors in the MPA, the owners and members of staff from all three dive shops, totaling 10 people, two fish carrier captains and four board members of the two boaters’ cooperatives operating in the MPA. Interview guides were slightly modified for each stakeholder group, but all contained a combination of closed and open-ended questions to capture quantitative and qualitative data about: (i) benefits directly and indirectly obtained from ecosystem services in the MPA, and (ii) knowledge and perception of the MPA management, resource governance and access rights (see Supplementary Materials).

As wholesale touristic packages can cause homogeneous groups of tourists to be found in the MPA for periods of weeks at a time, we designed questionnaires for tourists to be self-administered to better capture variability among tourist groups (i.e., people from the same country and with similar income might share the same values). After piloting the questionnaire (N = 35) and based on response time and clarification requests, a mix of closed and open questions were included to verify data on travel cost and get information on stated and revealed preference for recreational activities (see Supplementary Materials). A total of 250 questionnaires in both Spanish and English were left on the counter of several lodges and dive shops. Questionnaires were made available to tourists between August 2014 and January 2015 (high season) and were collected twice a week by two local key informants. In total only 124 questionnaires were fully completed and collected.

We also interviewed leaders of community associations (i.e., community council, fisher’s council, the local schoolteachers, local tourism chamber heads) and on-site officers from INPARQUES, the fisheries authority (INSOPESCA) and the TIFM several times to: (1) assess management structures, resource governance, and conflict resolution mechanisms (2) verify information obtained through discussion groups and observation and (3) verify how working plans and regulations are implemented. Official and ancillary data (i.e., reports, ordinances, decrees and other documents) were used to increase our understanding on, and characterize, the management and institutional context of the MPA. Semi-structured interviews and unstructured group discussions took place after verbal consent was granted by all interviewees and participants. During verbal consent, participants were informed about the project, its purpose, and how the data would be stored and utilized. Participant’s names were not recorded, except for key informants who requested to stay anonymous when disseminating results. Information was recorded through notetaking, transcribing rich-qualitative data verbatim when possible. Results were presented to the community between November 2015 and February 2016 through five workshops. This project was administered by Universidad Simón Bolívar, which does not have a Review Board for research ethics regarding social science surveys.



Estimation of Weights

After evaluating all the qualitative and quantitative data obtained, we were able to only map part of the benefits derived from provisioning, support and regulation, ecosystem services related with tourism and fisheries following Molberg and Folke (1999). The gross benefit in US dollars that each node received was calculated using a combination of methods (i.e., stated market value, income factors and travel and replacement cost following Mumby et al., 2014 and Koetse et al., 2015) for direct and indirect uses. The method applied depended on the ecosystem service being valued and the stakeholder’s group each node in a pair belonged to (see Table 2). This was done to avoid double counting the contribution of any given service, as many ecological processes can be involved in the delivery of two or more of such services (Van Beukering et al., 2015).


TABLE 2. Description of weight estimation for edges or links between nodes within a Socio-Ecological Network (SEN) in Los Roques National Park, a multi-use MPA in the southern Caribbean. Variables used and data sources are provided in Supplementary Materials.
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To partially control for this, we used weighted ranks when information was available to do so (i.e., on revealed preferences for activities related with tourism). When estimating the weights for benefits derived from fisheries, we allocated the same proportion of benefits to each of the ecosystem services nodes in our network. This was because the relative importance of processes responsible for the delivery of supporting and regulating ecosystem services on the provision of fish biomass is difficult to establish without site-specific information of ecological processes (Darling et al., 2017; Agudo-Adriani et al., 2019), which is not available for the study site. This approach might overestimate the economic benefits obtained by the MPA’s stakeholders as it uses gross benefit for weighed links; however, it provides a good representation of the benefits obtained by stakeholders relative to each other. Therefore, allowing to investigate the structure of the SEN and the flow of such benefits. In recognition of this caveat, we present the results and discuss them in relative terms to the total economic benefits captured by our SEN.



