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Running head: Marine Protected Areas and fishers 

 

Abstract 

While marine protected areas (MPAs) can simultaneously contribute to biodiversity conservation and 

fisheries management, the global network is biased towards particular ecosystem types, as it was 

largely established in an ad hoc fashion. The optimization of trade-offs between biodiversity benefits 

and socio-economic values increases implementation success and minimizes enforcement costs in the 

long run, but is often neglected in marine spatial planning (MSP). Although the acquisition of 

spatially explicit socioeconomic data is often perceived as a costly/secondary step in MSP, it is 

critical to account for lost opportunities by people whose activities will be restricted, especially 

fishers. Here we present an easily-reproducible habitat-based approach to estimate the spatial 

distribution of opportunity cost to fishers in data poor regions, assuming that the most accessible areas 

have higher values and their designation as no-take zones represents increased loss of fishing 

opportunities. Our method requires only habitat and bathymetric maps, a list of target species, the 

location of ports, and the relative importance for each port and/or vessel/gear type. The potential 

distribution of fishing resources is estimated from bathymetric ranges and benthic habitat distribution, 

while the relative importance of the different resources is estimated for each port, considering total 

catches (kg), revenues and/or stakeholder perception. Finally, the model can combine different cost 

layers to produce a comprehensive cost layer, and also allows for the evaluation of tradeoffs. The 

development of FishCake was based on data from a contentious conservation-planning arena 

(Abrolhos Bank, Brazil) in which attempts to expand MPA coverage failed due to fishers‟ resistance. 

The opportunity cost approach that we introduce herein allows for the incorporation of economic 

interests of different stakeholders and evaluation of tradeoffs among different stakeholder groups. The 

novel approach can be directly used to support conservation planning, in Abrolhos and elsewhere, and 

is expected to facilitate community consultation.  

 

INTRODUCTION 

 

Given the overall degraded state of marine biodiversity and global overfishing (Pauly & Zeller, 2016), 

marine spatial planning (MSP) is becoming one of the most important tools for marine conservation 

and management (Sala et al. 2002; Wood et al. 2008). MSP consists of a public process of analyzing 

and allocating human activities, including marine protected areas (MPAs), in order to achieve 
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ecological, economic and social objectives specified through a social and political process (Douvere, 

2008; Douvere et al. 2007; Stelzenmüller et al. 2013).  

 

The global targets from the Convention of Biological Diversity (CBD) known as the Aichi targets are 

fuelling declarations of new MPAs globally (Toropova et al. 2010). By 2020, CBD signatories aim to 

increase MPA coverage from the current ~2% up to 10% of the ocean (CBD 2010). While MPAs can 

contribute simultaneously to biodiversity conservation and fisheries management (Alcala & Russ 

2006; Fox et al. 2012), the existing global MPA network is biased towards particular geographies and 

ecosystems (Klein et al. 2015) and was established with low stakeholder participation (Devillers et al. 

2014; Mills et al. 2015). This context, combined with poor management, results in most MPAs failing 

to deliver on their biological and socioeconomic objectives (Edgar et al. 2014).  

 

The process of configuring MPA networks is increasingly being supported by decision support 

software designed to identify priority areas for different types of management (Watts et al. 2009). 

This systematic approach for MPA design uses data representing both the features of interest and the 

opportunities and limitations for implementation (Teh et al. 2012). A key component of spatial 

prioritization is minimizing economic impacts to stakeholders, especially those with an active role in 

extracting fishing resources. In most developing countries, recreational interests in seascapes 

dominated by small-scale fisheries are limited, and therefore were not considered herein. Assessing 

spatial variation in the relative cost of management is a critical component of MSP, not only for 

optimizing the always-scarce conservation funds, but also because it reduces social conflict by 

minimizing overlaps between competing activities (Ban & Klein 2009; Deas et al. 2014; Weeks et al. 

