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Abstract
Methods to reliably identify jump discontinuities in biological time series and to assess 
the specific contribution of various covariates are rapidly progressing. Here, we took 
advantage of these statistical improvements as well as those seen in complementary, 
down-scaled climate and biogeochemical models to investigate causes of the substan-
tial interannual variability observed in recruitment strength in hindcast analyses. This 
systematic meta-analysis included 23 data-rich, commercially valuable, warm- and 
cold-temperate stocks in the North, Norwegian and Barents Seas. Since this study 
focuses on recruitment strength variability, we have used the term “recruitment re-
gime shift” to distinguish from the concept of ecosystem regime shift. The breakpoint 
analysis revealed that the former criterion applied to more than half of the time series, 
mainly with respect to North Sea stocks but also to those in the Norwegian Sea. The 
exploratory analysis using vcGAM indicated that 1–3 shifts per stock were real, when 
using five drivers spanning spawning stock biomass to large-scale climatic processes. 
Thus, non-stationary relationships were extensively prevalent, indicating that each 
stock is uniquely adapted to its locally varying conditions. Outputs from the station-
ary GAM resembled those from the vcGAM but not after the threshold year. In-depth 
case studies showed that the proxy of a given driver for the process which was to be 
included should be critically considered in a spatiotemporal context. Furthermore, 
the stock-specific uncertainty associated with the given recruitment figures as such 
should also be an in-built component of the model construct and thereby in the evalu-
ation of the output.

K E Y W O R D S
biophysical drivers, meta-analysis, Northeast Atlantic, time series, turning point, year-class 
strength

www.wileyonlinelibrary.com/journal/faf
mailto:
https://orcid.org/0000-0003-4060-7993
https://orcid.org/0000-0001-8080-2377
https://orcid.org/0000-0003-4236-5916
https://orcid.org/0000-0003-0958-149X
https://orcid.org/0000-0002-2373-2808
https://orcid.org/0000-0003-2004-8194
https://orcid.org/0000-0003-2897-474X
https://orcid.org/0000-0002-0815-9740
https://orcid.org/0000-0002-8508-8958
https://orcid.org/0000-0001-8738-8543
mailto:
https://orcid.org/0000-0002-8651-6838
http://creativecommons.org/licenses/by/4.0/
mailto:shuyang.ma@hi.no
mailto:olav.kjesbu@hi.no
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffaf.12810&domain=pdf&date_stamp=2023-12-19


2  |    MA et al.

1  |  INTRODUC TION

Climate fluctuations, including both climate change and variability, 
have profound effects on marine ecosystems at various organi-
zational levels, including individual organisms, assemblages and 
communities. Changes can disrupt the structure and stability of eco-
systems, ultimately altering their functions and the services they pro-
vide to humans (Doney et al., 2012; Hoegh-Guldberg & Bruno, 2010; 
Poloczanska et al., 2013). The Northeast Atlantic, encompassing the 
North, Norwegian and Barents Seas, is particularly susceptible to 
climate change (Paasche et al., 2015). For instance, the North Sea is 
placed second on the list of those large marine ecosystems (LMEs) 
that have already warmed the most worldwide (Belkin, 2009), whilst 
the Barents Sea exhibits “Arctic Ocean Amplification”, with a warm-
ing rate 2.3 times higher than the global mean (Shu et al., 2022) and 
“Atlantification” (Ingvaldsen et al., 2021). Moreover, climate variabil-
ity, driven by phenomena like the North Atlantic Oscillation (NAO), 
exerts substantial influence on regional environmental factors such 
as wind patterns, ocean currents and temperature, resulting in con-
siderable changes within the ecosystems of the Northeast Atlantic 
(Loeng & Drinkwater, 2007; Parsons & Lear, 2001). Given its signifi-
cance for global seafood production, this area has been the focal 
point in a series of studies examining climate impacts on fish stocks 
and fisheries (Fossheim et al., 2015; Gullestad et al., 2020; Kjesbu 
et  al.,  2022; Payne et  al.,  2021). Therefore, an understanding of 
climate-induced variability in fish populations dynamics is critical for 
the sustainable management of fisheries.

Recruitment plays a vital role in population dynamics as it reflects 
the number of young individuals entering the harvestable popula-
tion (stock). It involves complex processes influenced by a plethora 
of various biotic and abiotic effectors (drivers), which have been the 
subject of fisheries investigation for over a century since the pio-
neering work of Hjort (1914). A higher spawning stock biomass (SSB) 
is expected to lead to better recruitment; however, this is not always 
the case (Szuwalski et  al.,  2015), as only small percentages of the 
variance from a relationship between SSB and recruitment can typi-
cally be explained (Cury et al., 2014; Myers & Barrowman, 1996). This 
inability to generally find significant relationships indicates a poten-
tial stronger influence of environmental factors on the formation of 
year-class strength compared to SSB per se. As an example, Munch 
et al. (2018) using empirical dynamical modelling found that recruit-
ment was not related to the SSB at all in 43% out of the 185 exam-
ined stocks. Therefore, while such extensive analyses and reviews 
provide valuable insights into the universal principles underlying 
recruitment dynamics, other influential drivers than SSB obviously 
need to be examined. Exceptions may exist for overfished stocks 
which could show impaired recovery due to additional compensa-
tory mechanisms, i.e. undergoing an Allee effect (Perälä et al., 2022).

Recruitment is the culmination of, and a critical process in the life 
history of marine populations, affected by complex set of external 
drivers which occur at different stages of ontogeny (Figure 1). Despite 
the shortcomings mentioned above, SSB can be considered a proxy for 
the stock reproductive potential but can also influence the extent of 

intraspecific competition and cannibalism, if relevant (Kell et al., 2016). 
Food availability (prey) significantly affects individual fecundity 
(Kjesbu et  al.,  1998) cascading to the stock reproductive potential 
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(Cooper et al., 2013). Local biotic and abiotic conditions, such as plank-
ton productivity and temperature, can exert substantial effects on 
natural mortality of egg and larval stages (Cushing, 1990; Le Pape & 
Bonhommeau, 2015; Pepin, 1991). Moreover, large-scale climate vari-
ability, representing integrated and relatively low-frequency modes, 
also have considerable effects on recruitments success (R/SSB, where 
R is recruitment) (Lehodey et al., 2006; O'Brien et al., 2000). Finally, 
predation during the early-life-history stage can play a critical role in 
regulating recruitment levels (Bailey & Houde, 1989). All these factors 
contribute to the complex nature of recruitment dynamics, posing sig-
nificant challenges in understanding the functional mechanisms which 
result in variability on survivorship of early life history stages to the 
eventual recruitment.

It is increasingly recognized that non-linear population dynamics 
are ubiquitous in animals, such as in fishes with faster-reproducing 
characteristics, due to the complex interactions among a long suite 
of biotic and abiotic drivers (Clark & Luis, 2020). The non-linear na-
ture, particularly in recruitment fluctuation, as underlined by Munch 
et al. (2018) and Zimmermann et al. (2019), significantly hampers our 
understanding of fish population dynamics in response to multiple driv-
ers, including climate change and variability, which have been of great 
concern in recent decades. In effect, traditional linear models used to 
explore climate–biology relationships appear inadequate when pro-
jecting long-term trends as part of management strategies. Moreover, 
linear methods used for short-term predictions, e.g. Northeast Arctic 
(NEA) cod (Gadus morhua, Gadidae) recruitment for the next few years 

have shown large discrepancies, highlighting problems with the advice 
decision-making (Årthun et al., 2018; Kjesbu, Tiedemann, et al., 2023; 
Stiansen et al., 2005). In addition to the non-linear effects of multiple 
drivers on population dynamics, the relationships tend to exhibit non-
stationary patterns over time. These non-stationary driver–response 
relationships, which involve potentially changing drivers, directions 
and strengths, have been observed worldwide across multiple pop-
ulations and communities (Litzow et al., 2018, 2019; Ma et al., 2021, 
2023). Undoubtedly, non-stationary relationships further limit the 
utility of conventional statistical models based on stationary assump-
tions to explore driver–response relationships and make forecasts, 
particularly in the context of climate-induced population dynamics 
(Dormann et al., 2013; Williams & Jackson, 2007). Therefore, explor-
ing the non-linear effects of multiple drivers and their non-stationary 
characteristics should be a research priority to enable more accurate 
forecasting of population dynamics and the development of effective 
management strategies.

Understanding the impacts of multiple drivers, particularly those 
related to climate, on recruitment variability is crucial for inform-
ing fisheries management strategies. A potential approach is to use 
process-based ecosystem models, which synthesizes existing obser-
vational and experimental knowledge into a numerical framework 
(Hjøllo et al., 2021). However, these are often unavailable due to their 
extremely high level of sophistication. Also, statistically advanced 
studies that systematically examine the observed patterns in recruit-
ment strength across different stocks, especially in the context of 

F I G U R E  1  Conceptual diagram 
illustrating how multiple drivers may 
impact recruitment. Terms in black bold 
represent factors that are consistently 
considered in the meta-analysis, whereas 
terms in grey represent factors that are 
additionally evaluated in the case studies. 
The other colours applied are for ease of 
reading only.
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4  |    MA et al.

biophysical drivers, are generally scarce in the existing literature. Our 
study aims to fill the latter knowledge gap by focusing on the Northeast 
Atlantic, an area characterized by its unique history of continued, ex-
tensive accumulation of fishery, environment and climate data (Kjesbu 
et al., 2022; Trenkel et al., 2014). To achieve our objectives, we ex-
plore a range of models, including climate, biogeochemical and sta-
tistical models. A meta-analysis across 23 stocks was conducted to 
identify stock-specific responses to hypothesized important drivers. 
More specifically, this investigation examined long-term trends, any 
discontinuities and non-stationary relationships in a coherent fashion. 
Additionally, case studies – selecting one key stock in each LME, as 
specified below — were undertaken to reveal finer-scale responses to 
biotic and abiotic drivers over different time scales. These case stud-
ies allow us to explore elusive and unexpected responses that were 
first identified in the meta-analysis. By combining these approaches, 
this study aims to advance the principal understanding of the statis-
tical role of recognised key covariates (Figure 1) in determining the 
recruitment dynamics of harvestable marine stocks.