Network Analysis

The SEN topology was assessed using a set of global metrics to better understand the structure of the system and how the benefits derived from the ecosystem services assessed above are shared among stakeholders. These metrics included the network’s diameter (d), density (D), the average shortest path (l), the average degree per node, and assortativity (Newman, 2001). These were estimated for both the simple and weighted networks. The network’s density reflects the relation between the number of existing links and the maximum possible links of the network (Janssen et al., 2006). Here, it provides information about efficiency and equality in the distribution of benefits. The diameter represents the maximum shortest geodesic path between any two nodes in the network and in a general sense, it provides information about the maximum number of people connected through benefits that can be mapped to ecosystem services. We used the average shortest path to estimate the average number of intermediaries in the flow of benefits.

A nodes’ degree is the number of links it has with other nodes (Newman et al., 2006), and if weighted, represents the magnitude of benefits received from the ecosystem services nodes. A high value in a node’s degree provides information about the different ways in which that node receives (indegree) and passes-on (outdegree) such benefits to other stakeholders. Finally, a network’s degree assortativity is a scalar value that can take values between −1 and 1 and provides information on whether nodes with similar average degrees tend to be connected to each other. A network is disassortative when nodes with higher degree are, on average, connected to nodes with lower degree and assortative when nodes with similar average degrees are, on average, connected to each other (Noldus and Van Mieghem, 2015). Here, a disassortative weighted network would suggest that most stakeholders benefited from ecosystem services through various paths and are less dependent on just a few nodes.

To answer specific questions relating to management and adaptation to change in the delivery of the services included in our SEN, we calculated a group of metrics for node-level properties:


Key intermediaries

We calculated the intermediation centrality of each node to identify those stakeholders that are important intermediaries in the flow of benefits through the SEN. This metric estimates the number of possible paths in which the node participates. Additionally, the SEN centrality relative to the maximum number of intermediation centrality for each node was calculated to estimate the relative importance of these nodes in the flow of benefits. These metrics were estimated in both the simple and weighted networks.



Relative importance in the delivery of benefits

To determine from which of the mapped ecosystem service stakeholders obtained the most economic benefits, we normalized the total degree weight of the weighted network by the number of degrees for each ecosystem service. To explore if this relative importance is constant across stakeholder groups, the average distance between each ecosystem service node and each stakeholder node was calculated in both the simple and weighted networks and aggregated by stakeholder group. The rate of variation in the perceived benefit, or how the perceived benefit changes as it passes from one node to the other, was also estimated as the difference between the average weighted distance from the ecosystem service per stakeholder group and the average distance in intermediary nodes.



Vulnerable groups

We assessed which stakeholder would be most affected by a reduction in the total amount of benefits perceived, relative to each of the ecosystem services included in the SEN. For this we used alpha centrality, as it considers a given value that is exogenous to the node’s attributes, which is then used in estimating the importance of a node relative to those it is connected to. A node is important if it is connected to others with many links and if it has a high exogenous value (Bonacich and Lloyd, 2001). The vector of exogenous values used to estimate alpha centrality was calculated by the difference between the weighted indegrees and the weighted outdegrees, both normalized by the total number of indegrees and outdegrees per node, respectively.

To identify which components of the SEN are key for the flow of benefits among stakeholders, the articulation of each node was calculated. This provides information of which nodes in the SEN reduce connectivity when removed, disrupting the flow of benefits through the network.



Cooperation among stakeholders

According to Barnes et al. (2019b) network closure can provide information about resource and knowledge sharing among stakeholders. Therefore, the number of triangles formed within a network, is a proxy of cooperation and knowledge sharing among stakeholders (Bodin et al., 2014). For common-pool resources, such as coral-reef fisheries, this cooperation is important in facilitating their adaptation to changes (Barnes et al., 2017). For the specific case of our networks, where links represent shared benefits from ecosystem services, network closure could facilitate a collective recognition of change in their provision. To investigate the potential for cooperation among stakeholders, we estimated the number of total triangles within the SEN and those formed by nodes with different attributes using the simple network.

