Ocean and Coastal Management 223 (2022) 106152

Contents lists available at ScienceDirect

Ocean and Coastal Management
journal homepage: www.elsevier.com/locate/ocecoaman

Efficient small-scale marine reserve design requires high-resolution
biodiversity and stakeholder data
Devin A. Rowell a, 1, 2, Nur Arafeh-Dalmau a, b, 2, *, Richard A. Fuller a, Hugh P. Possingham a,
Bernat Hereu c
a
b
c

Centre for Biodiversity and Conservation Science, School of Biological Sciences, The University of Queensland, St Lucia, Queensland, Australia
School of Earth and Environmental Sciences, The University of Queensland, St Lucia, Queensland, Australia
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Establishing marine reserves is particularly challenging in highly populated coastal areas where stakeholders
compete for resources and space, such as the Mediterranean Sea. While large-scale conservation planning is
useful, there is a need for finer-grained assessments at local and regional scales. Yet fine scale environmental and
socioeconomic data are not always available. Here, we evaluate the influence of the spatial resolution of
biodiversity and socioeconomic data on the selection of priority areas for conservation in Montgrí, the Illes
Medes and the Baix Ter Natural Park, Spain. We used varying levels of habitat data, from fine-scale maps created
using detailed bathymetry and underwater surveys to less detailed ones using existing data or broader classifi
cations. We also used different estimates of the cost of protection, from a combined recreational and artisanal
fishing cost obtained through local consultation and in situ mapping to simple indirect measures such as distance
to port. Our results reveal that conservation planning scenarios that do not use fine-scale bathymetry are inef
fective at protecting biodiversity and only represent 40% or less of the habitats. Scenarios that only include
recreational fishing, which is limited to certain planning units in the park, perform very poorly at minimizing
cost, highlighting the need to use cost estimates that include all planning units. We conclude that local-scale data
will often be needed to support and guide local-scale efforts to expand or establish new marine reserves.

1. Introduction
Human activities, such as fishing, habitat destruction, pollution, and
climate change, threaten marine ecosystems globally (Duarte et al.,
2020; Halpern et al., 2015; Pecl et al., 2017). Achieving sustainable use
of the ocean requires balancing human activities with biodiversity
conservation using spatial management tools, such as marine protected
areas (Lubchenco et al., 2003; Smith et al., 2009). Marine reserves where
all extractive uses are prohibited, have proven to be the most effective
type of marine protected area at rebuilding marine life and promoting
ecosystem services (Edgar et al., 2014; Micheli et al., 2012; Sala and
Giakoumi 2018). However, the establishment of marine reserves is
particularly challenging in highly populated coastal areas where

