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Abstract: Snow crab replaced groundfish fisheries as the primary focus of the Newfoundland
and Labrador (NL) fishing industry in the mid-1990s. Over the past three decades, management
philosophies in this male-only fishery have shifted from promoting industry expansion to promoting
industry rationalization to implementing Precautionary Approach (PA) management. Until the
mid-2010s, there were regionalized management strategies characterized by higher exploitation
rates in northern than southern sub-stock units along the NL marine shelves. However, in the late
2010s, exploitation rates were permitted to elevate to high levels across the entire stock range in
association with a large resource decline, and evidence of biological harm through fishing emerged
in chronically depleted areas. In 2019, when stock and fishery productivity were near historical
lows, a multi-indicator PA system was informally introduced into the management of the resource.
This event coincided with anticipated improvements in stock and fishery performance. This paper
examines the extent to which the multi-indicator PA management system, focused on the promotion
of both biological protection and maximization of fishing efficiency, may have contributed to recent
improvements in stock and fishery status. A suite of indicators from areas implementing PA guidance
into management in 2019 prior to the formal adoption of the PA system in 2023 suggest the system
has been highly beneficial in promoting rapid recovery and improving stock and fishery performance
metrics to levels matching or exceeding historical levels under similar conditions. We discuss the
capacity of the system to better safeguard biological aspects of resource and fisheries productivity
moving forward under a scenario of an expectant resource decline.

Keywords: snow crab; Newfoundland and Labrador; fisheries management; Precautionary Approach;
male-only fishery

Key Contribution: Multi-indicator Precautionary Approach management systems in male-only crab
fisheries can effectively promote sustainable management by providing an additional benefit of
efficient resource extraction along with the protection of reproductive capacity.

1. Introduction
1.1. History of the Fishery

The collapse of groundfish stocks and shuttering of fisheries off Newfoundland and
Labrador (NL), Canada (Figure 1) in the early 1990s is commonly cited as an example of
overfishing consequences (i.e., [1]). The closure of the Atlantic cod (Gadus morhua) fisheries
in 1992 led to 30,000—40,000 displaced workers [2,3] and forever changed the complexion of
a fishery that had underpinned 500 years of colonization of Newfoundland and Labrador
since European discovery in 1497.
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Figure 1. Map of Newfoundland and Labrador snow crab Assessment Divisions (AD) 2H]J, 3K, 3LNO,
and 3Ps used in the analysis. Black lines show Crab Management Areas (CMAs).

While a high level of scientific and social focus continues to be placed on factors
leading to the collapse and slow recovery of groundfish stocks, comparatively little focus
occurs on fisheries that emerged post-collapse. The primary fisheries in the three decades
since groundfish collapses have targeted snow crab (Chionoecetes opilio (Fabricius, 1788))
and northern shrimp (Pandalus borealis), with the snow crab fishery overall dominant in
supporting rural areas of the Province because the stock is distributed off all NL coasts,
generally more feasible, and usually more lucrative. The NL snow crab fishery has rep-
resented the largest global supply for the species for the past three decades and enabled
unprecedented economic prosperity for the NL fishing industry.

Changing philosophies regarding the activity and management of the NL snow crab
fishery have partitioned the past five decades into distinct periods. Despite long-standing
lucrative fisheries of snow crab in areas such as Alaska and the Gulf of St. Lawrence, little
interest in fishing snow crab occurred in NL prior to groundfish collapses. Small-scale
directed fishing has been documented back to the late 1960s [4,5] at the start of what we
term the Infancy Period (Table 1), but as it became apparent that the snow crab stock was
large enough to support a large-scale fishery in the wake of groundfish collapses, rapid
fishery expansion ensued during 1992-1999 and the fleet ballooned from several hundred
to nearly three thousand vessels. Herein, the Infancy Period is deemed to end in 1991,
and the 1992-1999 timeframe is termed the Expansion Period. The Expansion Period was
characterized by competition for access and allocation rights [6] and ultimately led to
the complex spatial management system characterized by many small management areas
within the broad biological stock complex to control fleet dynamics (Figure 1). The stock
is assessed at the Assessment Division (AD) level and managed at the Crab Management
Area (CMA) level (Figure 1).
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Table 1. Chronology of time periods of important changes in stock, fleet, and management dynamics
in the Newfoundland and Labrador snow crab fishery.

Years Period
late 1960's-1991 Infancy
1992-1999 Expansion
2000-Present Rationalization
2000-2018 Mature-Senescent
2019-2022 Informal PA
2023-Present Formal PA

In 1999, the highest-ever quota for NL snow crab (69,000 t) was set and captured.
However, stock assessment scientists immediately began documenting a resource decline
and expressing concerns about the forthcoming potential for overfishing [5,7]. Management
philosophy shifted from one supporting rapid fishery expansion to one recognizing fleet
over-capacity [8] and progressively implementing rationalization measures to remove ves-
sels from the fishery. These included initiatives to permanently (“Enterprise Combining”)
or temporarily (“Buddy-up”) reduce fishing occurring from multiple vessels down to a sin-
gle vessel [9], with the overall reductions in trap limits serving to reduce the fishing power
of the fleet. This post-1999 period is termed the Rationalization Period in this analysis and
is still ongoing.

During 2000-2018, as rationalization ensued, the fishery and management system
progressed into what could initially be described as a maturation stage. The stock range
was fully exploited, with quotas being set based on a co-management system incorporating
harvester recommendations alongside index-based stock assessments [9,10]. However,
increased biological knowledge also accrued during this period, and it became progressively
clearer that the ecosystem carrying capacity was dissipating and that the stock was on a
declining trajectory. In 2014, formal scientific warnings were given that a large decline
in exploitable biomass was imminent and the industry should prepare [11,12]. However,
despite lead time, overall fishery exploitation rates (landings/biomass of legal-size males)
were enabled to further increase to unprecedented highs during 2016-2018, while the stock
was in its lowest biomass state. In 2016, the exploitable biomass of the stock had shrunk to
just 9% of its highest measured level in 1996, and males in areas chronically fished at high
exploitation rates began to show declines in size-at-maturity (5aM; synonymous with size-
at-terminal molt) in response to low population densities [13]. The fishery had progressed
beyond a mature stage and into a senescent state, and unprecedented quota cuts occurred.
Henceforth, the 2000-2018 timeframe is referred to as the Mature—Senescent Period.

In 2018, a multi-indicator Precautionary Approach (PA) management framework
was introduced [14]. This did not occur in response to the poor stock and fishery state;
rather, the timing was coincidental, with the system under development since 2012. The
development of a PA management system occurred in response to fulfill both a processing
sector request to meet eco-certification requirements and a Fisheries and Oceans Canada
(DFO) mandate to implement PA systems into the management of major commercial fish
stocks. The primary goal of this analysis is to explore the extent to which the introduction
of this multi-indicator PA management system may have contributed to stock and fishery
improvements since 2018.

The base system identified metrics for the development of a holistic health score index
as well as Limit Reference Points (LRPs) differentiating cautious and critical zones [14].
However, as per the DFO process, the base system required collaborative work with indus-
try to develop reference points to differentiate cautious from healthy zones and Harvest
Control Rules (HCRs) to guide management decision-making. Furthermore, the unique
multi-indicator approach required collaboration on the development of a scoring matrix for
the three health status metrics. Accordingly, the PA system was not implemented in 2018.
The coincidental timing of the development of a PA system to guide stock management
decisions alongside a fishery undergoing large quota cuts created a situation of considerable
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unrest within the industry. Extensive consultation occurred during 2019-2022, and during
this time, management adopted the approach of using “the spirit of the PA” to help guide
decision-making while the system was finalized. In 2023, the PA was formally applied
for the first time in management decisions. Herein, 2019-2022 is termed the Informal PA
Period, and post-2022 is termed the Formal PA Period.

1.2. Snow Crab Fishery Management

The focal biological feature underpinning snow crab management is sexual size di-
morphism, which allows a sex-exclusive harvest of the larger sex (males). This exploitation
strategy alone is precautionary in principle by helping safeguard reproductive capacity
while prosecuting fisheries through full protection of females [15-17]. A second biological
safeguard is sperm storage by females, whereby multiple year’s egg clutches can be fertil-
ized from a single season of mating [18]. However, biological harm can still be induced
through fishing only males, in particular through size-at-maturity effects [13] or sperm
limitation [19] if harvests too severely deplete the density of large adult males. Siddeek
et al. [20] estimated the fishing mortality rate producing the maximum sustainable yield
(fmsy) in major snow crab stocks to be in the range of 26-42% annual harvest of the ex-
ploitable biomass of large males. Overall, species biology leads to fundamental approaches
of using large-mesh traps to eliminate females and small males from the catch and con-
sistent application of low to moderate exploitation rates to maintain enough large males
to promote intraspecific competition in the population as the key regulatory strategies to
promote a sustainable harvest.