2010b). Socioeconomic costs typically included in MSP are management (e.g. implementation, 

ongoing enforcement costs) and opportunity (forgone economic opportunities) costs (Ban & Klein 

2009). Although long-term non-extractive values may exceed lost opportunities of extractive uses 

(Sanchirico et al. 2002), loss of fishing grounds is one of the most important opportunity costs to be 

considered when planning for MPAs (Ban & Klein 2009). The inclusion of data obtained from 

stakeholders is particularly important in the context of developing countries, where data are limited 

and social acceptance is a critical dimension in MPA management (Adams et al. 2010; Ban et al. 

2009; Johannes 1998). The balance between minimizing opportunity costs to fishers while creating 

no-take and other restrictive zoning types can increase their support and compliance (Weeks et al. 

2010b).  
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Estimates of opportunity costs to fishers can be derived from different data types and sources. Catch-

and-effort data can represent fisheries revenues (Klein et al. 2010; Wood & Dragicevic 2007), but 

spatial gaps in such data are frequent and can result in unexploited areas being wrongly mapped as 

fished and vice-versa (Adams et al. 2011; Stewart & Possingham 2005). Multivariate stochastic 

bioeconomic models may overcome such gaps (Ban et al. 2009; Grafton et al. 2004), but demand 

high-resolution catch-and-effort historical data that are rarely available, especially for small-scale 

fisheries (Richardson et al. 2006). Density of boats or fishers‟ numbers can be used as regional 

surrogates (Ban et al. 2009; Green et al. 2009; Sala et al. 2002), but distribution of fleet data within 

fishing grounds is elusive, just as fleet mobility beyond seasonal and diel patterns (Sala et al. 2002; 

Weeks et al. 2010b). Finally, fishers may directly provide relevant cost information (Scholz et al. 

2004; Ban & Klein 2009; Teixeira et al. 2013; Yates et al. 2013), but consultation processes often fail 

to represent the heterogeneous social landscape. Biases are stronger when fishing activity is gender- 

and age- structured, or when small-scale fisheries coexist with recreational and industrial fisheries, 

escalating urbanization, and industrial activities. In such situations, outspoken groups with the largest 

rewards or losses tend to be disproportionally influential (Smith et al. 2010). 

 

While methods to estimate opportunity costs in terrestrial environments are well developed (e.g. 

probability of land conversion and agricultural rents) (Naidoo & Adamowicz 2006; Naidoo & 

Iwamura 2007), similar methods for seascapes dominated by small-scale artisanal fisheries are limited 

(but see Adams et al. 2011). Here, we present an easily-reproducible approach to estimate the 

opportunity cost to fishers, based on simple catch data and benthic habitat maps that are relatively 

easy to compile in data poor seascapes. 

 

METHODS 

 

Study area and datasets 

The Abrolhos Bank is a 200 km wide portion of the tropical Brazilian continental shelf, with about 

50,000 km
2
, located between the States of Bahia and Espírito Santo. It represents the most biodiverse 

marine area in the South Atlantic (Amado-Filho et al. 2012; Moura et al. 2013) and is recognized as a 

global “Ecologically or Biologically Significant Area” (https://www.cbd.int/ebsa/). Nearly 300 
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species of fish and 20 species of reef-building corals are recorded in its benthic mosaic of rhodolith 

beds, reefs, soft bottom, mangroves and vegetated sandbanks. Despite limited spatial coverage, MPAs 

are the main fisheries management tool in Abrolhos (Moura et al. 2013): 1.7% of the shelf is covered 

by one no-take MPA (Abrolhos National Park, 880 km²) and 3.7% is covered by two co-managed 

MPAs that allow extractive uses by traditional people (Corumbau Extractive Reserve, 895 km² and 

Cassurubá Extractive Reserve, 1,000 km²). A large (3,400 km²) multiple-use MPA under Bahia State 

jurisdiction has had no enforcement or management since its declaration in 1993 (Fig. 1a-d). With a 

few exceptions (e.g. shrimp and lobster seasonal closures), there are virtually no other forms of 

fisheries management (e.g. minimum/maximum sizes). Here, the entire planning region was divided 

into a 1 km² grid, from the estuaries and beaches to the shelf edge (200 m isobath), resulting in 50,762 

planning units. 