stakeholders compete for resources and space to support their liveli
hoods (Giakoumi et al., 2017; Schleicher et al., 2019).
Marine spatial planning is used globally (Álvarez-Romero et al.,
2018; Collie et al., 2013) for spatially managing marine ecosystems
while accounting for stakeholder use of the ocean (Foley et al., 2010;
Gilliland and Laffoley 2008; Halpern et al., 2012). During this process, a
spatial prioritization is conducted to identify priority areas for conser
vation (Margules and Pressey 2000; Moilanen et al., 2009) which in
corporates both ecological and socioeconomic data to design
cost-effective marine protected areas. The basis of this process is to
meet biodiversity conservation targets while avoiding potential stake
holder conflicts arising from implementation (Ban and Klein 2009;
Moilanen et al., 2009; Naidoo et al., 2006). Often a constraint in the
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process is the need to obtain data that accurately represent the ecolog
ical and social complexities of the system (Ban 2009; Stamoulis and
Delevaux 2015). Given the difficulties in obtaining fine-scale data, a
range of more easily measured surrogates for biodiversity and socio
economic values with varying levels of resolution have been used
(Arafeh-Dalmau et al., 2017a; Klein et al., 2008b; Mazor et al., 2014b;
Ward et al., 1999). While such surrogates might perform reasonably well
at meeting biodiversity and socioeconomic objectives in large scale
analyses, it is uncertain whether they work well for local and regional
planning (Grantham et al., 2010; Lindenmayer et al., 2015).
Collecting spatial data that represent the distributions of marine
ecosystems and species is expensive and logistically challenging, often
requiring the use of surrogates to represent biodiversity, such as the
distribution of habitats (Ban 2009; Beger et al., 2003; Grantham et al.,
2010; Sahri et al., 2021; Ward et al., 1999). Habitat types are
cost-effective indicators of the distribution of biodiversity (Foley et al.,
2010; Mumby et al., 2008; Munguia-Vega et al., 2018; Ward et al.,
1999). However, habitat maps can vary in data resolution, from general
biophysical habitat types based on the predominant substrate and
habitat forming species (e.g., intertidal rock, subtidal rock, kelp, salt
marshes; Jordan et al., 2005; McArthur et al., 2010; Saarman et al.,
2013; Arafeh-Dalmau et al., 2017a) to detailed habitats further sub
divided based on abiotic and structural characteristics (e.g., depth,
habitat complexity, light conditions, wave exposure; Hereu et al., 2010;
Copeland et al., 2013; Arafeh-Dalmau et al., 2017b; Lucas et al., 2020)
that can better represent distinct communities (Neal et al., 2018; Tor
res-Pulliza et al., 2020). When the objective of a marine reserve is to
recover focal species of ecological and economic interest (e.g., apex
predators, game fish), better outcomes can be expected if they represent
habitat attributes known to sustain higher biomass of the focal species
(e.g., structural complexity; Friedlander and Parrish 1998; Friedlander
et al., 2003; Mellin et al., 2011; Graham and Nash 2013; Guidetti et al.,
2014). This is particularly important for overexploited regions such as
the Mediterranean Sea (Giakoumi et al., 2017; Markantonatou et al.,
2021).
Mapping stakeholder activity is challenging, and planners have often
used simplistic and indirect measures to create such maps (Collie et al.,
2013; Mazor et al., 2014a; Naidoo et al., 2006). Indirect cost estimates
such as distance to port (or other significant coastal landmarks) or sur
rogates for the opportunity cost (forgone revenue from the establish
ment of a marine reserve) such as those based on fishing landings, are
usually available or cheap to create (Green et al., 2009; Naidoo et al.,
2006; Weeks et al., 2010). However, these surrogates can fail to capture
the spatial variability of stakeholders’ actual activities at local scales
which may cause conflict when marine reserves are proposed (Ban and
Klein 2009; Naidoo et al., 2006). Obtaining detailed stakeholder activity
information is particularly important for highly populated regions such
as the Mediterranean Sea where coastal areas can harbor high concen
trations of users carrying out diverse recreational and extractive activ
ities (Giakoumi et al., 2011). For these and other regions, we may need
finer socioeconomic cost estimates for efficient marine reserve design
(Ban et al., 2009; Cheok et al., 2016; Iacona et al., 2018; Klein et al.,
2008a; Li et al., 2020; Richardson et al., 2006) as well as the inclusion of
multiple stakeholder activities (Ban et al., 2013; Dalton et al., 2010;
Henriques et al., 2017; Klein et al., 2008a). Importantly, studies
including stakeholder consultation early in the planning process can
avoid costly negotiations and disputes (Ban and Klein 2009; Richardson
et al., 2006; Ruiz-Frau et al., 2015) and improve local compliance
(Baker-Médard et al., 2019).
The ideal balance between investing more resources in data collec
tion and the use of already available low-resolution data is context
specific and often complicated to determine (Grantham et al., 2010;
Mazor et al., 2014b; Rouget 2003). Studies have assessed different levels
of biodiversity data needed for effective marine spatial plans (Ban 2009;
Banks and Skilleter 2007; Grantham et al., 2010) and others have
investigated the efficiency of different socioeconomic data surrogates

while using the same biodiversity surrogate (Klein et al., 2008a;
Richardson et al., 2006; Weeks et al., 2010). However, to our knowl
edge, no studies have examined the trade-offs between high and low
data resolution for both biodiversity and socioeconomic information.
There is a need to assess the effectiveness of different data-resolution for
planning at local and regional scales where many marine reserves are
being implemented. Large scale planning often uses lower resolution of
data which is often inadequate for planning at local scales (Cumming
et al., 2006; Guerrero et al., 2013; Lagabrielle et al., 2018). Mismatch in
data resolution can risk the efficiency of local plans due to inaccurate
representation of the socio-ecological heterogeneity of the system
(Banks and Skilleter 2007; Cumming et al., 2006; Dallaeu et al., 2010;
Guerrero et al., 2013; Lagabrielle et al., 2018; Stevens and Connolly
2004). Notably, conservation scientists need to re-engage with local
context studies where knowledge can be co-generated with local
stakeholders to facilitate change (Wyborn and Evans 2021).
Here, we assess the influence of biodiversity and socioeconomic data
resolution for the selection of priority areas for marine reserves in a
marine park located in the Northwest Mediterranean Sea. We ask
whether data resolution undermines the efficiency of the marine spatial
plan in terms of representing biodiversity and minimizing socioeco
nomic costs. Through the creation of 16 spatial prioritization scenarios
with varying resolutions of biodiversity and socioeconomic data, we
compared the resulting scenarios to determine the efficiency of the
biodiversity and socioeconomic input data in achieving the reserve’s
conservation targets while minimizing costs. Our aim is not to suggest
new marine reserves that could be implemented, but rather to assess the
influence of high-data resolution for planning at local scales.
2. Methods
2.1. Study region
The Montgrí, the Illes Medes and the Baix Ter Natural Park, Spain
(henceforth “Montgrí Park”) is a multiple-use marine park located in the
Mediterranean Sea in the Northeastern coast of Spain. The marine park
was established in 2010, expanding from an existing marine reserve
declared around Medes Islands in 1990. In 2017, the park managers and
scientists initiated a mapping of the human uses with the objective to
expand the current coverage of no-take area inside the park (Arafeh-
Dalmau et al., 2017a). The planning domain for this study comprises the
open-access area of the park where artisanal and recreational fishing is
allowed (Fig. 1). We divided our planning domain into 1581 square
planning units of 100 m × 100 m (1 ha (ha)). Planning unit size varied as
they were clipped to the coastline and the boundaries of the park’s
open-access zone. We used a 1 ha planning unit size to capture the
fine-scale spatial information available for the distribution of marine
habitats, socioeconomic activities, and to ensure realistic units appro
priate for our planning domain.
2.2. Biodiversity features
We created four different habitat classifications that represent
“complete”, “high”, “medium”, and “low” resolution data to investigate
the influence of using less detailed biodiversity information on the ef
ficiency of the resulting plans (Table 1). For the “complete” habitat
classification, we used the spatial distribution of 28 habitat types that
form distinct ecological communities within the study region (Table 2,
Fig. 2) and are the most complete and accurate measure of biodiversity
in our planning domain. These habitats were mapped using side-scan
sonar and underwater survey techniques (Hereu and Quintana, 2012;
Hereu et al., 2010) and then classified based on their substrate type,
depth, structural complexity, presence of habitat-forming species, and
environmental conditions (Table 2). The habitats classification is based
on the “Manual dels Hàbitats de Catalunya”, which is an adapted version
of the Coordination of the Information of the Environment (CORINE)
2
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Fig. 1. Map of the multiple-use Montgrí Park located in the Mediterranean Sea in the Northeastern coast of Spain.

