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Abstract — Isolated marine protected areas (MPAs) may not be enough to sustain viable populations of
marine species, particularly the many small coastal MPAs which resulted due to social, economic and
political constraints. Properly designed MPA networks can circumvent such limitations due to their potential
synergistic positive effects, but this crucial step is frequently obstructed by lack of baseline ecological
information. In this paper, we use systematic conservation planning on European Nature Information
System coastal habitat information available for Portugal to demonstrate how an ecologically coherent
nation-wide MPA network can be designed. We used the software Marxan to obtain near optimal solutions
for each of three pre-determined conservation targets (10%, 30% and 50% protection) while maintaining the
cost of including conservation units as low as possible. Marxan solutions were subsequently optimized with
MinPatch by keeping each MPA above a minimum size that reflects the existing information on habitat use
by some key marine fishes. Results show that 10% protection for all habitats would only require a relativelly
small increase in the number (from 6 to 10) and area (from 479 km? to 509 km?) of already existing MPAs in
mainland Portugal whereas substantial increases would be required to achieve the 50% target. This rather
simple approach offers the added benefit of allowing design improvement as more relevant ecological
information becomes available, including deeper habitat mapping across the whole continental
shelf, allowing a coherent, adaptive and inclusive optimal MPA network to be designed.
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1 Introduction

Over the last decades it became common knowledge that
human impacts can cause the drastic degradation of marine
ecosystems and that these impacts have been increasing in
magnitude, diversity and rates of change (Jackson et al., 2001).
Worldwide, scientists have documented the devastating effects
of overexploitation (Pauly et al., 2005), habitat loss (Short and
Wyllie-Echeverria, 1996; Gray, 1997), pollution (Jackson
et al., 2001; Shahidul Islam and Tanaka, 2004), invasive
species (Molnar et al., 2008) and the negative consequences of
increasing coastal development (Bulleri and Chapman, 2010)
and tourism (Hall, 2001). These factors have raised serious
concerns and led to calls for the implementation of measures
that aim to protect, preserve and restore marine ecosystems
(Lubchenco et al., 2003).

One measure that has received much attention and support
from the scientific community over the last 30 years is the
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implementation of marine protected areas (MPAs) (Roberts
and Polunin, 1991; Guénette et al., 1998; Kaiser, 2011).
Although not a new approach to conservation, MPA research
and implementation have escalated since the 1990s (Roberts
and Polunin, 1991; Agardy et al., 2003; McCay and Jones,
2011). During the 2010 Conference on Biological Diversity a
series of targets (known as Aichi targets) were established,
including a 10% protection target for marine and coastal areas
to be achieved by 2020 (https://www.cbd.int/sp/targets/).
More recently, during the 2014 World Parks Congress, a
recommendation was made for 30% protection for each marine
habitat (http://worldparkscongress.org/about/promise of syd
ney.html). A recent study has shown that these protection
targets (10-30%) are compatible with both biodiversity
conservation and fisheries management objectives (Krueck
et al., 2017).

MPAs have been strongly recommended as a complement
to traditional fisheries management methods (Murawski et al.,
2000; Pauly et al., 2005; Kaiser, 2011), given that spatial
protection can enhance fish abundance and biomass inside
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(Abecasis et al., 2015a and references therein) but also outside
MPAs through the spillover of eggs, larvae and adults,
potentially increasing fisheries catches (Di Lorenzo et al., 2016
and references therein). MPAs focusing on biodiversity and
habitat conservation include an array of specific objectives
such as protecting rare and vulnerable habitats and species,
restoring ecological functions, encouraging research and
education, maintaining aesthetic values and traditional uses
and promoting sustainable tourism and the area's noncon-
sumptive values (Jones, 2001).

