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Flemish Cap cod collapsed in the early 90’s after facing multiple threats due to climate
variability and anthropogenic pressures. A master 35-year cod growth chronology was
reconstructed in the present study by using sclerochronology techniques. Three
additional chronologies were developed to account for the age-dependent effect of
maturity and fishing intensity on growth. All chronologies showed that cod growth has
decreased over the years and it is currently at the minimum level in the historic of data
series. Hierarchical mixed-effects models were applied to the master chronology to
identify extrinsic drivers of growth. The master chronology was divided into 3 periods:
Premoratorium (1988-1998), Moratorium (1999-2009), and Postmoratorium (2010-
2019). Our results showed that drivers of cod growth in the Flemish Cap varied
between periods (Premoratorium: bottom temperature and fishing mortality,
Moratorium: cod and pandalus abundance, and Postmoratorium: cod abundance and
thickness of the cold intermediate layer). Our results suggest that density-dependence
processes, food availability, and global warming may be behind the lack of recovery of the
Flemish Cap cod stock. The Flemish Cap cod growth chronology shows variations on
growth over time and identifies its drivers, having the potential to be included in the NAFO
stock assessments or to be used to set dynamic reference points that guarantees the
stock sustainability.

Keywords: Gadus morhua, life-history, sclerochronology, climate change, fishing-induced evolution, mixed-
effects modeling
INTRODUCTION

Worldwide, oceans face multiple hazards that threaten not just marine organisms but also the whole
ecosystem. Climate change has been identified as one of the main causes for drastic shifts in marine
ecosystem compositions that, together with fishing, can alter the behavior and physiology of marine
organisms from individual to higher ecological levels (Perry et al., 2010). Changes in physical and
chemical ocean conditions can modify the dynamics that control ecosystems structures and
function (Perry et al., 2010; Planque et al., 2010) and are likely to have associated socio‐
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economic implications on ecosystem services, marine fisheries,
and fishery‐dependent communities (Link et al., 2015).

The capability of an individual to cope with changes in the
environment essentially depends on its physiology. If the new
environmental conditions are physiologically tolerable for the
individual, it will be able to adapt or acclimate; on the contrary,
intolerable conditions can result in migration, phenological
modifications, or death (Parmesan, 2006; Doney et al., 2012).
Climate change is creating new scenarios where some species will
be benefited as a result of a decrease in competition and increase
in food availability. In contrast, others will be stressed,
experiencing higher mortality and reduced growth, size, and
reproductive potential (Doney et al., 2012), or even evolutionary
changes of life-history parameters (O’Connor et al., 2009; Pauly
and Kinne, 2010; Cheung et al., 2013). In this context, resilience
is defined as “the degree to which ecosystems can absorb natural
and anthropogenic perturbations and continue to regenerate
without slowly degrading or suddenly flipping into alternate
states” (Hughes et al., 2005). Increasing ecosystem resilience will
help to preserve ecosystem structure and functioning. In some
cases, depending on the intensity and duration of the stressing
driver, the ecosystem crosses a threshold that leads into a new
stable state (Hughes et al., 2005). This seems to be the case in the
Newfoundland and Labrador ecosystem, where most groundfish
stocks collapsed in the early 90’s and have not shown recovery
signals despite the strong management measures adopted for
their recovery (González-Troncoso et al., 2021). The reasons
behind the collapse have been attributed to overfishing and
change of the environmental conditions, which generated an
ecosystem regime shift towards a crustacean-dominated
community (Rose, 2003).

In the case of fishery-exploited ecosystems, fishing acts as an
important driver for its dynamics. Fishing is selective on specific
traits (mainly size), removing them from the gene pool and
ultimately reshaping the population and its capacity to react to
environmental variations (Enberg et al., 2009). At a population
level, selective fishing modifies the shape of the age or size
distribution due to, for example, targeting of smaller fish or a
minimum or maximum size limit, which often reduces the
buffering capacity of the population by decreasing reproductive
potential (Saborido-Rey and Kjesbu, 2005), feeding and mating
capacity (Peters, 1986) and could cause depensation (Shelton and
Healey, 2011). Consequently, the fish population becomes more
and more sensitive to environmental fluctuations. Furthermore,
fishing may reshape the spatial distribution of a population by
reducing its distributional range or because of loss of population
sub-units (Perry et al., 2010; Planque et al., 2010). Local
overfishing has contributed to the spatial aggregation of
Atlantic cod in the Scotian shelf and some core areas would
disappear as the population declines (Carson et al., 2017).
Smedbol and Wroblewski, 2002 also concluded that in the
Newfoundland and Labrador shelf, the northern cod
metapopulation would decline as some subpopulations
associated with major spawning locations are eradicated.
Although fishing can positively affect fish population by
removing individuals, reducing competition and relaxing
Frontiers in Marine Science | www.frontiersin.org 2
density dependence (Planque et al., 2010), at the ecosystem
level, it can also modify predator-prey relationships by
removing key species, reducing food web complexity and
stability. Therefore, fishing can erode ecosystem resilience and
increase its sensitivity to climate variability (Perry et al., 2010).
Unfortunately, it is challenging to disentangle fishing and
environmental effects on the marine ecosystem regardless of
whether they are a consequence of climate change or not (Hsieh
et al., 2006; Perry et al., 2010). However, the population growth
trend has proved to be an excellent index to study the impact of
environmental and anthropogenic pressures on marine species
(Morrongiello and Thresher, 2015; Smoliński and Mirny, 2017;
Martino et al., 2019).

The impact of environmental factors controlling the growth
of an organism will be maximized at the margins of its spatial
distribution because the organism will be at the limit of its
adaptation capacity and, consequently, more sensitive to
environmental stressors (Speer, 2010). The Flemish Cap is a
seamount located East of Newfoundland’s Grand Banks. The
bank is outside the Canadian economic exclusive zone (EEZ) and
its exploitation is regulated by international agreements
supervised by the Northwest Atlantic Fisheries Organization
(NAFO). This bank is located in a convergence zone formed
by the Labrador (cold) current and the North Atlantic (warm)
current (Colbourne et al., 2018); therefore, the water of the
Flemish Cap is warmer and saltier than the adjacent
Newfoundland Shelf waters. The convergence of these water
masses generates an anticyclonic gyre that dominates circulation
(Colbourne et al., 2018) and the intensity of this gyre plays a
major role in the recruitment of cod and Sebastes spp. of Flemish
cap (Borovkov et al., 2006). Another interesting feature of this
region is the existence of a Cold intermediate layer (CIL), which
is a cold water mass present at all seasons that ranges from <1°C
in spring to >3°C in autumn and it is usually located at a mean
depth of 100 m (Colbourne et al., 2018). This layer cause a strong
stratification that limits the flow of water between upper and
lower layers (Stein, 2007). These characteristics lead to a high
degree of isolation of Flemish Cap ecosystems. Other factors that
contribute to its isolation are: i) the Flemish Pass, a channel with
a depth of more than 1100 m that blocks the migration of shallow
demersal species between the Flemish Cap and the Gran Bank;
and ii) an anticyclonic gyre that retains pelagic eggs and larvae
(González-Troncoso et al., 2018). Isolation of Flemish Cap cod
has been reported in genetic studies (Beacham et al., 2002).
Moreover, the Flemish Cap is the southern distribution limit of
many species from the North Atlantic, like Atlantic cod,
Greenland and Atlantic halibut, American plaice, Roughhead
grenadier, and Arcadian redfish. Given its geographical location,
particular hydrography, special bathymetry, and isolation, the
Flemish Cap demersal ecosystem is potentially vulnerable to
climate change, whose impacts might be strengthened by
fishing pressure.