2  |  METHODS AND MATERIAL S

2.1  |  Study areas and targets

The geographical area examined is the Northeast Atlantic, with the 
North, Norwegian and Barents Seas (Figure 2). A total of 23 harvest-
able stocks were analysed; 6 stocks distributed in the Barents Sea 
(consisting of 4 stocks in Atlantic waters and 2 stocks in Arctic wa-
ters), 5 stocks in the Norwegian Sea (consisting of 2 stocks in coastal 
waters and 3 stocks in oceanic waters) and 12 stocks in the North 
Sea (see Table S1).

2.2  |  Data

2.2.1  |  Biological data

Biological data, including recruitment age, recruitment abundance 
(hereafter recruitment) and spawning stock biomass (SSB), were 
extracted from ICES Stock Assessment Database (ICES Stock 
Assessment Database, 2022) and IMR-PINRO reports (https://​www.​
hi.​no/​hi/​nettr​appor​ter?​query=​&​serie=​imr-​pinro​). Recruitment suc-
cess was calculated as recruitment divided by SSB (Zimmermann 
et al., 2019). The associated length of the examined time series var-
ied from about one- to three-quarters of a century, including recent 
assessments (2020–2021) (Table S1).

2.2.2  |  Environmental data

Water temperature (T, °C) and gross secondary production (GSP, gC/m2) 
were considered key explanatory factors (Kjesbu et al., 2022). T values 
were taken from Nemo-NAA10km, which is a regional configuration 

of the ocean model NEMO (Nucleus for European Modelling of the 
Ocean), forced by physics from the global Norwegian Earth System 
Model version NorESM2-MM (Bentsen et al., 2013), covering in this 
case the North Atlantic north of 40° N (including also the North Sea 
and the Arctic Ocean) at 10 km resolution (Hordoir et al., 2022). GSP 
values, defined as annual zooplankton (including Calanidae) produc-
tion excluding loss processes (i.e. total amount of phytoplankton 
eaten), originated from the biogeochemical model NORWECOM.E2E 
(The NORWegian ECOlogical Model system End-To-End) (Skogen 
et al., 2018) forced by the NEMO physics. Time series for eight (geo-
graphical) polygons (Figure S1) from January 1970 to December 2019 
were established. Winter (December–March) T, averaged from 0 to 
200 m (within each polygon), was used as proxy for thermal conditions, 
whereas annual (January–December) GSP, integrated from 0 to bot-
tom (within each polygon), reflected zooplankton productivity.

2.2.3  |  Climatic data

The Atlantic Multidecadal Oscillation (AMO), North Atlantic 
Oscillation (NAO) and Arctic Oscillation (AO) were chosen to rep-
resent large-scale climate variability patterns in the North Atlantic 
and Arctic oceans at different temporal scales (Knight et al., 2006; 
Rigor et al., 2002; Wanner et al., 2001), i.e. with AMO referring to 
multidecadal-scale variability, while NAO and AO to decadal-scale 
variability (Table  S2). Once again, winter averages (December–
March) were calculated and used in the following analyses, extended 
backwards to 1950 (from 2021).

2.3  |  Data analyses – meta-analysis

A suite of statistical approaches – differing in script complexity and 
focal outputs (Table S3) – were consulted in R (R Core Team, 2022) 
to primarily explore recruitment regime shift and nonstationarity 
across 23 stocks, taking into account uncertainty in the data.

2.3.1  |  Correlation analysis

Pearson correlation analyses were applied to detect any linear rela-
tionships among climatic, environmental and biological parameters. 
Any potential presence of autocorrelation (in all variables used for 
correlation analysis) was consistently evaluated, and the number of 
degrees of freedom obtained from significance tests were adjusted 
accordingly (Pyper & Peterman, 1998). Analyses were conducted by 
the “psych” package (Revelle, 2017).

2.3.2  |  Breakpoints analysis

To identify any “recruitment regime shift” across years, defined 
as a dramatic and abrupt change in recruitment which remains 
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    |  5MA et al.

persistent over time, adjusted from the concept of ecological re-
gime shift by Conversi et al.  (2015), we applied the “strucchange” 
package (Zeileis et al., 2002, 2003). Within this breakpoint analy-
sis, the minimal segment size (h) was set to 20% of the time se-
ries (Table S1). The number of recruitment regime shifts, restricted 
to 0–4, were quantified using the Bayesian Information Criterion 
(BIC). The 95% confidence intervals were also estimated and used 
for auxiliary judgment of the reliability of the noted recruitment 
regime shift in question. The breakpoints analysis was also applied 
to climatic indices and environmental variables for identification 
of any phase change and abrupt state shift, respectively. Hence, 
for climatic indices, the annotated phase change was more gradual 
over time than for a shift.

2.3.3  |  Stock–recruitment relationship

Ricker  (1954) and Beverton-Holt (Beverton & Holt,  2012) models 
were fitted to evaluate stock-recruitment relationships and any 
density-dependent effects, an underlying principle within both 
model constructs. The data were fitted by the “FSA” package (Ogle 
et al., 2022).

2.3.4  |  General additive model (GAM) and variable 
coefficient GAM (vcGAM)

To further explore relationships between recruitment dynamics and 
density-dependent and density-independent drivers, GAMs were 
fitted in the first instance, i.e. assuming a stationary and additive re-
lationship between the response variable and the selected explana-
tory variables. The former was set to be recruitment and the latter 
were SSB, T, GSP, AMO, NAO and AO (Section 2.2), with time lags 
equal to recruitment age of the stock, formulated as

where s is smooth function with a thin plate regression spline and 
an effective degree of freedom less than 3 to avoid overfitting (re-
laxed to 4 and 5 in case studies, Section 2.4) (Wood, 2003), α and ε 
are intercept and error terms, respectively, and xi is the explanatory 
variables under examination. Model specification was achieved by 
running a full GAM, keeping thereafter those explanatory variables 
with a significant effect on recruitment, considering the level of un-
certainty (Section 2.3.5). Variables with 95% of bootstrap-derived 
p value (p95) less than .10 were identified as significant ones.

(1)Recruitment = � +

n∑
i=1

s
(
xi
)
+ �

F I G U R E  2  The Northeast Atlantic, 
encompassing the North, Norwegian and 
Barents Seas. Text inserts show the stocks 
considered in the meta-analysis and case 
studies.
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6  |    MA et al.

To handle any non-stationary and non-additive relationships, we 
subsequently moved to vcGAM, formulated as

where the threshold years separate different periods with differ-
ent driver-response relationships, with the other term definitions 
and initial settings being the same as in the corresponding GAM. 
The number of threshold years ranged from 1 to the number of 
detected recruitment regime shifts (if no recruitment regime shift 
occurred, the number was set to 1). Candidates of threshold year 
were required to ensure that the separated periods represented at 
least 20% of the length of the time series (e.g. candidates ranged 
from the 20th to the 80th of the whole time series in the case of 
one threshold year). Threshold years were estimated by traversing 
all candidates, based on considerations of square of R (R2), adjusted 
square of R (R2

adj
), corrected Akaike information criterion (AICc, ac-

counting for any small sample size) and the generalized cross vali-
dation score (GCV) of the model run (Casini et al., 2009). Generally, 
threshold years were identified as the years which got consensus by 
at least three of these four information criteria. In exceptional cases, 
AICc and GCV were given priority, as specified. Best model (among 
models with different numbers of threshold years) was also selected 
based on the aforementioned principles.

GAM and vcGAM were run by the “mgcv” package (Wood, 2011; 
Zuur et al., 2009). The 3-year-moving-average datasets were used to 
decrease interannual variability and improve model fitness (Walters & 
Hilborn, 2005). The detection of a recruitment regime shift was solely 
based on the corresponding recruitment time series (cf. Section 2.3.2), 
whereas for nonstationarity and the associated threshold, this detec-
tion was achieved by examining the specific relationship between re-
cruitment and driver time series (cf. Section 2.3.4).

2.3.5  |  Dealing with uncertainty

To, as far as possible, handle any potential bias within the stock 
assessment as such (Brooks & Deroba, 2015), the recruitment and 
SSB datasets were resampled 1000 times from their confidence 
intervals using bootstrapping to get the candidate time series, and 
then the candidate time series were used in the above analyses to 
get the statistical distributions of critical information criteria. In 
addition, these randomly resampled candidate time series should 
reduce the risk of detecting spurious significance resulting from 
autocorrelation, where the statistical distributions of critical infor-
mation criteria provided additional support for evaluating the sig-
nificance of explanatory variables. These uncertainties analyses 

formed an integral part of the above-mentioned breakpoints anal-
ysis, GAM and vcGAM.

2.4  |  Data analyses – case studies

One key stock – in terms of ecosystem functioning and fisher-
ies interests – was selected from each of the three LMEs in ques-
tion: Northeast Arctic (NEA) cod in the Barents Sea, Norwegian 
spring-spawning (NSS) herring (Clupea harengus, Clupeidae) in the 
Norwegian Sea and North Sea (NS) cod in the North Sea (Gullestad 
et al., 2020). In the case of North Sea cod, the data used here are 
from the pre-2023 perception of this stock (ICES, 2023). The succes-
sively undertaken comprehensive analyses within each case study 
were based on to the availability of overlapping time series for both 
the stock and the drivers of interest, labelled as time series of rela-
tively long, intermediate and short length. Therefore, in addition to 
the data used in the meta-analysis, extra datasets were collated to 
provide more in-depth understandings on recruitment dynamics of 
the targeted stock.

2.4.1  |  Northeast Arctic (NEA) cod

In the long-term investigation on recruitment dynamics of NEA 
cod (at age 3 years), the before-during-World War 2 (WW2) re-
cruitment and SSB data of Hylen (2002) (1913–1945) were added 
to the corresponding post-WW2 data of ICES (IMR-PINRO) (1946–
2021) (Table S1), altogether a time series covering the period from 
1913 to 2021. The time series of Hylen (2002), however, does not 
have any estimation of uncertainty which limits its usefulness in 
certain model situations (see below). Annual mean temperatures 
at 0–200 m depth in the Kola Section (Kola temperature) – running 
along the 33°30′ E meridian from 70°30′ to 72°30′ N and covering 
the period from 1921 to 2020 – were extracted as an index for the 
long-term thermal change in the Barents Sea (Boitsov et al., 2012; 
Kjesbu, Alix, et  al.,  2023). Winter AMO and NAO from 1921 to 
2021 were added to this data inventory to represent large-scale 
climate variability (Section  2.2.3). Moving (rolling) correlations 
(1921–2021) were estimated to reveal any non-stationary pat-
tern between recruitment and SSB, between recruitment and Kola 
temperature, as well as between Kola temperature and climatic 
indices. Different moving windows, i.e. 9, 11, 15, 21 and 25 years 
were used to provide robust inference (Kjesbu et al., 2014; Litzow 
et al., 2018).

