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ABSTRACT: Numerous studies demonstrate the utility of information from coastal seine surveys
for monitoring juveniles of Atlantic cod Gadus morhua, but few studies have linked such surveys
to older ages within cohorts. We related juvenile (age-0 and -1) cod population components at a
long-term monitoring site in Newfoundland to offshore pre-adult (age-3) cod recruitment at
multiple spatial scales and explored some environmental and biological factors that affect juve-
nile-recruit relationships. Our models revealed significant relationships between juvenile and
pre-adult abundance. The strength of these relationships varied with distance from nursery habi-
tats and among fisheries management zones. Additionally, chlorophyll a concentration and body
length during early life stages appeared to influence the strength of the relationship between
juvenile and age-3 abundance. The potential to use juveniles as general indicators of future pre-
adult abundance can aid in planning for low recruitment years and improve inferences about the
response of cod population abundance to environmental changes. This study contributes to the
growing body of knowledge demonstrating the utility of juvenile surveys in anticipating future
year-class strength.
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1. INTRODUCTION

Many of the world's most valuable marine fish spe-
cies (e.g. Atlantic cod Gadus morhua, Baltic Sea sprat
Sprattus sprattus, herring Clupea harengus L.) ex-
hibit strong recruitment variability, driven by a mix-
ture of environmental and anthropogenic drivers that
often leave fish populations vulnerable to depletion
(e.g. Seetre et al. 2002, Stige et al. 2013, Rose & Rowe
2015). Despite near ubiquitous commitments to main-
taining ecologically sustainable fisheries, managers
often face pressure to compromise decisions based on
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the socioeconomic impacts of sudden cuts to fishing
quotas (Copes 1996). Fisheries managers have pur-
sued better prediction of future recruitment for over a
century (Hjort 1914) because improved projections
would provide time to prepare for the socioeconomic
and ecological effects of fluctuating fish stocks (Gul-
land 1989). Surveys of early life stages that improve
understanding of recruitment variability could poten-
tially contribute to adult stock assessments of many
commercially valuable marine fishes by improving
predictions of future stock strength (Sissenwine 1984,
Houde 2008).
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Estimates of cohort strength in long-lived marine
fishes often use adult abundance (e.g. spawning stock
biomass, SSB; Stige et al. 2013) because many con-
founding factors (e.g. predation, advection, tempera-
ture) limit the utility of early life stages (e.g. eggs and
larvae) for such estimates. Several studies have at-
tempted to demonstrate a link between abundance of
early life stages and adult fish in order to detect a 're-
cruitment signal' (Hjort 1914, Sissenwine 1984, Ings
et al. 1997, Laurel et al. 2016). However, successful
application of juvenile data to anticipate changes in
adult abundance remains challenging for slower
growing stocks, largely constrained by poor under-
standing of factors influencing juvenile survival and
dispersal, and lack of long-term data series (e.g. Brad-
ford 1992). Whereas several northeast Atlantic stock
assessments, including cod (ICES 2017), integrate off-
shore pre-recruit indices, lack of understanding of
empirical linkages between coastal pre-recruit and
offshore adult life stages remains an obstacle to im-
proved fisheries management more broadly (Sis-
senwine 1984, Skern-Mauritzen et al. 2016).

As expected, many studies report better predictions
of year-class strength from recruitment for life stages
sampled closer in time to age-at-recruitment (Stige et
al. 2013, Laurel et al. 2017). Most researchers also
consider juvenile fish surveys better predictors of fu-
ture adult offshore recruitment than egg and larval
surveys because juveniles are less vulnerable to pre-
dation and starvation, and easier to track (Stige et al.
2013). Furthermore, sampling difficulties (e.g. behav-
iour, advection) and unsuitable spatial coverage can
limit accuracy of larval abundance and mortality esti-
mates (Taggart & Leggett 1987). Even beyond the lar-
val stages, juveniles of many commercial fish species
remain at substantial risk of high natural mortality,
particularly in the absence of suitable nursery habitat
(e.g. haddock Melanogrammus aeglefinus, Atlantic
cod, walleye pollock Gadus chalcogrammus, and
Nassau grouper Epinephelus striatus; Sissenwine
1984, Sogard & Olla 1993, Jackson et al. 2001, Gillan-
ders et al. 2003, Lilley & Unsworth 2014). Although
utilization of older age classes yields better predictions
of future population estimates as a result of decreased
vulnerability and sampling complications, forecasting
population abundance further in advance using juve-
nile data would provide a considerable advantage to
management, given the ecological and socioeconomic
consequences of unexpected stock collapses.