Northwest Atlantic cod stock was subject to a high level of
fishing pressure in Newfoundland’s continental shelf. In 1977,
Canada extended its EEZ to 200 nautical miles pushing foreign
vessels to the Grand Bank nose and tail, and to the Flemish Cap,
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which until that moment had been a minor fishing ground
(González-Troncoso et al., 2018). Such an increase in the
harvesting pressure ended up in the collapse of Flemish Cap
stock in the mid 90’s. However, this collapse occurred almost
concurrently with the major cod collapse in the Grand Banks,
suggesting that other reasons together with fisheries contributed
to the collapse (Rose, 2003). In 1999, the NAFO established a
fishing moratorium in the region that lasted 10 years. These
circumstances also implied a change in the behavior of the major
fleets in these waters. Before the collapse of the Flemish Cap cod,
the trawl fishery targeted older individuals (> 5 years old),
whereas after the collapse, the fishery started targeting younger
individuals (>2 years old), as reflected in the age composition of
cod catches (Pérez-Rodrıǵuez, 2012). The objective of the present
study is to analyze the growth history of Atlantic cod (Gadus
morhua) from the Flemish Cap by using sclerochronological
techniques to disentangle the impact of fishing and climate on
this stock. To do so, we: i) measure ring increments on cod
otoliths along the entire time series (1988-2016) and develop a
growth chronology of the cod population accounting for
differences in age groups; and ii) identify primary intrinsic (age
Frontiers in Marine Science | www.frontiersin.org 3
and age at capture) and extrinsic (climate, fishing, density
dependence, and prey availability) drivers affecting cod growth
by period (Premoratorium, Moratorium and Postmoratorium)
by applying linear mixed-effects models.
MATERIALS AND METHODS

Data were collected during a series of research bottom trawl
surveys carried out in Flemish Cap since 1988 within the
European Data Collection Multiannual Program for fisheries
assessment, accounting for 33 years of biological and
oceanographic data. It was a random stratified survey,
following NAFO methodological specification (Doubleday,
1981). One hundred eighty hauls of 30 minutes effective
fishing time were normally performed in each survey during
the daytime. The survey took place in summer with a month of
duration (from the end of June to the end of July). Currently, the
surveyed area is divided into 32 strata (Figure 1), and although it
has experienced some variations during the years, it was not
significant for the purpose of this study. During the survey, the
FIGURE 1 | Map of Newfoundland and Labrador waters. Lines indicated isobaths (200, 500, 1000, 2000, 3000 and 4000 m depth). Fisheries management units in
which the continental shelf is divided are identified with the following letters: 2H, 3K, 3L, 3M, 3N and 3O. The Flemish cap has been zoomed in the upper right panel
to show strata division (total: 32 strata). Source: Adapted from Pérez-Rodrıǵuez, (2012).
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catches of all fish species and invertebrates were recorded
(Atlantic cod, redfish, American plaice, Greenland halibut,
roughhead grenadier, and northern shrimp) (Vázquez et al.,
2013). Biological data recorded were total length, total and
gutted weight, and sex and macroscopic maturity stage.
Additionally, otoliths (of both sexes) and ovaries (only
females) were collected. Fish age was determined in all the
target species by age-reading experts once in the laboratory.

Otolith Processing and Measurements
A total of 137 cod otoliths of individuals equal to or older than
eight years old were selected for this study. The threshold age was
selected to guarantee the best sample depth through the series.
All otoliths were aged before starting biochronological studies.
Since all the samples were collected in summer, the last annulus
width measurement was excluded from the analysis because it is
considered incomplete. Identifying the first annual ring in cod
from Flemish Cap is difficult. The first ring was counted but
sometimes could not be placed precisely. In these cases,
annotation of otoliths started at the second annual ring.
Dendrochronology approaches (crossdating) cannot be applied
to this species due to the short longevity of the cod (about 16
years in Flemish Cap). However, if a dating error is made in a
short-lived fish, the consequences of that error do not back-
propagate far in time, as they would do in longer-lived fish for
which crossdating is more important (and possible) (Smoliński
et al., 2020). The relationship between fish length and otolith
radius was analyzed in the present study by conducting a lineral
regression (a = 2.11, b= 0.039; n=137, adjusted R² = 0.437,
p< 0.01).

A strong relationship between cod growth and otolith growth
has been proven for Atlantic cod (Hüssy and Mosegaard, 2004).
Frontiers in Marine Science | www.frontiersin.org 4
Hence, changes in increment widths can be used directly as a
proxy for changes in somatic growth (Campana, 1990). A total of
137 individuals of Atlantic cod caught between 1988 and 2017 in
the study area were included in the analysis. Otoliths were
sectioned and polished to measure annual increment widths.
High-resolution digital pictures of the transversal section were
taken with the Leica stereomicroscope M205C at 2.5
magnification. Each annual ring was measured from the
nucleus to the dorsal distal edge (Figure 2). Otolith radius
(from the nucleus to dorsal margin) was also measured to test
if the detected ring width variations reflected fish size variability,
i.e., if otoliths act as a record of the individual growth through its
entire life. Images were analyzed using Object J, a plugin of the
open-access software Image J. Otoliths showing damage,
abnormalities, or crystalline were excluded from the analyses.

Growth Analysis
An annual rings measurement series was used as an indicator of
growth performance at both individual and population levels,
being the response variable in our analysis. To analyse the factors
that drive growth in Flemish Cap cod, a number of explanatory
variables were selected based on literature review and the current
knowledge on the Flemish Cap ecosystem. These variables were
chosen after considering two main ecological processes known to
potentially impact growth in marine fish (food availability and
density dependence) and anthropogenic and environmental
pressures (fishing intensity and climatic variables) (See SM-1
to further details on extrinsic variables calculations). To avoid
correlation and collinearity between explicative variables, the
Pearson’s rank correlation index and the variance inflation factor
(VIF) were calculated before running the models (Zuur et al.,
2009). Specifically, correlations among variables was checked by
FIGURE 2 | Transversal section of an Atlantic cod otolith. Radius length indicates measurement from nucleus (pink number) and otolith edge. Annual ring
measurements were zoom in the upper left panel. Measurements were taken from nucleus to the border. Growth rings were identified and marked (blue dots) and
distance between them (cyan line) were automatically measured by the Image J software.
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performing a Pearson’s correlation test with the corrplot package
in R software. Collinearity was tested by computing the
generalized variance-inflation factors (GVIF), which are the
corrected VIF values, by the number of degrees of freedom of a
predictor variable. GVIF was assessed using the corvif function in
R software. Pairs of variables with high correlation values
(Pearson correlation r > 0.6) or high variance inflation
(VIF > 3) were identified and only one was included in the
modeling process.