A second management-related outcome affected by fishery exploitation rates is dis-
carding mortality. Components of males in the population discarded in the NL snow crab
fishery are those that are either soft-shell (recently-molted) or sub-legal-size (legal-size
is 95-mm carapace width (CW) in NL). Discard mortality rates in either group are not
fully understood but are likely affected by a myriad of factors, including time out of water,
air and water temperature, wind speed, sunlight, and individual size and shell condi-
tion [21-25]. Discard mortality rates are likely highest on soft-shell crab [26], which are
most apt to appear in summer fisheries following winter—spring molting as recently molted
crab become more mobile. An interaction of exploitation rates and seasonality governs the
incidence of soft-shell crab in a catch, with low exploitation rates and winter fishing being
the most optimal in minimizing discards [26]. However, fisheries can maintain low levels
of discards throughout the year, even in summer, if exploitation rates on large males are
consistently kept low. The negative relationship between exploitation and discard rates
leads to a hypothesis that low exploitation rates help keep enough large males around to
maintain sufficient competition and exclude less competitive crab from trapping. Another
potential advantage of the exclusion of soft-shell crab from trapping is reduced mortality
through cannibalism within active fishing traps.

1.3. Overview of NL Snow Crab PA System

PA systems focused on finfish overwhelmingly focus on spawning stock biomass
toward maintaining reproductive capacity in fisheries targeting both sexes [27,28]. Typically,
reference points to differentiate stock status are established within a range of historical
spawning stock biomass levels. In snow crab, given the important role of large males in
affecting insemination rates in females [29,30], the sole focus on the exploitable biomass of
males can be justified as the basis of PA management frameworks [31]. However, given
the simplicity with which the major precautionary measure of a male-only harvest can be
implemented, it is also convenient and appropriate to extend PA management systems
on snow crab into ancillary population or fishery performance considerations toward
applying a more holistic management system to supplement the central male-only harvest
strategy [27,28].

The multi-indicator PA management system used for NL snow crab invokes an addi-
tional objective of maximizing fishing efficiency along with the typical objective of assuring
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biological protection of the resource as its over-arching philosophies [14,28]. The three
metrics used to address these objectives are predicted fishery CPUE (pCPUE [kg/trap]),
predicted fishery discards (pDIS [%]), and proportion of mature females carrying full
clutches of viable eggs (EGG [«]). The three metrics are weighted within a scoring matrix
that produces a range of outcomes for an “integrated health score” ranging from 0 to 7.
Maxima of 4, 2, and 1 health points are awarded for the pCPUE, pDIS, and EGG metrics,
respectively, depending on performance relative to reference points established for each
metric. The scoring matrix was established collaboratively between industry, management,
and science, and among other considerations, weightings reflect the ability of management
measures to directly affect outcomes of each metric (i.e., most direct effect on pCPUE), as
well as dynamic data ranges within historical time series for each metric (i.e., most stability
in EGG index). Upon summation, the integrated health score index is differentiated into
healthy (5.5 to 7), cautious (2.5 to 5), and critical (0 to 2) zones. The HCRs for exploitation
rates are defined as ranges with minima of 0% and maxima of 42%, 35%, and 20% for the
healthy, cautious, and critical zones, respectively. The use of ranges to define HCRs for each
zone rather than explicit levels allows flexibility for management and industry to consider a
broader suite of factors (i.e., socio-economic) in formulating annual harvest rate strategies.

2. Materials and Methods
2.1. Background

This paper serves to evaluate the extent that the development and application of a
multi-indicator PA system into the management of NL snow crab may have contributed
to recent changes in stock and fishery performance. In doing so, this analysis evaluates
progressive work and experiences in PA system development [14,17,28] along with the
integration of the PA system into stock status assessments [32,33] and indirectly or directly
evaluates its performance in relation to past outcomes of deleterious impacts of overfishing
in NL snow crab including high discard rates [26], size-at-maturity shifts [13], and sperm
limitation [19]. Accordingly, many non-novel aspects of forthcoming Sections 2.2-2.4 are
intentionally kept succinct due to more thorough documentation of relevant information in
the existing literature.

2.2. Fishery Data

Time series of numbers of active vessels, fishery landings (metric tonnes), and fishery
effort (trap hauls) for the four focal ADs of the NL shelf were examined in the context
of important periods of growth and decline and changes in management philosophies in
the fishery (Table 1). The number of active vessels was determined from DFO databases
of commercial logbooks and landings offloads, identifying unique Vessel Registration
Numbers (VRNSs) present in the databases annually for each AD. Data on VRNs were
incomplete during some years (1995-1997) within the Expansion Period.

Landings were enumerated by a dockside monitoring program and summed by year
for each AD. Fishery CPUE was calculated from commercial logbook data and standardized
for spatial and temporal distributions and trap soak times (hours) in a generalized linear
mixed model in the Ime4 package [34] in R [35]. Logbook return rates have consistently
exceeded ~80% of fishing trips in each of these ADs since 1996. The CPUE standardization
model regresses square root transformed CPUE (sqrtcpue) against fixed effects of calendar
day (day) and trap soak times (soak), with random slopes and intercepts (1) between square
root CPUE and for combinations of year, CMA, and AD.

sqrtcpue ~ (1 + day + soak + (1 + day | year:CMA:AD)) (1)

Total fishery effort estimates (# of trap hauls) for each AD and year were calculated as
the quotient of the division of landings by standardized fishery CPUE. Each fishery index
(landings, CPUE, effort) was examined in the context of periods of changes in management
philosophy in the fishery for which data sufficed.
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Fishery discard rates were estimated from at-sea observer data, with in-season mea-
surements of the catch beginning in 1999. Observers are onboard personnel who monitor
for regulatory compliance and take biological measurements of the catch [9,32]. Observer
coverage in the fishery is typically low (i.e., <5% of trips per year), with 0.05-0.6% of the
annual catch measured within these ADs. In line with low coverage levels, observer deploy-
ments follow a random sampling design across time (weeks) and space (CMAs) to ensure
data collections are as representative as possible. The PA management system focuses on
minimizing all discards. Observer measurements of sub-legal-size males, soft-shell males,
and all females were considered discards, with all other measured crab considered kept.
The discard standardization model Equation (2) is a binomial generalized linear mixed
model fit in the Ime4 package relating the number of crab discard occurrences (tdisc) out of
the total number of discards plus kept crab (ttot) in any given sampling event to the same
predictors in Equation (1).

Since 2019, all ADs have received particularly low observer coverage (i.e., <0.1% of the
catch measured); thus, the discard standardization model Equation (2) is only fit up to 2019.
Post-2019 predictions of discard rates assume they will reflect those that occurred under
similar conditions in the model predictor terms (calendar day, soak times, CMA, and AD)
during 1999-2019. Although post-2019 observation data are not used to fit the standardiza-
tion model, an index is used to qualitatively assess the model’s performance. This post-2019
index of annual observation data for discards is an average of estimates from observer
measurements and logbook-recorded estimates from an anonymous select group of vessels
historically showing tight conformity to observer estimates (i.e., a “reference fleet”).

tdisc/ttot ~ 1 + day + soak + (1 + day | year:CMA:AD) )

2.3. Exploitable Biomass Estimation

The Exploitable Biomass Index (EBI) is defined as the biomass (metric tonnes) of male
crab > 95 mm CW. The index is derived from annual multispecies trawl surveys that occur
on DFO research vessels in fall (September-December, beginning in 1995) in ADs 2H],
3K, and 3LNO, and in spring (April-May, beginning in 1996) in AD 3Ps. The surveys are
conducted within a depth-stratified sampling design of the NL marine shelves [36]. Set
allocation is proportional to the size of each survey stratum. The trawl itself is a Campelen
1800 rockhopper shrimp trawl (14” rockhopper footgear) [37] and is towed for 15 min
duration at 3 knots when conditions allow, with snow crab catch rates standardized to the
swept area of 15-min tows. In most years, about 600-700 tows would cover the marine
shelves of ADs 2H]J, 3K, and 3LNO in the fall, and about 150-175 tows would cover the
AD 3Ps shelf in the spring. In 2023, two new identical research vessels were introduced as
the primary trawlers, and conversion factors developed for snow crab [38] were applied to
the historical time series to bring historical data on abundance into the same scale as those
derived from the new trawlers.