(2)Recruitmentt =

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

𝛼1+

n�
i=1

s1
�
xi
�
+𝜀t , t≤ threshold year1

𝛼1+

n�
i=1

s2
�
xi
�
+𝜀t , threshold year1< t≤ threshold year2

⋯

𝛼1+

n�
i=1

sj
�
xi
�
+𝜀t , t> threshold yearj-1
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    |  7MA et al.

For the intermediate perspective (1973–2019) on NEA cod re-
cruitment, we conducted GAM and vcGAM bringing in modelled 
T (instead of Kola temperature) and GSP as additional explanatory 
variables. Thus, this study mimicked the one undertaken in the 
meta-analysis but strengthened by the extended use of bootstrap-
ping techniques (Section  2.3.5) to explore the robustness of each 
curve fitting, split in the vcGAM by any associated threshold value 
(Section  2.3.4). As in the meta-analysis, 3-year-moving-average 
datasets were used.

In the further updated GAM, applied to a shorter time span 
(1992–2019), we included seven additional, likely relevant explana-
tory variables: (i) NEA cod 0-group abundance and (ii) 0-group total 
length from field surveys (Skjoldal et al., 2022); (iii) total biomass of 
capelin (Mallotus villosus, Osmeridae) divided by SSB of NEA cod 
(food availability) (Kjesbu et al., 1998); cannibalism represented by 
either (iv) consumption of cod by cod (Bogstad & Mehl, 1997; ICES 
Stock Assessment Database, 2022) or by (v) immature cod, estimated 
as TSB (total stock biomass) minus SSB and, finally, (vi) predation 
represented by SSB of Northeast Atlantic mackerel (Scomber scom-
brus, Scombridae) or (vii) Norwegian spring-spawning herring. Thus, 
we assumed that mackerel – due to their recent extended poleward 
migration, including along the Norwegian coast – would include cod 
larvae in their diet along with, e.g. herring larvae as proven by ge-
netic markers (Allan et al., 2021), i.e. in the drift part of both stock's 
offspring (Endo et al., 2023). Furthermore, we assumed that young 
and adult herring could possibly feed upon cod larvae in the over-
lapping distribution area (Hamre,  1994; Tiedemann et  al.,  2021). 
Original datasets (without any moving average) were consulted, a 
forward-step model specification was constructed and the maxi-
mum number of explanatory variables set to 3 to avoid overfitting. 
The vcGAM was not conducted in the sub-case study because of the 
short time length available.

2.4.2  |  Norwegian spring-spawning (NSS) herring

For the long-term investigation on NSS herring, the full recruitment 
(at age 2 years) time series covered the period from 1907 to 2017 
(Stenevik et  al.,  2022). These data, however, did not include any 
estimation of uncertainty, in contrast with those from the ICES as-
sessment outputs (1988–2021) (Table  S1). In the overlapping time 
segment, the reported, overall figures on recruitment strength per 
year appear similar (r = .99, p < .001). In effect, the full time series was 
applied to address any recruitment regime shift by the breakpoints 
analysis (Section  2.3.2), but thereafter giving special attention to 
those results given with confidence intervals.

The following in-more-depth examination of NSS herring re-
cruitment dynamics was applied to the time series of relatively 
short length (1990–2019). As a start, the usual “quintet” of drivers 
was considered using GAM and vcGAM fitting procedures, with 
3-year-moving-average data sets, as for the meta-analysis. After 
that, the influences of NSS herring 0-group abundance and total 
length (Skjoldal et  al.,  2022), food availability indicated by GSP 

divided by SSB of NSS herring, and predation represented by SSB 
of Northeast Atlantic mackerel (Section 2.4.1) were collectively ana-
lysed, using original data sets. The same type of forward-step model 
specification was undertaken as in Section 2.4.1. The vcGAM was 
not conducted because of the short time length.

2.4.3  |  North Sea (NS) cod

As pointed out by Beaugrand et  al.  (2003) and Kjesbu, Alix, 
et al. (2023), recruitment of NS cod (at age 1 year) is closely related 
to the abundance of Calanus finmarchicus (Calanidae). We therefore 
replaced the above modelled GSP outputs (Section 2.2.2) with cor-
responding observations on C. finmarchicus abundance given by 
the Continuous Plankton Recorder (CPR) survey (https://​doi.​org/​
10.​17031/​​1758), followed by running revised GAM and vcGAM of 
intermediate time length (1971–2019), using 3-year-moving-average 
data sets. In advance, we tested any presence of recruitment regime 
shifts in a longer perspective (1963–2021), complemented with re-
cruitment versus SSB plots, i.e. using an analogous methodology as 
in the two previous case studies (Sections 2.4.1 and 2.4.2).

3  |  RESULTS

3.1  |  Biophysical drivers

The observed, longer-term modal variability (1950–2021) of the 
AMO, NAO and AO (Table S2) naturally come with phases of vary-
ing time length that are below or above the historic mean (Figure 3). 
For T and GSP, this sort of BIC defined breakpoint indicated step-
wise increases (1970–2019), in several cases taking place abruptly 
(Figure 4).

Each of the three climatic indices showed considerable variabil-
ity, both within and between phases (Figure 3). Overall, the AMO 
exhibited a positive phase in the 1950s and 1960s, becoming a neg-
ative phase which lasted until the mid-1990s, and then was followed 
by a predominately positive phase. Superimposed on these multi-
decadal patterns, two phase changes were statistically identified, 
around 1968 and 1995. Both had narrow confidence intervals (CI), 
suggesting confidence in their presence. There was a phase change 
in the NAO around 1980 but with a relatively broad CI. The change 
was going from a generally negative to a generally positive phase and 
the latter reflects more persistent westerly winds in the Northeast 
Atlantic (Table  S2). For the AO, a phase change appeared to have 
occurred around 1988. This was associated with an extremely broad 
CI. In principle, this type of change should indicate an increased 
prevalence of a stronger belt of wind around the Arctic (Table S2). 
So, the more recent climatic situation in the Northeast Atlantic is 
comparatively windy, coinciding with a warm phase.

Within the Northeast Atlantic (1970–2019), T in the eight poly-
gons (Figure  S1) cooled until the mid-1980s but then started to 
warm (Figure 4a). This bifurcated pattern was not detected within 
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8  |    MA et al.

the Barents Sea Polar, however there has been a recent increase in 
T. The alternative use of T averaged over 0–50 m instead of over 
0–200 m gave similar insights (Figure  S2). The eight T curves pre-
sented here could be grouped into three categories: cold (Barents 
Sea Polar and Barents Sea Arctic), moderately warm (Barents Sea 
Coast, Barents Sea Atlantic and Norwegian Sea Oceanic) and warm 
(Norwegian Sea Coast, North Sea Oceanic and North Sea Coast) 
(Figure  4a). Abrupt shifts in the eight polygons were detected ei-
ther once (in six cases) or twice (in two cases), depending upon 
polygon, and higher latitudes featured the larger relative increase 
in T (Figure 4a). The T values within the same geographical region 
mimicked each other (r ≥ .76, p < .001), e.g. between Norwegian Sea 
Oceanic and Norwegian Sea Coast (r = .76, p < .001) and between 
North Sea Oceanic and North Sea Coast (r = .92, p < .001).

All polygon-specific GSP estimates displayed a positive trend 
(1970–2019), except for the North Sea Coast (of Norway) showing no 
clear trend. Single abrupt shifts dominated, as this event was seen in 5 
out of 8 polygons (Figure 4b). Generally, GSP levels (≈30–300 gC/m2/
year) decreased in a northward direction; however, the Norwegian Sea 
Coast had the highest values. Barents Sea Polar and Barents Sea Arctic 
presented the strongest increase, with marked abrupt shifts in the late 
1980s and mid-2000s. In the Barents Sea Coast, an abrupt shift oc-
curred in the early 2000s, about twenty years after the one that oc-
curred in the Barents Sea Atlantic. The latter largely coincided with the 
synchronous shifts in the mid-1980s in the Norwegian Sea Oceanic. 
For the Norwegian Sea Oceanic, yet another abrupt shift occurred in 
the early 2000s, which also happened in the Norwegian Sea Coast and 
North Sea Oceanic. The single, negative abrupt shift seen for North 
Sea Coast occurred in the late 1990s. Overall, GSP shifts along the 
main route of the North Atlantic Current occurred at the same time in 
the 1980s, spreading a few years later to the North Sea and, finally, to 
the coastal and farthest northern part of the Barents Sea in the 2000s 
(Figure  4b). This chronology resembles what was observed for the 
abrupt shifts of T (Figure 4a).

Statistical collinearity clearly existed between several of the 
climatic indices or environmental variables (Figure  S3). NAO and 
AO appeared highly positively correlated while not significantly as-
sociated with AMO (Figure  S3a). Consequently, AO was excluded 
in the subsequent model runs to reduce the collinearity issues. 
Furthermore, NAO (and AO) showed significant relationships with 
5 polygon-specific T and GSP (Figure S3b). The correlation coeffi-
cient between T in different polygons generally became less with 
geographical distance (Figure  S3c). This pattern was less clear in 
the between-GSP comparisons (Figure S3d). Except for Barents Sea 
Atlantic, the results on GSP in this high-latitude ocean basin indi-
cated widespread links with those for T elsewhere in the Northeast 
Atlantic study region, though not so with the North Sea Coast T 
(Figure S3e).