Growth chronologies were performed for the whole dataset
and by age groups. First, the entire dataset, which includes all
pooled annual ring increments for fish aged 1–16 (the so-called
“Master chronology”), was used to generate the general
population chronology. Then, the dataset was split into three
age groups: Group 1, age 1-4; Group 2, age 5-7; and Group 3,
ages 8–16. The aim was to calculate growth chronologies by age
group considering that the age-dependent effect of maturity and
fishing intensity on growth. In that sense, Group 1 includes
mostly immature individuals as cod reaches maturity around 4
years old in Flemish Cap (González-Troncoso et al., 2018);
Group 2 includes mature individuals not targeted in the fishery
before the moratorium but becoming an important target after
that. Finally, Group 3 includes the biggest and more targeted
individuals of the population. The effect of extrinsic factors was
only tested in the Master chronology of cod growth (i.e. all
pooled ages), as we wanted to test how the entire population
responds to periods of different fishing intensity (Premoratorium
(1988-1998), Moratorium (1999-2009), and Postmoratorium
(2010-2016). Note: In a preliminary analysis, we tried to split
the dataset by both age groups and fishing periods, but we ended
up with low observations, and the model was not able
to computed.

The framework developed by Morrongiello and Thresher,
2015 was used in the present study to perform a series of
hierarchical mixed-effects models in R using the packages lme4
(Bates et al., 2015), AICcmodavg (Mazerolle, 2015), and effects
(Fox, 2003). Annual ring width was used as the response variable
and a set of fixed and random effects (Table 1) were included in
the model. Fixed effects consist of: i) those independent variables
Frontiers in Marine Science | www.frontiersin.org 5
that are inherent to our samples, called intrinsic factors (Age and
Age at capture), which account for age-related trends, bias and
selectivity (Morrongiello and Thresher, 2015; Martino et al.,
2019); and ii) variables that consider external causes, so-called
extrinsic factors (Year, Sebastes and Pandalus abundances,
Bottom temperature, NAO index, Fishing Mortality, Cod
abundance, and Proportion of matures) (Table 1). Sex was not
included in the model as an intrinsic factor because this
information was not collected during the first years of the
survey. This model also allows the inclusion of a random
structure, which is key for growth analysis as ring
measurements are correlated. The random component was
incorporated into the model with four variables: Fish ID, Year,
Cohort, and Age (See SM-2). Random intercepts allowed for
higher or lower growth within each variable relative to the model
average (intercepts) (Martino et al., 2019). Therefore, the FishID
accounts for correlation among ring measurements within a fish,
allowing each fish to have higher or lower growth than the
average. Year refers to the natural year within which a particular
ring is formed and, together with FishID, accounts for
correlations among the increments of different fish deposited
the same year, providing estimates of whether conditions were
better or worse for growth in a particular year compared with the
average through the time series. Cohort was included as a
random effect as it induces correlations among the growth of
individuals born in the same year. As with Year, Cohort also
provides temporal estimates of fixed factors growth variations
but, instead of being annual, it captures systematic growth
deviations for groups of fish across their lifetime. Random Age
slopes were also included for FishID and Year to facilitate
detrending the age-related effect (Monrrongiello and
Thresher, 2015).

Data transformation was needed for building up the model.
Ring width, Age, and Age at Capture (AAC) were log-
transformed to satisfy model assumptions (normality,
heteroscedastic, and independency). Extrinsic variables were
standardized to the mean to help model convergence
(Morrongiello and Thresher, 2015). Analysis of random effects
was performed by including all intrinsic factors (Age and AAC)
TABLE 1 | List of explanatory variables used as fixed and random factors in the linear mixed-effects model.

Effect Type Variable Description

Fixed Intrinsic Age Age when otolith increment was formed
Age at capture (AAC) Age when fish was caught

Extrinsic Year Calendar year when increment was formed (1 Jan-31 Dic)
Sebastes abundance Abundance of Sebastes mentella and fasciatus (main prey of cod)
Pandalus abundance Abundance of Pandalus borealis (main prey of cod)
Bottom Temperature Water temperature at depth at which cod is found at each age
NAO index Indication of the strength and direction of the North Atlantic Oscillation
CIL thickness Thickness of the Cold intermediate layer
Fishing Mortality Indication of cod mortality due to fishing at age
Cod abundance Annual abundance of cod at age

Random Random Age Age when otolith increment was formed
Fish ID Unique fish identifier
Year Year in which increment was formed (1 Jan-31 Dic). Quantifies inter-annual growth variability
Cohort The year at which fish was born
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with a series of random structures (combinations of random
slope and/or intercepts FishID, Age, Year, and Cohort). Models
were fitted by using Restricted Maximum Likelihood criterion
(REML) and ranked using Akaike’s Information Criterion
corrected for small sample sizes (AICc). The model with the
lowest AICc was selected as the best model (Burnham and
Anderson, 2004). The amount of variance explained by the
models was assessed using two R2 metrics (calculated on
models fit with REML) defined for mixed-effects models by
Nakagawa and Schielzeth, 2013. Marginal R2 describes the
proportion of variance explained by fixed effects alone, whereas
Conditional R2 describes the proportion of variance explained by
fixed and random effects combined. The master growth
chronology was developed by extracting the best linear
unbiased predictors (BLUPs) from the model with the best
Year random effect and including intrinsic effects only
(Morrongiello and Thresher, 2015). This chronology estimated
the annual and interannual variation around an overall
chronology mean of zero. Once the optimum random
structure was selected, the fixed intrinsic source of growth
variation was studied (Age and Age at capture) yij= b1Ageij +
b2ACCij + bi1FishIDij × ageij + bi2Yearij + ϵij. To compare models
with nested fixed effects but the same random structure, ML
estimation must be used instead of REML (Zuur et al., 2009).
Models were fitted with maximum likelihood (ML); (REML = F).
Once the best intrinsic effect structure was selected, it was refitted
with REML to get unbiased parameter estimates (Zuur et al.,
2009). The best intrinsic structure was called the base model.
Then, a new model, including the optimal random and intrinsic
structures, was performed by adding Year as a fixed effect in a
linear or curvilinear form.