The economic and ecological importance of At-
lantic cod (hereafter cod) has provided impetus for
numerous studies on factors that influence juvenile
cod mortality and recruitment variability (e.g. Dae-

wel et al. 2015, Horne et al. 2016, Laurel et al. 2017).
Prior to the Northern cod fishery collapse and subse-
quent moratorium in 1992 (Taggart et al. 1994), juve-
nile cod yielded a weak but detectable recruitment
signal on a rank-scale using data from a survey cov-
ering most of northeast coastal Newfoundland (Ings
et al. 1997). Combining data from the pre-collapse
period with data immediately post-collapse also pro-
duced a detectable recruitment signal on a ratio-scale
from one year to the next (Ings et al. 1997). Further-
more, recent analysis of a short-term inshore survey,
conducted in a similar northeast region of Newfound-
land, identified a weak recruitment signal using
age-0 abundance and a strong recruitment signal us-
ing age-1 abundance on a ratio scale (Laurel et al.
2017). Strong recruitment signals were similarly de-
tected using age-1 indices of Atlantic and Pacific cod
(G. morhua and G. macrocephalus) in Norway and
Alaska (Laurel et al. 2017). However, the lack of long-
duration time series for juveniles of many populations
has generally compromised statistical efforts to link
early life stages of cod to recruitment variability.
Extreme vulnerability in juvenile cod throughout
the first few years of life may interact with environ-
mental and spatio-temporal factors to confound pat-
terns and strength of observed predictive relation-
ships with recruitment. Factors that contribute to
variable survival and predictive ability include nurs-
ery habitat availability (Tupper & Boutilier 1995a,
Warren et al. 2010), water temperature (Copeman et
al. 2008), growth and body size (Tupper & Boutilier
1995b, Drinkwater 2005), productivity levels (e.g.
phytoplankton blooms) (Kristiansen et al. 2011), and
the presence of other fishes that may act as competi-
tors, predators, or prey (Linehan et al. 2001, Laurel et
al. 2003a). Analyses of interactions between environ-
mental factors using time series data with high inter-
annual variation in juvenile abundance may prove
useful in forecasting year-class strength in cod.
Since its collapse in the early 1990s, the Northern
cod population off Newfoundland and Labrador has
been slowly rebuilding, coinciding with spatial redis-
tributions in offshore environments (deYoung & Rose
1993, DFO 2016, Rose & Rowe 2018). However, vari-
ation in predictive strength with spatial scale and the
spatial extent of recruitment signals from a juvenile
index site remain poorly understood for this stock.
Spatial considerations may be important for antici-
pating stock strength given the substantial distribu-
tional shifts caused by movement from juvenile to
adult habitats. Multiple studies have explored spatio-
temporal variability and stability in recruitment in
marine fish populations (e.g. Sale et al. 1984, Stige et
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al. 2013). Determining the sources of variability in
recruitment signals will enhance their utility in pro-
jecting good years versus poor years.

We investigated the potential for nearshore seine
surveys to detect recruitment signals in pre-adult
cod abundance in coastal Newfoundland at multiple
spatial scales. Our study focused on determining
whether an empirical link exists between juvenile
and pre-adult abundance of cod to allow anticipation
of good versus poor year classes. Using an extensive
time series dataset, we hypothesized that a recruit-
ment signal would vary in relative strength over dif-
ferent spatial scales. We examined how the strength
of recruitment signals varied with distance from the
index site. Furthermore, we hypothesized that con-
sideration of select environmental and biological fac-
tors in tandem with juvenile abundance would
strengthen the link to recruitment.

2. MATERIALS AND METHODS
2.1. Model input variables
2.1.1. Juvenile abundance (age-0 and -1)

Juvenile cod in Newman Sound, Bonavista Bay off
the northeast coast of Newfoundland (Fig. 1) have
been monitored extensively over a 25-yr period (be-
ginning in 1995, Gregory et al. 2016), creating a rare
long-duration dataset on juvenile fish. The study area
includes 12 nearshore sites, initially chosen based on
presence of cod nursery habitat (Gregory et al. 2016).
Each site was sampled biweekly from July to Novem-
ber using seine hauls to determine abundances of fish
species inhabiting nearshore habitats. We analyzed
all data from a total of 2381 seine hauls conducted in
all but one year (1997) between 1996 and 2015; the
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Fig. 1. Location of Newman Sound (oval in inset) and Bonavista Bay with respect to Northwest Atlantic Fisheries Organization
(NAFO) fisheries management divisions 2J3KL and strata off the northeast coast of Newfoundland
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survey did not occur in 1997. On average, our analysis
included 23.8 seine hauls for each month.

