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Abstract 

The Atlantic cod ( Gadus morhua ) in the North Sea has experienced a regime shift and is now considered to be in a persistent de- 
pleted state. Recent scientific evidence confirmed the presence of multiple populations of Atlantic cod in the North Sea through ge- 
netic evidence. Here, we in vestig ated if the regime shift detected for North Sea cod manifested differently across areas [Southern, 
Nor thwestern-, and Viking (Nor th–East)], revealing dif ferent dynamics and recovery potential for the corresponding populations. Meth- 
ods from driver–state plots to stochastic cusp models were applied to detect the regime shifts. We found that cod in the Southern North 

Sea has undergone a regime shift and is now in a persistent depleted state. The Viking population is in a high resilience state, and it is 
recovering. Finally, the Nor thwestern Nor th Sea population did not show signs of a regime shift and is showing a rising biomass level. 
Several abiotic and biotic dri ver s (e.g. fishing and warming) contribute to these differences. Our study provides useful information for 
the restructuring of management units of cod in the North Sea and highlights the importance of looking at regime shifts spatially. 

Keywords: North Sea cod; discontinuous population dynamics; fisheries management; spatio-temporal scales; stochastic cusp model; regime shifts 
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Introduction 

Regime shifts, i.e. unexpected and often sudden changes be- 
tween system states, are among the most debated dynamics 
of marine ecosystems and populations (Scheffer et al. 2001 ,
Rocha et al. 2014 , Hillebrand et al. 2020 ). Systems (from an 

individual to the full ecosystem) that undergo regime shifts 
change from a past to a new state, characterized by differ- 
ent ecological structures and functions and by a certain de- 
gree of persistence (i.e. hysteresis) over time (Beisner et al.
2003 , Scheffer and Carpenter 2003 , Moellmann et al. 2009 ,
2015 ). Resilience, another fundamental property of systems 
that experience regime shifts, is defined as the capability of 
a system to maintain its structure and functions even when 

impacted. A system goes through a regime shift when its re- 
silience is eroded. Regime shifts are still difficult to character- 
ize because, following nonlinear discontinuous dynamics, they 
are highly unpredictable and often not easily detectable using 
simple statistical methods and models (Andersen et al. 2009 ,
Bestelmeyer et al. 2011 , Dakos and Kéfi 2022 , Haines et al.
2024 ). 

Two inherent limitations regarding regime shifts lie also 

in the usage of appropriate temporal and spatial (or hier- 
archical) scales when trying to detect them (deYoung et al.
2008 , Fisher et al. 2015 , Rocha et al. 2018 , Eklöf et al. 2020 ).
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
hile the temporal dynamics of regime shifts are often con-
idered, the spatial/hierarchical differences are generally ne- 
lected (Sguotti et al. 2022a ). This limitation resides in the
ifficulty of identifying the study unit of the system and what
ts limits are. For instance, while it is rather easy to study phys-
cally bound entities such as an individual coral reef, it can be
ifficult to determine the spatial boundaries of an ecosystem 

r a population. Indeed, a regime shift detected within a larger
rea could in fact reflect a change occurring locally, or could
nvolve only specific habitats within the overall area, or a sub-
opulation within a population complex. Therefore, within a 
patial or hierarchical unit different states of the system could
xist, with different hysteresis (persistence) levels (Scheffer et 
l. 2001 , Beisner et al. 2003 ) . The spatial context of regime
hifts is extremely important to explore, especially when de- 
eloping management measures (Blenckner et al. 2015 , Levin 

nd Möllmann 2015 , Selkoe et al. 2015 ). Thus, a key for a
ood understanding of regime shifts should also include a
unctual consideration of the proper spatial resolution (SI),
o avoid misleading interpretations of the results. 

The North Sea is a paradigmatic example of a large-
cale ecosystem that underwent regime shifts encompassing 
ost of its trophic web from plankton to large predatory
shes (Reid et al. 2001 , Beaugrand 2004 , Alheit et al. 2005 ,
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 

https://orcid.org/0000-0002-3019-6273
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ynam et al. 2017 ). The first documented regime shift oc-
urred in the 1980s and was attributed to large-scale cli-
atic changes including increase of temperature and changes

n hydro-climatic forces. Intense fishing pressure especially on
ome target fish species might have contributed to the regime
hift (Beaugrand 2004 , Beaugrand et al. 2019 ). The regime
hift started at the bottom of the trophic web with changes in
omposition and abundances of the phytoplankton and zoo-
lankton communities, and later affected upper trophic lev-
ls such as economically important fishes (Reid et al. 2001 ,
eaugrand et al. 2003 , Beaugrand 2004 , Ibanez et al. 2008 ,
lope et al. 2012 ). Another regime shift was detected in the
lankton community in 1996 and is associated with a decrease
n biomass and productivity of phytoplankton (Djeghri et al.
023 ). A new regime shift of the North Sea community, from
lankton to fishes, occurred in 2012 (Sguotti et al. 2022b ).
his shift was linked to increasing temperature due to climate
hanges and a reduction of fishing pressure. The fish commu-
ity completely changed in composition, with species such as
aithe and plaice becoming dominant and Atlantic cod being
ubstantially reduced (Sguotti et al. 2022b ). 