 

Abrolhos‟ small-scale fisheries account for more than half of Northeastern Brazil‟s landings (Freitas 

et al. 2011). Catch (total landings: kg.year
-1

) and first commercialization price (in Brazilian Reais - 

R$) were obtained from three projects funded by the former Ministério da Pesca e Aquicultura in 

2011 (since then fisheries monitoring was halted countrywide and the ministry was extinguished; see 

Pinheiro et al. 2015). The first dataset (ES) was obtained by the Universidade Federal do Espírito 

Santo and covers the main ports in Espírito Santo State (Silva & Soares 2013). The second dataset 

(BA) was obtained by the non-governmental Organization (NGO) ECOMAR and covers the ports of 

Prado, Alcobaça, Caravelas, Nova Viçosa and Mucuri, the most important landing spots in southern 

Bahia (Freitas et al. 2011). The third dataset (ER) was obtained by NGO Conservation International 

and covers the ports within the Corumbau and Cassurubá Extractive Reserves, also in Southern Bahia 

(unpublished). These three datasets were treated as different groups of ports, in which different vessel 

types operate (gear/target species and boat size obtained from the Ministério da Pesca e Aquicultura 

database <http://sinpesq.mpa.gov.br/rgp>). 

 

Opportunity costs 

 

In order to estimate opportunity costs of fishers‟ displacement by no-take reserves we introduce a 

simple approach, the “FishCake” model (Fig. 2), which is also provided as a user-friendly R-script (R 

Development Core Team, 2017) (Supporting Information). The model requires input data that is 
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relatively easy to acquire: habitat and bathymetric maps, list of target species (with habitat and depth 

associations compiled from the literature), distance between ports and planning units, and the relative 

importance of each resource for each port and/or vessel/gear type (e.g. catches, revenues and/or 

stakeholder perception) (Fig. 2). The primary outputs include (I) data layers with the (potential) 

distribution of resources, (III) relative importance of each resource for each port and/or vessel/gear 

type, and (III) a distance function (ports to fishing grounds). The final result is a heterogeneous layer 

of opportunity costs for fishers. This novel approach is based on three main assumptions. First, areas 

with more co-occurrences of target species have higher opportunity costs, as fishers can target 

multiple species (e.g. Aswani 1998). Second, the habitat of the most important resources (i.e. those 

with higher yields or price) is associated with higher opportunity costs. Finally, areas nearer to ports 

are cheaper to fish and therefore have higher opportunity costs (e.g. Adams et al. 2011). The core 

components used in FishCake (habitat maps, relative importance of resource, distance function) are 

detailed below. 

 

The three datasets that we used are typical of data-poor fisheries in tropical developing countries, and 

included 142 fish taxa (Supporting Information), four lobster species (Panulirus argus, P. echinatus, 

P. laevicauda and Scyllarides brasiliensis), two octopus genera (Octopus and Eledone), two species 

and one genus of crabs (Goniopsis cruentata, Ucides cordatus and Callinectes spp.), and five shrimp 

species (Litopenaeus schimitti, Farfantepenaeus brasiliensis, F. paulensis, F. subtilis, Xiphopenaeus 

kroyeri). Some taxa were lumped as resources (n=75) (e.g. parrotfishes – 6 spp., groupers – 4 spp., 

shrimps – 5 spp.). Resources‟ distributions were mapped based on habitat- and depth-associations 

(estuaries, unconsolidated bottom, reefs, and rhodolith beds) obtained from field guides (e.g. Lessa & 

Nóbrega 2000) and FishBase (Froese & Pauly 2013). 

 

Catch data (kg.year
-1

) and first commercialization prices were used to inform the importance of each 

resource among the three groups of ports (BA, ES and ER). Total catch of these groups was divided 

by the catch of each resource and multiplied by its price. The resulting values were standardized from 

0 to 1 in order to represent the relative importance of resource (RI). In the few absences of catch 

and/or price data, RI was obtained through stakeholder consultation, through a ranking process. 
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Opportunity costs in fishing grounds nearer to ports are higher, and the size and shape of the planning 

region also implies a nonlinear cost decrease as distance from ports increases. Therefore, we 

calculated a distance function (DF) from each group of ports using two parameters: the rate of cost 

decline (α) and a minimum cost multiplier (β), and is given by:  

 

                                      eq. (1) 

 

Where DFi,p is the distance from a planning unit i and a port p; α is the rate of cost decline with 

distance; β is the minimum cost multiplier.  