Fish were sampled using a Danish bag seine
(25 x 2 m; 9 mm mesh) deployed using a small, motor-
ized boat (see Gotceitas et al. 1997 for details). Each
deployment sampled a total area of 880 m? and in-
cluded the lowermost 2 m of the water column. One
seine haul was performed at each site within 2 h of
low tide, during daylight hours at periods of peak
neap and spring tides (i.e. biweekly). All fish species
caught were identified, counted, measured to stan-
dard length (mm SL) and then released. We assigned
tentative ages to all juvenile cod using pre-established
length-age classes from the northeast Newfoundland
coast (Dalley & Anderson 1997). These ages were cor-
rected where necessary by examining length fre-
quencies of each year-class and, in some years, using
otolith microstructure to validate estimates of length-
age classes. Biweekly sampling meant we could
follow cohorts through time within seasons, reducing
the need for age validation.

All sites contained a mixture of bottom habitat with
macrophytes such as eelgrass Zostera marina, kelp,
and rockweed overlaying mineral-based substrates
such as cobble, sand, and mud. Proportions of each
habitat type varied among sites and among years.
We estimated the proportion of eelgrass coverage for
each site annually using visual site inspections, aerial
photos, or scuba transects (1996-2015).

Daily mean water temperatures (+0.1°C) were cal-
culated from 1995 to 2015. We used Vemco Mini-T
(or Mini-T-II) thermographs to record water temper-
ature hourly from 2002 to 2015 and Hugrun thermo-
graphs from 1995 to 2001, recording every 4 h at 4
standardized locations in Newman Sound. Thermo-
graphs were suspended 50 cm above the bottom at a
depth of approximately 3 m. Daily water tempera-
tures indicated minimal variation among sampling
locations.

2.1.2. Chlorophyll a concentration

The role of primary production in recruitment was
assessed using peak phytoplankton biomass data
(using chl a concentration as a surrogate for biomass)
based on satellite imagery (GlobColour 2007). We
calculated phytoplankton biomass using the Garver,
Siegel, and Maritorena (GSM) semi-analytical bio-
optical model (Maritorena & Siegel 2005, Maritorena
et al. 2010). Analysis of phytoplankton blooms and
development of biological points of interest were
performed by applying an optimization of para-

meters on a split Gaussian curve to the satellite-
derived points (Fuentes-Yaco et al. 2020). Spring and
autumn peak chl a concentrations (log;o(mg m=3) d!)
were estimated for Bonavista Bay (which includes
Newman Sound), at a spatial resolution of 4 km for
12 yr of available data (2003-2014).

2.1.3. Pre-adult abundance (age-3)

The Northern cod stock encompasses the area off
the northeast coast of Newfoundland and Labrador
in Northwest Atlantic Fisheries Organization (NAFO)
zones 2J3KL (Fig. 1). For this stock, ‘recruitment’ can
be defined as the abundance of age-3 cod in the sur-
vey area—the youngest age at which the trawl sur-
vey effectively samples cod. Our estimates of annual
abundance of age-3 cod were based on the results of
ca. 7150 trawls (1998-2016), obtained from the Fish-
eries and Oceans Canada (DFO) fall research vessel
(RV) survey, conducted annually at some time be-
tween October and January, depending on the year.
The annual 2J3KL stock assessment utilizes the DFO
fall RV survey as its primary data source.

DFO began using a Campelen 1800 shrimp trawl in
the Newfoundland region in 1995 to complete all
bottom trawl surveys. Rigid standardization of bot-
tom trawl survey and fishing protocols was imple-
mented to ensure consistent trawl performance (see
Walsh & McCallum 1997 and Walsh et al. 2009 for
full information on protocols). Trawls occurred in
areas ranging from 57 to 499 m in depth among the
57-74 index strata (<500 m depth) sampled each
year. Each stratum was sampled at least twice, with
total trawl sets across strata varying from 274 to 329
annually.

2.2. Data analyses
2.2.1. Recruitment signals

We investigated the strength of the relationship
between juvenile abundance (age-0 and -1) in the
nearshore and age-3 abundance in the offshore in
northeastern Newfoundland. We used well-estab-
lished statistical linear modelling approaches previ-
ously used to investigate recruitment signal strength
(e.g. Stige et al. 2013, Laurel et al. 2016, 2017). In
order to determine a link, we followed the same
cohort through time. For example, we compared age-
0 abundance in 1996 to age-1 abundance in 1997,
and age-3 abundance in 1999.
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Abundance of juvenile cod in beach seines was
compared against abundance of age-3 cod from the
DFO RV Survey. Noting that our data represent
counts and were overdispersed, we used a negative
binomial generalized linear model (GLiM) with a log
link to assess the relationship between juvenile and
age-3 cod abundance (nage.o = 17, Nage.1 = 18). No con-
stants were added to juvenile abundance indices for
models assessing the relationship with age-3 abun-
dance. All models followed the same general form,
demonstrated here with age-0 and age-3 abundance:

COdAge_3 =e" (1)
n = 0o + P1codageo (2)