Biotopes Manual to the Catalan habitats (Curcó et al., 2008). This layer
requires multiple data collection methods, from creating a
high-resolution (2 × 2 m resolution) bathymetry to the in-situ classifi
cation of ecological communities by trained divers conducting multiple
perpendicular transects to the coast (see Hereu et al., 2010 for details).
For our “high” resolution layer, we aggregated the “complete” hab
itats into broader categories by removing information regarding sub
strate complexity and environmental conditions. This habitat layer is
essentially the same as the “complete” layer but would require fewer
hours of diving and training to obtain. For our “medium” resolution, we
reclassified the “high” resolution habitats into basic categories for sub
strate (rock or sand) and biogenic habitats (presence of coral or sea
grass). Then we used an existing coarse bathymetry (from the
Department of Agriculture, Livestock, Fishing, and Food of the Gen
eralitat de Catalunya) to classify rocky and sandy subtidal habitats into
two depth ranges (0–20 m and >20 m). This layer only requires divers to
conduct broad habitat classifications, which substantially decreases the
complexity of the habitat mapping. Finally, for our “low” resolution

layer, we digitalized intertidal and subtidal rock and sand habitats by
visualizing Google Earth images. Then based on the coarse bathymetry,
we classified rocky and sandy subtidal habitats in two depth ranges
(0–20 m and >20 m). This layer can be created quickly, with minimal
resources, and requires no in-situ data collection.
2.3. Cost surrogates
We created four different cost estimates that represent “complete”,
“high”, “medium”, and “low” resolution data to evaluate the influence of
using less detailed socioeconomic information on the efficiency of the
plan (Table 1). The opportunity cost layers represent the perceived
impact on different users if a planning unit is included in a marine
reserve. We considered the cost surrogate measure encompassing in
formation on the location and importance of artisanal and recreational
fishing as the most “complete” opportunity cost layer since there are the
only two extractive activities allowed in the planning domain. The
complete layer estimated the opportunity cost of each planning unit
3
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Table 1
Habitat classification and cost estimates for the “Complete”, “High”, “Medium”,
and “Low” resolution of data for the Montgrí Park.
Resolution

Biodiversity data

Socioeconomic data

Complete

Twenty-eight habitats based on
diving surveys and highresolution bathymetry which
include substrate type, changes
in marine communities based on
depth (medilittoral, infralittoral,
circalittoral) and detailed habitat
forming species, changes in
structural and environmental
conditions (complexity, wave
exposure, and light conditions).
Fourteen habitats based on
diving surveys and fine
resolution bathymetry, which
include substrate type, changes
in marine communities based on
depth (medilittoral, infralittoral,
circalittoral) and habitat forming
species.
Nine habitats based on diving
surveys and existing coarse
bathymetry, which include
substrate type and general
habitat forming species, and
coarse depth classification
(shallow and deep subtidal).
Six habitats based on Google
Earth images and existing coarse
bathymetry, which include
coarse substrate type (rock or
sand) and coarse depth
classification (shallow and deep
subtidal).