During the 1980s regime shift, North Sea Atlantic cod
 Gadus morhua) , was strongly depleted due both to overex-
loitation and the disappearance of zooplankton species that
re its main prey during the larval stage (Hislop 1996 , Beau-
rand et al. 2003 , Fernandes et al. 2020 ). Regime shifts anal-
ses conducted only on the North Sea cod stock have demon-
trated that the stock underwent regime shift dynamics char-
cterized by irreversibility as also demonstrated for the entire
cosystem. The stock is at present in a depleted state charac-
erized by low resilience, as also indicated in the community-
ide study that explored the shift in 2012 (Sguotti et al. 2018 ,
022b , Koul et al. 2021 ). The decline of Atlantic cod in the
orth Sea started around the 1980s, and the stock reached
 very low biomass level in the 2000s (Walker et al. 2018 ).
t present times (as of 2024), the stock shows limited recov-
ry compared to previous abundances (Sguotti et al. 2018 ),
till being below sustainable reference levels (ICES 2023 ) de-
pite the reduction in fishing pressure. The recovery potential
f Atlantic cod in the North Sea is low: changes in tempera-
ure due to climate change, and the reorganization of the full
rophic assemblage in the new 2012 regime shift, contribute
o the creation of hysteresis. Moreover, the temperature in-
rease is also eroding the resilience of the stock with the stock
eing at present at low resilience. Management efforts aimed
t recovery of the North Sea Cod may have been hindered by
onsidering it as a single stock. 

The consideration of a single stock unit for North Sea
od might be inappropriate since the populations inhabiting
he Southern, Northwestern, and Viking (Northeastern) ar-
as show contrasting patterns in population dynamics: an in-
rease of the population is occurring in the northern areas of
he North Sea, likely because of locally lower sea tempera-
ures, while in the warmer southern areas the species seems
o suffer (Wright et al. 2006 , Hutchinson 2008 , Engelhard et
l. 2014 , Heath et al. 2014 , Walker et al. 2018 , Romagnoni et
l. 2020 , Trifonova et al. 2021 ). Previous studies have shown
hat regime shifts can occur differently in large marine ecosys-
ems due to the heterogeneity of the area and to different pat-
erns of biotic and abiotic drivers (Fisher et al. 2015 ). In this
ight, the regime shift previously detected at the scale of the
ntire cod stock in the North Sea could have occurred differ-
ntly among the different geographical locations considered,
esulting in contrasting recovery potential and hysteresis pat-
erns, and ultimately rendering management measures applied
o the full basin mostly ineffective. In this context, manage-
ent units utilized for stock assessment have been reviewed

nd the most recent benchmark proposes a multistock assess-
ent model application (ICES 2023 ). While the inclusion of

tock structure allows specific dynamics to be captured, the
ndividual stocks’ past dynamics, their current proximity to ir-
eversible thresholds and their resilience to multiple pressures
s still unexplored. Thus, a comprehensive analysis of regime
hifts in the putative cod populations in contrast to the entire
orth Sea cod stock is fundamental to understand how recov-

ry could be enhanced, and what populations are more likely
o respond positively to management measures. 

Here, we analyse whether the three putative populations
f the cod stock [the Southern, Northwestern, and Viking
Northeastern) North Sea] underwent different dynamics (lin-
ar , nonlinear , and discontinuous), and especially regime shift
ynamics. This division has been defined based on genetic,
cological, and behavioural evidence (summarized in ICES

GNSSK report; ICES 2023 ). First, we analysed the popula-
ions’ development over time. Afterwards, we detected a num-
er of possible drivers of the changes, and we tested for regime
hifts dynamics using the stochastic cusp model, an approach
eriving from catastrophe theory. We also explored the regime
hift using alternative SI. The approach used in this investiga-
ion could result in useful hints for management purposes, as
t gives a clearer overview of the status of the populations of
od and their dynamics over time in the spatial units consid-
red, supporting the need to switch to a more effective strat-
gy to favour the recovery of Atlantic Cod in the North Sea.
ur study opens up new perspectives about the importance
f spatial heterogeneity in regime shifts and the consequences
or management measures. 

aterials and methods 

ata 

ur study aims at understanding the dynamics of Atlantic
od ( G. morhua ) in three areas of the North Sea, which are
elieved to represent three distinct populations of the stock
from now on called substocks) (ICES 2023 ). The three areas
f focus are: the Southern, Northwestern, and Viking (North-
astern), and were defined according to stock assessment re-
orts (ICES 2023 ). All the analyses described below were con-
ucted separately for the three areas in order to analyse the
ifferent substocks. We also repeated the same analyses by
ggregating together the Southern and the Northwestern area
ince, while the assessment is currently run on three units, it
s still debated whether they can be treated together or sep-
rated due to their similarities in genetic traits and habitats
ICES 2023 ) (see Supporting Information). 

od population data 
he estimates of cod abundance in the different areas were
btained using survey data (fishery-independent) coming from
he North Sea International Bottom Trawl Survey (NS-IBTS),
vailable from the International Council for the Exploration
f the Sea (ICES; DATRAS, http:// www.ices.dk/ data/ data- 
ortals/ Pages/ DATRAS.aspx ). This survey is carried out twice
 year (first and third quarters) since 1997 by ICES, but started
lready with at least one survey in quarter 1 from the 1960s,

http://www.ices.dk/data/data-portals/Pages/DATRAS.aspx
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performed using a standard otter trawl as sampling gear for 
each vessel involved. Focusing on the data presenting consis- 
tent sampling, we extracted the first quarter data (Q1, from 

January to March). We created a dataset of Catch per Unit 
of Effort (CPUE) of cod per area per year. To do so, we 
first summed specimens in every station. Then we averaged 

the CPUE per ICES statistical rectangle (which are ICES geo- 
graphical units), and finally we summed the values per area.
We restricted the dataset from 1985 to 2015 (years from 

which we had data for all the drivers). 

Biotic variables 
As biotic factors possibly related to cod dynamics, we used the 
abundance of big copepods, which included mainly Calanus 
finmarchicus and Calanus helgolandicus , since they are fun- 
damental prey items for cod larvae (Beaugrand 2004 ). Big 
copepods data came from the Continuous Plankton Record- 
ing, supplied by the Continuous Plankton Recorder program 

( www .cprsurvey .org ) (McQuatters-Gollop et al. 2015 ). The 
values were provided by ICES rectangles; thus we averaged 

them to obtain estimates of their abundance per area per year.

