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Abstract Although Chile has been establishing marine pro-
tected areas since the s, studies to identify representa-
tive areas for marine biodiversity conservation at the
ecoregional scale are lacking. Using the Marxan decision
support tool we conducted a systematic planning process
to identify High Conservation Value Areas in the channels
and fjords of the southern Chile ecoregion. We involved 

experts and other stakeholders in identifying conservation
features, setting targets and compiling distribution data.
Current distributions of  features were used in Marxan
analyses. In one scenario we locked planning units that con-
tained the Francisco Coloane Marine Protected Area. In a
second scenario we also excluded planning units that over-
lapped with Appropriate Areas for Aquaculture, defined by
the Chilean government’s coastal zoning process. One-hun-
dred percent of the proposed conservation targets were met
in both scenarios. Although the distribution of  conser-
vation features overlapped to a certain extent (.%) with
Appropriate Areas for Aquaculture,Marxan identified con-
servation solutions avoiding these areas. Our suggested
portfolio of High Conservation Value Areas comprises a
network of  sites, covering , km (% of the ecore-
gion). These results provide the first science-based road-
map for decision makers and conservationists, and were
used by the Chilean government in its coastal zoning pro-
cess to define priority areas for conservation.
Consequently, salmon farming has been excluded from
Tierra del Fuego island.
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Introduction

International conservation efforts aim to protect the
oceans within representative systems of marine protected

areas, encompassing at least % of coastal and marine areas
by  (CBD, ). However, the rate of progress has been
insufficient to reach this target, and therefore additional ef-
forts are needed (Spalding et al., ; Toropova et al., ).
Many biogeographical provinces are under-protected with-
in the existing network of marine protected areas in Latin
America and the Caribbean region (Guarderas et al.,
), and of particular concern are the unprotected marine
areas of the South Pacific and South Atlantic coasts of Latin
America (Guarderas et al., ; Spalding et al., ; Wood
et al., ; Toropova et al., ).

The Chilean coast of Patagonia is one of the most exten-
sive fjord regions (Pantoja et al., ), and unique oceano-
graphic conditions and coastal heterogeneity have resulted
in high levels of endemism in invertebrates (Häussermann
& Försterra, ; Miloslavich et al., ). The region is also
home to rare and endemic species, such as the Chilean dol-
phin Cephalorhynchus eutropia, the southern sea otter
Lontra felina and the southern river otter Lontra provocax,
and contains critical habitats for marine mammals of global
conservation concern (Aguayo-Lobo et al., ). There are
 marine Important Bird Areas in the region (BirdLife
International, ; Falabella et al., ; Soazo et al., ).

Although these fjord ecosystems provide important ser-
vices to humans, they have not been adequately valued
(Iriarte et al., ). Small-scale and industrial fisheries, as
well as tourism, are growing in southern Chile. The increase
in poorly managed aquaculture, especially of exotic species,
warrants particular attention (Fernández & Castilla, ).
There has been significant growth in salmon farming
(León Muñoz, ), and by  Chile was the second lar-
gest exporter of salmon. However, the industry has been
characterized by poor labour conditions and environmental
degradation (Buschmann et al., ; Díaz Herrero & León
Muñoz, ). As a consequence of its rapid growth, and an
outbreak of salmon anaemia virus in , the industry
plans to expand further into Chilean Patagonia to avoid
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reinfections. Faced with the prospect of having to grant
thousands of concessions for salmon farming the govern-
ment decided to produce a coastal zoning plan and declared
a -year moratorium on aquaculture. This zoning, and the
definition of preferential areas for aquaculture, was carried
out during –, and aquaculture concessions can now
be granted.