In the 3Ps time series, the multispecies surveys were incomplete in 2006 and fully
missed in 2020 and 2023. In the fall time series, AD 3LNO had an incomplete survey in 2021,
and surveys in all ADs (2H]J, 3K, and 3LNO) were missing in 2022. This complete omission
of fall surveys in 2022 was associated with comparative fishing experiments among old
and new trawlers taking precedence over routine monitoring surveys.

Despite incomplete and missing multispecies trawl surveys, a cohesive time series EBI
can be estimated for each AD. In the cases where grounds are partially covered by survey
tows, such as in comparative fishing experiments, biomass is estimated in the R package
sdmTMB [39], whereby generalized linear mixed models are estimated across spatial and
temporal domains from geostatistical time series data, effectively integrating historical
spatial-temporal survey catch rate information with existing coverage to estimate biomass.
Time, location, and depth are used to predict survey catch rates in missing areas. This
approach has been validated by comparisons to independent trap surveys in each AD,
which consistently produce very similar results to the model-generated estimates for the
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trawl index. In cases where trawl surveys are fully missed, trap survey estimates are used
as the basis for the EBI. The scaling of trap survey biomass estimates into comparable
trawl survey biomass units is achieved through comparisons of both surveys to a third
measure of exploitable biomass derived from DeLury catch rate depletion modeling [40] of
fishery CPUE throughout the season to estimate the beginning of season biomass, deriving
independent adjustment factors to scale each survey time series into common biomass
units [32,33]. The trap surveys used for validation of model-based trawl survey biomass
estimates only have usable time series since 2018 and thus are not focused on in this
analysis, with the longer time series from trawl surveys preferred.

The Campelen trawl has a capture efficiency (“catchability”) of less than 1 for all sizes
of snow crab [41]; thus, model-based biomass estimates not adjusted by the DeLury scalar
are underestimated. To expand on the particularities of the DeLury adjustment approach,
along with producing beginning-of-season exploitable biomass estimates, DeLury biomass
estimation relies on consistent depletion in fishery catch rates occurring throughout the
fishing season; thus, it cannot be estimated every year. Both issues render DeLury biomass
estimates unusable for real-time assessment and management of the resource. To construct
an adjustment factor for the trawl (or trap) time series EBI, a one-year lag is applied in
calculating the ratio of the preceding (typically fall) survey to subsequent (typically spring)
DeLury biomass estimates wherever possible, and a time-series median of the annual
ratios is used as the scalar to convert survey EBIs into realistic values. Ultimately, this
process results in the trawl (or trap) survey shaping the EBI and the fishery-derived scalar
determining the magnitude of the EBL. Accordingly, the EBI is deemed a realistic index but
not an absolute estimation.

The exploitable biomass is affected by changes in productivity, which is measured
through recruitment, as well as fishing, which is measured by exploitation rates. Two
dominant components are defined in the exploitable biomass based on the shell condition
of individuals, with the shell condition representing a proxy for time since molting. Crab of
legal size that contribute to the exploitable biomass are often terminally molted adults, but if
still adolescent and molting, would normally be on a near annual molting schedule [42,43].
Accordingly, those in a soft or new-shell condition are deemed to be recently molted and
constitute immediate recruitment into the biomass. In contrast, crab in an intermediate or
older shell condition are assumed to have molted at least one year ago and represent the
residual biomass. This assumption holds most rigidly for terminally-molted crab, which
normally comprise the majority of the exploitable biomass [44]. The proportion of the
exploitable biomass comprised of residual crab was examined as an indicator of population
health. Large, residual males are the most competitive crab in the population and help
maintain hierarchical intrinsic competition, encourage the growth of individuals to large
sizes, and promote the reproductive health of the stock [13,19]. From a fisheries perspective,
large, residual males help offset the incidence of soft-shell crab capture in the catch due to
associated competition exclusion for access to baited pots [26].

A two-period moving average is applied to EBI for each AD to estimate fishery
exploitation rates. This is performed due to historical concerns of year effects in the trawl
survey time series [32]. Further, in the context of the PA framework used to provide advice
on outcomes of the forthcoming fishery, the predicted fishery CPUE metric maintains
correlations to the EBI from multiple preceding surveys (i.e., lags of 1-3 years), not just
the most recent biomass estimate [14]. The Exploitation Rate Index (ERI) is calculated as
fishery landings in a given year (y) divided by the two-period moving average estimate of
EBI preceding the fishery (y — 1) Equation (3).

ERI = landings (y)/EBI (y — 1) 3)

2.4. PA Management System Bases and Models

Similar to most PA management systems, one of the main features of the multi-
indicator PA management system used in NL snow crab is that it imposes limits on fishery
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ERIs. Bases for the efficacy of performing this were examined through relationships
of ERIs versus proportions of residual biomass in the population and soft-shell crab in
the catch, contrasting rates of each metric across ADs. For each AD, cumulative ERIs,
cumulative proportions of residual biomass, and cumulative proportions of soft-shell crab
measured by observers were calculated for the 1999-2019 period. This period was chosen
because observer measurements did not begin until 1999, and there were poor levels of
observer coverage and an increased incidence of missing surveys after 2019. Slopes of
linear regression models fit through the origin for each cumulative curve were used to
quantify average rates of each metric over the time period. Subsequently these regression
slopes were applied as data to examine relationships among the three variables in simple
linear regression models.

The PA management system uses predicted fisheries CPUE (pCPUE) as a focal metric
for helping managers and harvesters plan for likely fishery performance outcomes in
the forthcoming season under different catch scenarios. This approach capitalizes on a
strong relationship between lagged fishery CPUE versus exploitable biomass. The pCPUE
model is a generalized additive mixed model fit in the mgcv package [45] in R. It regresses
standardized fishery CPUE (st_cpue) against predictor variables of fishery ERI, the two-
year moving average EBI (BIO) from trawl surveys (1995-2017) or an average of trawl plus
trap surveys (2018-2023), an annual index of the North Atlantic Oscillation (NAO) from
seven years prior (NAO?), and random effects of AD and year, treated as a factor variable
Equation (4). NAO?Y is included due to the strong positive correlation of future exploitable
biomass with this climate system at lags of 6-8 years [14,46]. A thin-plate smoothing spline
(s) is included on all fixed effects, with the exception of ERI. The number of smoothing
knots is depicted by k and be="re’, which indicates a random factor effect. The ERI term
is simulated under various quota scenarios to predict outcomes of fishery CPUE under
different management options.

st_cpue ~ ERI + s(BIO, k = 6) + s(NAO7, k = 6) + s(AD, bs = ‘re’) + s(year, bs = ‘re’) (4)

The second focal metric in the multi-indicator PA management system is predicted
discards (pDIS), with the system aiming to minimize fishing mortality caused by discarding.
The pDIS model is a generalized additive mixed model fit in the mgcv package that re-
gresses the response variable of the standardized percentage of the catch discarded (st_dis)
against predictor variables of pCPUE Equation (4), median fishing day (mFD), the ratio of
exploitable to pre-recruit crab in the population in the previous year (EP1), and a random
effect of AD Equation (5). A thin-plate smoothing spline (s) is included on all effects.
The pCPUE term extends the simulation of outcomes from different quota scenarios into
predicting fishery discards, while the median fishing day is set to the previous year’s value
to predict outcomes of discards under status quo fishery timing. The ratio of exploitable to
pre-recruit crab is an index of the buffering capacity of the population to offset captures of
small males or soft-shell crab, with an index favoring exploitable males associated with high
buffering capacity. Pre-recruits are defined as 70-94 mm CW adolescent males and have
the potential to be captured in the forthcoming fishery either in the form of under-sized
males or soft-shell legal-size males, depending on whether or not they molt and the size of
the growth increment if they molt.

st_dis ~ s(pCPUE) + s(mFD) + s(EP1) + s(AD, bs = ‘re’) (5)

The final focal metric in the multi-indicator PA management system is the proportion
of mature females in the population carrying full clutches of viable eggs (EGG). This metric
serves as an index of stock reproductive capacity in light of only removing males through
fishing. While the multispecies trawl surveys provide the only long-term time series
of broad-scale survey data available for resource assessment processes such as biomass
estimation, other survey series comprised of localized trap surveys conducted by DFO
in inshore bays of Newfoundland and trap surveys conducted through collaborations
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with industry groups throughout ADs 2H]J, 3K, 3LNO, and 3Ps, provide data useful for
other purposes such as the examination of fecundity in females. All trap surveys include
small-mesh traps (1” mesh) that capture sub-legal-sized crab, including females. Given
the focus is on proportional (not absolute) levels of female fecundity, data from females
captured in all trap and trawl surveys are used to quantify this metric. The assessment of
relative clutch levels is based on a visual examination of the abdomen, with incremental
classifications used to quantify egg clutch fullness. Mature females assessed as having a
full brood (i.e., eggs protruding beyond the abdominal flap) of healthy-looking eggs (i.e.,
orange vs. brown or black) or showing evidence of recently releasing healthy-looking eggs
(i.e., remnants of a clutch still apparent) are classed as having full clutches of viable eggs.

