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Abstract

1. Most of the world's nations adopted the 20 Aichi global biodiversity targets to be
met by 2020, including the protection of at least 10% of their coastal and marine
areas (Target 11) and the avoidance of extinction of threatened species (Target
12). However, reconciling these biodiversity targets with socio-economic
demands remains a great dilemma for implementing conservation policies.

2. In this paper, Aichi Targets 11 and 12 were simultaneously addressed using
Brazil's exclusive economic zone as an example. Priority areas for expanding the
current system of marine protected areas within the country's eight marine
ecoregions were identified with data on threatened vertebrates under different
scenarios. Additionally, the potential effects of major socio-economic activities
(small and large-scale fishing, seabed mining, and oil and gas exploration) on the
representation of conservation features in proposed marine protected areas were
explored.

3. Areas selected for expanding marine protected areas solely based on biodiversity
data were different (spatial overlap from 62% to 93%) from areas prioritized when
socio-economic features were incorporated into the analysis. The addition of
socio-economic data in the prioritization process substantially decreased opportu-
nity costs and potential conservation conflicts, at the cost of reducing significantly
(up to 31%) the coverage of conservation features. Large and small-scale fisheries
act in most of the exclusive economic zone and are the major constraints for
protecting high-priority areas.

4. Nevertheless, there is some spatial mismatch between areas of special relevance
for conservation and socio-economic activities, suggesting an opportunity for rec-
onciling the achievement of biodiversity targets and development goals within the

intricate Brazilian seascape by 2020 and beyond.
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1 | INTRODUCTION adopted in 2010 a set of 20 targets, known as Aichi biodiversity tar-

gets. Target 11 of this plan requires signatory countries to protect at
Under the auspices of the 2011-2020 Strategic Plan of the Conven- least 10% of their coastal and marine areas by 2020, through ‘effec-
tion on Biological Diversity (CBD), most of the world's nations tively and equitably managed, ecologically representative and well-

Aquatic Conserv: Mar Freshw Ecosyst. 2020;1-17.

wileyonlinelibrary.com/journal/aqc © 2020 John Wiley & Sons, Ltd. | 1


https://orcid.org/0000-0002-6656-2423
mailto:cirovilar@hotmail.com
https://doi.org/10.1002/aqc.3269
http://wileyonlinelibrary.com/journal/aqc

2 | WILEY

VILAR ET AL.

connected systems of protected areas and other effective area-based
conservation measures’ (CBD, 2010). Such a target represents a signif-
icant opportunity to expand the global coverage of protected areas
and then to reduce pervasive biodiversity decline (De Santo, 2013;
Venter et al., 2014). Most nations are developing and reviewing their
own national conservation strategies and establishing new marine
protected areas (MPAs), in line with the Aichi targets (CBD, 2010; De
Santo, 2013). In several cases, however, large MPAs have been cre-
ated in remote places with relatively few threats and that typically
provide little protection for the most threatened species and ecosys-
tems (Devillers et al., 2015; Giglio et al., 2018). The crucial question,
therefore, is where should MPAs be established to minimize biodiver-
sity loss?

Strategically designed protected areas can reduce human impacts
and help restore the abundance of marine species while contributing
to achieving different international targets (Edgar et al., 2014; Speed,
Cappo, & Meekan, 2018; White et al., 2017). Aichi Target 12, for
example, states that the extinction of known threatened species
should be prevented and their conservation status should be improved
and sustained (CBD, 2010). However, existing MPAs provide inade-
quate or no cover for many threatened species (Butchart et al., 2015;
Davidson & Dulvy, 2017). If actions taken to expand the global MPA
system (Aichi Target 11) prioritize the coverage of threatened species,
they would directly contribute to, concomitantly, reaching these two
targets (Di Marco et al.,, 2016; Venter et al., 2014). Such actions could
also help in achieving targets related to other governmental commit-
ments, such as the United Nations Sustainable Development Goal
14, the Agreement on the Conservation of Albatrosses and Petrels,
and the Ramsar Convention, among others (CBD, 2010).

Though scientists advocate for protection of 30% (or more) of the
ocean by 2030 (e.g. Baillie & Zhang, 2018; Dinerstein et al., 2019;
Roberts, 2019), implementing previous marine conservation goals has
been a major challenge (Butchart et al., 2015). Failure to protect 10%
of the marine area as of 2012, as formerly agreed under the CBD
(Mittermeier et al., 2010), is an example of the implementation crisis
in conservation efforts. The deadline to meet the Aichi targets is
approaching, and inadequate consideration of stakeholders' needs and
demands can undermine implementation actions (Fox et al., 2013;
Knight et al., 2008; Knight, Cowling, Possingham, & Wilson, 2009).
Given that marine conservation efforts happen in a scenario shared
by multiple societal and governmental sectors (including commercial
fishing, mining, hydrocarbon industry, tourism, maritime transport,
etc.), both biological and socio-economic goals should be integrated
from the onset of conservation efforts (Halpern et al., 2013; Jumin
et al,, 2017; Knight, Cowling, Boshoff, Wilson, & Pierce, 2011). This
could avoid polarization among different and often competing stake-
holders and facilitate the implementation of conservation actions
(Ban & Klein, 2009; Mazor, Giakoumi, Kark, & Possingham, 2014;
Naidoo et al., 2006).