Global and node-level metrics were calculated using the package igraph version 1.2.4.1 (Gabor Csardi, 2019) in R (R Core Team, 2018). The network data is available upon request in: https://github.com/fcavada/Network_analysis_SES/blob/main/README.md.






RESULTS

Los Roques economy is dependent on tourism and local small-scale fisheries. Lodges employ 20% of the local population, recreational activities provide income to 19% and fisheries to 18%. Local fishers or “roqueños” as they called themselves, composed 75.86% of respondents, while the other 20.69% who responded to the question on whether they lived in the MPA, were those who went to Los Roques to fish during specific seasons.

There are two main fishing seasons: between April and June fishers target various species of snappers (mainly Lutjanus analis, L. griseus, L. vivanus and Ocyurus chrysurus) and almost all dedicate the period between October and the end of January to the official Caribbean spiny lobster (Panulirus argus) season, when the season is officially open (G.O 40,279, 2013). Throughout the year, catch composition is dominated by barracuda (Sphyraena barracuda), cero mackerel (Scomberomorus regalis), jacks (Caranx hippos, C. lugubris), permit (Trachinotus falcatus), little tunny (Euthynnus alletteratus), several species of sharks (i.e., Carcharinus limbatus) and rays, mainly the spotted eagle ray (Aetobatus narinari). A more detailed description about this small-scale fishery is provided in Supplementary Materials.

In 2014, a total of 38,094 tourists traveled to the MPA, 62% of which were national tourists. According to the MPA’s entrance registration record, 57% of national tourists visited on full-day packages. We obtained responses from only 4.8% of the total tourists who entered the MPA and stayed at least one night within the period questionnaires were available. Due to this, only ranked revealed activities were used from the questionnaires to map the SEN links while benefits were calculated from INPARQUES records of entries and market prices (see Supplementary Materials). Length of stay ranged between one and 15 nights, with the response’s frequency mode at four nights and the lodges’ capacity, calculated as number of beds, ranged between eight and 38, with most (56%) having 16 or more. Most (40%) of the lodges in the MPA were owned by Europeans at the time of the study, with only 6% of all lodges interviewed owned by “roqueños”. All tourists who responded to the questionnaires had a university level degree and the majority of international tourists were from south America, with Brazil (11%) and Argentina (34%) representing the two most frequent countries of origin. Twenty three percent of questionnaires were responded by Venezuelans. The rest were completed by people from six different countries in North America and Europe.


Network Metrics

The gross benefit received by the SEN’s stakeholders from the ecosystem services considered here totaled just over USD $52 million with an average of USD $70,000 ± 24,000 received by node in 2014. The relative amount for each stakeholder ranged between $1,444.69 ± 103.7 year–1 obtained by fish processors to $157,524.07 ± 10,470 year–1 obtained by fish carriers (Table 3). To provide some perspective of the benefits derived from Los Roques’ coral reefs, for the same year, the legal minimum salary was $645.00 year––1 when adjusted by the exchange rate1. However, these estimates should be analyzed in relative terms, as they do not represent net benefits. This is especially true for fish carriers whose benefit are realized once outside of the SEN.


TABLE 3. Average gross economic benefit obtained by the main stakeholder’s group from ecosystem services through tourism and fisheries in Los Roques National Park, a multi-use MPA in the southern Caribbean in 2014.
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The SEN formed one connected component (Figure 3). The average shortest path of the SEN was 2.1 (close to its diameter d = 3), suggesting that most stakeholders benefit directly from the ecosystem services or through one intermediary, and that, on average, only 19.14% of the total gross economic benefits flows through the SEN. This is reflected by the SEN assortativity ((ρ = −0.64) and the degree distribution of the directed network. Forty eight percent of nodes had one or two indegrees (i.e., paths through which it receives benefits) and 37% had no outdegrees or paths to transfer the received benefits to other stakeholders inside the boundaries of the SEN. Based on the proportion of nodes without outdegrees, most (80.86%) of the economic benefits derived from the ecosystem services is kept by less than half of stakeholders in the SEN, or is transferred to stakeholders outside the MPA.
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FIGURE 3. Socio Ecological Network representing the flow of economic benefits through stakeholders in Los Roques National Park during 2014 and derived from ecosystem services through fisheries and tourism. The size of nodes represents its value of intermediation centrality.



