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Tipping point realized in cod fishery

Christian Méllmann'*?, Xochitl Cormon?, Steffen Funk?, Saskia A. Otto?, J6rn O. Schmidt?3,
Heike Schwermer'?, Camilla Sqguotti!, Rudi Voss%* & Martin Quaas*

Understanding tipping point dynamics in harvested ecosystems is of crucial importance for
sustainable resource management because ignoring their existence imperils social-ecological systems
that depend on them. Fisheries collapses provide the best known examples for realizing tipping points
with catastrophic ecological, economic and social consequences. However, present-day fisheries
management systems still largely ignore the potential of their resources to exhibit such abrupt
changes towards irreversible low productive states. Using a combination of statistical changepoint
analysis and stochastic cusp modelling, here we show that Western Baltic cod is beyond such a tipping
point caused by unsustainable exploitation levels that failed to account for changing environmental
conditions. Furthermore, climate change stabilizes a novel and likely irreversible low productivity
state of this fish stock that is not adapted to a fast warming environment. We hence argue that
ignorance of non-linear resource dynamics has caused the demise of an economically and culturally
important social-ecological system which calls for better adaptation of fisheries systems to climate
change.

The potential existence of tipping points in dynamic systems is an active field of research because they imply
unexpected and sudden changes that are difficult or even impossible to reverse. Understanding processes lead-
ing to tipping points is also of crucial importance for fisheries management since ignoring such non-linear and
discontinuous dynamics can cause unexpected collapses of ecologically, culturally and economically important
resources®, and may render subsequent recovery efforts unsuccessful’. However, present-day fisheries manage-
ment systems still largely ignore the potential of their resources to exhibit such abrupt changes towards irrevers-
ible low productive states>®. Here we provide multiple lines of evidence to show that the ongoing demise of the
fisheries on Western Baltic cod (Gadus morhua) occurs because this fish stock is beyond a tipping point caused
by unsustainable exploitation levels.

The social-ecological fisheries system (SEFS) of the German Western Baltic Sea consists of a fishing fleet of a
few fresh-fish cutter trawlers (< 24 m in length) but is dominated by c. 1100 small boats (4-10 m in length) that
operate gillnets within sight of the coast”. This small-scale fishing fleet is responsible for only 4% of the entire Ger-
man catches, but has a considerable socio-cultural value for local coastal communities as well as socio-economic
importance as it supports local employment and attracts tourism to the area”®. This SEFS is presently at the brink
of a collapse. Catches of the main resource species cod (Gadus morhua) decreased dramatically to less than 10%
of those during the late 1990s (Fig. 1a), causing overall landed value to diminish (Supplementary Fig. S1). Con-
sequently, a dramatic and ongoing demise of the fleet is observed with a 50% reduction of the number of fishing
boats (Fig. 1b). A further symptom for the ongoing transformation of the SEFS is an increased importance of
the recreational fishing sector which nowadays contributes up to>50% of the entire catches (Supplementary
Fig. S2), posing additional threat to traditional fishing livelihoods.

An important obstacle towards halting the unsustainable development of the Western Baltic cod SEFS is large
uncertainty in the assessment of the state and dynamics of the fish stock and a poor performance of the fisheries
governance system. For example, updated input data for the stock assessment after 2014 changed estimates of
spawning stock biomass (SSB) from being above the critical biomass level (MSY Byg,..; Supplementary Table S1)
to a size where reproductive success is impaired (By;,,) (Fig. 1¢). Equivalently, the perception of exploitation
pressure changed from fishing mortalities (F) being close to the present management target (Fysy; F leading to
maximum sustainable yield) to be almost at the level where the stock is considered endangered (Fi;,,) (Fig. 1d).
Only recently, EU management was able to reduce F into the target range given by the multiannual management
plan’®. Further uncertainty lies in the ability to anticipate future stock trajectories needed for setting total allow-
able catches (TAC). Since 2013, predictions of SSB were partly more than 60% higher of what was subsequently
observed (Fig. le). Eventually, the EU fisheries management system failed to halt the demise of the stock by
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Figure 1. The demise of the Western Baltic cod fishery and challenges to the governance system. (a) Catches
divided into commercial and recreational fisheries landings as well as discards™. (b) Size of the German coastal
gillnetter fleet. (c) Comparison of SSB from stock assessments in years 2008-2019; years indicate assessment
years; red solid horizontal line indicates present biomass reference level MSY By;,,.; red dashed horizontal