3.2  |  Meta-analysis

3.2.1  |  Recruitment regime shift and direction

In total, 15 out of the 23 stock time series contained recruitment 
regime shifts, reflecting either improved or reduced recruitment 
strength or alternations over time (Figure  5a). Recruitment re-
gime shift years were relatively robust to the associated uncer-
tainty in recruitment estimates from the stock assessment, since 
consistency (high frequency of the shift year) was detected when 
using bootstrapped recruitment time series (Figure  S4). Stocks in 
the North Sea showed the highest proportion of recruitment re-
gime shifts, with 9 out of 12 stocks showing this statistically de-
fined phenomenon within the available length of the time series. 
However, most of these stocks displayed only one shift, concen-
trated either around 1980 or 2000. In this shelf sea, negative and 
positive recruitment regime shifts generally took place in parallel 

F I G U R E  3  Trajectories and phase change patterns of climatic 
indices (1950–2021). Horizontal lines represent the phase means 
of the index, and vertical solid and dashed lines indicate the years 
of phase change and their corresponding 95% confidence intervals, 
respectively. All climatic indices are presented on relative y-axis 
scales.
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    |  9MA et al.

with warming and cooling T, respectively (Figure 5b). In contrast, 3 
out of 5 stocks in the Norwegian Sea showed recruitment regime 
shift two or three times and then most frequently around 2000 and 
2010. The generality of these recruitment regime shifts was more 
difficult to discern in relation to changes in T, but, as always, de-
pended upon the stock in question (Figure 5b). For the Barents Sea, 
3 of 6 stocks were identified with recruitment regime shifts over 
approximately the same two recent time windows as indicated for 
the Norwegian Sea, with negative recruitment regime shifts typi-
cally coinciding with cooling T (Figure 5b). This was the reverse of 
pattern outlined for the North Sea. The single recruitment regime 
shift of NEA cod occurred as early as in 1967. In addition, other 
stocks with exceedingly long time series (≥ ≈75 years), North Sea 
autumn-spawning herring underwent a regime shift in 1964 fol-
lowed by another two later, whereas NSS herring showed no trace 
of any recruitment regime shift.

3.2.2  |  Recruitment patterns vs. drivers

For 20 stocks at least one of the selected drivers (SSB, T, GSP, NAO 
and AMO) contributed significantly to recruitment strength, set at 
p95 < .10 to take into consideration the uncertainty in the stock 
assessments, as indicated above. Out of the two model choices, 
vcGAM performed better than GAM in all situations, as the for-
mer non-stationary approach resulted in higher R2 and R2

adj
, and, in 

parallel, generally showed lower GCV and AICc values (Figure 6a, 
Table S4). For stocks which exhibited multiple recruitment regime 
shifts, the subsequent, corresponding implementation of several 
threshold years did not result in improved model fits, particularly 
when compared to the enhancement achieved by introducing one 
threshold year as opposed to none (e.g. Coastal cod North and 
Northeast Atlantic mackerel, Table  S4). An exception was ob-
served in the case of North Sea autumn-spawning herring, where 
the vcGAM with two threshold years was the best model. In the 
Barents and Norwegian Seas, the threshold years occurred after 
2000, whereas those in the North Sea mainly concentrated in the 
1980s and 1990s (Figure 6b). GAM outputs largely mirrored those 
given by vcGAM before but not after the vcGAM-defined thresh-
old year (Figure 7). The passing of a given threshold year resulted 
in decoupled relationships in 15 stocks and the detection of reor-
ganized driver importance in 4 others (Figure 7). In addition, for 8 
stocks at least one significant driver remained but where the spe-
cific response curves changed type, going, as an example, from a 
positive to negative linear influence of AMO on the recruitment of 
blue whiting (Micromesistius poutassou, Gadidae) (Figure 7). Also, 
this standardized overview, considering any varying influence of 
the same quintet of drivers throughout the meta-analysis, implied 
that three stocks were left with an unpredictable recruitment 
dynamic (p95 > .10): Greenland halibut (Reinhardtius hippoglos-
soides, Pleuronectidae), North Sea turbot (Scophthalmus maximus, 
Scophthalmidae) and Barents Sea capelin.

F I G U R E  4  Modelled temperature (a) 
and gross secondary production (b) in 
eight polygons covering the study areas 
in the Northeast Atlantic (1970–2019, 
Figure S1). Solid and dotted lines 
represent original trajectories and state 
means, respectively.
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10  |    MA et al.

The various SSB time series trajectories of the 23 stocks were 
highly diverse, and with large within-stock variability across years 
(Figure  S5). Accordingly, past the currently defined stock-specific 
threshold year given by the vcGAM, SSB could markedly increase 
or decrease, or roughly level off, but also seeing apparent lag ef-
fects, as for North Sea plaice (Pleuronectes platessa, Pleuronectidae) 
and Northern hake (Merluccius merluccius, Merlucciidae) (Figure S5). 
Fishing mortality (F) and SSB were generally inversely related for 
16 stocks of which this coupling was significant for nine stocks 
(Figure S5).

3.2.3  |  Pseudovalidation

Generally, the appearance of recruitment regime shift years 
(Figure 5) was significantly correlated with threshold years (Figure 6) 
over the same window of 50 years (1970–2019) (n = 14, r = .872, 
p < .001, Figure 8a). In addition, years characterized by regime shifts 
without the presence of thresholds were identified (n = 8, Figure 8b). 

An increasing number of threshold years generally resulted in these 
being more closely adjacent to regime shift years, though these 
models were not the best fitted ones (Table S4). In contrast, years 
featuring thresholds without accompanying regime shift were also 
detected (n = 6, Figure 8c). With respect to the temporal alignment 
between biological response (recruitment regime shifts and thresh-
olds) and phase change/abrupt shift, both synchronous and asyn-
chronous patterns were observed (Figure S6), in which one example 
of the former would be the simultaneous occurrence of intensive 
recruitment regime shifts of North Sea stocks – though in different 
direction depending on stock – and the phase shift of NAO around 
1980. To complement the formal test based on overlapping time se-
ries, we noticed that the single, negative recruitment regime shift 
seen in 1967 for NEA cod (Figure 8d) coincided with the AMO going 
from a warm to a cold phase (Figure 3). The earliest recruitment re-
gime shift (out of three) of North Sea autumn-spawning herring in 
1964, classified as negative (Figure 8d), occurred at a fast-falling SSB 
and sharply increasing F (with culminated in a recognized stock col-
lapse in the early 1970s) (Figure S5).

F I G U R E  5  Recruitment regime shift patterns across the 23 Northeast Atlantic stocks examined in the meta-analysis (a) and temperature 
window and change of each stock at recruitment regime shift (b). In (a), dots and horizontal lines indicate the years and their 95% confidence 
intervals, respectively. Arrow shows the shift direction. Years in parentheses associated with each stock name specify the time series used in 
the breakpoints analysis. In (b), blue, black and red points represent 25th, 50th and 75th of temperature preference extracted from Cheung 
et al. (2013). Temperature change is calculated based on 5-year averages before and after recruitment regime shift. For Northeast Arctic 
cod, the temperature change around 1967 was calculated based on Kola temperature only. For North Sea autumn-spawning herring, the 
temperature change around 1964 could not be calculated as no matching temperature time series was available.
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    |  11MA et al.

3.3  |  Case studies

3.3.1  |  Northeast Arctic (NEA) cod

Moving correlation over the long-term time series (1921–2021) of 
NEA cod revealed wave-formed correlation patterns between SSB 
and the subsequent recruitment at age 3 years (Figure  9a), or be-
tween the latter and Kola temperature (Figure 9b). Such systemati-
cally varying significance levels over time were also seen for Kola 
temperature versus NAO (Figure  9c) and Kola temperature versus 

AMO (Figure 9d). Thus, this rhythm included in all four combinations 
clearly significant, positive relationships (Figure  9). However, rela-
tionships could become negative, but not significant, as seen for Kola 
temperature versus AMO in the 1950s to the 1980s. SSB was sig-
nificantly related to recruitment during four, relatively short periods 
up to the late 1990s, although this finding was dependent upon the 
length of moving window. For Kola temperature, such a strong sta-
tistical association with recruitment existed between the late 1970s 
and late 1990s. NAO was positively related to Kola temperature in 
the late 1970s to mid-1990s, whereas this link in the 1930s was less 

F I G U R E  6  Comparison between GAM and vcGAM regarding explanatory power and vcGAM-defined threshold year for each of the 23 
stocks in the meta-analysis. (a) The relative explanatory power of vcGAM versus GAM – i.e. 100 × (vcGAM − GAM)/GAM (in percentage) – 
in which increases or decreases above 100% are capped at 100% for better visibility and (b) the respective threshold years. Years in 
parentheses associated with each stock name specify the time series used in the models.
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12  |    MA et al.

robust, i.e. again affected by the length of moving window. AMO cor-
related with Kola temperature around 2000, at a time when there 
was no apparent relationship for the NAO versus Kola temperature.

Considering only the recruitment data with uncertainty (1946–
2020) (Figure  S7), the year-class strength was at a generally lower 
level from the late 1960s onwards (Figure 10a). The estimated recruit-
ment regime shift in 1967 was robust to the associated uncertainty 
expressed in the stock assessment (Figure S4), though coupled to a 
rather broad CI (Figure 10a). A density-dependent effect of SSB on 
recruitment was present (Figure 10b), and this was coincident with an 
extraordinarily high SSB (Figure S7). Thus, the shape of this post-WW2 
plot agrees with the perception of the Ricker model (R2 = .21, p < .001) 
rather than of the Beverton-Holt model (p = .07) (Figure 10b). The re-
cruitment success, i.e. number of recruits per unit of biomass, exhibited 
significant fluctuations prior to the 1980s, followed by a subsequent 
dampening to consistently low levels since the 2000s (Figure 10c).

Considering the GAM for the period 1973–2019 (cf. Figure 7), 
the bootstrap-derived p indicated that SSB, T and NAO should be 
considered significant drivers of NEA cod recruitment dynamics 
(Figure  S8a). Thus, GSP and AMO did not contribute significantly 

(p95 > .10) in combination with these three other drivers. Relaxing the 
effective degree of freedom to 4 and 5 gave similar results, though, 
for better visualization the results with an effective degree of free-
dom equal to 3 were kept. The associated bootstrap GAM curve fits 
showed a density-dependent effect of SSB on recruitment, with 
an apparent negative effect originating at SSB > 1.1 million tonnes 
(Figure  11a). For T and NAO, both the earlier schematic negative 
exponential and positive logarithmic relationships, respectively 
(Figure 7), were very close to linear (Figure 11a).