The inclusion of spatially explicit information on socio-economic
activities in the planning process can reduce opportunity costs (the
foregone revenue from other forms of space use), sometimes with no

negative effects on the coverage of conservation features (Almada &

Bernardino, 2017; Ban & Klein, 2009; Klein, Steinback, Scholz, &
Possingham, 2008; Naidoo et al., 2006; Vilar, Joyeux, Loyola, & Spach,
2015). Contrarily, considering costs to a single socio-economic activity
or assuming a uniform cost through a given planning region can result
in negative socio-economic impacts if important sites for conservation
are occupied by resource users (Ban & Klein, 2009; Hamel, Pressey,
Evans, & Andréfouét, 2018; Mazor et al., 2014; Naidoo et al., 2006).
This is a particularly relevant problem for developing countries where
coastal communities are heavily dependent on marine resources
(Food and Agriculture Organization of the United Nations, 2014;
Vasconcellos, Diegues, & Sales, 2007) and a large part of gross domes-
tic product comes from commodities at sea (United Nations & Food
and Agriculture Organization of the United Nations, 2017). Since cur-
rent investments in conservation actions are usually inadequate, the
development of cost-effective strategies for marine conservation is
vital to help nations in efficiently achieving global biodiversity targets
(Di Marco et al., 2016).

Spatial conservation prioritization provides an analytical and con-
ceptual framework to identify areas of high biodiversity value and low
cost for protection (Ferrier & Wintle, 2009). Although the use of this
framework for the design of MPA networks has increased over the
last decades, frameworks have often been based solely on biological
and ecological data (Alvarez-Romero et al., 2018). Integrated planning
for both biodiversity and development goals can be successful if
undertaken through multicriteria analyses (Di Minin et al, 2013;
Moilanen et al., 2011). Multicriteria analyses represent a powerful tool
to enhance our understanding about the potential implications of mul-
tiple socio-economic activities on the effectiveness of MPA networks
to conserving biodiversity (Halpern et al., 2013; Klein et al., 2008; Li
et al., 2019). They could be particularly helpful to implement the tar-
gets, revealing synergies and trade-offs between numerous environ-
mental and socio-economic objectives from alternative MPA
configurations.

This paper addresses the current policy dilemma of how to bal-
ance the wide range of diverse economic activities and global biodi-
versity targets. To do so, we envisioned multiple conservation
scenarios to identify ecologically relevant and cost-effective priority
areas for protection of threatened marine vertebrate species in Brazil
(Figure 1), which has the second largest exclusive economic zone
(EEZ) in South America and the 11th largest in the world. Specifically,

we investigated:

1. Whether it is possible to reconcile conservation and socio-
economic objectives without significant losses in the representa-
tion of threatened species in the scenarios of MPA expansion.

2. The extent to which the trade-offs between representation of
threatened species and opportunity costs differ among four rele-
vant socio-economic activities (small and large-scale fishing, sea-

bed mining, and oil and gas exploration).

For this, multicriteria analyses were applied in an integrated socio-
economic-ecological assessment of the performance of MPA net-

works with different configurations.
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FIGURE 1 Map of the study
area in Brazilian jurisdictional
waters showing the locations
mentioned in the text and marine
ecoregions (sensu Spalding et al.,
2007). Bathymetric data from the
GEBCO_2014 grid, v. 20150318
(http://www.gebco.net)

2 | MATERIAL AND METHODS

21 | Study region

The study region (Figure 1) has a coastline of ~8,700 km and
extends from the coast out to the outer limit of Brazil's EEZ, cover-
ing an area of 3.5 x 10° km? (Ministério do Meio Ambiente
[MMA], 2008). The region encompasses an enormous diversity of
ecosystems distributed in eight marine ecoregions (Figure 1). The
northernmost ecoregion (i.e. Amazonia) harbours the largest contin-
uous mangrove area in the world (Souza Filho, 2005) and is notable
for the high freshwater discharge from the Amazon River and other
large estuaries (Knoppers, Ekau, Figueiredo Janior, & Soares-Gomes,
2002). The Northeastern Brazil ecoregion receives a relatively low
riverine input and has a narrow continental shelf dominated by bio-
genic carbonate sediments (Knoppers, Ekau, & Figueiredo, 1999).
Fringing and submerged biogenic reefs are characteristic features of
this ecoregion (Knoppers et al., 2002). The Eastern Brazil ecoregion
supports the largest and most speciose coral reef system in the
south-west Atlantic, the Abrolhos Bank (Leao & Kikuchi, 2001). The
Southeastern Brazil ecoregion comprises large estuarine bays,

mangroves, rocky shores, and hundreds of coastal islands (Knoppers
et al, 2002). The region also corresponds to the southern limit of
distribution of mangrove forests (Soares, Estrada, Fernandez, &
Tognella, 2012), rhodolith beds (Pascelli et al., 2013), and coralline
reefs (Pereira-Filho et al., 2019). Lastly, the Rio Grande ecoregion is
dominated by extensive sand beaches, saltmarshes, and lagoons.
The large Patos-Mirim lagoon system is the most remarkable fea-
ture of this ecoregion (Asmus, 1998). The three other ecoregions
encompass seamounts, deep-sea ecosystems, and shallow reefs sur-
rounding oceanic islands, which are notable for their high level of
endemism (Pinheiro et al., 2018).