Chile’s approach to establishing marine protected areas
has been uncoordinated and the current arrangement and
sizing of existing marine protected areas is flawed
(Fernández & Castilla, ). According to a gap analysis
only .% of its marine and coastal areas and .% of its
exclusive economic zone were protected (IEB, ).
However, the designation of Motu Motiro Hiva Marine
Park in  increased this protection to .%
(Friedlander et al., ). Coarse-scale assessments of exist-
ing marine protected areas, and analyses to identify priority
areas for the conservation of marine biodiversity, have con-
cluded that to meet representation targets for biodiversity
features an extended network is needed, resulting from a
systematic conservation planning approach (Tognelli
et al., , ; IEB, ; Leiva et al., ).

Here we present the results of a participatory science-
driven process to identify areas of high value for marine
conservation in the channels and fjords of the southern
Chile ecoregion (Spalding et al., ). We incorporated
the most comprehensive information available on the distri-
bution of biodiversity features, which will inform future
marine conservation efforts in this ecoregion. We also eval-
uated the overlap between key species and habitats with pro-
posed aquaculture areas to identify potential conflicts
between conservation and the development of this industry.

Study area

Our study area comprises the channels and fjords of the
southern Chile ecoregion (Fig. ), which includes the in-
shore and offshore waters of southern Chile, and a small
portion of the southernmost Atlantic coastal and shelf
waters of Argentina. It covers , km, extending up
to  nautical miles from the shore in most areas.

Methods

In  we initiated a systematic planning process
(Margules & Pressey, ) to identify High Conservation
Value Areas for marine and coastal biodiversity of the chan-
nels and fjords of the southern Chile ecoregion. Our ap-
proach was based on the best available information and
the involvement of various experts, who participated in
two workshops. The first workshop was held in May 

in Santiago, Chile, to facilitate local scientists and managers
to identify conservation features (species, habitats and

processes) and to define conservation targets (the pro-
portion to be conserved). It was attended by  participants
(Supplementary Table S). The second was held in
September  in Punta Arenas, Chile, bringing together
 participants (Supplementary Table S) to analyse the pro-
posed conservation features and targets and to discuss the
available distribution data. Interviews of workshop partici-
pants were also conducted to supplement data collection.

Conservation features and quantitative targets

Georeferenced datasets of the conservation features were
analysed using ArcGIS v.  (ESRI, Redlands, USA) and
the extensions D Analyst, Geostatistical Analyst and
Spatial Analyst. Forty-six layers of spatial information on
the distribution of  features were used to conduct
Marxan analyses (Supplementary Tables S & S).

A conservation target is the amount of the spatial at-
tribute of each feature that planners attempt to capture in
the network of conservation areas. The rationale for setting
specific targets is not well developed and the commonly
used targets are arbitrary (Pressey et al., ). Targets
were established following the method proposed by Galvez
et al. (), which is based on expert evaluation of the cur-
rent status of each feature, its vulnerability and the extent of
its occurrence in the ecoregion.

Targets were expressed as percentages (Supplementary
Table S). Any feature targeted % will act as a seed in
Marxan and will therefore bias the analysis towards these
areas (PacMARA, ). For this reason planning units of
features with targets of % were added manually to the
final solution (PacMARA, ).

Selection of High Conservation Value Areas

High Conservation Value Areas were identified using
Marxan v. . (Ball & Possingham, ; Possingham
et al., ; Ball et al., ) and Zonae Cogito (Segan
et al., ). We usedMarxan to select a network of planning
units such that the total cost of the network was minimized
(Ball & Possingham, ). We parametrized Marxan to
identify networks of High Conservation Value Areas that
met all targets while attempting to minimize the size of
the network and keep it reasonably compact/connected
(Ball & Possingham, ; Possingham et al., ).

We divided our planning region into two areas: () con-
tinental shelf (up to the , m isobath), and () open
ocean (beyond the , m isobath). Hexagonal planning
units of  and  km were used for the continental
shelf and the open ocean, respectively. The smaller planning
units were used to capture the detail and complexity of
channels and fjords on the continental shelf. A total of
, planning units were identified: , in the oceanic
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area, , on the continental shelf, and the others on the
border between these areas.