Scrutiny with vcGAM instead explained 74.3% (95% CI: 59.5%–
80.5%) of the variance in recruitment (represented by R2) compared 
to 46.6% (31.3%–54.8%) for the baseline GAM (Figure 11). Jointly, 
the four information criteria for model strength (R2, R2

adj
, GCV and 

AICc) reflected a markedly better explanatory power of vcGAM than 
of GAM (Figure S8b). The bootstrapping revealed that the shape of 
the significant relationship between recruitment and SSB before 
2005 was convex (p95 < .01) (Figure 11b). The corresponding fitting 
procedure behind the negative, linear curve with T and the positive, 
linear curve with NAO appeared robust (p95 < .01) (Figure 11b). After 
2005, the effects of SSB and NAO on recruitment were seemingly 

F I G U R E  7  Curve fitting of GAM (a) and vcGAM before and after the threshold years (b) to investigate the effects of SSB, T, GSP, NAO 
and AMO on recruitment strength for the 23 tested stocks in the meta-analysis. Filled rectangles indicate significant explanatory variables 
and the superimposed lines stand for the type of relationship in question. Years in parentheses specify the time series used in the models, 
accompanied by the estimated threshold year(s) given from the vcGAM. The North Sea autumn-spawning herring formed an exception 
displaying two threshold years instead of one; the “after” refers in this particular situation to the period in-between, with no significant 
relationship being identified after the second threshold year.
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    |  13MA et al.

trivial (p95 ≥ .334) (Figure 11b). Thus, we noted decoupled relation-
ships compared to those seen before 2005. The effect of T was still 
significant (p95 < .01) but with curve type changed to negative expo-
nential (Figure 11b).

Over a short time scale (1992–2019), with data on 0-group abun-
dance and total length, food availability (capelin for the adults), can-
nibalism (consumption of cod by cod, or by immature biomass) and 
predation (on drifting larvae by mackerel and herring) (Figure  S9), 
the best GAM was with food availability and cannibalism (immature 
biomass) as explanatory variables, explaining 50.5% (31.9%–60.2%) 
of the total variance (Figure 12). Although the originally fitted curve 
with cannibalism gave p < .05, the p95 was .136, indicating large un-
certainly. The uncertainty was relatively low for food availability as 
both p and p95 fell in the significant range, i.e.  <.01 and <.05, respec-
tively. Food availability showed a concave relationship with recruit-
ment, with the turning point at 10 times more mass of capelin than of 
adult cod (Figure 12). Except for the years around 1990 and 2000, all 
figures for food availability were below 10 (Figure S9b), correspond-
ing to the descending limb of the fitted curve. Recruitment decreased 
logarithmically with increasing cannibalism to some-sort-of a turning 
point around 1.5 million tonnes of immature cod biomass (Figure 12).

3.3.2  |  Norwegian spring-spawning (NSS) herring

The recruitment of NSS herring at age 2 years (1907–2021) showed 
large interannual fluctuations but also a relatively stable and low-
level period from the late 1960s to the early 1980s during the 

enforced fishing moratorium, ending with the production of the 
strong year class in 1983 (Figure S10). Neither any recruitment re-
gime shift (Figure  13a) nor density-dependent effect (Figure  13b) 
was detected, even after splitting up this time series into before and 
after the fishing moratorium (Figure S10). The recruitment success 
was characterized by three distinct peaks over the past three dec-
ades: one in the mid-1990s, another in the mid-2000s and the most 
recent one in the late 2010s (Figure 13c).

The GAM (1990–2019) identified GSP as the only potential 
influential driver of NSS herring recruitment dynamics within 
this explanatory setting (SSB, T, GSP, NAO and AMO), consid-
ering estimation uncertainty (Figure  S11a). Using an effective 
degree of freedom of 4 or 5 rather than 3 made no difference. 
However, bootstrapping indicated that a large degree of uncer-
tainty remained, even for the effect directions (p = .948, p95 = .991, 
Figure 14a).

The vcGAM (Figure S11b) resulted in marked improvements in 
the model fitness in view of the baseline GAM. The best vcGAM, 
with a threshold year of 2007, explained 53.5% (46.1%–60.0%) of 
the variance compared to 0.2% (0.1%–0.5%) with GAM (Figure 14). 
GSP showed a positive relationship with recruitment up to 2007 
(p95 < .01) but then its statistical contribution disintegrated 
(p95 = .756) (Figure 14b), when GSP, represented by the Norwegian 
Sea Oceanic polygon (Figure  S1), reached relatively high levels 
(Figure 4b).

With 0-group abundance and total length as well as proxies for 
adult food availability and larval predation (Figure S12) included in 
the model selection, the best GAM referred to the two explanatory 

F I G U R E  8  Scatter plot between 
threshold years from vcGAM and 
recruitment regime shift years from 
breakpoints analysis across all 23 stocks 
in the meta-analysis. (a) Stocks with both 
threshold(s) and regime shift(s); (b) and (c) 
with only regime shift(s) and threshold, 
respectively and (d) data mismatch 
between vcGAM and breakpoints 
analysis outcomes. Coloured points 
and accompanying labels reflect stocks 
belonging to the same ocean basins.
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14  |    MA et al.

variables characterizing the 0-group, explaining 62.0% (55.1%–66.9%) 
of the total variance (Figure 15). The relationship between 0-group 
abundance and recruitment was of a logarithmic type (p95 < .05), in-
dicating a density-dependent effect. The 0-group size formed a clear, 
positive linear relationship with recruitment (p95 < .001).

3.3.3  |  North Sea (NS) cod

Examinations of the recruitment patterns of NS cod at age 1 year 
(1963–2021) revealed a recruitment regime shift around 1997, 
though with some precision uncertainty based on CI (Figure  16a). 
This switching implied moving from a high-level, large interannual 
fluctuation situation to a low-level, stable situation (Figure  16a). 
Both the recruitment and the SSB were low after the switch 
(Figure  16b; Figure  S5). No significant density-dependent effect 
could be detected (Figure 16b); both the Ricker and Beverton-Holt 
model performed poorly (p = .87 and .89, respectively) in explaining 
recruitment as a function of SSB. In essence, these two models re-
sulted in identical, but unreliable curve fitting. The recruitment suc-
cess demonstrated substantial interannual variability, characterized 
by a notable decline in the late 1990s, remaining at relatively low 
levels, except for a single peak in the mid-2000s (Figure 16c).

The replacement of GSP (Figure 7) with the abundance of C. fin-
marchicus for the shorter period from 1971 to 2019 was substan-
tiated by the lack of any significant correlation (p = .28) between 
the modelled biomass of zooplankton in the whole water column 
and the corresponding CPR-given observational set for this single, 
key copepod in the upper water layer (Figure S13). C. finmarchicus 
appeared negatively related to T (p < .001) and NAO (p < .001) but 
there did not appear to be any link with AMO (p = .13) (Figure S13). 
Nevertheless, the best GAM identified C. finmarchicus, NAO and 
AMO as significant drivers of NS cod recruitment, explaining 77.0% 
(67.8%–82.7%) of the total variance (Figure 17a, Figure S14a). Thus, 
T and SSB were left out as insignificant drivers (p95 > .10). Here in 
this case, we also kept the effective degree of freedom at 3; using 4 
and 5 had no effect. In contrast to the negative effect of GSP seen 
earlier (Figure 7), C. finmarchicus abundance had an exponential, pos-
itive effect on recruitment, whereas NAO and AMO were negative 
in an approximately linear fashion (Figure 17a).

When applying vcGAM, the explanatory power further increased 
to 92.1% (85.7%–94.7%), with a threshold year at 1998 (Figure 17b; 
Figure S14b). The threshold year in 1998 was identified by GCV and 
AICc; the alternative use of R2 and R2

adj
 as information criteria suggested 

1982 (Figure S14b). Before 1998, the effect of abundance of C. finmar-
chicus and NAO were similar to those detected by the baseline GAM, 

F I G U R E  9  Long-term moving 
correlations (1921–2021) in the NEA 
cod case study between recruitment 
at age 3 years and SSB (a), or with Kola 
temperature (b), and between Kola 
temperature and NAO (c), or with AMO 
(d). Coloured lines show the correlation 
coefficients for different moving 
windows, whereas bars (placed in the 
middle of the 21-years moving window) 
indicate the level of significance (1 − p, 
adjusted considering autocorrelation), 
where green and grey fill refers to 
significant and insignificant correlations, 
respectively. The current definition of 
the level of significance was applied for 
illustration purposes only.
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    |  15MA et al.

but AMO was a convex relationship with recruitment. These effects 
disappeared statistically after 1998 (p95 ≥ .547) (Figure 17b).

4  |  DISCUSSION

4.1  |  Premises

The key purpose of this investigation was to explore, better under-
stand and contrast in a standardized way the recruitment dynam-
ics of 23 stocks of commercial interests in the Northeast Atlantic. 

This approach utilised overlapping time series of recruitment, SSB 
and biophysical drivers using state-of-the-art statistics. As special 
focus was given to any marked changes (jump discontinuities) in 
these different series and their relationships, the applied termi-
nology required special attention. Any as-far-as-possible verifica-
tion of the results was also important to increase the informative 
value in a broader context. In essence, during this investigation 
we not only examined numerous temporally resolved relationships 
between recruitment and covariates but also consulted various 
types of data sources and, not at least, applied different statistical 
methodology.

F I G U R E  1 0  Case-study recruitment 
dynamics (± 95% CI) of NEA cod at age 
3 years across years (1946–2021) with 
any incidence of recruitment regime shift 
indicated (a), corresponding explorations 
of any density-dependent effect of SSB 
on recruitment, represented by the 
Ricker and Beverton-Holt models (b) 
and trajectories of recruitment success, 
calculated as recruitment divided by SSB 
(c).
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16  |    MA et al.

The definition of “regime shift” seems to be generally ac-
cepted as “a dramatic and abrupt change that remains persistent 
over time” (Conversi et al., 2015); however, this normally refers to 

complex ecosystem processes and often specifically considered as 
an ecosystem regime shift (Levin & Möllmann, 2015). As demon-
strated by our study and others (Perretti et  al.,  2017; Tirronen 

F I G U R E  11  Results of GAM (a) 
and vcGAM (b, split into before and 
after 2005) from the NEA cod case 
study (1973–2019). Red and black lines 
show fitted curves, using original and 
resampled recruitments, respectively. 
The p and p95 (95% of bootstrapped p) 
stand for the significance of the fitted 
curves using original (red) and resampled 
(black) recruitments, respectively. The 
R2, with 95% confidence intervals in the 
parentheses, indicates model explanation 
of recruitment dynamics. Note that 
different scales are used in each panel for 
visibility. NAO unit: relative scale.