 

The opportunity cost for fishers (OC) is given by: 

 

      (∑
    

  

 
      )           eq. (2) 

 

Where OCi,p is the opportunity cost for the fishes from group of ports p; ai,j is the area of resource j in 

planning unit i; Aj is the total distribution area of the resource j; RIj is the relative importance of 

resource j; and DFi.p takes values in eq. (1).  

 

We made separate calculations of opportunity costs for each of the three group of ports, 

conservatively setting α at - 0.000009 and β at 0.1. Vessel type (shrimp trawling and vessels using 

passive gears) was used to further refine opportunity cost layers. Colinearity among cost layers was 

assessed using pairs plot, with relationships illustrated as LOESS smoothers and corresponding 

Pearson‟s correlation coefficients. For each group of ports we evaluated the correlation of cost layers. 

Highly uncorrelated costs (<90%) were grouped, resulting in a comprehensive „full cost‟ layer. 

Conversely, cost layers for shrimp trawling of ER and BA were identical, resulting in a total of six 

cost layers retained for the development of conservation scenarios. All cost layers were scaled from 0 

to 1. 
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Conservation scenarios 

We used Marxan (Ball et al. 2009) to explore tradeoffs in six conservation scenarios based on 

different cost layers produced with FishCake. Marxan is a decision support software used for 

conservation planning globally. It uses simulated annealing to identify areas that, if protected, achieve 

a set of biodiversity targets for a minimum cost (Ball et al. 2009). We ran Marxan for six different 

scenarios, which varied in terms of what opportunity cost data was used (S1-S6, including one for 

each of the five port/vessel groups and a “full cost" scenario). Each scenario targeted full protection 

against fisheries in 30% of each benthic habitat (estuary, unconsolidated bottom, shallow reefs, 

mesophotic reefs, rhodolith beds, and continental slope) (Fig. 1b). We set Marxan to find 100 „near 

optimal‟ solutions for each scenario. The boundary length modifier (BLM), a parameter that controls 

fragmentation of selected areas, was set to 0 in order to isolate the effect of costs on solutions to the 

problem. The species penalty factor (SPF) was calibrated for each scenario following Ardron et al. 

(2010), in order to keep shortfalls consistent and to make results comparable.  

 

Relationships among Marxan solutions were evaluated with hierarchical clusters and nMDS biplots 

based on a Jaccard resemblance matrix, following Harris et al. (2014). Analyses were performed with 

R (R Development Core Team, 2017) using the hclust, metaMDS and vegdist functions of the Vegan 

package (Oksanen et al. 2013). In addition, an envfit analysis was performed to determine which 

explanatory variables are best correlated across the nMDS ordinations. Explanatory variables included 

the following parameters (continuous vectors) of each Marxan solution: number of selected planning 

units; score; cost; minimum proportion of target met (MPM); penalty; and missing value. 

Significantly correlated variables (a= 0.05) were plotted as axes on the main bidimensional nMDS 

diagram. We also evaluated how much each best solution (smallest objective function score over 100 

runs) costs for each scenario, in total and for each group of stakeholders (Adams et al. 2011). 

Databases, shapefiles and R script are provided as Supporting Information. 

 

RESULTS   

 

The FishCake model revealed a heterogeneous mosaic of opportunity costs within the planning 

region, as the opportunity costs of fishers‟ displacement by reserves differ among groups of ports (ES, 
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BA, ER). The three groups of ports encompass distinct vessel sizes and gears (Fig. 3a, b), target 

distinct resources, and present highly different catches (ES ~6,590 ton.year
-1

, BA ~850 ton.year
-1

 and 

ER ~120 ton.year
-1

) (Fig. 3c). 