Human population density is highest in the coastal zone, which
accounts for close to 27% of Brazil's population (Instituto Brasileiro
de Geografia e Estatistica, 2011). This has contributed to the scaling
up of anthropogenic stressors on coastal ecosystems, including exces-
sive fishing effort (Frédou, Ferreira, & Letourneur, 2009), untreated
sewage discharge (Pinheiro et al., 2019), and the installation of indus-
trial and harbour complexes (Pinheiro et al., 2019). Deep-sea ecosys-
tems also face increasing threats from extractive offshore activities,
such as large-scale fishing, mining, and oil and gas production
(Almada & Bernardino, 2017; Pinheiro et al., 2019).
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2.2 | Conservation features

Distribution maps of 126 conservation features targeted by national
(MMA, 2014a) and international policies (CBD, 2010) were used in
the analyses. The features consisted of 97 fish species, eight marine
mammals, eight seabirds, and five marine turtle species, as well as
eight marine ecoregions (Supporting Information Table S1). All species
considered are nationally threatened with extinction; that is, listed as
vulnerable, endangered, or critically endangered in MMA (2014b,
2014c). Instead of representing the species extent of occurrence,
which often encompasses large portions of inappropriate habitats, dis-
tribution maps corresponded to key areas for species survival (breed-
ing, foraging, or nursery areas) or their geographic distribution within
the appropriate depth ranges.

For marine turtle species, the depth range inhabited by females
during the inter-nesting period (the period of time between subse-
quent attempts to lay their clutches of eggs on nesting beaches, dur-
ing a breeding season) was mapped in areas adjacent to the main
nesting beaches in Brazil (described in Marcovaldi, Santos, & Sales,
2011). Information about the habitat depth range for each species
was extracted from satellite-tracking studies of females nesting on
Brazilian grounds (see references in Supporting Information Table S1).
All five marine turtle species recorded in the country were included in
this study.

To define the distribution of seabirds, a circular buffer with radius
equal to the maximum breeding foraging distance (in kilometres) of
each species was created around established breeding colonies at
Brazil's islands. The locations of the breeding colonies were obtained
from scientific literature and BirdLife International (see references in
Supporting Information Table S1). As for marine turtles, the maximum
foraging distance of each species from the breeding colonies came
from satellite-tracking studies (Supporting Information Table S1).
About 11 other seabird species are also threatened in Brazil (MMA,
2014b), but the data available were not adequate to determine their
distribution.

Spatial distribution data of breeding, foraging, or nursery grounds
for most marine fish species threatened with extinction in Brazil are
currently incomplete or not available at the national scale. Hence, the
geographic distribution of these fish species within Brazil's marine
waters was determined using occurrence records and depth range
information obtained from FishBase (Froese & Pauly, 2017), the
International Union for Conservation of Nature (IUCN), and the litera-
ture (Table S1). Species distributions were first digitized in the form of
range maps. These maps were then refined based on the depth limits
reported for the species. Bathymetric lines representing each fish
depth range were superimposed over their range maps. The area
between the minimum and maximum depths used by the species was
then clipped off from range maps. This resulted in distribution maps
containing only the depth range inhabited by each species. Because
Thunnus thynnus has not been found in Brazil for a long time (Collette
et al., 2011), only 97 of the 98 marine fish species that are currently
threatened in the country were mapped. The complete list of the

97 species analysed is provided in Supporting Information Table S1.

For marine mammals, distribution maps were produced as for
fishes. Since some mammals have a notoriously disjunct distribution
along the coast (e.g. Pontoporia blainvillei), areas with no occurrences
of such species were excluded from the maps. Information on the spe-
cies' depth and geographical ranges came from the IUCN and the liter-
ature (see Supporting Information Table S1). All marine mammal
species threatened in Brazil were considered. To refine the distribu-
tion of turtle species, fishes, and mammals, the bathymetry of the
study area was obtained from the Companhia de Pesquisa de Recursos
Minerais of the Brazilian government (http://www.cprm.gov.br). These
data are derived from the SRTM 30 Plus V.8.0 (Becker et al., 2009)
and have a spatial resolution of about 200 m.

All eight marine ecoregions (Figure 1) were used to provide a
broad-scale representation of ecosystems and biodiversity patterns
along the study area, as recommended by CBD (2010). Each one is
characterized by a distinct suite of ecosystems, topographic and geo-
chemical features. These ecoregions are the smallest-scale units in the
Marine Ecoregions of the World system and represent areas of rela-
tively homogeneous species composition (for details, see Spalding
et al., 2007).

Distribution maps were overlaid onto a grid with 5,275
0.25° x 0.25° cells (~27.7 km of latitude and longitude near the equa-
tor) covering the study region. We then built binary maps for each
conservation feature assuming it is present in cells that overlap with
any portion of its distribution range and it is absent elsewhere. These

maps were used as inputs for spatial prioritization analyses.

23 | Socio-economic features
To minimize opportunity costs incurred when implementing MPAs,
the three main socio-economic activities in Brazilian jurisdictional
waters were included in the study: commercial fishing (small- and
large-scale), oil/gas operations, and mining.

Georeferenced data on small-scale fishing were obtained from a
global model of artisanal fisheries catches (Halpern et al., 2008). This
model combines data about annual artisanal landings, population den-
sity within the coastal zone and distance from nearest land, to esti-
mate the percentage of national total catches into 1 km? cells
covering the continental shelf (depth < 200 m) of the world's maritime
countries. It assumes, therefore, an exponential decay of catch with
distance from land given most artisanal fishing occurs in relatively
small, sometimes non-motorized vessels, which tend to fish close to
the coast. Data were rescaled to a 0.25° x 0.25° grid, by summing the
estimated proportions within each cell of total catch in Brazilian
waters. These data were used as a proxy for small-scale fishing effort
(Figure 2).