line indicates biomass reference level By, indicating impaired reproductive success. (d) Comparison of fishing
mortality estimates (F) from stock assessments in years 2008-2019; years indicate assessment years; red solid
horizontal line indicates present F management target Fysy; grey shaded area represents F management range;
red dashed horizontal line indicates former precautionary F reference level E,,,. (e) Deviations of realized
spawning stock biomass (SSB) from predictions two years before. (f) Total allowable catches (TAC) agreed by
the EU council of minister. (g) Governance system performance evaluated by comparing TAC and advice. (h)
Governance system performance evaluated by comparing TAC and realized landings by the fishery. Data in (a),
(f), (g) and (h) from"; data in c derived from the German Federal Office of Agriculture and Food (BLE), www.
ble.de; for data in (c), (d), and (e) see Supplementary Methods S1.

setting TACs (Fig. 1f) constantly higher than scientifically advised (Fig. 1g). Moreover realized landings were gen-
erally far below the TAC (Fig. 1h) indicating too high, unbinding quotas and hence a largely unregulated fishery.

We can hence conclude that we find the Western Baltic cod SEFS in a state of collapse and fisheries manage-
ment failed to protect this now endangered resource species important for the sustainable development of the
German Baltic coastal community. We here argue that these failures in the governance system are symptoms of a
tipping point realized in Western Baltic cod stock dynamics. Tipping points are related to the concept of regime
shifts characterized by abrupt changes in temporal developments as well as structural changes in the internal
functioning of a system that are difficult or even impossible to revert'®-'2. We here provide evidence that dur-
ing the early 2000s Western Baltic cod has realized a tipping point to a low productive state that was caused by
recruitment overfishing and is stabilized by ongoing climate change.

Results
Abrupt changes and regimes in Western Baltic cod. A first order indicator for regime shifts in a
dynamic system such as an exploited fish stock is the occurrence of abrupt changes'®'*'¢. We tested for abrupt
changes in time series of Western Baltic cod spawning stock biomass (i.e., SSB), recruitment (R; the number of
age 1 individuals entering the fishable stock or initial year-class strength) and R/SSB (an index for the productiv-
ity of the stock) using statistical change point analysis (see “Methods”). The analysis indicated abrupt changes
in all three variables separating four distinct regimes (Supplementary Table S2). Intermediate regime 2 and the
recent regime 4 show low values of SSB, R and R/SSB (Fig. 2a-c), indicating stock collapses because stock sizes
(i.e., SSB) are close or even below By, the level at which reproductive capacity is impaired (Supplementary
Table S1). Our analyses furthermore revealed that abrupt changes in stock productivity (R/SSB) always occurred
earlier than those of SSB and R, which largely changed in parallel (only the shift in R to regime 4 preceded the
change in SSB). Overall, we find the historical development of Western Baltic cod to be characterized by multiple
abrupt changes indicating regime shift dynamics. More importantly, we see that the fish stock is likely nowadays
locked in a historically unproductive state that has its roots in the early 2000s.

We subsequently analysed the role unsustainable fishing levels potentially played in the demise of the Western
Baltic cod stock, and related regimes suggested by changepoint analysis to respective levels of fishing pressure
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Figure 2. Abrupt changes and regimes in Western Baltic cod. (a) Spawning Stock Biomass (SSB); red solid
horizontal line represent the biomass reference level MSY B,,,.,; red dashed horizontal lines indicates biomass
reference level By, indicating danger of collapse; points size scaled to fishing mortality. (b) Recruitment (R)