After examining the residuals, we considered a
general linear model (GLM), a subset of GLiMs, more
acceptable to assess the relationship between age-0
and age-1 cod. We therefore used a GLM with a nor-
mal error structure to investigate the relationship
between age-1 abundance and age-0 abundance
(n = 18), log transforming the abundance of age-0
and age-1. For this analysis, we added a constant of 1
to juvenile abundance indices to account for the
presence of zeros, and we set statistical significance
at alpha = 0.05. All models followed the same general
form for age-0 and age-1 abundance:

log(codpge.1 + 1) = 00 + B; log(codageo + 1) (3)

Model residuals demonstrated that all assumptions
were met, and we present diagnostic plots in the
Supplement (see Figs. S1-S3 at www.int-res.com/
articles/suppl/m673p151_supp.pdf). Recruitment sig-
nal strength was assessed using the adjusted coeffi-
cient of determination (R?) of the model for GLMs
and adjusted explained deviance (adjusted D?) for
the GLiMs, calculated as:

D? = (null deviance - residual deviance)

- (4)
null deviance
: 2 n-1 2
Adjusted D? =1- X (1-D2) (5)
n-p

Adjusted D?, the amount of deviance accounted for
in a GLiM, provides a measure of goodness of fit
while accounting for the number of observations (n)
and parameters (p) in a model (Guisan & Zimmer-
mann 2000). Negative adjusted D? values can occur
in cases with large numbers of model variables and
poor fit. We set such negative adjusted D? values to
zero to signify the lack of model fit. Considering it
may only be feasible to conduct juvenile surveys
once or twice per year, we ran each model using ju-

venile data from the entire sampling period (July to
November) and each month separately to determine
the sampling period with the best model fit.

2.2.2. Spatial scale analysis

To assess how recruitment signals from juvenile
survey locations changed with distance, we ran
each model using age-3 abundance in spatial
buffers progressively increasing in radius at 50 km
intervals, centred on Newman Sound, until we cov-
ered the entire 2J3KL management area (i.e.
buffers = 100, 150, ..., 850 km, Fig. 2). Successive
buffers were aggregated in a cumulative fashion
starting from the juvenile survey area. We also
examined recruitment signal strength among NAFO
management areas by separating age-3 abundance
within 2J, 3K, and 3L.

2.2.3. Environmental and biological factors

We also examined the potential influence of envi-
ronmental and biological factors on the relationships
between juvenile abundance and age-3 abundance.
This was done by including environmental and bio-
logical factors as interaction terms with juvenile
abundance in separate GLiMs. Environmental and
biological variables were included separately so that
models were not over-parameterized. We represen-
ted these additional environmental and biological
factors as annual values and included 2 seasonal
water temperature anomalies (summer and autumn,
and winter), winter duration, mean standard body
length, mean percent eelgrass cover, and peak
autumn and spring chl a concentration. We calcu-
lated juvenile body length for both age-0 and age-1
cod as the mean standard length (mm SL) of each age
class in each year of the time series for the month
showing the strongest recruitment signal (November
and October for age-0 and age-1, respectively). We
calculated winter duration as the number of days
when mean daily water temperature did not exceed
1°C. Seasonal water temperature anomalies were
calculated for the juvenile settlement period during
the summer and autumn (July—November) and win-
ter (days when water temperature did not exceed
1°C). Using data from 1995 to 2015, we calculated the
baseline temperature and temperature anomalies.
Depending on data availability, the residual degrees
of freedom varied among the models containing
environmental factors. All GLiMs followed the same
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Fig. 2. Buffers (100-850 km) within Northwest Atlantic Fisheries Organization (NAFO) divisions 2J3KL centred on Newman
Sound, Bonavista Bay (rectangle) used for spatial analysis of recruitment models

general form, demonstrated here for age-3 and age-0
abundance, and winter water temperature:

COdAge-S =e" (6)
n = o+ Bicodage-o + Potempyyin @
+ BBCOdAge-Otempwint

All statistical analyses were conducted in R version
3.4.3 (R Development Core Team 2017).

3. RESULTS
3.1. Recruitment signals
Juvenile surveys conducted later in the autumn
yielded stronger recruitment signals than those con-

ducted earlier in the year. For the age-0 to -3 model,
abundance in November yielded the strongest re-

cruitment signal across the entire stock area (Fig. 3).
For the age-1 to -3 model, abundance in October
yielded the strongest recruitment signal across
the entire stock area (Fig. 3). Therefore, we used
November data for age-0 abundance and October
data for age-1 abundance values for the remainder
of the analyses. The model comparing age-0 to -1
abundances (log transformed + 1) produced a
strong recruitment signal (adjusted R? = 0.524,
p < 0.001; Fig. 4A, Table S7). The model comparing
age-0 and age-3 abundance produced a slightly
stronger recruitment signal (adjusted D? = 0.355, p =
0.004; Fig. 4B, Table S1) than the age-1 to -3 model
(adjusted D? = 0.277, p = 0.006; Fig. 4C, Table S2).
All models were statistically significant (p < 0.05;
Table 1). When juvenile cod were abundant, sub-
sequent recruitment offshore varied greatly. How-
ever, during periods of low juvenile cod abundance,
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these year classes were consistently weak offshore
(Fig. 4B,QC).