To assess external influences on Atlantic cod growth, extrinsic
factors were added to the base model. In this step, the dataset was
limited to the years in which environmental variables were
available (1988–2016). This analysis was performed using the
growth chronology of the population with all pooled ages (i.e.,
Master chronology) but, this time, the temporal series was
divided into three periods: Premoratorium (1988-1998),
Moratorium (1999-2009), and Postmoratorium (2010-2016).
The effect of extrinsic variables on cod growth was first
assessed individually by running three different models per
variable: (i) the base model, which was the best intrinsic model
for each age group; ii) the linear model, which includes the base
model plus the extrinsic variable to be tested fitted to a linear
relationship; and iii) the curvilinear model, which was the same
as the previous one but fitted to a non-linear relationship and
selecting the best model based on lower AICc. Once the effect
and relationship type of the extrinsic variables with cod growth
were defined, we proceeded to create the three final models
(Morrongiello and Thresher, 2015). Model selection was
performed by beginning with all possible interaction terms and
carrying out a stepwise backward model selection. The best
model selection was based on AICc, which was used to
measure goodness-of-fit. The smaller the AICc values, the
better the compromise among fi t , pars imony, and
predictive quality.
Frontiers in Marine Science | www.frontiersin.org 6
RESULTS

A total of 1096 annual rings were measured from 137 cod
individuals covering a period of 35 years (From 1981 to 2016).
During the early 90’s, Atlantic cod stock collapsed in Flemish
Cap and hence, sample depth of the time series decreased in that
period. However, it was never lower than 5 observations per year
(mean sample depth before collapse (1980-1989) = 277, during
collapse (1990-2004) = 180 and after collapse (2004-2016) =
638). Additionally, as reading the first annual ring in cod from
Flemish Cap is hard, sample depth at this age is slightly low
(around 40 observations) (Figure 3).

The growth master chronology of Flemish Cap cod exhibited
considerable interannual variation with noticeable positive and
negative growth phases. In the master chronology (Figure 4A),
cod growth index (based on annual increments of the otolith)
increased from 1981 until 1985 followed by a sharp decline,
reaching a minimum value in 1990 (-20%). Between 1990 and
1998, growth fluctuated above the zero value of the index and
then increased gradually up to 2006 (about 20%). Finally, the
growth index sharply decreased, reaching the historical
minimum of the series in 2015 (-80%). In general, despite
fluctuations, growth showed a clear and deep decrease since
1985. This temporal trend was also supported by the model that
included Year as a fixed factor (Figure 4A.1). However, when we
unravel this information by age groups, similar interannual
growth phases are displayed for groups 1 and 2, while group 3
was less pronounced (Figures 4B-D). Looking at the values of
minimum growth in group 1, they were reached in 2008, 2009,
1998, and 2001 (> -10% growth); group 2 showed its minimum
in 1995, 1998, 2009, and 2012 (> -7% growth); whereas group 3
reached its minimum values in 2015, 2009, 2014, 1991, and 2016
(> - 2% growth), it has also dropped in 1998 (-1.9%) coinciding
FIGURE 3 | Box-and-whiskers plot of annual increment measurements of all
analyzed otoliths with lines, boxes and whiskers representing medians,
interquartile range (IQR), and 1.5 IQR respectively. White circles represent
outliers; black circles represents sample depth.
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A A1

B B1

C C1

D D1

FIGURE 4 | Best linear unbiased predictor (BLUP) for the year random effect (left panel- A) Master chronology, (B) Group 1, (C) Group 2 and (D) Group 3) and
temporal trend of cod growth (right panel—A1) All ages, B1) Group 1, C1) Group 2, and D1) Group 3. Age groups are also indicated by the following colors: All ages
(1-16): black; Group 1 (age 1-4): red; Group 2 (age 5-7): green and Group 3 (age >=8): blue. Vertical dashed lines in the master chronology indicate the beginning
and the end of the Moratorium.
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with group 1 and 2. In contrast, maximum values of cod growth
were reached in 1984, 1983, 2006, and 2002 for group 1 (> 6%);
in 1985, 2006, and 2005 for group 2 (>8%); and in 2011, 1989,
and 1988 for group 3 (>4%). The growth index was correlated
between groups 1 and 2 (R=0.415) and groups 1 and 3 (R=0.411).
The Pearson correlation between groups 2 and 3 was low
(R=0.109). The chronologies of age groups 1, 2, and 3
displayed a negative trend on cod growth (Figures 4B.1, C.1,
D.1). The Pearson correlation between the master chronology
and groups 1, 2, and 3 chronologies were 0.5, 0.72,
0.52, respectively.

The optimum random structure was the one that had a
random intercept and the age-specific slope for each FishID,
and a random intercept for each Year. This structure was the best
one for each age group and for all the data as a whole. Then, a set
of intrinsic variable combinations were analyzed, keeping the
optimum random structure for each age group (See SM-2). For
all pooled age groups (i.e. master chronology), group 1 and group
3, the best model included just the “Age” effect. However, for
group 2, the best model also included Age at capture (AAC). The
conditional R2 indicated that the selected models explained
91.4%, 81.4%, 87.6%, and 89.1% of the fish growth variability
for all ages group (age 1–16), group 1 (1-4), group 2 (age 5–7),
and group 3 (age 8–16), respectively. For group 2, a negative
relationship between growth and Age at capture (AAC) was
identified. This relationship was also observed for the group 1,
but as including this variable did not improve the model AICc
more than 3 units, we left it out.

Finally, “Age” effect was extracted and analyzed for the three
age groups and the master chronology. As expected, annual ring
increments declined with fish age, being this drop continued
until the 4th year, coinciding with the average age at which cod
reach maturity in Flemish Cap (Figure 5; See SM-1).

Extrinsic Drivers of Cod Growth
According to the correlation and collinearity analyses, the final
explanatory variables included in the model were: Pandalus
abundance, Sebastes abundance, Bottom temperature, CIL
Thickness, Fishing mortality, and Cod abundance. The amount
of variance explained by each model is shown in the terms
Marginal R2 (for fixed effects) and Conditional R2 (for fixed +
random effects) (Table 2). Our results showed that drivers of cod
growth varied between periods. Growth drivers during the
Premoratorium period were: age, fishing mortality, and bottom
temperature (Marginal R2=0.719; Conditional R2=0.932). During
the Moratorium drivers were: age, Pandalus abundance, and cod
abundance (Marginal R2=0.601; Conditional R2=0.904). Finally,
during the Postmoratorium period, cod growth drivers were: age,
CIL thickness, and cod abundance (Marginal R2=0.607;
Conditional R2=0.904). The rest of the covariates were
removed from the model during the stepwise process

During the Premoratorium (1988-2008), Bottom temperature
showed a positive linear relationship with cod growth
(Figure 6A). The model showed the maximum growth of
Flemish Cap cod at a temperature around 4°C. In this period,
Cod otolith growth has an asymptotic relation with fishing
mortality [max. growth at fishing mortality between 1.5 and 2
Frontiers in Marine Science | www.frontiersin.org 8
(Figure 6B)]. It is interesting to note that increasing fishing
mortality had, to some extent, a positive effect on the growth rate,
which is likely connected with density-dependent factors. During
the Moratorium, the main drivers of growth were Pandalus
abundance, which showed a positive and asymptotic
relationship with cod growth, and cod abundance, which had a
linear negative effect on cod growth probably indicating high
competitiveness between individuals (Figures 6C, D,
respectively). Finally, during the Postmoratorium, thickness of
the cold intermediate layer (CIL) and cod abundance had linear
negative effects on Flemish Cap cod growth (Figures 6F, G).
DISCUSSION