 

The registered regional fishing fleet by port includes 961 gillnet vessels (55% ES, 21% BA, 24% ER), 

884 trawling vessels (37% ES, 46% BA, 18% ER), 739 longline vessels (80% ES, 10% BA, 10% ER), 

675 line vessels (27% ES, 35% BA, 38% ER), and 146 diving vessels (27% ES, 48% BA, 25% ER). 

Despite such diversity of fishing fleets/gears, scenarios using all vessel types and resources resulted in 

highly correlated opportunity cost layers (e.g. ES vs ER= 0.76; BA vs ER= 0.68; p<0.0001). The cost 

correlation between ES and BA ports was also significant, but weaker (ES vs BA= 0.37; p<0.0001), 

regardless of the variables used to calculate the importance factor and the distance function.  

 

Our habitat-based approach also highlights the effects of each opportunity cost for different types of 

fisheries on Marxan solutions (Fig. 4). Despite the overall high correlation between cost layers (Fig. 

5a), the multivariate analysis of Marxan outputs showed significant differences among conservation 

solutions for the six scenarios (Fig 5b, c). Shrimp is the main resource from ES and ER groups. Due 

to regional bias towards shrimp trawling, we contrasted conservation scenarios with and without 

shrimp yields. The BA and ER trawling scenarios were identical due to shared shrimp fishing 

grounds, and therefore S5 represents both groups. Scenarios considering only coastal trawling vessels 

tended to select offshore planning units for conservation. For instance, the S5 solution (BA/ER 

Trawling) had a higher concentration of selected planning units in the south of the planning region, 

contrasting with other solutions (e.g. S4 using ES trawling cost). The “full cost” scenario (S6) reflects 

a selection pattern primarily driven by higher-value fisheries (e.g. shrimp trawling) and resulted in the 

smallest global opportunity cost (S6) (Fig. 5d).  

 

DISCUSSION 

In order to deliver more equitable outcomes and therefore improve the robustness and resilience of 

conservation decisions, all stakeholder groups should have a say in MSP (Klein et al. 2008). Fishers, 

due to their wide presence, dependency and role in contemporary marine ecosystems (Jackson et al. 

2001), represent a crucial stakeholder group to be considered, especially in the coastal zones of 

developing countries where alternative livelihoods are not an option in the foreseeable future. 
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Opportunity cost models using catch and effort data provide accurate estimates of potential fishing 

losses from no-take zoning of MPAs (Adams et al. 2011), but they depend on high resolution data that 

is most often unavailable (Deas et al. 2014; Richardson et al. 2006). Here, we present an alternative 

habitat-based approach to predict impacts to different groups of fishers under the data-limited contexts 

typical of developing countries. 

 

Data on catch distribution of small-scale fisheries is generally scarce and its collection can be costly 

and time-consuming (Adams et al. 2011; Deas et al. 2014; Leopold et al. 2014; Weeks et al. 2010b). 

Even when catch data is available, it tends to be largely underestimated, with significant variations 

between small scale, commercial and subsistence fisheries (Pauly & Zeller 2016). Under such 

circumstances, socio-economic data may represent alternative surrogates to represent opportunity 

costs (Ban & Klein 2009; Deas et al. 2014; Weeks et al. 2010b). However, crude generalizations 

based on surrogates that are arbitrarily exchanged among sites may lead to inefficient solutions, and 

the improvement of surrogates is a major need of MSP (Christensen et al. 2009; Deas et al. 2014). The 

substitution of coarse-resolution data (e.g. population census, number of fishers or boats) by fine 

resolution and empirical fishing effort distribution improves the reliability and accuracy of the 

solutions (Richardson et al. 2006; Weeks et al. 2010b; Adams et al. 2011; Deas et al. 2014). However, 

the use of this kind of data is still associated to spatial-temporal biases and high costs associated to 

data collection. Our approach offers an alternative for data poor regions. Although habitat maps may 

be costly and time-consuming to produce with standard oceanographic methods (Moura et al. 2013), 

they can be readily and accurately acquired from local knowledge (Teixeira et al. 2013). The 

algorithm is provided as a user-friendly R script to assist MSP within data poor contexts, and allows 

for fine-tuning the importance of species for different stakeholder groups as additional information is 

updated during consultation processes. FishCake can be used to address similar contexts, and more 

groups of ports can be easily added (see Supporting Information). The resulting maps can also be 

validated by stakeholders during planning, if/when opportunities are appropriately provided. 

