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One goal of ecosystem-based management is studying an ecosystem and its people, the socio-ecological system, in a qualitative and quantitative modeling approach that can provide management agencies with possible outcomes of their actions using scenario forecasting. Ecosystem-based fisheries management strives to use the socio-ecological system approach, including direct and indirect impacts on multiple species including the behavioral responses of fishers after a regulatory change (a gillnet ban). Here, we link fisher behavioral networks with a mass-balanced food-web ECOPATH network model of an estuarine ecosystem and its commercial fisheries for an analysis of fishing impacts after a gillnet ban on multiple species using ECOSIM. We modeled fisher behavioral networks using reported catches of species from individual fishers along with the gear fished to create nodes in a gear/species affiliation network. Individual fishers with common gear/species use are indicative of common fishing behavior. When such fishers have high network centrality and are engaged in multiple gear/species fisheries, they can transition to other gear/species fisheries along “switching pathways” when facing a regulatory change. We used an index of joint gear participation to identify likely gear switching pathways, and we predicted changes in fishing effort after a gill net ban. We simulated the gill net ban in ECOSIM under two scenarios of fishing effort: Scenario 1, gill net fishing effort of 0%; Scenario 2, gill net fishing effort of 0% with increased effort in the alternative gear fisheries using the predicted switching pathways for the affiliation network. Scenario 1 predicted an increase in flounder (Paralichthys spp.) biomass over a decade. Under Scenario 2, fishers targeting flounders were predicted to switch from gill nets to pound nets. Scenario 2 predicted a 7% decline in flounder biomass over ten years, rather than an increase in flounders. The gillnet ban with increased effort due to switching is predicted to have the opposite effect on the conservation goal, which was to increase flounder stocks. Fishery management that incorporates a socio-ecological approach modeling both fisher behaviors and multi-species ecosystem responses can reveal single-species responses that are in the opposite direction of the anticipated management goals.
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INTRODUCTION

The influence of people on ecosystem function and the dynamics of ecosystem changes on human populations is the primary focus of most socio-ecological systems research. The goal of an environmental sustainability program is to change human behaviors in a way that ecosystem function and ecological services are restored or preserved within a complex socio-ecological system, taking into account various subsystems and levels of governance (Ostrom, 2009). According to Ostrom, these subsystems include the resource systems (e.g., the ecosystem), the resource units within the ecosystem (species and abiotic subsystems), governance systems, and users of the resources. An individual resource user does not often have a major impact on an ecosystem; it is the combined behavior of many people working together to build structures, alter topography, plant crops, harvest animals, and form organizations (tribes, associations, governments, corporations, etc.) that result in these resource and ecosystem changes. People with similar behaviors, and performing similar social and ecological roles, can be revealed in analyses of the centrality of actors in social networks (Borgatti et al., 2018). Individuals working together in a related profession like fishing, when their impacts are examined cumulatively, influence ecosystem function and trophic structure dramatically (Auster et al., 1996; Torres et al., 2013; Deehr et al., 2014; Chagaris et al., 2015). Ecological services also benefit the people living in and drawing energy from an ecosystem, so there is a feedback loop from decisions made by user groups, impacts to the ecosystem, and then back to the human populations, resulting in benefits or costs to society. Sustainability and protection of ecological services will be achieved only through the understanding of both an ecosystem’s processes that produce ecological services and the social network of humans that influence and are influenced by the ecosystem processes.

In fisheries, this understanding of both the ecosystem and its people is embodied in the concept known as Ecosystem-Based Management (EBM). EBM is now a common goal for fishery policymakers (Pauly et al., 2002; Pikitch et al., 2004; Barr, 2013; Malick et al., 2017; Shabtay et al., 2018). As currently envisioned, the EBM approach involves ecological management, such as establishing marine protected areas (MPAs) (Sobel and Dahlgren, 2004; Russ and Alcala, 2011; Li et al., 2020), and considering multiple species impacts rather than managing catches on a species-by-species basis (Walters et al., 2006; Harvey et al., 2010). EBM also involves socio-economic management, including involving the social and economic goals of the fishing community and other stakeholders in each ecosystem (Fassina et al., 2020; Reid and Rout, 2020; Watson et al., 2021), engaging these stakeholders in a collaborative process to define problems and propose solutions (Perruso et al., 2017; Tuda et al., 2021), recognizing that humans are a key component in an ecosystem, understanding ecosystem processes (Harvey et al., 2020) and how humans affect these and are affected by these processes, estimating the costs and benefits of various management options and summing net benefits across all fishery sectors (Browman and Stergiou, 2004). The website Ecosystem-based Tools Network1 provides a useful synthesis of these approaches.

Although there have been numerous attempts at implementing these EBM goals in fisheries, few of these involve modeling the behavior and social networks of fishers to determine how changes in the regulatory environment, economic markets, and ecosystems are influencing fishers’ choice of methods to fish. Fisher behavior is the greatest source of uncertainty in fisheries management (Fulton et al., 2011) and social network analysis can help understand this behavior and gear choices used by fishers. Social networks of resource harvesters are theorized to have a strong influence over such decision-making, especially those with the role of brokers, who are fishers with exclusive ties to many other fisher groups, or with high levels of network betweenness or structural uniqueness (Johnson, 1986; Crona and Bodin, 2006; Bodin and Crona, 2009; Alexander et al., 2015; Bodin, 2017; Van Holt et al., 2017). These high-betweenness actors may be information brokers, not fish dealers per se, but fishers with a social role that may have a potentially large influence over others in the community, sharing information, news of regulations or fishing opportunities, and fishing innovations (Johnson, 1986). For example, “clam kicking,” a novel fishing technique that used a boat’s propeller wash to expose clams in seagrass beds and on the sides of navigation channels, was developed by key fishers that were central and structurally unique in the social network of a North Carolina (United States) estuarine fishing community (Johnson, 1986). This technique was adopted widely as a productive (but also destructive to habitat) fishing approach by most fishers within a few years. It is now banned in seagrass beds and permitted for use seasonally in restricted areas. In another more recent example, lobster potting captains in England interact in social networks about where to fish and also to share information in a network; the most successful captains have high network centrality and produce the greatest lobster harvest (Turner et al., 2014). These results demonstrated that fisheries managers who wish to understand and regulate a fishery should undertake social network analyses and include discussions with high-centrality captains if they wish to successfully manage the fishery. These high-centrality actors in the network may also be the fishers most likely to switch to a new gear type in a new environment (due to regulatory changes, environmental changes, innovations of new gear, or climate regime shifts that cause fished species to redistribute themselves). A few studies have looked at the subsequent impact of fisher switching among gear on future harvest rates, but switching between fisheries is expected to be observed only when the profitability of switching is very large, given the fact that fishers must acquire new gear and expertise to enter a new fishery (Opaluch and Bockstael, 1984; Bene and Tewfik, 2001). Recently, adaptive capacity to change among over 600 fisheries-gear types that were derived from license data shows the potential for switching between gears that target different fishes and species in the face of environmental uncertainty (Stoll et al., 2017). Furthermore, a network analysis of cross-fishery spillovers has been examined using Alaskan fishery permits, which showed the switching behavior among permits held by fishers after the implementation of an individual transferrable quota system (Addicott et al., 2019). Johnson and Griffith (2010) noted that these behavioral fisher networks, derived from license and fishery management harvest data, could not only be used to identify possible switching behaviors due to regulatory or environmental changes but also could be directly linked to ecological networks to understand the coupled impacts of how changes in fisher behavior affect ecosystems and vice versa. These studies suggest that the behavior of fishers can be revealed not only by interviewing fishers but also by examining government permits. Social network analysis is becoming a useful tool for examining the gear use and species targeted by fishers.

If fishers participate in multiple fisheries in a management area, and thus already possess the knowledge and appropriate gear, barriers to switching are likely very much reduced. Such pathways to switching among fisheries are identifiable using a network of gear/species interactions in an affiliation network model (Johnson and Griffith, 2010). In fisheries in Pamlico Sound, NC, United States the annual rounds of fishing strategies were examined by Johnson and Griffith (2010) from interviews with the fishers. Fishers naturally use multiple gears to catch different species during the year, and fishing behavioral networks were constructed, then used to examine clusters of fishing behaviors, interdependencies of fishing strategies, and likely switching pathways (Johnson and Griffith, 2010). Similarly, in the current study, we present the fisher behavioral network derived from government statistics of both the fishery participants’ gear use and their catches in Core Sound, NC (United States). The data are used to create a behavioral network of fishers vis-à-vis their gear and species interdependencies, then identify potential gear switching pathways. Finally, we link this behavioral network to an ECOPATH with ECOSIM network model of production and fishery harvests in Core Sound to simulate a proposed regulatory change, a gillnet ban, as it will likely impact both the ecosystem function and the behavioral networks. In this study, we make predictions concerning the likely switching behavior of the fishers to change gears along pathways that are already present in the current fishery and resulting in ecological network model predictions for important fisheries species biomass (paralichthyid flounder, southern flounder Paralichthys lethostigma) that are counter to the management goals of the large-mesh gill net ban. In this way, a socio-ecological prediction of the impacts of the gill net ban can be examined.