2.5. PA Management System Performance Assessment

The performance of the PA management system was judged during the 2019-2023
period. System performance was assessed based on trends in the three focal PA metrics,
pCPUE, pDIS, and EGG, along with trends in two ancillary metrics of the proportion
of the exploitable biomass comprised of residual crab as well as an index of male SaM.
The residual biomass proportions metric was fit with loess regression curves to partially
account for missing or different (i.e., comparative fishing) survey types in some years.
For investigation of “stock-level” analyses of fishery CPUE, ERIs, and residual biomass
proportions, boxplots were used to investigate contrast across ADs. In contrast, data for
each AD were additively pooled to form annual point estimates of each index.

The SaM performance metric was included because of the downward shift in SaM con-
current with the heavy exploitation preceding the Informal PA Implementation Period [13].
With the omission of trawl surveys in recent years, this index had not been updated; thus, it
was unknown if the PA system was having any influence on the phenomenon. The model
used to estimate the proportion of mature crab (pMAT) was a generalized additive model
fit in the mgev package. It was fit to recently-molted males (soft or new-shell crab), with
sizes binned to 10-mm CW increments Equation (6).

PMAT ~ te(CW, year, k = 11, by = AD) (6)

The model incorporated the interaction of carapace width (CW) and year as predictor
variables, and the shape of the non-linear relationship was allowed to vary separately for
each AD. The interaction term was constructed as a tensor product smoother (te), and a
weighting term of size-specific sample size was included to offset influences of small sample
sizes in AD and -year-specific size bin groupings. The model family was quasibinomial to
help control for influences of 0 and 1 values in the binomial form data.

The performance metric was expressed as the size at which 50% of individuals were
predicted to become mature in any given AD and year, with this “mat50” index commonly
used in fisheries resource assessments.

3. Results
3.1. Fishery Data

The number of active vessels increased from 36 to 430 between 1988 and 1991 and to a
maximum of about 2700 in 1998-1999 during the Expansion Period (Figure 2). Both the pre-
and post-Expansion Period fleet sizes were largest in AD 3LNO (Figure 1), where about
1200 vessels were active in 1998. Rationalization of the fleet has progressively occurred in
all ADs since 1998-1999, with a total of 1328 vessels active in 2023 and approximately 600
of those in AD 3LNO.

Overall fishing landings increased by a factor of four from 1992 (16,199 t) to 1999
(67,503 t) in ADs 2H]J, 3K, 3LNO, and 3Ps, with AD 3LNO accounting for 40-50% of the
landings each year (Figure 2). Since the 1999 peak, landing trends have differed markedly
across ADs, with the most contrast across ADs 2H] and 3LNO. AD 2H] has undergone
a prolonged progressive decline to just 885 t in 2023, while the expansion of landings in
AD 3LNO to 34,945 t in 2015 occurred following the initial adjustment to 26,816 t in 2000.
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Since the Informal PA Period began, landings in ADs 3LNO and 3Ps have increased to near
historical highs and recovered back to near the long-term average, approximating 10,000 t
in AD 3K. Meanwhile, they have reached post-Expansion Period lows in AD 2H]. Overall,
landings about doubled from 26,187 t in 2019 to 51,169 t in 2023. Trends in the effort have
loosely conformed to landings, although peak levels occurred later than 1999 (2003-2004) in
all ADs. The overall peak level of 7.03 million trap hauls in 2004 contrasts a post-expansion
era low of 2.71 million trap hauls in 2020 and a near-average level of 3.92 million trap hauls
in 2023. The overall fishery CPUE levels in 2021-2023 (range 12.3 kg/trap to 13.6 kg/trap)
are the three highest levels recorded since the 19962001 period (range 11.6 kg/trap to
14.1 kg /trap).
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Figure 2. Number of active vessels (left panels), recorded landings (middle panels), and estimated
trap hauls (right panels) in the snow crab fishery by year and Assessment Division. All ADs pooled in
bottom panels. Vertical lines show the starts of the groundfish moratorium (solid red), Rationalization
Period (dashed red), Informal PA Period (dashed blue), and Formal PA Period (solid blue).

The overall high fishery CPUE levels of 1997-2001 reflected sporadic or sustained
incidences of high catch rates in all ADs and were associated with historical highs in the
EBI (Figure 3). The overall pattern in the EBI, which averaged 325 kt from 1996 to 2001, is
primarily driven by AD 3LNO in all years, accounting for an average of 72% of the index
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(range 63-86%) in any given year throughout the time series. The overall EBI reached a
historic low of just 42,176 t in 2016 and has since recovered to near the long-term average,
approximating 170 kt in 2023. Trends in fishery CPUE have generally reflected the EBI at a
lag of 1-2 years in all ADs since the fishery Rationalization Period began.
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Figure 3. Trends in fishery CPUE (left panels), exploitable biomass indices (left-middle panels),
exploitation rate indices (right-middle panels), and proportion of residual crab in the exploitable
biomass (right panels) in the snow crab fishery and resource by year and Assessment Division. All
ADs pooled in bottom panels. Loess regression fits (brown lines) and standard errors (brown shaded
bands) fit proportions of residual biomass data (brown dots). In exploitation rate plots (right-middle
panels), horizontal green, yellow, and red lines show the maximum allowable ERIs for healthy,
cautious, and critical zones within the PA framework. Fishery CPUE and exploitation rate index plots
in the All ADs (bottom) row boxplots show median levels across ADs along with the interquartile
range (IQR, box) and 1.5*IQR (whiskers). In contrast, solid lines show indices based on pooled data.
For the proportion of residual biomass in the All ADs row (bottom right panel), boxplots show levels
across ADs while the loess regression line is fit to pooled data. Vertical lines show the starts of the
groundfish moratorium (solid red), Rationalization Period (dashed red), Informal PA Period (dashed
blue), and Formal PA Period (solid blue).

Overall, ERIs have been higher in ADs 2HJ and 3K than in 3LNO and 3Ps (Figure 3).
During 2000-2018, in the Mature-Senescent Period, the ERI averaged 60%, 55%, 30%, and
37% annually in ADs 2H]J, 3K, 3LNO, and 3Ps, respectively. Since the Informal PA Period
began, ERIs have been maintained at or near historical low levels, associated with allowable
harvest rates for the cautious and critical zones, in all but AD 2H], where the ERI only
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dropped to below 42% and within the allowable range of the PA management system in
2023, when it was formally implemented. At a 35% harvest rate, the 2023 AD 2H]J ERI was
set at the maximum allowable limit associated with its designation of being in the cautious
zone. Overall, with data pooled, the stock-level ERI was unusually high in 2016-2018,
reaching a peak of 64% in 2017. However, the index dropped substantially after 2018 and
has remained steady at about 25% per annum in the past four years. When considering
across-AD comparisons, the boxplot median levels of about 25-35% ERI occurring in the
fishery in the past 4 years are the lowest levels occurring since the fishery Rationalization
Period began.

3.2. PA Management System Performance Assessment

The proportion of the exploitable biomass comprised of residual crab has varied both
across and within ADs over the time series (Figure 3). Overall, residual biomass proportions
are lowest in AD 2H]J, where the loess regression model fit varied between 0.25 and 0.50 in
most years. The loess index in AD 3K was relatively stable at about 0.4 until 2014 before
dropping to a level closer to 0.25 from 2015 to 2018. It recovered to about the 0.4 level from
2019 to 2021 but has increased further to a level of 0.67-0.68 in 2022 and 2023. In AD 3LNO,
the loess index of residual crab proportions in the exploitable biomass has varied between
0.35 and 0.55 throughout the time series. Overall, the highest variability has occurred in AD
3Ps, where the loess index of residual crab proportions in the biomass has fluctuated from
0.3 to 0.8. When data from all ADs are pooled, a pattern of increasing residual biomass
proportions from 0.25 in 1995 to 0.5 in 1999-2000 occurred before a downward oscillation
to a level of about 0.3 in 2016-2018. The index has increased every year since 2018, with
values of greater than 0.5 in the past two years, producing a historical high in the loess
model fit to these data.

