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Gilbert Bay cod population and
evaluation of factors driving
observed changes in abundance
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The Gilbert Bay Marine Protected Area (MPA), Labrador, was created in 2005
to conserve a coastal resident population of Atlantic cod (Gadus morhua).
Scientific research and monitoring have been conducted consistently since
1998, and data have been used to assess the health of the Gilbert Bay cod
population and provide management advice. This study has two parts: the first
part applies a standard quantitative fisheries stock assessment methodology
(length-based stock assessment) to provide growth and mortality parameters;
and the second part considers all available MPA indicator monitoring data to
evaluate which factors contribute most importantly to observed long-term
population trends using Bayesian Model Averaging. Model results indicated
that Gilbert Bay cod exhibit low growth rates and low natural mortality. It
estimated that the protected population decreased from ~39,000 to ~9,000
individuals from 1998 to 2019. Those remaining individuals are mostly sexually
immature and <35cm total length (TL). In the second part of the study,
monitoring data, including environmental metrics, annual abundances of cod
eggs, pelagic juveniles, demersal juveniles (ages 1-4 years.), adults, and fishery
removals, are used to assess which factors contributed most importantly to the
observed population trends over time. Commercial cod landings adjacent the
MPA boundaries explained 89.2% of the variability in cod egg density and 100% of
the changes in adult fish abundance. Environmental conditions had a negligible
role in cod population decline. Despite changes in fish community structure
within Gilbert Bay, a reduction in fishing mortality on mature Gilbert Bay cod
could enable the survival of strong year classes and promote recovery of the
Gilbert Bay cod population.

KEYWORDS

marine protected area (MPA), Atlantic cod (Gadus morhua L.), assessment, Canada,
conservation

1 Introduction

The Gilbert Bay Marine Protected Area (MPA), Labrador, was created in 2005 to
protect a local Atlantic cod (Gadus morhua) population from overfishing (Canada Gazette,
2005). The behavior and survival of Gilbert Bay cod in its coastal habitat indicates that it
is locally adapted to its environmental conditions (Green et al., 2023). Furthermore, the
Gilbert Bay cod population is genetically discrete and locally adapted based on genomic
analysis (Ruzzante et al., 2000; Sinclair-Waters et al., 2018) and therefore contributes
importantly to the intraspecific biodiversity of Atlantic cod.
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Research on Gilbert Bay cod has been ongoing since 1996 and
in 1998a study was initiated to better understand the biological
characteristics of this resident Atlantic cod population (Morris
and Green, 2002). Since then consistent annual sampling has
been conducted to monitor important aspects of the population,
including spawning time and egg production; larval, juvenile and
adult abundance; and growth rates of individuals (Morris et al.,
2022). Other research has studied the movement patterns of
individual fish using both external tags as part of mark-recapture
studies and telemetry tracking (Morris and Green, 2014; Morris
et al., 2014; Green et al, 2023). During the course of 26 years
of research there has been a significant reduction in abundance,
and decrease in the size structure, of Gilbert Bay cod (Morris and
Green, 2017, 2021). This decline has been attributed to commercial
fishing adjacent to the MPA, where a portion of Gilbert Bay cod
migrate in summer and mix with Atlantic cod from the northern
cod population, the target of the fishery (Morris and Green, 2014,
2017, 2021). The extent to which commercial fishing is the cause
of the decline in mature Gilbert Bay cod has been controversial
(Morris and Green, 2014, 2017, 2021). It is argued by stakeholders,
including the fishing industry, that other factors, such as climate
change or predation, could have affected the population.

Measuring changes in a population’s abundance and structure,
and identifying factors that contribute most importantly to
driving population dynamics, can better inform management
decision making. Commercial fishing, changing environmental
conditions, and changes in the structure of the fish community
can all play critical roles in the population dynamics of exploited
Atlantic cod stocks (Pedersen et al., 2017). The Gilbert Bay MPA
indicator monitoring program includes biological, environmental,
and fishery data, which are used in this study to examine the
Gilbert Bay cod population and factors affecting it. The first
part of this study includes an assessment of the Gilbert Bay
cod population to estimate metrics commonly used in fishery
management decision making. We use a methodology based on
length-frequency catch data (Sparre and Venema, 1998) to estimate
model parameters informing biological reference points. This
analysis was conducted to better inform the sustainability of fishing
activities in a fisheries management context (Froese, 2004; Cope
and Punt, 2009) and the degree of uncertainty in the estimation
of growth parameters (Mildenberger et al, 2017). The second
part of this study investigates which factors best explain trends
in the abundance of the Gilbert Bay cod population, based on
available indicator data. We consider the role of fishery removals,
environmental conditions, and potential impacts of a changing
fish community as possible explanations for changes in the Gilbert
Bay cod population (e.g., abundance of eggs, pelagic juveniles,
and adult individuals). Combined, these analyses identify the most
likely factors affecting MPA effectiveness and how a recovery of the
Gilbert Bay cod population could be supported.

2 Method
2.1 Study site and data collection

Gilbert Bay is a 20km long fjord-like inlet located along
the coast of southern Labrador and was designated as a Marine
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Protected Area (MPA) in 2005 to protect its Atlantic cod population
(Canada Gazette, 2005). All cod fishing is excluded from the MPA,
however some activities such as indigenous harvesting of Arctic
charr (Salvelinus aplinus) and Atlantic salmon (Salmo salar) are
permitted inside MPA Zones 2 and 3 (Figure 1). Fishing activities
inside the MPA are not known to catch significant quantities of
Atlantic cod. The Gilbert Bay MPA includes an area of ~60 km?,
divided into three zones (Figure 1), for management purposes.
Field sampling associated with the study of Gilbert Bay cod is
focused in Zone 1B (The Shinneys; Figure 1) because a large
and representative number of the Gilbert Bay cod are known to
overwinter and spawn in this area (Morris and Green, 2002; Morris
et al, 2014). The data collected annually on Gilbert Bay cod as
part of the MPA monitoring program, and the methods used, are
described by Morris and Green (2014, 2017, 2021) and Morris
etal. (2022). Briefly, data are collected on Atlantic cod eggs, pelagic
juvenile densities, demersal juvenile year class abundance, and
adult abundance. Environmental data include continuous water
temperature measurements from moored thermistor probes and
annual depth profiling of the water column to measure temperature
and salinity. Other environmental data were obtained from long-
term weather stations and river monitoring programs maintained
by Environment Canada that describe regional environmental
conditions in the Gilbert Bay area. Commercial fisheries data were
collected by Fisheries and Oceans Canada.