Recent studies have shown that single coastal MPAs can
play an important role in protecting local adult (sub)
populations of some coastal fish species (Abecasis et al.,
2015a; Afonso et al., 2016). Yet, in most cases these single
MPAs cannot assure (1) the genetic diversity of viable
populations, (2) the protection of migratory, wider ranging
individuals, neither (3) the protection of multiple essential fish
habitats (nursery, reproduction, adult habitats) and connections
between them (Agardy et al.,, 2011). These caveats mainly
result from the fact that coastal MPAs are typically quite small
in size and isolated, as they were not designed to form
ecologically coherent and connected networks. Therefore,
their contribution to broader-scale conservation objectives can
be very limited. However, properly designed MPA networks
can ensure the adequacy, connectivity, protection, replication,
representation and viability of this conservation tool (Metcalfe
et al., 2015) and thus effectively contribute to conservation
(Gaines et al., 2010).

Policy makers increasingly recognize this potential and
the European Union (EU) Marine Strategy Framework
Directive (MSFD, 2008/56/EC) now mandates member states
to implement coherent MPA networks to achieve Good
Environmental Status by 2020.

Properly designed MPA networks can circumvent limi-
tations of isolated MPAs due to their potential synergistic
positive effects, but this crucial step is frequently obstructed by
lack of baseline ecological information. Several studies have
focused on the different types of information (e.g. connectivity,
habitat type, species distributions) needed to support adequate
MPA network designs (e.g. Ban et al., 2009; Jones and
Carpenter, 2009; Smith et al., 2009; Magris et al., 2014) and
recognize that, in most cases, only a small part of this
information is available. Only data on habitat type is available
across EU coastal waters even if other datasets exist at the
regional or national levels (e.g. Jones and Carpenter, 2009;
Di Franco et al., 2012; Horta e Costa et al., 2013).

In this study we use the information on benthic habitat
classification available at the European Marine Observation
and Data Network (www.emodnet.eu) as a surrogate for
marine biodiversity and the baseline upon which to design an
ecologically coherent MPA network for the coastal waters of
Portugal. This is a maritime country with considerable
coastline and a very diverse array of marine habitats due to
its ecotone biogeographic position, thus constituting an
excellent case study. We focused on coastal areas profiting
from current availability of habitat maps for these areas but
also because, as in most other maritime countries, they
withstand the highest and most diverse human impacts and are
thus of priority for marine conservation. This work constitutes
the first step of a progressively incremented process towards a
nation-wide MPA network design.
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Fig. 1. Map of the study area showing the six existing MPAs (in red:
1-Litoral Norte, 2-Reserva Natural Duna S3o Jacinto, 3- Reserva
Natural Lagoa Sto André, 4-Berlengas, 5- Arrabida, 6-Parque Natural
Sudoeste Alentejano e Costa Vicentina) and the 50 and 100 m depth
contours.

2 Materials and methods

We used the coastal component of mainland Portugal's
Exclusive Economic Zone (EEZ) as our study area, defined as
the area between the coastline down to the 100 m deep contour.
The Portuguese coastline is approximately 943 km long and
contains a variety of habitats including large estuaries and
coastal lagoons, rocky shores and mobile substrates (Fig. 1).
There are six MPAs in the study area (Table 1). Together, they
cover 479km? and represent 3.6% of the total study area,
which is less than 0.0015% of the total Portuguese EEZ and
0.03% of the Portuguese territorial waters. Moreover, the total
no-take area within these six MPAs combined covers a mere
5km?, approximately 0.0003% of the territorial waters. These
MPASs are on average 61.2 km? in size (ranging from 2.2 km? to
253.4km?) and separate from each other an average distance
of 80 km.

The recently established European Marine Observation
and Data Network is a long-term marine data initiative from
the European Commission supporting the Marine 2020
strategy. Its main objective is to gather marine data resources
and make them available to public and private stakeholders.
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Table 1. Current marine protected areas implemented in mainland
Portugal and some of their characteristics.

Designation Total size No-take
(km?) area (km?)