We conducted the analysis following the guidelines pro-
posed by Ardron et al. (). We used the Zonae Cogito
calibration tool to find an efficient range of boundary length
modifier and species penalty factor values to ensure all tar-
gets were met. The species penalty factor parameter must be
set so that penalties for missing conservation targets are
scaled appropriately (Ardron et al., ). The boundary
length modifier controls the clustering of selected areas in
individual solutions (McDonnell et al., ; Ardron et al.,
). We set the boundary length modifier at . and the
species penalty factor at . For each of our two scenarios
(see below) we produced  Marxan runs, involving 

million iterations.
As every planning unit has a cost, the Marxan solutions

attempt to meet all conservation targets with a minimum
total cost (opportunity, management and acquisition
costs). Cost setting can be used to promote the selection
of planning units in certain areas (i.e. in areas where it is pre-
sumably less difficult to exclude human activities). We
therefore took into account the growing pressure of
human activities on coastal and inland waters, and the po-
tential conflicts of interest among various stakeholder
groups. We then assigned high cost value to planning
units located in these waters. We assigned the oceanic plan-
ning units a base cost of  units. The planning units lo-
cated in coastal and inland waters were assigned a cost of
 units, assuming higher usage and a higher degree of
conflict than in the open ocean, and thus promoting the
selection of offshore planning units.

We producedMarxan solutions for two planning scenar-
ios. In scenario I we locked in all planning units that over-
lapped with Francisco Coloane Marine Protected Area
(Fig. ), which is the only marine protected area in the ecor-
egion and was designated in  to protect the feeding
ground of the humpback whale Megaptera novaeangliae
in Chilean Patagonia. The remaining planning units were
available for selection and were included in the solution.
In scenario II we took into account the Appropriate Areas
for Aquaculture, defined by the government (Serplac
et al., ; Gobierno Regional, a,b,c). We sought a sol-
ution that would avoid these conflict areas, already desig-
nated for salmon farming, and therefore we excluded from
the analysis all planning units that were designated as
Appropriate Areas for Aquaculture (Fig. ). We also evalu-
ated the distribution of the conservation features in those
areas, to identify the species or habitats that would poten-
tially be affected by aquaculture. We also locked in the
units that overlapped with the Francisco Coloane Marine
Protected Area (Fig. ).

For each scenario we obtained a portfolio of High
Conservation Value Areas by using the best Marxan sol-
ution (the solution with the lowest cost). To compare the so-
lutions of both scenarios we used Pressey’s measure of
efficiency (Pressey & Nicholls, ; Stewart et al., )
and the index of compactness proposed by Possingham
et al. (). Efficiency (E) determines the aptitude of the
model to meet the conservation targets, whereas compact-
ness assesses the degree of spatial clustering in the portfolio.
E = –X/T, where X is the number of planning units needed
to meet the constraints and T is the total number of

FIG. 1 The channels and fjords
of the southern Chile
ecoregion, showing the
locations of the Francisco
Coloane Marine Protected
Area (inset) and Appropriate
Areas for Aquaculture.
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planning units. It ranges from  to  (the most efficient sol-
ution). The compactness was estimated as ratio = boundary
length/

√
π × area.

We proposed High Conservation Value Areas based on
the sites selected in the best solution for scenario II. These
sites included patches of two or more connected or immedi-
ately adjacent planning units. Isolated and remote planning
units with few opportunities for implementing effective
management or conservation actions were excluded from
this proposal.

Results

TheMarxan solutions include planning units in both ocea-
nic and coastal areas (Fig. ). All of the proposed conser-
vation targets were met in both scenarios. For scenario I
the total number of planning units selected was ,–
,. In scenario II the solutions included ,–, plan-
ning units. Areas of high selection frequency (i.e. planning
units selected in a high proportion of the  simulations)
were similar in both scenarios (Fig. ). Groups of  and
 planning units were selected in all the solutions obtained
for scenarios I and II, respectively, and were therefore
necessary to meet our targets. Ninety-one percent of the
planning units selected in all simulations in scenario I
were also the highest selected planning units in scenario
II, and there was also a high degree of correspondence
(%) of planning units with high selection frequency
(–%) in both scenarios.