The linear regression slopes of cumulative fishery ERI during 1999-2019, when ob-
server data allowed for comparisons to soft-shell crab incidence in the catch, were 0.51 and
0.55 in ADs 2H]J and 3K, respectively, and 0.35 and 0.26 in ADs 3Ps and 3LNO (Figure 4).
These levels were associated with lower regression slopes for proportions of residual
biomass in the population in ADs 2H]J (0.35) and 3K (0.41) than in 3LNO (0.46) and 3Ps
(0.58). Moreover, the higher average ERIs in ADs 2HJ and 3K were associated with much
higher proportions of soft-shell crab measured in the catch in these ADs. The slopes of
linear regressions fit to soft-shell crab proportions were 0.15 and 0.11 in ADs 2H]J and 3K,
respectively, while they were just 0.03-0.04 in ADs 3LNO and 3Ps. The inverse direction
of the relationship of ERI with residual biomass proportions in the population (R? = 0.39,
slope = —0.45) versus soft-shell crab proportions in the catch (R? = 0.81, slope = 0.38) is
consistent in depicting how high exploitation rates strip away the residual biomass and
enable soft-shell incidence in the catch to become more problematic. In turn, a negative
relationship between the proportions of residual biomass in the population and soft-shell
crab proportions in the catch occurs (R? = 0.68, slope = —0.49).

Overall, the stock health status was poorest in 2017 when ADs 2H] and 3LNO were
in the cautious zone of the PA management system, and ADs 3K and 3Ps were both in
the critical zone (Figure 5). Relatively abrupt improvements occurred thereafter in ADs
3K, 3LNO, and 3Ps, with each entering the healthy zone by 2021 and being maintained
there since. Conversely, AD 2H] has remained in the cautious zone since 2017, although
the health score of 5 occurring from 2021 to 2024 is higher than the level of 4 achieved
during 2017-2020 and suggests improvements may be occurring in the population in that
AD. Since 2018, rapid improvements in predicted and realized CPUE have occurred in ADs
3K, 3LNO, and 3Ps, and each AD has sustained pCPUE in the healthy zone since 2020. In
AD 3Ps, fishery CPUE tripled from 5.8 kg/trap in 2018 to 19.0 kg/trap in 2022. Moreover,
predicted fishery discard levels were at or near historical lows or below healthy levels in
each of these three ADs in 2017-2018 but have been sustained either in the healthy zone or
near time-series lows in each AD since, with the exception of AD 3LNO in 2023 which was
predicted to be at a cautious level.
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Figure 4. Left panels show cumulative proportions of annual exploitation rate indices (top row),

residual biomass proportions (middle row), and soft-shell crab incidence (bottom row) by AD from

1999 to 2019. Numbers show slopes of linear regression models fit through the origins for each metric

by AD. Right panels show linear regression models fit to scatter plots with point data represented by

slopes of cumulative proportions linear regressions for each metric and AD.

The overall abrupt improvements in ADs 3K, 3LNO, and 3Ps stock status are asso-
ciated with low ERIs in recent years, while the more gradual improvements in AD 2H]J
are associated with a more gradual decline in ERIs (Figure 4). In AD 2H]J, pDIS has been
gradually decreasing in recent years and was below 20% in 2023, while pCPUE had re-
mained at about 7.5 kg/trap during 2015-2021, but the rate of improvements in predictions
has increased in the past two years. Under status-quo removals in 2024, AD 2H] discards
would be predicted to be in the healthy zone, while under low-moderate ERI (i.e., <20%),
pCPUE would enter the healthy zone for the first time in sixteen years.
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Figure 5. Precautionary Approach framework for NL snow crab. Rows represent ADs. Left panels
show the pCPUE metric, with points showing response data (standardized CPUE), solid lines showing
predicted values, and shaded bands showing 95% confidence intervals. Left-middle panels show
the pDIS metric, with points showing response data (standardized discards), solid lines showing
predicted values, and shaded bands showing 95% confidence intervals. Right-middle panels show
proportions of females carrying full clutches of viable eggs, with lines showing index and shaded
bands showing 95% confidence intervals. Right panels show integrated stock health scores in the
context of healthy (green), cautious (white), and critical (red) zones. Orange dots in 2024 in pCPUE
(left) and pDIS (middle-left) metrics show predicted values under status quo landings with 2023,
with vertical dots showing predictions under a range of 5% (light blue) to 40% (dark blue) ERI levels.
The year 2024 values in integrated stock health score (right) panels show predictions under status quo
landings with 2023. Horizontal solid lines on pCPUE, pDIS, and EGG panels show reference points
differentiating stock status zones, with a critical zone below the red line, a cautious zone between red
and green lines, and a healthy zone above the green line. Critical, cautious, and healthy zones in the
overall stock health plot (right panels) are shown as red, white, and green shaded bands. Vertical
lines show the Informal PA Period (dashed blue) and Formal PA Period (solid blue).

Egg clutch fullness levels cannot be as cleanly ascribed to events associated with PA
development and implementation, with long-term progressive increases in trend improve-
ment in AD 2HJ and recoveries from low levels occurring in ADs 3K and 3Ps prior to 2018.
However, all ADs have coincidentally maintained very high (> 0.9) proportions of mature
females carrying full clutches of viable eggs since the Informal PA Period, with no other
period in the time series sustaining consistency in this performance metric across all ADs
for this long (5 years).

A comparison of long-term trends in mat50 in males across ADs suggests fluctuations
reaching levels as low as about 80 or 85 mm CW are a normal feature in the stock popula-
tions in these ADs (Figure 6). However, the abrupt decrease to levels of about 65-70 mm
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Carapace Width at 50% Maturity

CW from 2015 to 2019 in AD 2H]J was unusual. There have been improvements since 2019
to annual levels of about 75-80 mm CW, suggesting declining ERIs may be beneficial, but
the concerning phenomenon persists. In AD 3K, the reversal of a prolonged decrease in the
metric from 2005 to 2018 is coincidental with PA development, while high levels of mat50
(>90 mm CW) have been maintained in ADs 3LNO and 3Ps since the Informal PA Period.
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Figure 6. Carapace widths at which 50% of males are predicted to mature (terminally-molted) by
year within each AD. Loess regression lines fit the time series point estimates in each AD. Vertical
lines show the starts of the groundfish moratorium (solid red), Rationalization Period (dashed red),
Informal PA Period (dashed blue), and Formal PA Period (solid blue).

4. Discussion
4.1. PA Management System Timing

The development of a multi-indicator PA management system for NL snow crab and
the associated invocation of Informal PA management beginning after 2018 occurred at a
pivotal time for the NL snow crab resource. The EBI was at historical lows, and fishery
ERIs were enabled to elevate to historical highs. By most operationalized definitions of
stock collapse, at just 9% of its historical maximum in 2016, this stock would be classified
as collapsed preceding informal PA implementation. However, given that severe depletion
had not occurred for multiple decades and that some recovery potential was evident [32],
the poor state of resource in the late 2010s did not constitute a collapse according to
standardized criteria [47]. Nonetheless, the interpretation of exploitation rates highlights
that resource conservation was not the principal priority in the late 2010s while the stock
was in a vulnerable state [48]. Accordingly, the pivotal informal change in management
strategy for the resource after 2018 is best contextualized as occurring at a sensitive time,
and outcomes of the application of PA philosophy into resource management are best
judged by the extent to which they helped enable recovery in the context of resource state
and ecosystem carrying capacity.

4.2. PA Management System Impacts

Exploitable biomass levels in NL snow crab are strongly affected by both climate and
fishing. There is strong climatic control of resource productivity through mechanisms such
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as water temperature, atmospheric forcing, and sea ice [46]. Despite warm conditions help-
ing promote large individual size, overall, cold conditions are most favorable for sustained
high productivity of this cold water specialist [49,50]. NL snow crab are predominately
9-11 years old when they reach legal size, with crab in the exploitable biomass typically
9-13 years of age [44]. Thus, positive impacts of cold conditions during early ontogeny can
become evident at lags of a decade or more, and the mid-life benefits of cold conditions
can exacerbate realized outcomes [46]. As an extension of this, climate forcings along
the NL marine shelf tend to oscillate at roughly decadal time scales [51]; thus, oscillating
patterns in resource trajectory can be predictable using long- and mid-term ontogenetic
climate variables, such as occurred preceding the forecasted mid-late 2010s decline [11,12].
However, top-down fishing effects are also important in regulating the exploitable biomass,
as became particularly obvious during the unusually heavy exploitation period of the
mid-2010s, with the downward shift in male SaM indicative of biological harm through
fishing [13], an important novel observation on the global scale.