One way that has been used to model the ecosystem production and analyze fishing impacts on multiple species is with network models, e.g., ECOPATH with ECOSIM, which are mass-balanced food-web network models. We used this approach to create a network of interacting species or compartments using a common medium (carbon) as a currency to model ecosystem flows among the various species that were targeted by the fisheries and the ecosystem’s species (various producers and heterotrophic animals) organized in model compartments.

When regulatory changes in the fishery are proposed or occur, both the fishers and the ecosystem will respond. The ECOPATH/ECOSIM model can be used to simulate such regulatory changes’ impact on the ecosystem (Christensen and Walters, 2004; Christensen et al., 2008). Mandated harvest reductions by regulations of gear used will impact the fishery target species (increased abundance), but this increase in the target species can cause increases and declines in other species (natural predators and prey of the target species), so the changes to one species affect the population of many species over time; such indirect impacts can be tracked in network models using mixed trophic impact analysis (Ulanowicz and Puccia, 1990) and ECOSIM.

However, such an ecosystem network model relegates humans to act in an impacting role only, ignoring the impacts of regulatory changes on the fishers’ behavioral responses, which can result in shifts in fishing effort, thus impacting other species. So, the indirect impact of a new regulation or establishment of an MPA can be the increase of harvests elsewhere, with unintended consequences. True ecosystem-based management should include all such impacts, direct and indirect, on the ecosystem, including the behavioral changes of fishers’ harvesting; what is needed is an ecosystem-based management model that incorporates such fisher behavioral networks.

Here, we examine a case study of fisheries in Core Sound, NC, United States, with ecological and social network models to study the impact of fishing gear closures on the ecosystem and to simulate the impacts of a newly proposed gillnet ban on the ecosystem and the human responses to the ban. Our overall goal was to produce a framework for including humans in a socio-ecological approach. We used social and ecological network models to understand the impact of humans’ fishing activities on food webs and predict what will happen when these fishing activities are curtailed or eliminated.


Specific Objectives

(1) To describe the ecological role, network centrality, and impacts of gill netting and other multi-species fisheries’ network relations using an ECOPATH ecosystem model.

(2) To estimate the human adaptive responses based on fisher behavioral networks (gear-switching pathways) after a proposed regulatory change (a gill net ban in Core Sound, NC).

(3) To use a network analysis tool (Key Player) to examine quantitatively how a gill-netting ban would disrupt the fisher behavioral network.

(4) To simulate the impact of the gill-netting ban using gear-switching pathways from the fisher behavioral network to predict redistributed fishing effort in other fisheries and examine the ecosystem impacts after the gillnet ban.



MATERIALS AND METHODS


Overall Data Analysis Approach

We used a combination of data mining and network analysis methods to study the three subsystems of a socio-ecological system by focusing on the multi-gear and species estuarine fisheries in Core Sound, North Carolina, United States. We provide an overview of the data analysis workflow in Figure 1. Both the Fisher Behavioral Network (social subsystem) and ECOPATH models (ecological subsystem) were created using the catches reported to the North Carolina Division of Marine Fisheries (NCDMF) as part of the required commercial fishing Trip Ticket Program. For these analyses, we merged our biological sampling of the ecosystem (Deehr, 2012) with the Trip Ticket harvest data to create an annualized ECOPATH model of Core Sound, North Carolina (Deehr et al., 2014). This ECOPATH model has been validated with stable isotope analysis correlating effective trophic levels and nitrogen δ15N isotopes and represents an area open to commercial shrimp trawling, skimmer trawling, gill netting, pound netting, haul seining, and crab potting. ECOPATH with ECOSIM scenarios were then created for both a gill net ban with and without a redistribution of effort based on fisher switching behavior from the social subsystem. A separate trawl net ban was simulated (see Luczkovich et al., 2018), but we only explore the gillnet ban here. Using the open-trawling annualized ECOPATH model (Deehr et al., 2014), we simulated with ECOSIM the impacts of two scenarios of gill net bans in Core Sound.
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FIGURE 1. A diagram illustrating the data analysis workflow and manipulations for the analyses in this study. The NCDMF Trip Ticket database is used to store monthly catches reported by licensed fishers in the Core Sound management area, the gear used, the biomass landed, the effort used, the crew involved in the harvest, and the value of the catch. The participants were uniquely identified by a number without revealing their identities to the authors. In addition, according to NCDMF confidentiality protocols, individual fishers’ landings data and dollar values of their catches were not provided to us, only the species landed, and gear used, from which we created the Fisher Behavioral Network. We obtained in a separate datafile the aggregated landings biomass data and dollar values by species and gear used monthly and annually. These harvest data were merged with our own biological sampling to create an ECOPATH model. See Deehr (2012) and Deehr et al. (2014) for detailed methods on the sampling and model development. The Fisher Behavior Network and ECOPATH with ECOSIM were used together to model a gillnet ban with and without gear switching.




Study Sites

Core Sound (34°51′ N, 76°20′ W) is a narrow (5 km), relatively shallow (maximum depth of 4 m in the navigational channel) waterbody, approximately 35 km long between Shackleford Banks in the south and Cedar Island in the north in Carteret County, North Carolina (Figure 2). It is bordered to the west by several bays (Jarrett, Nelson, and Thorofare Bays), salt marshes, forests, agricultural lands, and small residential areas. Core Sound is bordered to the east by sound-side seagrass beds and the Core Banks, federally owned lands within the Cape Lookout National Seashore, which protect Core Sound from the Atlantic Ocean. There are multiple inlets (Barden, Drum, New Drum, Ophelia, and Evergreen) allowing ocean water to enter Core Sound and the adjacent bays. Since 1978, shrimp, skimmer, crab, and clam trawling have been banned in North Carolina primary and secondary nursery areas, shallow embayments which are deemed important for the protection of early life stages of shrimps, crabs, and fishes.
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FIGURE 2. Map of Core Sound study area (inset shows location in North Carolina, United States). No trawling zones (Primary and Secondary Nursery Areas) established in 1978 and enforced by NCDMF are shown as dark gray areas. Sampling stations for ECOPATH model are indicated by open circles.




Case Study: Fisheries in Core Sound

Although commercial fishing in Core Sound involves a series of gears (crab pots, peeler pots, shrimp trawls, skimmer trawls, channel nets, pound nets, haul seines, gill nets > 5-inch (12.7 cm) mesh, gill nets < 5-inch mesh, gill nets run-around, swipe nets, oyster dredging, clam trawl kicking, gigs, rakes, and tongs), the main fisheries in Core Sound involve six different kinds of gear: shrimp trawling, skimmer trawling, pound netting, haul seining, gill netting, and crab potting (Taylor, 1951; Deehr, 2012; Figure 3). Shrimp trawlers target penaeid shrimps (mainly brown shrimp Penaeus aztecus). Skimmer trawlers target white shrimp Penaeus setiferus. Gill netters harvest multiple species, but southern flounder Paralichthys lethostigma is the main target. Pound netters also target this flounder and capture additional species. Haul seiners are targeting spot Leiostomous xanthurus, Atlantic croaker Micropogonias undulatus, and capture other species. Crab potters target blue crabs Callinectes sapidus.
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FIGURE 3. Illustrations of the six main gear types used and primary species harvested by each gear in commercial fisheries in Core Sound, NC (USA) that were modeled in ECOPATH. Shrimp trawling targets brown shrimp Penaeus aztecus; skimmer trawling targets white shrimp Penaeus setiferous; gillnet targets southern flounder Paralichthys lethostigma; pound net targets southern flounder Paralichthys lethostigma; haul seine targets Atlantic croaker Micropogonias undulatus and spot Leiostomous xanthurus; crab pot Callinectes sapidus. Images obtained from: Shrimp trawl, Crab pot, Haul Seine: Tracey Saxby, Integration and Application Network (https://ian.umces.edu/media-library). Skimmer trawl, gill nets, pound nets: https://www.fisheries.noaa.gov/national/bycatch/fishing-gear-skimmer-trawls; https://www.fisheries.noaa.gov/national/bycatch/fishing-gear-gillnets; and https://www.fisheries.noaa.gov/national/bycatch/fishing-gear-pound-nets.


The by-catch of these fisheries is not reflected in harvested landings, but has been estimated elsewhere (Coale et al., 1994; Johnson, 2003, 2006), and this can range up to 3–5 times more than the shrimp harvest (mass basis). Also, sea turtles are sometimes caught in trawls and gill nets, leading to demands that these gears be restricted in use. Although gill nets remove a low biomasses of fish, they do catch species like common bottlenose dolphins Tursiops truncatus, endangered loggerhead sea turtles Caretta carretta and Atlantic sturgeon Acipenser oxyrinchus. Thus, the large-mesh (>5-inch mesh) gill net fishery has been singled out for special management actions, with NOAA requiring special NCDMF permits and observer programs to note gear interactions with marine mammals like bottlenose dolphin (Risenhoover, 2012; Wieting and Daniel, 2014a,b). Core Sound has been identified as an area of high likelihood for sea turtle interactions with gill nets.