Cost estimation that includes the
sum of the normalized artisanal
and recreational fishing cost in
each planning unit.

High

Medium

Low

Table 2
List of marine habitats for medilittoral (intertidal), infralittoral (subtidal with
seagrass and photophilic algae), circalittoral (subtidal below infralittoral), and
caves in the Montgrí Park and representation targets for each habitat for the
complete habitat classification.
Habitat types
Medilittoral
Fine sands, beaten by swell
Coarse sands and gravel, beaten by swell
Rocky, calm, without fucoid algae
Rocky, exposed, low-lighting
Rocky, exposed, with Cystoseira
Trottoir
Infralittoral
Fine sands, well calibrated
Coarse sands and fine gravel
Coastal terrigenous mud
Unstable sediments
Coastal detritus
Rocky, exposed, without Cystoseira
Rocky, exposed, complex, without Cystoseira
Rocky, calm, with fucoid algae
Rocky, calm, without fucoid algae
Rocky, calm, complex, without fucoid algae
Rocky, calm, mid-lighting, without fucoid algae
Rocky, calm, mid-lighting, complex, without fucoid algae
Rocky, calm, low-lighting
Seagrass (Posidonia oceanica)
Circalittoral
Rocky, dominated by algae, without Cystoseira
Rocky, dominated by algae, complex, without Cystoseira
Rocky, with Cystoseira
Rocky, colonized by animals
Coralligenous, without gorgonians
Coralligenous, with gorgonians
Caves
Semi-dark submarine caves and tunnels
Dark submarine caves

Cost estimation that includes the
normalized artisanal fishing cost
in each planning unit.

Cost estimation that includes the
normalized recreational fishing
cost in each planning unit.

Cost estimation based on the
distance to port of each planning
unit to the nearest two ports in
Estartit and Escala.

from data collected through interviews and multiple boat transects used
to characterize fishing activities in the park (Arafeh-Dalmau et al.,
2017a; see following sections for detail). For our “high” resolution op
portunity cost layer, we only used information on artisanal fishing since
it is the most important extractive activity in Montgri Park (Arafeh-
Dalmau et al., 2017a). Then, we only used information from recreational
fishing activities for our “medium” resolution opportunity cost layer.
Finally, for our “low” resolution opportunity cost layer, we used the
distance of each planning unit to the nearest port as an indirect measure
to estimate the opportunity cost. Distance to port, or distance to other
important landmarks, has been used in previous studies to estimate the
costs of protection (Cheok et al., 2016; Henriques et al., 2017; Naidoo
et al., 2006).

n
Pi ∑
Aif ,
n f =1

10
10
20
20
30
30
10
10
10
10
10
20
30
30
20
30
20
30
20
30
20
30
30
30
30
30
30
30

(i) by the fisher (f), and n is the number of fishers. Pi is a multiplier
assigned to account for the planning unit i size, since planning units
were clipped to the coast and park limits. Pi was estimated by dividing
the planning unit size into 1 ha. We normalized the values of each
planning unit from 0 to 100. This layer represented the “high” cost
resolution surrogate since artisanal activity is the most important
extractive activity in the park and is conducted in all planning units.
2.3.2. Recreational fishing
During July–September 2017 and 2018, we conducted 25 boat
transects with the park’s surveillance team, the University of Barcelona,
and the Sepia Project along the coast of the entire planning domain to
register the location of various human activities including recreational
fishing. We conducted each transect on a different day and counted the
number of rod fishing boats and spearfishermen found in each planning
unit. We used this information to estimate the recreational opportunity
cost as the average number of recreational fishers found per transect in
each planning unit (Ri):

2.3.1. Artisanal fishing
In summer 2017 we conducted interviews with local artisanal fishers
to map the relative importance of artisanal fishing in the planning
domain. After a consultation with the fishermen’s guild of Estartit and
with the local fishers, we identified six fishing boats who’s main or
partial activity is conducted inside the marine park. Then we provided
the fishers a map of the study region and asked to indicate which areas
were most valuable to their fishing activities (Arafeh-Dalmau et al.,
2017a). They rated the economic value of each planning unit on a scale
from zero to four, zero representing no loss and four the highest loss if a
marine reserve was implemented. The scores provided by each artisanal
fisher for each planning unit were then used to estimate the artisanal
cost as the average opportunity cost assigned to each planning unit by
fishers (Ai):
Ai =

Representation (%)

Ri =

m
Pi ∑
Rij ,
n j=1

(2)

where Rij is the number of recreational fishers in planning unit i in
transect j, and m is the number of transects. Pi is a multiplier assigned to
account for the planning unit i size. We normalized the values of each
planning unit from 0 to 100. This layer represented the “medium” cost
resolution surrogate since the activity is mainly localized to specific
planning units near the coast and does not capture all planning units. We
quantified the combined opportunity cost for our “complete” resolution
layer by summing the normalized values of artisanal and recreational
fishing cost in each planning unit.

