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The United Nations Convention on Biological Diversity was established in 1993. Canada
is a signatory nation that has adopted, and exceeded, the UN Aichi biodiversity
target to protect 10% of coastal and marine areas through marine protected areas
or “other effective area-based conservation measures” (OECMs) by 2020. However,
the science of OECMs as contributors to biodiversity conservation is relatively young
and their definition and efficacy testing continue to evolve. Here, we examine whether
areas closed to fishing on the Scotian Shelf in Atlantic Canada, where the groundfish
community had collapsed in the early 1990s, have the potential to serve as OECMs for
groundfish recovery. Using long-term research survey data, we show that three long-
term area-based fishing fleet closures did not enhance per capita population growth
rates of the majority of 24 common groundfish species. At a regional scale, 10 out of
24 species are currently at less than 50% of their pre-collapse (1979–1992) biomass,
reflecting a sustained diminished productivity, even though fishing mortality has been
drastically reduced through a moratorium in 1993. Additional measures are needed
to protect severely depleted groundfish, especially when the causes of continued
diminished productivity are still largely unresolved. The importance of OECMs as a risk-
averse approach toward sustainability is globally accepted and they can be considered
a tool toward the overarching UN Sustainable Development Goals (SDG-14). Our study
provides further impetus toward articulating the criteria of OECMs and improving their
design, monitoring, and testing, while placing OECMs within the broader context of
sustainable ecosystem-based management.

Keywords: marine protected areas, marine spatial planning, groundfish recovery, groundfish collapse, UN SDG 14

INTRODUCTION

The United Nations (UN) Convention on Biological Diversity (CBD) was established in 1993
to promote the conservation of biodiversity, sustainable use of resources and equitable access
to those resources1. The UN declared 2011–2020 the decade of Biodiversity prompting the 196
signatory parties toward specific targets by the end of the decade. Canada is a signatory nation,

1https://www.cbd.int/convention/articles/default.shtml?a=cbd-01
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and committed to the UN Aichi Biodiversity Target 11 of
the Strategic Plan for Biodiversity, 2011–2020 to protect 10%
of coastal and marine areas through marine protected areas
(MPAs) or “other effective area-based conservation measures”
(OECMs) by 20202. To date, Canada has protected 13.81% of its
national waters and plans to protect 30% by 2030 through the
establishment of MPAs and OECMs3. OECMs have the potential
to contribute toward the larger UN 2030 Agenda that has set
17 Sustainable Development Goals (SDGs)4. Specifically, OECMs
can help to operationalize the ocean-related UN SDG-14 (Diz
et al., 2018). However, the science of OECMs as contributors
to biodiversity conservation is relatively young; their definition
and effectiveness in terms of reaching conservation benefits has
rarely been tested.

In a fisheries context, area-based closures can restrict fishing
activities through limiting certain gear, seasons, or target species
and have been routinely used as part of fisheries management.
Thus, these areas may be considered as OECMs and count toward
Aichi targets. Management objectives can differ among different
OECMs, but are generally designed to protect a certain life stage,
species, or population. As we end the UN decade of Biodiversity,
and move toward the UN 2030 Agenda, it is timely to consider
how to ensure these area-based fisheries closures are useful to
the broader goals of conservation of biodiversity and sustainable
use of resources.

Closed areas exist within a dynamic environment, including
ecological, environmental, and fishery regulation changes (Kerr
et al., 2019). It is challenging to quantify their efficacy
(Halpern et al., 2004; Ahmadia et al., 2015) especially when
a directed monitoring strategy is not implemented (Halpern,
2003). The closure design process should clearly identify the
goals, monitoring strategies, and the indicators required to ensure
the goals are achieved, but these are often excluded from the
process (Pomeroy et al., 2005; Gill et al., 2017). When appropriate
monitoring is in place, closed areas can be successfully designed,
and modified over time, to meet their objectives (e.g., Lipcius
et al., 2003). In addition to regular monitoring, targeted studies
can be used to test efficacy (e.g., Lambert et al., 2006). If the
proper design planning is not performed there are a host of
potential issues that could lead to an ineffective closure or a
closure that may actually cause more harm than having done
nothing; these issues are often compounded by a lack of resources
(Agardy et al., 2011; Gill et al., 2017). It follows that similar
challenges face the testing of potential OECMs, which may be
especially difficult in regions that have experienced a collapse of
the groundfish community (Petrie et al., 2009).