ECOPATH and ECOSIM Modeling

ECOPATH with ECOSIM is a software package2 and one of the most widely used food web modeling and network analysis tools for fisheries and aquatic ecosystems. ECOPATH is a network modeling software package for fisheries (Polovina, 1984) and has been developed in its present form (ECOPATH with ECOSIM 6.6), which combines the biomass budget approach of Polovina with network analysis theory (Ulanowicz, 1986) for analyzing flows between compartments (Christensen and Walters, 2004) and simulating fishery harvest scenarios. The ECOPATH approach is based on the balance of energy between production and consumption for each functional group (compartment) defined in the food web. The basic input requirements for each compartment include biomass (B), production-to-biomass ratio (P/B), consumption-to-biomass ratio (Q/B), and ecotrophic efficiency (EE). Ecotrophic efficiency is defined as the fraction of the total production of a group that is consumed or exported from the system. A diet matrix was constructed to account for the trophic interactions (consumption and import of food items) of all compartments in the system.

ECOPATH models were constructed from two master equations for production and consumption:

(1) Production = catch + predation + net migration + biomass accumulation + other mortality

(2) Consumption = production + respiration + unassimilated food.

A mass-balanced system sets production equal to consumption, combining the above equations into:

[image: image]

where,

Bi and Bj = biomasses of prey (i) and predators (j), respectively

P/Bi = production/biomass

EEi = ecotrophic efficiency

Yi = fisheries catch per unit area and time

Q/Bj = food consumption per unit biomass of j

DCji = contribution of i to the diet of j

BAi = biomass accumulation of i (positive or negative)

NMi = net migration of i (emigration less immigration).

Once a system is balanced, system-wide and compartment-specific indices are calculated and provide important information about the size, organization, development, and trophic dynamics of the ecosystem. These indices allow researchers and resource managers to make comparisons between different ecosystems or between different periods of the same ecosystem. See Table 1 for a summary of the input parameters used for this ECOPATH model.


TABLE 1. ECOPATH basic outputs for the balanced Core Sound annualized open trawling areas.

[image: Table 1]


Data Collection

Field research was conducted specifically to measure the biomass of as many organisms in the Core Sound ecosystem as possible. A variety of gears (3-m trawls, variable mesh (1”–5”) gill nets, 10-cm diameter benthic macrofauna cores, 1 cm-diameter meiofaunal cores, 90–200 μm mesh plankton nets, filtered water samples for phytoplankton) were utilized to sample these sites directly during 2006 and 2007, and observational studies were conducted to estimate the biomass of marine mammals, sea turtles, and birds. These methods are discussed in great detail elsewhere (Deehr, 2012; Deehr et al., 2014). Also, fisheries data were collected from the North Carolina Division of Marine Fisheries (NCDMF) Trip Ticket Program, which summarized the landings (in terms of pounds and dollar value) for each species caught in the Core Sound Management Area by each gear type used by the fisherman reporting the catches. Data were restricted to catches coming from the Core Sound water body. Specifically, the Core Sound models include landings from six fisheries: gill nets (all gill net types, and mesh sizes combined), pound nets, crab pots, haul seines, shrimp trawls, and skimmer trawls. Due to the lack of harvest data provided to us for certain gear types (swipe nets, crab trawls, clam trawls, channel nets, cast nets, oyster dredges, clam dredges, by hand, rod and reel, cast nets, gigs, rakes, and tongs), which was limited due to small catch sizes and fisher confidentiality reasons by NCDMF, we could not include these “other” gear types in the ECOPATH models. Likewise, certain species were too infrequently reported to NCDMF to be included in the ECOPATH models, and we limited the compartments to common fishery species that were captured by the six gears we focused on for ECOPATH. We omitted species that were reported to the NCDMF as being caught by a participant with one of these “other” gears, however, we included all species and gears used in the fisherman behavioral network. Additional information about the by-catch from the two trawl types was included from several studies on this fishery (Coale et al., 1994; Johnson, 2003, 2006) and by-catch removals were incorporated only in the open models. By-catch from gill nets, haul seines, pound nets, and crab pots were not incorporated in the ECOPATH model.



Visual Representations of the Core Sound Models: Correspondence Analysis, Regular Equivalence Clustering

One of the outputs generated by ECOPATH is a network flow model, with a graphical visualization of the species’ compartments in the model (nodes) as well as the flows of carbon (arcs) between the nodes. Although the standard output from ECOPATH provides the effective trophic levels and the Lindemann spine (food chains diagrams of trophic positions) of the trophic relations, it does not provide the user the opportunity to easily view the food web network of relations and identify compartments in the system that have similar trophic functional roles, nor does it allow visualization of the roles of the different fisheries gear types.

To visualize the food webs and network relations of carbon flows, we chose to display the output of the ECOPATH models using a network role-identifying approach called regular equivalence. We also used correspondence analysis (implemented in UCINET 6.718 and Netdraw 2.175; Borgatti, 2002; Borgatti et al., 2002) to visualize the similarity of fishery harvests of the species. In the regular equivalence approach, we created a multi-dimensional scaling of the ECOPATH node-to-node consumption outputs using a regular equivalence algorithm (REGE, implemented in UCINET), a graph-theoretical method of grouping together compartments in a food web based on their shared relations to in-neighborhoods (prey relations) and out-neighborhoods (predator relations)(Johnson et al., 2001; Luczkovich et al., 2003). This approach allows us to assign color classes to each compartment based on their similarity in terms of regular equivalence relations (REGE algorithm in UCINET). In social network analysis, this REGE algorithm has been used to uncover the social roles of people (e.g., doctors, nurses, patients in a hospital); here, we used it to explore the trophic roles (producers, herbivores, apex predators, etc.) of species and fisheries of Core Sound. Two nodes that are regularly equivalent will have an identical trophic role and the same REGE coefficient. Such nodes will plot on top of one another in a multi-dimension scaling (MDS) plot of the REGE coefficients of a network. As species (nodes) are not always identical in their trophic relationships, they will rarely have the same REGE coefficient. However, species with similar REGE coefficients can be grouped into similar trophic role (“isotropic”) classes using a clustering algorithm. Johnson’s hierarchical clustering strategy in UCINet 6 provided a measure of cluster adequacy (eta square or R2) for each possible clustering solution (cluster partitions). Group size of the cluster refers to the number of partitions of the hierarchical cluster (e.g., a group size of 2 is a two-group cluster partition at a low REGE similarity level, and a group size of 70 places each node in a separate cluster partition). When R2 is maximal, clusters are considered to be the best or most adequate at explaining the variance of the REGE coefficients when comparing the within-cluster to the between-cluster coefficients. The result is a diagram that plots all nodes (including fisheries) in two-dimensional space such that compartments that have similar ties to predators and prey will be similarly colored and clustered together as isotropic classes. Food web network graphs were plotted using the REGE similarity coefficients grouped into MDS coordinates in Netdraw.



Simulating a Gill Net Ban Using Affiliation Networks

We used the ECOPATH network model described above to model what might happen if gill nets were banned, as has occurred elsewhere in the United States. A gillnet ban has been proposed in North Carolina estuaries, but the NC estuarine gill net fishery has existing regulatory agreements in place (Risenhoover, 2012; Wieting and Daniel, 2014a,b). Gillnetting involves a greater number of fishers than does shrimp trawling, although a gillnet ban would have smaller predicted impacts on fish biomass removals than shrimp trawling might have. Importantly, a gillnet ban is intended to reduce harvests of the over-fished flounder populations (Paralichthys sp.), reduce incidental takes of protected marine mammals like bottlenose dolphins, endangered sea turtles, and endangered Atlantic sturgeon. As a result, gillnetting has received more regulatory and management attention than most other gears.

To simulate a gill net ban on the fishers, we created a fisher gear-by-species affiliation network; this network can represent fisher behavior because it shows the multiple fisheries in which each participant has reported catches to the NCDMF. From NCDMF data we created a two-mode matrix involving fishers-by-species-gear combinations we term matrix X, in which xij = 1 if fisher i engaged in species-gear combination j. The two-mode matrix X is binary, with fishers (listed in the rows) that caught the same species with the same gear type (listed in the columns). From this 2-mode matrix of fishers-by-species-gear combinations, we created a one-mode n x n affiliation matrix A such that aij = 1 if species-gear combination i has at least one fisher in common with species-gear combination j. Thus,
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Fisheries are thus conceived here as people using specific gear types, which in turn catch certain species. That is, each participant in a fishery can choose to fish with any gear type-species combination. The participant-specific fisheries harvest data were not made available to us; these data are collected by the NCDMF in the Core Sound management area, but due to confidentiality rules, the data were restricted to gear used and species caught by each fisher in 2006 and 2007 (species and gear specific annual harvest data, without participant identifiers, were available by NCDMF and used to parameterize ECOPATH, however). Fisher behavioral affiliation network A was computed from the participant-specific list of gear used and species caught, producing a 229 × 229 square matrix of gear-species combinations in an affiliation network in UCINET. The affiliation network had the numbers of participants in each cell that also participated in each of the other gear-species combinations, thus, each row and column was a unique gear-and-species fishery and number of participants in common with each of the other fishery in the cells, with total participants in each fishery given along the diagonal. To assess the potential for the affiliation network to be disrupted in a gillnet ban, we computed centrality measures (Freeman degree and normalized eigenvector centrality) of the fisher behavioral networks using UCINET.