(1)

where Aif is the economic opportunity cost assigned to the planning unit
4
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Fig. 2. Spatial distribution of the marine habitats found in the open-access area of Montgrí Park. This habitat layer represents the complete habitat classification (n
= 28). The inset maps are examples of areas with high habitat diversity.

2.3.3. Distance to port
We estimated the “low” resolution of opportunity cost data as a
measure of each planning unit’s distance from the closest two ports, Port
Estartit and Port Escala, by which the study region is accessed. We
calculated the distance of each planning unit’s center to the closest port
using ArcGIS Pro v10.8 and normalized the values from 0 to 100. Since
this metric assumes that planning units closer to a port are more
expensive, we estimated the opportunity cost as an inverse estimation of
distance to port of each planning unit (Ci):
Ci = 100 − di ,

Table 3
Spatial prioritization approaches (planning scenarios) based on the combination
of different levels of resolution for biodiversity and opportunity cost data and
spatial similarity assessment for all scenarios compared to our Complete sce
nario. The values for Cohen’s kappa coefficient range from − 1 to +1, where − 1
indicates complete disagreement, 0 represents an overlap due to chance, and +1
represents complete agreement.

(3)

where di is the normalized distance of planning unit i to the nearest port.
2.4. Spatial prioritization approach and planning scenarios
We used the spatial prioritization decision-support software Marxan
(Ball et al., 2009) to identify priority areas for conservation. Marxan
finds near-optimal solutions that meet conservation targets while
minimizing the total perimeter of the reserve system and socioeconomic
costs. We constructed 16 planning scenarios by combining the four
habitat and four cost layers (Table 3). These scenarios were used to
evaluate the influence of data resolution on the spatial configuration of
marine reserves in our planning domain. Scenario 01 is considered the
most “Complete” scenario, and therefore best, because we use the most
complete biodiversity features and opportunity cost layers with the
highest resolution of data, while Scenario 16 is the worst scenario due to
5

Scenario

Biodiversity

Opportunity cost

Kappa
Coefficient

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16

Complete

Complete
High
Medium
Low
Complete
High
Medium
Low
Complete
High
Medium
Low
Complete
High
Medium
Low

–
0.57
0.08
0.38
0.50
0.62
0.04
0.33
0.41
0.42
0.001
0.35
0.34
0.36
− 0.17
0.33

High

Medium

Low
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the use of the lowest resolution of information for both layers. Between
these two scenarios, we created a set of scenarios with all possible
combinations. All Complete scenarios aimed to represent 10–30% of
each habitat at a minimum cost. We assigned these targets following
Arafeh-Dalmau et al. (2017a) that defined representation targets for
each habitat based on their abundance, species diversity, structural
complexity, and vulnerability to human activities in the park (Table 1,
for more detail see Supplementary Methods). It is important to note that
scenarios with the high, medium, and low habitat classifications have
less biodiversity features than scenarios using the complete habitat
classification (Supplementary Table 1). For each scenario, we ran
Marxan 100 times with 100 million iterations. We calibrated Marxan
parameters (the number of iterations, species penalty factor, and
boundary-length modifier) for each scenario following an approach
developed by Arafeh-Dalmau et al. (2021).
2.5. Analysis to compare efficiency and spatial similarity between
scenarios
We evaluated the trade-offs between the different planning scenarios
compared to the Complete scenario by assessing their efficiency at
representing biodiversity and minimizing the total socioeconomic cost.
We evaluated all Marxan 100 solutions for each scenario instead of the
best solution. We then analyzed the spatial similarity (overlap) of the
selection frequencies of the planning units. The selection frequency,
which represents the number of times a planning unit was selected in the
100 solutions is commonly used to identify priority areas for conserva
tion as it is a good indicator of their irreplaceability (Stewart and Pos
singham 2005). We used Cohen’s kappa statistic to conduct pairwise
comparisons between the selection frequency of the Complete scenario
and the other 15 scenarios and thus describes the level of agreement
between marine reserve selections for each scenario (Richardson et al.,
2006). The values for Cohen’s kappa coefficient range from − 1 to +1,
where − 1 indicates complete disagreement, 0 represents an overlap due
to chance, and +1 represents complete agreement between planning
unit selection frequency (McHugh 2012). We classified the selection
frequency of planning units into five classes (0, <25%, 25–50%,
50–75%, and >75%) following the approach of Ruiz-Frau et al. (2015).

Fig. 3. Distribution of opportunity cost layers in the open-access area of the
Montgrí Park: a) Complete resolution layer which combines artisanal and rec
reational fishing, b) High resolution layer that includes artisanal fishing, c)
Medium resolution layer that includes recreational fishing, and d) Low reso
lution layer that includes distance to port.

3. Results

for the planning units, with the lowest values being in the center and
northeast corner of the planning domain, which are the furthest from the
two ports (Fig. 3d).