In Atlantic Canada, both foreign and domestic fleets had
access to valuable groundfish species such as Atlantic cod (Gadus
morhua) and haddock (Melanogrammus aeglefinus) until 1977
(Frank et al., 2000). With the implementation of Canada’s 200-
mile Exclusive Economic Zone (EEZ) in 1977, foreign fleets
were excluded from major fishing grounds. From 1978–1985,
a period of recovery was noted for many species yet domestic

2https://www.cbd.int/sp/targets/
3https://www.dfo-mpo.gc.ca/oceans/conservation/plan/index-eng.html
4https://www.un.org/sustainabledevelopment/

fleets ramped up fishing effort from 1986–1993 (Rose, 2007). By
1992–1993, cod was over-fished throughout the Atlantic basin
resulting in widespread cod fishing moratoria in the early 1990’s
throughout most of the region5. Overfishing effects extended
beyond cod. Most of the groundfish community on the eastern
Scotian Shelf had collapsed by the early 1990s (Bundy, 2005;
Frank et al., 2005). In the post-collapse era, from 1993 to the
early 2000s, changes in the community structure became evident
across the Scotian Shelf (Bundy, 2005; Shackell and Frank, 2007;
Shackell et al., 2012b) including a transition to invertebrate-
dominated fisheries (Frank et al., 2005; Anderson et al., 2008), a
widespread decline in body size of groundfish (Fisher et al., 2010;
Shackelll et al., 2010; Shackell et al., 2012a,b; Charbonneau et al.,
2019), an increase in diversity of small-bodied fish in the absence
of large predators (Ellingsen et al., 2015; Stortini et al., 2018),
and an increase in beta diversity across the landscape (Shackell
et al., 2012b; Ellingsen et al., 2015). These ecosystem changes have
persisted (Bundy et al., 2019).

In this context, the objective of our study was to examine
whether three relatively large long-term fleet closed areas across
the Scotian Shelf have enabled some recovery and influenced
population growth rates of 24 common groundfish species.
These fleet closures have been in place for over 30 years
with specific objectives related to the protection of groundfish
stocks but without a dedicated monitoring strategy to assess
their efficacy. As a result, they are not routinely tested for
meeting their original objectives. As an example, one of the
closures studied herein had an objective of reducing juvenile
haddock mortality, but the area was closed only after an
intense period of fishing exploitation and was not fully effective
in meeting its objective (Frank et al., 2000). It is currently
considered an OECM and may have had unintended benefits
for other species beyond the original objectives (Fisher and
Frank, 2002). For closures such as these, both positive and
negative unintended consequences are commonplace (Murawski
et al., 2000; Agardy et al., 2011; O’Keefe et al., 2014;
Dureuil et al., 2018).

First, we provide a regional overview of species status on the
Scotian Shelf scale. We then divide the shelf into three sub-
regions corresponding to the locations of the three long-term
closed areas, and compare per capita population growth rates
within open and closed areas and over time. Our results show
that these three area closures did not enhance population growth
rates of the majority of 24 common groundfish species, most
likely because of their sustained, largely unresolved, diminished
productivity since the widespread community collapse in the
early 1990s. The importance of OECMs as a risk-averse approach
toward sustainability is widely accepted and our study provides
further impetus toward articulating the criteria of OECMs and
improving their design, monitoring, and testing (Fox et al.,
2012), while placing OECMs within the broader context of
sustainable ecosystem-based management. Without evaluation,
it is difficult to determine whether/or how area-based closures
could be improved as OECMs, and it is especially difficult if other
ecosystem-based measures are not fully applied across the region.