3.2. Spatial scale analysis

For all models, recruitment signals generally
strengthened with increasing distance from the juve-
nile survey area (Newman Sound, Bonavista Bay).
The 350 km buffer yielded the strongest recruitment
signal for age-0 (adjusted D? = 0.359, p = 0.004); how-
ever, the 850 km buffer (encompassing the entire
NAFO 2J3KL survey area) yielded a similar recruit-
ment signal (adjusted D? = 0.355, p = 0.004; Fig. 5A,
Table S1). Similarly, the 750 km buffer yielded the
strongest recruitment signal for age-1 (adjusted D? =
0.278, p = 0.007), although the recruitment signals
were almost identical from 600 to 850 km (Fig. 5A,
Table S2). For the age-0 to -3 model, the recruitment
signal was strongest in NAFO divisions 2J (adjusted
D?=0.408, p =0.001) and 3K (adjusted D? = 0.460, p <
0.001), in contrast to a non-significant recruitment
signal in 3L (adjusted D? < 0.001, p = 0.682; Fig. 5B,

Adjusted D?

0.5
Predictor
o Age-0
04 A ASe-1 *
0.3 *
% *
0.2 o
0.1 ¢
A
0
July August September October November  July-
November

Month

Fig. 3. Age-3 recruitment signal strength (adjusted D?)
based on juvenile abundance (mean catch per haul) averaged
for each month and over the entire season (i.e. July-Novem-
ber) for predictor age classes (age-0 and age-1). Asterisks (*)
indicate statistically significant periods (p < 0.05)

Table S3). Likewise, for the age-1 to -3 model, NAFO
divisions 2J (adjusted D? = 0.417, p < 0.001) and
3K (adjusted D? = 0.314, p = 0.002) also yielded
the strongest recruitment signal, with a very weak,
non-significant recruitment signal in 3L (adjusted
D2 < 0.001, p = 0.731; Fig. 5B, Table S4).

3] A .
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Fig. 4. Recruitment signals between mean juvenile cod
(age-0 and -1) abundance (mean catch per haul) in New-
man Sound, Bonavista Bay and pre-adult (age-3) cod abun-
dance in Northwest Atlantic Fisheries Organization (NAFO)
divisions 2J3KL (+1.96 SE). (A) Age-0 and -1 (log, trans-
formed + 1); (B) age-0 and -3; (C) age-1 and -3

Table 1. Summary of (A) generalized linear model (negative binomial with a log link) results for recruitment signals of age-3

cod abundance in NAFO divisions 2J3KL (abundance within 850 km of the juvenile survey area) using age-0 and age-1 cod

abundance (mean catch per haul), and (B) general linear model results for the relationship between November age-0 abun-
dance and October age-1 abundance in Newman Sound, Bonavista Bay (mean catch per haul; both log-transformed + 1)

Response Predictor Estimate df P Model fit
(A) Age-3 abundance Age-0 abundance 0.019 1,15 0.004 Adjusted D? = 0.355
(A) Age-3 abundance Age-1 abundance 0.087 1,16 0.006 Adjusted D? = 0.277
(B) Age-1 abundance Age-0 abundance 0.513 1,16 <0.001 Adjusted R? = 0.524
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ing distance from nursery habitat, and (B) across Northwest

Atlantic Fisheries Organization (NAFO) divisions. Relation-

ships denoted by asterisks (*) are statistically significant
(p <0.05)

3.3. Environmental and biological factors

The only environmental and biological variables
with a significant interaction with juvenile abundance
were autumn chl a level and mean body length (mm
SL). Peak autumn chl a level interacted positively with
age-1 abundance (adjusted D% 4o = 0.458, p = 0.024;
Table S6). Mean age-0 body length in November in-
teracted significantly and positively with age-0 abun-
dance (in November) (adjusted D24 = 0.639, p =
0.006; Table S5). No additional variables improved the
relationship between age-0 and age-1 cod (log trans-
formed + 1) (Table S7). Seasonal water temperature
anomalies, peak spring chl a level, winter duration,
and percent eelgrass cover had no influence on any re-
lationships (p > 0.05; Tables S5 & S6). There were no
strong ecological or statistical correlations among our
environmental variables.

4. DISCUSSION

We identified recruitment signals between 2 early
age abundances and the offshore population of cod.