3.1. Distribution of biodiversity features and socioeconomic costs
We observed the highest diversity of biodiversity features for our
planning domain along the coastline (Fig. 2), where most of the rocky
substrate is found. When we reclassified the biodiversity features into
broader categories, we obtained 14 biodiversity features for the high
(Table 1, Supplementary Fig. 1), nine for the medium (Table 1, Sup
plementary Figure 2), and six for the low-resolution classification
(Table 1, Supplementary Fig. 3). Most of the planning domain is covered
by sandy habitats found offshore.
The four estimates of opportunity cost showed varying levels of
spatial heterogeneity across the study area (Fig. 3). For the complete
opportunity cost layer, which combines artisanal and recreational fish
ing estimates, the most expensive planning units are located along the
rocky coastline, while the cheapest are further from the coastline in the
eastern part of the study region where sandy habitats dominate (Fig. 3a).
The high-resolution opportunity cost layer, which uses only artisanal
fishing values, showed a similar pattern with the more expensive plan
ning units located along the coast (Fig. 3b). However, the difference
between coastal and offshore planning units’ cost is less marked than for
the complete layer. In contrast, the medium resolution opportunity cost
layer, which only uses recreational fishing values, is the most heterog
enous layer, with most of the coastal planning units having values while
those offshore have no values (Fig. 3c). Finally, the estimate of oppor
tunity cost which uses distance to port generated less heterogenous costs

3.2. Efficiency at meeting biodiversity features and minimizing
socioeconomic costs
As expected, the complete resolution of biodiversity data scenarios
(Scenarios 01–04) met the representation targets for all biodiversity
features in the planning domain. The scenarios using the high resolution
of biodiversity data (Scenarios 05–08) met on average 63.6% of the 28
biodiversity representation targets, while the medium resolution sce
narios (Scenarios 09–12) met 39.9%, and the low ones (Scenarios
13–16) only 33.9% (Fig. 4a). We observed little or no influence in the
number of biodiversity features met when using different opportunity
cost layers, except for those scenarios using the medium biodiversity
data resolution (Scenarios 9–12 in Fig. 4a).
Scenarios using the complete or high resolutions of socioeconomic
cost data best minimize the opportunity costs while meeting the habitat
representation targets (Fig. 4b). Scenarios using the complete opportu
nity cost data outperformed all other scenarios when comparing sce
narios which used the same biodiversity data resolution. While scenarios
using the high-resolution opportunity cost (Scenarios 02, 06, 10, 14)
increase the cost by only 3.9% compared to the complete cost scenarios
(Scenarios 01, 05, 09, 13), mid and low-resolution opportunity cost
6
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Fig. 4. a) Percentage of the 28 biodiversity targets met and b) opportunity cost (cost/km2) from 100 runs (±95% confidence intervals) among scenarios with varying
levels of biodiversity and opportunity cost resolution. Bars with the same grey-scale shade used the same resolution of biodiversity feature data.

scenarios increased by 60.7% (Scenarios 03, 07, 11, 15) and 18.8%
(Scenarios 04, 08, 12, 16), respectively (Fig. 4b). Finally, the opportu
nity cost gradually decreased from scenarios with the complete to the
low-resolution biodiversity data.
3.3. Measure of spatial similarity
The assessment of spatial overlap revealed that scenarios using the
complete and high biodiversity data (Scenarios 02–08) had a high to a
moderate overlap with the Complete scenario, except for those scenarios
which used the medium opportunity cost resolution (only recreational
fishing) (Table 3). The spatial overlap gradually decreased for the me
dium and low biodiversity resolution data (Scenarios 09–16). Scenarios
using the high opportunity cost data had a slightly higher spatial overlay
than scenarios using the complete data, when using the same biodiver
sity information. Consistently, all scenarios that used the medium op
portunity cost resolution (Scenario 03, 07, 11, 15) data exhibited the
least spatial overlap with the Complete scenario. Cohen’s kappa statistic
shows that Scenario 06, which uses high resolution biodiversity data and
opportunity cost value, has the highest spatial overlap (k = 0.62) with
the Complete scenario (Table 3, Fig. 5a–b). By contrast, Scenario 15 that
uses low resolution biodiversity data and medium resolution opportu
nity cost value has the lowest spatial overlap with the Complete scenario
(k = − 0.17) (Table 3, Fig. 5a and c).
4. Discussion
Global conservation efforts advocate for the establishment of net
works of marine reserves covering 30% of the oceans by 2030 (IUCN,
2016; CBD, 2020). While countries work to legally develop compre
hensive national marine spatial plans (Frazão Santos et al., 2020), it is
important that local and regional-scale efforts establish marine reserves
that achieve maximum conservation benefits while considering user
compliance (Carwardine et al., 2008; Joseph et al., 2009; Wenger et al.,
2018). We assessed the effect of data resolution on the efficiency of a
marine spatial plan for an overexploited system which requires
balancing the recovery of its marine resources and biodiversity with the
interest of the area’s stakeholders (Dalton et al., 2010; Gurney et al.,
2015). Although this study identified priority areas for expanding the
current coverage of marine reserves in Montgri Park, using different
resolutions of data, the conclusions drawn from it can be representative