Litoral Norte 69.94 -

Reserva Natural Duna Sdo Jacinto 2.21 -

Reserva Natural Lagoa Sto André 21.93 -

Berlengas 79.25 -

Arrabida 52.37 432

Parque Natural Sudoeste Alentejano 253.37 0.63

e Costa Vicentina

Total 479.07 4.95

—, absence of no-take areas.

This database is expected to comprise data on: bathymetry,
geology, physics, chemistry, biology, seabed habitats and
human activities (www.emodnet.eu). Data on habitat classifi-
cation was based on the European Nature Information System
(EUNIS) and obtained from the European Marine Observation
and Data Network (http://www.emodnet-seabedhabitats.cu/).
Twenty-eight different marine habitats were identified in the
study area. Additionally, we also included vulnerable marine
ecosystems (VMEs) listed under the OSPAR convention
available in the literature such as red corals (Boavida et al.,
2016), seagrass beds (Cunha et al., 2013) and Maerl beds (Pefia
et al., 2014).

Marxan (Ball et al., 2009), a systematic conservation
planning software, was used to obtain near-optimal solutions
for three different conservation scenarios for which goals were
set based on literature review (Murawski et al., 2000; Airame
et al., 2003; Fraschetti et al., 2009; Krueck et al., 2017). In the
first scenario, the objective was to protect at least 10% of each
existing habitat (the 28 EUNIS plus the three VMESs), the goal
of the second scenario was to protect at least 30% of each
habitat, and for the third scenario the goal was to obtain at least
50% of protection for each habitat. We divided the study area
in 28 741 hexagonal planning units of 0.5km? and ran 100
models with 1 x 107 iterations for each scenario. The existing
MPAs were kept as fixed conditions and always kept in the
final solutions. Marxan models were fine tuned to achieve
compact solutions using the boundary length modifier (BLM).

These models were then modified using MinPatch (Smith
et al., 2010), a software that modifies the outputs from Marxan
to ensure that each protected area is larger than a specified
minimum size threshold. This step is essential to avoid
solutions with excessive fragmentation and inefficient areas of
very small size. Although most conservation planning software,
including Marxan, include an option to reduce the fragmentation
of the protected areas, this procedure is insufficient because it
increases the size of all protected areas. To determine an
ecologically meaningful minimum size threshold, we used the
results of our previous acoustic telemetry studies on the dynamic
habitat use of some fish species, including key ecological and
commercial species (Sparus aurata, Abecasis and Erzini, 2008;
Sarpa salpa, Abecasis et al., 2012; Solea senegalensis, Abecasis
et al., 2014; Diplodus sargus, Abecasis et al., 2015b;

Table 2. Summary of the Marxan and MinPatch runs for the three
conservation scenarios. Average distance represents the average of the
distances between two neighboring MPAs. It was not estimated for the
Marxan solutions given the high number of MPAs and small distances
between them.

Conservation  Characteristic Marxan MinPatch

scenario
Number of MPAs 105 11
Number of MPAs >5 km? 5 10

10% protection Total area MPAs 495km*> 509 km®
MPA size (median) 0.06km?> 7.63km?>
Average MPA-MPA distance — 52km
Number of MPAs 424 26
Number of MPAs >5 km? 10 26

30% protection Total area MPAs 822km?> 821 km?
MPA size (median) 0.05km? 11.13 km?
Average MPA-MPA distance — 17.5km
Number of protected areas 311 27
Protected areas >5 km? 44 27

50% protection Total areca MPAs 1215km? 1217 km?
MPA size (median) 0.91km? 21.98 km?
Average MPA-MPA distance — 11.8 km

Epinephelus marginatus and Serranus atricauda, Afonso
et al., 2016). Using the estimated home range obtained in these
studies we established a minimum no-take area size of 5 km®.
The average size and distance between protected arcas was then
estimated for each MinPatch solution.