In the present study, four growth chronologies were developed
for one of the most iconic species in the North Atlantic Ocean,
the Atlantic cod. The chronologies cover a time series of 35 years
and are divided by age groups [group 1 (1-4 years old), group 2
(5-7 years old), and group 3 (8-16 years old)] considering the
FIGURE 5 | Predicted variations in annual growth of cod for all age groups
(left panel) and for each age group (right panel). Line colors indicates age
groups (All groups: black; group 1: red; Group 2: green and Group 3 blue).
Vertical lines denotes standard errors.
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age-dependent effect ofmaturity and fishing intensity on growth. A
master chronology (including all pooled ages) was also created and
used to disentangle significant drivers of cod growth in 3 different
periods: Premoratorium (1988-1998), Moratorium (1999-2009),
and Postmoratorium (2010-2019). Our results indicate that, in the
Flemish Cap region, cod has suffered a steep decline in its growth
since 1981, but this decline is less pronounced in group 3 (>8 years
old).Moreover, chronologies showed higher interannual variations
in age group 1 and 2 than in age group 3. The three age group
chronologies showed a minimum growth in 2009, which may be
related to food competition as in that year the abundance of
Pandalus borealis was low (570x106 individuals) compared with
the mean value of the series. Cod growth was also low in 1998 for
groups 1 and 2, corresponding with a year of high surface
temperature (13.5°C, the maximum value of the temporal series),
an intense negative NAO phase (-0.48), and high fishing mortality
for group 2 (See SM-1). In contrast, high growth values were
Frontiers in Marine Science | www.frontiersin.org 9
observed in 2006 for groups 1 and 2, corresponding with years of
high surface temperature (11.75 and 12°C, respectively) and the
negative NAO phase (-0.26 and -0.20, respectively). This
contradiction in growth direction suggests that there may be
several factors driving cod growth simultaneously. Some of those
factors are not considered in our analysis (e.g. reproductive
investment, metabolic costs, oxygen size-related limitations,
change in fish distribution) (Chabot and Claireaux, 2019).
Moreover, there is a carryover effect in which fish performance
can be determined by previous experience (O’Connor et al., 2014).
This phenomenonmay be reflected in group 2 and 3 chronologies,
where it seems to be a delayed effect on cod growth compared to
group1. Inall themodels used tobuild the chronologies, agewas the
most substantial factor influencing cod growth. The reduction of
growth through age was steeper until the cod reached an age of 4,
coinciding with the average age at which cod reach maturity in
Flemish Cap (González-Troncoso et al., 2018). This is not
TABLE 2 | Parameter estimates of fixed and random factors for the best model describing growth variantion in Femish Cap cod for the three periods of different fishing
intersity: Premoratorium (1988-1998), Moratorium (1999-2009) and Postmoratorium (2010-2016).

Predictors Premoratorium
log(ring measu)

Moratorium
log(ring measu)

Postmoratorium
log(ring measu)

Estimates CI p df Estimates CI p df Estimates CI p df

(Intercept) -0.95 -1.05 –

-0.86
<0.001 21.69 -0.68 -0.75 –

-0.61
<0.001 36.56 -1.52 -1.59 –

-1.46
<0.001 33.98

c.(age) [c.(log] -0.91 -1.08 –

-0.73
<0.001 37.38 -0.52 -0.60 –

-0.44
<0.001 144.22 -1.15 -1.48 –

-0.82
<0.001 8.50

c.(temp.bottom) 0.11 0.01 –

0.22
0.024 9.79

c.(F) 0.07 0.02 –

0.13
0.005 52.17

c.(F)^2 -0.02 -0.03 –

-0.00
0.030 73.56

c.(pan.ab) 0.13 0.05 –

0.20
0.002 11.07

c.(pan.ab)^2 -0.05 -0.10 –

-0.01
0.017 8.50

c.(Cod.ab) -0.04 -0.20 –

0.12
0.60 199.86 -0.34 -0.55 –

-0.14
0.006 113.04

c.(Cod.ab)^2 -0.18 -0.31 –

-0.05
0.007 100.69

c.(thicknessCIL) -0.11 -0.17 –

-0.06
<0.001 4.34

Random Effects
s2 0.015 0.01 0.02

t00 0.038 FishID 0.04 FishID 0.07 FishID

t01 0.005 fYear 0.002 fYear 0.00 fYear

t11 0.98 FishID.c.(log

(age))

0.03 FishID.c.(log

(age))

0.14 FishID.c.(log

(age))

r01 0.59 FishID 0.05 FishID 0.38 FishID

ICC 0.83 0.79 0.80

N 54 FishID 88 FishID 72 FishID

9 fYear 11 fYear 7 fYear

Observations 136 416 318

Marginal R2/
Conditional R2

0.719/0.932 0.601/0.904 0.607/0.904
May 2022
 | Volume 9
 | Article
Estimate, Estimates; CI, Confidence Interval; p, p-value; df, degree of freedom; s2, Residuals; t00, FishID intercept; t01, Year intercept; t11, FishID|Age (age slope); r01, FishID correlation;
ICC, Intraclass correlation coefficient; N, Number of observations per FishID and Year) and Observations, observations. Finally; Marginal R2, Marginal R2 and Conditional R2, Conditional
R2 (using Nakagawa and Schielzeth; 2013).
Significant value (p < 0.05) are highlighted in bold.
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surprising asfishgrowthsignificantlydecreasesas theyget olderand
it has being reported in many other studies using otolith
chronologies (Smoliński and Mirny, 2017; Martino et al., 2019;
Tanner et al., 2019).Age at capturewas significant for group 2 and it
was slightly significant for group 1, althoughwe did not include this
variable in group 1 as it didnot improve theAICcmore than3units.
However, it is worth mentioning that this negative relationship
between Age at capture and cod growth (i.e., younger individuals
growing faster) may be reflecting sexual maturity and/or fisheries-
related mechanisms such as the size selectivity of the fishing gear
(Tanner et al., 2019).

Mixed-effects models were applied to the master chronology
(all pooled ages) to provide insight into cod growth drivers. Results
from the extrinsic analysis showed that prey abundance, fishing
mortality, cod abundance, bottom temperature and thickness of
Frontiers in Marine Science | www.frontiersin.org 10
the cold intermediate layer were variables that contributed
significantly to explain cod growth variability. However, the
effect of these factors on growth changed depending on the
fishing period [Premoratorium (1988-1998), Moratorium (1999-
2009) and Postmoratorium (2010-2019)]. This highlights the
importance of including sources of variations in biochronology
studies not just for fishing or climate but for the whole branch of
variables that can potentially affect fish growth. In fact, not
simultaneously considering different sources of variability
(especially size-selective mortality) on fish growth studies can
lead to incorrect conclusions about the role of environmental
factors (Sinclair et al., 2002).