Node Removal With Key Player

We then removed gear types-species nodes using the Key Player 2 (maximum fragmentation criterion) module of UCINET (Borgatti, 2006) to determine which kind of gear, if removed, would maximally fragment the network. Key Player was developed for use understanding quantitatively of the impact of node removals in disrupting networks (KP-Neg), such as reducing the spread of an epidemic through a network by immunizations and quarantines or influencing a network positively (KP-Pos) by using information, disinformation, providing incentives, or education about innovations to change the behavior of people in a social network (Borgatti, 2006). We used Key Player here to find the gear-species nodes and gears that if removed would maximally fragment the fisher behavioral network. We could thus predict the magnitude of changes that would be expected as the fishers switched among the multiple fisheries in the wake of a gill net ban. Key Player 2 (Borgatti, 2006) was used (KP-Neg to disrupt the network, with maximum fragmentation criterion, and greedy algorithm) with required node removal group size = 87 (removed all variations on gillnet nodes and their associated species) for the complete Fisher Behavioral Network, and with node removal group size = 3 (all gill nets) for the reduced Fisher Behavioral Network. The distance-weighted maximum fragmentation criterion F was used in Key Player 2 and is defined as:
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Where djk is the geodesic distance between nodes i and j after removing a node from the network, and n is the number of nodes in the network (Borgatti, 2006).



Behavioral Network Visualization

Finally, the affiliation network was plotted in Netdraw, with each of the 229 fisheries as gear-species nodes, with the affiliation network relating the number of participants in common among the fisheries as links. We color-coded our network diagrams by gear type used in each fishery. We reduced the behavioral network by collapsing the network by combining all nodes with the same gear type (reduced behavioral network with 25 gear-types); gear relative frequency (number of participants x species caught by that gear type) was computed using the collapse nodes by attribute transformation in Netdraw, then exported the reduced network to UCINET. We used a spring embedder algorithm (Fruchterman and Reingold, 1991) to arrange the nodes in space, based on the number of edges (participants in the fishery dyad) they share. A spring-embedder visualization is the default display or layout in Net Draw, which places nodes in space based on the idea that two nodes that share an edge should be drawn close to one another, but not too close. Spring-embedder algorithm (based on mechanical physics, in which the nodes are modeled as steel rings and they are connected by springs, or charged particles with varying repulsive and attractive charges, varying the positions of the nodes in space with each iteration to reach a minimum energy state for the system) uses a system of iterative equations to draw the graph, placing the nodes in space so that they have approximately equal edge lengths, minimizing edge crossings, and distributing the nodes in the drawing space. The more edges two nodes share, the closer they are drawn in graph space. Thus, in our case, the closer together any two gear-species fishery nodes are in space, the more participants they share in common.



Probability of Gear Switching

We used the probability of joint participation in the alternative gears after a gill net ban and the original frequency of participation in other fisheries to predict the likelihood of increased fishing effort in five alternative fisheries that we originally modeled using ECOPATH. The proportion of participants using an alternative gear type was computed relative to the focal gear type to be removed as an estimate of the probability of gear switching. For example, if 100 participants used gear l (focal gear to be removed) while also reporting catches using gear m (alternative gear remaining after removal), the proportion Pn of joint usage was computed:
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Where Plm is the number of joint-gear-use dyads in the affiliation network, or the number of participants jointly using gear l and gear m from matrix A, and Pm is the number of participants using alternative gear m. These proportions show the potential for a switching pathway to exist between the two fisheries; the greater the proportion of participants and fishing effort done using the two linked gears in the affiliation network A, the higher the likelihood that a switching pathway exists between the two fisheries.

For fisheries that shared a switching pathway in the network (high Pn proportion of joint gear usage), new values of relative fishing effort (RFE) were computed for the ECOSIM projections under a gill net ban scenario with increased effort using pound nets, haul seines, shrimp trawls, skimmer trawls, and crab pots. The new relative fishing effort values after a gill net ban were computed:
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where Pm is the participants using gear m overall. The switching behavior thus sums the effort of the joint gear use in the fishery that is being removed by regulation (Pim) plus the original effort (Pm) in the alternative fishery that remains as a proportion of the original pre-removal participation. If switching occurs, all participants using the banned Gear A (gill nets) are assumed to switch and will be included in the new fishing effort for Gear B. If no joint participants are observed, then PB does not change (no switching can occur). This index of RFE was computed for each fishery with joint gear use and was used to set the ECOSIM effort parameter for gears after a net ban.



Gill Net Ban ECOSIM Scenarios

ECOSIM Scenario 1. A Gill Net Ban was simulated by simply reducing gill net fishing effort to 0% and a 10-year projection was done for each of the various fishery species with no gill nets present. The effort was not increased in the remaining fisheries, which remained at pre-Gill Net Ban levels.

ECOSIM Scenario 2. A Gillnet Ban with fishing effort increased for alternative gears. In this scenario, RFE computation for alternative gears was used to increase relative fishing effort in Pound Nets, Haul Seines, Shrimp Trawls, Skimmer Trawls, and Crab Pot fisheries. The assumption is that fishers no longer using gill nets will re-direct their fishing efforts toward these alternative gear types, based on the joint participation probabilities for gill nets and these gears. A ten-year projection was done for each of the various species in these fisheries.



RESULTS


Ecological Subsystem: ECOPATH Model Commercial Harvest in Core Sound

We first describe the ecological subsystem of the Core Sound socio-ecological system using ECOPATH network modeling. The balanced ECOPATH model basic estimates are given in Table 1. The effective trophic levels for each compartment were computed and it is apparent that the fisheries vary in their total harvest and effective trophic level, in ascending order of total catch: pound nets (0.0035 g/m2/yr, ETL = 3.51), gillnets (0.0042 g/m2/yr; ETL = 2.76), crab pots (0.0043 g/m2/yr; ETL = 2.98), skimmer trawling (total catch = 0.0054 g/m2/yr; ETL = 2.50), haul seining (0.0154; ETL = 2.73), and shrimp trawling (0.0349 g/m2/yr; ETL = 2.83). A plot of these harvests by compartment in the ECOAPTH model indicated that shrimp trawling, given the large total catch, had the greatest potential for biological impacts each year (Figure 4). Removals by shrimp trawl in the open areas were several orders of magnitude greater than any other gear used and caught species other than the target species of brown, pink, and white shrimp. In particular, more biomass of spot Leiostomus xanthurus and blue crabs Callinectes sapidus were removed in shrimp trawls than in haul seines that target spot or crab pots that target blue crabs (Figure 4). Skimmer trawls targeted white shrimp but also caught spot, blue crabs, pinfish Lagodon rhomboides, and Atlantic menhaden Brevoortia tyrannus (Figure 4). Gill nets targeted paralichthyid flounders, especially the flounders Paralichthys lethostigma and P. albigutta, and striped mullet Mugil cephalus, but also caught spot, spotted seatrout Cynoscion nebulosus, red drum Sciaenops ocellatus, black drum Pogonias cromis and bluefish Pomatomus saltatrix (Figure 4). Haul seines remove nearly as much spot biomass as shrimp trawls, while also taking weakfish Cynoscion regalis, Atlantic menhaden, pigfish, Spanish mackerel Scomberomorus maculatus, spotted sea trout, and bluefish (Figure 4). Crab pots are very selective for blue crabs (Figure 4). Pound Nets target paralichthyid flounders, but also catch significant amounts of harvestfish/butterfish (Peprilus paru and P. triacanthus, a combined-species NCDMF category), Florida pompano Trachinotus carolinus, sheepshead Archosargus probatocephalus, black drum, and Atlantic spadefish Chaetodipterus faber (Figure 4).
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FIGURE 4. The harvests of most common species (as included in ECOPATH open trawling management area model) in g C/m2/yr caught by six gear types (dark brown dots: haul seines; medium brown dots: crab pots; light brown dots: pound nets; light blue dots: gill nets; medium blue dots: shrimp trawls; dark blue dots: skimmer trawls) from Core Sound, North Carolina as reported to the NCDMF in 2007. Species arrangement is rank order observed in shrimp trawls, the dominant fishing gear in terms of biomass harvest.