En vironmental dri vers 
As abiotic factors we used three environmental indices, which 

are well known to impact cod populations: sea surface tem- 
perature (SST), that was used as a proxy of climate change,
sea bottom temperature (SBT), which is most influential for 
adult cod since it is a demersal species, and Sea Surface Salinity 
(SSS), that can have an impact on a variety of fish species, even 

if direct effects on cod are not extensively reported. Data were 
available per rectangle, and we averaged all the values to ob- 
tain one estimate per area per year. These data were produced 

by the oceanographic model by Núñez-Riboni and Akimova 
(Núñez-Riboni and Akimova 2015 ). 

Fishing effort 
Finally, we checked whether different patterns of fishing effort 
could influence the dynamics of cod. Fishing effort data were 
taken from Couce et al. (2019) and covered the 31-year se- 
ries from 1985 to 2015. These data are estimates of the hours 
fished by beam and otter trawler per ICES rectangle in the 
North Sea, and are therefore a good estimate of spatial fishing 
effort (Couce et al. 2019 ). In order to obtain yearly estimates 
per area we summed the hours trawled every year per area.
Fishing mortality, considered a more direct proxy of impact of 
fisheries, is provided at substock level in the latest assessment; 
however, due to model assumptions, it may not reflect actual 
patterns of exploitation. Fishing effort was thus considered a 
more robust proxy. 

Methods 

All analyses were performed in the three areas (Southern,
Northwestern, and Viking). We applied a range of analyses 
in order to be able to detect the presence of discontinuous 
dynamics and confirm the presence of hysteresis in cod’s sub- 
stocks (Sguotti et al. 2022a ). 

First, we looked at the dynamics of Atlantic cod in the dif- 
ferent areas by plotting its survey CPUE per year, to gain a first 
overview of the three substocks considered in the analyses. 
etecting hysteresis, driver–state plot 
s a second step, in order to investigate the presence of regime

hift dynamics in each cod substock and to detect the presence
f possible hysteresis, we graphically investigated the driver–
tate plots (Bestelmeyer et al. 2011 , Sguotti et al. 2022a ). Hys-
eresis is the property for which, after a regime shift, the return
ath from the state B to the state A is different compared to the
ath that led to the shift from A to B. This means that when
he driver is removed, the state variable does not recover in
he same way as it collapsed. The driver–state plots are there-
ore the first step to identify hysteresis: if a linear relationship
as found, i.e. for every level of the driver there was just one

evel of the state variable, then the dynamic of the popula-
ion was considered linear. Conversely, if for a given level of
he driver, multiple states of the state variable exist and thus
 loop emerges, this was considered an indication of discon-
inuous dynamics, and thus a regime-shift-like behaviour (An- 
ersen et al. 2009 ). We plotted as the state variable the survey
PUE of cod in the three areas and fishing effort as the driver,
eing the most relevant driver responsible for the decrease of
he substocks (but see the section ‘Discussion’ for a better in-
erpretation) (Engelhard et al. 2014 , Sguotti et al. 2018 ). 

he stochastic cusp model 
inally, to confirm the presence of discontinuous dynamics 
e performed stochastic cusp models for each area (Thom 

977 ). The stochastic cusp model, derived from the catastro-
he theory, models the presence of a cusp bifurcation in a
tate variable depending on two control variables (Petraitis 
nd Dudgeon 2016 , Sguotti et al. 2018 , 2024 , Dakos and Kéfi
022 ). This model is increasingly applied in ecological studies
o detect regime shift dynamics following a cusp. Moreover,
t allows to statistically compare and detect three alternative 
ynamics in the system: linear, nonlinear continuous (in the 
orm of a logistic model), and nonlinear and discontinuous 
i.e. regime shift behaviour in the form of a cusp bifurcation)
Petraitis and Dudgeon 2015 , Sguotti et al. 2018 , 2024 , Möll-
ann et al. 2021 ). The model was formulated by Thom in the
970s and was enriched with a stochastic process (the Wiener
rocess) in order to make it usable in natural systems (Gras-
an et al. 2009 , Diks and Wang 2016 ). The model is based
n the differential equation: 

− V ( z t , α, β ) = −1 

4 

z 4 t + 

1 

2 

β2 
t + αz t , (1) 

where V ( z t , α, β ) is a potential function, whose slope rep-
esents the rate of change of the system (the system state vari-
ble is called Z t ), depending on the two control variables ( α,
). 
This equation is then extended with the Wiener process in

rder to render the model able to account for stochasticity: 

− δV ( z, α, β ) 
δz 

= 

(−z 3 t + βz t + α
)

d t + σz d W t = 0 . (2) 

This equation models how a state variable (z t ) abruptly
hanges depending on potential small changes of two control 
ariables ( α, β) (Grasman et al. 2009 , Petraitis and Dudgeon
015 , Diks and Wang 2016 , Sguotti et al. 2018 ). In our case,
he state variable is modelled as a function of the cod substock
bundance (survey CPUE), since our aim was to understand if
ll the three separate substocks of the North Sea present dis-
ontinuous, regime shift dynamics (Equation 3a ). Alpha is the
o-called asymmetry parameter and controls the dimension of 

http://www.cprsurvey.org
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he state variable (the transition from high to low state). In
ur study, alpha is a function of the fishing effort since fish-
ng is believed to be the main controller of the dimension of
he cod substocks (Equation 3b ). Beta is the so-called bifur-
ation parameter, that, by changing, can modify the relation-
hip between the state variable and the asymmetry parame-
er from linear to nonlinear discontinuous, and thus can in-
uce hysteresis in the interaction between the state variable
nd the asymmetry variable. In our model, beta was modelled
s a function of the environmental drivers (i.e. SST , SBT , and
SS) and the big copepods resulting in many different mod-
ls to compare (Equation 3c ). All the mentioned drivers were
reviously tested looking at possible correlations using Spear-
an’s rank-order correlation test using Hmisc R package (see
ig. S1 ) (Hollander et al. 2013 ). The stochastic cusp model
quation is then solved using the Cobb’s maximum-likelihood
ethod (Diks and Wang 2016 ). 