F I G U R E  1 2  Updated (1992–2019) 
GAM results in the NEA cod case study 
with either food availability (total biomass 
of capelin divided by SSB of NEA cod) 
or cannibalism (immature biomass) as 
explanatory variable. Red and black lines 
show fitted curves, using original and 
resampled recruitments, respectively. 
The p and p95 (95% of bootstrapped p) 
stand for the significance of the fitted 
curves using original (red) and resampled 
(black) recruitments, respectively. The 
R2, with 95% confidence intervals in the 
parentheses, indicates model explanation 
of recruitment dynamics. Food availability 
unit: relative scale.
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    |  17MA et al.

et  al.,  2023), the dynamics of year-class strength often showed 
characteristic patterns over varying periodicity, leading us to se-
lect the term recruitment regime shifts. However, the AMO, NAO 
and AO series are basically cyclic (modal) in fashion, whereas the 
T and GSP series often exhibited several, successive, stepwise 
changes. Therefore, in addition to the term recruitment regime 
shift, we went for, provided the statistics indicated so, the wording 
“gradual change” and “abrupt shift”, respectively. Consequently, 
the discontinuities and their corresponding time series segments 
were referred to as “regime”, “phase” and “state”. In effect, a given 

recruitment regime was a function of the corresponding phase and 
state covariates. This also included the status of the stock (SSB) 
and subsequently the pre-recruit stage, represented by 0-group 
data.

The identification of the breakpoint-analysis-detected recruit-
ment regime shift(s) was tested by comparison with the threshold 
year from the vcGAM, using estimated SSB, observed AMO and NAO 
and modelled T and GSP data as explanatory factors (drivers). These 
were included as a part of the wider understanding of recruitment 
dynamics. We named this comparative effort “pseudovalidation” 

F I G U R E  1 3  Case-study recruitment 
dynamics (± 95% CI) of NSS herring at 
age 2 years across years (1988–2021) (no 
incidence of recruitment regime shift 
was detected) (a), and corresponding 
explorations of any density-dependent 
effect of SSB on recruitment, represented 
by the Ricker and Beverton-Holt models 
(b), and trajectories of recruitment 
success, calculated as recruitment divided 
by SSB (c).
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18  |    MA et al.

rather than true validation. This is because both recruitment re-
gime shift years and threshold years were de facto model outputs, 
though the recruitment data, as those for SSB, are founded on ex-
tensive field efforts, typically both from fisheries independent and 
dependent sources. Overall, there were reasons to believe that the 
presences of recruitment regime shifts are real, especially when the 
recruitment regime shift year and threshold year appeared close in 
time. However, the direct causality between recruitment regime 
shift and threshold in recruitment-driver relationship is elusive. For 
instance, the recruitment regime shift can happen without any cor-
responding threshold in the relationship with the chosen variables 
investigated, or vice versa. Theoretically, recruitment regime shift 
should be the “effect” as it only considers fluctuations in recruit-
ment, and nonstationarity (thresholds) may be the possible “cause”. 

However, statistically, the occurrence of one can lead to, or not lead 
to, the occurrence of the other one. Furthermore, it is essential to 
acknowledge that, despite looking for comprehensive possible driv-
ers on recruitment, certain key drivers may have been overlooked. 
This could be due to data limitations or the inherent complexity of 
mechanisms governing species interactions and trophic dynamics 
which could lead to asynchrony. Additionally, the statistical identi-
fication of recruitment regime shifts places emphasis on the ampli-
tude and speed of change, whereas for threshold the criteria refer 
to the variability of the established relationships. Logically, these 
methodological differences make it challenging to ensure synchro-
nicity between recruitment regime shifts and threshold years. In 
addition, this study illustrated substantial variability in the temporal 
alignment of phase changes in climatic indices compared to abrupt 
shifts in environmental variables. Therefore, expecting to find a 
complete synchrony between shifts in biological responses and a 
given biophysical driver, out of many in operation across different 
processes and life history stages (Figure 1), seems unrealistic. For 
instance, parametrization of the significant effect of in-situ wind 
conditions (cf. micro-turbulence) and light conditions for larval 
survival is yet beyond reach in present model constructs (Kjesbu, 
Tiedemann, et al., 2023).

The length of the available time series for drivers and recruit-
ment were often different. These differences were dealt with by 
restricting the time series so they fully overlapped, which is a spe-
cific requirement in all exploratory analyses. The protocol for time 
series selection was particularly pronounced in the case studies 
on NEA cod, NSS herring and NS cod. These were typically split 
into analyses on time series of long, intermediate or short length 
due to the successive addition of less “data-rich” drivers of po-
tential high influence for local stock recruitment dynamics. These 
case-study series varied from 28 (cf. updated GAM on NEA cod) 
to 49 years (cf. GAM and vcGAM on NSS herring). Likewise, in the 
meta-analysis, the length of the time series ranged from minimum 
28 years (Coastal cod North) up to a maximum of 115 years (NSS 
herring). The in-built issue of autocorrelations was either explic-
itly considered by adjusting the significance level in the under-
taken correlation analysis or implicitly by bootstrapping for GAM 
and vcGAM. However, the often-used practice of moving average 
(window) to remove “noise” within these long time series undoubt-
edly causes extra autocorrelation. To reduce this unwanted, com-
plex effect, we selected the minimum period for moving-average 
in the relevant statistical analyses, i.e. using a moving window of 
3 years. The Northeast Atlantic stocks considered here consist 
of either warm- or cold-temperate species. Over the latitudinal 
range, 50–80° N, cold-temperate stocks in the south should be 
inclined to show a negative directional effect in terms of stock 
productivity proxies when the waters warm, whereas the opposite 
should be the case for cold-temperate stocks in the north, as well 
as for the widely distributed, warm-temperate species (Kjesbu 
et  al.,  2022). Our findings essentially fit into the same climate-
environmental-latitudinal cline impact framework; however, our 
findings are based on advanced statistical tools instead of expert 

F I G U R E  14  Results of GAM (a) and vcGAM (b, split into before 
and after 2007) from the NSS herring case study (1990–2019) 
with GSP as explanatory variable. Red and black lines show fitted 
curves, using original and resampled recruitments, respectively. 
The p and p95 (95% of bootstrapped p) stand for the significance 
of the fitted curves using original (red) and resampled (black) 
recruitments, respectively. The R2, with 95% confidence intervals 
in the parentheses, indicates model explanation of recruitment 
dynamics. Note that different scales are used in each panel for 
visibility.
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    |  19MA et al.

evaluations (scorings). The advantage of the latter approach is that 
data-poor stocks can be included along with a wider range of po-
tential influential drivers (Hare et al., 2016). The disadvantage is 
the lack of statistically based uncertainties and probabilities, the 
main issues addressed in this study.

4.2  |  Recruitment regime shift

Of the stock-specific time series analysed, 65% revealed 1–3 recruit-
ment regime shift(s). Therefore, we conclude their existence to be a 
regular phenomenon in the Northeast Atlantic harvestable stocks.

In the North Sea, the recruitment regime shifts were concen-
trated around 1980 and 2000. Those seen in the 1980s principally 
co-occurred with the T trends turning from a relatively sharp de-
crease to a relatively sharp increase. In parallel, NAO went from 
a negative to a positive phase. Parallel ecological changes in bot-
tom-up processes were evidently happening, i.e. from phyto-
plankton via zooplankton to higher trophic levels, including fishes 
(Beaugrand,  2004; Weijerman et  al.,  2005). A few years later the 
SSB of the warm-temperate North Sea sole (Solea solea, Soleidae) 
showed a major increase, although without any preceding recruit-
ment regime shift. The last group of recruitment regime shifts seen 
in this shelf sea in the 2000s happened at generally higher levels of 
GSP in clearly warmer water compared to the 1980s, accompanied 
by widespread examples of declines in recruitment strength. An ex-
ception was another warm-temperate flatfish, the North Sea turbot, 
which also exhibited a positive response. It should be noted that this 
was the only studied stock in these waters with a fully unpredictable 
recruitment dynamic with respect to the suite of drivers considered. 
Whether another ecosystem regime shift was interacting with or 
responsible for these more recent local recruitment regime shifts 
remains unknown. Furthermore, North Sea sole, Northern hake 
(Merluccius merluccius, Merlucciidae) and Western horse mackerel 
(Trachurus trachurus, Carangidae) have so far not shown any sign of 
recruitment regime shift. Looking beyond these assessment stock 

units, all three species are exceedingly widely distributed in south-
ern parts of the present region.

The T in the Norwegian Sea increased rapidly after the late 
1990s. For fish stocks inhabiting or seasonally migrating northwards 
into this vast geographical area, there is no mention of recruitment 
regime shifts. However, such events were prevalent from 2000 
onwards. The robust shift for the widely distributed blue whiting 
around 1995 may be linked to a widening and strengthening of the 
subpolar gyre in the Northeast Atlantic (Hátún et al., 2009). For NEA 
mackerel, SSB reached a historically high level in 2014 (dos Santos 
Schmidt et al., 2023), agreeing with the present detection of two pos-
itive recruitment shifts, one in 2000 and another in 2009. No trace 
of any recruitment regime shift was, however, found for NSS her-
ring, despite the exceedingly long time series at hand (1907–2021). 
A plausible explanation is that there is a tendency for periodic large 
year classes which may be associated with a suite of environmental 
drivers (Skagseth et al., 2015). The variability in recruitment strength 
in NSS herring is generally a magnitude of order higher than for NEA 
mackerel and blue whiting (ICES Stock Assessment Database, 2022).

The environmental conditions in the Barents Sea have markedly 
changed over the past decades, but Johannesen et al. (2012) found 
no clear evidence for any ecosystem regime shift between 1970 and 
2009. Furthermore, we noticed that the corresponding fluctuations 
in recruitment strength for NEA cod and haddock (Melanogrammus 
aeglefinus, Gadidae) did not feature any recruitment regime shift 
as such. However, the identified recruitment regime shifts for the 
two redfishes (Sebastes spp.) in the mid-2000s coincided with the 
increase in T and GSP to unprecedented levels. Back in time, the 
recruitment regime shift of NEA cod in 1967 may possibly be a re-
sult of the gradual change of the AMO into a cold phase, although 
certainly a complex biophysical interplay as we found NAO to be the 
significant climate index contributor in the subsequently undertaken 
GAM-vcGAM case study. To complement, a statistical analysis on 
NEA cod employing various methods to detect jump discontinuities 
for one of the longest, systematic biological series existing, “the 
Hjort liver index time series” (1859–2012) revealed that a significant, 

F I G U R E  1 5  Updated (1990–2019) 
GAM results on recruitment dynamics in 
the NSS herring case study with either 
0-group abundance or 0-group total 
length as explanatory variable. Red and 
black lines show fitted curves, using 
original and resampled recruitments, 
respectively. The p and p95 (95% of 
bootstrapped p) stand for the significance 
of the fitted curves using original (red) 
and resampled (black) recruitments, 
respectively. The R2, with 95% confidence 
intervals in the parentheses, indicates 
model explanation of recruitment 
dynamics. 0-group abundance unit: 
number of individuals (inds) per (trawl) 
station.
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20  |    MA et al.

negative shift occurred around 1990, which was likely mediated via 
the complex ways the liver (hepatosomatic) index responds to winter 
temperatures (Hermansen et al., 2016).