Cod egg sampling was conducted annually during the spring
spawning season (over 10 days during late May-early June)
at the same location in The Shinneys (Table 1). At this time
of year, the water column in Gilbert Bay is highly stratified,
with several meters of relatively fresh water at the surface
resulting from the melting snowpack and increased river runoff.
A 1m diameter plankton net with 333 um mesh was towed
horizontally by a small boat (~5-7m long) at depths of 1-2,
4-5, and 7-8 m. The depth of the net was controlled by boat
speed measured using a handheld GPS (Garmin model 60CSx).
Typically, replicate tows were carried out at each targeted depth.
Tows were 15min duration and conducted during the morning
between 7:30 and 12:00 am local time. Eggs were preserved in
a 5% unbuffered formalin/seawater solution and counted using
a dissecting microscope upon return to the laboratory. The
annual egg density estimate used to compare yearly differences
in egg abundance was based on the sample with the highest
egg concentration (number per m® Table 1). The highest egg
concentrations are sampled at the pycnocline because cod eggs
float in the underlying saltier water but sink in the overlying
fresh water. Typically, the highest concentrations of eggs were
sampled at a depth of 4-5m, however, occasionally higher egg
densities were sampled at a slightly deeper depth (7-8 m). Plankton
tows conducted near the pycnocline, and having the highest
concentrations of cod eggs, were expected to provide the most
consistent estimate of annual egg abundance. The same sampling
method and net was used to collect pelagic juveniles, but only
near-surface tows were made over several days in early August
(Table 1). During this summer period, after the spring freshet is
completed, the water column is no longer stratified with a strong
surface freshwater layer and pelagic juvenile cod are sampled near
the surface. The density of juveniles was defined as the number of
individuals per plankton tow.
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Map of the Gilbert Bay MPA, southeast Labrador. The area inside the black box indicates scientific monitoring locations inside MPA Zone 1B. Each red
and blue dot represents angling and temperature logger sites, respectively. Some Gilbert Bay cod migrate from Zone 1B, through zones 2 and 3, and

Bay-cod at older ages were sampled annually during spring (late
May-early June) at 27 fixed sites by angling (Figure 1). Fishing effort
targeted shallow depths of ~8-10m since Gilbert Bay cod prefer
these depths in both cold or warm seasons (Green et al., 2023).
Each fishing set included 30-120 min of angling by 2-5 people.
The total length (TL) of all fish caught was recorded along with
fishing location, time and set duration (Table 1). Most fish >32 cm
were tagged with an external ¢-bar anchor tag and released at the
tagging site, see Morris and Green (2002) for tagging details. The
number of fish caught per year was standardized by the mean
annual fishing effort, based on the Catch Per Unit Effort (CPUE)
at each fishing site.

Annually sampled length-frequency distributions of Gilbert
Bay cod include most younger year classes, which inform their
growth, abundance, and survival. Separate modes in the length-
frequency distribution identify Gilbert Bay cod ages 1-4; however,
increasing variability in length at age results in overlapping modes
at older ages (Morris et al, 2022). The midpoint for different
modes in the length-frequency distribution was used to estimate
the length of each age class. The recruitment of juvenile fish was
assessed by comparing relative abundances of a cohort sampled
between age 0+ and age 4+ years of age. The CPUE of angling data
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was measured as the number of fish caught divided by the number
of people fishing multiplied by the time (h) each person fished.
This was standardized by the average annual sampling effort during
the 26-year period and used as an indicator of relative abundance
(DFO, 2010; Morris and Green, 2017). Fish that are older than 4
years, are typically larger than 25-30 cm TL and have outgrown the
size at which they are likely to be eaten by other fishes (e.g. sculpins
and Rock cod), which is an important consideration in this study
regarding the role of fish community changes over time.

Commercial fishing is another source of fish mortality and these
data were provided by the Department of Fisheries and Oceans
and are also reported elsewhere (see Morris and Green, 2014, 2017,
2021). Importantly these landings data only include commercial
fishing within the reported home range of Gilbert Bay cod as
reported by Morris et al. (2003) and Morris et al. (2014). This prior
research identified areas outside the MPA where Gilbert Bay cod
mix with Northern cod.

Environmental conditions were monitored using data gathered
at the study site and from long term regional weather and river
monitoring stations established by Environment Canada. Water
temperature in Gilbert Bay was measured in the Shinneys at 3 and
8 m depths almost continuously every 2 h, from 1998 to June 2018,
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TABLE 1 Summary of data collection in The Shinneys and commercial landing, from 1998 to 2023.

Egg sampling

Juvenal sampling

Adult sampling

Commercial
landings (ton)

Sampling Maximum egg Depth (m) Sampling Total fish Number of  Sampling Total fish Rod hour
date* concentration (egg per period tows period
m—3)
1998 N/A N/A Aug 5-10 19 18 Jun 3-10 1,198 206.6 8.135
Jun 24-30
1999 Jun 1 63 7 Aug 7-11 154 46 May 20-Jun 1 631 183.4 12.057
Jun 24-25
2000 N/A N/A Aug 3-7 109 33 Jun 13-22 536 172.3 0.613
Aug 37
2001 Jun 3 65 5 Jul 30-Aug 5 214 29 May 29-Jun 10 610 179.4 0.928
Jun 22-26
2002 N/A N/A Jul 31-Aug 4 64 19 Jun 11-19 741 178.1 5.74
2003 N/A N/A N/A N/A N/A Jun 4-10 449 189.5 0
2004 Jun 6 60 7 Aug 2-4 16 18 Jun 1-8 707 161.8 0
2005 Jun 1 23 4 Aug 2-5 4 30 Jun 1-19 539 163.8 0
2006 Jun 8 61.1 5 Jul 31-Aug 4 160 25 Jun 1-10 453 143.4 6.598
2007 Jun 3 62 7 Aug 1-3 12 22 Jun 1-10 364 176.7 17.672
2008 Jun 7 36 10 Aug 4-8 32 31 Jun 2-12 222 103.3 17.631
2009 Jun 4 54 4 Aug3-6 110 35 Jun 2-11 362 143.1 15
2010 Jun 8 14.4 3 Aug3-6 6 39 Jun 3-10 276 174.7 13.25
2011 Jun 2 90 5 Aug 1-4 4 45 Jun 1-9 500 147.1 9.402
2012 Jun 11 15.1 2 Aug 1-5 12 10 Jun 1-10 281 140.5 11.662
2013 Jun 1 33 5 Jul 31-Aug 5 37 28 Jun 1-10 210 168 11.329
2014 Jun 3 10.3 8 Jul 30-Aug 3 20 29 Jun 1-10 63 150 15.266
2015 Jun 5 111 8 Aug 1-4 2 23 Jun 1-10 111 198.2 13.552
2016 Jun 1 2 7 Aug 1-5 28 22 Jun 1-10 177 165.4 28.414
2017 Jun 1 36.2 6 Aug 4-7 4 41 Jun 1-10 28 186.7 13.41
2018 Jun 7 34 3 Aug 1-4 5 30 Jun 1-10 28 215.4 5.104
2019 NA NA NA Jul 27-Aug 1 86 24 Jun 6-15 8 73 NA
2020 NA NA NA NA NA NA NA NA NA NA
2021 NA NA NA NA NA NA May 29-Jun 7 39 64 NA
2022 NA NA NA Jul 31-Aug 5 270 30 Jun 1-9 3 93 NA
2023 NA NA NA Aug 2-7 30 Jun 2-7 8 100 NA
N/A is not applicable.

*Sampling date corresponds to the maximum egg concentration found.
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using Vemco mini-log T temperature loggers (Figure 1). Vertical
profiles measuring water salinity, temperature, and density were
collected during periods of plankton sampling using a Seabird 19 or
handheld YSI probe. Monthly air temperature from 1935 to 2018 at
Cartwright (Labrador) was taken from Environment Canada (Cyr
etal,, 2019), which was associated with the Gilbert Bay surface water
temperature (Best et al., 2011). A river monitoring station on the
Alexis River provided continuous daily freshwater runoff data from
1978 to 2018. While water from Alexis River does not flow directly
into Gilbert Bay its close proximity (10-15km) makes it a good
proxy for the Shinneys River in terms of representing annual runoff
and the timing of the spring freshet.

2.2 Stock assessment

The quantitative stock assessment for GB cod was performed
based on two indicators: (1) fishing mortality (F) and exploitation
rate (E) relative to biological reference points based on linearized
catch curves and a yield per recruit (YPR) model (Sparre and
Venema, 1998), and (2) reference length-based indicators (LBIs) of
sustainable fishing relative to optimal points (Froese, 2004).