z t = w 0 + w 1 cod substock abundance . (3a) 

α = α0 + α1 fishing effort . (3b) 

β = β0 + β1 environmental driv er s /big copepods . (3c) 

To detect the presence of discontinuous dynamics a Car-
an’s discriminant ( δ) needs to be solved (Equation 4 ): 

δ = 27 α2 − 4 β3 . (4) 

If the Cardan discriminant is smaller than, or equal to 0,
hen the state variable follows discontinuous dynamics and
resents multiple equilibria. Instead, if it is bigger, it presents
inear dynamics. Thus, the model is able to detect different
ynamics of the system (Grasman et al. 2009 , Diks and Wang
016 , Sguotti et al. 2018 ). The model can be represented in 2D
sing a cusp plain. The cusp plain is built using the combina-
ion of the asymmetry and bifurcation variable. The combina-
ion of these two that produce a negative Cardan’s discrimi-
ant, results in the tipping point or bifurcation area. This area
orresponds to the area below the fold and is an area of low
esilience, and therefore, where the state variable could poten-
ially be highly variable (Sguotti et al. 2024 ). Finding the state
ariable in this area indicates that regime shifts have occurred
r are about to occur, but the system did not yet reach a stable
tate and thus still presents low resilience. The position of the
tate variable depends on the combination of the two control
rivers and their historical time path. If the variable does not
how regime shifts depending on the two stressors, then it will
e far away from the instability area. 
The routine automatically fits two alternative models, a lin-

ar model (Equation 5 ) and a logistic model (Equation 6 ) in
rder to provide a model comparison and test which type of
ynamic better represents the system. 

z t = g 0 + g 1 · Capacity + g 2 · SST + ε, (5) 

where g 0 is the intercept of the model, and g 1 and g 2 the
lopes coefficients of the two control variables and ε is the
ormally distributed random error (mean = 0, variance = σ 2 ). 

z t = 

1 

1 + e 
(
− α

β2 

) + ε, (6) 

where Z , α, β are canonical variables of the observed state
nd control variables defined in Equation (3) and ε is the zero
ean random disturbance. 
We fit the stochastic cusp models and then we performed a
odel selection based on four criteria (as discussed in Sguotti

t al. 2024 ) to confirm whether the data presented a cusp bi-
urcation and thus an irreversible regime shifts: 

– The pseudo R-squared [calculated as 1-(error vari-
ance/var(z)], where the error variance is defined as the
difference between the observed values and the mode of
the distribution closest to these values) had to be higher
than 0.3. 

– The corrected Akaike Information Criterion (AICc) of
the cusp model had to be lower than the AICc of the
linear model (by at least 2 units). 

– The percentage of points inside the bifurcation area had
to be more than 10% 

– The estimate of the state variable parameter had to be
significant. 

If these conditions were met then the dynamics of the sub-
tocks could be well represented by a cusp model (a discontin-
ous model representing a cusp bifurcation) (Grasman et al.
009 ). If the conditions were not met, then the substocks did
ot presented a regime shift depending on the external pres-
ures. The residuals were also plotted in order to check the
odel. Since the cusp model represents a bifurcation of the

tate variable moving from a ‘high’ state to a ‘low’ state the
esiduals plots show a bimodal distribution of the variable. 

All the analyses were performed using R Version 4.3.2 (R
ore Team 2023 ). The cusp model was performed with the

usp package (Grasman et al. 2009 ). 

esults 

ynamics of the North Sea Atlantic cod 

sing the NS-IBTS data, we reconstructed the time series of
he CPUE of three Atlantic substocks of cod in the North Sea:
orthwestern, V iking, and Southern ( Fig. 1 a). The time series
f the survey CPUE of cod showed different dynamics in the
hree substocks. Northwestern cod showed a strong decline
n CPUE around 1998 followed by relatively low abundances.
fter 2010, a recovery to almost precollapse levels occurred
t the end of the time series ( Fig. 1 b). A similar but more os-
illatory pattern can be seen for the Viking substock: cod de-
lined around 1998 as well and remained low, with a recovery
owards the end of the time series ( Fig. 1 c). In contrast, the dy-
amics of Southern cod appeared completely differently, with
he CPUE values constantly declining without showing any
ign of recovery ( Fig. 1 d). 

 ossible dr iv ers of cod dynamics in the Nor th Sea 

o compare the dynamics observed in the cod substocks
ith anthropogenic, biotic, and abiotic drivers we explored
hether differences could be noted between the time series of

he drivers in every area considered. The patterns were gener-
lly quite similar between the area of the Northwestern and
iking substocks and in some cases different for the South-
rn substock ( Fig. 2 ). For instance, while effort drastically de-
lined in the areas of the Northwestern and Viking substocks
 Fig. 2 a and b), in the Southern substock area it increased
trongly until 2000, and just then started to decline ( Fig. 2 c).

oreover, the magnitude of the effort, thus the number of
ours of trawling, was twice as high in the Southern com-
ared to the Northwestern substocks. In all the three areas

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
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Viking

Southern

(a) (b)

(c)

(d)

Northwestern

Northwestern

Viking

Southern

Figure 1. Time series of the three populations/substocks of cod in the North Sea. (a) Map of the distribution of the three different cod populations in the 
North Sea as identified by the ICES Stock Assessment Group. Time series of CPUE of (b) The Northwestern cod, (c) the Viking cod, and (d) the Southern 
cod. The line passing through the dots is the smoothed trend done by fitting a loess to better visualize the trend of the populations. In grey is the 
confidence interval of the line. 
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copepods oscillated substantially, with the highest abundances 
present in the Viking and the lowest in the Southern substocks 
areas ( Fig. 2 d–f). Finally, temperature (both surface and bot- 
tom) and salinity showed similar dynamics in all the three ar- 
eas ( Fig. 2 g–o). However, temperature was higher in the area 
occupied by the Southern substock by almost 2 

◦C. 