Fig. 5. Selection frequency (number of times a planning unit is selected from
the 100 Marxan solutions) for the open-access area of the Montgrí Park: a)
Complete scenario (Scenario 01); b) the scenario with the highest spatial
overlap (Scenario 06) and c) the scenario with the least spatial overlap (Sce
nario 15) with the Complete scenario.
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to inform spatial planning for similar local and regional-scale systems,
especially for highly populated areas like the Mediterranean Sea (Fra
schetti et al., 2009; Giakoumi et al., 2011; Mazor et al., 2014b; Picone
et al., 2017).

some coastal rocky area and thus only using this cost measure fails to
capture the opportunity cost of other planning units proving to be a poor
estimate. Our results are consistent with previous studies that found that
not using accurate estimates of socioeconomic cost can undermine the
efficiency of the plan (Ban et al., 2009; Banks and Skilleter 2007; Mazor
et al., 2014b; Polasky 2001; Ruiz-Frau et al., 2015). In the absence of a
complete and spatially comprehensive stakeholder driven opportunity
cost layer, we recommend using an indirect and more comprehensive
measure, such as distance to port, which still addresses all planning unit
values but is not a uniform cost (i.e., area of the planning unit).
Although we found distance to the port to be less efficient at repre
senting socioeconomic cost, as has previous work (Giakoumi et al.,
2011), our low-resolution scenarios still outperformed the medium cost
layer. We can improve the distance to port by combining this metric
with the abundance of habitats where stakeholders primarily fish, such
as rocky reefs or biogenic habitats in each planning unit (similar to
Henriques et al., 2017). Also, we can refine these measures if harvest (e.
g., catch) or effort (e.g., number of fishing boats) information exists (e.
g., Ban 2009; Mazor et al., 2014b; Gurney et al., 2015; Arafeh-Dalmau
et al., 2017b; Henriques et al., 2017). For example, Arafeh-Dalmau et al.
(2017b) combined the fishing effort based on the number of fishing
boats in each territorial user right in Baja California and the amount of
rocky habitat in each planning unit to estimate artisanal fishing costs.
Further studies can test the efficiency of this and other surrogates for
socioeconomic cost in the absence of detailed stakeholder cost estimates.
Our study has shown that obtaining detailed and comprehensive
socioeconomic data is crucial to effectively design a marine reserve that
minimizes stakeholder conflict for local-scale planning. Including value
to stakeholders can not only reduce the impacts of implementing marine
reserves on stakeholders, but also increases the conservation benefits for
biodiversity resulting from the area selected for protection using
stakeholder-driven socioeconomic data (Carwardine et al., 2008;
Ruiz-Frau et al., 2015). Limited budgets have shown to achieve large
biological gains when planning includes fine-scale socioeconomic cost
estimates (Naidoo et al., 2006; Weeks et al., 2010; Wenger et al., 2018)
and studies which include stakeholder consultation early in the planning
process to understand the socioeconomic attributes of the area have also
shown they can avoid costly negotiations and disputes (Ban and Klein
2009; Giakoumi et al., 2018). Similar to our study, Weeks et al. (2010)
found that a value of stakeholder resource use (based on fishing effort)
served as a better cost surrogate than using human population census
data, however it was not accurately able to predict fine-scale resource
use patterns the way data derived from direct stakeholder consultation
would. Designing effective marine reserves that achieve biodiversity and
stakeholder goals is possible, but stakeholder involvement and
communication is crucial (Précoma-de la Mora et al., 2021).