One important aspect of PA fishery management is that it imposes explicit maximum
limits on exploitation rates. This represents an important departure from harvest strategies
immediately preceding 2019 as the fishery transitioned from a mature state into a senescent
state. For example, during 2016-2018, the overall ERIs were 43%, 62%, and 52% annually,
the highest levels ever enabled on the stock and beyond those consciously applied to any
other known major snow crab stock on a regular basis. Most indicators examined herein
suggest that stricter limits on ERIs abruptly invoked in the Informal PA Period, which were
near historical lows in all but AD 2H]J, led to improvements beyond what would have been
anticipated if exploitation rates had been enabled to remain higher. For example, most
AD-specific and overall fisheries CPUE were at levels approximating historical highs and
not seen since the EBI was at a level of double or more of what it was in recent years (i.e.,
1996-2001). As an extension of this, discard rates in the fishery have become coincidentally
low everywhere, and the stock-level residual biomass has been at or near historically high
proportions in 2022 and 2023.

In conjunction with the Informal PA Period, the NL snow crab fishery has become
overall more efficient in resource extraction than it has been for virtually all of its post-
Expansion Period history, with recent broad-scale consistency in minimization of wastage
and increased survival of recruits. This outcome is at least partially attributable to the
informal implementation of the PA management system. Ancillary supporting indicators
of coincidental improvements associated with the shift in management philosophy in 2019
are the development of the longest sustained period of broad-scale high (>90% full clutches)
fecundity rates in females seen to date and reversal of a SaM decline in males in AD 3K.
Both phenomena have been sustained since the onset of the Informal PA Period. As per
its intent, the available evidence shows that the multi-indicator PA management system
benefits multiple stock health and fishery performance indicators. Moreover, contrast
across ADs reinforces the benefits of invoking this multi-indicator PA management system,
with positive changes being realized abruptly and substantially in all ADs where ERIs were
immediately curtailed (3K, 3LNO, 3Ps) versus AD 2H]J, where stock improvements have
been more gradual in association with gradual reductions in ERI after 2018.

Overall, the suite of circumstantial evidence suggests that this new management
approach has equaled or exceeded historical fishery and resource performance outcomes
during periods of similar conditions. There appear to be few biological deterrents associated
with the adoption of this multi-indicator PA management system into resource use decision-
making, particularly when considering performance indicators at the broad stock level.
Historically, management strategies for the stock have differed across ADs, generally
characterized by higher exploitation rates in the northern ADs than in the southern ADs.
However, in the Formal PA Period, all ADs will become more consistent in management
strategies due to analogous fishery and resource performance indicators and formalized
HCRs. History has shown that the lower exploitation rate strategy in the southern ADs is
more effective from both biological protection and fishing efficiency perspectives. The shift
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to aligning future management strategies in the northern ADs to become more analogous
to historical practices in the southern ADs is likely to be of broad benefit to the entire stock,
with AD 2H] representing the most upstream extent of the NL snow crab stock range and
prevailing ocean currents flowing south. Accordingly, better protection of the upstream
stock components should help safeguard reproductive capacity in downstream ADs with
southerly flowing larval drift. Ultimately, homogenous management across the entire
stock range reduces the risks of fracturing biological connectivity by exploiting sub-stock
components too aggressively.

4.3. Management and Industry Responses

A fundamental difference between the NL snow crab PA framework and those used
in other major snow crab stocks, including the southern Gulf of St. Lawrence (sGSL) [31]
and the Bering Sea of Alaska [52], is that it promotes increased flexibility for management
or industry to fish at levels lower than prescribed by rigid HCRs. This is enabled through
the use of HCR ranges rather than explicit levels that scale to biomass. In this regard,
HCR ranges create increased room for other factors beyond biomass to feature in decision-
making. Interestingly, since the Informal PA system began, all but AD 2H]J have fished at
exploitation rates well below what is allowed as the maximum level for the Healthy Zone
(42%), generally ranging from about 25-30% per year. This outcome reflects group-level
conscious choices, as quotas are set based on co-management principles, invoking industry
inputs into decision-making [10]. The exact reasons for this approach are unknown, but
it is associated with a global market glut and poor prices for snow crab in recent years,
thus likely partially reflecting economic factors. It is also possible that the inclusion of
factors other than exploitable biomass into stock health scoring influences harvester and
management decision-making. For example, we have heard feedback of increased concerns
over discarding and increased efforts by harvesters to minimize discarding in the fishery so
as not to dampen the PA stock health score. Similarly, we have received positive feedback
regarding the increased use of spatially randomized small-mesh traps in collaborative
surveys in recent years because of improved capacity to measure the abundance of females
and, thereby, egg clutch health in the stock, indicative of increased buy-in to measure
and integrate information on stock components beyond exploitable crab into the decision-
making framework in the management system.

Whatever the reasons for the outcome of fishing below maximum allowable limits in
most NL snow crab ADs since the Informal PA Period began, the results of this analysis
are depicting the approach has had rapid and strong positive results on all analyzed stock
status metrics across the majority of the stock range. In contrast, in the adjacent sGSL stock,
a more conventional univariate biomass-based PA system is used [31], with the Healthy
Zone covering about 60% of the range of historical observations of stock exploitable biomass
and an explicit sloping HCR applied, which ranges about 32-45% annual harvest of the
exploitable biomass. Under this system, the exploitation rate over the 2010-2022 period
averaged 36%, and the residual biomass has decreased from an initial high level (3-54%)
during 2010-2011 to a prolonged low level averaging 24% of the exploitable biomass during
2016-2022, with survival rates in the exploitable biomass consistently declining since the PA
management system was invoked [53]. Contrasts across the two PA systems suggest that
enabling harvest rates below maximum tolerable limits has resulted in a more conservative
approach in the NL fishery. However, there is no guarantee that this conservative response
by management and industry will continue to be adopted in the event of a resource decline.

4.4. Looking Forward

The informal invocation of the multi-indicator PA management was well-timed to help
the NL snow crab stock recover from a historically poor state in the late 2010s, with evidence
suggesting it has helped promote fishery extraction that is more efficient than occurred for
most of the post-expansion period. Increased extraction efficiency helps foster increased
sustainability in fisheries management and is advantageous in a scenario of a resource
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decline. In this regard, it is important to highlight that a decline in the EBI is anticipated in
the short term, with the most recent assessment showing declines in pre-recruit crab [33]
and a long-term prognosis for reduced habitat as greenhouse effect warming ensues [46].

This multi-indicator PA system cannot stop a resource decline, but there are measures
in place to prohibit excessive exploitation, such as those that occurred under reduced
biomass in the late 2010s, if and when the resource does decline. Historical data shows that
by keeping ERIs low, sufficient intraspecific competition should be maintained in the popu-
lation to help safeguard against deleterious outcomes exacerbated by overfishing during
periods of naturally dampened population density. In particular, under the assumption
that resource status will fall into cautious or even critical zones at some point in the future,
the system assures that ERIs will be maintained at levels historically shown to maintain a
relatively strong residual biomass in the population and minimize discards in the fishery.
The direct incorporation of additional metrics of discards and female fecundity into stock
health scoring provides the additional ability to react to factors other than fishing rates that
may become problematic during reduced biomass conditions. Any offsetting gains realized
through maximizing fishing efficiency during a resource decline are also advantageous
from an economic sense as they help keep fishery CPUE high and thus reduce costs associ-
ated with effort inputs. Finally, the continued ability of the multi-indicator PA management
system to accurately predict fishery outcomes during resource declines should be an asset
to help harvesters and managers plan for necessary adjustments. Conceptually, the use of
both survey biomass and climate variables to predict fishery outcomes should help bolster
the ability of the system to maintain accurate predictions.

It is recognized that this PA management system has not yet been truly tested during
a major resource decline. The evidence shown herein suggests it has promoted better
than historical stock and fishery performance relative to periods of similar conditions (i.e.,
moderate exploitable biomass levels) in the past. The ability to continue to promote better
than historical stock and fishery performance under low exploitable biomass conditions
similar to recent historic lows, if they occur, will be indicative of its ability to promote
sustainable fishing in the long run.