Trophic Role of Species and Fisheries in Open Trawling Areas

The trophic role of each species and fishery in the whole ecosystem can be visualized after exporting the consumption matrix from the ECOPATH model of annualized harvests in the open trawling area, using the regular equivalence similarity measure to measure role similarity, then visualized using a multidimensional scaling procedure (MDS; Figure 5). Species with similar trophic role relations to other species plot close to one another in the MDS two-dimensional space. In this MDS plot, we overlaid the consumption network of carbon flows from ECOPATH so that the strength of the ties can be observed as arrows of different widths, and the node size is scaled to represent the log-10 transformed biomass of carbon standing stock in each node. The vertical axis in these MDS plots represents an approximate trophic position for each node, with producers and detritus low on this axis, and apex predators near the top. The horizontal axis represents different sources of producers and detritus, with producers on the left side horizontal axis and detritus on the right side of axis. Detritus represented a large source of stored production which supplied energy to many species (high centrality node). There are clear trophic role groupings, with detritus, producers, detritivores, invertebrate consumers and fishes, sea turtles, and mammals separated into isotropic classes. The fishery gear-types also show a relation to trophic position, near the top of the MDS plot, but clustered together. The ecosystem is dominated at the base by the flows involving detritus, phytoplankton and benthic microalgae producers, meiofauna, and bacteria (largest flows are to one another at the first trophic level and the greatest biomass of nodes occur at the bottom of both plots). This REGE/MDS visualization describes the overall ecological network component of the socio-ecological system, showing sources of energy, and harvests by gear type as top-trophic level species.
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FIGURE 5. Trophic roles revealed using regular equivalence similarity measure non-metric MDS plot of Core Sound network model of the areas open to shrimp trawling in fall (2006–2007 NCDMF data). Node size proportional to log10 (g C biomass/m2). Color code for nodes in these isotrophic classes: (1) brown: detritus and particulate organic carbon; (2) green: phytoplankton, benthic microalgae, benthic meiofauna; (3) blue: benthic bacteria, aquatic bacterioplankton, benthic macroalgae, hard clams, zooplankton; (4) light green: seagrasses, drift algae; (5) yellow: various invertebrates that consume meiofauna and detritus (bryozoans, deposit-feeding polychaetes, white and brown shrimp, blue crabs), fish (spot); (6) magenta: invertebrates (amphipods, isopods, cumaceans, predatory and suspension-feeding polychaetes, shrimps, tunicates), fishes (Atlantic croaker, pinfish, pigfish, Atlantic menhaden); (7) pink: bycatch, anchovies; weakfish, Atlantic silversides; (8) orange: invertebrates (jellyfish, ctenophores, deposit-feeding gastropods, predatory gastropods, brittlestars, pink shrimp, crabs), fishes (striped mullet, southern kingfish, spotted seatrout, weakfish, harvestfish/butterfish, paralichthyid flounders, bluefish, Spanish mackerel and birds (cormorants, gulls, brown pelicans); (9) purple: top predators group A, invertebrates (Atlantic brief squid), fishes (sheepshead, Florida pompano, black drum, Atlantic spadefish), birds (terns, gulls), sea turtles, and fishery gears (shrimp trawls, skimmer trawls, and haul seines); (10) red: top predators group B: invertebrates (conchs and whelks), fishes (red drum, cownose rays, other rays and skates, smooth dogfish); birds (shorebirds/waders), marine mammals (bottlenose dolphins); and the fishery gear (crab pots); (11) dark blue-green (bay scallops, sea cucumbers); (12) lime green: Atlantic sharpnose sharks; (13) cyan: pound nets and gill nets.




Gear-Selective Commercial Harvest in Core Sound

It is helpful to further examine the fishery gear and their species harvested in an additional subsystem visualization. Correspondence analysis of the ECOPATH fishery harvests demonstrated that some fisheries (as defined by gear types or “fleets” in ECOPATH terms) harvested very different species than others (Figure 6); shrimp trawls caught very different species than the gill nets, haul seines and pound nets, but were similar to skimmer trawls and, surprisingly, crab pots. The similarity in catches of shrimp trawls and crab pots is due to the large number of blue crabs caught in shrimp trawls (note the thickness of the line representing carbon flow from blue crabs to shrimp trawls in Figure 6). Gill nets and pound nets caught many of the same species but also red drum, black drum, Florida pompano, sheepshead, striped mullet, Atlantic spadefish, bluefish, and spotted seatrout, so these two gear-types were grouped near one another in the correspondence analysis. Haul seines tended to catch species that were also caught by the trawlers and gillnetters, (species like spot, weakfish, Atlantic menhaden, Spanish mackerel, bluefish, spotted seatrout, and harvestfish/butterfish) so this gear type plotted in an intermediate position in the correspondence analysis. Thus, trawling captured many more short-lived invertebrate species, like the penaeid shrimps and blue crabs, but gill netting captured many more large, long-lived fishes like the drums and flounders. Because these two gear types have different prey, due to the gear selectivity, they will affect the ecosystem in different ways and have somewhat different long-term impacts. The target of shrimp trawl fishery may recover from harvest much more quickly than the target of gill nets.
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FIGURE 6. Core Sound, NC commercial fisheries harvests from the annualized ECOPATH model in open-trawling areas shown as a correspondence analysis of gear type (blue squares) and their commercial catches (red circles). Arrows point from species harvested to fishery gear, with line thickness showing the amount of carbon from the Ecopath model flowing along that path. Gear types that plot together have similar selectivity, and species that plot together are harvested using similar fishery gear types.




Human Subsystem: Fisher Behavioral Network

Now let us turn to the human subsystem of the Core Sound socio-ecological system. We wanted to examine the behavior of the fishers based on their gear use and species harvested obtained NCDMF data. We established an affiliation network of nodes (gear-by-species fisheries) for Core Sound fishers, with edges in the network representing individual fishers participating in multiple gear-by-species fisheries. We call this the Core Sound Fisher Behavioral Network (FBN), which is a complex subsystem of the socio-ecological system (Figure 7). For purposes of clarity in this visualization, we only show the six types of gear included in the ECOPATH model and labeled the nodes using the ECOPATH compartment IDs (Table 1) that were included in that model, although the affiliation analysis included all gear-species nodes. The full fisher behavioral model visualization, with all gears and species reported, can be found in the Supplementary Materials Figure SM-1. Based on this affiliation network, fishers could switch between two gear-species fisheries (they have had the appropriate access to gear, vessels, licenses, expenses for fuel, etc.). Some participants work in multiple such fisheries during the year, they switch between gears naturally as seasons open and close by regulation, and as species become abundant and migrate through the system. Thus, the FBN describes natural fisher behavior by identifying pathways of shared gear that can be used to switch fishing effort between gear-species fisheries. The probability of switching among fisheries is given by the number of participants jointly using the alternative gear divided by the participants using that focal gear in the FBN.
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FIGURE 7. The fisher behavioral network of Core Sound. For clarity, only gear types and species (compartments) used in the ECOPATH model are shown. Each node is a fishery, defined as participant-reported gear type used to catch the species. Edges are switching pathways among fisheries, showing the connection between gear-species fisheries and indicating that at least one fisher was jointly involved in the two fisheries; nodes are color-coded by gear type. Gear codes: cyan = haul seines; pink = shrimp trawls; purple = skimmer trawls; yellow = pound nets; red = gill nets; green = crab pots. Links between nodes represent affiliations, that is, the number of fishers that have those two gear-species combinations in common (gear type-species nodes). The fishery nodes with greatest joint fisher participation were displayed using Fruchterman-Reingold spring-embedder algorithm (Fruchterman and Reingold, 1991). The fishery nodes with high degree centrality (greatest number of joint participants) are in the center in the plot.


More fishers were engaged in the gill-netting fisheries than all other net types and gillnets of all varieties used are highly central in the FBN (Figure 7). The red nodes in Figure 7 are all variations of gill nets combined and are central in the FBN, an indication that many fishers jointly participate in gill netting and many other fisheries. Large mesh gill net (≥5-inch stretch mesh) for flounders ranked second in terms of the number of participants reporting to NCDMF (94 fishers); participants in 22 of top 30 gear-by-species fisheries used gill nets of some kind. Only hand-raking for hard clams has more participants (Table 2). Shrimp trawling for brown shrimp (pink nodes in Figure 7), in contrast, did not involve as many participants, ranking 27 out of the top 30 fisheries in participant number (34 fishers). The centrality of the gillnet fishers in the FBN is evident in the 94 participants that reported catching paralichthyid flounders using large mesh gill nets ≥ 5-inch mesh; they are the second-highest in terms of participants and the most central group in Core Sound (normalized Freeman degree centrality = 8.97 % of all possible linkages adjacent to that node are observed, Table 2).


TABLE 2. The number of participants in each of the gear-by-species fisheries of Core Sound (top 30 shown; complete listing in Supplementary Table SM-1).