The effect of climate on marine organisms and, more broadly,
on marine ecosystems has recently drawn the attention of
researchers as a consequence of new evidence of global
A B

C D

E F

FIGURE 6 | Predicted effects of extrinsic variables on Atlantic cod growth of the Flemish cap during 3 periods: Premoratorium (1988-1998), Moratorium (1999-
2009) and Postmoratorium (2010-2019), using the Master chronology (i.e. all pooled ages). Panels indicates: Postmoratorium effects: Sea Bottom Temperature (A)
and Fishing mortality (B); Moratorium effects: Pandalus abundance (C) and Cod abundance (D); and Postmoratorium effects: Cod abundance (E), and Thickness of
the cold intermediate layer (CIL) (F). Dashed lines represent 95% Confidence intervals.
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warming. Atmospheric mean temperature and extreme events
are predicted to increase within the 21st century, ultimately
influencing ocean temperature, oxygen concentration, and
current circulation, among other oceanographic parameters
(IPCC, 2014). The shrinkage of individual body sizes in
response to global warming has been reported for a broad set
of organisms, from zooplankton (Moore and Folt, 1993) to
vertebrates (Yom-Tov and Geffen, 2011), in both marine and
terrestrial environments. In the case of fish, the impact of
temperature on growth varies depending on depth. Some
species from the Southwest Pacific that inhabit about 250 m
(Redfish, Jackass morwong, and Banded morwong) have shown
an increase of growth with temperature. In contrast, the growth
of species that inhabit deeper water (Orange roughy, Smooth
oreo, and Warty oreo) has decreased (Thresher et al., 2007).
Therefore, fish growth responses due to warming do not have a
clear direction as similar species in the same habitat show
opposite trends (Thresher et al., 2007; O’Gorman et al., 2012).
Our study showed a positive linear relationship of cod growth
with bottom temperature only during the Premoratorium period
(Beta=0.11, CI[0.01 – 0.22]). This could be related to the cold
period that the region experienced in the 90’s (Rose, 2003). In
fact, the mean temperature during the Premoratorium was 3.55°C,
whereas during the Moratorium and Postmoratorium was 4.16°C
and 4.23°C, respectively. The effect of temperature on growth has
been tested in many other studies (Gillanders et al., 2012;
Morrongiello and Thresher, 2015; Tanner et al., 2019), being
significant although its direction varies among regions and
species. Further, temperature has a dome-shaped effect on fish
growth and affects the kinematics of biophysical and biochemical
reactions that directly influence the metabolism of ectotherm
species and ultimately reshapes fish physiology and behavior
(Chabot and Claireaux, 2018). Atlantic cod, as a species, has a
wide yearly thermal range, experiencing temperatures from 0 to
11°C, with extremes found at the Labrador Sea and the Celtic Sea
(Chabot and Claireaux, 2018). Whitin their thermal niche, the
growth rates of Atlantic cod increase with temperature, although
there are evidence of a downturn once the thermal optima is
exceeded (Righton et al., 2010). In the case of Flemish Cap cod,
where the Bottom temperature has ranged from 2.5°C to 4.7°C for
the time series (SM-1), this threshold seems to be around 4°C (see
SM-1). The optimal temperature for the specific population in the
Flemish Capmay bemuch lower than in other cod populations, as it
is adapted to colder environments and ecosystems. Bottom
temperature has increased in Flemish Cap over time, although
since 2011 it has slightly decreased and kept relatively constant
around 4.2°C (See SM-1). Additionally, climate change scenarios
predict further warming and deoxygenation in the region (Saba
et al., 2016; Claret et al., 2018). This information suggests that the
species may currently be close to its temperature threshold and it
will potentially be exceeded in the future, having drastic
consequences for the cod population. Assuming we accept that
Flemish Cap is a closed demersal ecosystem (due to its isolation
attributes explained above), and migration is not possible. Then, the
growth of Flemish Cap cod and its reproductive potential will fall
irremediably once the temperature threshold is crossed. This would
Frontiers in Marine Science | www.frontiersin.org 11
reduce biomass and abundance and ultimately affect the fishery and
the ecosystem.

Regarding the impact of prey availability on the growth of
Atlantic cod, it is essential to consider that Atlantic cod is an
omnivorous species whose diet is mainly composed of crustaceans
and teleost fish. In Flemish Cap, cod experience an ontogenically
shift in diet: feeding on small crustaceans such as copepods,
hyperiids, and small shrimps at small sizes (immature cods); on
large crustaceans and small fish at medium sizes [small mature cod
(< 85cm)]; and on shrimps, medium-sized demersal, and forage
fishes when they are large [large mature cod (>85 cm)] (Pérez-
Rodrıǵuez et al., 2016; Link and Sherwood, 2019). In this study, the
abundance of Northern shrimp, Pandalus borealis, had a positive
and asymptotic effect on growth (Beta=0.13, CI[0.05 – 0.20]).
Shrimp has been reported as one of the main prey of cod in the
Flemish Cap ecosystem (Pérez-Rodrıǵuez et al., 2011); hence, as the
abundance of shrimp increases, it is expected that cod growth will
increase as well. However, this significant relationship is only
observed during the Moratorium period. Pandalus abundance has
enormously fluctuated in the Flemish Cap region, being low when
the abundance of cod is high and vice versa. During the
Moratorium, Pandalus abundance was at higher abundance
(mean= 3843x10^6 individuals) compared to Premoratorium
(mean= 2047x10^6 individuals) and Postmoratorium
(mean=346.2x10^6 individuals). On the contrary, the effect of
Sebastes spp. abundance on cod growth was not significant, in
spite of Sebastes being reported as a main prey for cod (Pérez-
Rodrıǵuez et al., 2016). This positive asymptotic relationship
between cod growth and its main prey item has also been
observed in Atlantic cod of the Barents Sea, being related to
capelin abundance (Denechaud et al., 2020). Low prey availability
influences the population’s resilience as the amount and quality of
food items alter fish’s condition and growth. Lower body condition
results in lower growth, size-at-age, reproductive potential, and
overall lower productivity of the stock (Rätz et al., 2000). In this
sense, for many fish species, including cod, females with poor body
conditions may show high levels of atresia, which reduces the
production of released eggs or even provokes skip spawning
(Saborido-Rey and Kjesbu, 2005). The average proportion of skip
spawning cod females in Flemish Cap between 1978 and 1985, likely
associated with low liver conditions, was about 33.7%. This
proportion was the highest for individuals of 50-79 cm (Rideout
et al., 2006). However, some fish species have exhibited a
compensatory growth after a period of starvation (such as
Atlantic salmon and brown trout), although those individuals
exhibited decreased performance and increased mortality over a
long-time scale (O’Connor et al., 2014). The indicators used in the
present study to analyze the effect of climate on the growth of
Flemish Cap cod are restricted to the summer season (Jun/Jul). This
corresponds with the period of active feeding, (i.e., whenmost of the
annual growth occurs -opaque zones in the otolith), being
appropriated for our purposes. However, summer growth could
be influenced by the conditions experienced by cod during the
winter spawning season and the reproductive effort made in this
period (Carryover effects). Therefore, it could be interesting to
broaden the study to include seasonal information (Smoliński and
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Mirny, 2017), as well as look at other phenomena that could
potentially affect growth, such as skip spawning and
transgenerational (epigenetic) effects (Folkvord et al., 2014).

