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a b s t r a c t
While efforts to meet international commitments to counter biodiversity declines by establishing
networks of marine protected areas (MPAs) continue, assessments of MPAs rarely take into account
measures of effectiveness of different categories of protection, or other design principles (size, spacing,
governance considerations). We carried out a meta-analysis of ecological effectiveness of IUCN Categories
I–II (no-take), IV and VI (MPAs) compared to unprotected areas. We then applied our ecological effectiveness estimates – the added beneﬁt of marine protection over and above conventional ﬁsheries management – to a gap analysis of existing MPAs, and MPAs proposed by four indigenous groups on the Central
Coast of British Columbia, Canada. Additionally, we assessed representation, size, spacing, and
governance considerations against MPA design criteria outlined in the literature. We found signiﬁcant
differences in response ratios for IUCN Categories IV and VI MPAs compared to no-take reserves and areas
open to ﬁshing, although variability in responses was high. By rescaling the predicted ecological effectiveness ratios (including conﬁdence estimates), we found that, compared to no-take reserves (biodiversity
conservation effectiveness 100%) and open ﬁshing areas (0% additional biodiversity contribution over
and above conventional ﬁsheries management), IUCN Category IV had a predicted effectiveness score
of 60%, ranging between 34% and 89% (95% lower and upper conﬁdence intervals, respectively), and IUCN
Category VI had a predicted effectiveness score of 24% (ranging between 12% and 72% for the 95% lower
and upper conﬁdence intervals, respectively). We found that the existing MPAs did poorly when compared against most MPA design criteria, whereas the proposed MPA network achieved many of the best
practices identiﬁed in the literature, and could achieve all if some additional sites were added. By using
the Central Coast of British Columbia as a case study, we demonstrated a method for applying empirically-based ecological effectiveness estimates to an assessment of MPA design principles for an existing
and proposed network of MPAs.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Networks of marine protected areas (MPAs) are increasingly
being designed and implemented throughout the world to meet
a diversity of conservation, food security and ﬁsheries management objectives (Grorud-Colvert et al., 2014). MPAs range from
strict no-take areas where all extractive activities are prohibited
and people are restricted from visiting, to areas with sustainable
use of natural resources. As a collection of individual MPAs operating cooperatively and synergistically, at various spatial scales, MPA
networks typically encompass a range of protection levels (Dudley,
⇑ Corresponding author. Tel.: +1 250 853 3569.
E-mail address: nban@uvic.ca (N.C. Ban).
http://dx.doi.org/10.1016/j.biocon.2014.09.037
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2008; Kelleher and Kenchington, 1992). While individual MPAs
and MPA networks are often established to meet biodiversity conservation and sustainable use objectives, other goals also exist
(Jupiter et al., 2014). In particular, in some regions, indigenous
and local people are using marine spatial planning, including
MPAs, as a way to secure access to marine resources and assert
their management and constitutional rights (e.g., territorial user
rights for ﬁsheries, TURFs, Castilla and Defeo, 2004; Gelcich et al.,
2012; locally managed marine areas, Johannes, 2002).
When biodiversity conservation is an overarching objective,
designing effective MPA networks requires information about
region-speciﬁc ecological MPA network design principles and
governance good practices to ensure effective planning processes,
subsequent management, and compliance (Burt et al. 2014).
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Ecological MPA design principles are well-established in the literature, although region-speciﬁc guidelines are less prevalent. Many
academic publications outline representation, size, shape and spacing design guidelines (e.g. Airamé et al., 2003; Ballantine, 1997;
Botsford et al., 2003; Friedlander et al., 2003; Halpern, 2003;
Roberts et al., 2003; Shanks et al., 2003). Moreover, a growing
number of review articles (Foley et al., 2010; McLeod et al.,
2008), reports by international agencies (International Union for
the Conservation of Nature, IUCN; Commission for Environmental
Cooperation, CEC) and collaborative endeavors (Fernandes et al.,
2012) synthesize scientiﬁc guidelines so they can be applied to
regional MPA networks by managers and policy makers. Increasingly, governance principles are also incorporated into guidelines.
These can be summarized into six thematic principles and practices: (1) legitimacy; (2) inclusion and fairness; (3) capacity and
performance; (4) coordination and collaboration; (5) knowledge
integration and adaptability; and (6) transparency and accountability (Burt et al., 2014).
Applying ecological MPA design principles requires ecological
data, yet data are almost always limited. Habitat types are commonly used as proxies for species and biodiversity, and studies
have shown that use of such surrogates better represents biodiversity than selecting MPAs at random (Beger et al., 2007; Sarkar et al.,
2004; Ward et al., 1999). Similarly, a study that tested the effect of
limited spatial data in identiﬁcation of conservation priority areas
showed that, even with very few biological or physical datasets,
the general patterns of priority areas to protect remained consistent (Ban, 2009). Traditional ecological knowledge (TEK) is another
source of information that can be used directly (i.e., as data points)
or indirectly (i.e., by asking indigenous people for MPA placement
preferences) in MPA design (Ban et al., 2009). Thus, there is a general consensus that it is better to move forward with planning
despite data limitations, rather than postponing planning efforts
and risk further biodiversity loss.
The ecological beneﬁts of no-take MPAs have been well-studied
(e.g., Halpern and Warner, 2002; Stewart et al., 2009), but we know
much less about the ecological effectiveness of other kinds of MPAs
(Lester and Halpern, 2008; Sciberras et al., In press). Yet many MPA
networks are designed with multiple objectives in mind (e.g., biodiversity conservation, sustainable ﬁsheries, improved livelihoods,
food security, adaptive capacity for climate change) and thus are
comprised of – and strive to establish – multiple areas spanning
a spectrum of protection levels. The IUCN developed a system to
categorize protected areas in 1994 (IUCN World Commission on
Protected Areas and World Conservation Monitoring Centre,
1994), updated in 2008 (Dudley, 2008). The purpose was to reduce
confusion about the many kinds of protected areas that exist internationally, provide standards for reporting on progress of protected area establishment, and facilitate a way to use and
compare data on protected areas. The categories have been reﬁned
since the initial iteration, and, despite some debate about the
details of the category system (Boitani et al., 2008), they are widely
used in reporting progress on protected areas to international
bodies such as the Convention on Biological Diversity (CBD). Thus,
an important knowledge gap for designing future networks of
MPAs is the evaluation of trade-offs between ecological and
socio-economic effectiveness of partially protected areas designed
to meet conservation, food security and ﬁsheries management
objectives.
Several studies have begun to look at the effectiveness of partially protected areas, with two reviews to date. Lester and
Halpern (2008) synthesized 20 peer-reviewed publications that
reported biological responses of no-take versus partially protected
areas. They found that partially protected areas resulted in higher
ecological metrics than open access areas, but did not have the
same level of ecological beneﬁts as no-take areas. Similarly,
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Sciberras et al. (In press) examined the effectiveness of fully and
partially protected areas compared to areas fully open to extraction
and use by humans. They found that no-take areas yielded
signiﬁcantly higher biomass of ﬁsh within their boundaries than
partially protected areas, and that partially protected areas also
signiﬁcantly enhance density and biomass of ﬁsh relative to open
areas. However, neither of these studies differentiated between
kinds of partial protection by IUCN Category nor were multiple
MPA objectives addressed. The main objective of our research
was to empirically estimate effectiveness of different IUCN Categories, and demonstrate how effectiveness ratings can be used to
assess marine spatial plans.
The marine waters of Paciﬁc Canada, in the Province of British
Columbia (BC) are one region where networks of MPAs are being
designed and discussed but have not yet been implemented (Ban
et al., 2013a). Here, indigenous people, referred to as First Nations
in Canada, are engaged in developing visions for management of
the marine portion of their territories (e.g., see http://www.coastalﬁrstnations.ca/). Despite jurisdictional uncertainties due in part
to the lack of treaties, many coastal First Nations are proceeding
with developing marine use plans, including biodiversity conservation components, with the intention that they will implement
them in partnership with provincial and federal governments.
The Central Coast of B.C. is one of several regions, where four First
Nations (Heiltsuk, Kitasoo/Xai’Xais, Nuxalk and Wuikinuxv
Nations) have collectively developed a draft marine use plan,
including areas proposed for conservation (hereafter referred to
as ‘‘proposed MPAs’’) (see http://ccira.ca/ for more information).
An intensive traditional ecological knowledge (TEK) study provided information by and for the First Nations in development of
their draft plans, which also incorporated the best quantitative
ecological and socio-economic data available. Existing MPAs in
the region were considered and included in the draft plans, often
with a recommendation for stricter protection. At the request of
the four Central Coast First Nations, we assessed the proposed
MPA network against ecological and governance good practices
identiﬁed in the literature (see Burt et al., 2014 for details). Specifically, we asked, how well do existing and proposed MPAs, classiﬁed by IUCN protection Category, meet ecological and
governance good practices? And, what areas could be added to
achieve biodiversity conservation objectives? To empirically estimate the potential ecological effectiveness of the existing and proposed MPAs in BC, we derived a metric of effectiveness afforded by
partial protected areas based on a meta-analysis of MPAs from
around the world, spanning IUCN protection Categories.