Key intermediaries

The highest values for intermediation centrality on both the simple and weighted networks, corresponded to the two fish processors, followed by one of the three dive shops, and all lobster nurseries (see Supplementary Material).



Relative importance in the delivery of benefits

Regulation services provided 50.24% of the average benefits obtained by stakeholders, followed by support (25.58%) and provisioning (24.16%). This importance varied among stakeholder groups (Figure 4). Accounting for both direct and indirect paths of obtaining a benefit, provisioning services provided most of the benefits obtained by fish carriers (95.3%) and lodges (38.5%), regulation services provided most of the benefits obtained by dive shops (43%) and concomitantly with support services to fishers (28 and 36%, respectively), nurseries (41 and 38.9%, respectively) and boaters (36.8 and 47.3%, respectively). The three services provided almost equal proportions of economic benefits to fish processors (Figure 4).
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FIGURE 4. Relative importance of the ecosystem services included within the socio ecological network (SEN) based on the amount of benefits flowing through the SEN and received by each stakeholder group.




Vulnerable groups

The network’s density (D = 0.0056) suggests that the flow of benefits through the SEN is not homogeneous among stakeholders. The average distance between the ecosystem service and stakeholders’ nodes, indicated that the flow of benefits to fishers is direct only for provisioning services, with distance increasing on average to nearly three intermediaries for benefits coming from the support and regulation services (Table 4). Indeed, alpha centrality also suggested that fishers are the group most vulnerable to a decrease in the delivery of provisioning services (average ®-centrality = 0.014 ± 0.22).


TABLE 4. Average path length (± standard deviation) between each ecosystem service and stakeholder’s group within Los Roques National Park’s socio-ecological network (SEN).
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Although provisioning services provided most of the benefits obtained by many stakeholders (lodges, fish carriers and directly benefiting fishers), regulation services were the most important in keeping the flow of all benefits through the SEN. This was the only node that completely disarticulated the network when its link with other nodes was removed.



Cooperation among stakeholders

In total there were 82 triangles in the SEN. Both fish carriers nodes participated in 28 triangles, the three dive shops nodes participated in 27, and a total of 12 fishers participated in 23 triangles. The other four triangles were formed by lobster nurseries and eight lodges. The number of triangles to which each node belongs indicated that connectivity among stakeholders, in terms of benefits transferred, is mediated by intermediaries. Fish carriers and dive shops were the nodes participating in most of the SEN’s triangles.





DISCUSSION


Equitability in the Distribution of Benefits

As the most implemented approach in coral-reef MPAs (Maestro et al., 2019), ecosystem-based management is focused on the relationship between ecosystems and people, with management strategies aimed at securing the delivery of ecosystem service benefits (Barbier et al., 2008; Levin and Lubchenco, 2008). However, the way in which people benefit from ecosystem services depends on how they access them (Hicks and Cinner, 2014). Analysis of the directed, weighted SEN indicates that the proportion of economic benefits from the provisioning, regulation, and support services evaluated are unevenly distributed among stakeholders in Los Roques. Fish carriers and lodges obtain higher benefits from these services, benefiting the most from fisheries through indirect pathways. In contrast, fishers and fish processors are the group of stakeholders most vulnerable to a decrease in benefits from provisioning services within the MPA. Although fish carriers and lodges received the most benefit from provisioning services, their income is not directly dependent on this fishery. Fish carriers buy fish from other fisheries in the country, and lodges can transfer to customers the costs associated with substituting fish protein by alternative sources. In contrast, fishers and fish processors receive the lowest proportion of benefits from provisioning services, though their income is obtained directly from fisheries. This suggests that access mechanisms in the MPA could be causing externalities among stakeholder’s groups (Costanza et al., 2014; Bouma, 2015).