5http://www.dfo-mpo.gc.ca/decisions/fm-2017-gp/atl-18-eng.htm
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MATERIALS AND METHODS

Data
We used data collected from 1979 to 2017 by Fisheries and
Oceans Canada (DFO) as part of the annual Summer Research
Vessel (RV) trawl survey. The RV survey did not cover the
entire Scotian Shelf in 2018, so the 2018/19 data were excluded
from this study. The RV survey takes place across the Scotian
Shelf region during two 2-week trips between July and August
(Ricard and Shackell, 2013). The survey uses a Western IIA
bottom trawl and stratified sampling. Strata are identified as
areas of similar depth across the Scotian Shelf. The number of
sets sampled is proportional to the area of the stratum (Shackell
and Frank, 2007). Measurements of biomass/abundance for each
species were standardized in the RV dataset to account for
differences in tow duration and speed to be representative of
1.75 nautical miles of tow distance. Biomass/abundance data were
corrected for length differences in catchability (“q”-corrected)
(Dempsey et al., 2019).

All data processing and analyses were completed using R
(R Core Team, 2016). We selected the most common (24)
groundfish species (Table 1). Of these, redfish (Sebastes spp.) were
not consistently identified to species level and therefore the group
consists of the two species Sebastes fasciatus (Acadian redfish)
and S. mentella (Beaked redfish). Twelve of these species have
been assessed for their risk of extinction by the Committee on
the Status of Wildlife in Canada (COSEWIC), an independent
advisory body that provides advice for listing decisions under
the Canadian Species at Risk Act SARA. Two of those were
deemed not at risk. Only one species has been listed under
SARA (Table 1).

Long-Term Area-Based Fleet Closures
Three long-term area-based fleet closures, and corresponding
“open” areas, on the western, central and eastern Scotian
shelf were selected for analysis (Figure 1 and Supplementary
Table 1). These fleet closures are directed toward exclusion
of the groundfish fleet and are open to other fishing fleets,

TABLE 1 | Twenty-four common groundfish species and their conservation status.

Common name Abbreviation in
text

Scientific name COSEWIC status COSEWIC assess
date

SARA status

American Plaice Plaice Hippoglossoides platessoides Threatened (Maritime) 2009 Not listed

Atlantic Cod Cod Gadus morhua Non-active (Maritime); Endangered
(Southern)

2010 Not listed

Atlantic Halibut Halibut Hippoglossus hippoglossus Not at Risk 2011 Not listed

Atlantic Striped Wolffish Wolffish Anarhichas lupus Special Concern 2012 Special Concern
(2003)

Cusk Cusk Brosme brosme Endangered 2012 Not listed

Haddock Haddock Melanogrammus aeglefinus None None None

Little Skate Little_Skate Raja erinacea None None None

Longfin Hake Longfin_Hake Urophycis chesteri None None None

Longhorn Sculpin Longhorn_Sculpin Myoxocephalus
octodecemspinosus

None None None

Monkfish Monkfish Lophius americanus None None None

Ocean Pout Ocean_Pout Macrozoarces americanus None None None

Pollock Pollock Pollachius virens None None None

Red Hake Red_Hake Urophycis chuss None None None

Redfish Redfish Sebastes spp. Threatened (Acadian) 2010 Not listed

Sea Raven SeaRaven Hemitripterus americanus None None None

Silver Hake Silver_Hake Merluccius bilinearis None None None

Smooth Skate Smooth_Skate Raja senta Special Concern
(Laurentian-Scotian)

2012 Not listed

Spiny Dogfish Dogfish Squalus acanthias Special Concern 2010 Not listed

Thorny Skate Thorny_Skate Raja radiate Special Concern 2012 Not listed

White Hake White_Hake Urophycis tenuis Threatened (Atlantic and Northern
Gulf of St. Lawrence)

2013 Not listed

Winter Flounder Winter_Flounder Pseudopleuronectes americanus None None None

Winter Skate Winter_Skate Raja ocellata Not at Risk (Western Scotian
Shelf—Georges Bank); Endangered
(Eastern Scotian
Shelf—Newfoundland population)