2. Methods
2.1. Ecological effectiveness of IUCN Categories
We used the IUCN protected area categories as a framework for
categorizing MPAs by the level of human uses allowed within them
(Day et al., 2012; Dudley, 2008). These range from strict protected
areas that are commonly no-go areas (Category Ia), to areas that
protect ecological processes by prohibiting almost all extractive
activities (Categories Ib and II), to areas that allow some limited
extraction (Category IV), to those that focus on sustainable use
(Category VI) (Table 1). In our analysis, we focused on IUCN Categories Ia and b, II, IV and VI as they represent a gradient of allowed
human uses, while Categories III and V are more ambiguous in
allowable uses, and are less prevalent (Table 1).
We conducted a meta-analysis of peer-reviewed scientiﬁc literature documenting and comparing the effects of fully-protected
no-take areas to partially protected areas, and partially protected
areas to no protection (i.e., to areas with conventional ﬁsheries
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Table 1
IUCN protected area Categories Text based on: http://cmsdata.iucn.org/downloads/iucn_categoriesmpa_eng.pdf and http://www.iucn.org/about/work/programmes/gpap_home/
gpap_quality/gpap_pacategories/.
Category

Description

Primary objective

Other relevant objectives or notes

Ia: Strict nature
reserve

Strictly protected areas that protect biodiversity
and geological/geomorphological features,
where human visitation, use and impacts are
strictly controlled and limited to ensure
protection of the conservation values. Can serve
as indispensable reference areas for scientiﬁc
research and monitoring
Usually large unmodiﬁed or slightly modiﬁed
areas, retaining their natural character and
inﬂuence, without permanent or signiﬁcant
human habitation; protected and managed so as
to preserve their natural condition

Conserve regionally, nationally or globally
outstanding ecosystems, species (occurrences or
aggregations) and/or geodiversity features,
formed mostly or entirely by non-human forces
and will be degraded or destroyed when
subjected to all but very light human impact

Conserve cultural and spiritual values
associated with nature; Be managed for
relatively low visitation by humans

Protect the long-term ecological integrity of
natural areas that are undisturbed by signiﬁcant
human activity, free of modern infrastructure
and where natural forces and processes
predominate, so that current and future
generations have the opportunity to experience
such areas

II: National park

Large natural or near natural areas that protect
large-scale ecological processes, along with the
complement of species and ecosystems
characteristic of the area, which also provide a
foundation for environmentally and culturally
compatible spiritual, scientiﬁc, educational,
recreational and visitor opportunities

Protect natural biodiversity and underlying
ecological structure and supporting
environmental processes, and to promote
education and recreation

III: Natural
monument or
feature

Protect a speciﬁc natural monument, which can
be a landform, sea mount, submarine cavern,
geological feature such as a cave or even a living
feature such as an ancient grove. They are
generally quite small protected areas and often
have high visitor value
Aim to protect particular species or habitats and
management reﬂects this priority. May need
regular, active interventions to address the
requirements of particular species or to maintain
habitats
Interaction of people and nature over time has
produced an area of distinct character with
signiﬁcant ecological, biological, cultural and
scenic value; safeguarding the integrity of this
interaction is vital to protecting and sustaining
the area and its associated nature conservation
and other values
Conserve ecosystems and habitats, and
associated cultural values and traditional natural
resource management systems. Generally large,
with most of the area in a natural condition,
where a proportion is under sustainable natural
resource management and where low-level nonindustrial use of natural resources compatible
with nature conservation is seen as one of the
main aims of the area

To protect speciﬁc outstanding natural features
and their associated biodiversity and habitats

Enable indigenous communities to
maintain their traditional wilderness-based
lifestyle and customs, living at low density
and using the available resources in ways
compatible with the conservation
objectives; free of modern infrastructure,
development and industrial extractive
activity
Take into account the needs of indigenous
people and local communities, including
subsistence resource use, insofar as these
will not adversely affect the primary
management objective; support compatible
economic development, mostly through
recreation and tourism, that can contribute
to local communities
To conserve traditional spiritual and
cultural values of the site

Ib: Wilderness
area

IV: Habitat/
species
management
area
V: Protected
landscape/
seascape

VI: Protected
area with
sustainable
use of natural
resources

To maintain, conserve and restore species and
habitats

Not strictly protected from human use

To protect and sustain important landscapes/
seascapes and the associated nature
conservation and other values created by
interactions with humans through traditional
management practices

To maintain a balanced interaction of
nature and culture through the protection
of landscape and/or seascape and associated
traditional management approaches,
societies, cultures and spiritual values

Protect natural ecosystems and use natural
resources sustainably, when conservation and
sustainable use can be mutually beneﬁcial

Promote sustainable use of natural
resources, considering ecological, economic
and social dimensions; integrates other
cultural approaches, belief systems and
world-views within a range of social and
economic approaches to nature
conservation

management). We used the data that were collected by Sciberras
et al. (In press) (see Supplementary Materials in Sciberras et al.,
In press for the studies, selection criteria, response ratios, and variances; n = 40 studies for 51 MPA case-studies for partial protection
over no protection, and 22 for partial protection over full protection). These studies investigated the effects of fully and partially
protected areas on ﬁsh taxa; most of these studies were based on
after control-impact designs, with some before-after controlimpact (BACI) designs (Sciberras et al., In press). Our work expands
on Sciberras et al. by re-analyzing their data using the IUCN protected area classiﬁcation framework. We categorized data from
partially protected areas into IUCN Categories using the following
decision rules. If available, we used the IUCN Category listed in
the Protect Planet Ocean website (www.protectplanetocean.org).
If no entry was found or the MPA was not categorized, we used
the original study to obtain information about permitted activities
(see Supplementary Tables 4 and 5). We used the descriptions of

IUCN Categories and allowable activities by IUCN Category as
implemented by the Great Barrier Reef Marine Park Authority as
guidelines for allocating categories to MPAs. When the original
study and additional web searches did not reveal information
about permitted and excluded uses, we used the questionnaire
responses provided by Sciberras et al. (In press) to assign
categories. When their results indicated areas that allowed ﬁshing
practices destructive or damaging to bottom habitats, we assigned
them as IUCN Category VI. This was based on the classiﬁcation by
the Great Barrier Reef Marine Park Authority, which permits trawling in their Category VI. When destructive ﬁshing was prohibited,
ﬁshing practices were selective and unlikely to impact non-target
species, we assigned them as IUCN Category IV.
Following methods by Sciberras et al. (In press), we used a
weighted meta-analytical approach to quantify the response of ﬁsh
to spatial protection. Effect sizes were weighted to give a greater
contribution to the most robust studies (i.e., those with small
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sample variances). We used a mixed effects linear model applying
the DerSimoniam–Laird estimator, with the random effect being
the individual MPA and the ﬁxed effect being protection status
(no-take areas, IUCN Category IV and VI, and no protection). We
carried out meta-analyses by IUCN Category for partially protected
areas over no protection, and no-take areas over partially protected
areas for density (number of ﬁsh per unit area) and biomass (estimated weight of ﬁsh) of ﬁsh assemblages, the two measures of
MPA effectiveness used by Sciberras et al. (In press). To obtain
the overall effectiveness, we also used a mixed effects linear model
that included the response ratios of both density and biomass by
IUCN Category (Cooper et al., 2009). The mixed effects linear model
output provides a predicted estimate, as well as the upper and
lower 95% conﬁdence intervals.
To obtain a global ecological effectiveness estimate for IUCN
Categories IV and VI compared to open and no-take areas, we rescaled the predicted estimate, and lower and upper 95% conﬁdence
intervals, such that open ﬁshing areas have a value of 0, and notake areas a value of 1, using the following formula:

zi ¼

xi  open fishing area
no take area  open fishing area

where zi is the rescaled data (i.e., IUCN Category IV and VI), and xi is
the original data (predicted estimate, upper, and lower conﬁdence
intervals). In order to assess the possible range of effectiveness
given variability in the data, we rescaled the data for the predicted
estimate, and for the lower and upper 95% conﬁdence intervals. All
analyses were carried out in R using the Metafor package
(Viechtbauer, 2010). These ecological effectiveness estimates
indicate the added beneﬁt of biodiversity conservation beyond conventional ﬁsheries management (i.e., the percentages are not meant
to represent the probability of persistence). Thus areas under conventional ﬁsheries management are given a 0 (or 0%), as they do
not have an added biodiversity beneﬁt over and above conventional
ﬁsheries management, and no-take areas get a score of 1 (or 100%),
as they are the most effective means of biodiversity conservation
(assuming full compliance).
2.2. Ecological principles
We assessed the ecological effectiveness of the MPAs proposed
in the Central Coast Marine Use Plan in two ways. First, we
reviewed the written portion of the Central Coast Marine Use Plan
to gauge which of the ecological principles and guidelines deﬁned
in Burt et al. (2014) (i.e., 1. represent all habitats, 2. protect unique,
important and vulnerable sites and species, 3. replicate the protection of habitats and features within spatially-separated MPAs, 4.
facilitate the connectivity of populations between MPA sites
through appropriate size and spacing and 5. mitigate human disturbances and impacts) were mentioned, clearly deﬁned, and had
a strategy for achieving them. Second, we analyzed the extent to
which the existing and proposed MPAs achieved these principles
and guidelines. For the existing MPAs, we assigned IUCN Categories
based on jurisdictional management ability rather than intent (i.e.,
the provincial government has limited jurisdictional authority to
manage the water column) (Fig. 1). The existing MPAs within the
study area included a range of Provincial protected areas (Conservancies, Provincial Parks, Protected Areas and Ecological Reserves)
as well as Federal Rockﬁsh Conservation Areas (RCAs), Sponge Reef
Closures – both of the latter have permanent ﬁshery closure for
some gear types but not all – and the pending Scott Islands Wildlife
Management Area (Supplementary Table 1 and Supplementary
Fig. 1). IUCN Categories of the proposed MPAs were assigned by
the First Nation Technical Planners based on the proposed allowable activities within the sites.
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2.2.1. Representation, and protection of unique sites and species
Assessing representation involved assembling data, setting targets, and a gap analysis. First, we collated spatial information on
features (e.g., species, habitats, and physical characteristics such
as depth classes), data that had already been assembled and made
available by the BC Marine Conservation Analysis (BCMCA) project
for the Central Coast region (n = 364 features) (Ban et al., 2013a).
Second, we used representation targets provided by the BCMCA
project because they align with internationally recognized good
practices (Burt et al., 2014) and speciﬁcally account for endangered, rare, and other unique species and habitats in BC (Ban
et al., 2013a). The BCMCA project convened experts to discuss conservation targets (Ban et al., 2010), and the BCMCA project team
subsequently developed a standardized set of targets (Ban et al.,
2013a). We used their medium and high target scenarios, which
recommend 40% and 60% representation for special features,
respectively (i.e., special features are those that are listed as endangered or threatened, had a high recommended target range by
experts, and/or were identiﬁed as unique or distinctive), and 20%
and 30% representation for other features. Finally, we used the
effectiveness scores estimated above (the predicted estimate, and
the lower and upper 95% conﬁdence intervals) to assess the realized level of representation by existing and proposed MPA
networks:

REfeature ¼

VI
X

Ri  ESi

i¼Ia

where REfeature is the realized level of representation for a feature, i
is the IUCN Categories (starting at Ia, ending with VI), R i is the
representation in the corresponding IUCN Category, and ESi is the
effectiveness score for the IUCN Category.
The gap analysis to determine representation was performed in
ArcGIS, using the spatial resolution of the planning units developed
for the region (1 km by 1 km grid). Planning units which had less
than 50% of their area contained within the boundary of an MPA
were not included, with the exception of those planning units
which straddled the marine/terrestrial boundary.
2.2.2. Replication
To assess the degree of replication present in existing and proposed MPAs, we determined whether conservation features were
included in three or more spatially separated MPAs. While no clear
guideline exists about the number of replicates that are necessary,
three is a commonly suggested number (Fernandes et al., 2012;
IUCN, 2008). Similarly, no clear guidelines exist about suitable
minimum size of MPAs that should count as replicates, or minimum separation distances. We used the ecoregions and oceanographic regions, and selected several key habitat types (hereafter
referred to as key features) to carry out this assessment. The key
features were chosen to represent key habitat types that are
important for many species and for which we had spatial data,
such as kelp beds, eelgrass beds, areas of high rugosity (a proxy
for rocky reefs and species richness (Ardron, 2002)), and high tidal
current areas (a proxy for high productivity) (for key habitats of
ﬁshes, see Appendix A in Burt et al., 2014). We considered conservation features to be included if the size of the protected area was
at least 10 km2 and we calculated the percentage each conservation feature contained within the individual protected area. The
10 km2 size threshold was based on information about key species
in BC (Fig. 3 in Burt et al., 2014), and captures the adult movement
of species with no, limited and small movements.
2.2.3. Size, shape, connectivity
We assessed the size, shape and connectivity of MPAs proposed
in the Central Coast Marine Use Plan at the scale of the whole MPA
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Fig. 1. MPAs by IUCN Category for the study region for (a) existing MPAs (categories assigned by us based on managed uses) and (b) proposed MPAs as part of the Central
Coast Marine Use Plan (categories assigned by First Nations Technical team based on proposed conservation measures).

network. We characterized the size (area), shape (ratio of area to
boundary), and connectivity (distance between MPAs using path
distance tool in ArcGIS). We carried out the connectivity assessment for areas >10 km2 for existing and proposed networks of
MPAs. More speciﬁcally, we assessed whether sites were considered to be in close enough proximity (<20 km apart) to have a

reasonable likelihood of being connected via adult and larval dispersal (Burt et al., 2014). To assess the potential for population
connectivity among MPAs, adult and larval movement would need
to be estimated with a spatially-explicit dynamic model. Neither of
these were readily available for BC, and hence our assessment only
examined the average distance between MPAs. While various
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guidelines exists for minimum spacing between MPAs, a common
recommendation is that MPAs should be separated by no more
than 20 km (Burt et al., 2014).
2.2.4. Mitigating human impacts
We also assessed how much of existing and proposed MPAs are
no-take areas – where no extractive areas are allowed (IUCN Categories I and II, although Ib and II do allow for indigenous use).
2.3. Governance principles
We assessed the text of the draft Central Coast Marine Use Plan
against the governance good practices (Burt et al., 2014, Appendix
E). Carrying out the assessment involved reviewing the document
in detail, and matching text to the governance principles. Our
assessment is only of the written document, and does not consider
whether the principles will be effectively implemented. Thus, if a
principle or good practice is not mentioned, it does not necessarily
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mean that it is not going to be addressed. Similarly, if a principle or
good practice is mentioned, that does not mean that it is necessarily going to be followed.

2.4. Biodiversity conservation priorities
We used a decision support tool, Marxan (Ball et al., 2009), to
identify conservation priorities that could ﬁll any gaps in current
and proposed MPA representation. We used the spatial data and
targets collated and set by the BCMCA project (Ban et al., 2013a).
Marxan seeks to meet representation targets while minimizing a
cost function. To account for the effectiveness of different
categories (i.e., the proportion of contributions of different IUCN
Categories) we adjusted the targets to reﬂect the ‘‘effective
amount’’ of features contained within existing or proposed protected areas. We used the predicted ecological effectiveness estimates in this analysis. The new target value reﬂects the amount
held in existing or proposed MPAs, plus the additional amount

Fig. 2. Mean response ratios of ﬁsh assemblage for (a) no-take areas (NTA) compared with IUCN Categories IV and VI, and (2) IUCN Categories IV and VI and areas with no
protection. Error bars represent 95% conﬁdence intervals. ‘‘All’’ combines density and biomass metrics. A response ratio of 1 (dashed line) represents equal ﬁsh density or
biomass inside the no-take areas and partially protected areas. In (a), a response ratio >1 means more and/or larger ﬁsh inside the no-take area, and <1 means fewer and/or
smaller ﬁsh inside the no-take area. In (b), a response ratio >1 means more and/or larger ﬁsh inside the partially protected area compared to no protection, and <1 means
fewer and/or smaller ﬁsh inside the partially protected area. The stars to the right of the ﬁgures indicate statistically signiﬁcant responses: <0.001 ‘⁄⁄⁄’, 0.001 ‘⁄⁄’, 0.01 ‘⁄’. No
stars indicate that the response is not statistically signiﬁcant.
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required in fully protected planning units in order to meet the
original targets. We used area as a cost, such that Marxan meets
all representational targets while minimizing the total area to do
so. We ran two scenarios – one with the existing MPAs and one
with the proposed MPAs (IUCN Categories Ia – IV) included as
the starting point (i.e., locking them in). Marxan then identiﬁes
additional planning units to capture features whose targets are
not met within the ‘‘locked-in’’ sites. For these two Marxan
scenarios, we used BCMCA project team high targets of 30% for
representational features and 60% for special features. We followed
best practices in carrying out calibration and sensitivity analyses
for the Marxan scenarios to determine appropriate input parameters including boundary length, boundary length modiﬁer, and
number of iterations (Ardron et al., 2010).
3. Results
3.1. Ecological effectiveness of IUCN Categories
We found differences in response ratios for IUCN Categories IV
and VI compared to no-take areas and areas open to ﬁshing (Fig. 2,
Supplementary Table 2), although variability among responses was
high. We detected a difference in ﬁsh biomass between no-take
areas and IUCN Categories IV and VI, but not for ﬁsh density. However, when response ratios of ﬁsh density and biomass were
analyzed together we detected a signiﬁcant difference between
no-take areas and IUCN Categories IV and VI, and between these
categories and areas open to ﬁshing.
We asked, what is the added ecological value of different levels
of protection for biodiversity conservation? When scaling the predicted estimate of response ratios between areas subject to conventional ﬁsheries management (0) and no-take areas (100%)
using our empirical, global meta-analysis of MPA effectiveness,
we found that IUCN Category IV had an effectiveness score of