As predicted, we detected a recruitment signal be-
tween early ages (age-0 and age-1) in Newman
Sound and offshore pre-adult cod (age-3) in New-
foundland's NAFO divisions 2J3KL. All recruitment
signals were strongest during October and November,
when abundance was often highest and range of fish
sizes was often greatest. High abundance of age-0
likely results from multiple settlement ‘pulses’ arriving
throughout the summer and autumn as a result of
wind and upwelling events (Ings et al. 2008, Gregory
et al. 2016), which often indicates a strong cohort.
Multiple settlement pulses help to reduce intraspecific
competition by staggering sizes of new recruits within
a season and reduce the risk of mortality to an entire
year class from predation, environmental stressors, or
mismatch with prey (Kristiansen et al. 2011). However,
our study did not consider pulse structure empirically.
Furthermore, both age-0 and -1 abundances were
high in the autumn because winter migrations to
deeper, warmer water typically occur later in the year
(Cote et al. 2001, 2004).

Juvenile cod often remain in a given habitat type, ex-
ploring a small home range and maintaining high site
fidelity (Pihl & Ulmestrand 1993, Cote etal. 2004). High
site fidelity of juveniles and sampling the same loca-
tions each yearlikely contributed to strong recruitment
signals between age-0 and age-1 cod by minimizing
spatial variation in abundance. The strong relation-
ship between age-0 and age-1 abundance confirms
our expectation of a greater disconnect between juve-
nile and age-3 abundance. We predicted weaker re-
cruitment signals between juvenile and age-3 abun-
dance because of the temporal (22 yr) and spatial
separation that we expected would complicate the de-
tection of recruitment signals among the life stages
we investigated. Off the northeast coast of New-
foundland, juvenile cod often remain close to their
coastal nursery habitats for several (2-3) years, even-
tually migrating into deeper water (Templeman 1974,
Gregory & Anderson 1997, Cote et al. 2004). There-
fore, differences in sampling location and survey gear
likely contribute to the unexplained variance in age-3
abundance. Spatial differences in the nearshore dis-
tribution of juveniles, where seine surveys work most
effectively (Gotceitas et al. 1997), and offshore distri-
butions of older individuals (Tulk et al. 2017), where
bottom trawls provide density estimates, complicate
comparisons across methods.

Unexpectedly, recruitment signal strength de-
creased using age classes closer to recruitment (i.e.
age-1 compared to age-0). Poorly sampled age-1
abundance, leading to underrepresentation of the
age class in Newman Sound, may have weakened
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the recruitment signals in the age-1 to age-3 model
(Rogers et al. 2011). Seine surveys represent age-1
cod abundance better than offshore surveys due to
the presence of age-1 cod in nearshore habitats, but
habitat use in nearshore areas may also change with
ontogeny and variation in environmental conditions
among years (e.g. Bradbury et al. 2008, Rogers et al.
2011, Cote et al. 2013). Age-0 cod occur most com-
monly in shallow nearshore areas containing nursery
habitat such as eelgrass (Gotceitas et al. 1997, Laurel
et al. 2003b), which occur locally mainly within the
seine haul sampling area. Age-1 cod may occur out-
side of the seine haul area in deeper habitats for rea-
sons such as avoidance of unfavourable water tem-
peratures and predators, population density, and diel
migrations (Methven & Bajdik 1994, Robichaud &
Rose 2006, Cote et al. 2008, Espeland et al. 2010)
reducing their predictive utility if only sampled in
shallow habitats. These considerations suggest that
early life stages likely provide the most suitable met-
ric of relative recruitment success among cohorts.
Although strong year-class strength in juveniles may
not always translate into high offshore abundance,
the relationship between poor year-class strength
and low offshore abundance is much more evident.
Thus, data on juveniles could provide fisheries man-
agers with advance warning of low recruitment years
and allow them to prepare for socioeconomic effects.

4.1. Spatial scale analysis

Identifying the origin of recruits in inshore and off-
shore regions remains a challenge with assessing
many marine fishes (André et al. 2016). From the late
1980s to the mid 1990s, offshore populations of cod
declined catastrophically, and the remaining smaller
aggregations occurred inshore (DFO 2016). How-
ever, in recent years, cod have greatly expanded
their distribution across the Newfoundland Shelf,
and fisheries managers continue to calculate a single
annual value of abundance for the entire 2J3KL
NAFO fisheries management region (DFO 2016). We
examined how recruitment signals changed with
increasing distance from juvenile monitoring sites.
We were interested in whether fluctuations in New-
man Sound juvenile abundance were reflected in
subsequent recruitment across the entire offshore, or
if certain spatial scales or management zones
revealed a stronger statistical link. For all models,
recruitment signals were generally strongest within
the largest buffers (i.e. the majority of the 2J3KL
NAFO area). With limited tagging and genetic data,