[image: Table 2]We examined the potential disruption of the complete FBN and reduced FBN using Key Player, a module of UCINET software. First, we identified the nodes in a network that, if removed, would maximally fragment the full gear-by-species FBN. Network fragmentation criterion F (increase in network disruption) indicated the percentage of participants that would be disrupted relative to a completely connected network (Supplementary Material Table SM-2). Next, we removed 87 gillnet-associated gear-species nodes (the required set for removal first in Key Player) (Figure 8). Once again for this visualization, we display only the gear types and compartments used in the ECOPATH model. These node removals in the gear-by-species FBN greatly fragmented the affiliation network, although there remain still many connected fisheries and gear-species combinations. When all gillnet types are targeted for removal, the network is disconnected by 58.1% relative to the completed connected FBN.
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FIGURE 8. The fisher behavioral network showing the results of a Key Player node removal based on distance-weighted maximum fragmentation criterion. Color codes represent the six gear types used in the ECOPATH model using the same color assignments as in Figure 7 and the species names or ECOPATH compartments as given in Table 1. Edges between gear-species fisheries nodes indicate that at least one fisher was jointly involved in the two fisheries. The fishery nodes with greatest joint fisher participation were displayed using Fruchterman-Reingold spring-embedder algorithm (Fruchterman and Reingold, 1991), which places high-degree centrality nodes in the center of the plot.


After gill nets were removed with Key Player, the resulting behavioral network is shown as a fragmented network in Figure 8. Remaining gear-species fisheries to which fishers can switch are easily identified: some can switch to increase effort in haul seining (cyan nodes), crab potting (green nodes), shrimp trawling (pink nodes), skimmer trawling (purple nodes), and pound netting (yellow nodes). Each of these gears requires an organized crew of fishers, specific gear, and specialized vessels. A better way to examine the likelihood of switching to alternative gears after gillnet removal is to look at the fisher behavioral network collapsed by the fishing gear category, a reduced FBN graph of the same affiliation network, but only using the 24 gear types as nodes, and edges remaining the participants that share gears.

When we examine the FBN after the network was collapsed by gear type, gill nets are again the most central of the fisheries in the FBN (Freeman centrality for Gill Net Set < 5” = 2186; for Gill Net Set ≥ 5” = 1830; for Gill Nets Runaround = 1677; Table 3). This Freeman degree centrality is displayed as node size in Figure 9. Once again, the visualization of the network in Figure 9 only displays the six fishing gears modeled ECOPATH, but the centrality analyses included all gears in the FBN as reported to the NCDMF. The thickness of the edges in Figure 9 is proportional to the number of fishers jointly engaged in any two fisheries, and gillnets (red nodes), including the gillnets set (GNS) < 5 inches, gillnet set (GNS) > 5 inches, and gillnet runaround have many participants in common with pound nets (yellow nodes) and plot close together with them in the network. Fishers can easily switch between these gill net and pound net nodes that plot close to one another because they already participate in both linked nodes, have the gear, vessels, crew, permit, and license to do so. Gillnetters may also switch between the various gill net fisheries and haul seining (cyan node), shrimp trawling (pink node), and with lower frequency, crab potting (green node) and skimmer trawling (purple node). The dark thick lines connecting the fishery nodes thus illustrate the potential switching pathways between fisheries when modeled as gear-types when gillnets are banned.


TABLE 3. Two centrality measures of influence (Freeman Degree Centrality and eigenvector centrality) for the reduced Core Sound Behavioral Network, collapsed by gear used.
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FIGURE 9. The reduced fisher behavioral network of Core Sound collapsed by gear type. Nodes from each species-gear fishery in Figure 7 were combined into super-nodes by the gear used to catch all species reported by participants. Edge thickness connecting the nodes represents the number of fishery participants that are engaged in the same fisheries (gear types). Node size scaled to Freeman degree centrality. The gear nodes with greatest joint fisher participation were displayed using Fruchterman-Reingold spring-embedder algorithm (Fruchterman and Reingold, 1991), which places high-degree centrality nodes in the center of the plot.


When the Key Player fractionation metric is calculated for removal for all gill nets in the reduced FBN, the distance-weighted fragmentation metric F is greatest for gillnet Gill Net Set < 5” F = 0.110, and other gill net types are in the top four gear types that would most fragment the reduced behavioral network (Table 4). They also exhibit high betweenness (connecting nodes with fishers engaged in using similar gear in other fisheries). Thus, we can see that gill nets are central in the FBN and thus act as bridges or switching pathways in the network and if they are removed, they will maximally fragment the network.


TABLE 4. Betweenness Centrality and Distance-weighted Fragmentation Metric F calculated in Key Player for the nodes in the reduced Fisher Behavioral Network.
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Gear Switching in the Fisher Behavioral Network Due to a Proposed Gillnet Ban

Finally, we examine the role of the governance subsystem on the Core Sound socio-ecological system by examining the impact of a gillnet ban that could be imposed by the NCDMF. The reason is simple: these fishers already possess the vessels, equipment, licenses, and knowledge required to fish with these alternative gear types. Thus, a gill net ban will affect this most central group of fishers. Because there is high centrality indicated for fishers using gill nets to other fisheries, there are many gear-switching options for these fishers.

Because gill nets are among the most commonly used gear types in this ecosystem, and we have demonstrated here that they are the most central type of gear used in the behavioral network of fishers, switching to other gears will occur along the linked paths in our affiliation network model – we refer to these as gear-switching pathways. We predict that gillnetters will switch to other gears with high shared gear usage, specifically to pound netting (Pn = 0.73), shrimp trawling (Pn = 0.38), haul seining (Pn = 0.31), and crab potting (Pn = 0.13) (Table 5). If gill nets are completely banned, and fishers switch to alternative gears, fishing effort is predicted to increase in the pound net (1.8 times current effort), haul seine (1.4 times), crab potting (2.5 times), shrimp trawling (1.76 times) and skimmer trawl (1.5 times) fisheries by the calculated switching metric (Table 5).


TABLE 5. The relative frequency and proportion of shared gear use (Pn) in the affiliation network of participants involved using gill nets ≥ 5-inch mesh that also participate in other fisheries in the Core Sound commercial fisheries.
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Interaction Between Subsystems: Simulating a Gill-Net Ban on the Ecosystem

The ECOSIM simulation model showed that there are likely to be multiple predicted ecological effects of banning gill nets. Firstly, over 10 years, there would be effects on other species of fish that are caught by gill nets. The ECOSIM model scenario without considering gear-switching and redistribution of fishing effort to other gears (Scenario 1: Gill Net Ban, with no effort change in other fisheries) suggests that red drum, striped mullet, and flounders would become more abundant within 10 years of the gill net ban, increasing by 8% (striped mullet), 17% (red drum), and 7% (flounders; Figure 10A). Thus, the simulated gill net ban predicts that this management action would achieve the desired biological objectives to rebuild these fisheries. However, this scenario will have impacts on both the fishers and seafood products brought to market, reducing fishers’ incomes and market supply.
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FIGURE 10. The predicted relative biomass values of paralichthyid flounders, red drum, and striped mullet for ten years following a gill net ban with: (A) ECOSIM model Scenario 1, no gear-switching or fishing effort re-distribution to other gears; (B) ECOSIM model Scenario 2, Gill Net Ban with Increased Effort in Alternative Fisheries (pound netting, haul seining, shrimp trawling, skimmer trawling, and crab potting) after gear-switching based on the relative fishing effort (RFE, Table 5) derived from the fisher behavioral network after gill net removal.


We also predict that a reduction in gillnet fishing effort would cause a re-distribution of the fishing effort due to fishers switching other gears and species. We explore that next scenario next with an analysis based on the switching pathways identified in the reduced FBN. The closure of Core Sound to gill nets ≥ 5-inch mesh will affect many fishers and will cause cascading impacts on fishing behavior as the fishers to switch to other gears where they can catch the same species or have another fishing opportunity that produces a similar amount of income (limited by the availability of gear, vessels, licenses, and knowledge). This is the case demonstrated in the ECOSIM modeling scenario (Scenario 2: No Gill Nets with Increased Effort in Other Fisheries) with the new relative fishing effort in the five remaining fishery gear types. Scenario 2 projected a decrease in paralichthyid flounder (Figure 10B); relative biomass would be 0.92 ten years after the gillnet ban, not an increase in relative biomass 1.07 as shown in Scenario 1 (Figure 10A). The 8% decline in flounder biomass after a ban is due largely to increased effort in the pound net fishery, because fishers have a high probability of switching from gill nets to that gear type, and pound nets selectively harvest large biomass of flounder (Figure 6). Flounder biomass showed the greatest declines in this simulation of the gill net ban, with biomass decreasing by 8%, instead of increasing by 7% as in ECOSIM Scenario 1. Red drum (1.10 relative biomass) and striped mullets (1.09 relative biomass) would be predicted to increase by 10% and 9% respectively in Scenario 2 (Figure 10B), as they are not selected by other fisheries, being primarily caught in run-around gill nets, but not other gear types to any degree (Figure 6).