60% (95% lower and upper conﬁdence intervals were 34% and
89% respectively), and IUCN Category VI had an effectiveness score
of 24% (95% lower and upper conﬁdence intervals were 12% and
72% respectively) (Fig. 3).
3.2. Ecological principles
Our review of the text of the marine use plan showed that 12
out of 15 of the guidelines were mentioned, and 2 of these included
a strategy to achieve the guidelines (Table 3). Many of the guidelines were provided as guidance for community members to consider when identifying potential areas as MPAs. Hence, many
were mentioned but did not have speciﬁc strategies for
implementation.
We applied a slightly modiﬁed version of the effectiveness
scores to the IUCN Categories contained within the study region
(Table 2). We modiﬁed the effectiveness of IUCN Category Ib and
II because these categories primarily represent no-take areas in
the literature, whereas the IUCN deﬁnition allows for indigenous
use so long as it does not compromise conservation objectives
(Dudley, 2008). In the study region, the indigenous people plan
on pursuing food, social and ceremonial ﬁshing activities within
these categories (Heiltsuk Kitasoo Nuxalk and Wuikinuxv
Nations, In press), and hence we reduced the effectiveness to
85%. This estimate is based on expert opinion about the likely
effectiveness compared to no-take areas. A linear extrapolation
between the Category IV predicted effectiveness and no-take areas
arrives at a similar estimate. Furthermore, a related category in Fiji
that allows for some traditional ﬁshing was also assigned an effectiveness of 85% by experts (Mills et al., 2011).
Existing and proposed MPA networks differed greatly in achieving representation targets (see Fig. 4, and Table 4 for a subset of
features). Using the rescaled values derived from the predicted
effectiveness estimates from the meta-analysis, existing MPAs

Fig. 3. Ecological effectiveness of IUCN Categories IV and VI rescaled between 0 (no protection) and 1 (no-take area). Circles and bolded numbers represent the predicted
values (best estimates) by the meta-analysis. The lower and upper ranges show the 95% conﬁdence intervals.

Table 2
Effectiveness scores of IUCN Categories used in the gap analysis of our study.
IUCN Categories

Effectiveness
scores

Rationale

IUCN Ia

1.00

IUCN II

1.00

IUCN 1b and II with
indigenous use

0.85

IUCN III

NA

IUCN IV
IUCN V

0.60
NA

IUCN VI
Fished

0.24
0.00

In our study region, proposed IUCN Category Ia will designate no-take areas. We assume this Category would have full
(100%) effectiveness, same as the no-take version of Category II
Even though IUCN considers indigenous use as an objective for this Category, most designations are no-take areas. We
thus considered this Category as the 100% effective baseline against which to compare other Categories
We added this additional Category to reﬂect indigenous use, when exercised in this IUCN Category. In our study region,
indigenous people have a constitutional right to pursue food, social and ceremonial ﬁshing activities within IUCN
Categories Ib and II, as stipulated by the objectives of these Categories. The effectiveness score is based on expert opinion
about the likely effectiveness compared to no-take areas, and is similar to a related zone in Fiji that allows for some
traditional ﬁshing, where effectiveness was also provided by experts (Mills et al., 2011)
This Category does not exist in our study region. Based on the description of the Category, we would assume that these
would be no-take areas, and have the same effectiveness as Category II
This effectiveness score is derived from our meta-analysis
This Category does not exist in our study region. Based on the description of the Category, we would assume that these
would have the same effectiveness as Category VI
This effectiveness score is derived from our meta-analysis
We considered areas under regular ﬁsheries management, without additional biodiversity conservation measures, as not
contributing speciﬁcally to biodiversity conservation objectives
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Table 3
Assessment of the text of the Central Coast Marine Use Plan against ecological MPA design guidelines.
General Design Guidelines
REPRESENTATION: Protect the full range of biological diversity and the associated oceanographic environment
The MPA network includes adequate representation of each habitat type found within each bioregion
UNIQUE, IMPORTANT AND VULNERABLE AREAS: Protect areas that are biologically/ecologically unique, vulnerable or of high functional importance
Ensure areas that are unique (1 per bioregion) or rare (few per bioregion) within the biogregion are captured within the Network
Protect areas of special importance to certain life history stages
Protect species or habitats that are threatened, vulnerable, or declining

U

Protect areas characterized by high biological diversity
Protect areas characterized by high productivity

x

REPLICATION: Provide redundancy to safeguard against unexpected (natural or anthropogenic) habitat loss or population collapse
Include spatially-separated replicates of representative habitat types or features
SIZE, SHAPE AND CONNECTIVITY: Maintain the integrity and viability of protected features by ensuring MPA sites are adequate in size/shape and are ecologically connected
within the network. In some documents this principle is referred to as ‘‘Adequacy and Viability’’
Individual MPAs within the network are large enough to provide adequate protection for the feature or ecological process they are meant to protect
Individual MPAs within the network have an optimal shape
Individual MPAs are adequately spaced to ensure functionally connectivity (have ecological linkages) between individual MPAs within the larger network

x

MITIGATING HUMAN IMPACTS: Maximizes ecological resilience of desirable ecosystem states in the face of human-induced change and stressors
Sufﬁcient area within the network is encompassed in no-take ‘‘marine reserves’’ – self-sustaining, viable areas that are free from extractive and habitat-altering
activities that may be stressful to marine habitats and/or organisms
Areas with reduced/minimal human impact are targeted for protection
Areas and features that exhibit characteristics associated with ecological resistance/resilience to climate change are targeted for protection
Ensure long-term protection

x

Sustainable use of marine resources is promoted beyond the boundaries of the MPA network

U

U = the principle is explicitly or implicitly referred to, and/or action is proposed/elaboration given to demonstrate how it might be achieved.
= the principle is referred to but no clear action is proposed/elaboration given.
x = the principle is not referred to and no clear action is proposed.

Fig. 4. Achievement of (a) medium (20%, except 40% for special features) and (b) high (30%, except 60% for special features) representation targets for proposed MPAs, and (c)
medium and (d) high representation targets for existing MPA in the Central Coast, BC. Negative numbers mean that features are not fully represented. Positive numbers
indicate that features are represented beyond the target level. This assessment uses the predicted ecological effectiveness estimates.
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Table 4
Achievement of feature representation conservation targets, taking into account the predicted estimate of the
effectiveness of IUCN Categories, showing a sub-set of conservation features (out of 364). Red cells do not
meet the targets, yellow cells meet the lower of the targets, and green cells meet all targets. See
Supplementary Table 3 for sensitivity analysis with upper and lower 95% conﬁdence intervals.