2.2.1 Growth parameters

Growth rate parameters were estimated for Gilbert Bay
cod using three different sources of data: length-at-age, mark-
recapture, and length frequency catch data (Morris et al., 2022).
Lethal sampling to collect otoliths provided length-at-age data
from 1998-2009. These data were compared with non-lethal
sampling data (from mark-recapture measurements and length
frequency analyses) which showed that the non-lethal methods
were appropriate to estimate growth parameters (Morris et al,
2022). That study also included separate analysis of data for
the 2010-2019 period. In the present study, we included non-
lethal sampling data (length frequency catch data) from the entire
sampling period (1998-2023) to estimate growth rate parameters
for use in the stock assessment analysis.

A seasonally oscillating von Bertalanfty growth function
(soVBGF) was used to estimate growth rate parameters using
the Electronical LEngth Frequency ANalysis (ELEFAN) module
developed by the FAO and adapted to the R analysis package
TropFishR (Mildenberger et al, 2017). The soVBGM was
considered to estimate the growth parameters because the water
temperature in Gilbert Bay was below zero degree Celsius for
6 months annually, with little expected growth during this time
(Morris et al., 2022). The equation of soVBGM is:

L = Ly (1 - e*(“’*mﬁws(m)))

where L; is the total length of the fish at time #, Ly, is the
asymptotic length of fish (cm), K is the growth rate coefficient
(y™1), and tq is the theoretical age of the fish when L; is equal to
zero. The value of fy was obtained from ELEFAN as the output

of K and Ly, through the equation (Pauly, 1980): log(lat‘)) =

L N .
0.3922 — 0.2752 logl(')f —1.038 loglf0 and Sy = (CK/2m) sin 2m (t

- t;), where C is intensity of seasonality, typically ranging from 0
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to 1 (C >1 implies periods of reduction in length, which is rare),
and f, is the fraction of a year (relative to the age of recruitment,
t = 0) where the sine wave oscillation begins (i.e., turns positive).
Lyaxwas used to define initial seed value of Ly,,r, which was obtained
from the mean of the 1% largest fish in sample, calculated as Ly,,s =
Lax/0.95 (Pauly, 1983). Optimal bin size (OBS) was determined by
the equation: OBS = 023152 (Wang et al,, 2020). The VBGF
parameters were assessed using a moving average over five size
intervals. The estimated Ly,r and K values were used to calculate the
growth performance index (phi prime, ¢') defined as the following:
¢ = loglf0 +210gfg'f (Pauly et al., 1995). The maximum age
(Tmax) was estimated: Tvax = 3/K (Pauly, 1980). The optimum size
(Lopt) represents the size at which fishing would yield the highest
sustainable biomass per recruit from a stock, and was calculated by

the equation Loyt = Ly (ﬁ) (Froese, 2004). The parameter
X

tanchor denotes the fraction of the year where yearly repeating
growth curves cross length equal to zero (Mildenberger et al., 2017).
To improve cohort visualization, we converted fishing date to June
Ist providing 1-year intervals for the length frequency catch data.
We assumed that adult fish experienced negligible growth during
our 10-day sampling period (late May-early June). The model was
performed using ELEFAN through a simulated annealing algorithm
(ELFAN_SA) (Xiang et al., 2013). The best fit model was selected
based on the maximum score value obtained from bootstrapping
(Schwamborn et al,, 2019). Maximum density estimates and 95%
confidence intervals (CIs) for all growth parameters were obtained
based on the 1,000 resamples of the bootstrapping procedure
(Mildenberger et al., 2017).

2.2.2 Mortality and exploitation rate

Once VBGM were estimated, linearized length-converted catch
curves were produced taking into account growth seasonality.
Catch curves were employed to the average catch numbers per
length class across all years, based on scientific monitoring data
collected in Zone 1B. Total instantaneous mortality rate (Z)
was calculated based on the slope of the regression line of the
descending part of the catch curve. The selection of points for
the regression line was based on the age (length-derived) classes
represented in the catch data. The Z equation forms:

N.
7 = Ln<—’) = a+bt
dt;

where Nj is the number of individuals in length class i and dt; the
time needed by the fish to grow in class i (Pauly, 1990; Pauly et al.,
1995). a is the intercept, b corresponds to Z (slope), and ¢ is the
relative age. The Z of length frequency data and the derivation of
a selection ogive was estimated by means of the linearized length-
converted catch-curve analysis method outlined by Mildenberger
et al. (2017). The instantaneous natural mortality rate (M) was
estimated upon a meta-analysis according to the empirical equation
of Then et al. (2015), based on L;,s and K:

_ 0.737-0.33
M = 4118K™"L, ¢

With L, and K values obtained from the length frequency data
as described as above using ELEFAN_SA function in TropFishR
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package (Mildenberger et al., 2017). This approach is based on
the empirical method with a cross-validation prediction error of
0.6 (Then et al., 2015). Uncertainties around the estimates of
total mortality and fishing mortality are compounded by the error
associated with the natural mortality estimate. The rate of fishing
mortality (F) was obtained by subtracting natural mortality from
total mortality (F = Z - M). The exploitation rate (E) was defined
as E = F/Z. Estimated values of E were then compared with a
reference value of 0.5, which has been proposed as a maximum
sustainable yield (MSY) for most fish species (Gulland, 1971).
In addition, estimated F values were compared against reference
points obtained from the yield per recruit (YPR) prediction model
(Beverton and Holt, 1957), also called Thompson and Bell model.
There were three considerable thresholds in that model: (1) the
highest biomass per recruit (Fpqay), (2) a 50% reduction of the
biomass of the unexploited population (Fys), and (3) a fishing
mortality that corresponds to 10% of the slope of the yield per
recruit curve in the origin (Fp ). In the YPR model, allometric
length-weight relationship parameters a and b were required, which
were obtained from existing estimations published by Morris and
Green (2002) (W = 0.0059TL*'!). The bootstrapped ELEFAN-
based curve fitting method was used to estimate the exploitation
rates derived from maximum density values of distributions for
each parameter that was obtained from the linearized length
converted catch curve (Mildenberger et al., 2017).

2.2.3 Length-based indicators for sustainable
fishing

In addition to the first stock assessment indicator based on
the exploitation rate and fishing mortality (E and F) relative
to biological reference points, we applied three Length Based
Indicators (LBIs) proposed by Froese (2004) to assess the status and
trends of the Gilbert Bay cod population within a stock assessment
framework, which are described as “let them spawn,” “let them
grow,” and “let the mega-spawners live,” following terminology
used by Froese (2004). These LBIs were based on previous studies
that have documented links between the variables involved in the
estimation of the LBI with recruitment overfishing and/or growth
overfishing and their associated reference points (RP) (Beverton,
1992; Myers and Mertz, 1998; Berkeley et al., 2004; Barneche et al,,
2018). The LBI applied in this study included (Froese, 2004; Cope
and Punt, 2009):

(1) Ppar, the proportion of mature fish sampled, with 100% as the
reference target point, calculated as Ppqs = % fish in sample
> L, where L,, is the length at maturity. Morris and Green
(2002) showed that GB cod reached mature sizes from 31 to
42.1 cm. Thus, we inferred the mean L,, = 37 cm (e.g., 50% of
the fish are mature).

(2) Py, the proportion of fish within a 10% range around the
optimum length (Loy) in the sample, with 100% as the
reference target, calculated by: Pyps = % fish > L,p; — 10% and
< Lopt + 10%, where Loy, was defined above.