The best solution for scenario I included , planning
units, covering , km, with a perimeter of , km.
The best solution for scenario II included , planning
units, covering , km (.% smaller than scenario I,
although the perimeter was % larger). The compactness
in scenario I was higher than in scenario II (. vs .).
Both scenarios showed the same efficiency to meet the tar-
gets (.). Thus the exclusion of the units assigned to
Appropriate Areas for Aquaculture did not translate into a
greater difficulty to meet the targets in terms of efficiency.

Overlap of Appropriate Areas for Aquaculture and
conservation features

In scenario II we considered  Appropriate Areas for
Aquaculture (, km). The exclusion of  planning
units located in these areas was not a constraint to meeting
all of our  conservation targets. However, the identified
sites differed in size and shape, and the outputs added five
small clusters of planning units % selected in the simula-
tions that were necessary to fulfil the targets (Fig. ).

When we compared the distribution of the Appropriate
Areas for Aquaculture with the extent of occurrence of each
feature we found that several species or habitats overlapped

with these areas; the distribution of  features overlapped
the areas by $ % (Fig. ), including the endemic
Chilean dolphin and the feeding areas of the humpback
whale. The fjords without glacial influence had the highest
overlap with the Appropriate Areas for Aquaculture (% of
their range intersect these areas), although it was still poss-
ible to meet the conservation target for this feature using
planning units outside the Appropriate Areas for
Aquaculture.

Proposed portfolio of High Conservation Value Areas

The suggested portfolio of High Conservation Value Areas
is a network of  sites comprising patches of two or more
connected planning units (Fig. ), based on the best solution
obtained for scenario II. This network includes  sites on
the continental shelf and two in the oceanic area, covering
, km, or % of the ecoregion (Supplementary
Table S). The portfolio covers , km (.%) on the
continental shelf and , km (.%) of the open ocean
adjacent to these areas of the ecoregion. High
Conservation Value Areas had a mean area of , ± SD
, km (range .–, km; Supplementary
Table S). The largest site in the portfolio is the Southern
Cone Seas, which includes both oceanic and continental
shelf areas in Chile and Argentina (Fig. ).

This portfolio could protect the spawning areas of two
fish species (Micromesistius australis and Dissostichus elegi-
noides) that sustain industrial fisheries in the region, and
areas of high abundance of  invertebrate species that sus-
tain artisanal fisheries. The portfolio also includes nine
breeding sites of marine birds and mammals; feeding
grounds of  top predators; areas of presence of  marine
mammals, three algae, and corals; feeding areas of migratory
shorebirds; and nine habitats (Supplementary Table S).
However, because of the exclusion of remote and isolated
planning units it was not totally effective in meeting the
conservation targets of nine features (Supplementary
Table S).

Discussion

There is growing concern about the potential impact of
human activities on Chile’s marine ecosystems (Castilla
et al., ; Buschmann et al., ; Iriarte et al., ),
and the existing marine protected areas are insufficient to
represent the country’s marine ecoregions fully (Guarderas
et al., ; Advanced Conservation Strategies, ). For ex-
ample, the Francisco Coloane Marine Protected Area covers
only .% of the channels and fjords ecoregion. In this
context our results should prove valuable in identifying
High Conservation Value Areas and provide a potential op-
portunity to promote a network of marine protected areas.
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They also identify a preliminary network of conservation
areas that could be developed to improve conservation of
Chile’s marine biodiversity. This network could become
the first step towards achieving the conservation goals set
by the Convention on Biological Diversity (CBD, ).

This portfolio may therefore guide future decisions about
marine policy, including where to invest conservation re-
sources, the identification of potential conflicts, and the
identification of biodiversity offset areas to mitigate the
negative effects of development projects.