Driv er–stat e plots 

We applied driver–state plots using fishing effort as the driver,
since it is the driver in our study that directly influence the 
CPUE of cod. The three substocks showed different hystere- 
sis patterns according to the state–driver plot ( Fig. 3 ). The 
Northwestern cod substock and the Viking substock showed 

a sign of hysteresis, but the hysteresis loop created by the pres- 
ence of multiple levels of the state variable for the same level 
of the drivers, was closed at the end of the time series when 

the level of the survey CPUE reached past levels ( Fig. 3 a). In- 
stead, for the Southern substocks the hysteresis loop is not yet 
losed (CPUE levels lower compared to the beginning of the
ime series) and the hysteresis is strong ( Fig. 3 b and c). These
esults could indicate that the cod substocks present a range
f dynamics in the three areas, with Southern cod presenting
egime shifts, while Northwestern and Viking cod presenting 
ore linear and continuous dynamics. Identifying the preva- 

ent types of dynamics is fundamental to understand the dif-
erent recovery patterns and potential among the three sub- 
tocks. 

t oc hastic cusp models 

o finally confirm the presence of regime shifts and different
ynamics in the three cod substocks in the North Sea, we per-
ormed a number of stochastic cusp models ( Table 1 ; Figs S1 –
3 . To select the models, we used the four criteria suggested
n Sguotti et al. ( 2024 ) (and detailed in the method sections):
seudo R-squared, AICc, percentage of points inside the cusp 

rea, and significance of the estimate of the state variable

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
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Northwestern Viking Southern

1995 2000 2005 1995 2000 2005 1995 2000 2005

YearYear Year

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Figure 2. Anthropogenic biotic and abiotic drivers of cod in the three areas of the North Sea. Time series of effort (a, b, and c), big copepods (counts, d, 
e, and f), SST (g, h, and i), SBT (j, k, and l), and SSS (m, n, and o) in the three areas (Northwestern, Vikings, and South) of the North Sea. The colour of 
the lines represents the areas as reported in Fig. 1 . 
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Figure 3. Hysteresis patterns of the three cod substocks. The 
driver–state plot using as dependent variable CPUE of cod and as 
e xplanatory v ariable fishing eff ort f or the (a) Northw estern, (b) Viking, and 
(c) Southern populations. 

Table 1. Results of the stochastic cusp model. 

NW Vik South 

SST Logistic 1 Cusp 0.58 Cusp 0.54 
9.6% 38% 48% 

SSS Logistic 0.42 Cusp 0.58 Cusp 0.62 
6.4% 35% 45% 

SBT Logistic 0.36 Cusp 0.58 Cusp 0.58 
6.4% 38% 58% 

Big copepods Logistic 0.45 Cusp 0.61 Cusp 0.61 
6.4% 38% 41% 

The table shows the alternative stochastic cusp models that were performed 
for the three areas using different variables as beta (SST = sea surface tem- 
perature, SSS = sea surface salinity, and SBT = sea bottom temperature). 
The different bifurcation factors are indicated in the first column since the 
state variable and the asymmetry variable remained the same in all the mod- 
els (CPUE and effort, respectively). For each area the best pseudo-R squared 
among the three alternative models, cusp, logistic and linear, are reported 
and the % of points within the cusp area. 

Table 2. Results of the cusp models for the three areas using SST as beta. 

Parameters SST NW SST Vik SST South 

α1 −1.64 ∗ −1.76 ∗ −0.97 ∗∗

α2 0.94 ∗ 0.95 −0.37 
β1 7.47 1.19 −10.5 
β2 −0.68 0.09 1.17 ∗

w1 −1.04 ∗∗∗ −1.47 ∗∗ −1.08 ∗∗∗

w2 0.81 ∗∗∗ 0.78 ∗∗∗ 0.94 ∗∗∗

R 

2 linear 0.20 0.17 0.15 
R 

2 logistic 1 0.31 0.42 
R 

2 cusp 0.06 0.58 0.54 
%points 9.6 38 48 
deltaAIC −9 −17 −12 

Estimates of the parameters of the stochastic cusp model. α1 and α2 are 
respectively the intercept and slope of the splitting parameter depending on 
fishing. β1 and β2 are respectively the intercept and slope of the bifurcation 
parameter that changes in all the models. w1 and w2 are the intercept and the 
slope of the state variable, the abundance of cod. The significant levels of the 
estimates are indicated with a star ( ∗P < .05, ∗∗P < .005, and ∗∗∗P < .0005). 
The R 

2 are pseudo Cobb R 

2 computed to compare the model using the cusp 
formulation or a linear or a logistic model. The other criteria for the selection 
of the cusp model are also shown. The percentage of point in the cusp area 
needs to be higher than 10% for an accepted cusp model, and the deltaAIC 

needs to be lower than 0 (AIC of the cusp model smaller than AIC of the 
linear model). 
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arameter ( Table 2 ). Through these criteria, the cusp model
as selected or rejected against the alternative linear model. 
For the Northwestern substock the cusp model was always

ejected based on the pseudo R-squared and the percentage of
oints in the bifurcation area, and the best model was a logis-
ic model, thus a continuous model. This suggested that the
orthwestern substock did not undergo regime shifts repre- 

ented by a cusp bifurcation (Tables 1 and 2 , Table S1 , Fig. S1 ).
his result is in contrast with previous study on North Sea cod
tock as a whole, showing that the basin-wide stock under-
ent an irreversible regime shift. Conversely, for the Viking 

nd the Southern substocks, the cusp was systematically the 
est model (and all the criteria of the evaluation were always
assed), so discontinuous dynamics were prevalent (Tables 1 

nd 2 , Table S2 , Fig. S2 and Tables 1 and 2 , Table S3 , Fig. S3 ).
hese results indicate that while Northwestern cod did not 
ndergo regime shifts and present only continuous dynamics,
iking and Southern cod indeed underwent regime shifts (in 