DISCUSSION

Socio-ecological systems are complex networks of interrelations among organisms and natural resources, people and resource users, and informal and formal governance systems. For example, a conceptual model of socio-ecological systems has been proposed involving interrelated subsystems of natural resources, resource users, resource co-management groups, and government agencies (Ostrom, 2009). A socio-ecological network modeling approach was developed here for Core Sound, NC, United States, in which three complex subsystems are acting as interrelated networks: 1) an ecological network model subsystem with nodes that are estuarine species of fishes and invertebrates; 2) a fisher behavioral network model subsystem with fisheries (gear-species or gear type) as nodes, that shows the number of participants in common in the fisheries, and which identified the pathways for switching between gears used to harvest species; and, 3) a governance subsystem that imposes season and area closures, gear restrictions, and other fishery management actions on the fishers to indirectly influence the abundance of species in the ecosystem network subsystem.

To develop these socio-ecological network models, we used commercial fisheries data reported to the state fisheries management agencies, and a similar approach has been used to study the fishing behavior of entire fishing fleets using gillnets in the German Baltic (Meyer and Krumme, 2021). These authors classified the interdependencies among fishers’ behaviors using sequence analysis (annual rounds and seasonality of species and gears that fishers use) to classify vessel groupings. Although the approach facilitates the classification of groupings of fisher behavior that might inform relationships between human and natural systems, it does not allow for the identification of switching pathways afforded by a network approach as described here.

As we developed these network models, we focused on the first two subsystems and used a network modeling approach for each one; we did not attempt to model the network in the governance subsystem. As shown in a recent study of fisheries management in Kenya and Tanzania, the governance subsystem is a network of actors organized in multiple levels; it has been modeled using social network analysis (Tuda et al., 2021). Similarly in North Carolina, there are multiple governance entities (e.g., the NC Division of Marine Fisheries, the NC Marine Fisheries Commission, the Atlantic Coast States Marine Fisheries Commission, and the NOAA Southeast Regional Fishery Management Council, along with non-governmental organizations, resource users, and scientists represented within each of the above agencies). Furthermore, the commercial fishing market economy can act as a fourth complex network subsystem, which has its network of interacting firms and people, each reacting to demand and supply constraints, which can ultimately act as the main driver of fisher behavior. These latter two subsystems will require further development with social network models to elucidate a complete socio-ecological system for Core Sound fisheries.


Fishing Behavior After a Regulatory Change as Revealed by Network Analysis

Socio-ecological systems and ecosystem-based management should incorporate predictions of fisher behavior after one of the subsystems change. One of the primary challenges in this vein has been linking human behavior and natural systems dynamics within an overall ecosystem-based approach, particularly in understanding feedbacks between these coupled systems (Matsuda and Katsukawa, 2002).

In the current study, we examined a proposed management action in the form of a gillnet ban intended to change the behavior of commercial fishers and thus indirectly conserve certain species in the ecological network. The behavioral change of the fishers is not often anticipated or considered in implementing management actions imposed by the governance subsystems, or it is only considered during public hearings on proposed management actions, but it can be predicted and modeled with existing data on gear and species harvested in the past, as we show here. Our results show that when gill netting is removed by regulation, we can expect an intensification of fishing effort in the remaining groups of gear types. Gillnet fishers will switch to participate in the other fishing activities during other times of the year (crab potting, pound netting for flounders and other species, shrimp trawling, skimmer trawling, or haul-seining). Since haul-seining is difficult for fishers to enter because of the knowledge, specialization of vessels, and gear required, we expect most fishers will switch to pound netting. Ironically, our simulation of banning gill nets will increase fishing effort in pound netting fishery, intensifying effort on paralichthyid flounder harvest, and in the shrimp trawl sector, which has had declining effort since 2000 but one that has the greatest potential for biological impacts and economic returns. As revealed by our socio-ecological system analysis of the gear-switching behaviors of fishers, a gillnet ban may not be most desirable from an overall fishery and ecosystem management standpoint, although it may protect threatened and endangered species such as sea turtles, bottlenose dolphin, and Atlantic sturgeon. Managers need to consider the predicted fishing and gear-use behaviors of fishers when considering management actions.

We used a network metric called degree centrality or “betweenness” in the fisher behavioral network of the various gear and species types in assessing this gear-switching pathway when fishery regulations change due to management interventions. Highly central nodes in a network are connected to many other nodes, so their disruption or removal will have far-ranging network impacts. Network centrality metrics assess the potential for fragmentation of the fisher behavioral network or the disruption due to the removal of any gear type. Disruption of the fishery network will have impacts on the fishers, who will switch to other gears to maintain profitability, and also on the ecosystem, which will have different responses depending on the behavior of the fishers and their gear use.

The profitability of the fishery trophic niche could change. Thus, if the fishery gear is banned, this has the effect of closing down that trophic niche, and participants may choose to leave the managed area, perhaps will join another fishery, or they could leave fishing altogether if other employment opportunities are available. We considered what would happen to the Core Sound fisheries if all gill nets were banned and fishers remained in other fisheries, redistributing their fishing effort in other gear types. [Note: A partial ban on gill nets < 5-inch mesh is currently in effect in this management area (Murphey, 2020a), although larger mesh gill nets for flounder are allowed on a seasonal basis according to the current NCDMF proclamation (Murphey, 2020b)]. Thus, a gill net ban will affect this most central group of fishers. Because there is high centrality indicated for fishers using gill nets to other fisheries, there are many gear-switching options for these fishers. If gill nets are completely banned, and fishers switch to alternative gears, fishing effort is predicted to increase in the pound net (1.8 times current effort), haul seine (1.4 times), crab potting (2.5 times), shrimp trawling (1.76 times) and skimmer trawl (1.5 times) fisheries by the calculated switching metric.

This switching behavior implies that the closure of Core Sound to gill nets ≥ 5-inch mesh will affect many fishers and will cause cascading impacts on fishing behavior as the fishers switch to other gears where they can catch the same species or have another fishing opportunity that produces a similar amount of income (limited by the availability of gear, vessels, licenses, and knowledge). An ECOSIM modeling scenario (Scenario 2: No Gill Nets with Increased Effort in Other Fisheries) with the new relative fishing effort in the five remaining fishery gear types projected a decrease in paralichthyid flounder harvest, not an increase as modeled earlier. The decline in flounder harvest is due largely to increased effort in the pound net fishery, because fishers have a high probability of switching from gill nets to that gear type, and pound nets selectively harvest large biomass of flounder. It is not clear that fishery managers have considered gear-switching behavior in planning to ban gill nets. A socio-ecological view as detailed here should be considered when taking such management actions.

In terms of the relative frequency of other gear-species fishery types, the gill net fishers using ≥ 5-inch mesh (the type of gear under intensive regulatory focus by NOAA and NCDMF in Core Sound to protect sea turtles, Atlantic sturgeon, and bottlenose dolphins and to further reduce flounder harvest) would be most likely to switch to the following fisheries (in descending order): gill net set < 5”, pound nets, runaround gill nets, shrimp trawls, haul seines, gill nets set (float), crab pots, swipe nets, hand rakes, gigs, skimmer trawls, gill nets set (sink), crab trawls, by hand, using tongs, rakes bull, channel nets, oyster dredges, and clam trawls. This affiliation frequency index may not exactly predict the likelihood of switching behavior, because fishers must respond to new regulations (NCDMF Proclamations about seasonal closures and gear restrictions may occur at any time), and they may not have the appropriate license (pound netting requires a special permit from NCDMF), technology (they must invest in new gear and have the appropriate vessel type), knowledge of the fishery, or all of these (for example, clam kicking requires specific knowledge of the locations where clams are found, the technology to adapt a vessel for clam kicking, plus a special license for this activity). But because this index is a function of past affiliations and fishing behavior, one can assume that the current gillnet ban will have a similar participation distribution in other fisheries. We can test this affiliation index idea with new NCDMF data as it is collected in the coming years.

Finally, the switching behavior induced by a gill net ban will have varying impacts on the species that are harvested by the gear to which the fishers switch. Switching from gill netting to pound netting will increase harvest on the species previously captured in the pound nets: flounder and black drum. Switching to shrimp trawling will increase harvests on spot, flounder, blue crabs, and brown shrimp, plus increase by-catch from trawling, possibly increasing the mortality on loggerhead sea turtles. The gear-species fisheries that have the highest economic return are shrimp trawling for hard crabs, spot, flounder, pink, white and brown shrimp, pound netting for flounders, and haul seining for spot and weakfish. These are the likeliest fisheries (gear-species nodes) to which fishers will switch using gears, vessels, and licenses they currently have access to while maintaining a similar species mix and income potential.