(3) Puega, the proportion of mega-spawners in the sample, with
30%—40% considered as a healthy age structure and being
desirable, whereas <20% will be a matter of concern (Froese,
2004). Ppega was calculated by: Ppega = % fish > Lopr +10%.
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The sum of the three proportions (Ppar + Popt + Prmega) gives
the P,p; value. This combined indicator is referred to as a decision
tree (Cope and Punt, 2009), which provides a useful assessment
tool for multi-gear fisheries, including hook-and-line and gillnets,
where the assumption of trawl-like selectivity is not met. In the
model, if Pobj is < 1 then the fisheries captured more immature fish;
if Pop; ranges from 1 to 2, then the fisheries captured fish within a
range of Lopts and finally, if Po;,j is > 2, then the fisheries captured
more optimal-sized fish. Once a selectivity pattern was established
based on Pyy;, threshold values of Pyat, Popj and/or the Lop /Ly, ratio
point to an estimated probability of the stock spawning biomass
(SB) being below established reference points, either 40% or 25% of
the unfished spawning biomass (0.4 SB or 0.25 SB) was determined
(Cope and Punt, 2009).

2.2.4 Population size estimates

While length frequency catch data can estimate population size,
yearly estimation is affected by variation of L;,s and K which can
generate large confidence intervals (high uncertainty) (Yin and
Sampson, 2004). Thus, we estimated the population size using
mark-recapture methods following Ricker (1975) similar to that
applied to the Gilbert Bay cod population previously (Morris et al.,
2003). The equation is:

>io1 TG
Z?: 1 Ri

where N is the estimated population sizes in number, T; is the

N =

total number of previously tagged fish at time 7, C; is the number
fish caught at time i, and R; is the number of tagged fish caught
at time i. We assumed that there was no tagging mortality as
presented by Morris et al. (2003) and Morris et al. (2014). Since
2019, few fish have been sampled that were large enough to tag, as
such, recaptures since then have also been low. Thus, the recapture
analysis was conducted using the 1998-2019 data.

2.3 Prioritization of factors impacting
population trend

To test the hypothesis that fishery removals is limiting
the recovery potential of the Gilbert Bay cod population, we
examined overfishing effects by comparing fishery removals with
the abundance of eggs, juveniles, and adult abundances collected
during annual sampling (see Section 2.1). A Bayesian Model
Averaging (BMA) model was used to predict which factors could
best explain observed changes in the Gilbert Bay cod population.
In the BMA model, sampled eggs and juvenile densities, and adult
abundance were response variables. There was a total of 23 potential
predictors (Table 2) affecting the response variables assumed to
be influential on the variability of sampled egg/larvae density, or
sampled cod abundance based on hook and line data, in the BMA
analysis. The initial model for BMA is defined as:

23
dens = Py + Z BiXi+ ¢

i=1

where dens is the cod egg density, larvae density, or adult
cod abundance, X; is an explanatory variable (predictor) with i
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TABLE 2 Summary statistics for full data set.

10.3389/focsu.2025.1561396

Predictor Predictor coded Mean SE Min Max Explanation

Landings (tons) X 9.8 1.6 0 29.4 Based on Fisheries and Oceans Canada
statistic

First day of freshet X, Apr 29 1.9 Apr8 May 16 When river runoff exceeded the summer
average runoff of 56 m*/s

Maximum day of freshet X3 May 18 1.9 May 6 Jun 3 When river runoff reached a peak of
runoff

Last day of freshet X4 Jun 22 2.6 Jun 2 Jul 18 When river runoff decreased to 56 m?/s

Duration of freshet (days) Xs 53 2.8 35 82 From first day to the last day of freshet

Total volume of freshet (km?) X6 0.89 0.1 0.6 1.4 Amount of water during freshet period

Yearly mean air temperature (°C) X5 0.8 0.2 0.8 0.8

Yearly mean air temperature in winter X3 —11.1 0.5 —16.5 —59 Average air temperature from January to

)] March

Yearly mean air temperature in spring X9 3.8 0.3 1.5 7.3 Average air temperature from April to

(°C) June

Yearly mean air temperature in summer Xio 12 0.2 10.4 13.9 Average air temperature from July to

(°Q) September

Yearly mean air temperature in fall (°C) X1 -1.7 0.3 —3.7 1.9 Average air temperature from October to
December

Yearly mean temperature at 3 m depth X1z 2.6 0.1 1.7 4.2

“C)

Yearly cumulative degree day at 3m Xi3 1496 30.3 1276 1847 Sum of temperatures exceeding 0°C at

depth (°C) 3 m depth

Yearly winter mean temperature at 3 m X4 —0.8 0.2 -1.9 0.52 Average temperature at 3 m depth from

depth (°C) January to March

Yearly spring mean temperature at 3 m Xis 1.8 0.3 0.9 5 Average temperature at 3 m depth from

depth (°C) April to June

Yearly summer mean temperature at Xi6 10.4 0.3 7.5 12,5 Average temperature at 3 m depth from

3 m depth (°C) July to September

Yearly fall mean temperature at 3 m Xi7 3 0.1 12 4.3 Average temperature at 3 m depth from

depth (°C) October to December

Yearly mean temperature at 8 m depth Xis 2.8 0.2 1.7 4.2

o)

Yearly cumulative degree day at 8 m X9 1,093 49.7 287 1,436 Sum of temperatures exceeding 0°C at

depth (°C) 8 m depth

Yearly winter mean temperature at 8 m Xa0 —1.1 0.1 —1.4 0.2 Average temperature at 8 m depth from

depth (°C) January to March

Yearly spring mean temperature at 8 m Xy 0.1 0.2 —1.2 23 Average temperature at 8 m depth from

depth (°C) April to June

Yearly summer mean temperature at X2 6.9 0.3 5.1 9 Average temperature at 8 m depth from

8 m depth (°C) July to September

Yearly fall mean temperature at 8 m Xa3 3.8 0.3 1.2 6.1 Average temperature at 8 m depth from

depth (°C) October to December

= 1-23 corresponding to various sampling data, fisheries and  the R software programs BMS (Zeugner and Feldkircher, 2015),
environmental factors are described in Table 2, B; is the regression it incorporated a Gaussian error structure with a log link, and
coeflicient for each explanatory variable, and ¢ is the error term [¢ ~ was selected based on the Bayesian information criterion (BIC)
~ N(0, 02)]. Since egg, larvae, and cod abundance sampling data  (Burnham and Anderson, 2004). To avoid over-fitting the models
were collected before the commercial northern cod stewardship  and to obtain ecologically relevant responses, a full model using
fishery each year, commercial landings data were considered to  all explanatory variables, e.g., X;-X33 was initially tested, we then
affect the egg, larvae density, and adult cod abundance during the = conducted stepwise model simplification, dropping the variables
following sampling year. The BMA model was implemented in  that had a posterior probability coefficient <10, the remaining
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TABLE 3 Estimated growth parameter for Gilbert Bay cod using
ELEFAN_SA algorithm.
350+
300 Estimated parameters Value 95% ClI
é 250 Linf 61.43 55.1-65.18
3
£ 2001 K 0.16 0.13-0.23
>
’2 L t_anchor 0.05 0.02-0.93
& 100
C 0.76 0.55-0.89
501 d
o [ - Ts 0.42 0.34-0.56
0 20 40 60 80 100 py 577 216-3.29
Length (cm)
Score 0.19 0.12-0.25
FIGURE 2
Length frequency distribution of 8594 Gilbert Bay cod sampled
from late May until early June, each year from 1998 to 2023, using
angling 27 fixed stations.
the estimations, and the data represented the size range of the

final BMA models included relevant explanatory variables (Hoeting
etal,, 1999; Lehmann et al., 2002; Sandman et al., 2008; Zeugner and
Feldkircher, 2015; Piironen and Vehtari, 2017; Fragoso et al., 2018).