5. Synopsis

Our analysis shows that similar to all male-only crab fisheries, exploitation strategies
of NL snow crab must adjust to stock size changes as they occur. Recent history from
this fishery demonstrates problems resulting from overfishing, and the contrast of histori-
cal practices across ADs demonstrates the biological and fishery benefits of consistently
applying low-moderate exploitation rates. The NL snow crab fishery teaches us that male-
only harvest strategies alone are not sufficient for resource management of this or other
male-only crab fisheries without conservation-oriented limits on fisheries exploitation rates.
Leading inferences from outcomes on the invocation of a multi-indicator PA management
system for this vital marine resource suggest that the achievement of additional beneficial
outcomes stemming from maximizing extraction efficiency are indeed achievable ancillary
goals for resource management in male-only crab fisheries.

Author Contributions: Conceptualization, D.M.; methodology, D.M. and K.B.; software, D.M., K.B.,
J.P. and K.L.; validation, W.C., K.L. and K.M.; formal analysis, D.M.; investigation, D.M., K.B. and ].P.;
resources, D.M., J.P. and K.L,; data curation, W.C., K.L. and K.M.; writing—original draft preparation,
D.M.; writing— review and editing, K.B., ].P, W.C., K.L. and K.M,; visualization, D.M.; supervision,
D.M., K.B,, ].P. and W.C.; project administration, D.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to DFO NL Region not requiring animal study protocols for research on crustaceans. All fisheries-
dependent used in analysis were collected in accordance with DFO fishing regulations and all survey
data used in analysis were collected under experimental licences issued by DFO.



Fishes 2024, 9, 187 19 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this study are available on request from the corre-
sponding author.

Acknowledgments: We wish to say thank you to our DFO Resource Management Colleagues who
were instrumental in developing and implementing the snow crab PA system with us.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ritchie, H.; Roser, M. Fish and Overfishing; OurWorldInData.org. 2021. Available online: https://ourworldindata.org/fish-and-
overfishing (accessed on 30 March 2024).

2. Steele, D.H.; Andersen, R.; Green, ]. M. The managed commercial annihilation of Northern Cod. Nfld. Stud. 1992, 8, 34-68.

3. Bavington, D. Managed Annihilation: An Unnatural History of the Newfoundland Cod Collapse; UBC Press: Vancouver, BC, Canada,
2010; pp. 1-224.

4. Brown, P; Araya-Schmidt, T.; Bungay, T.; Winger, P.D. Assessing the Technical and Economic Viability of Galvanizing Snow Crab
(Chionoecetes opilio) Traps. Fishes 2024, 9, 109. [CrossRef]

5. DFO. Newfoundland and Labrador snow crab. Sci. Stock Status Rep. 2000, C2-05, 1-5.

6.  Davis, R.; Korneski, K. In a pinch: Snow crab and the politics of crisis in Newfoundland. Labour/Le Trav. 2012, 69, 119-145.

7.  Dawe, E.G.; Drew, H.J.; Beck, P.C.; Veitch, PJ. Status of the Newfoundland and Labrador Snow Crab Resource in 1999; Fisheries and
Oceans Canada: Ottawa, ON, Canada, 2000.

8.  Schrank. The Newfoundland fishery: Ten years after the moratorium. Mar. Poli. 2005, 29, 407-420. [CrossRef]

9. Integrated Fisheries Management Plan. Snow Crab—Newfoundland and Labrador Region. Available online: https://www.dfo-
mpo.gc.ca/fisheries-peches/ifmp-gmp/snow-crab-neige/2019/index-eng.html (accessed on 30 March 2024).

10. Mullowney, D.RJ.; Baker, K.D.; Zabihi-Seissan, S.; Morris, C. Biological perspectives on complexities of fisheries co-management:
A case study of Newfoundland and Labrador snow crab. Fish. Res. 2020, 232, 105728. [CrossRef]

11.  DFO. Short-Term Stock Prospects for Cod, Crab and Shrimp in the Newfoundland and Labrador Region (Divisions 2J3KL); Fisheries and
Oceans Canada: Ottawa, ON, Canada, 2014.

12. Mullowney, D.R].; Dawe, E.G.; Colbourne, E.B.; Rose, G.A. A review of factors contributing to the decline of Newfoundland and
Labrador snow crab (Chionoecetes opilio). Rev. Fish Biol. Fish. 2014, 24, 639-657. [CrossRef]

13.  Mullowney, D.R.J.; Baker, K.D. Size-at-maturity shift in a male-only fishery: Factors affecting molt-type outcomes in Newfound-
land and Labrador snow crab (Chionoecetes opilio). ICES J. Mar. Sci. 2020, 78, 516-533. [CrossRef]

14. Mullowney, D.; Baker, K.; Pedersen, E.; Osborne, D. Basis for a Precautionary Approach and Decision Making Framework for the
Newfoundland and Labrador Snow Crab (Chionoecetes opilio) Fishery; Fisheries and Oceans Canada: Ottawa, ON, Canada, 2018.

15.  Ennis, G.P,; Hooper, R.G.; Taylor, D.M. Changes is the composition of snow crab (Chionoecetes opilio) participating in the annual
breeding migration in Bonne Bay, Newfoundland. Can. J. Fish. Aquat. Sci. 1990, 47, 2242-2249. [CrossRef]

16. Kruse, G.H. Biological perspectives on crab management in Alaska. In Proceedings of the International Symposium on Management
Strategies for Exploited Fish Populations, Anchorage, AK, USA, 21-24 October 1992; Kruse, G.H., Eggers, D.M., Marasco, R.J., Pautzke,
C., Quinn, TJ., Eds.; Alaska College Sea Grant: Fairbanks, AK, USA, 1993; pp. 355-384.

17.  Dawe, E.G.; Mullowney, D.R.J. Baited traps used in the Newfoundland and Labrador fishery for Snow Crab (Chionoecetes opilio):
A precautionary approach. J. Ocean Tech. 2016, 11, 13-23.

18.  Watson, J. Maturity, mating, and egg laying in the spider crab, Chionoecetes opilio. ]. Fish. Res. Board Can. 1970, 27, 170-181.
[CrossRef]

19. Baker, K.D.; Mullowney, D.R.J.; Sainte-Marie, B. Large males matter: Low sperm reserves in female snow crab (Chionoecetes opilio)
off Newfoundland, Canada. Fish. Res. 2022, 253, 106385. [CrossRef]

20. Siddeek, M.S.M.; Sainte-Marie, B.; Boutillier, J.; Bishop, G. Comparison of reference points estimated using a size-based method
for two high-latitude crab species in the United States and Canada. Can. J. Fish. Aquat. Sci. 2004, 61, 1404-1430. [CrossRef]

21. Miller, R.]J. Resource underutilization in a spider crab industry. Fisheries 1977, 2, 9-13. [CrossRef]

22. Dufour, R.; Bernier, D.; Bréthes, J.-C. Optimization of Meat Yield and Mortality during Snow Crab (Chionoecetes opilio O. Fabricius)
Fishing Operations in Eastern Canada; Fisheries and Oceans Canada: Ottawa, ON, Canada, 1997.

23.  Grant, S.M. Mortality of Snow Crab Discarded in Newfoundland and Labrador’s Trap Fishery: At-Sea Experiments on the Effect of Drop
Height and Air Exposure Duration; Fisheries and Oceans Canada: Ottawa, ON, Canada, 2003.

24. van Temelen, P.G. Estimating handling mortality due to air exposure: Development and application of thermal models for the
Bering Sea snow crab fishery. Trans. Amer. Fish. Soc. 2005, 134, 411-429. [CrossRef]

25. Urban, J.D. Discard mortality rates in the Bering Sea snow crab (Chionoecetes opilio) fishery. ICES J. Mar. Sci. 2015, 72, 1525-1529.
[CrossRef]

26. Mullowney, D.R.J.; Baker, K.D.; Pantin, J.R. Hard to manage? Dynamics of soft-shell crab in the Newfoundland and Labrador

snow crab fishery. Front. Mar. Sci. 2021, 8, 591496. [CrossRef]


https://ourworldindata.org/fish-and-overfishing
https://ourworldindata.org/fish-and-overfishing
https://doi.org/10.3390/fishes9030109
https://doi.org/10.1016/j.marpol.2004.06.005
https://www.dfo-mpo.gc.ca/fisheries-peches/ifmp-gmp/snow-crab-neige/2019/index-eng.html
https://www.dfo-mpo.gc.ca/fisheries-peches/ifmp-gmp/snow-crab-neige/2019/index-eng.html
https://doi.org/10.1016/j.fishres.2020.105728
https://doi.org/10.1007/s11160-014-9349-7
https://doi.org/10.1093/icesjms/fsaa164
https://doi.org/10.1139/f90-249
https://doi.org/10.1139/f70-181
https://doi.org/10.1016/j.fishres.2022.106385
https://doi.org/10.1139/f04-137
https://doi.org/10.1139/f04-137
https://doi.org/10.1577/T04-091.1
https://doi.org/10.1093/icesjms/fsv004
https://doi.org/10.3389/fmars.2021.591496