Feature Name

Eco-Section Continental Slope (CS)
Eco-Section North Coast Fjords (NCF)
Eco-Section Queen Charlotte Sound (QCSo)
Eco-section Section Vancouver Island Shelf
(VIS)
Oceanographic Region: Coastal Mixing Region
Oceanographic Region: Arazstibal Banks
Upwelling
Oceanographic Region: Mainland Fjords
Oceanographic Region: Eastern Queen
Charlotte Sound
Oceanographic Region: Cape Scott Tidal
Mixing
Tidal Current - High
Rugosity - High
Bull Kelp NCF
Bull Kelp QCSo
Giant Kelp NCF
Giant Kelp QCSo
Shorezone Bull Kelp - NCF
Shorezone Bull Kelp - QCSo
Shorezone Giant Kelp - NCF
Shorezone Giant Kelp -QCS
General Kelp - NCF
General Kelp - QCSo
Eelgrass - NCF
Eelgrass - QCSo
Shorezone Eelgrass - NCF
Shorezone Eelgrass - QCSo
Priority Eelgrass
Estuary - Relative importance (RI): MedHigh
Estuary - RI Med
Estuary - RI MedLow
Estuary - RI Low
Eulachon Run Size: Med/Sml
Eulachon Run Size: Very Sml
Sponge Reefs
Steller Sea Lion Haulouts
Harbour Seal Haulouts - NCF
Chlorophyll
Herring Spawn: Min
Herring Spawn: Low
Herring Spawn: Med
Herring Spawn: High
Herring Spawn: Major
Herring Spawn: Vital

met 1.7% and 22% of all features for high and medium targets,
respectively (n = 6 and n = 80 out of 364 features), whereas the
proposed MPAs effectively encompass 70% and 81% of all features
(n = 256 and 294, respectively). At the lower 95% conﬁdence interval estimate, existing MPAs met <0.01% high and medium targets,
and proposed MPAs met 65% and 79% respectively. At the upper
95% conﬁdence interval, existing MPAs met 33% and 48% of high
and medium targets, and proposed MPAs met 73% and 81% respectively. The existing MPAs effectively represent only 1 of the 42 key
features at both the medium and high target levels using the predicted estimate, whereas the proposed MPAs effectively represent
90% (Table 4, Fig. 4). Sponge reefs achieved its high representation
target within existing MPAs. Four features achieved their medium

%
effectively
protected
in existing
MPAs
16.5
4.4
9.5

% effectively
protected in
proposed
MPAs

BCMCA
high target
(% of
feature)

16.2
58.3
33.2

30%
30%
30%

BCMCA
med
target
(% of
feature)
20%
20%
20%

24.0

0.0

30%

20%

11.1

30.8

30%

20%

19.7

46.1

30%

20%

3.2

55.8

30%

20%

4.2

34.9

30%

20%

24.0

0.0

30%

20%

1.4
10.6
19.3
54.3
8.4
58.1
6.4
7.6
15.0
20.0
7.0
30.8
10.7
3.9
9.2
8.8
9.5
19.5
6.5
8.8
13.2
10.9
10.0
60.0
24.0
0.0
9.3
4.5
6.0
5.5
5.6
6.3
9.9

76.0
41.0
64.6
60.6
80.2
60.8
68.5
72.2
78.5
71.7
66.6
68.3
77.3
78.7
71.7
76.0
82.0
84.8
88.5
63.0
32.2
94.1
61.7
99.7
53.0
42.5
36.0
65.1
67.0
68.2
72.0
74.0
74.6

60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
60%
30%
30%
30%
30%
30%
30%
30%
30%
30%
30%

40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
40%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%

representation targets within the existing MPAs: sponge reefs,
Vancouver Island Shelf ecosection, Cape Scott tidal mixing, bull
and giant kelp in Queen Charlotte Sound and Steller sea lion
haul-outs. The features that did not meet their targets in the
proposed MPAs were two ecosections (Continental Slope and Vancouver Island Shelf), the Cape Scott Tidal Mixing oceanographic
region, and one category of estuaries. Using the lower and upper
95% conﬁdence interval estimates affected the number of features
meeting their targets more substantially for the existing compared
to proposed MPAs (see Supplementary Table 3).
Replication, size, shape and connectivity varied between existing and proposed MPAs. In existing MPAs, of the 20 key features,
10 were replicated in at least 3 protected areas bigger than
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10 km2 (Table 5). In contrast, the proposed MPAs had 16 of the 20
features replicated at least 3 times. Existing and proposed MPAs
contained a range of sizes, both with more small, and fewer large
areas, whereas the edge/area ratios were, overall, quite similar
(Tables 4 and 5). The majority of existing and proposed MPAs –
both offshore and coastal, and including proposed high protection
MPAs (IUCN Categories I and II) – were within 20 km of one
another, indicating a high likelihood of larval and adult connectivity for some species (Fig. 5). Existing MPAs occurred in several
clumps containing MPAs within 20 km of one another but isolated
from other clumps of MPAs by distances greater than 20 km, indicating a higher likelihood of less connectivity for some species. In
reality, connectivity is complex, difﬁcult to assess and forecast;
the extent to which connectivity might be present given local
oceanographic conditions and species dispersal is thus unknown
(see Table 6).
No-take areas were not prevalent in existing or proposed MPAs.
Existing MPAs contained no no-take areas. The proposed MPAs
contained some areas where First Nations would choose not to
exercise their constitutional rights to ﬁsh (although they retain
the right to ﬁsh). Most of these proposed no-take areas are small
nearshore sites, and two are large offshore sites which align with
the existing sponge reef closures. These capture an average of
4.4% of key features (Supplementary Table 4).
3.3. Governance principles
The text of the Central Coast MUP addresses all but two of the
governance good practices (Table 7). Of these, all except one are
elaborated upon, providing a strategy of how they might be
achieved.
3.4. Biodiversity conservation priorities
Both Marxan scenarios – building onto the existing and proposed MPAs, respectively – highlighted some regions currently
underrepresented, using predicted ecological effectiveness estimates. The Marxan scenario that built on existing MPAs indicated
that many nearshore areas needed to be added to achieve high representation targets (Fig. 6a). High targets were met for 8 of the 364
features within the existing MPAs and 62 features would be unable

to meet their targets even if adding additional areas. This is due to
some features being entirely or largely within the boundaries of
existing MPAs which were given low effectiveness scores (i.e., a
feature is unable meet a target of 30 or 60% when the majority is
in a Category VI MPA, which has a predicted effectiveness value
of 24%). In contrast, the proposed MPAs scenario did well in nearshore areas, but required additional areas in the south-western
part of the study region, as this subregion was not considered in
the Central Coast Marine Use Plan (Fig. 6b). High targets were
met for 259 of the 364 features within the proposed MPAs and
all features would be able to meet their targets by adding additional areas outside the current proposed boundaries.
4. Discussion
Our study uses the ﬁrst empirical estimates of ecological effectiveness of IUCN Categories to assess representation of habitats
and species in an existing and proposed MPA network. Accounting
for variability in the ecological effectiveness of differing MPA protection levels is important because many marine planning efforts
seek to achieve multiple objectives, including conservation, food
security and ﬁsheries management, and hence require a range of
MPA protection levels be implemented as part of the design. We
found a large difference in average effectiveness of IUCN Categories, underpinning the importance of including effectiveness measures in gap analyses. Using our estimates, we found that existing
MPAs in our study region fall short of meeting targets, whereas the
proposed MPAs did reasonably well. In BC’s Central Coast existing
MPAs are limited in their contribution to biodiversity conservation
because they permit some or most commercial and recreational
ﬁshing (IUCN Categories IV and VI), and indeed are actively ﬁshed
(Robb et al., 2011). In contrast, the network of MPAs proposed by
the Central Coast First Nations, which consists of a range of IUCN
Categories and was developed based on traditional ecological
knowledge and quantitative ecological data, fared very well for
representation, replication and size. The gaps that were observed,
mainly in the southwest corner of the study region, were due to
a mismatch between the planning region as deﬁned by the Marine
Planning Partnership (i.e., their Central Coast sub-region; http://
mappocean.org/), and the area planned by the Central Coast First
Nations.

Table 5
Replication summary for 20 key features within the existing and proposed MPAs in the Central Coast region.
Feature

Amount in study
area (km2)

% in existing MPA
(sites > 10 km2)

Replication
(# of sites > 10 km2)
in existing MPA

% in proposed MPAs
(sites > 10 km2)

Replication
(# of sites > 10 km2)
in proposed MPAs

Eco-Section Continental Slope (CS)
Eco-Section North Coast Fjords (NCF)
Eco-Section Queen Charlotte Sound (QCSo)
Eco-Section Section Vancouver Island Shelf (VIS)
Oceanographic Region: Coastal Mixing Region
Oceanographic Region: Arazstibal Banks Upwelling
Oceanographic Region: Mainland Fjords
Oceanographic Region: Eastern Queen Charlotte Sound
Oceanographic Region: Cape Scott Tidal Mixing
Tidal Current – High
Rugosity – High
Bull Kelp NCF
Bull Kelp QCSo
Giant Kelp NCF
Giant Kelp QCSo
General Kelp NCF
General Kelp QCSo
Eelgrass – NCF
Eelgrass – QCSo
Priority Eelgrass

3321.9
3377.2
16766.7
321.6
10731.1
1255.9
3587.4
5987.8
2114.6
900.0
3801.9
0.2
10.4
0.4
3.0
8.0
26.0
11.9
5.4
10.5

64.87
10.07
22.66
100.00
28.77
33.76
11.00
9.61
100.00
5.41
38.35
78.87
92.75
33.65
96.21
18.20
50.61
30.29
16.42
35.57

2
6
10
1
3
2
5
6
1
1
12
1
3
1
3
4
6
1
1
2

19.08
74.18
39.72
0.00
34.48
58.06
72.45
44.83
0.00
89.58
52.69
99.57
99.98
99.84
99.97
85.70
90.79
97.54
99.87
97.85

2
38
18
0
5
2
37
11
0
3
42
3
3
3
3
18
10
9
5
8
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A similar approach to incorporating ecological effectiveness was
taken by Mills et al. (2011), although they used expert assessments
regarding the effectiveness of management types in their study
region of Fiji. Other studies that plan for multiple categories of protected areas in marine environments have focused on developing
costs unique to each zone (Klein et al., 2010; Makino et al.,
2013). Taking differential effectiveness into account allows MPA
networks to achieve conservation objectives even in areas where
extensive no-take areas might not be socially feasible, albeit a larger area will be needed to achieve the same targets when some
limited ﬁshing is allowed. As far as we are aware, our estimates
of effectiveness of IUCN Categories for MPAs are currently the best
available assessments, and should also prove useful in similar
studies world-wide until better estimates are developed.