to the stock, i.e. year-class strength at age 1; point size scaled to SSB. (c) Productivity of the stock, i.e. R/SSB;
point size scaled to SSB. (d) Fishing mortality (F); red solid horizontal lines indicate present F management
target Fysy; grey shaded area represents F management range; red dashed horizontal line indicates former
precautionary F reference level F,,; point size scaled to SSB (e) Fishing mortality relative to recruitment (F/R);
point size scaled to SSB. (f) Summary of regime dynamics, point size represents mean of SSB regime periods
(see Fig. 1a) with the highest value of a variable scaled to 1; grey shaded area represents recent Regime 4 (see
Fig. 1a). Years in a-c indicate major changepoint years. Vertical and dashed lines indicate SSB regimes; vertical
dotted lines indicate R regimes in b and R/SSB regimes in c.

(Fig. 2d-f). Annual fishing mortalities (F) were generally excessively high (mainly > 1.0, especially during regime
2; Fig. 2d), which translates into annual exploitation rates of > 100% of SSB (indicating additional fishing pres-
sure on immature parts of the population). A simple visual analysis shows that variability in F can explain the
dynamics of SSB for the first three regimes, but not for the present low productivity regime (Fig. 2d). Recent
regime 4 is characterized by Fs similar to regime 1, while the SSB level is way lower. Even record low F values in
recent years (2016-2018) did not lead to an increase in SSB.

The lack of Western Baltic cod recovery shows an apparent disconnect between the pressure regulated by
management (F) and the stock size variable (SSB). In regime shift theory such a change in a pressure-state rela-
tionship is assumed to be due to a third influential variable gaining importance'®!*. We here hypothesize that the
prevailing unusual low productivity of the stock is responsible for the apparently vanishing importance of E. We
hence normalised the original fishing pressure measure (F) by annual year-class strength (R), demonstrating that
when accounting for the decrease in the annual production of incoming individuals, fishing pressure is effectively
not declining (Fig. 2e). Rather, F/R better explains overall SSB dynamics and especially demonstrates that fish-
ing pressure during the recent regime is on average record high when considering the existing low productivity
state. Altogether, our changepoint analysis and the visual inspection of regimes revealed that the recent demise
of the cod stock is due to unprecedented low productivity and year-class strength of the stock in parallel to the
highest fishing pressure indicated by F/R (Fig. 2f).

Breakpoints in Western Baltic cod stock functioning. A second indication for regime shift dynamics
to be at play are non-stationary relationships in the functioning of a system'>!”!8, We hence conducted a break-
point analysis in important bivariate functional relationships governing the dynamics of the Western Baltic cod
stock (Fig. 3). We here made a distinction between changepoint analysis that test for a change in a time-series
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Figure 3. Breakpoints in Western Baltic cod stock functioning. (a) Apparent hysteresis in the relationship
between spawning stock biomass (SSB) and fishing mortality (F); red vertical and horizontal lines indicate
biomass reference level By, and fishing mortality (F) reference point Fyy; vertical grey shaded area represents
F management range. (b) Effect of scaled exploitation pressure, i.e. fishing mortality relative to recruitment (R,
i.e. year-class strength at age 1) on SSB; horizontal line indicates biomass reference level By,,; black dashed line
indicates alternative linear model (fitted to the data excluding 2007 and 2015 considered as outliers). (c) Effect
of SSB on R; red vertical and horizontal lines indicate biomass reference level By, (d) Effect of sea surface
temperature (SST) on R. (e) Effect of SSB on productivity (R/SSB). (f) Effect of SST on productivity; black
dashed line indicates alternative spline model. Coloured points and lines indicate regime-dependent linear
models from breakpoint analysis.

(see above) and breakpoint analysis that tests for a break in the relationship between two time-series (see “Meth-
0ds”) We found significant breakpoints in all six functional relationships we investigated, providing additional
evidence for regime shift dynamics to govern Western Baltic cod stock development (Supplementary Table S2).