2015 Not listed

Witch Flounder Witch_Flounder Glyptocephalus cynoglossus None None None

Yellowtail Flounder Yellowtail_Flounder Limanda ferruginea None None None

COSEWIC refers to the Committee on the Status of Endangered Wildlife in Canada. COSEWIC advises the Canadian government on potential species at risk, as required
under the Species at Risk Act (SARA). “COSEWIC assess date” refers to latest year of a COSEWIC assessment.
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FIGURE 1 | Long-term fleet closures (gray) and adjacent open areas (tan) in the west, central and east on the Scotian Shelf, Canada. Map inset shows study
location within the North Atlantic.

such as pelagic longline and scallop dredging. The timing
and duration of seasonal closures may have varied a little
but generally, on the western shelf, Brown’s Bank has been
seasonally closed from February 1st to June 15th to groundfish
fishing since 1970/72 in order to protect haddock spawning
aggregations (Halliday, 1988). On the central shelf, the “Haddock
Box” has been closed to mobile bottom fishing gears since
1987 and to all groundfish fishing (including fixed gear) in
1993 in order to protect the banks as a spawning and nursery
area for haddock. All other forms of fishing are allowed in
the Haddock Box (Frank et al., 2000). On the eastern shelf,
there is a seasonal closure from November 1st to April 30th
for fixed gears, and January 1st to April 30th for mobile
bottom gear. This closure has been in place since 1993 to
reduce the exploitation of southern Gulf cod during migrations
(Chouinard, 2000).

Approach to Comparing Closed and
Open Areas
Given the ecological changes due to the collapse of the groundfish
community, we divided the time series into three periods:
pre-collapse period (1979–1992), post-collapse (1993–2005) and
recent (2006–2017). First, we provide a regional overview of
species status during post-collapse and recent periods, relative
to the pre-collapse period. Then we sub-divide the shelf into
sub-regions, west, central and east, each of which contains a

fleet area closure. These sub-regions generally correspond to
oceanographic thermal zones, ranging from colder in the east
to warmer in the west. Within each sub-region, we designated
areas adjacent to each closed area as “open.” Differences in
habitat can result in differences in communities rendering it
difficult to compare fleet-closed areas because the open areas
are not strict controls. Therefore, we experimented with the
selection of open areas by searching for comparable community
dominance structures, comparable levels of species biomass
and similar depths between fleet-closed and open areas in
the pre-collapse period (1979–1992). Species rankings were
comparable but not identical between fleet-closed and open
areas. Average biomass for each species in the pre-collapse
period was comparable between fleet-closed and open areas
for the majority of species in all sub-regions; however, the
confidence intervals of average biomass did not overlap for
various dominant species (Supplementary Figure 1). The
exercise of choosing “open” areas reinforced that it is always
difficult to define an “open” area as a control treatment (Kerr
et al., 2019) but open areas are included in this analysis for
the sake of design. We also acknowledge that groundfish are
mobile. The RV survey occurs during the summer and while
summer distribution patterns are evident (e.g., Horsman and
Shackell, 2009; Ricard and Shackell, 2013). there have been
no formal analyses to gauge the range of seasonal movements
within and among the majority of species (Smith et al., 2015).
We interpret the results acknowledging groundfish mobility,
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and discuss the consequences for closed area design. All
analyses accounted for the stratification sampling design and
differences in total area.

Analytical Approach
The overall goal was to determine whether three long-term
area-based closures across the Scotian Shelf in Atlantic Canada
enhanced per capita population growth rates of 24 common
groundfish species. The first step was to estimate the per capita
rate of change of all species in two management types (open and
fleet-closed), in three sub-regions (west, central, and east) and
in three periods [pre-collapse (1979–1992), post-collapse (1993–
2005), recent (2006–2017)]. We focused on biomass (B) as it is a
key indicator of ecosystem structure and function (Bundy et al.,
2019). We used an exponential growth model to estimate per
capita rate of change (Keith et al., 2015). We fit a hierarchical
model where the rate of change in the response variable (BM:
natural logged biomass) was calculated for each species in each
unique combination of period (P), management type (M), and
sub-region (S) as described above. The Year coefficient (i.e., the
slope) represents the per capita growth rate for each species for
each combination of PMS, which was treated as a random effect.