the dispersal, migration, and location of recruits in
the offshore remain largely unknown. However, a
recent genetic study revealed a sibling relationship
and broad relatedness between cod spanning man-
agement zones along the Newfoundland coast
(Horne et al. 2016). Also, cod in both the inshore and
offshore regions of Newfoundland exhibit different
migratory behaviours within and among regions (e.g.
resident vs. migratory), seasonal intermingling, and
genetic distinction (Ruzzante et al. 1996, Brattey
1999, Robichaud & Rose 2004, Brattey et al. 2008).
These studies may explain why a broad survey area
showed the strongest recruitment signal, in that it
better represented the many different aggregations
and subpopulations of Atlantic cod within the popu-
lation area. Strong recruitment signals have been
reported based on inshore abundance (Laurel et al.
2017); unfortunately, no abundance data were avail-
able for the coastal zone (<30 km from shore) at a
comparable time scale with which we could explore
these ideas. Based on our analyses, Newman Sound
juvenile abundance has utility in identifying low
recruitment years for the entire offshore.

However, using age-3 abundance from 2J and 3K as
the response variable improved the recruitment
signal for all models compared to using abundance
from the entire 2J3KL region. Despite moderately
high correlations in abundance between 2J3KL zones
(Tulk et al. 2017), the recruitment signal for 3L was
weak and non-significant. Since the cod collapse in
the late 1980s and early 1990s, 3L has yielded a lower
abundance of cod than 2J and 3K. Higher concentra-
tions of cod are often found in offshore regions within
2J and 3K (Mello & Rose 2008, Rose & Rowe 2015,
DFO 2016). Cod population recovery in 3L has also
been the slowest among those areas we examined
(DFO 2016), likely dampening the aggregate recruit-
ment signal. Dominating ocean currents (Davidson &
deYoung 1995) and onshore winds critical to post-lar-
val settlement in cod nurseries (Ings et al. 2008) likely
also explain the lack of coherence between Newman
Sound and 3L despite their geographic proximity.

4.2. Environmental and biological factors

Investigations of interacting and additive effects of
environmental variables on fish abundance have
become increasingly common in response to chang-
ing climate and slow recovery of commercial popula-
tions (e.g. Britten et al. 2016, Zhang et al. 2016).
Indeed, environmental variables can explain sub-
stantial variability in recruitment models (e.g. Zabel
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etal. 2011). In our study, there is a significant positive
interaction effect of peak autumn chl a concentration
and age-1 abundance on age-3 cod abundance. This
result indicates a stronger relationship between ju-
venile and pre-adult cod in years with high peak
chl a concentration than those with low peaks. This
observation was not unexpected. High concentra-
tions of chl a (phytoplankton) enhance zooplankton
production which acts as a food source for early
stages of cod (Lomond et al. 1998, Beaugrand et al.
2003, Kristiansen et al. 2011) and likely improve sur-
vival and enhance the strong relationship between
juveniles and age-3 pre-adult recruits. Although no
data were available in our study region to investigate
levels of secondary productivity, we suggest a rea-
sonable likelihood that primary and secondary pro-
ductivity correlate strongly. Previous studies relate
cod stock biomass and primary productivity to a pos-
itive link between primary productivity, secondary
productivity, and benthic food sources for age-1+
juvenile cod (Steingrund & Gaard 2005). In the
autumn, greater plankton production relative to
summer likely promotes high growth, reducing the
time juveniles are vulnerable to predators and star-
vation (Lomond et al. 1998, Beaugrand et al. 2003).
At low densities of juvenile cod, the magnitude of the
phytoplankton bloom may not act as the primary
influence on juvenile growth and survival; however,
at higher densities, available food presumably
becomes increasingly important in reducing compe-
tition for resources.

Surprisingly, we did not observe a positive influ-
ence of primary productivity on the relationship
between age-0 and age-3 cod. Phytoplankton blooms
benefit age-0 fish in ways that vary annually (Hjort
1914, Sissenwine 1984, Cushing 1990, Platt et al.
2003, Ings et al. 2008). Further, the timing and mag-
nitude of the autumn bloom may also influence prey
of juveniles, noting size-associated prey require-
ments (e.g. age-1 and age-0 cod, Lomond et al. 1998).
Similarly, food web dynamics prior to winter may
affect adult condition, potentially enhancing the con-
dition and reproductive output of adults with little
concurrent effect on age-0 juveniles (e.g. haddock,
Friedland et al. 2008, Leaf & Friedland 2014). These
often stochastic factors influence the strength of links
between age-0 and age-1 cod and older age classes,
even within single cohorts. Notably, unlike the
spring bloom, few studies regularly measure or re-
port the magnitude of the autumn bloom (DFO 2019).
Satellite remote sensing now enables such analysis.
As shown in our study, and other studies conducted
in adjacent geographic regions, using bloom mag-

nitude can greatly increase our understanding of
fish population strength and interannual variability
(Johnson et al. 2018, Fuentes-Yaco et al. 2020).