Large-scale fishing effort was mapped using the most recent
processed data available (2010), from the Brazilian programme for sat-
ellite tracking of fishing vessels (Programa nacional de rastreamento das
embarcacées pesqueiras por satélite - PREPS) at a spatial resolution of
0.016° (Ministério da Pesca e Aquicultura, 2012). Adherence to this
programme is mandatory in Brazil for fishing vessels equal to or larger
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FIGURE 2 Fishing effort of
(a) large and (b) small-scale
commercial fisheries in Brazilian
jurisdictional waters. Large-scale
fishing effort represents the
summed proportions of the total
number of signals within each
grid cell for 12 fisheries; small-
scale fishing effort represents the
estimated proportion of the total
catch in Brazilian waters within
each cell (see Section 2 for
details)

1000 km

(a) Fishing effort (%)
I 0.0000 - 0.0002
[ 0.0003 - 0.0008

than 15 m, or that have a gross tonnage equal to or larger than
50 tons, as well as for all vessels - independent of their size - from
the following commercial fisheries: southern red snapper (Lutjanus
purpureus), deep sea red crab (Chaceon notialis), deep sea crab
(Chaceon ramosae), blackfin anglerfish (Lophius gastrophysus), octopus
(Octopus spp.), Brazilian codling (Urophycis mystacea), silvery John
Dory (Zenopsis conchifer), Argentine hake (Merluccius hubbsi),
Argentine shortfin squid (lllex argentinus), and lobsters (Panulirus argus
and Panulirus laevicauda).

Data from Programa nacional de rastreamento das embarcacoes
pesqueiras por satélite are provided separately for 12 fishing activities,
established on the basis of the fishing gear, target species, and areas
of operation. The data represent the density of georeferenced signals
emitted at 1 h by 905 vessels authorized for the aforementioned fish-
eries. It includes only signals from vessels in fishing areas and with a
speed compatible with fishing operations, which varies according to
the fishing activity and vessel characteristics (Ministério da Pesca e
Aquicultura, 2012). To determine the relative fishing effort within grid
cells for each large-scale fishery, the number of signals in each grid cell
was divided by the total number of signals emitted by all vessels of
one fishery. The relative fishing effort for each of the 12 fisheries for
each grid cell was summed and used as a surrogate for large-scale
commercial fishing effort (Figure 2).

Shapefiles of offshore areas currently (June 2017) leased for the
oil and gas industry were obtained from Brazil's National Agency of
and Biofuels

Petroleum, Natural Gas (http://app.anp.gov.br/

webmaps/). These areas were divided into two categories:

0.0353 - 0.1194
0.1195 - 0.4044
0.0009 - 0.0030 |:| 0.4045 - 1.3688
0.0031-0.0104 - 1.3689 - 4.6332
0.0105 - 0.0352 - 4.6333 - 15.6819

(b) Fishing effort (%)
I 0.0000 - 0.0001 0.0179 - 0.0602
[ 0.0002 - 0.0004 0.0603 - 0.2039
0.0005 - 0.0015 |:| 0.2040 - 0.6903
0.0016 - 0.0052 - 0.6904 - 2.3364
0.0053 - 0.0178 [l 2.3365 - 7.9079

‘exploration blocks’ leased for prospecting (e.g. seismic surveys and
well drilling) for hydrocarbon reserves, and ‘production fields', which
consist of areas with commercially viable sources of oil and gas dis-
covered during the exploration phase, already producing, or where
the infrastructure necessary to production is being developed
(Figure 3). The proportion of each grid cell overlaid on oil and gas
exploration/production areas was quantified and used as a measure
of the cell's importance for the hydrocarbon industry.

Data on offshore mining areas were downloaded from the home-
page of Brazil National Department of Mineral Production (http://
www.dnpm.gov.br/assuntos/ao-minerador/sigmine) as of July 2017.
The data included areas licensed for mineral research for a period of
2 or 3 years (i.e. at research authorization phase) and areas being
licensed for or already producing mineral resources (i.e. at mining con-
cession or extraction phases) discovered in the first phase (Figure 3).
The proportion of each grid cell occupied by mining areas was deter-
mined and used as a measure of the occurrence of mining operations
within cells.

2.4 | Conservation prioritization analyses

The Zonation v.4.0 software (Di Minin, Veach, Lehtomaki, Montesino-
Pouzols, & Moilanen, 2014; Moilanen et al., 2005) was used to iden-
tify spatial priorities for expanding the existing MPAs in Brazil. The
algorithm in Zonation produces a complementarity-based hierarchical

ranking of conservation priorities for all cells over an area, accounting
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FIGURE 3 Offshore areas
leased for the oil and gas
industry, mining areas, and the
strictly protected areas
established (as of February 2018)
in Brazilian jurisdictional waters
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for the range size and the weight set for features (Di Minin et al.,
2014). Priority ranking was determined via a reverse heuristic algo-
rithm that sequentially removes single cells based on the criterion of
minimization of marginal loss (i.e. the relative importance of a cell
compared with all others). The cells with the smallest marginal loss are
removed first, and cells with high marginal loss (i.e. top-ranked areas
for conservation) are removed last. The additive-benefit function,
which aggregates conservation value for all species (or other conser-
vation features) within a cell, was used to calculate the marginal loss.
The function, therefore, tends to prioritize cells with the greater num-
ber of species, maximizing the average coverage over all species. This
option is indicated when the data are considered to be a surrogate for
biodiversity as a whole (see Lehtomaki & Moilanen, 2013 for details).
Feature weighting allows Zonation to maintain a balance among
features in analyses outcomes. In the present work, both positive (for
conservation features) and negative (for socio-economic features)
weights were applied in order to produce a spatial priority ranking
that accounts for the needs of multiple seascape uses, and thus avoid
potential conflicts between them (Moilanen et al., 2011). All groups of
species (turtles, birds, mammals, and fishes) received the same aggre-
gate weight (W; = 12.5). Within each group each species weighted the
nth part of the total (e.g. for turtles, each of the five species weighted