4.1. Efficiency of biodiversity features and socioeconomic cost surrogates
Using fine-scale habitat maps from detailed bathymetry and under
water surveys allowed us to test the efficiency of often used and less
detailed surrogates for representing biodiversity. We found that in the
absence of the complete information, less detailed habitat mapping can
provide good surrogates to represent biodiversity. For our highresolution biodiversity scenarios, we found a high representation of
the habitats in the region and a good spatial overlay with our Complete
scenario. Although the high-resolution habitat classification did not
include habitat attributes (e.g., complexity, exposure, light), the good
spatial overlay revealed the importance of the high-resolution bathym
etry at capturing habitat variability. These finding is reiterated by the
fact that when not using the high-resolution bathymetry, we found a
poor overlay and habitat representation in the medium and low sce
narios when compared to the Complete scenario suggesting that these
surrogates perform poorly. Other studies have observed a similar result
when using high resolution bathymetry data versus low resolution data
(Banks and Skilleter 2007). Banks and Skilleter (2007) found the use of
broad-scale (100–1000s of km) habitat data provided a poor represen
tation when used as a biodiversity surrogate for the conservation of
fine-scale intertidal habitats. When they used habitat data derived on a
local-scale (10–100s of m), they found that marine reserves were more
likely to achieve conservation goals by representing micro-habitats
(Banks and Skilleter 2007). Similarly, Ban (2009) found that
finer-scale biotic datasets were more effective at achieving conservation
objectives than coarser, abiotic datasets. Therefore, the use of coarse
abiotic data without biotic context provides important information
when selecting an area for a reserve but cannot adequately represent
biodiversity features on their own (Ban 2009).
Our findings are important not only in terms of meeting biodiversity
targets but for designing marine reserves that recover focal species of
ecologic and economic importance, such as top predators. The recovery
of top predators can enhance ecosystems resilience to other threats such
as extreme climatic events (Ling et al., 2009, Ling et al. 2012) by con
trolling keystone species that otherwise can negatively impact ecosys
tems. For example, many algae dominated temperate reefs, including
the Mediterranean Sea, can be overgrazed by sea-urchin barrens due to
the absence of key predators that control their abundance (Filbee-Dexter
and Scheibling 2014; Hereu et al. 2005, 2012; Lafferty 2004; Ling et al.,
2015; McPherson et al., 2021; Pinnegar et al., 2000; Rogers-Bennett and
Catton 2019). Designing marine reserves that protect certain habitat
attributes, such as structural complexity that correlate with higher
biomass of top predators (Friedlander et al., 2003; Friedlander and
Parrish 1998; Graham and Nash 2013; Guidetti et al., 2014; Mellin et al.,
2011) should theoretically better support their recovery and thus an
ecosystem’s resilience. Also, given the high economic value of top
predators, rebuilding the biomass of these species is also a priority for
the local artisanal and recreational fishing communities (da Silva et al.,
2015; Krueck et al., 2017; Micheli et al., 2004).
Similarly, using fine-scale socioeconomic cost estimates based on
stakeholder’s consultation (see Moore et al., 2016) and in-situ user ac
tivity revealed important differences when testing the efficiency of less
detailed surrogates for opportunity cost. The scenarios which used only
the artisanal fishing data slightly increased the opportunity cost and had
a high spatial overlay with the Complete scenario compared to the
scenarios that only used recreational fishing data. Our results show that
in the absence of complete stakeholder driven information, it is impor
tant to use a source of information that accounts for the value of all
planning units instead of only representing a few (Ban and Klein 2009).
In our case-study, recreational fishing activity is mainly confined in

4.2. Limitations
Although our study used high-resolution biodiversity and socioeconomic data, caveats remain. The use of habitats as the surrogate
for biodiversity presented several limitations. Other habitat attributes
such as their ecological condition or use by focal species could better
represent biodiversity and maximize the outcome of focal species ob
jectives (Arafeh-Dalmau et al., 2017b; Ferrari et al., 2018; Klein et al.,
2013; Markantonatou et al., 2021). For example, including
high-resolution habitat maps with species distribution models can
maximize the recovery of focal species inside marine reserves (Ferrari
et al., 2018). In this sense, we could test if certain habitat attributes
relate to higher biomass of focal species and model their recovery po
tential using monitoring data from Montgri Park. Although we recognize
these limitations, high-resolution habitat maps are effective measure of
biodiversity and their representation should protect not only the habi
tats within the study area, but other ecological processes and species
contained within these habitats (Neal et al., 2018; Torres-Pulliza et al.,
2020).
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Similarly, we acknowledge limitations from our high-resolution so
cioeconomic data. For example, we used different approaches to esti
mate artisanal (stakeholder opportunity cost) and recreational (in situ
count of boats) conflict which could potentially bias the estimate and
favor one activity over the other. A common approach to avoid this issue
is to create composite cost measures in monetary values (Giakoumi
et al., 2011; Henriques et al., 2017; Markantonatou et al., 2021; Mazor
et al., 2014b), but these measures assume that one unit of economic cost
represents the same potential conflict for all stakeholder activities.
Although we used different measures (artisanal economic value vs
fishing effort) by normalizing our estimates we assigned equal impor
tance to both activities, avoiding assumptions that their economic value
is directly proportional to conflict of implementation. We estimated
recreational fishing cost using information from summer 2017 and
2018. Since these months are within the main tourism season where
most recreational fishing occurs, including observations from other
seasons could capture other user’s activity as targeted species might
change during the year. Finally, we did not include other stakeholder
activities in the area, such as diving, snorkeling, and sailing that could
be limited by restrictive marine reserves. Moreover, it is challenging to
decided how many stakeholders should be consulted or included
(Ruiz-Frau et al., 2015) and despite limitations, our cost estimate,
captured the two extractive activities in Montgrí Park that would be
most impacted by the establishment of a marine reserve.
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