Breakpoints in the relationship between spawning stock biomass (SSB) and fishing mortality (F) display the
same decadal pattern we observed in the changepoint analysis of SSB time-series (Fig. 2a), separating two regimes
with high stock levels (1970-1985 and 1994-2007) from two low SSB periods (1986-1993 and 2008-2018)
(Fig. 3a). Our analysis revealed that F is negatively related to SSB during the first half of the entire observation
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period. However, since the mid-1990s and especially in regime 4, we find F to be decoupled from the SSB devel-
opment supporting our visual inspection of time-series patterns above (Fig. 2). The F-SSB relationship hence
apparently indicates a strong hysteresis effect of the Western Baltic cod stock size to the reduction in F, a typical
characteristic for systems underlying regime shift dynamics'®!*!®. However, validating our visual inspection
of Western Baltic cod time-series (Fig. 2), a different appreciation of the response of SSB to fishing pressure is
achieved when scaling F to year-class strength, i.e. recruitment (F/R) (Fig. 3b). Our breakpoint analysis revealed
four periods with variable but largely negative effects of F/R on SSB (Fig. 3b, Supplementary Fig. S3). But, over
the entire observation period a clear negative effect of F/R is suggested (indicated by a linear regression line in
Fig. 3b). Especially in many years of the recent regime (e.g. 2017 and 2018) exceptionally high F/R fishing pres-
sures were related to unsustainably and dangerously low SSB levels (i.e. below By,,). Our analysis hence reassures
findings above that the apparent hysteresis in the relationship between SSB and F is the result of a drastically
reduced productivity of the stock which becomes evident when scaling the fishing mortality F to year-class
strength (i.e. R).

In a second set of breakpoint analyses we investigated the effects of SSB on R (i.e. the classical stock-recruit-
ment relationship in fisheries science', but also the effect of ocean warming through climate change represented
by sea surface temperature (SST). We found only one breakpoint in both functional relationships, separating a
longer period with lower R since the late 1970s/early 1980s from the years before (Fig. 3c,d). Since this break-
point, the relationship between R and SSB remained strongly linear lacking the typical density-dependent decline
in R at high SSB as suggested by traditional models used in fisheries science (e.g. Ricker and Beverton-Holt
models)'®. Moreover, the SSB-R relationship suggests that especially since c. 2000, low R is associated to stock
sizes too low (SSB partly below By,,) to produce larger year-classes which would be needed for the recovery of
the stock (Fig. 3¢). Contrary to SSB, we found a weakly positive effect of SST on R before the breakpoint, while
afterwards constant warming seemed to have an increasingly negative effect on year-class strength (Fig. 3d).
Together both relationships unveil how record low SSB and highest temperatures (recorded at the end of the
assessment period) are related to the recently low R regime, suggesting a cumulative effect of fishing and climate
change to be responsible for the present lock-in of the stock in an unsustainable state.

Eventually, we investigated breakpoints in the functional relationships between R/SSB (as an index of stock
productivity) and both SSB and SST (Fig. 3e,f). We again found three breakpoints separating four regimes in the
functioning of the Western Baltic cod stock. Over the entire observation period productivity (R/SSB) showed
a weak and variable relationship to SSB and remained recently generally low at low stock sizes (Fig. 3e). Hence,
there seems to be generally no overall density-dependent compensation in this cod population, i.e. no increase
in R/SSB in response to declining SSB, that would be necessary for a recovery of the stock (Fig. 3e). Such a lack
of a compensatory response is especially visible during the last period (since the late 1990s) where low R/SSB is
associated with low stock biomass (i.e. SSB). In parallel, we observed that overall SST has a bell-shaped effect on
productivity (again with the exception of the intermediate higher SSB period), but a linear negative relationship
since the late 1990s where lowest productivity is associated with the highest temperatures during the assessment
period (Fig. 3f). Our analyses of functional relationships of R/SSB hence revealed that the recent increase in
temperatures likely strongly decreased the productivity of the stock preventing a compensatory response to low
SSB that would be needed for a recovery of the Western Baltic cod stock.