The results of our analysis showed that a proposed MPA network, developed by integrating ecological and socio-economic
information and traditional ecological knowledge, has the potential to be effective at biodiversity conservation based on the metrics assessed, if implemented. Much of the conservation planning
literature emphasizes the need to be systematic (Margules and
Pressey, 2000), usually through the use of decision support tools
(Ball et al., 2009; Possingham et al., 2000). While decision support
tools can be very helpful – as we showed here by suggesting additional areas to be included as MPAs –, we found that people who
know a region very well, such as the First Nations in our study
region, can also be systematic in selecting areas for conservation.
A similar conclusion was drawn from a study on the north coast
in British Columbia, which found substantial overlap between a

Fig. 5. Connectivity of proposed and existing MPAs, using spacing as a proxy, for MPAs >10 km2. (a) Proposed MPAs, all IUCN Categories; (b) proposed MPAs, IUCN Categories I
and II only; and (c) existing MPAs, all IUCN Categories. Sites circled in red were more than 20 km from the nearest MPA. Areas circled in orange form small networks unto
themselves but are at least 20 km from the other networks. Proposed MPAs (panels a and b) were only assessed for the region planned by the Central Coast indigenous groups,
and hence excludes the southwestern part of the region. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Table 6
Size distribution and edge/area ratio by IUCN Category for (a) existing and (b) proposed MPAs within the Central Coast MUP.a
Site size

Overall

Ia

#
sites

Area
(km2)

Mean edge/
area ratio

#
sites

(a)
<10 km2
10–100 km2
>100 km2
Sub-totals

13
7
6
26

24.0
321.1
6305.1
6650.2

0.00889
0.00278
0.00070
0.00535

0
0
0
0

(b)
<10 km2
10–100 km2
>100 km2
Sub-totals

50
24
20
94

57.7
838.3
8969.5
9865.6

0.01008
0.00242
0.00101
0.00620

34
0
2
36

II
Area
(km2)
0
0
0
0
13.2
0
1230.8
1244.0

Mean edge/
area ratio
0
0
0
0
0.01226
0
0.00023
0.01159

#
sites
0
0
0
0
14
11
10
35

IV
Area
(km2)
0
0
0
0
38.6
355.1
5792.0
6185.8

Mean edge/
area ratio
0
0
0
0
0.00518
0.00232
0.00101
0.00309

#
sites
1
4
4
9
2
13
8
23

VI
Area
(km2)

Mean edge/
area ratio

#
sites

Area
(km2)

Mean edge/
area ratio

7. 6
218.9
1769.5
1996.0

0.00262
0.00230
0.00048
0.00153

12
3
2
17

16.5
102.2
4535.6
4654.2

0.00940
0.00343
0.00114
0.00738

5.9
483.2
1946.6
2435.8

0.00747
0.00250
0.00120
0.00248

0
0
0
0

0
0
0
0

0
0
0
0

a
Notes: both existing MPAs and proposed MPAs have been clipped to the study area boundary resulting in reduction of area for some sites; four predominantly freshwater
areas in the proposed MPAs have been excluded; in areas of overlap of existing MPAs, the area is calculated for lower IUCN Category (higher protection) only.

Table 7
Governance assessments for the Central Coast Marine Use Plan (CC MUP).
LEGITIMACY: Rule makers and governance procedures should be legitimate; legitimacy can be earned as well as conferred
The authority of actors/organizations to govern should be conferred through valid and credible institutions and clear legal frameworks
Existing rights and authorities in the area should be afﬁrmed and respected, including those of aboriginal groups
Public awareness and support should be cultivated

U
U
U

INCLUSION AND FAIRNESS: Stakeholders should be meaningfully engaged at all stages of planning and implementation; costs, beneﬁts and regulatory enforcement should be
fair
Governance processes should be inclusive of all stakeholders
Costs and beneﬁts of MPA decisions should be fairly distributed
Enforcement of rules should be fair and impartial
Governance processes should promote tolerance and respect

U
X
U

CAPACITY AND PERFORMANCE: Governance actors should have the strategic direction, leadership, and human/ﬁnancial resources to effectively and efﬁciently meet their
objectives and responsibilities
Governance bodies should have clear objectives (guided by legislation and/or policy), as well as strong political support
U
Organizations and individuals should have the capacity and resources to deliver on their responsibilities
U
Monitoring and enforcement should be effective and credible
U
Mechanisms should be in place to effectively and fairly resolve, manage or minimize conﬂict
COORDINATION AND COLLABORATION: Government actors should communicate and collaborate effectively; rules and policy initiatives should be coordinated across scales
and jurisdictions
Effective collaboration should exist between government agencies with overlapping jurisdictions and/or complementary mandates and goals
U
Governance rules and arrangements should be integrated and harmonized
U
KNOWLEDGE INTEGRATION AND ADAPTABILITY: Governance processes should enable learning and integration of diverse sources of knowledge, and be responsive to
changing circumstances and new information
Decision-making should be informed by the best available knowledge
U
Constructive stakeholder dialogue should be facilitated in order to build trust and enable learning
X
Strategies and arrangements should be adaptable to new information and changing circumstances
U
TRANSPARENCY AND ACCOUNTABILITY: All stakeholders should have access to information about rules / decisions, and about the performance of governance
processes; there should be a clear answer to the question ‘‘who is accountable to whom for what?’’
Decisions and decision-making processes should be transparent
Governance performance should be transparent
Decision makers should be accountable to stakeholders (downward accountability) as well as to higher-level authorities (upward accountability)

actors and
U
U
U

U = the principle is explicitly or implicitly referred to, and/or action is proposed/elaboration given to demonstrate how it might be achieved.
= the principle is referred to but no action is proposed/elaboration given.
X = the principle is not referred to and no clear action is proposed.

biodiversity hotspot assessment and conservation priorities by
local people informed through their traditional knowledge (Ban
et al., 2009). An important ongoing avenue of research will be to
continue to compare and integrate systematic conservation planning using tools such as Marxan with TEK.
Our case study highlights the utility of incorporating TEK into
conservation planning. First Nations in our study region carried
out a rigorous TEK study in each community, involving interviews
with key knowledge holders about species distributions, migration
routes, important areas for different life history stages, unique or
high productivity areas as well as important harvest areas. This
information, plus what the First Nations know of local currents,

in combination with all the ecological information (e.g., BCMCA)
and human use information (e.g., commercial ﬁsh data) was
instrumental in informing the development of the spatial plan,
and highlights that selection of conservation areas was carried
out systematically by First Nations communities. Indeed, involvement of those with a strong stake in conservation measures is
essential for future compliance of implemented areas (Ban et al.,
2013b; Pollnac et al., 2001), and selection of conservation areas
by local communities can reach conservation and other goals.
Furthermore, the draft text of the Central Coast Marine Use Plan
considers such compliance issues, and speciﬁcally mentions many
of the good practices that will help to ensure future management
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Fig. 6. Marxan summed solution results with the (a) existing MPAs and (b) proposed MPAs overlaid and ‘‘locked-in’’.