3 Results

The models obtained by Marxan for the three scenarios
predict a much higher number of protected areas when
compared with the optimized solutions provided by MinPatch
(Table 2 and Fig. 2). Yet, the total area enclosed by protection
is very similar in both the Marxan and MinPatch solutions. All
MinPatch optimized solutions including the 10% scenario
predict protected areas above the minimum size threshold
(Table 2), except for the already existing Reserva Natural
Duna S3o Jacinto (2.2km?, Table 1). The more evident
difference between the Marxan and MinPatch results was the
average size of protected areas: for the 10% and 30% scenarios
the median size of the resulting Marxan protected areas
was similar to the size of the planning units whereas those of
MinPatch were substantially larger (0.06 vs. 7.6 km* and 0.05 vs.
22 km?, respectively) (Table 2). The average distance between
MPAs was smaller in the MinPatch solutions (52—11.8 km) than
the average 80 km between existing MPAs.

4 Discussion

The use of systematic conservation planning is considered
the most efficient method to achieve the optimal design of
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Fig. 2. Results of the solutions provided by Marxan (a, c, e) and
MinPatch solutions (b, d, f) for the 10%, 30% and 50% conservation
scenarios. Protected areas are shown in pink.

protected area networks (Margules and Pressey, 2000; Smith
et al., 2010), and Marxan is one of the most widely used
software for this purpose (Ball et al., 2009). This is the first
effort to do so for the marine coastal habitats of mainland
Portugal as a whole. As preliminary as it may be within an
adaptive process, our results already demonstrate that a
coherent network design is possible in relatively data poor
situations, while clearly revealing the need for substantial
improvement in the existing assemblage of MPAs if the
country is to achieve the national and international goals and
commitments in marine conservation. In agreement with
previous report by Smith et al. (2010) our results also show
that MinPatch greatly improves the solutions provided by
Marxan by achieving the same amount of protection with less
protected areas while ensuring their minimum ecological
significance. As in any modeling, several aspects and
technicalities need to be understood and addressed if one is
to use it in support of marine conservation.

First, to obtain the best potential network design in
terms of MPA efficiency one should take in consideration
information on a variety of ecological, biological and social
aspects (Smith et al., 2009). The results of our study rely on
benthic habitat classification mapping since it was the main
available information at the national and regional levels, and
it is a proven proxy for biodiversity (Smith et al., 2009). For
example, Portugal’s coastal habitats are essentially targeted
by small-scale artisanal and recreational fisheries but
information on this fishing effort is still scarce, dispersed
and not publicly available (Veiga et al., 2010; Horta e Costa
et al., 2013) and therefore could not be used. Moreover, the
results provided by systematic conservation planning
software should be regarded as a starting point rather than
a compulsory final design. The continuous improvement of
the conservation planning solutions through the inclusion
of new data as it becomes available is a working process
that provides an objective presentation of the best available
knowledge to stakeholders and support discussions during the
multiple steps of MPA network design and evaluation (Smith
et al., 2009; Mills et al., 2015).

Second, choosing the conservation targets obviously has
a large influence on the final solutions. Some authors suggest
that no-take areas may not be effective as a primary
management tool unless more than 20% is closed (e.g.
Murawski et al., 2000; Sale et al., 2005) but this is still subject
of much debate. According to Krueck et al. (2017)
conservation targets between 20% and 30% are a safer
generic target than 10%, both for biodiversity conservation
and fisheries objectives, especially when considering largely
unassessed ecosystems. Ideally, target protection values
should be reviewed for each species/habitat based on relevant
data, especially when they are the target of MPAs protection
(Abecasis et al., 2015c¢). Therefore, rather than trying to find
an optimal target, we chose to analyze three conservation
targets — 10%, 30% and 50% protection — that represent
the broad range of targets suggested in the MPA lierature
(e.g. Murawski et al., 2000; Airame et al., 2003; Fraschetti
et al.,, 2009; Krueck et al., 2017) and allow comparisons
between them.