FIG. 2 Comparison of spatial array of High Conservation Value Areas identified for two planning scenarios in the channels and
fjords of the southern Chile ecoregion (Fig. ), based on the frequency of selection of planning units across  optimal solutions of
Marxan. (a) Scenario I included all planning units within the Francisco Coloane Marine Protected Area. (b) Scenario II included all
planning units within the Francisco Coloane Protected Area and excluded those that overlapped Appropriate Areas for Aquaculture in
Scenario I.

FIG. 3 Percentage overlap between the distribution range of conservation features and Appropriate Areas for Aquaculture in the
channels and fjords of the southern Chile ecoregion (Fig. ).
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Although national, coarse-scale assessments have been
carried out to identify areas for marine conservation in
Chile, our work is the first attempt to identify High
Conservation Value Areas at a finer resolution. Our re-
sults concur, in general, with previous broad-scale assess-
ments (Supplementary Table S). Regardless of which
features and targets are used,  of the  areas we ident-
ified are located within latitudinal bands of . that were
defined by Tognelli et al. () as irreplaceable. Leiva
et al. () also identified four sites of high priority
for the conservation of the open ocean portion of the
ecoregion, two of which showed a high degree of concur-
rence with the oceanic areas we identified. We also ob-
served a significant overlap between our results and
those reported by IEB (). The Chilean Ministry of
Environment chose a set of six marine priority areas
for conservation, based on an expert-driven approach
(CONAMA, ). Although this involved biases asso-
ciated with experts’ uneven knowledge of regions and
taxa (Cowling et al., ), five sites identified by
CONAMA overlap with our results. The two northern-
most areas we identified in the ecoregion are included
in a marine protected area proposal being promoted by
OCEANA and the Tortel Council (). Thus both
broad-scale systematic conservation planning and expert-
driven approaches support our portfolio of High
Conservation Value Areas, even though it also reflects
several gaps in marine biodiversity conservation for the
ecoregion.

Conservation and Appropriate Areas for Aquaculture

The conservation scenarios did not change substantially
when the Appropriate Areas for Aquaculture designated
by the government were excluded from the analysis.
Although solutions for scenario II may be more useful to
minimize potential conflicts between conservation and
aquaculture, the Appropriate Areas for Aquaculture are lo-
cated in remote places where fine-scale data are lacking, and
the lack of potential conflict may reflect this. Scenario I had
the lowest objective function value but the area was larger
and involved more planning units than scenario II. Only
% of the available planning units (,) were locked by
the presence of Appropriate Areas for Aquaculture, and
the distribution of conservation features under analysis
was assumed to be homogeneous, because of the lack of in-
formation on densities or population sizes in each planning
unit.

Despite the fact that it was possible to create a network
that met all our targets even when the Appropriate Areas
for Aquaculture were excluded, there was a significant de-
gree of overlap between the ranges of several conservation
features and the areas designated for aquaculture.
Consequently, the potential impacts of salmon farming on
conservation targets outside High Conservation Value
Areas may be important and should be minimized.
Environmental concerns regarding salmon farming in
Chile include modification of benthic communities, in-
creased nutrient loads in coastal waters and harmful algal

FIG. 4 Proposed portfolio of
High Conservation Value
Areas for the channels and
fjords of the southern Chile
ecoregion, based on the best
solution output (achieving
targets at the minimum cost)
obtained for scenario II using
Marxan. Site numbers
correspond to those in
Supplementary Table S.
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blooms, increased harvests of wild fish for fish feed, use of
chemicals, and escape of farmed salmon into the wild
(Buschmann et al., ). Interactions between aquaculture
facilities andmarine mammals may include injury andmor-
tality as a result of entanglement (Würsig & Gailey, ).

Given the expected growth of aquaculture in the ecore-
gion we recommend that each proposed aquaculture con-
cession be evaluated with reference to our portfolio of
High Conservation Value Areas and the underlying spatial
database of biodiversity information. Market standards for
aquaculture certification have been developed to minimize
the effects of salmon farming on critical habitats and spe-
cies, including protected areas and High Conservation
Value Areas (Steering Committee of the Salmon
Aquaculture Dialogue, ); for example, a specific indi-
cator has been designed to ensure a farm is aware of any
nearby critical, sensitive or protected areas, understands
the impacts it could have on those areas, and has an oper-
ational plan in place to address any potential impacts. Our
database and analysis may be used to address potential im-
pacts of aquaculture concessions on the marine biodiversity
of the region and to define mitigation or offset strategies on
a case-by-case basis (BBOP, ).