The steep inequality in the benefits received from provisioning services between lodges and fish carriers compared to fishers and fish processors is caused by the economic and institutional mechanisms modulating how fishers can access economic benefits from fisheries. In Los Roques, fishers’ access to provisioning services is mediated by regulations that can be enforced simultaneously by different government bodies controlling fishing areas and seasons, gear types, and catch composition. These regulations have also provided fish carriers, and to a lesser degree lodges, indirect control on how fishers access provisioning services through market prices. For example, fisheries production can only leave the archipelago through a few authorized fish carriers, in the specific case of spiny lobster, once the catch is weighted and minimum allowable catch size is verified by officers from three different authorities. Lodges constitute the local market, while fish carriers are the only mean to access national markets, therefore these stakeholders’ can control the economic benefits that fishers receive from fisheries. For example, in 2015 fish carriers fixed the buying price for lobster 60% below that agreed by fishers and lobster’s nurseries. According to representatives from the fisher’s council interviewed at the time, fishers felt obliged to sell at loss having no access to other buyers and with a shrunken local economy due to the decline in outbound tourism and the increasing economic and political crisis in the country (Parnell and Parnell, 2019). This suggest that inequality in the access to ecosystem services benefits might be driving fishers in Los Roques into a socio-ecological trap (Cinner, 2011; Barnes et al., 2017).

Fishers and fish processors are the group of stakeholders most vulnerable to a decrease in benefits from provisioning services within the MPA. Although fish carriers and lodges received the most benefit from provisioning services, their income is not directly dependent on this fishery. Fish carriers buy fish from other fisheries in the country, and lodges can transfer to customers the costs associated with substituting fish protein by alternative sources. To compensate for changes in the access to these services, fishers can seek other access mechanisms to reduce their risk (Coulthard, 2012). Most local fishers interviewed (62%) told us they have started to sell most of their catch to fish carriers without reporting, which can be considered an illegal practice. The latter engage in transshipment as fish from the MPA was increasingly being sold to Bonaire and Aruba at higher prices and in foreign currency. To supply this demand, fishers have started to target smaller reef fish species. Fishing down these key species can create positive feedbacks through reef degradation (Mumby and Steneck, 2008) decreasing future options for adaptation to changes in the socio-ecological system driven by climate change (Cinner et al., 2018).



Adaptation to Change

The SEN’s structure and closure showed that most benefits derived from ecosystem services are not shared among members of the same stakeholders’ group, but instead are obtained directly as open resources (Fox et al., 2012). Due to centralized MPA access rights, rapid changes in resource governance driven by the imposition of the TIFM, have compromised common institutions and reduced social capital, which can lead to overexploitation (Basurto, 2005; Ostrom, 2009; Basurto et al., 2012).

Since 2011, when the TIFM was created, local stakeholders lost participatory and conflict resolution mechanisms, and experienced an overall loss of trust in other stakeholder groups. This has driven change in the ecological system as resource users have modified their patterns of use to reduce vulnerability (McLaughlin and Dietz, 2008). The rate at which societal and economic factors change, and the level of direct communication and trust among actors are important to achieve successful resource governance (Dietz et al., 2003; Ostrom, 2009; Folke et al., 2011). At the time we conducted interviews and informal discussions with fishers, the place where the fisher’s council met, and all fishers got their supplies from, was shut down by the TIFM. Although this was presented as a temporary action, most fishers felt their ability to organize was severely affected. Discussions about relocating all landing sites and congregation points of fishers out of the main island of Gran Roque to improve the island’s aesthetic undermined trust in the new authorities, and increased conflict among fishers, lodges, and boaters. A “coexistence law”, put in place by the TIFM in late 2013, imposed many changes in local’s daily lives within the island of Gran Roque. Simultaneously, illegal fishing by outsiders had increased with impunity and at least two people who complained publicly in community-council’s assemblages were put in jail for a week. This further exacerbated the loss of social capital among stakeholders and increased conflict.