Third, our results illustrate the advantages of using
MinPatch to improve the solutions provided by Marxan, as
demonstrated by Smith et al. (2010). MinPatch adjusts the
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outputs from Marxan ensuring that all previewed protected
areas are above a certain minimum size threshold. In fact,
despite using the fine-tuning of the BLM, as suggested by
Game and Grantham (2008), our results obtained by Marxan
consisted in numerous, small protected areas. These solutions
would be hard to implement due to difficulties in establishing
and enforcing boundaries that can be easily recognized by the
stakeholders, and to the higher monitoring and implementation
costs, among others (Smith et al., 2010; Ban et al., 2011;
McCrea-Strub et al., 2011). Importantly, such small MPAs
would be less viable in providing true protection for marine
species given the small amounts of protected habitat. MinPatch
also has the added advantage of only increasing the size of
smaller protected areas that are below the set threshold, unlike
Marxan and other related software. In fact, the more common
option of increasing the Marxan BLM to reduce patchiness in
final scenarios will result in an increase in individual MPA
size, even in the case of already large MPAs. This should result
in suboptimal MPAs since these larger protected areas contain,
in most cases, areas not needed to achieve the desired
protection level and conservation target.

Importantly, the minimum size threshold should have an
ecological meaning rather than bein% an ad-hoc choice. In our
case, we selected a threshold (5 km®) that was considered to
provide effective protection for the mobile benthic and bentho-
pelagic fish assemblage. This was achieved by choosing a
value that would represent at least twice the maximum
individual home range area (and in most cases over 10 times)
of the adults (i.e., the spawning biomass) of key fish species for
Portuguese coastal waters based on the literature (Green et al.,
2015). We acknowledge that this type of information is absent
in most situations, but using proxies from studies in related
species and areas is becoming more and more possible. This
value is also within the interval (4-6 km) suggested to contain
most larvae of short-distance dispersers, thus ensuring some
degree of self-recruitment (Shanks et al., 2003).

Finally, the optimal distance between MPAs indicated in
the literature may vary as much as 10—150 km (Palumbi, 2003;
Shanks et al., 2003; Di Franco et al., 2015). Our MinPatch
solutions are closer to the lower limits, suggesting that
connectivity between MPAs is assured for most species in
the final scenarios. Consequently, the MinPatch designs
should not only provide enough protection to most larvae of
short-distance dispersers and adults of key fish species, but
also ensure connectivity to a wide range of species. However,
it must be emphasized that in general there is still little
information available regarding species dispersal and connec-
tivity despite the fact that these represent factors of utmost
importance for a MPA network.

5 Conclusions

Of the existing MPAs in the Portuguese coastal areas
only one is below the minimum ecological size threshold
considered. However, it must be taken in consideration that
only a very small portion of the implemented MPAs offer
de facto true protection, as only 1% of the existing MPAs are
no-take. In addition, the current average distance between
MPAs is larger than the optimal distance suggested by Shanks
et al. (2003).

Our results demonstrate that even a small increase in the
area under protection (from 479 km? to 509 km?) and twice as
much MPAs (from 6 to 11 MPAs) would provide effective
protection to at least 10% of all coastal habitats while
increasing the connectivity between them (from 80km to
50km average distance). Future research should strive to
include other relevant data such as the distribution of key
species (Abecasis et al., 2015¢) and socio-economic data (e.g.
fishing effort distribution, offshore aquaculture facilities and
other human uses) (Klein et al., 2008; Ban et al., 2009; Smith
et al., 2009).

Preliminary studies on the design of ecologically coherent
and representative MPA networks have been carried out (e.g.
Jones and Carpenter, 2009) but, overall, more information is
needed in order to achieve truly coherent and fully functional
MPA networks throughout the EU waters (Olsen et al., 2013).
The development of solutions that include different protection
levels should also be investigated.
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