success. TEK can be used directly or indirectly to ﬁll the many data
gaps that exist in species and habitat distributions and dynamics
(e.g., there are almost no ﬁsheries-independent spatial data for
ﬁshes) (Salomon et al., 2007). Thus, the proposed MPAs are likely
more effective at representing features than our data can show,
given the data gaps. The key challenge in the Central Coast will
be for the Federal and Provincial governments to work with the
First Nations to implement these areas. In particular, implementation will require involvement of the federal government, which has
jurisdiction over the water column, and hence ﬁsheries, in
Canada’s Paciﬁc waters. Once implementation of the marine use
plan occurs, future research could compare the proposed areas
as reviewed here with the actual areas implemented, and their
management outcome.
Additional research on ecological effectiveness of IUCN Categories in MPA design is warranted, and additional sophistication can
be built into decision support tools. Not many studies exist globally
that assess the effectiveness of partially protected areas (Lester and
Halpern, 2008; Sciberras et al., In press). Furthermore, because of
the limited sample size, we assessed effectiveness in general, and
not for speciﬁc habitats or species. In reality, some species and
habitats will be more sensitive to ﬁshing and other impacts than
others. Similarly, some will beneﬁt more quickly from protection
than others. For instance, low or non-mobile species (e.g., sessile
and mobile benthic invertebrates, rockﬁshes) would be expected
to beneﬁt the most from MPAs. Ideally effectiveness values would
be speciﬁc to features by IUCN Category (Mills et al., 2011), and
informed by allowable uses. Future efforts might consider further
propagating the uncertainty in the empirically-derived effectiveness estimates when making assessments of future plans. Furthermore, we used the standard approach for using a decision support
tool to assist with MPA design (Ardron et al., 2010), which seeks
representation of static features. Ideally the dynamics of marine
systems could be better represented, for example by integrating
connectivity estimates within marine systems and across realms
into the decision support tool when such data are available
(Beger et al., 2010), by including trophic interactions, population
viability, adult species movement patterns and ﬁshing ﬂeet spatial

dynamics (Salomon et al., 2006, 2002) and accounting for seasonal
and decadal oceanographic dynamics (Ban et al., 2012).
Canadian First Nations have a constitutional right to ﬁsh for
food, social and ceremonial purposes, and many of the proposed
MPAs would allow such ﬁshing. Hence there is less emphasis on
no-take areas in our study region than the scientiﬁc literature recommends (Burt et al., 2014), although in reality food, social and
ceremonial ﬁshing pressure is unlikely to be equally distributed,
with higher pressure likely near communities. Historically, territorial access rights, in combination with rules on reciprocity and proprietorship contingent on sustainable management and public
accountability, created a system of governance over ﬁsheries
resources that appears to have conferred resilience to societies
on the Northwest coast for over 2000 years (Trosper, 2009). In fact,
ancient spatially-explicit marine tenure systems and governance
protocols founded in reciprocity were used to conserve and manage most marine species from clams and seaweed to salmon, rockﬁsh, and halibut (Groesbeck, 2013; Lepofsky and Caldwell, 2013;
Trosper, 2009; Turner and Berkes, 2006). An important future
research priority will be to assess the effect that contemporary
First Nations’ ﬁshing and local governance of this effort has on
marine resources and ecosystems. For most species, ﬁshing, no
matter who does it or how it is done, is likely to reduce total population abundance and size structure (Lester and Halpern, 2008;
Sciberras et al., In press). Thus future research should track the
effect of different kinds of ﬁshing, especially First Nations’ food,
social and ceremonial ﬁshing because little information currently
exists and our analysis included assumptions about this impact.
Acknowledgements
We thank the Kitasoo/Xai’Xais First Nation and Coastal First
Nation-Great Bear Initiative for instigating this project, with particular thanks to Steve Diggon for initiating this work and providing
intellectual guidance. Funding was provided by a grant from the
Kitasoo/XaisXais First Nation and Coastal First Nation-Great Bear
Initiative to AKS and NCB, NSERC Discovery Grants to AKS and
NCB, and a SSHRC Insight grant to NCB. CMcD thanks Russ Jones

N.C. Ban et al. / Biological Conservation 180 (2014) 134–148

and the Council of Haida Nation, and the Central Coast Indigenous
Resource Alliance for the opportunity to work on this project. We
appreciate Jenn Burt, Erin Latham and Pip Akins’ valuable review
and analysis of international ecological, social and governance
MPA design principles. We are extremely thankful to Morena Mills
for troubleshooting Marxan with Zones and Matt Watts and
Vanessa Adams who helped shape the direction of our Marxan
analysis. We thank the authors of the Sciberras et al. paper for publishing their data.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biocon.2014.09.
037.
References
Airamé, S., Dugan, J.E., Lafferty, K.D., Leslie, H., McArdle, D.A., Warner, R.R., 2003.
Applying ecological criteria to marine reserve design: a case study from the
California Channel Islands. Ecol. Appl. 13, 170–184.
Ardron, J., 2002. A GIS recipe for determining benthic complexity: an indicator of
species richness. In: Breman, J. (Ed.), Marine Geography: GIS for the Oceans and
Seas. ESRI Press, pp. 169–175.
Ardron, J.A., Possingham, H.P., Klein, C.J., 2010. Marxan good practices handbook.
Version 2. Paciﬁc Marine Analysis and Research Association, Vancouver, BC,
Canada.
Ball, I.R., Possingham, H.P., Watts, M., 2009. Marxan and relatives: software for
spatial conservation prioritisation. In: Moilanen, A., Wilson, K.A., Possingham,
H.P. (Eds.), Spatial Conservation Prioritisation: Quantitative Methods and
Computational Tools. Oxford University Press, Oxford, United Kingdom, pp.
185–195, Chapter 14.
Ballantine, W., 1997. Design principles for systems of ‘no-take’ marine reserves. In:
The Design and Monitoring of Marine Reserves. University of British Columbia,
Vancouver, BC, p. 20.
Ban, N., 2009. Minimum data requirements for designing a set of marine protected
areas, using commonly available abiotic and biotic datasets. Biodivers. Conserv.
18, 1829–1845.
Ban, N., Royle, K., Short, C., Davis, N., Bodtker, K., Bryan, T., Cripps, K., Day, A.,
Haggarty, D., Lee, L., Manson, M., Nicolson, D., Rasmussen, G., Willis Ladell, K.,
2010. Identifying priority areas for marine conservation in BC: a collaborative
approach. In: Bondrup-Nielsen, S., Beazley, K., Bissix, G., Colville, D., Flemming,
S., Herman, T., McPherson, M., Mockford, S., O’Grady, S. (Eds.), Ecosystem Based
Management: Beyond Boundaries. Proceedings of the Sixth International
Conference of Science and the Management of Protected Areas, 21–26 May
2007, Science and Management of Protected Areas Association, Wolfville, NS,
Acadia University, Wolfville, Nova Scotia, pp. 251–262.
Ban, N.C., Bodtker, K., Nicolson, D., Robb, C., Royle, K., Short, C., 2013a. Setting the
stage for marine planning: ecological and social data collation and analyses in
Canada’s Paciﬁc waters. Mar. Policy 39, 11–20.
Ban, N.C., Mills, M., Tam, J., Hicks, C., Klain, S., Stoeckl, N., Bottrill, M.C., Levine, J.,
Pressey, R.L., Satterﬁeld, T., Chan, K.M.A., 2013b. Towards a social-ecological
approach for conservation planning: embedding social considerations. Front.
Ecol. Environ. 11, 194–202.
Ban, N.C., Picard, C.R., Vincent, A.C.J., 2009. Comparing and integrating communitybased and science-based approaches in prioritizing marine areas for protection.
Conserv. Biol. 23, 899–910.
Ban, N.C., Pressey, R.L., Weeks, S., 2012. Conservation objectives and sea surface
temperature anomalies in the Great Barrier Reef. Conserv. Biol. 26, 799–809.
Beger, M., Grantham, H.S., Pressey, R.L., Wilson, K.A., Peterson, E.L., Dorfman, D.,
Mumby, P.J., Lourival, R., Brumbaugh, D.R., Possingham, H.P., 2010.
Conservation planning for connectivity across marine, freshwater, and
terrestrial realms. Biol. Conserv. 143, 565–575.
Beger, M., McKenna, S.A., Possingham, H.P., 2007. Effectiveness of surrogate taxa in
the design of coral reef reserve systems in the Indo-Paciﬁc. Conserv. Biol. 21,
1584–1593.
Boitani, L., Cowling, R.M., Dublin, H.T., Mace, G.M., Parrish, J., Possingham, H.P.,
Pressey, R.L., Rondinini, C., Wilson, K.A., 2008. Change the IUCN protected area
categories to reﬂect biodiversity outcomes. PLoS Biol 6, e66.
Botsford, L., Micheli, F., Hastings, A., 2003. Principles for the design of marine
reserves. Ecol. Appl. 13, 25–31.
Burt, J.M., Akins, P., Latham, E., Salomon, A.K., Ban, N.C., 2014. Marine protected area
design features that support resilient human-ocean systems: applications for
British Columbia, Canada. Simon Fraser University, Burnaby, B.C, pp. 1–144,
http://www.sfu.ca/coastal/research-series/listing/marine-protected-area-networkdesign-features-that-support–resi.html.
Castilla, J.C., Defeo, O., 2004. Latin American benthic shellﬁsheries: emphasis on
co-management and experimental practices. Rev. Fish Biol. Fisheries 11, 1–30.
Cooper, H., Hedges, L.V., Valentine, J.C., 2009. The handbook of research synthesis
and meta-analysis. Russell Sage Foundation.