After selecting models with the lowest BIC values, indicating
most appropriate fit, we tested the likelihood of influence of the
explanatory variables on egg and juvenile density, and adult cod
abundance using Generalized Additive Models (GAM:s) following
the method of Bové et al. (2015). GAMs were used because the
shape of the relationship between egg, juvenile density or adult
cod abundance and fisheries and environmental variables was not
known. Densities of egg or juvenile or adult abundance were the
response variable; landings and environmental conditions selected
from the BMA model were the explanatory variables. The analyses
were performed using the mgcv package of R (Wood, 2017). We
applied knots for each of the smoothers limited to four (k = 4),
allowing the smoother to divide the response from each explanatory
variable into a maximum of three parts.

3 Results
3.1 Stock indicator

3.1.1 Growth parameters

A total of 8,594 Gilbert Bay cod were sampled during spring,
from 1998 to 2023 with the exception of 2020. Individual total
lengths (TL) ranged between 9.2 to 100 cm with a mean of 40.6 (£
0.12 SE) cm (Figure 2), covering the length range of Atlantic cod
surveyed in NAFO Division 2], which is part of the northern cod
stock adjacent Gilbert Bay, by DFO using trawl net and sentinel
survey data (Rideout and Ings, 2021; Mello and Simpson, 2023).
Growth parameters estimated using ELEFAN_SA algorithm of
Gilbert Bay cod for the period of 1998-2023 are shown in Table 3.
LI,,f and K were 62.4cm and 0.16 cm*year‘l, respectively, which
are consistent with previous estimates by Morris et al. (2022).
Other parameters that influenced the growth rate curve were
also estimated (Table 3). The fit of estimated growth parameters
and growth curves show a good visual fit with modes in the
length frequency data (Figure 3). Estimated confidence intervals
cover a narrow range indicating an overall low uncertainty in
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population. The ELEFAN_SA approach showed that seasonal
growth oscillations had a strong effect on growth rates (C = 0.76)
as shown in Figure 3. Expectedly, Gilbert Bay cod grew faster at
smaller sizes. Gilbert Bay cod lengths at age 1, 2, 3, and 4 was 8.9,
16.5, 22.9, and 28.5 cm, respectively, prior to reaching a minimum
age of maturity at age 5 (33.3 cm TL). The maximum age (¢qyx)
was estimated to be 19 years, which is similar to the length-at-age
estimate based on otolith data (Morris et al., 2022).

3.1.2 Mortality, exploitation rate, and biological
reference points

Estimates of mortality, computed by applying the growth
parameters of all data, showed that the overall fishing mortality
rates for the protected Gilbert Bay cod population was 0.3 year™!,
the estimated natural mortality was 0.12 year_l, and the total
mortality estimate was 0.42 year™! as derived from a linear
length-converted catch curve (Figure 4). The length-based stock
assessment showed that the estimated length at first capture (L),
defined as length at which fish have a 50/50 probability to be
caught, and also known as Lsp, was 35.6 cm which corresponds
to a Gilbert Bay cod of about 6 years of age, within a range of
maturity sizes (Figure 4) proposed by Morris and Green (2002).
The Lopr was calculated as 48.9cm. This was similar to the
sentinel survey data for northern cod gillnet catches in the NAFO
Division 2J from 1995-2000 (see figure 18 in Mello and Simpson,
2023). The graphical length-based cohort analysis results shown
in Figure 5 generally reflect the fishing mortality over different
length class (logistic curve) used in the data generation (red line
in Figure 5), although the natural mortality of larger fish appears
underrepresented resulting in lower natural mortality values.
Higher natural mortality occurred for the immature population
(<40 cm TL; Figure 5). Estimated fishing mortality rates peaked at
a larger size, about 48 cm (11 years of age). This agreed with the
sentinel survey data for length frequency distributions of Atlantic
cod by gillnets from 1995 to 2000 (Mello and Simpson, 2023).

Estimated biological reference points are shown in Table 4.
The exploitation rate for the entire data was computed as 0.72
year ™! (Table 4), which was higher than the value expected at Fpsy
(0.26 year~!; Figure 6), and higher than the optimal exploitation
level (Eg5) of 0.29, which corresponds to 50% of the relative B’/R
of an unexploited stock (Table 4). This indicates that the stock
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FIGURE 4
Length-converted catch curve (top panel) and capture probability
(bottom panel) of Gilbert Bay cod, relative to age (years). Only blue
circles in the top panel were used in the regression analysis to
estimate Z. In the bottom panel, tsg indicates the relative age
corresponding to the length at first capture at 35.6cm.

was overfished. The calculated ratio of F,y+/Fpnax was 1.16, which
is considerably higher than 1, the optimum level, and another
indicator of overfishing. The relative yield per recruit (Y’/R) and the
relative biomass per recruit (B’/R) analyses were estimated using
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Lc/Liys = 0.58 and N/K = 0.71 as input for knife-edge selection
procedures, respectively. The estimated maximum allowable limits
of exploitation levels (Eysy) that give the maximum relative Y’/R
was 0.62 (Table 4). The maximum sustainable yield per recruit
(Y/Rmsy) and biomass per recruit (B/Rysy) was 324 and 6,000 g
per recruit, respectively. These modeling results indicate that the
northern cod fishery adjacent the MPA resulted in a level of
overexploitation on the Gilbert Bay cod population that would
significantly reduce its abundance over the 26-year sampling
period. The fishing mortality rate on the Gilbert Bay cod population
would be higher than that populations maximum sustainable
level of productivity based on commonly used fishery assessment
methodologies (Figure 6).

3.1.3 Length-based indicators for fishing
sustainability

To reflect the status and trends of the Gilbert Bay cod
population, within a stock assessment framework, a straightforward
set of indicators known as LBI was also employed. Table 5 shows
the status and trends of the Gilbert Bay cod population based
on Ppar, Popt, and Peq, as reference points in catch. There was
a good fit with the individual reference target values proposed
by Froese (2004). Mature-sized individuals dominated the sample,
accounting for 63%. A low value of Pyegq (Prega = 0.1 vs. expected
value of 0.4) indicated a fishery status that would benefit from
“letting the mega-spawners live” (Froese, 2004) in order to develop
a healthy fishery (Mora et al., 2009), or in this application enable
a healthy population. Py = 0.1 is to fall within the critical
concern status that is expected > 0.3 (Froese, 2004). In addition to
alow spawner level (<20%), the result of applying the decision-tree
proposed by Cope and Punt (2009), which determines the intrinsic
selectivity pattern of the fisheries, indicates that the Gilbert Bay cod
population has a spawning biomass below the target reference point
of 0.4 SB with 100% probability (Table 5). Here, Pyp; < 1 (Table 5)
indicated that there is a low number of spawners in the population
(e.g., fisheries also captured immature-sized individuals).
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FIGURE 5
Results of Jones’ length-based cohort analysis with the reconstructed population structure (survivors, natural losses and catch) in numbers per
length class and the fishing mortality rate by length class (red line in both plots) for Gilbert Bay cod.

TABLE 4 Effect of fishing mortality changes on biological reference
points of GB cod at different levels.

Level of F Parameters

E YPR
0.1 0.19 0.45 314.86 2,623.19
05 0.12 0.29 270.59 3,621.91
Max 0.26 0.62 322.65 2,065.80
Current 0.30 0.72 319.63 1,848.37

3.1.4 Stock size

The GB cod population estimate from spring tagged-recapture
data indicated that the population size decreased from ~39,000
individuals in 1998 to ~9,000 individuals in 2017 (Figure 7); while
it is known that most of the remaining individuals are small in
size, and immature, since very few sampled individuals were large
enough to tag since 2017. The population remained at a high level
in the early sampling period, e.g., 1998-2001, and then dramatically
decreased, although there was a short period of increase from 2003
to 2005 while there was no northern cod fishery. An increase in
abundance was also observed from 2009 to 2011, presumably a
result of strong year classes recruiting to our sampling program.
Recruitment of these small fish and their long-term survival into
reproductive sizes is required to rebuild the population.