1l @0@0e -

500 1,000

T T T T 1]
2,000 km

12.5/5 = 2.5) (Table 1). Ecoregions received an aggregate weight
equivalent to that of the four species groups summed (W; = 50). Large
and small-scale fishing also were weighted equally (W; = -25),
whereas exploration blocks (W; = —8.33333) received half the weight
of production fields (W; = —16.6667). Mining areas at research phase
(W; = —8.33333) also received half the weight of mining areas at con-
cession/extraction phases (W; = —16.6667). The sum of the weights
for conservation (W; = 100) and economic (W; = —100) features was
zero (as in Faleiro & Loyola, 2013; Moilanen et al., 2011).
Prioritization analyses were undertaken considering six spatial
planning scenarios in a way that allows examining trade-offs
between conservation and socio-economic features. First, the soft-
ware algorithm was free to determine which cells had the best
conservation return based solely on biodiversity data and weights
given to them, without considering

any human activity

(‘unconstrained’ scenario; socio-economic activities layers were
included in this analysis with a zero weight). Next, the large-scale
fishing effort (‘large-scale fishing’ scenario), the small-scale fishing
effort (‘small-scale fishing’ scenario), the oil and gas activities (‘oil
and gas’ scenario) and the mining activities (‘mining’ scenario) were
incorporated separately into the prioritization analyses. Finally, an

inclusive multicriteria prioritization incorporating all conservation
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TABLE 1

List of biodiversity and socio-economic features included in the prioritization scenarios and their respective weights assigned in

Zonation. The plus sign indicates that the feature was included in the scenario

Scenario
Feature Weight Unconstrained Large-scale fishing Small-scale fishing Oil and gas Mining All activities
Biodiversity
Fishes +12.5 + + + + + +
Mammals +12.5 + + + + + +
Seabirds +12.5 + + + + + +
Turtles +12.5 + + + + + +
Ecoregions +50 + + + + + +
Socio-economic
Large-scale fishing -25 + +
Small-scale fishing =25 + +
Oil and gas areas -25 + +
Mining areas =25 4 +

and socio-economic features was undertaken to identify areas
where several objectives could be achieved simultaneously (‘all-
activities’ scenario) (Table 1).

In all scenarios, cells that overlap with existing strictly protected
areas (Figure 2) were treated as top priorities for conservation.
Multiple-use MPAs were not considered given the uncertainty around
their effectiveness for biodiversity conservation (Sala et al., 2018).
Thus, results indicated broad priority areas to expand established
MPAs in Brazil by considering the scale of representation of conserva-
tion features in sites that are already protected. All strictly protected
areas (i.e. IUCN categories I-lll or integral protection units, as defined
by Brasil, 2000) that include any marine space and were officially
established prior to the period of the analyses (December 2017), were
included.

Recently, two oceanic MPAs, covering about 116,418.5 km?,
were declared that moved Brazil closer to meeting the quantitative
area requirement of Target 11 (Giglio et al., 2018; Magris & Pressey,
2018). Therefore, we investigated the overlap of the best 10% of cells
under each conservation scenario with each of these MPAs: the
Natural Monuments of Trindade and Martin Vaz Islands and Columbia
seamount (TMV-MPA) and of St Peter and St Paul Archipelago (SPSP-
MPA) (Brasil, 2018a, 2018b; Appendix A). Shapefiles of protected
areas were acquired from the Brazilian Ministry of the Environment

(http://mapas.mma.gov.br/i3geo/datadownload.htm).

2.5 | Scenario comparisons

Results from the prioritization analyses were compared considering
the top-ranked 10% of seascape, in line with the Aichi biodiversity
Target 11 (CBD, 2010). Comparisons were based on: (1) the spatial
overlap among grid cells prioritized in different scenarios; (2) perfor-

mance curves showing the level of representation of biodiversity

features and the percentage of each socio-economic activity displaced
as a function of geographic protection of seascape under each prioriti-
zation scenario; and (3) the number of non-protected species under
each prioritization scenario. Finally, the proportion of species' distribu-
tions represented in the prioritization scenarios was tested for nor-
mality by the Shapiro-Wilk test, which showed that data were not
normally distributed (P < 0.01). In this case, the significance of differ-
ences in species distribution's coverage among planning scenarios was
determined using non-parametric Friedman tests, followed by
pairwise Wilcoxon signed rank tests when the null hypothesis of equal
coverage was rejected.

3 | RESULTS

Considering the potential for synergies between CBD Aichi Targets
11 and 12, high-priority areas for conservation were identified from
the northern equatorial coast (2°N) to the subtropical latitudes at
Brazil's southern boundary (33°S), and encompassed both coastal and
oceanic areas (Figure 4a-f). The scenario including only threatened
species and ecoregions (i.e. the unconstrained scenario) identified pri-
orities mainly in neritic waters and around oceanic islands (Figure 4a).
In contrast, when all socio-economic features were incorporated into
the analysis (i.e. the all-activities scenario), spatial priorities partially
shifted to areas off the coast, mainly in the southern part of the coun-
try (Figure 4f).