147

Day, J., Dudley, N., Hockings, M., Holmes, G., Laffoley, D., Stolton, S., Wells, S., 2012.
Guidelines for Applying the IUCN Protected Area Management Categories to
Marine Protected Areas. International Union for Conservation of Nature and
Natural Resources (IUCN), Gland, Switzerland, p.36.
Dudley, N. (Ed.), 2008. Guidelines for applying protected area management
categories. IUCN, Gland, Switzerland.
Fernandes, L., Green, A., Tanzer, J., White, A., Alino, P., Jompa, J., Lokani, P.,
Soemodinoto, A., Knight, M., Pomeroy, B., Possingham, H.P., Pressey, B., 2012.
Biophysical principles for designing resilient networks of marine protected
areas to integrate ﬁsheries, biodiversity and climate change objectives in the
Coral Triangle. In: Coral Triangle Support Partnership. The Nature Conservancy,
Jakarta, Indonesia, p.152.
Foley, M.M., Halpern, B.S., Micheli, F., Armsby, M.H., Caldwell, M.R., Crain, C.M.,
Prahler, E., Rohr, N., Sivas, D., Beck, M.W., Carr, M.H., Crowder, L.B., Emmett
Duffy, J., Hacker, S.D., McLeod, K.L., Palumbi, S.R., Peterson, C.H., Regan, H.M.,
Ruckelshaus, M.H., Sandifer, P.A., Steneck, R.S., 2010. Guiding ecological
principles for marine spatial planning. Mar. Policy 34, 955–966.
Friedlander, A., Sladek, N., Sanchez, J., et al., 2003. Designing effective marine
protected areas in Seaﬂower Biosphere Reserve, Colombia, based on biological
and sociological information. Conserv. Biol., 1769–1784.
Gelcich, S., Fernández, M., Godoy, N., Canepa, A., Prado, L., Castilla, J.C., 2012.
Territorial user rights for ﬁsheries as ancillary instruments for marine coastal
conservation in Chile. Conserv. Biol. 26, 1005–1015.
Groesbeck, A.S., 2013. Ancient Clam Gardens Increased Production: Adaptive
Strategies from the Past Can Inform Food Security Today. Simon Fraser
University, Burnaby, B.C.
Grorud-Colvert, K., Claudet, J., Tissot, B.N., Caselle, J.E., Carr, M.H., Day, J.C.,
Friedlander, A.M., Lester, S.E., de Loma, T.L., Malone, D., Walsh, W.J., 2014.
Marine protected area networks: assessing whether the whole is greater than
the sum of its parts. PLoS ONE 9, e102298.
Halpern, B.S., 2003. The impact of marine reserves: have reserves worked and does
reserve size matter? Ecol. Appl., S117–S137.
Halpern, B.S., Warner, R.R., 2002. Marine reserves have rapid and lasting effects.
Ecol. Lett. 5, 361–366.
Heiltsuk Kitasoo Nuxalk, Wuikinuxv Nations, In press. Central Coast First Nations
Marine Use Plan, Heiltsuk, Kitasoo, Nuxalk and Wuikinuxv Nations. p. 96.
IUCN, 2008. Establishing Marine Protected Area Networks—Making It Happen,
IUCN-WCPA, National Oceanic and Atmospheric Administration and The Nature
Conservancy, Washington D.C., pp. 1–118.
IUCN World Commission on Protected Areas, World Conservation Monitoring
Centre, 1994. Guidelines for protected area management categories. <http://
data.iucn.org/dbtw-wpd/edocs/1994-007-En.pdf>.
Johannes, R.E., 2002. The renaissance of community-based marine resource
management in Oceania. Annu. Rev. Ecol. Syst. 33, 317–340.
Jupiter, S.D., Cohen, P.J., Weeks, R., Tawake, A., Govan, H., 2014. Locally-managed
marine areas: Multiple objectives and diverse strategies [online]. Paciﬁc
Conserv. Biol 20, 165–179.
Kelleher, G., Kenchington, R.A., 1992. Guidelines for Establishing Marine Protected
Areas: A Marine Conservation and Development Report. IUCN, Gland,
Switzerland.
Klein, C.J., Steinback, C., Watts, M., Scholz, A.J., Possingham, H.P., 2010. Spatial
marine zoning for ﬁsheries and conservation. Front. Ecol. Environ. 8,
349–353.
Lepofsky, D., Caldwell, M., 2013. Indigenous marine resource management on the
Northwest Coast of North America. Ecol. Process. 2, 12.
Lester, S., Halpern, B., 2008. Biological responses in marine no-take reserves versus
partially protected areas. Mar. Ecol. Prog. Ser. 367, 49–56.
Makino, A., Klein, C.J., Beger, M., Jupiter, S.D., Possingham, H.P., 2013. Incorporating
conservation zone effectiveness for protecting biodiversity in marine planning.
PLoS ONE 8, e78986.
Margules, C.R., Pressey, R.L., 2000. Systematic conservation planning. Nature 405,
243–253.
McLeod, E., Salm, R., Green, A., Almany, J., 2008. Designing marine protected area
networks to address the impacts of climate change. Front. Ecol. Environ. 7, 362–
370.
Mills, M., Jupiter, S.D., Pressey, R.L., Ban, N.C., Comley, J., 2011. Incorporating
effectiveness of community-based management in a national marine gap
analysis for Fiji. Conserv. Biol. 25, 1155–1164.
Pollnac, R.B., Crawford, B.R., Gorospe, M.L.G., 2001. Discovering factors that
inﬂuence the success of community-based marine protected areas in the
Visayas, Philippines. Ocean Coast. Manag. 44, 683–710.
Possingham, H.P., Ball, I.R., Andelman, S., 2000. Mathematical methods for
identifying representative reserve networks. In: Ferson, S., Burgman, M. (Eds.),
Quantitative Methods for Conservation Biology. Springer-Verlag, New York, pp.
291–305.
Robb, C.K., Bodtker, K.M., Wright, K., Lash, J., 2011. Commercial ﬁsheries closures in
marine protected areas on Canada’s Paciﬁc coast: the exception, not the rule.
Mar. Policy 35, 309–316.
Roberts, C., Branch, G., Bustamante, R., Castilla, J., Dugan, J., Halpern, B., Lafferty, K.,
Leslie, H., Lubchenco, J., McArdle, D., 2003. Application of ecological criteria in
selecting marine reserves and developing reserve networks. Ecol. Appl. 13, 215–
228.
Salomon, A.K., Ruesink, J.L., DeWreede, R.E., 2006. Population viability, ecological
processes and biodiversity: valuing sites for reserve selection. Biol. Conserv.
128, 79–92.

148

N.C. Ban et al. / Biological Conservation 180 (2014) 134–148

Salomon, A.K., Tanape Sr, N.M., Huntington, H.P., 2007. Serial depletion of marine
invertebrates leads to the decline of a strongly interacting grazer. Ecol. Appl. 17,
1752–1770.
Salomon, A.K., Waller, N.P., McIlhagga, C., Yung, R.L., Walters, C., 2002. Modeling the
trophic effects of marine protected area zoning policies: a case study. Aquat.
Ecol. 36, 85–95.
Sarkar, S., Pappas, C., Garson, J., Aggarwal, A., Cameron, S., 2004. Place prioritization
for biodiversity conservation using probabilistic surrogate distribution data.
Divers Distrib. 10, 125–133.
Sciberras, M., Jenkins, S.R., Mant, R., Kaiser, M.J., Hawkins, S.J., Pullin, A.S., In press.
Evaluating the relative conservation value of fully and partially protected
marine areas. Fish Fisheries. doi: 10.1111/faf.12044.
Shanks, A., Grantham, B., Carr, M.H., 2003. Propagule dispersal distance and the size
and spacing of marine reserves. Ecol. Appl. 13, S159–S169.

Stewart, G.B., Kaiser, M.J., Côté, I.M., Halpern, B.S., Lester, S.E., Bayliss, H.R., Pullin,
A.S., 2009. Temperate marine reserves: global ecological effects and guidelines
for future networks. Conserv. Lett. 2, 243–253.
Trosper, R.L., 2009. Resilience, Reciprocity and Ecological Economics: Northwest
Coast Sustainability. Routledge, London, UK and New York, USA.
Turner, N.J., Berkes, F., 2006. Coming to understanding: developing conservation
through incremental learning in the Paciﬁc Northwest. Human Ecol. 34, 495–
513.
Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. J.
Stat. Softw. 36, 1–48.
Ward, T., Vanderklift, M., Nicholls, A., Kenchington, R., 1999. Selecting marine
reserves using habitats and species assemblages as surrogates for biological
diversity. Ecol. Appl. 9, 691–698.