BMj ∼ N
(
µj, σ

2)
E

(
BMj

)
= µj

var
(
BMj

)
= σ2

log(µJ) = Year × PMSj

PMSj ∼ N(0, δ2)

Where the response variable is normally distributed around the
mean µ and variance σ2, the expected mean is µ and variance
σ2, and the random effect PMS is normally distributed around
a mean of 0 and variance of δ2. We used a Bayesian framework
package rstanarm in R that enables posterior distribution
estimates through the use of simulations, using Markov chain
Monte Carlo (MCMC) and the No-U Turn Sampling (NUTS)
algorithm (Goodrich et al., 2018). We used four initialized
Markov chains with 2,000 iterations (warmup period = 1,000).
As diagnostics, we visually inspected posterior distributions and
judged whether all chains had converged by using the diagnostics
R̂ (potential scale reduction factor), which is a ratio indexing
the between/within chain variance of model parameters and
is ideally < 1.01 (Goodrich et al., 2018). We also monitored
estimates of the effective sample size Neff, the effective number of
simulation draws, which is rarely equal to, but should approach,
the number of iterations. We then derived median and credible
intervals of per capita rate of change from the Bayesian posterior
distributions for each species, management type and period
combination. The second step was to formally compare recent
median per capita rates of change for each species between area

management type. For each species, the median estimate of the
per capita rate of change estimated in the first analysis were used
as a response variable to examine the influence of Period (P),
management type (M), and Sub-region (S).

PCR ∼ N
(
µ, σ2)

E (PCR) = µ

var (PCR) = σ2

µ = P ×M × S

We used a weighted regression where the weights were the
inverse of the squared standard error from the per capita rates
of change estimated in the first analysis; this accounts for the
estimated error for the response variable. This use of weights is
comparable to using a Bayesian approach with a non-informative
prior. The full model included the 3-way interaction between
Period, Management, and Sub-region, AIC model selection
indicated that the preferred model was a simple intercept only
model (i.e., none of the covariates in the model had a significant
influence on the per-capita rates of change).

RESULTS

Regional Species Status
Compared to the pre-collapse biomass, the recent biomass status
of 7 (29%) out of 24 common groundfish species across the
region is more than 1.25, indicating these species biomasses
have increased by more than 25% since the pre-collapse period
(Figure 2). In contrast, the recent biomass ratio of 11 (46%)
species is less than 0.75 and for 9 of those species, this represents
a further decline from the post-collapse period (Figure 2). Of
the 12 species that had a biomass ratio less than 0.75 in the
post-collapse period, 10 have shown no evidence for recovery in
the recent era [halibut (Hippoglossus hippoglossus) and pollock
(Pollachius virens) being the exceptions]. The majority of species
that had a biomass ratio of > 0.75 in the post-collapse
period also had a biomass ratio > 0.75 in the recent period
(11/12 species, monkfish is the exception); species that were
increasing or not declining significantly in the post-collapse
period continued to do well in the recent period. Of the 10 active
COSEWIC-assessed species, the current status of two species,
spiny dogfish and redfish, are at or above one of their pre-collapse
biomass, smooth skate (Raja senta) is currently 0.75, while four
species, American plaice (Hippoglossoides platessoides), white
hake (Urophycis tenuis), winter skate (Raja ocellata), Atlantic
cod (Gadus morhua) are less than 0.5, and three species, thorny
skate (Raja radiata, Atlantic wolfish (Anarhichas lupus) and cusk
(Brosme brosme) are less than 0.25 of the pre-collapse biomass. In
most cases, the current status represented a further decline from
the post-collapse period. The post-collapse and recent status of
abundance differs from that of biomass, where the abundance
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FIGURE 2 | Regional post-collapse and recent biomass status of 24 groundfish species scaled relative to the pre-collapse period. Species are ordered based on
recent status (squares). See Table 1 for species full names.

of several species is higher in the recent period. The contrast in
biomass and abundance patterns reflects the decline in average
body size (Supplementary Figure 1).