3.2 Prioritizing factors impacting
population trends

Commercial fishing as well as environmental factors could
potentially affect the health of the Gilbert Bay cod population.
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The results presented here consider the relative contribution
that these factors likely have in explaining cod egg density,
juvenile cod abundance, and adult Gilbert Bay cod abundance,
as measured during long term MPA indicator monitoring. This
section addresses direct observation data and utilizes fitting of
regression models to identify environmental and harvest variables
associated with variation in abundance of eggs, juveniles, and adult
cod in Gilbert Bay.

3.2.1 Cod egg density

The maximum annual concentrations of cod egg densities
sampled over the study period from 1998 until 2018, varied between
2 and 90 egg per m® (mean of 37.7 & 6.4; Table 1). To examine
factors influencing this annual variability, several explanatory
variables and their influence on model fit were measured using
the Bayesian Model Averaging model. The BMA model included
10 explanatory variables; landing volume (X;), first day of freshet
(X,), maximum freshet (X3), duration of freshet (X35), total volume
of freshet (X¢), annual mean air temperature (X7), spring mean
air temperature (Xo), annual mean water temperature at 3 m depth
(X10), cumulative degree day water temperature at 3 m depth (X1),
and spring mean water temperature at 3m depth (X,; Table 2).
Explanatory variables selected from the top five candidate models,
those having the lowest BIC values among 125 models considered,
showed that commercial fishery landings and freshet features
(timing and volume) could explain variations of the egg density
in different years (Table 6). Temperature variables, both air and
water, did not contribute to any of the tested models. Commercial
fishery landings were the most important factor affecting egg
density variability based on the highest posterior probability. Other
predictors negligibly contributed to the egg density variation in
all models. For example, landings accounted for 89.2% of the
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FIGURE 6

Results of the Thompson and Bell model for Gilbert Bay cod: (A)
curves of yield and biomass per recruit and (B) exploration of impact
of different exploitation rates and L. values on the relative yield per
recruit. The black dot represents yield and biomass per recruit under
current fishing pressure (overfishing regime). The yellow and red
dashed lines represent fishing mortality for maximum sustainable
yield (Fnsy) and fishing mortality associated with a 50% reduction
relative to the virgin biomass (Fg5), respectively. The x-axis
corresponds to the fishing mortality of the fully exploited length
classes.

variability among the 125 models returned, compared to 60.6% for
first day of freshet, 35.5% for duration of freshet, and 18.5% for
maximum day of freshet, where the coefficient for a given predictor
is not zero. R? varied between 0.62 and 0.72 (0.69 for model 1),
indicating the majority of variation in cod egg density could be
explained by the BMA model.

Based on the BMA model output, only four explanatory
variables (X;, X5, X3, X4, see predictor definition in Table 2) were
included in the GAM analysis. The partial effects of the predictors
in the best five models are shown in Figure 8. Model predictions
indicated that the cod egg density significantly decreased with
increasing commercial fishery landings, short freshet duration, and
late freshet season.

3.2.2 Juvenile cod abundance

A total of 573 net hauls were conducted during early
August between 1998 and 2018 (Table 1). The total length of
sampled pelagic juveniles ranged between 6.89 and 57.08 mm, after
accounting for shrinkage in 95% ethanol. Catch per haul varied
from a low of 0.08 in 2011 to a high of 7.4 individuals in 2001
(mean of 1.8 & 0.47 SE; Table 1). For our analysis, we included
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TABLE 5 Proportion of mature fish (Pmat), optimum-sized fish (Pgpt),
larger than optimum size fish (Pyega) and objective proportion (Popj = Pmat
+ Popt + Pmega) for Gilbert Bay cod as described in the methods, based on
indicators suggested by Froese (2004).

Probability

P mat P opt

Pmega Pobj Stock condition
interpretation

SB < RP 100%

Stock condition interpretation is based on a decision tree proposed by Cope and Punt (2009)
(e.g. Figure 10), which determines status of spawning biomass (SB) relative to reference point
(RP), e.g., 0.4 unfished biomass. The last column shows the estimated probability of SB being
lower than 0.4 of unfished biomass based on Cope and Punt (2009).
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FIGURE 7
Estimated population size using the mark-recapture data sampled in
spring 1998 to 2019.

10 potential explanatory variables in the BMA model; landings
(X1), first day of freshet (X3), maximum day of freshet (X3), last
day of freshet (Xy), total volume of freshet (Xs), mean annual
air temperature (X7), mean summer air temperature (Xjo), mean
annual temperature at 3 m depth (X)2), cumulative degree day at
3 m depth (X;3), and mean summer temperature at 3 m depth (Xjs;
see Table 2 for more explanatory variable details). The best five
models, which had the smallest BIC values, derived from the 56
candidate models, consisted of four explanatory variables. These
variables included the amount of fish landed during the commercial
fishery, first day of freshet, mean air temperature, and cumulative
degree day at 3 m depth (Table 7). Fishery landings had the highest
posterior probability with 81.7 % and occurred in four of five
selected models (not in model 4), which was greater than the
remaining explanatory variables (Table 7), however, the R? was low
for each of the best five models selected, ranging from 0.01 to 0.26.
The poor fit indicates that the majority of variation in juvenile
abundance could not be explained by the BMA model, at least with
the data available, despite posterior probability ranging between
0.42 and 0.64 (Table 7). Four explanatory variables (X;, X», X7,
and Xj3) selected from the best 5 models were included in the
GAM analysis and showed that juvenile abundance significantly
decreased as explanatory variables X; and X;3 increased. By
contrast, juvenile abundance increased with increasing X, and
X7 (Figure 9).

3.2.3 Adult Gilbert Bay cod abundance
A total of 8,486 Gilbert Bay cod were sampled during the
scientific spring monitoring program from 1998 to 2018 (Table 1),
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TABLE 6 Selected Models by Bayesian Model Averaging describing the variability of the cod egg density.

Predictor p#0 EV SD Modell Model2 Model3 Model4 Model5
Intercept 100 19.62 94.17 —49.48 85.16 59.38 13.13 —10.79
Landings 89.2 —1.81 0.87 —2.07 —21 —2.55 —2.06 —1.82
First day of freshet 60.6 0.68 0.72 0.89 1.07 0.73
Max day of freshet 18.5 —0.08 0.31 —0.61

Duration of freshet 35.5 —0.19 0.33 —0.54 —0.4
Total volume of freshet 12,5 —1.25 7.97

Mean air temperature 28.7 2.73 6.09

Mean air temperature in spring 16.8 —0.42 1.96

Cumulative degree day at 3 m depth 30.3 —0.02 0.04

Mean temperature at 3 m depth 21.3 1.81 5.11

Mean temperature at 3 m depth in spring 21.8 —0.73 2.02

Number of variables 2 2 1 3 3

R? 0.69 0.72 0.67 0.72 0.62
BIC —18.42 —17.55 —17.41 —17.32 —17.28
Posterior probability 0.61 0.39 0.37 0.35 0.35

p # 0 indicates the probability that the coefficient for a given predictor is not zero, among the 125 parsimonious models. EV is the expected value. SD is the posterior distribution standard
deviation for each coefficient. R? indicating the variation of the egg density could be explained by each model.
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FIGURE 8

density and vice versa.
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Partial response curves for model 1-5 of the GAMs for cod egg density in relation to environmental and fisheries variables. All graphs show the partial
effects of each predictor on the egg density. Solid lines represent smooth regression curves with 95% ClI (dashed lines), and the O value indicates an
even split between the positive and negative effect of predictor on egg density. Values above 0 indicate a positive effect of the predictor on the egg
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TABLE 7 Selected models by Bayesian model averaging describing the variability of the juvenile density.