he shape of a cusp model) due to fishing and the biotic and
biotic drivers. These results indicate that the dynamics are 
ifferent at different SI of the population. 
We then explored the results of the modelling approach by

lotting the models’ output (Figs 4 and 5 ). Since the output of
he different models across environmental variables were very 
imilar for the same substocks (see Figs S1 –S3 ), for simplicity,
ere we just show the results of the models using as bifurca-
ion variable SST. The output of the model shows the position
f the state variable (survey CPUE, the dots) depending on
he two control drivers. The combination of the two drivers
reates the bifurcation area (i.e. transition area), where the 
egime shifts occur (blue area in Fig. 4 ). This area corresponds
o the area below the fold ( Fig. 5 ), in which three equilibria
re possible. State variables that are inside this area present a
ery low resilience, i.e. are at risk of new transitions (Grasman
t al. 2009 , Sguotti et al. 2018 ). A given combination of the
wo control drivers could provide three levels of state variable
the survey CPUE), and the realised one depends on the pre-
ious position, i.e the historical trajectory. The state variable
an move in or out of the area or can be far away, depending

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
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Figure 4. The stochastic cusp models. Output of the stochastic cusp models for (a) the Northwestern substock, (b) the Viking, and (c) the Southern 
substock. On the x -axis, the asymmetry variable, fishing capacity expressed in hours and scaled. On the y -axis, the bifurcation factors in this case SST. 
The blue shaded area corresponds to the inst abilit y area, the area where three equilibria of the systems are present: two stable and one unstable. The 
dimension of the dots is proportional to the CPUE of the cod population (big dot = high CPUE, small dots = low CPUE). 
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n whether it presents regime shifts or not. The Northwest-
rn substock was close to the tipping point (partially inside
he blue area) around the 1990s, but the immediate decline of
shing effort coupled with an increase in SST and in general
f the other drivers, pushed the stock away from the tipping
oint into a stable and resilient (far away from the bifurca-
ion area) state ( Fig. 4 a). Therefore, the plot confirms that
his substock did not undergo a regime shift. Moreover, the
ubstock has recently shown a recovery towards past levels.
he Viking substock crossed a tipping point in 2000 (before it
as inside the bifurcation area and in 2000 exited the tipping
oint). Nonetheless, the decline of fishing and the increase of
ST allowed the substocks to move away from the bifurca-
ion area and become more resilient. ( Fig. 4 b, small dots out-
ide the area). The stocks is also recovering towards past lev-
ls. The difference between the Viking and the Northwestern
ubstocks is that in the former, discontinuous dynamics were
ighlighted (since generally the best model was a model with
ifurcation). Therefore, to eventually be able to return to the
ame state as before (i.e. in this case, reach the highest biomass
evel) a further decline of fishing should be applied, and fish-
ng should drop far below past and current levels to be able
o induce a new tipping point. Instead, since Northwestern
od shows continuous dynamics, management actions could
till bring the population back towards the highest past abun-
ances. Finally, the Southern substock showed a very different
ituation. Here, the system underwent a regime shift and al-
ays presented a low resilience to fishing and temperature or
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(a) (b)

(c)

Figure 5. Stochastic cusp model representation for (a) the Northwestern North Sea cod, (b) the Viking North Sea cod, and (c) the Southern North Sea 
cod. 3D representation of the cusp model, where North Sea Cod CPUE (state variable) depends on the two variables: fishing capacity (expressed in 
hours and scaled) representing the asymmetry variable ( α), and SST, representing the bifurcation variable ( β). The representation are a summary of the 
model output presented in Fig. 4 . The discontinuous path pictured within the folding area represents unstable equilibria, also visible in the grey area of 
the 2D projection. The (a) blue and light blue, (b) orange and red, and (c) dark green and lights green circles represent the CPUE respectively of 
Northwestern, Viking, and Southern cod at the beginning and at the end of the time series to show the de v elopment. T he arro w sho ws the ‘trajectories’ 
of the substocks on the 3D cusp plain and the 2D projection. The effect of temperature depends on the results of the modelling approach ( Fig. 4 ) and is 
represented by a blue–red gradient. For Northwestern substock, temperature increase push the stock to w ards a resilient state, while for Viking and 
Southern is the opposite. The effect of fishing is represented by the yellow to red gradient. In all the stocks fishing has declined over the last decades. 
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the other drivers going in and out the bifurcation area (the 
blue area). This substock presents low resilience, and a low 

CPUE state ( Fig. 4 c, small green dots). Thus, for this substock 

no return to previous condition seems possible since it under- 
went a regime shift and is negatively affected by ongoing tem- 
perature increase. Moreover, being this substock stuck deep 

under the fold, it is expected that it will not respond to man- 
agement measures (reduction in fishing pressure) with any ma- 
jor increase in biomass, least so with a return to the previous 
stable state. 

Discussion 

In this study we applied different techniques, from driver–
state plots to the stochastic cusp model to investigate whether 
regime shifts can be found in three substocks of Atlantic cod 

in the North Sea depending on a range of external drivers.
This study explores an urgent question, because the stock 

of Atlantic cod in the North Sea has been considered as a 
single unit from a management point of view until very re- 
cently (Hutchinson 2008 , Heath et al. 2014 , Fisher et al. 2015 ,
Walker et al. 2018 ), despite growing evidence of the presence 
of multiple units with diverse dynamics and ecology (Heath 

et al. 2014 ). Recently, the management unit has undergone 
 review process, and it was proposed to split it into three
ubstocks, consistent with genetics and ecological evidence 
Heath et al. 2014 ), in the attempt to provide more accurate
anagement measures (ICES 2023 ). A clear understanding 
f the presence of regime shifts in the three units however,
ould not yet be determined in a structural way (Fredslund
023 ). Our results clearly and unequivocally show that the
hree substocks of cod indeed experienced contrasting dynam- 
cs ( Fig. 5 ). While all the substocks showed evident CPUE de-
line around the year 2000, the dynamics of the decline and
he recovery are very different between substocks. The North- 
estern substock presents nonlinear but continuous dynam- 