Over the three periods, 9–11 species were dominant and
accounted for 95% of the total regional biomass (Figure 3). There
have been regional-scale changes in the community composition
over time but most of the species that were dominant in the
pre-collapse period, have remained dominant, including cod and
American plaice (Hippoglossoides platessoides) (Supplementary
Table 1) both of which had continued to decline from the post-
collapse to the most recent period. Two species, white hake
(Urophycis tenuis) and thorny skate (Raja radiata), that were
in the dominant species group during the first two periods are
no longer in the most recent period, accounting for smaller
proportions of the regional biomass. Three of the seven species
that have a recent biomass status more than 1.25 (Figure 2) were
not dominant in the pre-collapse period, and continue to account
for a relatively low proportion of the total regional biomass

[halibut, sea raven (Hemitripterus americanus) and little skate
(Raja erinacea)].

Sub-Regional Rates of Change in Closed
and Open Areas
In a stable community, various species increase while others
decrease and average biomass remains constant over time;
it follows that individual species rates of change would be
distributed around an average of zero (Shackell and Frank, 2007;
Pedersen et al., 2020). In this study, the expectation is that per
capita rates of change would be higher in closed areas if closed
areas conferred an advantage, especially for depleted species.
Specifically, there should be an increase in per capita growth rate
upon closure. This is not applicable in the western sub-region,
which was closed in 1972 whereas areas in the central and east
were closed in 1993. For all areas, we expect higher rates in
fleet-closed areas than in open areas upon closure.

Frontiers in Marine Science | www.frontiersin.org 6 April 2021 | Volume 8 | Article 612859

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-612859 April 1, 2021 Time: 12:56 # 7

Shackell et al. Community-Level Effects of Closed Areas

FIGURE 3 | Regional groundfish community structure as indexed by the proportion of regional community biomass on the Scotian Shelf during pre-collapse
(1979–1992), post-collapse (1993–2005) and most recent periods (2006–2017). Species are ordered by their proportion of total biomass during the pre-collapse
period.

At a community level, per capita rates of change did not differ
significantly between fleet closed and open areas, and further, all
the community level per capita rates of change were estimated
to be negative in the central and eastern sub-regions (Figure 4).
Note that the 95% CI’s generally cross 0 indicating that a number
of species growth rates are positive despite the general decline
at a community level. In the western sub-region, the per capita
rates of change inside the fleet closed area in the post-collapse
and recent periods are the only positive mean estimates observed,
again the 95% confidence intervals do cross 0 indicating that a
significant number of species are not experiencing growth in the
western closure (Figure 4). Overall, positive growth rates did not
translate into a significant effect of management type, period, or
sub-region (Adj. R2 0.0023, F-statistic: 1.508 on 2 and 393 DF,
p-value: 0.2226; Figure 4).

While there is no significant effect of fleet closure at the
community level, there may be single species that have benefited,
for example, winter flounder (Pseudopleuronectes americanus),

little skate (Raja erinacea) and longhorn sculpin (Myoxocephalus
octodecemspinosus) in the west (Supplementary Figure 4).
However, there is no systematic pattern across species within sub-
regions. For species in a depleted state, we assume there is no
density dependent response that may confound a response, yet
still, there is no difference between management types (Figure 5).
Overall, there is little evidence that closed areas have enhanced
groundfish recovery.

DISCUSSION

Our analysis indicates that at the community level, including
severely depleted species, there is no evidence that fleet closed
areas on the Scotian Shelf have had any influence on per
capita rate of changes after the collapse of the groundfish
community in the early 1990s. The majority of 24 common
groundfish species had similar population rates of change within

Frontiers in Marine Science | www.frontiersin.org 7 April 2021 | Volume 8 | Article 612859

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-612859 April 1, 2021 Time: 12:56 # 8

Shackell et al. Community-Level Effects of Closed Areas

FIGURE 4 | Model estimated community level per capita rate of change for
each period (1979–1992, 1993–2005, and 2006–2017), management type
(closed and open), and sub-region (west, central, and east). Error bars
represent 95% confidence intervals. Note that in 1979–1992, closures for the
east and central sub-regions were not yet in place.