Changes in both access and constitutional rules might have decreased social capital among the different stakeholder’s groups, compromising the system’s resilience (Crona et al., 2011; Folke et al., 2011; Cinner et al., 2016; Pulver et al., 2018). Knowledge sharing and collective agency are more likely to happen in a SEN where links among actors sharing resources exist (Barnes et al., 2017; Dalege et al., 2017). In Los Roques SEN, fish carriers’ nodes participated in most of the triangles formed, but only 20% of the fishers’ nodes did. This configuration of the SEN could explain how Fish carriers adapted to the reduced local and national economy by supplying more lucrative near-by international markets. As they have control over how fishers’ access economic benefits from fisheries and are in most the SEN triangles, fish carriers are able to better share knowledge and elicit collective action (Pelenc et al., 2013). Indeed, this “adaptation strategy” would not be possible acting alone, but with the cooperation of most fishers.

As argued by Coulthard (2012) actors can still make choices to adapt to change even if they reduce the overall resilience of the socio-ecological system. In all our informal discussions and interviews with fishers, they would acknowledge many “other” fishers were now fishing inside no-take zones and targeting parrotfishes, as carriers would only buy “white meat” fish which is “scarce outside shallow reefs except during the snapper season”. Fishers treated this as a sensitive subject even though it is not illegal to catch parrotfishes in Venezuela, often acknowledging the importance of these fishes for the reef’s health and adding they saw no other choice. Contrasting with lodge managers and owners, fishers had good knowledge and understanding of how reef’s health is important for fisheries (Cavada-Blanco, 2018). Indeed, in the face of change, local economy can be a determinant factor in fishers’ choices (Daw et al., 2012) with crisis historically increasing overexploitation and dependence on fisheries within the country (Rodríguez, 2000).

Though provisioning services was the most important of the three ecosystem services included in the SEN in terms of direct benefits, regulation services were responsible for keeping the flow of benefits among stakeholders. The shift towards smaller reef fish species in response to changes in access to benefits from provisioning services is generating a trade-off between these two services (Rodríguez et al., 2006; Brown and Mumby, 2014). Overexploitation, especially of herbivores can accelerate the degradation of coral reefs (Mumby and Steneck, 2008). However, as the benefits associated with regulation services in the SEN derive mostly from recreational activities dependent on reef framework and sanitation, a reduction in the delivery of this service will likely not affect its benefits at the pace it will those obtained from fisheries (Rogers et al., 2014; Roff et al., 2015; Kuffner et al., 2019).

This trade-off is important in maintaining future options for adaptation, as the capacity to keep reefs and other key ecosystems, such as mangroves and seagrass meadows, protected is also extremely reduced in Los Roques. Enforcement capacity has never been good in the MPA (Trujillo and Posada, 2007) and has been reduced abruptly in recent years. Previously less than ten rangers and four boats patrolled a little over 200,000 hectares of mostly open ocean, now that capacity has decreased to less than half. At the time of our interviews, INPARQUES had only three rangers on site, none of the patrol boats were in working conditions and most permanent surveillance points across the archipelago were unfit for use. Patrols had reduced from twice a month to once every three or four months excluding the southern barrier and north-west cays of the archipelago, which were too expensive to reach. The former harbors most of the MPAs’ reefs in good and excellent condition (coral cover >40 and 50% respectively; Cavada-Blanco et al., in revision) and potential reproductive aggregation sites for several species of groupers and snappers (Romero et al., 2011).

Low enforcement capacity seemed not to have compromised the MPAs’ conservation value in the past. Los Roques is considered as one of the few healthy coral reefs in the Caribbean (Jackson et al., 2014). Abundance of key species such as parrotfishes was the highest of the region at the beginning of this century (Choat et al., 2003; Posada et al., 2003). Indeed, the MPA has several of the attributes identified as key for effective coral reef MPAs (Edgar et al., 2014): it is the oldest in the Caribbean, its area is > 100 Km2, it can only be accessed by sea or air, and the effective area of human influence was small and localized. These factors have provided Los Roques high conservation value for threatened reef-building corals (Zubillaga et al., 2008; Cavada-Blanco et al., in revision) and key reef species (Posada et al., 2003; Trujillo and Posada, 2007; Tavares, 2009). However, signs of reef degradation due to bleaching and coral disease epizootic events (Cróquer et al., 2003, 2005; Bastidas et al., 2012; Croquer et al., 2016), decline of reef fish species (Agudo-Adriani et al., 2019) and overexploited stocks due to damaging fishing practices (i.e., depletion of Nassau grouper’s reproductive aggregations; Boomhower et al., 2010) have been reported in recent years, signaling the potential loss of its value to conserve coral reefs and key threatened marine species.