10.3389/focsu.2025.1561396

Predictor p# 0 EV SD Modell Model2 Model3 Model4 Model5
Intercept 100 3.82 5.93 3.45 3.84 7.15 2.11 —0.46
Landings 81.7 —0.11 0.07 —0.13 —0.14 —0.12 —0.13
First day of freshet 14.9 0.01 0.02 0.03
Max day of freshet 9.6 0.001 0.02

Last day of freshet 14.6 —0.001 0.02

Total volume of freshet 11.7 0.08 0.83

Mean air temperature 15.8 —0.06 0.23 0.35

Mean air temperature in summer 9.8 0.001 0.19

Cumulative degree day at 3 m depth 17.7 —0.001 0.001 —0.001

Mean temperature at 3 m depth 11.2 0.04 0.31

Mean temperature at 3 m depth in summer 11.5 —0.01 0.12

Number of variables 1 2 2 0 2
R? 0.23 0.26 0.26 0.01 0.25
BIC —2.39 —0.25 —0.18 0.00 0.12
Posterior probability 0.64 0.5 0.48 0.44 0.42

p # 0 indicates the probability that the coefficient for a given predictor is not zero, among the 56 parsimonious models. EV is the expected value. SD is the posterior distribution standard
deviation for each coefficient. R? indicating the variation of the egg density could be explained by each model.
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Partial response curves for model 1-5 of the GAMs for juvenile cod abundance in relation to environmental and fisheries variables. All graphs show
the partial effects of each predictor on the adult cod abundance. Solid lines represent smooth regression curves with 95% Cl (dashed lines), and the 0
value indicates an even split between the positive and negative effect of predictor on egg density. Values above 0 indicate a positive effect of the
predictor on the egg density and vice versa.
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TABLE 8 Selected Models by Bayesian Model Averaging describing the variability of the adult fish abundance.

Predictor p#0 EV SD Modell Model2 Model3 Model4 Model5
Intercept 100 —44.57 470.17 —148.1 82.9 —14.35 —65.66 —207.98
Landings 100 —9.8 2.44 —9.20 —9.56 -9.17 —9.69 —9.83
First day of freshet 13.5 0.13 1.12

Max day of freshet 26.9 —0.9 2.14

Last day of freshet 27.6 0.69 1.68

Total volume of freshet 40.7 —63.14 104.58 —152.89 —124.67

Mean air temperature 29.9 —9.64 22.83 —31.9
Mean air temperature in spring 65.3 21.69 22.28 23.82 20.17 39.93
Mean air temperature in summer 21.5 —5.44 16.06

Cumulative degree day at 8 m depth 257 0.03 0.07

Mean temperature at 8 m depth 12,5 1.87 13.15

Mean temperature at 8 m spring 16.7 0.17 14.35

Mean temperature at 8 m in summer 88.7 36.02 21.42 36.93 36.76 35.65 38.65 40.74
Number of variables 3 3 4 2 4

R? 0.65 0.65 0.69 0.59 0.69
BIC —13.15 —12.59 —12.47 —12.47 —12.34
Posterior probability 0.83 0.72 0.72 0.62 0.62

p # 0 indicates the probability that the coefficient for a given predictor is not zero, among the 229 parsimonious models. EV is the expected value (posterior mean). SD is the posterior
distribution standard deviation for each coefficient. R? indicating the variation of the egg density could be explained by each model.

including 2,924 cod >45 cm. The standardized number of Gilbert
Bay cod sampled during spring, based on mean annual sampling
effort per site, ranged from 1-375 fish (mean of 137 £ 27.1
SE). There were 12 potential independent variables considered in
the analysis associated with adult cod abundance, which included
landing volume (X;), first day of freshet (X;), maximum day
of freshet (X3), last day of freshet (X4), total volume of freshet
(Xe), mean air temperature (X7), spring mean air temperature
(X9), summer mean air temperature (X)), mean temperature
at 8m depth (X3), cumulative degree day at 8 m depth (Xj9),
spring mean temperature at 8 m depth (X3;), and summer mean
temperature at 8 m depth (X3y; Table 2). Explanatory variables
selected from the top five candidate models with the lowest BIC
values, among 229 models considered, included: landings, total
volume of freshet, mean air temperature, mean air temperature
in spring, and summer temperature at 8 m depth (Table 8). The
BMA model showed that the commercial fishery landings data
was the most important predictor that explained variation of
sampled cod abundance based on the highest posterior probability
(100%). Landings, as a predictor, occurred in all five models,
while other predictors had a very limited contribution. The
R? value varied between 0.59 and 0.69, and posterior model
probability varied from 0.62 to 0.83, indicating that the BMA
model could explain the variation in adult cod abundance
reasonably well. Most freshet conditions had negligible impact
on the modeled adult cod abundance (Table8). The GAM
analysis, similar to that used to examine egg and juvenile density,
showed that our scientific sampling catch rates of adult cod
significantly decreased with increased commercial landings. The
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model indicated that sampled adult cod abundance in June was
significantly influenced by commercial fisheries during a previous
year (Figure 10).

3.3 Juvenile recruitment

In addition to fishery impacts and changing environmental
conditions, there are concerns that changes in the fish community
in Gilbert Bay might affect the recruitment of Gilbert Bay
cod. It is suggested that interspecific competition and predation
could affect the survival of juvenile Gilbert Bay cod. Therefore,
measuring juvenile recruitment is an important indication of
potential population recovery. Considering the relative strengths
of juvenile year classes, based on monitoring data for fish that
are ages 1-4 years, informs the recruitment of juvenile Gilbert
Bay cod into the adult population. Length frequency histograms
of Gilbert Bay cod sampled from larval surveys and hook and
line data from 1998 to 2023 are plotted in Figure 11. These length
frequency data was scaled by percent of catch sampled to denote
population demographics. From the length frequency data, modes
representing the different year classes indicate that Gilbert Bay
cod grow ~100mm TL by the end of the first growth season,
188 mm in the second, 266 mm in the third, and 334 mm in the
fourth (Figure 11). The number of cod sampled decreased over
our time series, however juvenile abundances were variable over
time. Although not all year classes are represented in all samples,
because annual recruitment is highly variable, modes representative
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FIGURE 10
Partial response curves for model 1-5 of the GAMs for adult cod abundance in relation to environmental and fisheries variables. All graphs show the
partial effects of each predictor on the adult cod abundance. Solid lines represent smooth regression curves with 95%ClI (dashed lines), and the O
value indicates an even split between the positive and negative effect of predictor on egg density. Values above 0 indicate a positive effect of the
predictor on the egg density and vice versa.

of demersal juvenile cohorts (or their absence) were consistent
and predictive over multiple consecutive years of data. Two year
old cod in 1998 were highly abundant, suggesting a strong 1996
year class. This cohort provided the large number of fish at age
4+ sampled in 2001 (Figure 11). In contrast, the 1997 cohort was
relatively weak, with very few age 2+ Gilbert Bay cod caught in
1999, and a continued absence of this year class was observed in
sampling data from several subsequent annual length frequency
distributions (Figure 11). The strong 1999-2001 year classes were
apparent in the 2001, 2002, 2003, and 2004 length distributions
(Figure 11). The low fish abundances at age 3-5 caught during 2008
and 2010 were probably due to weak year classes from 2003 to
2005. The high abundance of 14, 2+, and 3+ year olds caught
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in 2007, 2008, and 2009, respectively suggested that the 2006 year
class was relatively strong (Figure 11). Similar distributions also
observed in 2010 and 2011 suggested that the 2009 year class was
strong (Figure 11). During the most recent decade, during a time
when the abundance of adult fish has been very low and after an
increase in other fish species was observed in sampling (Morris
and Green, 2021), the 2010, 2011, and 2015 year classes appear
relatively weak, however 2013, 2014, 2016, 2018-2020 year classes
appear strong (Figure 11). These relatively strong year classes,
produced while overall spawner abundances have been very low,
are critical for the recovery of the Gilbert Bay cod population.
Their observed persistence throughout the juvenile stage until age
4 years, at relatively high abundances, indicates reasonable survival
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FIGURE 11