cs (i.e. not regime shifts) while the Viking and the Southern
ubstocks show regime shift dynamics. This difference is fun- 
amental from a management point of view since it indicates
hat contrasting recovery patterns might be found among the 
hree substocks. When sustainably managed, the Northwest- 
rn substock could be able to return to previous highest abun-
ances: the continuous dynamics identified indicate that if the 
river of change, and in particular fishing, is reverted, the pop-
lation can potentially return to the past state (Andersen et al.
009 , Selkoe et al. 2015 ). At the moment, in fact, the North-
estern substock shows encouraging signs of recovery (Dulvy 

t al. 2008 , Engelhard et al. 2014 , Beukhof et al. 2019 , ICES
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023 ), with the latest assessment showing a rise in Spawning
tock Biomass (SSB) above the Maximum Sustainable Yield
MSY) threshold (ICES 2023 ). 

Different is instead the fate of the Viking and Southern sub-
tocks. These two units present discontinuous dynamics and
nderwent regime shifts, thus hysteresis hinders the recovery
owards the previous state, and the substocks will likely be
rapped in a new state in the immediate future. Still, impor-
ant differences can be found between the two substocks. The
iking cod is resilient to low fishing and to the other drivers:

his means that its dynamics are expected to be more stable,
nd thus easier to manage in order to maintain it a stable level.
n the last years of the analyses, this substock shows encourag-
ng signs of recovery even if it is still far away from the previ-
us highest biomass. Therefore, if fishing will decline even fur-
her (far below past and current levels), the Viking population
hould be able to remain robust and stable in the face of other
xternal stressors, such as temperature and could potentially
ncrease. The recent stock assessment for Viking cod show an
greement with our results. Indeed, fishing pressure did not
ecline further and thus the stock has further declined and it
s far below the level reached in 2015 (last year of our study).
nstead, the Southern substock shows a very low resilience to
xternal drivers and is thus more unstable. Even when regu-
ating fishing pressure, stock size will fluctuate due to changes
n environmental stressors. Managing this stock that is neither
obust nor stable will be very challenging and, in fact, man-
gement measures have proven so far ineffective (Drinkwater
005 , Engelhard et al. 2014 , Beukhof et al. 2019 ). While our
nalyses show the presence of regime shifts in the Southern
nd Viking substocks, the modelling approach is not able to
echanistically explain how the regime shift occurred. Possi-
le mechanisms could be linked with recruitment failure due
o changes in available food, predation, or competitions me-
iated by climate change and especially, temperature increase
Sguotti et al. 2022b , Blöcker et al. 2023 ). Consequences of
shing such as truncated age and size in populations or Allee
ffects could also act as possible mechanisms of the regime
hifts. 

Notably, our results complement and advance the analy-
is on regime shifts in the recruitment productivity of the
hree substocks performed at the latest Benchmark meeting
Fredslund 2023 ) to identify the emergence of novel recruit-
ent regimes. Our detailed investigation on the drivers of

he regime shifts following the methodological guidelines of
guotti et al. ( 2022b ), confers a more robust understanding of
he occurrence of regime shifts in the three substocks showing
hat eventually the Northwestern population did not undergo
 regime shift characterized by hysteresis but rather a contin-
ous, nonlinear dynamic defined as phase shift (Sguotti et al.
022a ). 
Even if the three substocks show contrasting patterns, the

rends of the drivers used as bifurcation factors and impact-
ng them are rather similar. Indeed, similarities can be seen
n the trends of temperature (both surface and bottom) with
teady increase, but also in the time series of copepods and
alinity. The magnitude of the drivers is, however, different in
he three areas. The average SST in the Southern North Sea is
 

◦C higher compared to temperature in the Northern areas.
his indicates that Southern cod is exposed to higher temper-
tures that are closer to the maximum thermal tolerance of
he species, as well known from previous studies (Drinkwa-
er 2005 , Pörtner et al. 2008 , Pörtner and Peck 2010 , Righton
t al. 2010 , Butzin and Pörtner 2016 ). Temperature can di-
ectly act on cod through changes in recruitment or growth,
r indirectly by changing the time or occurrence of their preys
Kempf et al. 1870 , Pörtner et al. 2008 , Olsen et al. 2011 ,
utzin and Pörtner 2016 , Sguotti et al. 2018 ). Therefore, the
nvironment in the Southern North Sea is more hostile for cod
ompared to the other areas (Engelhard et al. 2014 , Akimova
t al. 2019 ). Instead, temperature in the Northern North Sea is
urther away from the maximum thermal tolerance for cod, al-
owing it to thrive and recover (Righton et al. 2010 , Butzin and
örtner 2016 ). Moreover, cod seems to exploit deeper, colder
nd more stable areas in the Northern North Sea, which may
ct as refugia, that are not available in the shallow Southern
orth Sea (Neat et al. 2014 ). The quantities of large cope-
ods are also lower in the Southern North Sea compared to
he other areas. Being large copepods fundamental prey for
od larvae, the low abundances might represent another lim-
ting factor for the Southern substock (Beaugrand et al. 2003 ).

Fishing effort is the other driver that presents different
rends among the three areas. Indeed, fishing effort has been
igher in the Southern North Sea for centuries and this could
ave chronically impacted fish populations since longer times,
gain causing the southern population to be less resilient from
ther stressors (Engelhard 2009 , Couce et al. 2019 ). Similar
atterns of recovery and disappearance can be found in shark
nd ray populations, that are absent or extirpated from the
outhern North Sea but are showing recovery in the North-
rn areas (Perry et al. 2005 , Dulvy et al. 2008 , Sguotti et al.
016 ), arguably because of the difference in fishing pressure
n the two areas. Thus, past fishing trends could have a strong
ffect on fish population dynamics even in the present, and,
oupled with environmental drivers and community changes,
ause the presence of discontinuous dynamics of cod at lower
atitudes in the North Sea. 