Management

The opportunity cost of reef degradation and overfishing is high for Los Roques SEN. Two thirds of stakeholders are highly dependent on provisioning services and tourism-related activities provide income to half the local residents. Moreover, market distortions created by numerous government subsidies (i.e., fuel, staple food, household electronics, boats and offboard engines) in Los Roques can increase the vulnerability and livelihood dependence (Daw et al., 2012) of not only fishers but, as shown by our SEN, also lodges and other tourism-related actors who depend on provisioning and regulation services. Internalization of externalities produced by unequal taxation and budget allocation to maintain natural capital (Bennett and Dearden, 2014) could help increase management capacity. But caution must be taken, for the methods used here overestimate the net amount of benefits accessed by stakeholders. However, estimations of value made here are below others previously made. Spalding et al. (2017) reports a value in total dollars per km2 of reef per year, considering only tourism and recreation of > $352,000 for a third of Los Roques reef area2. That is almost the same value that the mean value per km2 estimated for all reefs in the country ($386,911) and is higher than those estimated for six island nations in the Caribbean (Spalding et al., 2017). Likewise, benefits from fisheries are high in Los Roques. For example, compared with Tobago, coral-reef associated fisheries in Los Roques produces three times the amount of economic benefits (Burke et al., 2008), though this is not standardized by fishing effort.

As shown by the average path length of the SEN, most of the economic benefits derived from fisheries and tourism leave the MPA and there is no re-investment in maintaining the delivery of these services. Less than 1% of the total gross benefit obtained from tourism and fisheries flowing through the SEN is taxed by local authorities (SATIM, 2015). Further increasing trade-offs among fisheries and tourism, the MPA’s entrance fee paid by tourists is collected by the TIFM and not the park’s management body. INPARQUES’ total budget for operation in 2015, excluding salaries, was 0.0001% the amount collected by entrance fees alone. Appropriately reallocating monies derived from entrance fees to the park’s management body could increase the MPA’s management capacity significantly and help reduce trade-offs between fisheries and tourism, even if internalization through taxation is not pursued (Ansink and Bouma, 2015) which has proved effective in other Caribbean MPAs (Hawkins et al., 2005). To realize the high potential that user fees have to generate revenue to increase and maintain management capacity of MPAs, profound institutional change at the executive level of government would be needed to stop centralization of monies taxed for ecosystem services (Kushner et al., 2012). this is widely recognized as a barrier to financial sustainability of protected areas (Depondt and Green, 2006; Emerton, 2006).

Priority should be given to rescuing, strengthening and fostering social capital. Improving stakeholder’s engagement through participatory management of resources can improve compliance and reduce the need for enforcement capacity (Cinner et al., 2016; Giakoumi et al., 2018; Halik et al., 2018), helping fisher’s escape the socio-ecological trap caused by restricted and unequal access to ecosystem services benefits (Hicks et al., 2009). Fish processors and dive shop staff, as highly connected nodes could be leverage points to increase the transfer of information among fishers, lodges and boaters (Barnes et al., 2019b).

Ecosystem service valuation can help increase sustainable approaches to coral reef tourism (Spalding et al., 2017; Wongthong and Harvey, 2014) to reduce its impacts on natural systems and wildlife (Trave et al., 2017). However, inequalities in the access to those benefits can exacerbate indirect drivers of biodiversity loss (Hicks and Cinner, 2014; Daw et al., 2016), something that is often overlooked (Mastrángelo et al., 2019). Network’s local metrics of SENs such as those used in this case-study, could improve our understanding on the dynamics between ecosystem services availability, benefits and access mechanisms. Network theory applied in modeling socio-ecological systems can also help in identifying interdependencies between the social and ecological components of MPAs, improving the implementation of both, ecosystem and resilience-based management frameworks (Bellwood et al., 2019; Mcleod et al., 2019). SENs can also be used to test the incorporation of ecosystem service valuation into management interventions, helping in lowering some of the barriers for realizing the potential of market-based strategies to protect coastal ecosystems (Balvanera et al., 2012; Vanderklift et al., 2019).