Length frequency distribution of juvenile and adult cod sampled from 1998 to 2023 in The Shinneys. A plankton net was used to catch juveniles
(<100 mm) in early August, while larger fish were caught by angling in early June. Sample details are listed in Table 1. Vertical red dash lines represent
year-at-age, predicted based on von-Bertalanffy growth rate models (Morris et al., 2022). Spawning years are indicated on the figure. Due to
COVID19 pandemic, there was no sample collected in 2020. 2021-2023 juvenile sampling data were also not included.

to a size where predation from sculpin and Rock Cod is far less
likely. MPA monitoring at the study site (The Shinneys) to date
has only sampled small (<35cm) sculpin and Rock Cod (Morris
and Green, 2021), that are not likely to prey upon age 4 Gilbert
Bay cod. The survival of year classes to age five and older suggests
they will contribute to the spawning population, which is needed
for population recovery.

4 Discussion

The Gilbert Bay long-term MPA monitoring program enables
the scientific evaluation of MPA effectiveness toward its objectives
and provides science advice to support management decisions.
Our quantitative stock assessment has shown that commercial
fishing in areas adjacent the MPA is the most influential and
manageable factor affecting the Gilbert Bay cod population.
Using a similar fisheries assessment approach as that applied to
adjacent fisheries (DFO, 2022b), to generate standard growth rate
estimates and biological references points, can provide valuable
advice for both MPA and fisheries managers. In addition to
identifying direct fishery impcats, our results showed that the
Gilbert Bay cod population has slow individual growth rates and
low productivity, likely as a result of living in an environment
with below 0°C temperatures for about half the year (Green
et al., 2023). There is no data on food availability to examine
its potential role on population growth. However, Gilbert Bay
cod are well adapted to local conditions leading to a low natural
mortality among the adult population, compared to other Atlantic
cod populations that are reportedly experiencing higher rates
of natural mortality (DFO, 2022a,b). Local adaptation to its
environment may have enabled the Gilbert Bay cod population
to recover from temperature stressors that other Atlantic cod
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are less able to Morris and Green (2021). Using a MPA to
protect the Gilbert Bay cod population, and its contribution to
the biodiversity of Atlantic cod, was only partially successful.
The MPA removed commercial fishing from the populations
most important overwintering and spawning areas that slowed its
depletion, but it did not protect the populations entire home range.
As a result, individuals that moved outside the MPA during the
commercial northern cod fishing season remained susceptible to
commercial fishing.

The stock assessment models based on fishing mortality
and exploitation rate, and length-based indicators of fishing
sustainability, show that the Gilbert Bay cod population has
been overfished as a result of the northern cod fishery. Gilbert
Bay cod were impacted when the northern cod stock migrated
into coastal areas during the summer, including Gilbert Bay
and adjacent areas, where both Gilbert Bay cod and northern
cod were mixed and exploited. Commercial landings in the
vicinity of Gilbert Bay likely removed more Gilbert Bay cod
than the population could sustain during 13 of the 18 years
considered in this study. The reduction in large fish is linked
to reductions in egg production and juvenile abundances in
that the abundance of Atlantic cod eggs and pelagic juveniles
was significantly lower after the adult population of Gilbert Bay
cod was reduced by more than 90%. Gilbert Bay cod cannot
likely recover their former age structure and abundance with the
level of fishing mortality that currently exists in areas adjacent
the MPA. Interestingly, some strong year classes of pelagic
juveniles were produced and survived to maturation even after
the adult Gilbert Bay cod population became very low. Thus,
even at the current low level of adult population abundance,
the production of some strong year classes suggests that a
reduction in commercial fishing mortality could still promote
recovery of the Gilbert Bay cod population toward a more healthy
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length frequency distribution, including a higher proportion
of spawners.

When Gilbert Bay cod monitoring began in 1998, the
population was high in abundance and contained a large
proportion of adult spawners. These fish were either spawned or
grew from young juveniles to adult sizes during the northern
cod fishing moratorium from 1992 to 1998 (Morris and Green,
2002). Fish tracking studies conducted since 1998 have shown that
many mature Gilbert Bay cod migrate to areas outside the MPA in
summer, covering an area of ~270 km?, then return to the MPA
during fall to overwinter and spawn (Morris et al., 2014). While
outside the MPA, some Gilbert Bay cod were caught during the
stewardship fishery for northern cod (Morris and Green, 2014,
2017; Green et al., 2023). In some years as much as 65% of the
catch in areas close to MPA boundaries were identified genetically
as being Gilbert Bay cod (Sinclair-Waters et al., 2018). Further to
this, the size selectivity of gillnets, the main fishing gear used to
harvest Atlantic cod along the south coast of Labrador (DFO, 2019),
is consistent with size of fish now missing from MPA monitoring
data. The commercial northern cod fishery in areas adjacent the
MPA has been, and still is, the primary factor linked to the decline
in the Gilbert Bay cod population (Morris and Green, 2014). As
a result, the stock assessment results reported here show high
rates of fishing mortality and exploitation of Gilbert Bay cod.
Furthermore, a potential tipping-point transition associated with
a low abundance of Gilbert Bay cod and changes in fish community
structure within inner portions of Gilbert Bay, is a concern for
the Gilbert Bay cod recovery (Morris and Green, 2021). Based on
the data available, increased predation on juvenile Gilbert Bay cod
because of fish community changes is not yet a significant cause
of mortality; however, it will be important to monitor both the
survival of juvenile year classes and the abundance and distribution
of potentially predatory and/or competitive fish species over
time. Factors affecting the production, survival, and behavior of
individuals comprising future year classes of Gilbert Bay cod should
continue to be an important monitoring and research priority for
the MPA.

5 Conclusion

In this study, long-term monitoring data describing important
population trends (including eggs, juveniles, adults) as well as
threats affecting the Gilbert Bay cod population (such as fishing,
fish-community changes, and environmental conditions) were
evaluated. By incorporating available data into a quantitative
fishery stock assessment approach we estimated model parameters
and references levels consistent with the results of stock assessment
processes, that are used to inform fisheries management decisions.
This analysis indicates that the Gilbert Bay cod population
has been overfished. Currently few commercial-size Gilbert
Bay cod exist, which indicates the health of this population
is poor. With current spawner numbers far below those of
a healthy population, the remaining mature cod in Gilbert
Bay are important for its recovery. Among the many factors
considered, the analyses reported here indicate that fishing in
areas adjacent the MPA has been the most important factor
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negatively affecting MPA goals and the recovery of the Gilbert
Bay cod population. Significant population changes at the juvenile
or adult stages were not associated with the environmental
conditions considered. Despite significant declines in the adult
population, as well as reduced abundances of eggs and early-
stage juveniles, observation of some strong year classes produced
after significant population decline suggests the population
still has potential to recover if adequately protected from
commercial fishing. Fishing in areas adjacent to the Gilbert Bay
MPA during the northern cod fishery is the most likely and
manageable factor affecting cod population recovery. Research
on commercial fishing locations, timing, and catch composition
within the Gilbert Bay cods home range could improve
future management decisions.
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