The spatial overlap averaged 76.9% across the prioritization sce-
narios, varying from 61.9% (unconstrained scenario vs. all-activities
scenario) to 93.1% (unconstrained scenario vs. oil and gas scenario)
(Table 2). Large areas of the coast of Maranhao, along the northern
coast of Bahia, and on, or close to, the Abrolhos Bank, surrounding
the Rocas Atoll and some oceanic islands (Fernando de Noronha, Tri-

ndade and Martin Vaz), were prioritized under all scenarios
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FIGURE 4 Hierarchical ranking of
conservation priorities determined for the
scenarios (a) unconstrained, (b) large-scale
fishing, (c) small-scale fishing, (d) oil and
gas, (e) mining, and (f) all activities. Areas
in red are priorities for marine protected
areas (MPAs) expansion under the
Convention on Biological Diversity Aichi
target of 10%. Strict MPAs included in
prioritization analyses are also shown
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TABLE 2 Percentage of priority cells for conservation shared
between pairs of prioritization scenarios

UN LF SF 0OG Mi
LF 74.0
SF 86.7 69.5
OG 93.1 714 83.5
MI 91.8 71.7 87.5 89.5
All 619 79.3 653 64.7 64.5

UN: unconstrained scenario; LF: large-scale fishing scenario; SF: small-
scale fishing scenario; OG: oil and gas scenario; MI: mining scenario;
All: all activities scenario.

(Figure 4a-f). The priority cells for conservation common to all scenar-
ios corresponded to 5.8% of the study area (Figure 5).
The unconstrained scenario covered on average 40% of conserva-

tion features' distribution (median: 29.7%). The addition of socio-

economic data in the analysis reduced the mean representation of
conservation features in all scenarios relative to the unconstrained
scenario (Figure 6a-f). However, this reduction varied widely: —2.2%
in the oil and gas scenario, —4.5% in the mining scenario, —7.2% in the
small-scale fishing scenario, —19.7% in the large-scale fishing scenario,
and as much as —31.5% in the all-activities scenario. There were sig-
nificant differences among scenarios in the representation of bird
(Friedman test: Q = 11.6, P = 0.040), fish (Q = 90.8, P < 0.001), and
turtle species (Q = 19.4, P = 0.002), but not for mammal species
(Q = 5.0, P = 0.126) and ecoregions (Q = 2.5, P = 0.767). Pairwise
Wilcoxon tests indicated that the unconstrained scenario provided a
significantly greater coverage for bird species than the oil and gas sce-
nario did, and for fish species when compared with all other scenarios
(except the oil and gas scenario; Figure 7). Also, the difference in rep-
resentation between the unconstrained and other scenarios for turtle

species was marginally non-significant (P = 0.068 for all pairwise

FIGURE 5 Spatial overlap in é
the top 10% of cells for
conservation selected under the
six prioritization scenarios
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comparisons, except that with the commercial fishing scenario,
P =0.317; Figure 7).

From the 118 threatened species considered, five and seven fish
species would not be protected under the large-scale fishing and the
all-activities scenarios respectively. These are the St Paul's Rocks or
Mid-Atlantic Ridge endemics oblique butterflyfish (Prognathodes
obliquus; VU), Saint Paul's gregory (Stegastes sanctipauli; VU), red
scorpionfish (Scorpaenodes insularis; VU), salmon-spotted jewelfish
(Choranthias salmopunctatus; VU), and Smith's triplefin (Enneanectes
smithi, VU), under both the commercial fishing and the all-activities
scenarios, and additionally the sea catfish (Paragenidens aff.
grandoculis; CR) and the striped wormfish (Cerdale fasciata; EN) under
the all-activities scenario. All species would be at least partially
protected under the other four scenarios.

On the other hand, there were major differences among scenarios
in their opportunity costs (Figure éa-f). The inclusion of all socio-
economic features in the all-activities scenario reduced the represen-
tation of large (—18.9%) and small-scale (—28.8%) fishing effort, oil
and gas exploration (—4.2%) and production areas (—7.8%), and min-

eral research (—30.9%) and production areas (—22.7%), relative to the

% of séascape protected

unconstrained scenario. When each socio-economic feature was con-
sidered individually (Figure 6b-e), their representation levels were not
substantially different from that achieved under the all-activities sce-
nario (Figure 6f). Large-scale fishing was the main constraint to repre-
sentation of threatened species and ecoregions and produced the
lowest spatial overlap with the unconstrained scenario (Table 2). The
second-largest constraint was small-scale fishing (Table 2).

To achieve the same mean representation of conservation fea-
tures that the unconstrained scenario would protect at the best 10%
of seascape (Figure 6a), it would be necessary to protect about 16%
of Brazil's EEZ under the large-scale fishing scenario (Figure 6b), 11%
under the small-scale fishing scenario (Figure 6c), 10.3% under the oil
and gas scenario (Figure 6d), 10.7% under the mining scenario
(Figure 6e), and 34% under the all-activities scenario (Figure 6f). Nota-
bly, the proportion of socio-economic features captured at the 34%
seascape target for conservation, under the all-activities scenario, was
lower than the proportion represented at the 10% seascape target,
under the unconstrained scenario: 8.5% for large-scale fishing
(vs. 26.6% under the unconstrained scenario), 14.2% for small-scale
fishing (vs. 42.6%), 7.4% for mineral research areas (vs. 37.4%), 6.1%
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FIGURE 7 Proportion of the (a) Mammals
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for mineral production areas (vs. 28.8%), and 0% for both oil and gas
exploration and production areas (vs. 4.2% and 7.8% respectively).
There was a substantial discrepancy between our spatial priorities
and the recently created TMV-MPA and SPSP-MPA (Appendix 1).
Each MPA individually protects 8.1% or less of the prioritized (top
10%) areas under each scenario (Table 3a). The SPSP-MPA covers a
slightly greater proportion of the best areas for protection based on
the unconstrained scenario than the TMV-MPA does, whereas the lat-
ter includes a greater proportion of the prioritized areas under the all-
activities scenario than the former does. Together, the new MPAs