The SEN’s topology and structure concomitantly with information about the management and governance context in Los Roques and the perception of stakeholders on these, show how rapid changes in governance, political allocation of resources, and inequalities can quickly decrease the conservation value accrued by an MPA for more than forty years; also reducing the capacity of its socio-ecological system to adapt to environmental change in a way that increases its resilience (Cretney, 2014; Sterk et al., 2017; Johnson et al., 2020). The SEN allowed the identification of critical interactions among components that are driving the MPA towards a socio-ecological trap and potential leverage points to escape such trap. Furthermore, being able to incorporate measures of benefits from ecosystem services within the SEN using data mostly recorded already by stakeholders, makes this approach useful even in MPAs with reduced management capacity. Although this is a case-specific study, its findings illustrate how site-level factors should be accounted for when setting international agreed targets for biodiversity conservation when actions to achieve such targets depend on national-level implementation.

With increased coverage of area-based protection being put in the fore of the post-Aichi biodiversity framework (Locke, 2015; Waldron et al., 2020), the site and context-specific nature of factors determining the effectiveness of management interventions in MPAs (Basurto, 2005; Ostrom, 2009; Daw et al., 2012; Cinner et al., 2016) should be considered for when setting targets. In Latin America, where centrally managed budgets cater to national priorities (Kushner et al., 2012), political allocation of resources is common (Leon, 2014) and strong government management can decrease the ability of socio-ecological systems to cope with change (Hicks et al., 2009; Brown and Mumby, 2014; Johnson et al., 2020). Adoption of appropriate management and governance indicators that incorporate interdependencies within socio-ecological systems, and provides accountability for their reporting, will be crucial to avoid area-based protection targets from driving positive feedbacks through increased inequality and poverty (Schleicher et al., 2019; IPBES, 2019).
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Description

Accommodation facilities within the MPA, ranging from 34 to 3 rooms capacity (n = 44).

Local fishers licensed. We used fishing boats as nodes because shares of catch among crew varied greatly
depending on the gear and fishing season (n = 66).

Locally known as “tableros,” these are individuals who process the fish at the landing sites and sell it to
lodges and residents (n = 2).

These are makeshifts nurseries kept by local fishers’ families, where fishers’ spiny lobster catch is kept alive
until the authorities make an official “weighing” and certify the catch as compliant and ready to be sold to
the authorized Fish carriers (n = 3).

Small (13-24 m LOA) trollers, longliners and decommissioned stern trawlers, which have been modified as
wet and freeze fish carriers. There are only six carriers authorized to buy the MPAs catch that is not locally
consumed (n = 2).

We included the cooperatives as a node instead of individual boaters because work and payment are
managed by the association and most boaters are also fishers (n = 2).

Dive shops operating daily SCUBA trips from Gran Roque. Diving sites are fixed and authorized by the
parks’ authority (n = 3).

Following Molberg and Folke (1999) and Mumby et al. (2014) we considered fisheries catch including the
yearly Caribbean spiny lobster (Panulirus argus) as a provisioning service.

We mapped the following activities to the maintenance and formation of cays and beaches and wave
reduction: kitesurf, paddling and beaching, because >90% of interviewees revealed preferences included
“calm water,” “white sands” and “beach options provided by numerous cays.” (Molberg and Folke, 1999;
Mumby et al., 2014; Woodhead et al., 2019)

We mapped SCUBA diving and snorkeling activities to the maintenance of biodiversity, for >75% of
interviewees revealed preferences included diversity of corals, fish and probability of sighting megafauna
(sharks, eagle rays and sea turtles) (Molberg and Folke, 1999; Mumby et al., 2014; Woodhead et al., 2019)
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