Atlantic cod individuals of the same age inhabiting the same
depth (See SM-1) prey on the same resources (type and size) and,
therefore, competition among them is higher than competition with
cod of other ages. In general, a higher abundance of cod adults
results in intraspecific competition (space and/or resources) (Van
Gemert and Andersen, 2018). A linear negative effect on cod growth
as cod abundance increases was observed in our results for the
Moratorium (Beta=-0.18, CI[-0.31 – 0.05]) and Postmoratorium
(Beta=-0.34, CI[-0.55 – 0.14]). However, this relationship was not
significant during the Premoratorium period, despite having higher
cod abundance. This may be explained by the significant effect that
fishing mortality had on cod growth during the Premoratorium
counteracting the effect of cod abundance on growth. The same
negative relationship between cod growth and cod abundance was
observed in the Barents Sea Atlantic Cod (Denechaud et al., 2020).
Density-dependent processes are key in the regulation of the
population and hence they should be considered in fish growth
studies. Fishing directly affects density-dependence processes as it
removes individuals, frequently the large ones, thus reducing
competition, reproductive potential, and genetic variability
(Lorenzen and Enberg, 2002). However, during the Moratorium,
cod abundance had an asymptotic effect on cod growth, which may
be showing depensation (See Figure 3). When population density is
low, as during the Moratorium, there is an accelerated growth on
juvenile cod, making individuals grow faster and reach maturity
earlier in life with what that entails for the population productivity
(Liermann and Hilborn, 2001). However, confidence intervals
during that time are wide, so we should be cautious with this
interpretation. Moreover, the Allee effect can also be present in
collapsed populations, affecting fish physiology and behavior. Some
examples of the Allee effect include difficulties finding mates, social
structure fragmentation, and difficulties avoiding predators or
competitors (Frank and Brickman, 2000). Therefore, it is likely
that both phenomena could be contributing to the lack of recovery
of Atlantic cod in Flemish Cap.

Finally, fishing mortality had a positive and asymptotic
relationship with cod growth during the Premoratorium period
(Beta=0.07, CI[0.02 – 0.13]). This is expected, as fishing reduces
the number of individuals and hence competition, favoring an
accelerated individual growth. However, this result is the opposite
as the one reported in the growth chronology of Atlantic Cod of
the Barents Sea, where fishing pressure had a weak but still
significant negative effect on Atlantic cod growth, suggesting
that fishing may have caused a decline on cod growth through
selective harvesting of faster-growing individuals (Denechaud
et al., 2020). In Flemish Cap, the cod fishery started to be
regulated by TAC (total allowed catches) in 1974, and catches
remained relatively constant during the yearswhen thefisherywas
opened (González-Troncoso et al., 2021). Therefore, fishing was
high from the beginning of the series until 1999, when the fishery
was closed.However, the temporal trend plot of cod growth for the
master chronology and group 3 chronology (individuals older
than 8, the fishing target) indicates that the drop in cod growth
Frontiers in Marine Science | www.frontiersin.org 12
started in 1994, suggesting that the moratorium may have been
implemented a bit late. Even though the fishery was opened again
in 2009, fishingmortality remained low (slightly over 0.25, a value
almost 7 times lower than the maximum reached in this fishery
around 1995). This explains why fishing mortality is not
significant during the Postmoratorium. Finally, our results also
indicate that thickness of the Cold Intermediate Layer (CIL) was a
significant driver of cod growth during the Postmoratorium
(Beta=-0.11, CI[-0.017 – 0.06]). This parameter is an indicator
of water column stratification and provides valuable information
on the ecosystem since the thicker the CIL, the less energy is
transferred to deeper waters. Since 2010, CIL thickness steeply
increased until 2015, when a drop was observed (See SM-1).
Surprisingly, our results indicate that CIL thickness was
insignificant during the Premoratorium despite suffering a big
drop from 1990 to 1995.

Changes in population size-structure, especially in top predators
as cod in Flemish Cap,may result in a cascading effect that affects the
entire food web (Planque et al., 2010; Ohlberger, 2013). This
modification in the ecosystem may not be easy to reverse because
of the new links generated. During cascading effects, the middle
trophic levels, which become dominant, may be prey on the early life
stages of the former top predator (Perry et al., 2010). Additionally,
cannibalism may increase in cod due to food limitations that may
complicate predator-prey relationships. Removing top predators
results in a decrease in the stability of the ecosystem due to a
simplification of the food web, making the ecosystem more
vulnerable to perturbations (Perry et al., 2010). A deteriorated
environment combined with overfishing may result in a stock
decrease below the level of minimum population biomass (Jiao,
2009). Several studies have suggested that overfishing can be a key
factor driving marine *ecological regime shifts (Daskalov, 2002;
Harvey et al., 2003), which are characterized by changes in species
abundances, community composition, and trophic relationships.
Ecological regime shifts driven by fishing have been reported in
different regions suchas theBaltic Sea (Österblomet al., 2007) and the
Black Sea (Daskalov, 2002; Lees et al., 2006). However, there are
examples in which fishing efforts do not fully explain these changes,
suchas in theSouthernGrandBankandFlemishCap(Nogueira et al.,
2015; Nogueira et al., 2016). It is likely then that human impact and
climate effect on a strugglingpopulation, as the strongdecrease in cod
growth indicates, could have led to an ecological regime shift in
Flemish Cap ecosystem. If so, the ecosystem would have reached a
state of alternative equilibrium in which cod wouldmodify its fitness
and performance to adapt to this new situation. This has major
implications when managing the resource, as cod abundance is not
likely to return to the levels reached before the collapse at least in the
short term (Sguotti et al., 2019) and therefore, the sustainability and
profitability of thefisherymaybe questionable. In this case, biological
reference points should be reviewed.

*Ecological regime shift can be defined as “an abrupt change on
several trophic levels leading to rapid ecosystem reconfiguration
between alternative states” (Andersen et al., 2009).