TABLE 3 Percentage of priority areas for conservation (top 10%)
under each prioritization scenario (a) overlapping and (b) overlapped
by the St Peter and St Paul (SPSP) and Trindade and Martin Vaz
(TMV) marine protected areas

Scenario SPSP TMV Total

(a) Overlapping with

Unconstrained 6.8 4.5 11.4
Large-scale fishing 0.0 4.6 4.6

Small-scale fishing 7.3 4.3 11.7
QOil and gas 6.9 4.5 11.5
Mining 8.1 44 12.5
All activities 0.01 4.5 4.5

(b) Overlapped by

Unconstrained 48.2 223 33.1
Large-scale fishing 0.0 22.3 13.2
Small-scale fishing 54.5 223 35.6
Oil and gas 49.5 223 33.6
Mining 58.8 223 374
All activities 0.05 233 13.8

oG M Al

protect from 4.5% (for the all-activities scenario) to 12.5% (for the
mining scenario) of the best areas for conservation identified in the
present work. The proportion of the SPSP-MPA overlapped by the
best 10% of the seascape ranged from 0% (by the large-scale-fishing
scenario) to 58.9% (by the mining scenario). For the TMV-MPA, the
overlap varied little and ranged between 22.3% (by five scenarios) and
23.4% (by the all-activities scenario). Considering both MPAs, the cov-
erage varied from 13.2% (by the large-scale fishing scenario) to 37.4%
(by the mining scenario) (Table 3b).

4 | DISCUSSION

Although there is a clear conflict between extractive sectors and the
achievement of global commitments for biodiversity, the results rev-
ealed that there is scope for reconciling solutions, demonstrating that
decision-makers do not need to design MPAs in areas of low impor-
tance for conservation in their pursuit of policy targets (Magris & Pre-
ssey, 2018; Spalding et al., 2016). For instance, when socio-economic
activities were integrated into the scenarios, the areas with highest
priority for conservation changed only partially towards lower cost
areas (e.g. offshore areas in the south-east and south Brazilian coast),
where both small and large-scale fishing effort is relatively lower and
there is no seabed mining (Figures 2, 3). Such displacement would
substantially decrease opportunity costs and alleviate conservation
conflicts with all resource users, but especially with one of the most
widespread and important extractive activities worldwide: fishing
(Kroodsma et al., 2018). The incorporation of socio-economic informa-
tion would thus help to achieve a balance between development and
conservation goals, as evidenced by studies in other countries with
broad dependency on sea resources (Jumin et al., 2017; Li et al.,
2019; Mazor et al., 2014). However, explicitly including the broad
range of qualitative elements of the Aichi Target 11 (Rees, Foster,
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Langmead, Pittman, & Johnson, 2018) could create additional trade-
offs, not addressed here, among planning objectives.

In Brazil, as in many countries around the world (Klein et al.,
2008; Mazor et al., 2014), large and small-scale fisheries are the major
constraints for protecting high-priority areas. Given the
growing geographical expansion of marine fisheries (Swartz, Sala,
Tracey, Watson, & Pauly, 2010), the barriers imposed by the fishing
sector to marine protection should increase in the future. Mining
operations are also nationally widespread and had the second greatest
influence on the representation of conservation features, possibly
because of their concentration in nearshore waters, which are rich in
restricted-range species (Pinheiro et al., 2018). The oil and gas sector,
on the other hand, caused only a small loss in representation of threat-
ened species, owing to the relatively broad distributions of most spe-
cies overlapping with concession areas. This result is consistent with
previous findings (Vilar et al., 2015) and reinforces that it is possible to
expand the country's system of MPAs with minimal interference on
the oil and gas sector—responsible for about 12% of the national gross
domestic product in 2011 (Confederacao Nacional da Industria, 2012).
However, with the expected lease of new oil and gas blocks, the
impacts from this sector would worsen in the near future, in particular
on vulnerable deep-sea ecosystems (Almada & Bernardino, 2017).

Some have de facto advocated the consideration of economic
activities in spatial conservation planning to reduce opportunity-costs
and conflicts (e.g. Mazor et al., 2014; Naidoo et al., 2006). This ratio-
nale rests on the implicit assumption that there is considerable spatial
homogeneity in species composition and, hence, that both areas being
and not being used for extractive purposes provide equivalent conser-
vation benefits. The present work, however, shows that avoiding ten-
sions and costs would have some serious biological consequences,
such as the decline in conservation features representation under all
conservation scenarios that include extractive activities (Figure 6a-f).
The reduced performance of scenarios respecting socio-economic
uses in comparison with the unconstrained scenario can be explained
by the spatial overlap between priority sites for conservation actions
and areas currently used for extractive purposes (i.e. most importantly
fishing, but also seabed mining and oil and gas production). The
inclusion of socio-economic data in the planning process may,
therefore, favour relatively cheap areas to the exclusion of costly but
biologically relevant sites (Jenkins & Van Houtan, 2017; Pressey,
Weeks, & Gurney, 2017).