4.3  |  Recruitment dynamics

To get comparative insights into regulatory mechanisms behind re-
cruitment dynamics (Figure 1), we systematically undertook both 
stationary (GAM) and non-stationary (vcGAM) approaches and the 

above-mentioned, likely plausible explanatory factors (SSB, T, GSP, 
NAO and AMO). The resulting recruitment responses per driver 
and stock were thereafter ultimately placed in a thermal window of 
tolerance and change (cf. warming vs. cooling), split by each of the 
three LMEs. First of all, we found in this meta-analysis that each 
stock is uniquely adapted to the local conditions (environmental 
niche) within the LME, as expected from an eco-evolutionary per-
spective (Facon et al., 2006). Thus, there were hardly any consist-
ent pattern for a given driver across stocks, e.g. the role of SSB 
could range from being (1) undetectable via (2) significant but hard 

F I G U R E  1 6  Case-study recruitment 
dynamics (± 95% CI) of NS cod at age 
1 year across years (1963–2021) with 
any incidences of recruitment regime 
shift indicated (a), and corresponding 
explorations of any density-dependent 
effect of SSB on recruitment, represented 
by the Ricker and Beverton-Holt models 
that provided practically identical 
regression curves (b), and trajectories 
of recruitment success, calculated as 
recruitment divided by SSB (c).
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    |  21MA et al.

to explain mechanistically, e.g. concave instead of convex, to (3) 
significant and easily understandable, e.g. positive linear. Although 
the response patterns varied greatly by stock, it is also so that 
improved biophysical conditions would be expected to heighten 
stock productivities throughout the whole ocean basin. Examples 
are the clear cyclicity in the aggregated catch statistics in the 
Barents Sea over the last century (Haug et  al., 2017) and by the 
Gadoid Outburst in the North Sea in the colder 1960s and 1970s 
(Cushing, 1984).

The explanatory power was clearly better with vcGAM than with 
GAM. The importance of realizing that nonstationarity is an issue was 
exemplified by the outcome of a given run in GAM typically resem-
bling the corresponding one from vcGAM before but not after the 
vcGAM-defined threshold year. Thus, this article demonstrates that 
any established model should be expected to do poorly or collapse in 
a longer perspective, i.e. at so far untested parameter combinations 
(Kjesbu, Tiedemann, et al., 2023). Rightly so, we did not disentan-
gle the separate influence of F per se; we instead incorporated SSB 
data. Such a choice was on the assumption that SSB represents the 
stock reproductive potential (Kell et al., 2016) but also due to the 

lack of generality in SSB versus F statistical relationships: SSB was 
negatively impacted by F in 41% cases. Expressed differently, we 
determined that it was outside the scope of this study to examine 
the robustness of the given assessment figures. Anyway, the obser-
vation that recruitment regime shift(s) often coincided for various 
stocks with highly different trends and magnitudes of F, strengthens 
that environmental conditions in a broad sense largely define year-
class strength. This is reported in numerous publications, however, 
then without indicating strong stock depensatory effects (Ottersen 
& Holt, 2023), such as a detrimental Allee effect (Perälä et al., 2022). 
Care should be taken when considering overfished stocks, such as 
Western horse mackerel (ICES Stock Assessment Database, 2022), 
since only NAO contributed statistically to its recruitment dynam-
ics but was not present after the threshold year. It should be noted 
that we did not include two other vital variables formally required to 
estimate stock productivity, i.e. body growth and natural mortality 
(Maunder et al., 2023; Rindorf et al., 2022). We argue that the in-
clusion of GSP should, however, be a good proxy for linkages body 
growth of planktivores (Heath,  2005) and early-life-history stages 
in general (Houde, 2008), whereas cannibalism, as included in the 

F I G U R E  17  Updated (1971–2019) 
results on recruitment dynamics in the NS 
cod case study with Calanus finmarchicus, 
NAO and AMO as successive explanatory 
variables, using GAM (a) and vcGAM (b, 
split into before and after 1998). Red 
and black lines show fitted curves, using 
original and resampled recruitments, 
respectively. The p and p95 (95% of 
bootstrapped p) stand for the significance 
of the fitted curves using original (red) 
and resampled (black) recruitments, 
respectively. The R2, with 95% confidence 
intervals in the parentheses, indicates 
model explanation of recruitment 
dynamics. Note that different scales 
are used in each panel for visibility. 
C. finmarchicus unit: ln(abundance + 1), 
NAO and AMO units: relative scales.
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22  |    MA et al.

NEA cod case study, is an expression of natural mortality (Yaragina 
et al., 2009).

In regarding to gaining a better understanding of recruitment dy-
namics, one should first of all realize the extreme complexity involved 
as multiple biotic and abiotic variables are influential (Figure 1) but 
also that these intra- and interconnections might function highly dif-
ferently over time (Houde, 2016). However, due to the complexity 
of the prerecruitment processes and the multiple biotic and abiotic 
variables that have an influence, the underlying parametrizations 
should be updated in the future. Not only so, the usefulness of the 
current selection of drivers in the meta-analysis – in terms of their 
explanatory power and likely mechanistic role – included also exam-
ples of debatable results. Because of this, the variable in question 
might fail in properly reflecting the process aimed to be incorpo-
rated, as exemplified below.

SSB is generally considered the principal covariate in studies on 
recruitment dynamics in marine stocks due to its key role in defin-
ing stock status and thereby total allowable catch (TAC) (Walters & 
Martell, 2004). A global meta-analysis on 364 stocks showed that 
the relationship between SSB and recruitment (S-R relationships) is 
typically close to being positively linear (Myers & Barrowman, 1996). 
The highest (lowest) recruitment tends to occur when SSB is high 
(low), implying that recruitment generally is better above the median 
SSB. A subsequent complementary study exploring S-R relation-
ships for 211 fish stocks, concluded on the existence of an universal 
asymptotic curve but with generally weak predictive power (Cury 
et al., 2014). In our study, we found examples where these S-R rela-
tionships provided little insight, such as in Golden redfish (Sebastes 
norvegicus, Scorpaenidae) where a negative relationship changing to 
a concave curve after the threshold year in 2010. This corresponded 
to high and falling SSB values, respectively. Furthermore, the impact 
of SSB disintegrated statistically at high levels for NEA cod, Coastal 
cod North and beaked redfish (Sebastes mentella, Scorpaenidae). 
This indicates that the effect of SSB depends on its actual mass 
in relation to the climate phase and environmental state situation. 
Therefore, the role of SSB in recruitment dynamics requires multiple 
cause–effect considerations of density dependency and density in-
dependency (Rothschild, 1986).

Another prime candidate as an environmental proxy of driver of 
recruitment dynamics is temperature. Our meta-analysis supports 
the notion that a higher T is expected to improve the recruitment 
strength of commercial stocks located in the higher-latitude Barents 
Sea (Bogstad et al., 2013; Øiestad, 1994). The opposite is the case 
in the lower-latitude North Sea (Kjesbu, Alix, et al., 2023) but in that 
ocean basin also observing smaller body sizes (cf. Bergmann's rule) 
(Baudron et al., 2014). Overall, these results agree with Myers (1998), 
concluding that recruitment-environment relationships tend to be 
positive (negative) for stocks in the northern (southern) limit of a 
species range. Such varied responses should be linked to the ther-
mal niches of the species (Beaugrand,  2015). The observed (Kola 
temperature) and modelled (hindcasted) temperatures (T) in the 
Barents Sea are apparently positioned under the ascending limb of 
the convex (bell-shaped) “dose–response curve” (Drinkwater, 2005), 

whereas the corresponding T series in the North Sea under the de-
scending limb, with the analysed Norwegian Sea stocks being in a 
mixed situation. However, as illustrated by NEA cod (1921–2019), 
the situation may be much more complex. Here, the moving cor-
relation of recruitment-temperature was generally periodic, as was 
the Kola temperature regressed on AMO, or NAO. This recruit-
ment–temperature rhythm became a negative, insignificant trend 
with the current extreme warming in the Barents Sea. Historically, 
a warmer temperature has been considered a requirement but not 
a sufficient one for improved recruitment in this stock (Ellertsen 
et al., 1989; Kjesbu, Tiedemann, et al., 2023). Whilst this perception 
was valid in the 1980s, it is now not statistically valid. Therefore, it 
can reasonably safely be assumed that the ambient temperature is 
still positioned under the above-mentioned ascending limb of the 
dose–response plot for NEA cod but other influential factors have 
gained further strength.

Climatic indices, typically as large-scale teleconnection and 
atmospheric patterns over basins, may perform better than local 
environmental variables in the present exploration exercises 
since they represent integrated physical processes (Forchhammer 
& Post,  2004; Hallett et  al.,  2004). NAO refers to a redistribu-
tion of atmospheric mass between the Arctic and the subtropical 
Atlantic, leading to large changes in surface air temperature, winds, 
storminess and precipitation over the North Atlantic (Hurrell & 
Deser, 2010). Specifically, the presence of the positive NAO phase 
since the 1980s, not only caused pronounced changes in the physi-
cal conditions but also ecological communities in the North Atlantic 
(Alheit et al., 2012). The NAO appeared as a significant driver in half 
of the stocks studied in the North Sea, with T and NAO being pos-
itively correlated. Elsewhere, we only detected a significant effect 
of the NAO on NEA cod recruitment before 2005. The relevance 
of NAO through the increase in the advection of water along the 
western edge of the European shelf coincided with a northward mi-
gration of Western horse mackerel, which increased feeding oppor-
tunities for the adults (Reid et al., 2001). Conversely, the negative 
implications of a stronger NAO on NS cod recruitment seemingly 
operate via less Calanus finmarchicus being advected into the North 
Sea from the deep Norwegian Sea (Gao et al., 2021; Sundby, 2000) 
– we noted a significant inverse relation between the abundance of 
this copepod and NAO – reducing cod offspring growth rates and 
subsequent year class strength (Sirabella et al., 2001).