Fishes 2024, 9, 187 20 of 20

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Caddy, J.F. Current usage of fisheries indicators and reference points, and their potential application to management of fisheries
for marine invertebrates. Can. J. Fish. Aquat. Sci. 2004, 61, 1307-1324. [CrossRef]

Mullowney, D.R].; Baker, K.D. Multi-indicator precautionary approach frameworks for crustacean fisheries. Can. J. Fish. Aquat.
Sci. 2023, 80, 1207-1220. [CrossRef]

Sainte-Marie, B.; Sévigny, ].-M.; Gauthier, Y. Laboratory behavior of adolescent and adult males of the snow crab Chionoecetes
opilio mated noncompetitively and competitively with primiparous females (Brachyura: Majidae). Can. J. Fish. Aquat. Sci. 1997, 54,
239-248. [CrossRef]

Sainte-Marie, B.; Urbani, N.; Sévigny, ].-M.; Hazel, F; Kuhnlein, U. Multiple choice criteria and the dynamics of assortative
mating during the first breeding season of female snow crab Chionoecetes opilio (Brachyura, Majidae). Mar. Ecol. Prog. Ser. 1999,
181, 141-153. [CrossRef]

DFO. Reference Points Consistent with the Precautionary Approach for Snow Crab in the Southern Gulf of St. Lawrence; Fisheries and
Oceans Canada: Ottawa, ON, Canada, 2010.

Pantin, J.; Coffey, W.; Mullowney, D.; Baker, K.; Cyr, F.; Koen-Alonso, M. An Assessment of Newfoundland and Labrador Snow Crab
(Chionoecetes opilio) in 2020; Fisheries and Oceans Canada: Ottawa, ON, Canada, 2023.

DFO. An Assessment of Newfoundland and Labrador Snow Crab (Chionoecetes opilio) in 2023; Fisheries and Oceans Canada: Ottawa,
ON, Canada, in press.

Bates, D.; Méchler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using lme4. |. Stat. Soft. 2015, 67, 1-48. [CrossRef]
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2023. Available online: https://www.R-project.org/ (accessed on 9 May 2024).

Doubleday, W.G. Manual on groundfish surveys in the Northwest Atlantic. NAFO Sci. Counc. Stud. 1981, 2, 7-55.

McCallum, B.; Walsh, S.J. Groundfish survey trawls used at the Northwest Atlantic Fisheries Centre, 1971-present. NAFO Sci.
Counc. Stud. 1996, 29, 93-103.

DFO. Newfoundland & Labrador Comparative Fishing Analysis—Part 1; Fisheries and Oceans Canada: Ottawa, ON, Canada, 2024.
Anderson, S.C.; Ward, E.J.; English, P.A.; Barnett, L.A.K. sdmTMB: An R package for fast, flexible, and user-friendly generalized
linear mixed effects models with spatial and spatiotemporal random fields. bioRxiv 2022. [CrossRef]

DeLury, D.B. On the estimation of biological populations. Biometrics 1947, 3, 145-167. [CrossRef] [PubMed]

Dawe, E.G.; Walsh, S.J.; Hynick, E.M. Capture efficiency of a multi-species survey trawl for Snow Crab (Chionoecetes opilio) in the
Newfoundland region. Fish. Res. 2010, 101, 70-79. [CrossRef]

Sainte-Marie, B.; Raymond, S.; Bréthes, J.-C. Growth and maturation of the benthic stages of male snow crab, Chionoecetes opilio
(Brachyura: Majidae). Can. J. Fish. Aquat. Sci. 1995, 52, 903-924. [CrossRef]

Comeau, M.,; Conan, G.Y.; Maynou, F; Robichaud, G.; Therriault, ].C.; Starr, M. Growth, spatial distribution, and abundance
of benthic stages of the snow crab (Chionoecetes opilio) in Bonne Bay, Newfoundland. Can. J. Fish. Aquat. Sci. 1998, 55, 262-279.
[CrossRef]

Mullowney, D.; O’Connell, N.; Kilada, R.; Rochette, R. Refining age at legal-size estimation in the Newfoundland & Labrador
populations of the snow crab Chionoecetes opilio (Fabricius, 1788) (Decapoda: Brachyura: Oregoniidae). J. Crust. Biol. 2023, 43,
1-14. [CrossRef]

Wood, S.N. Generalized Additive Models: An Introduction with R, 3rd ed.; Chapman and Hall/CRC: Boca Raton, FL, USA, 2017;
p- 496. [CrossRef]

Mullowney, D.R.J.; Baker, K.D.; Szuwalski, C.S.; Boudreau, S.A.; Cyr, E; Kaiser, B.A. Sub-Arctic no more: Short- and long-term
global-scale prospects for snow crab (Chionoecetes opilio) under global warming. PLoS Clim. 2023, 2, €0000294. [CrossRef]
Yletyinen, J.; Butler, W.E.; Ottersen, G.; Andersen, K.H.; Bonanomi, S.; Diekert, FK.; Folke, C.; Lindegren, M.; Nordstrém, M.C;
Richter, A.; et al. When is a fish stock collapsed? bioRxiv 2018. [CrossRef]

Mullowney, D.R.J.; Baker, K.D.; Pedersen, E.]. Harvesting strategies during a forecasted decline in the Newfoundland and
Labrador snow crab fishery. Fish. Res. 2020, 232, 105707. [CrossRef]

Dawe, E.G.; Mullowney, D.R.; Moriyasu, M.; Wade, E. Effects of temperature on size-at-terminal-molt and molting frequency in
snow crab Chionoecetes opilio from two Canadian Atlantic ecosystems. Mar. Ecol. Prog. Ser. 2012, 469, 279-296. [CrossRef]
Sainte-Marie, B.; Ouellet, ] -F,; Dionne, H. Direction, ontogeny, and mechanism of the temperature-size rule operating in a large
marine crab, Chionoecetes opilio. ICES J. Mar. Sci. 2021, 78, 557-574. [CrossRef]

Cyr, F; Galbraith, PS. A climate index for the Newfoundland and Labrador shelf. Earth Syst. Sci. Data 2021, 13, 1807-1828.
[CrossRef]

Szuwalski, C. An assessment for eastern Bering Sea snow crab. Npfmc Bsai Crab Safe 2023. Available online: https:/ /www.npfmec.
org/fisheries/bsai-crab/ (accessed on 9 May 2024).

Surette, T.; Chassé, J. The 2022 Assessment of the Snow Crab (Chionoecetes opilio) Stock in the Southern Gulf of Saint Lawrence (Areas
12,12E, 12F and 19); Fisheries and Oceans Canada: Ottawa, ON, Canada, 2023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1139/f04-132
https://doi.org/10.1139/cjfas-2022-0260
https://doi.org/10.1139/f96-287
https://doi.org/10.3354/meps181141
https://doi.org/10.18637/jss.v067.i01
https://www.R-project.org/
https://doi.org/10.1101/2022.03.24.485545
https://doi.org/10.2307/3001390
https://www.ncbi.nlm.nih.gov/pubmed/18902271
https://doi.org/10.1016/j.fishres.2009.09.008
https://doi.org/10.1139/f95-091
https://doi.org/10.1139/f97-255
https://doi.org/10.1093/jcbiol/ruad067
https://doi.org/10.1201/9781315370279
https://doi.org/10.1371/journal.pclm.0000294
https://doi.org/10.1101/329979
https://doi.org/10.1016/j.fishres.2020.105707
https://doi.org/10.3354/meps09793
https://doi.org/10.1093/icesjms/fsaa163
https://doi.org/10.5194/essd-13-1807-2021
https://www.npfmc.org/fisheries/bsai-crab/
https://www.npfmc.org/fisheries/bsai-crab/

	Introduction 
	History of the Fishery 
	Snow Crab Fishery Management 
	Overview of NL Snow Crab PA System 

	Materials and Methods 
	Background 
	Fishery Data 
	Exploitable Biomass Estimation 
	PA Management System Bases and Models 
	PA Management System Performance Assessment 

	Results 
	Fishery Data 
	PA Management System Performance Assessment 

	Discussion 
	PA Management System Timing 
	PA Management System Impacts 
	Management and Industry Responses 
	Looking Forward 

	Synopsis 
	References