Growth is a critical component of fish populations and, hence, it
has been commonly used in stock assessments models. However,
most of these models assume that growth is invariant over time,
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which has been demonstrated to be far from true (Gillanders et al.,
2012;Coulsonet al., 2014;Matta et al., 2016, and thepresent study).A
decrease in fish growth often implies a modification of life-history
traits such as age- and size-at-maturity directly affect stock biomass
and reproductive output (Morrongiello et al., 2012). Growth
chronologies allow the detection of growth variations over time
and determine its drivers, offering a framework to incorporate
them into population dynamic models and allowing exploration of
population resilience to exploitation and environmental changes
(Devine et al., 2012). Currently, fisheries management strategies
rely on reference points to define desire and undesire states of
stocks productivity based on the definition of target and limit
reference points (Carpenter et al., 2017). However, these reference
points are mostly derived from equilibrium assumptions on
population dynamics, which may not be appropriate for
populations experiencing multiple equilibrium states or that are
cyclical or dynamic through time (Bakun et al., 2010; Punt et al.,
2014). Therefore, fisheries management strategies should adapt
reference points to the stock and ecosystem regime to prevent
overexploitation and maintain fisheries yields. A way to do so is by
using dynamic reference points, which could benefit from the
information provided from growth chronologies. On another note,
successful management will require shifting from single-species
models, which aim to maximize yield, to those that protect the age
and size structure of the population (Devine et al., 2012). Using
multispecies models would also allow accounting for trophic
interactions and their relation with size. Examples of multispecies
models include the food web model GADGET (Pérez-Rodrıǵuez
et al., 2016)and themultispecies size spectrummodel (MIZER) (Scott
et al., 2014). Finally,management requiresflexibility to adapt tonovel
and unexpected events, such ecological regime shifts, through new
adaptive management strategies that should consider ecological,
social, and economic dimensions of fisheries (DeYoung et al., 2008;
Barange et al., 2010).
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Nogueira, A., Paz, X., and González-Troncoso, D. (2016). Changes in the Exploited
Demersal Fish Assemblages in the Southern Grand Banks (NAFO Divisions
3no): 2002–2013. ICES J. Mar. Sci. 72 (3), 753–770. doi: 10.1093/icesjms/fsu182

O’Connor, C. M., Norris, D. R., Crossin, G. T., and Cooke, S. J. (2014). Biological
Carryover Effects: Linking Common Concepts and Mechanisms in Ecology
and Evolution. Ecosphere 5 (3), 1–11. doi: 10.1890/ES13-00388.1

O’Connor, M. I., Piehler, M. F., Leech, D. M., Anton, A., and Bruno, J. F. (2009).
Warming and Resource Availability Shift Food Web Structure and
Metabolism. PloS Biol. 7 (8), 3–8. doi: 10.1371/journal.pbio.1000178

O’Gorman, E. J., Pichler, D. E., Adams, G., Benstead, J. P., Cohen, H., Craig, N.,
et al. (2012). Impacts of Warming on the Structure and Functioning of Aquatic
Communities: Individual-to Ecosystem-Level Responses. Adv. Ecol. Res. 47,
81–176). doi: 10.1016/b978-0-12-398315-2.00002-8

Ohlberger, J. (2013). Climate Warming and Ectotherm Body Size - From
Individual Physiology to Community Ecology. Funct. Ecol. 27 (4), 991–1001.
doi: 10.1111/1365-2435.12098
May 2022 | Volume 9 | Article 876488

https://doi.org/10.1002/9781119460701.ch2
https://doi.org/10.1002/9781119460701.ch2
https://doi.org/10.1038/nclimate1691
https://doi.org/10.1038/s41558-018-0263-1
https://doi.org/10.1038/s41558-018-0263-1
Available at https://www.nafo.int/Portals/0/PDFs/sc/2018/scr18-010.pdf
Available at https://www.nafo.int/Portals/0/PDFs/sc/2018/scr18-010.pdf
https://doi.org/10.1007/s00227-013-2343-0
https://doi.org/10.3354/meps225053
https://doi.org/10.1111/gcb.15298
https://doi.org/10.1139/f2012-047
https://doi.org/10.1016/j.tree.2008.03.008
https://doi.org/10.1016/j.tree.2008.03.008
https://doi.org/10.1146/annurev-marine-041911-111611
https://archive.nafo.int/open/studies/s2/doubleday.pdf
https://archive.nafo.int/open/studies/s2/doubleday.pdf
https://doi.org/10.1111/j.1752-4571.2009.00077.x
https://doi.org/10.1139/cjfas-2013-0600
https://doi.org/10.1139/cjfas-2013-0600
https://doi.org/10.18637/jss.v008.i15
https://doi.org/10.1139/f00-024
https://doi.org/10.1007/s00227-012-1913-x
https://www.nafo.int/Portals/0/PDFs/sc/2018/scr18-042.pdf
https://www.nafo.int/Portals/0/PDFs/sc/2018/scr18-042.pdf
https://www.nafo.int/Portals/0/PDFs/sc/2021/scr21-017REV2.pdf
https://www.nafo.int/Portals/0/PDFs/sc/2021/scr21-017REV2.pdf
https://doi.org/10.1016/S1054
https://doi.org/10.1038/nature05232
https://doi.org/10.1016/j.tree.2005.03.022
https://doi.org/10.1139/f04-038
https://doi.org/10.1007/s11160-008-9096-8
https://doi.org/10.1007/s11160-008-9096-8
https://doi.org/10.1111/j.1467-2979.2006.00215.x
https://doi.org/10.1046/j.1467-2979.2001.00029.x
https://doi.org/10.1098/rspb.2001.1853
https://doi.org/10.1002/ecs2.2553
https://doi.org/10.1002/ecs2.2553
https://doi.org/10.1007/s00300-016-1917-y
https://cran.r-project.org/web/packages/AICcmodavg/index.html
https://cran.r-project.org/web/packages/AICcmodavg/index.html
https://doi.org/10.1007/s11277-013-1450-z
https://doi.org/10.1890/13-2355.1
https://doi.org/10.1038/nclimate1616
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1093/icesjms/fsv172
https://doi.org/10.1093/icesjms/fsu182
https://doi.org/10.1890/ES13-00388.1
https://doi.org/10.1371/journal.pbio.1000178
https://doi.org/10.1016/b978-0-12-398315-2.00002-8
https://doi.org/10.1111/1365-2435.12098
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Ruiz-Dı́az et al. Growth Chronology Flemish Cap Cod
Österblom, H., Hansson, S., Larsson, U., Hjerne, O., Wulff, F., Elmgren, R., et al.
(2007). Human Induced Trophic Cascades and Ecological Regime Shifts in the
Baltic Sea. Ecosystems 10 (6), 877–889. doi: 10.1007/s10021-007-9069-0

Parmesan, C. (2006). Ecological and Evolutionary Responses to Recent Climate
Change. Annu. Rev. Ecol Evol System 37 (1), 637–669. doi: 10.1146/
annurev.ecolsys.37.091305.110100

Pauly, D., and Kinne, O. (2010). Gasping Fish and Panting Squids: Oxygen,
Temperature and the Growth of Water-Breathing Animals Vol. Vol. 22
(Oldendorf/Luhe, Germany: International Ecology Institute).
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