The establishment of the closed-trawling areas in 1978 forced fishers to fish more intensively in the open areas of Core Sound and to move elsewhere to trawl (e.g., Pamlico Sound, Atlantic Ocean) or to switch gears. After 1978, fishers moved into other gear types (haul seining, pound netting, crab potting, or trawling), increasing the harvests in those fisheries. With the closure of the gill nets < 5 inches in Core Sound, established by the Proclamation Authority of the Director of NCDMF to reduce the rake of sea turtles and other endangered species (Murphey, 2020a), fishers will have to once again adapt. However, there would be an increase in relative fishing effort in these alternative fisheries, which will result in the ecosystem changes we described in ECOSIM Scenario 2, notably, increased harvests on southern flounder and increased impacts due to shrimp trawling.

Also, if enacted, a complete gill net ban will cause a loss of income to some fishers and possible loss of seafood to the local and international markets. Some fishers using other gear types may benefit from the gillnet ban in Core Sound, i.e., those that are fishing with existing pound nets and haul seines, which catch similar species as the gillnetters, may experience higher catches because of lower competition. Fishers may switch and devote increased effort to these gear types if they already have a lease for pound netting, begin or expand haul seining, increase the number of trips in shrimp and skimmer trawling, direct more effort to crab potting, or join together to innovate and develop new methods of harvest. Other fishers will opt for individual fishing opportunities: hand raking for clams, gigging for flounder (which will bring a high dollar value), and increase their effort in small-scale shrimp trawling and channel-netting. Finally, shrimp trawling activity, which already has the greatest harvest, may increase, given some switching pathways between gill netters and the shrimp trawlers and the large potential for economic return.



CONCLUSION

Socio-ecological systems are complex involving coupled networks of subsystems. In our case study, these are subsystems of an ecological network, a fisher behavioral network, and a governmental regulatory subsystem that can influence indirectly both of the other two subsystems. Elinor Ostrom (2009) called these polycentric systems of management, with fishers or resource users changing their behavior and self-regulating when the ecological subsystem changes or the governance subsystem changes. In our Core Sound socio-ecological system, we predict that fishers will switch into pound netting if gill netting is banned, and will increase harvests on one managed species, paralichthyid flounders. This management action, banning gill nets, would have an unintended consequence, namely increasing the harvest of this group of fishes. If reduction of harvest is the intended conservation goal, then the result is greater harvest not less, if redistribution of fishing effort among gear types and gear-switching occurs as predicted. The ability to document and model these fisher behavioral networks can be linked to economic decision models (Addicott et al., 2019), ecosystem and ecological network models (Johnson and Griffith, 2010; Deehr et al., 2014), and regulatory and management systems models (Johnson and Parks, 1998). Fishery managers need to understand the role of the resource user subsystem and take account of this switching behavior when setting management goals. In short, fishery managers need to incorporate a more socio-ecological approach to fishery management.
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The higher the affiliation frequency and Pn value, the greater the likelihood of a
gear switching pathway between this gear and others listed. The fishers using
gill nets > 5” will switch to another fishery type according to Pn, all things (gear
availability, leases for nets, fuel costs, profits from harvest) being equal. After switch-
ing occurs due to a gill net ban, the alternative gear participation frequency and
increase in relative fishing effort increases are given for the five gear types in the
ECOPATH/ECOSIM models.
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The compartment identification codes and compartment names are listed along with the effective trophic level (ETL), biomass (B) in gC/m?, production to biomass ratio
(P/B) for the year, the consumption to biomass ratio (Q/B) per year, the ecotrophic efficiency (EE) and the production to consumption ratio (P/Q) for the year for each
compartment. Fishery harvests for each gear type are given as a separate list with ETL and total catch in gC/m?/yr.
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Rank Fishery (gear-species type) Number of Freeman
Participants Degree
Centrality

1 Rakes Hand - Hard Clam 122 475
2 GNS > 5 - Flounder 94 1514
3 GN runaround - Striped Mullet 81 1157
4 GNS > 5 - Red Drum 5 1327
5 GNS > 5 - Black Drum 71 1288
6 GNS < 5 — Spotted Seatrout 63 1185
7 GNS < 5 - Weakfish 62 1236
8 GNS > 5 - Spotted Seatrout 62 1190
9 GNS < 5 - Flounder 54 1020
10 GNS < 5 - Spot 53 976
11 GN runaround — Spotted Seatrout 53 910
12 GNS < 5 - Bluefish 49 987
13 GNS > 5 - Sheepshead 49 1033
14 By Hand — Hard Clam 46 148
15 GN runaround - Red Drum 45 870
16 Rakes Hand - Oysters 45 171
17 GNS < 5 - Kingfish 44 931
18 GNS < 5 - Black Drum 43 945
19 GNS < 5 - Striped Mullet 41 749
20 GNS < 5 - Red Drum 39 860
21 By Hand - Oysters 38 95
22 GNS > 5 - Florida Pompano 37 728
23 GNS > 5 - Weakfish 37 830
24 GNS < 5 - Atlantic Croaker 36 646
25 GNS > 5- Kingfish 34 747
26 GN runaround — Black Drum 34 676
27 Shrimp Trawl - Brown Shrimp 34 388
28 GN runaround — Flounder 33 628
29 Shrimp Trawl — Blue Crabs (Hard) 31 371
30 Crab Pot - Blue Crabs (Hard) 30 290

Also listed is the Freeman Degree Centrality, which is the sum of all the observed
connections adjacent to other nodes), as defined by the gear used and species
caught. Participants may report catches for more than one gear-species fishery
category (the total number was 407 participants in 2006 and 550 patrticipants in
2007, participating in 229 fisheries gear-species types). Gear codes: GNS > 5 = Gill
net set, 5” mesh or greater; GNS < 5 = Gill net set, less than 5” mesh; GN
runaround = Gill net deployed from a vessel and used in a manner to surround
fish. Hand rakes are used to excavate the sediments for buried clams or to lift

oysters; by hand is an indication the species was captured without a tool.
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Gear Type Freeman Degree Normalized Eigenvector

Gill Net Set < 5” 2186 70.3209915
Gill Net Set > 5” 1830 66.2635498
Gill Net Runaround 1677 56.9041595
Pound Net 1563 62.7369156
Shrimp Trawl 1024 34.4181519
Haul Seine 823 35.3879356
Swipe Net 679 25.2344933
Crab Trawl 287 8.45621967
Crab Pot 273 8.20281601

Gill Net Set (float) 272 10.9864626
Rakes Hand 224 6.44516706
Clam Trawl 186 5.09409285
Channel Net 165 4.04963112
Gigs 136 4.76840162
Skimmer Trawl 133 3.84259439
Tongs 128 3.45199323
By Hand 125 3.10691452
Gill Net Set (sink) 72 2.79913116
Oyster Dredge 61 1.75115073
Rakes Bull 54 1.28126836
Peeler Pots 43 0.79203385
Cast Net 21 0.88020808
Rod & Reel 2 0.00566409
Clam Dredge 0 1.5854E-41

Fish Pot 0 —3.6345E-31

Eigenvector centrality is high if a node is linked to other highly linked nodes. Gear
descriptions were defined in Table 2 and Figure 3. Other gear types reported
here were: Pound Nets, which are depicted in Figure 3, have leads or fences of
netting that are staked in long lines to intercept passing fish and force them into
the pound, or central area, of the net; Shrimp trawls, are pulled between doors
behind a vessel along the bottom; Haul Seines are large nets deployed from one or
two smaller vessels for encircling an area or fish school, which are hauled toward
one of the vessels creating a small area in which fish are concentrated; Swipe nets
are similar to haul seines, but the haul back is done with the small vessel used to
encircle the fish, and the net is hauled past a fixed stake to encircle the fish; Gigs,
which are poles with spikes that are used to spear fishes and crabs; Bull rakes are
larger heavy-duty versions of a clam rake; oyster dredges are heavy metal bottom
dredges that are towed though an oyster reef and power winches are used to lift
it into the vessel. Channel nets are shrimp trawls that are suspended from buoys
and fishes in a tidal current. Other gear types are described in the text.
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Gear Node ID Betweenness Distance-Weighted
Centrality Fragmentation Metric

Gill Net Set < 5" 74.268 0.110
Gigs 40.182 0.081
Gill Net Runaround 34.268 0.072
Gill Net Set > 5” 29.225 0.071
Rakes 11.596 0.067
Crab Pot 10.599 0.067
Pound Net 7.835 0.063
Tongs 7.423 0.063
Shrimp Traw! 7.011 0.066
Clam Traw! 3.27 0.063
Hand 3.057 0.058
Haul Seine 2.391 0.061
Channel Net 2.032 0.061
Crab Traw! 1.38 0.057
Swipe Net 1.372 0.056
Skimmer Trawl 1.19 0.057
Peeler Pot 08 0.054
Oyster Dredge 0 0.052
GNS float 0 0.045
GNS sink 0 0.043
Cast Net 0 0.039
Rod Reel 0 0.082
Clam Dredge 0 0
Fish Pot 0 0

See Tables 2, 3 for gear code definitions.