 

Thus, rather than focusing on assessing current extractive effort, the FishCake algorithm 

considers the variation in the spatial distribution of important resources (see Adams et al. 

2011), but relies only on habitat maps and landing data to distinguish the relative importance 

of each planning unit for each stakeholder group. The resulting opportunity cost layers do not 
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necessarily identify the most fished areas, but provide a useful starting point for guiding 

reserve design by avoiding the most accessible areas with high availability of important 

resources in multi-species fisheries.    

 

Assumptions and caveats  

Given limited data availability, some assumptions on fish distribution are inevitable. Our model 

assumes homogeneous fishing yield within a given habitat, but some level of within-habitat variation 

in the density of target species is always expected (Manson & Die 2001). In addition, while demersal 

and reef-associated species strongly respond to depth, relief and benthic community structure, the 

distribution of pelagic and migratory species may be harder to infer from habitat data. Our model 

relies on depth and benthic habitat associations and its comprehensiveness is therefore limited.  

 

Additionally, we assumed stability in the importance factor (IF), a parameter that 

distinguishes stakeholder groups. Snapshot assessment of landings and prices may fail to 

capture market dynamics, as it is related to fluctuations on environmental forcing (e.g. 

climate anomalies) and fishing techniques/technology (Adams et al. 2011; van de Geer et al. 

2013), as well as on shifting demand following the decline of some resources. Redistribution 

of fishing effort after no-take reservation may also impact the relative importance of some 

resources, as fleets may respond in different ways (Cabral et al. 2017). Historical catch data, 

when available, can be used to provide more reliable importance ranks for the resources 

exploited by each stakeholder group. However, we emphasize that such data is rarely 

available. FishCake serves as a starting point for stakeholder consultation aiming to identify 

important resources with low spatial-temporal variability (Weeks et al. 2010b), a critical step 

for building trust among local communities that will be impacted by MSP (e.g. Moura et al. 

2009).  

 

The fishing fleets studied in Abrolhos have similar mobility capabilities (size/engine power), 

and we did not detect vessels with significant longer ranges. However, in contexts where 

some vessels are long ranging (i.e. present lower opportunity cost at distance), parameters α 
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(rate of cost decline with distance) and β (minimum cost multiplier) may be adjusted in the 

distance function (see Supporting Information for a sensitivity analysis of the distance 

function). Finally, we remark that artisanal fisheries in developing countries are also driven 

by resource availability, risk aversion and cultural identity (; Pet-Soede et al. 2001; Salas & 

Gaertner 2004; van de Geer et al. 2013; Deas et al. 2014; Maire et al. 2016), and such factors 

remain to be explicitly considered.  

 

 

FishCake in a real world application 

The Abrolhos Bank Shelf is considered a priority area for marine biodiversity conservation in Brazil 

and harbors the country‟s first National Marine Park (807 km
2
). This no-take MPA was legally 

established in 1983 under an ad hoc design developed by government officials, allegedly aiming to 

compromise conservation and economic activities (Moura et al. 2003). Two other multiple-use and 

community co-managed MPAs were established in 2000 and 2009 (Corumbau and Cassurubá 

Extractive Reserves: 895 and 1,006 km
2
, respectively), based on traditional fishers‟ territorial claims 

and ad hoc consultation by NGOs. Despite encompassing three relatively large MPAs, the regional 

protection network is still far from being representative in terms of habitat coverage, as it is largely 

estuarine/coastal (see Fig. 1 d). In 2001, the Brazilian Protected Areas Agency (ICMBio) and 

environmental NGOs proposed a mosaic of new no-take MPAs to expand marine protection in 

Abrolhos. Although Marxan was used as a decision support tool, a single homogeneous cost layer for 

fishers was considered. Ultimately, these MPAs were not created due to the broad rejection by local 

fishers, who complained about inequity and lack of transparency in the planning process. Fishers 

complained that the proposed MPAs did not encompass several multiple-use areas that were long 

being discussed with the government and, more importantly, did not account for the obvious spatial 

variability of the opportunity costs for fishers. For instance, the main nearshore shrimp trawling 

grounds were assigned to a high selection frequency to receive a no-take MPA, negatively affecting 

ES and ER fishers. 