and outside fleet-closed areas. At the broader regional scale,
the ratio of recent to pre-collapse biomass of 46% of the
species examined herein is less than 0.75 and for nine of those
species, this represents a further decline from the post-collapse
period. In addition, 70% of active COSEWIC-assessed species
are currently less than half of their pre-collapse biomass and in
most cases, have further declined from the post-collapse period.
Overall, our analysis suggests that the three fleet closed areas
we investigated on the Scotian Shelf had minimal conservation
benefit for the depleted groundfish community, and emphasizes
the need for additional measures to protect them, especially
when the causes of continued diminished productivity are still
largely unresolved.

There are several factors that provide context for our results,
principally, historical depletion, density-dependent dispersal,
groundfish mobility and/or the level of historical depletion both
during and prior to the establishment of the fleet closures. From
1974–1992, the annual proportion of cod biomass removed by
the fishery was 0.51 on the Scotian Shelf (Petrie et al., 2009).
This exploitation rate has been argued to represent a comparable
removal rate for other dominant targeted groundfish that
spatially overlap with cod because the predominant fishing gear is
non-selective (Shackell et al., 2005; Petrie et al., 2009). The overall
effect was a collapse of many large-bodied, long lived species
of the groundfish community by the early 1990s (Bundy, 2005;
Frank et al., 2007). There have also been broad-scale declines
in body size on the Scotian Shelf (e.g., Shackelll et al., 2010;
Shackell et al., 2012b; Bundy et al., 2019), reflective of global
trends where the average weight of 75% of stocks (n = 55) is

currently below average (Charbonneau et al., 2019). Recovery
time is related to the magnitude of initial population decline as
well as the species’ body size and age at maturity (Hutchings and
Baum, 2005); severely depleted formerly large-bodied species can
take up to 30 years to recover (Kuparinen et al., 2014) or longer
if there are Allee effects (Keith et al., 2015). In this context, it is
reasonable that fleet-closed areas would not enhance community-
level per capita rates of change given the severity of historical
declines and how slow recovery can be for these species in the
presence of an Allee effect (Kuparinen et al., 2014).

Our approach explicitly compared per capita rates of change
in fleet-closed and open areas assuming no density dependent
response. We assumed that rates would be higher in closed areas
if they conferred an advantage. However, the metric of rate of
change would be affected if a species disperses in response to
increased density inside a closed area. If a given species dispersed
outside the closed area in response to increasing biomass, we
would see no change within the closed area (e.g., Kerr et al., 2019).
For species increasing in biomass across the region there might be
a lagged response between the closed and open areas. However,
there is likely much less of a density dependent response for
species in a depleted state yet still, there was no difference
between management types for depleted species.

If fishing mortality is high outside closed areas, closures will
have limited effect if animals migrate beyond the closures borders
(Kenchington, 2017), either through shelf-scale migrations
or smaller scale seasonal migrations. Regarding shelf-scale
migrations, marine species with wide geographic ranges and
high dispersal rates are assumed to represent a panmictic
population, and thus assumed to migrate long distances. Major
oceanographic features and processes could predispose the
possibility of local adaptation; banks have gyres that serve to
retain larvae, and basins serve as barriers. The physiography of
the Scotian Shelf is consistent with genetic differences in cod
found at the bank scale, where sample sites included two of the
three closed areas studied herein, which is consistent with natal
fidelity (Ruzzante et al., 1998), and supported by tagging analyses
(Shackell et al., 1997). The study led Ruzzante et al. (1998) to
propose that oceanographic structure could inform expectations
of possible sub-regional spatial structure in other species on the
Scotian Shelf, regardless of level of gene flow. If we accept that
there is sub-regional spatial structure on the Scotian Shelf, we still
lack a good understanding of the extent and distance of seasonal
migrations within sub-regions. To date, we recognize there can be
seasonal movement or migration outside of the closed area, and
that it may vary among species. In a situation in which species
of conservation concern migrate outside the OECM and into
a region of high mortality, the ability of an OECM to protect
these species is questionable (Kenchington, 2017). In this case the
OECM either would need to be increased in size, or the OECM
should focus on sessile benthic communities and benthic habitat.
Our results also further reinforce that OECM cannot be effective
alone, and what happens outside OECMs has to be sustainable.