Our results were shared with the government and in-
cluded in its coastal zoning process. Based on our recom-
mendations areas along the coasts of Tierra del Fuego
island that had been previously destined for salmon farming
were no longer designated for this purpose.

Data analyses

Our analysis was conducted using two sizes of planning
unit. The smaller planning units on the continental shelf
were used to capture the detail of channels and fjords, and
data resolution was higher for inland waters. Ardron et al.
() warned about a bias effect in the use of different-sized
planning units and described the effects of using larger off-
shore units and smaller inshore ones. They suggested that
small planning units were chosen almost twice as often as
larger ones. Although Ardron et al. () also recognized
that some planning processes require the use of natural
units of analysis that may be of variable size, our results
must be interpreted cautiously because the different-sized
planning units could bias site selection towards coastal
areas. However, as most of the conservation features with
coastal distribution are not found in offshore waters and
vice versa we do not expect a significant bias in our analysis.

Considering the growing pressure of human activities
and potential conflicts of interest in coastal waters, we also
increased the cost of inshore planning units. In our analysis
the cost of each planning unit did not directly reflect the po-
tential economic value of its alternative human uses (oppor-
tunity cost) or the direct costs of implementing conservation

areas. In terms of incorporating costs into the analysis we
assumed that implementation of conservation areas would
be less difficult in oceanic waters than in inland waters,
where there are greater demands for human use, and politi-
cal barriers to conservation. To consider more comprehen-
sively the multiple costs of a portfolio of High Conservation
Value Areas and improve the chances of its implementation
we are beginning a process that incorporates economic and
social costs into the analysis. The use ofMarxan with Zones
(Watts et al., ) will facilitate optimal allocation of re-
sources to multiple-zone configurations, incorporating eco-
logical, social and economic costs into a systematic planning
framework.

The robustness of the results of this analysis relies on
the accuracy and representativeness of the information
used. This marine ecoregion combines fjords and
difficult-to-navigate rugged coastlines with unfavourable
weather conditions during most of the year, which
make it difficult to access remote areas and develop sys-
tematic research on species abundance and distribution.
This is reflected in the quality and representativeness of
the data and is a weakness of the analysis. However, we
used the most reliable and up-to-date information pro-
vided by experts, combined with the opinions of a wide
range of stakeholders.

In this context two weaknesses in the datasets should be
considered. We used sighting data collected opportunisti-
cally as a proxy to identify distribution areas for several spe-
cies, and this approach involves biases. Sightings are
correlated to navigation routes, populated areas and
human activities, and may also be biased by weather condi-
tions. Secondly, the research effort on distribution of habi-
tats and species has not been spatially homogeneous and has
been limited in remote areas with harsh environments. In
such cases inaccurate or incomplete data should not limit
the development of conservation planning efforts
(Grantham et al., ). Inherent limitations of spatial
analysis and conservation planning, mostly related to data
quality and availability, highlight the importance of de-
veloping adaptive processes and explicit mechanisms to re-
vise and update the information to be used over the next –
 years, incorporating new findings to ensure this portfolio
of High Conservation Value Areas is kept up to date. Future
efforts should be directed to adapt and improve the analysis
by expanding surveys to include other important features
and/or enhanced information on the distribution of conser-
vation objects used; improving distribution data where fea-
sible (i.e. modelling distributions); incorporating the
potential effects of threats; considering the financial, politi-
cal and social feasibility or costs of implementation
(Murdoch et al., ); using informed opportunism guided
and supported by local communities (Game et al., );
and improving quantitative targets based on species–area
curves (Heiner et al., ).
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