We also detected a significant and positive inter-
action between age-0 body length and age-0 abun-
dance interaction effect on age-3 abundance. Favour-
able growth conditions support faster individual
growth and greater accumulation of lipid stores (Ot-
terlei et al. 1999, Planque & Fredou 1999, Copeman et
al. 2008, Laurel et al. 2017). Faster growth leads to
increased body size, thereby increasing the ability of
juvenile fish to avoid predators. It also reduces
chances of starvation during periods of low productiv-
ity and food availability, such as winter (Copeman et
al. 2008, Geissinger et al. 2021). Although the poten-
tial response of cod to future climate change remains
largely unknown, a recent study by Laurel et al.
(2017) demonstrated the importance of temperature-
dependent growth potential in estimating recruitment
signals in 3 locations with known cod populations:
Newfoundland, Alaska, and Norway. Their study
found improved recruitment signals during favourable
growth conditions in the settlement period before the
first winter (i.e. age-0), when juveniles are highly sus-
ceptible to variations in food availability (Geissinger
et al. 2021). Age-0 cod likely benefit from faster
growth and increased chances of survival before they
enter their first winter, when high mortality likely oc-
curs. Our results contribute evidence suggesting
growth and body size-at-age are indicative of adult
abundance (Campana 1996, Laurel et al. 2017).

Surprisingly, we found no significant interaction
between juvenile abundance and eelgrass through
the entire time series. Eelgrass, considered an eco-
logically significant species (DFO 2009), occurs
commonly along the coast of Newfoundland, but is
vulnerable to anthropogenic and environmental
stressors such as fishing activity and ice scour (DFO
2009, Warren et al. 2010). Although juvenile cod live
within many structured habitats (e.g. cobble, rocky
reefs, kelp etc.), they benefit from eelgrass beds
through increased refuge (Gotceitas et al. 1997, Lau-
rel et al. 2003a) and greater prey abundance (Renka-
witz et al. 2011), ultimately leading to higher juvenile
(age-0) density in eelgrass beds compared to unveg-
etated areas (Cote et al. 2013). Although several
studies show positive effects of eelgrass presence on
local juvenile cod survival and abundance (e.g. Lau-
rel et al. 2003a, Gorman et al. 2009, Thistle et al.
2010, Cote et al. 2013), expanding eelgrass cover and
low interannual variability meant that our analyses
did not identify eelgrass as a primary influence on
age-0 to age-3 recruitment signals.
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Interestingly, no variables other than juvenile
abundance increased our understanding of the rela-
tionship between age-0 and age-1 cod. This result
was unexpected. It is possible that the impacts of the
variables we tested in this study begin at younger life
stages but only manifest after age-1. We suggest fur-
ther study on how environmental and biological vari-
ables play a role in modelling year-class strength.
Our results are also consistent with past studies indi-
cating that the magnitude of environmental effects
may interact with and depend on population density
(Zabel et al. 2011, Ottersen et al. 2013). Cooke (2019)
also conducted exploratory analyses of recruitment
signal variation over multiple time periods through-
out our time series and the impact of predator and
prey abundance on recruitment signal strength, but
found no clear patterns. Consideration of environ-
mental variables remains an important part of inter-
preting year-class strength in juvenile cod and fore-
casting adult abundance.

Our study provides empirical evidence of the utility
of information from nearshore seine surveys for juve-
nile fish in predicting poor recruitment to offshore
fisheries. As expected, we detected a recruitment sig-
nal between Newman Sound coastal nursery habitats
and the pre-adult Northern cod population offshore.
Recruitment signal strength varied among fisheries
management zones and with distance from juvenile
cod nursery habitats. We identified additional biotic
and abiotic factors that appear to play a role in recruit-
ment to the fishery: peak autumn concentration of
chl a and juvenile body length. Environmental vari-
ables should be considered when attempting to maxi-
mize predictive ability of this approach across fish
populations. Our results emphasize the value of long-
duration ecological time series to fully understand the
role of environmental factors on recruitment over
time. The Northern cod stock currently remains at a
historic low and we must necessarily hinge our re-
sults on very few high recruitment years. Our current
results highlight the utility of juvenile data to forecast
low recruitment years, acknowledging a less clear
relationship between strong year-class strength and
high recruitment. Ultimately, these findings support
the incorporation of juvenile abundance into assess-
ments, but also highlight the complexity of juvenile—
adult prediction and the associated challenges of ap-
plying juvenile abundance data when forecasting
fluctuations in stock abundance.
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