Areas of high relevance for conservation, which are currently
under severe (and low) anthropogenic threats, were revealed by com-
paring the output from the unconstrained scenario with those
obtained when socio-economic activities were integrated. For exam-
ple, St Peter and St Paul's Archipelago, which harbours a high number
of endemic and globally threatened species (Pinheiro et al., 2018),
became unselected for conservation after including large-scale fishing
in the prioritization process (Figure 4a,f). This site is irreplaceable and
has already suffered fisheries-induced functional extinctions (Luiz &
Edwards, 2011). Therefore, a ban of fishing activities and effective
enforcement are required (Giglio et al., 2018). Similarly, nearshore

areas of the south-east and south Brazilian coast that were prioritized

under the unconstrained scenario and in other studies (MMA, 2007;
Vilar et al., 2015; Vilar, Joyeux, & Spach, 2017) were replaced by off-
shore areas under the all-activities scenario. This shift occurred
because the small and large-scale fishing efforts are considerably
lower in these offshore areas (Figure 2) that are also free from mineral
extractive activities (Figure 3). Although these areas are important for
the conservation of deep-sea benthic ecosystems and pelagic species
(Almada & Bernardino, 2017; Kriger et al., 2017), they are currently
far less impacted by extractive activities than nearshore areas
(Figures 2, 3; Halpern et al., 2015). Protecting more vulnerable areas
close to the coast, rather than offshore areas with few anthropogenic
uses, would then be most effective to mitigate expanding threats for
imperilled species (Pressey et al., 2017; Pressey, Visconti, & Ferraro,
2015).

Importantly, over half of the top-ranked 10% of cells for conser-
vation were selected under the six prioritization scenarios, suggesting
a potential win-win situation in these cost-effective cells (Figure 5).
They correspond to spatial mismatches between extractive activities
and biologically valuable areas and highlight opportunities to unify
socio-economic and conservation goals. These areas include large and
remote portions around Rocas Atoll, Fernando de Noronha, and
Trindade and Martin Vaz, where there are many vulnerable species
and relatively fewer threats (Halpern et al., 2015; Pinheiro et al.,
2018). Emerging evidence shows that reefs with low levels of human
disturbance can support high functional diversity and biomass of
fishes, representing refuges for sharks and other predators (D'agata
et al., 2016; Juhel et al., 2019; Letessier et al., 2019). The implementa-
tion of proactive, large-scale initiatives such as the establishment of
large no-take MPAs could safeguard these remaining near-pristine
marine areas, benefiting even highly mobile marine species (Graham &
McClanahan, 2013; Juhel et al., 2019; Speed et al., 2018; White et al.,
2017). But the protection of the more threatened areas (including
island shelves and slopes) by strictly protected areas should remain a
priority, potentially leading to larger positive effects on biodiversity.

The need to minimize negative impacts on socio-economic activi-
ties implies that synergies between conservation targets must be
identified and secured (Di Marco et al., 2016). However, important
gaps in knowledge limit planners' ability to incorporate a broad range
of biodiversity aspects in spatial prioritization strategies (Appeltans
et al,, 2012; Mora, Tittensor, Adl, Simpson, & Worm, 2011). Here,
threatened species of vertebrates were selected as surrogates
because they are targeted by national (MMA, 2014a) and international
conservation policies (CBD, 2010), include key contributors to ecosys-
tems functions (e.g. prey regulation, biocontrol of invasive species,
and nutrient cycling), and are in imminent risk of extinction and will
probably be lost if no action is taken. Their effectiveness as surrogates
for biodiversity, however, is uncertain. We stress the importance of
taking a more comprehensive view and including other biodiversity
components in the conservation prioritization to more fully realize
conservation targets. Among other aspects that could influence the
location of the priority areas and exacerbate the conflict between
conservation objectives and socio-economic activities are ecological

connectivity and the effects of global warming (Magris, Pressey,
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Weeks, & Ban, 2014). Recognizing that some elements of biodiversity
require more protection than others will also make the achievement
of conservation objectives more difficult. Future research incorporat-
ing these and other relevant factors might help identify more effective
MPA networks for the persistence of species.

Brazilian MPAs traditionally have been established without taking
into account the basic principles of spatial conservation prioritization
(Magris & Pressey, 2018). The race to achieve Aichi targets marks a
new opportunity to change this pattern. However, the small overlap
between the top ranked areas for conservation in this study and the
two new oceanic no-take MPAs (Table 3) supports previous criticisms
of the lack of scientific input in the decision-making process (Giglio
et al,, 2018; Magris & Pressey, 2018). Despite having expanded the
country's marine area under legal (but not strict) protection from 1.5%
to about 26%, Brazil still needs to increase its MPA system to meet
Aichi Targets 11 and 12. Among other conditions, to meet Target
11 the areas protected should ‘be ecologically representative’, ‘includ-
ing at least 10% of each ecoregion within the country’ (CBD, 2010).
With 50% (four out of eight) of the country's marine ecoregions still
poorly protected (UN Environment Programme World Conservation
Monitoring Centre & IUCN, 2018), Brazil would need to establish new
MPAs to fulfil its commitments. Our study aiming at maximizing the
conservation of threatened marine vertebrates under different scenar-
ios of anthropic use offers a glimpse into the opportunities, and
choices, that all maritime countries face and will need to consider to
fully achieve Aichi biodiversity targets by 2020 and beyond.
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FIGURE A1 (a) Location of the two no-take marine protected areas (MPAs) created in March 2018 in Brazilian jurisdictional waters (green

polygons), and overlap of our priority areas for conservation (top 10%, shown in red) under each prioritization scenario with (b-g) the St Peter and
St Paul and (h-m) Trindade and Martin Vaz MPAs. Conservation prioritization scenarios: (b, h) unconstrained, (c, i) large-scale fishing, (d, j) small-
scale fishing, (e, k) oil and gas, (f, ) mining, and (g, m) all activities. Note that most of the St Peter and St Paul Archipelago and adjacent waters are
not within no-take areas and that most shallow habitats around Trindade Island are not within any MPA (for details, see Giglio et al., 2018)
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