 

If the Abrolhos‟ MSP process is resumed by ICMBio, FishCake can be used improve its acceptance 

by providing heterogeneous and more comprehensive opportunity cost layers representing the 

different groups of ports and fisheries (e.g. Trawling and Passive Gears). In Abrolhos, the “full cost” 
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scenario (Fig. 4, S6) has the minimum global opportunity cost and can be used as a starting point for 

achieving a more efficient MPA network design, and also to stimulate the refining of cost data trough 

stakeholder input. Here, although we did not aim to anticipate a specific final solution, we also 

suggest that MSP in Abrolhos (and elsewhere with complex seascapes and multi-gear artisanal 

fisheries) is addressed with multiple zoning algorithms such as Marxan with Zones, which can benefit 

from FishCake outputs. Cost layers are a prerequisite for robust spatial planning in which the goal is 

to minimize the combination costs of the reserve network, whilst meeting a set of biodiversity targets 

(Ball et al. 2009). However, when homogeneous opportunity cost layers are used as a shortcut in the 

planning process, they fail to represent all stakeholders, ultimately leading to inequitable distribution 

of costs, and lack of support by local communities (Deas et al. 2014).  

 

FishCake allowed for a more explicit assessment of tradeoffs between stakeholder groups. If such a 

multidimensional and heterogeneous opportunity cost landscape is not considered, the resulting 

solutions can be very cheap for one group and extremely expensive to another. Contrasts between the 

“full cost" scenario and solutions that consider each stakeholder group individually are a potential 

starting point for receiving inputs from stakeholders, allowing for the fine-tuning of opportunity cost 

datasets. Opportunity cost layers obtained from FishCake can be used to assist data input in decision 

support systems such as Marxan and Marxan with Zones (Ball et al. 2009; Watts et al. 2009). 

Moreover, it can be simply employed as a tool to facilitate community consultation (Adams et al. 

2011), adding an alternative approach to the development of surrogates for opportunity costs data 

poor regions.  
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FIGURE LEGENDS 

 

Figure 1. The Abrolhos Bank shelf, Brazil (inset): (a) detailed bathymetric profile; (b) benthic 

megahabitats; (c) potential distribution of penaeid shrimp fishing grounds (from bathymetric and 

benthic habitat data); (d) Fishing ports, existing MPAs and catch data for Espírito Santo State fleets 

(ES). 
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Figure 2. Conceptual model used to estimate the opportunity cost for fisheries in the Abrolhos Bank 

shelf (FishCake). *Not used. 
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Figure 3. Characteristics of the fishing fleets that operate in the Abrolhos Bank and relative 

importance of the main fisheries resources landed in each Group of Ports: (a) gear types; (b) boat size; 

(c) landings. ES= Espírito Santo State; BA= Bahia State; ER= Extractive Reserves. Species 

represented as Resources are listed in the Supporting Information. 
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Figure 4. Spatial distribution of opportunity costs and respective Marxan selection frequencies (100 

replicated runs, targets comprising 30% of each habitat) for the six planning scenarios, S1-S6 (one for 

each of the five ports/vessel groups, and a “full cost” scenario). 
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Figure 5. Multivariate analyses of opportunity cost layers (C1-C6) and Marxan selection frequencies 

for planning scenarios (S1-S6): (a) correlations among cost layers plotted as scatterplots with LOESS 

smoother (below diagonal) and corresponding Pearson´s coefficients (above diagonal). (b) 

Multidimensional scaling plots (NMDS) of Marxan solutions with vectors representing significant 

model output parameters. (c) Dendrogram showing the similarity among Marxan solutions (each bar 

contains 100 solutions). (d) Opportunity costs of Marxan’s best solution for each of the five 

port/vessel groups and for the “full cost" scenario. 
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