Globally, there remains the need to improve the scientific
evidence to establish, monitor and quantify the conservation
benefits of new OECMs, as well as to increase the effectiveness
of existing OECMs (Laffoley et al., 2017; De Santo, 2018).
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FIGURE 5 | Median estimate and 80% credible intervals of per capita rate of change for eight severely depleted species in fleet-closed and open areas in three
periods. See Supplementary Figure 4 for all species and Table 1 for species full names.

Otherwise, counting ineffective OECMs toward Aichi Target
11 will interfere with the global intent and goal of conserving
biodiversity (MacKinnon et al., 2015). Regarding criteria,
the UN CBD member parties adopted voluntary guidance
in the identification of OECMs in 2018. In the Canadian
process, ecologically-based criteria are used to identify OECMs
(Kenchington et al., 2016) and seasonal closures were not
considered to be categorized as OECMs from the outset. The
central fleet-closed area is currently identified as an OECM that
has a primary conservation objective to “support productivity
objectives for groundfish species”6. It is also an area of high
groundfish larval diversity (Shackell and Frank, 2000), containing
patches of structurally complex benthic habitats (Rincon and
Kenchington, 2016) as well as a core nursery area for juvenile
halibut (Boudreau et al., 2017). The central fleet-closed area has
the potential to act as an OECM and efforts are underway to
set up a monitoring framework (Martin King, DFO, Dartmouth,
NS, Canada, pers. comm.).Our analysis provides some important
context to that discussion.

Given an area fits OECM ecological criteria, it remains difficult
to test the efficacy of closed areas in a dynamic environment
(Halpern et al., 2004; Ahmadia et al., 2015; Kerr et al., 2019)
although novel approaches have recently been developed (Keith

6https://www.dfo-mpo.gc.ca/oceans/oeabcm-amcepz/refuges/index-eng.html

et al., 2020). Here we focused on the groundfish community using
an examination of per capita growth rates as an “appropriate and
meaningful indicator” (sensu Ahmadia et al., 2015) for a formerly
over-fished system. For other objectives, other indicators may
be more appropriate including biodiversity, age structure, body
size or integrity of benthic habitat. Once OECMs are selected,
the objectives of OECMs will prescribe the monitoring approach
and indicator selection, and the task of doing so is getting
easier as the field of protected area impact evaluation continues
to grow (Ferraro and Pressey, 2015; Fraschetti et al., 2018;
Donald et al., 2019).

Currently, the fleet closures studied herein cannot be
considered OECMs for the groundfish community, either as
primary or secondary biodiversity objectives, because the effects
of historical over-fishing and diminished productivity cannot
be counteracted by closed areas. Area-based fishery protection
cannot enhance groundfish recovery in isolation of a broader
conservation approach especially if the redistribution of fishing
effort caused by area closures results in higher bycatch amounts in
the larger ecosystem (e.g., Babcock et al., 2005; Hoos et al., 2019).
Globally, area-based biodiversity conservation efforts can tend
to drift away from the larger ecological goal of sustainability
(Halpern et al., 2010). There have been repeated calls to re-
integrate area-based biodiversity conservation and protection
into fisheries management, so that area-based protection is
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considered a cornerstone of a sustainable ecosystem-based
management approach and marine spatial planning (Foley et al.,
2010; Halpern et al., 2010; Rees et al., 2020). The link between
conservation and sustainability was recently promoted on a
global scale by Diz et al. (2018) who argued that OECMs can help
to operationalize the UN Sustainable Development Goal (SDG-
14) which aims to “conserve and sustainably use the oceans,
seas and marine resources for sustainable development.” This
underscores the global need to better understand and improve the
possible contribution of OECMs toward ocean sustainability. Our
study provides further impetus toward articulating the criteria
of OECMs, improving their design, monitoring and testing and
importantly, placing OECMs within the context of sustainable
ecosystem-based management.
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