Acting simultaneously with the decadal-scale NAO, the 
multidecadal-scale AMO is based on detrended sea surface tem-
perature anomalies averaged over the North Atlantic, thereby 
representing the long-term effect of low-frequency variability 
in thermal conditions (excluding global warming) on the ecosys-
tems (Alheit et al., 2019). AMO is related in various ways with the 
other drivers considered here, but its cascading influence could 
not be statistically ascertained due to the issue of autocorrelation. 
Despite that, the negative or non-linear impacts of AMO on North 
Sea stocks were striking. Generally, AMO has a major influence on 
defining the longer-term, geographical displacement of regional 
stocks, as demonstrated for Northern hake and NEA mackerel 
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(Gullestad et al., 2020). Additionally, AMO is known to be important 
for the population dynamics of pelagic species as well as commu-
nity structures (Tsikliras et al., 2019). Overall, recruitment success 
in the Northeast Atlantic stocks appears to be linked to large-scale 
climate variability patterns, primarily AMO and the subpolar gyre 
(Zimmermann et al., 2019). However, it should be noted that recent 
studies argue that AMO under on-going climate change fails to iso-
late the true internal variability in Northern Hemisphere mean tem-
perature (Mann et al., 2014, 2022). So, although AMO functioned as 
an effective driver for several stocks, its current relevance might be 
less than before.

Food availability is well known to be vital for the recruitment 
success of marine fishes (Okamoto et al., 2012; Olsen et al., 2011). 
This can be manifested in adult investment in reproduction 
(McBride et  al.,  2015) or growth and survival of larvae (Cushing 
& Horwood,  1994). This implied that the principal stock-specific 
prey was divided by SSB in the NEA cod and NSS herring studies, 
whereas GSP lagged to the year the larvae were hatched for the 
meta-analysis. For NSS herring the ratio, i.e. GSP/SSB, appeared 
statistically irrelevant with respect to a better understanding of its 
recruitment dynamics. However, for NEA cod the updated GAM re-
vealed a significant concave pattern, where the turning point was 
around 10 times more capelin than NEA cod SSB. More in-depth 
explorations show that the negative trend seen to the left in this 
curve principally refer to data after 2005, suggesting that the re-
cent higher migration costs, due to a more northward displacement 
in the Barents Sea (Kjesbu, Alix, et al., 2023), might have negatively 
affected the fecundity (dos Santos Schmidt et al., 2017). Therefore, 
the current version of food availability for the adults of NEA cod 
lacks the spatial perspective. Moreover, the influence of cannibalism 
was a significant aspect but with high uncertainty, using immature 
biomass as an indicator. This was based on the notion that mortal-
ity resulting from cannibalism in NEA cod is primarily attributed to 
3- to 6-year-olds, because the sexually mature NEA cod predomi-
nantly feed on capelin (Yaragina et al., 2009). For the NS cod, GSP 
statistically failed to represent the local abundance of C. finmarchi-
cus; GSP tends to reflect the production of all types of zooplank-
ton throughout the water column, whilst the CPR data show the 
near-surface abundance of C. finmarchicus (and other copepods not 
considered here). Our finding of an evidently reduced role of C. fin-
marchicus after 1998 compared to before this year agrees with the 
on-going northward displacement of this key copepod (Beaugrand 
et al., 2002; Kjesbu, Alix, et al., 2023). In addition, we found a ro-
bust, negative effect of NAO on C. finmarchicus abundance, linked 
to the westerly-wind-induced variability in temperature and inflow 
(Fromentin & Planque, 1996; Gao et al., 2021; Hjøllo et al., 2009).

0-group abundance and growth are anticipated to give a first indi-
cation of the subsequent recruitment strength (Eriksen et al., 2011). 
Our case study on NSS herring corroborates this assertion, revealing 
a positive link between 0-group abundance in combination with 0-
group growth (measured as total length) and recruitment strength at 
age 2 years. In particular, the contribution of the latter trait was sta-
tistically strong, seeing direct proportionality, where the fitted curve 

depicting the effect of 0-group abundance displayed an asymptotic 
pattern. This curve shape indicates that density-dependent effects 
are in place for NSS herring already about 6 months post hatch 
(Dingsør et al., 2007). It is, however, worth noting that the unsuc-
cessful, parallel application of the 0-group variables for NEA cod 
could relate to that the juveniles of NEA cod are in the process of 
settling to the bottom when this statutory ecosystem survey runs 
in the Barents Sea, with those captured near the bottom typically 
being significantly larger (Irgens et al., 2017). Thus, the adopted sur-
vey design of trawling to a maximum depth of 80 m (mostly to 60 m) 
(Skjoldal et  al.,  2022) might provide relatively less quantitative in-
sight in the actual 0-group situation for the demersal NEA cod than 
for the pelagic NSS herring. However, the potential large influence of 
variability in cannibalism over the first years of life may mask any in-
fluences of 0-group abundance and growth on NEA cod recruitment 
strength (Bergstad et al., 1987).

4.4  |  Non-stationary recruitment-climate 
relationships

Our results — consistently avoiding any prefixed S-R relationships — 
provided evidence for the prevalent existence of non-stationary 
recruitment-climate relationships in stocks inhabiting the Northeast 
Atlantic, consistent with results reported in Ottersen et al.  (2013) 
based on the Ricker model. Non-stationary biology-climate rela-
tionships are emerging worldwide, e.g. in the Northeastern Pacific 
(Litzow et  al.,  2018, 2019), Northwestern Pacific (Ma et  al.,  2021, 
2023), Northwestern Atlantic (Perälä et  al.,  2017) and, as docu-
mented here, in the Northeastern Atlantic. However, there is no 
clear consensus about the rationale behind these sudden changes. 
Studies in the Pacific attributed the nonstationarity to variability in 
atmospheric systems, altered relationships between large-scale at-
mospheric forcing and local-scale environmental responses (Litzow, 
Hunsicker, et  al.,  2020; Litzow, Malick, et  al.,  2020). In our study, 
the use of moving window revealed highly significant correlations 
between NAO and Kola temperature from the mid-1970s to the late 
1990s, corresponding to the period with strong positive phases of 
NAO, indicating an intense Icelandic Low and a strong Azores High 
(Ottersen et  al.,  2001). Using the data-rich NEA cod as example, 
tight correlations were observed between recruitment at age 3 years 
and Kola temperature during that time window. It is reasonable to 
infer that strong atmospheric forcing drives homogeneity in regional 
physical variables in the Barents Sea, and thereby poses marked ef-
fects on this stock's recruitment dynamics. After 2000, accompany-
ing decoupled Kola temperature-NAO relationship, recruitment-Kola 
temperature also decoupled. Ottersen and Holt (2023) hypothesized 
that recruitment from a truncated spawning stock, i.e. dominated 
by younger individuals and few age classes, is more vulnerable to 
environmental fluctuations. It would be an effective explanation for 
the uncorrelated recruitment and Kola temperature in the 1930s, 
when the Kola temperature was highly associated with NAO, but 
the demographic structure of NEA cod being highly rich (mean age 
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of spawners >12 years old) thereby overruling the statistical de-
tection of the temperature influence. Additionally, novel climates, 
which were primarily represented by unparalleled T and GSP after 
2000, would also be an important driver behind the decoupled 
relationships.

Concerning modelling strategies, the emerging recognition on 
non-stationary biology–climate relationship requires updated sta-
tistical approaches, especially for threshold models. In this study, 
comparisons between stationary and non-stationary relationships 
were achieved by GAM and vcGAM. Although no fitted formula 
is given by these models, high flexible model structures benefit 
integration of the changeable effective drivers and types of their 
effects (Ma et  al.,  2023). However, modelling strategies concern-
ing non-stationary relationships include plentiful of choices. Based 
on this work, the first consideration should be time-dependent ef-
fects of invariant drivers showing different influences (direction and 
strength) within various time frames. Then one should incorporate 
variant drivers that make a measurable contribution in different 
time frames. Furthermore, asynchronous threshold years should be 
considered, i.e. different drivers might introduce threshold years at 
unlike time points instead, as here, limiting the script to contain the 
same threshold year(s). In addition to fitting relationships based on 
historical data, threshold models show promising prospects under 
climate change scenarios. However, a difficulty is the accurate pre-
diction of future threshold years. Except for the characterization 
and forecast of specially worrying regional climate change patterns 
(for example, the emergency of novel climate), “early warning sig-
nals” derived from critical transition theories (Scheffer et al., 2009, 
2012) could also possibly be used to provide references for expected 
threshold years in years to come.

5  |  CONCLUSIONS

Our hindcast meta-analysis aimed to give an overview of how the 
recruitment of commercial stocks in the Northeast Atlantic has re-
sponded to variability in biophysical drivers as well as in SSB, with 
a particular focus on recruitment regime shifts and nonstationar-
ity in recruitment–climate relationships. These extensive explora-
tory analyses revealed prevalent recruitment regime shifts in this 
region of the world's ocean but also stock- and area-specific pat-
terns. Furthermore, these shifts were reflected in the recruitment 
responses as such, underlining the point that comprehensive consid-
erations about both stock traits and habitat conditions are needed 
when investigating recruitment dynamics. Non-stationary recruit-
ment–climate relationships were often recorded in the Northeast 
Atlantic. These markedly altered formulations could be triggered by 
climate-induced homogeneity and heterogeneity in local-scale envi-
ronmental condition, changes in dominating age class of spawning 
stocks, and as well as novel climate. Both synchronicity and asyn-
chronicity exist between recruitment regime shifts, nonstationarity 
(threshold) in recruitment–climate relationships as well as abrupt 
state shift and phase change in biophysical drivers, emphasizing 

that the recruitment of a stock may not react to a shift/change of 
external drivers in a regime-like manner. To enhance the finer-scale 
understanding of recruitment responses, especially those that are 
elusive or unexpected in the meta-analysis, we included case studies 
on key stocks. By incorporating additional candidate variables that 
capture critical aspects of life history or vital processes, we were 
able to portray recruitment dynamics in greater detail, underlining 
the requirements for even more stock-specific analyses, especially 
for stocks whose key drivers may not be adequately represented 
by the large-scale variables used in the meta-analysis. This two-
step analytic design highlighted the necessity for more in-depth 
understandings of the representatives of biotic and abiotic drivers. 
Considering the anticipated increase in the frequency and severity 
of climate change and variability in the future, evolving advice and 
managing strategies for commercial stocks seems an imperative task 
to support the sustainability in fisheries.
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