Our study presents some limitations that need to be taken
nto account when interpreting the results. First of all, the res-
lution of the substocks in the North Sea used in our study
s not univocal. The latest cod stock benchmark (Fredslund
023 ) recognizes connectivity between the Northwestern area
nd the West of Scotland population, which we have not in-
luded in our study. Our distribution follows the North Sea
tock subdivision that has been proposed in the latest assess-
ent available at the time of writing (ICES 2023 ), but lim-

ted to North Sea proper. A further confirmation of the pres-
nce of spatial regime shift and the importance of scale de-
ives from consideration about alternative substock resolu-
ion: in fact, it has been debated whether the Southern and
orthwestern substocks should be considered separately or

s one unit, given their genetic homogeneity (ICES 2023 ). For
his reason, we repeated the analyses also considering just two
ubstocks instead of three (i.e. merging these two units), and
e showed that the emergent dynamics are masked if we ag-

regate these substocks together since the two areas present
pposite dynamics ( Tables S5C –S8C , Table 4 ). Indeed, the
arge substock (‘Dogger’ substock in the literature) presents
o recovery, strong hysteresis, and discontinuous dynamics
 Figs S5C –S8C , Table 4 ). This indicates that the dynamics of
he larger Dogger substock match the dynamics of the South-
rn substock, but completely masks the positive status of the
orthwestern substock evidenced by our results. Our study

hus reveals that the use of three substocks, matching the rec-
gnized structure for assessment, allows to better highlight
nd unmask contrasting dynamics that might be useful for

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf021#supplementary-data
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management compared to the utilization of a single stock unit 
for all the North Sea proper. Indeed, Sguotti et al. ( 2018 ) doc- 
umented a regime shift characterized by hysteresis and with 

low recovery potential for the whole stock of Atlantic cod in 

the North Sea, that however masked important and contrast- 
ing spatial dynamics. 

Another bias lies in the use of fishing effort instead of fish- 
ing mortality as driver of the substock. The most recent stock 

assessment reports provide values of fishing mortality (F) per 
substock, highlighting however that, at the moment, these are 
not reliable. Therefore, the only available driver that we had 

that was spatially resolved and for which we had data from 

1985 until present was fishing effort. This indicator is addi- 
tionally limited by the fact that fishing pressure is the result 
of hours of fishing of beam trawls and otter trawls (Couce et 
al. 2019 ). Cod is not targeted by beam trawls and is also not 
always the target of otter trawls. However, using this nonspe- 
cific fishing pressure, we capture both direct (extraction) and 

indirect effects of fishing such as bycatch and habitat destruc- 
tion that can impact the cod substocks (Jennings et al. 1998 ,
Halpern et al. 2015 ). Another possible issue could be caused 

by the mixing between substocks. Cod is a mobile species and 

substocks are known to intermingle in feeding grounds, to 

then migrate to the respective areas during the spawning sea- 
son. To limit this problem, we selected IBTS data from Quar- 
ter 1 (winter), a season in which mixing between the substocks 
should be very limited due to the spawning migration taking 
place, so that each stock is restricted to its respective repro- 
duction areas. Finally, some inherent bias resides in the use of 
the stochastic cusp model. Indeed, this model, as generally all 
statistical models, entails a simplification of reality, but can 

nonetheless provide important information about contrasting 
dynamics and detect regime shifts occurring in the form of a 
cusp bifurcation (Sguotti et al. 2018 , Dakos and Kéfi 2022 ).
Moreover, both state–driver plots and the cusp model con- 
firmed and contributed to explain the results obtained, con- 
ferring robustness to the conclusions. 

How can these results be useful for management? Here we 
show, aligning with the existing literature but from a novel 
point of view and approach, that considering just one stock of 
Atlantic cod for the whole North Sea might lead to incorrect 
assumptions, which may result in inappropriate management 
measures since the three substocks of cod show contrasting 
dynamics and recovery potential. Our results align with, and 

support the conclusions of the latest ICES benchmark (2023) 
(Fredslund 2023 ). We highlight that separated management 
should be applied in the three areas considering that, based 

on our analysis, the Northwestern cod could potentially re- 
cover to previous high abundances with the current reduc- 
tion of fishing, Viking cod should be managed even in a more 
precautionary way to avoid declines and to improve biomass; 
and Southern cod appears to be in state that is difficult to re- 
cover from even through accurate management measures due 
to the low resilience it exhibits to the current stressors. These 
results are confirmed by the present state of the substocks, as 
evidenced by the latest ICES advices. These dynamics could 

create conflict among the fishers, potentially inducing spatial 
redistribution of fisheries from the Southern part of the North 

Sea to the northern, or changes of target species (Pinsky and 

Fogarty 2012 , Pinsky et al. 2018 , Rogers et al. 2019 ). 
Our study highlights the importance of looking at regime 

shifts from a spatial point of view, and how contrasting dy- 
namics can emerge at different SIs (Fisher et al. 2015 , Rocha 
t al. 2018 ). It shows the difficulty of detecting regime shifts es-
ecially in large marine ecosystems that can present a variety
f habitats, communities, and anthropogenic impacts. More 
esearch is needed to understand how to tackle the problem
f spatial heterogeneity in regime shift science and to under-
tand which scales are meaningful to use for management ap-
roaches (Sguotti et al. 2022a ). Our analyses revealed that us-
ng smaller management units in the case of the North Sea
elped to unravel important patterns that might be useful for
anagement. Understanding the impact of regime shifts on in- 
ividual species and populations is important in order to en-
ble meaningful and effective management measures (Blenck- 
er et al. 2015 , Levin and Möllmann 2015 , Selkoe et al. 2015 ,
hrush et al. 2016 ). New avenues should be pursued to make
egime shifts science more applicable for management and to 

ntegrate it in policy frameworks (Sguotti et al. 2022a ). 
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