In toto, our analysis of breakpoints in functional relationships provided further evidence for regime shift
dynamics in the Western Baltic cod stock. Moreover, our analysis indicates that a decrease in productivity since
the late 1990s is likely initiated by a reduction in SSB due to unsustainable fishing pressures during almost the
entire observation period (with generally F>1.0). Nowadays, fishing pressure is still too high for the existing
reproductive potential and additionally warming of the Western Baltic Sea in response to climate change con-
tributes to a lock-in of the stock in a low productivity regime.

Hysteresis and stable states in Western Baltic cod. The ultimate evidence for regime shifts in a
dynamic system is the demonstration of the existence of alternative stable states, a goal which is generally dif-
ficult to achieve with empirical data only'®'*!>8, An approach to evaluate stability patterns from empirical data
is stochastic cusp modelling (SCM)*. SCM is based on catastrophe theory, popular in the 1970s*"?2, but recently
rediscovered in a number of research fields**=*' including fisheries science®*2 The cusp is one of seven geometric
elements in catastrophe theory and represents a 3D surface combining linear and non-linear responses of a state
variable to one control variable (called the asymmetry variable) modulated by a second so-called bifurcation
variable?! (see “Methods” and Supplementary Fig. S4). In SCM the cusp is represented by a potential func-
tion that can be fit to data using the method of moments and maximum likelihood estimators, and the state,
asymmetry and bifurcation are canonical variables fit themselves using linear models of observed quantities®.
Importantly, using SCM we can identify hysteresis by distinguishing between unstable (in fact bistable) and
stable states in the dynamics of the cod stock using a statistic called Cardan’s discriminant (see “Methods”).
Bistable dynamics exist in the non-linear part of the cusp under the folded curve, where the state variable can flip
between the upper and lower shield, also called the cusp area (shaded in light blue in the 3D—Supplementary
Fig. S4—and 2D representations of the model surface; Fig. 4a). Outside the cusp area the system is assumed to
be stable which indicates a high degree of irreversibility (i.e. hysteresis). As suggested in the SCM literature, we
conducted a comprehensive model validation that revealed our fitted SCM to be superior to alternative linear
and logistic models, explaining a large portion of the variability in the data and fulfilling additional criteria for
this model type to be valid®® (see “Methods” and Supplementary Table S4).

In our analysis of Western Baltic cod we modelled the dynamics of the state variable as a function of spawning
stock biomass (SSB), and the asymmetry and bifurcation variables were fit to time-series of our updated measure
of fishing pressure F/R (that adjusts the fishing mortality F to recruitment R; see above) and SST, respectively. Our
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Figure 4. Hysteresis and stable states in Western Baltic cod. (a) Effect of scaled exploitation pressure, i.e. fishing
mortality (F) relative to recruitment (R, i.e. year-class strength at age 1), and sea surface temperature (SST)

on spawning stock biomass (SSB; points scaled to predictions from stochastic cusp modelling); grey shaded
polygon indicates the cusp area where bistability of the system exists. (b) Time-series on observed (grey dashed
line) and predicted SSB (points and black solid line) from stochastic cusp modelling; horizontal coloured bars
indicate SSB regimes (see Fig. 1). In (a) and (b) red points indicate the system to be in the bistable cusp area (see
polygon in a) and black points indicate a stable system, outside the cusp area.

model setup is based on the results of the previous change- and breakpoint analyses that indicated the importance
of F/R and ocean warming of the Western Baltic Sea (represented by SST) for local cod regime dynamics. The
model setup hence bears the assumption that SST can alter the relationship between F/R and SSB from linear to
non-linear and vice versa (Supplementary Fig. S4).

Projecting the 3D SCM surface on a 2D plain (Supplementary Fig. S1) demonstrates how the interaction
between our updated measure of fishing pressure (F/R) and warming (indicated by SST) caused a lock-in of
Western Baltic cod in a low and unsustainable SSB state (Fig. 4). Our fitted SCM suggests that warming alters
the relationship between SSB and F/R from non-linear discontinuous (at the lower left part of the state space)
towards linear and continuous (towards the upper right part of the state space) (Fig. 4a). The first collapse of SSB
in the mid 1980s and the intermediate recovery during the mid 1990s occurred when cod stock dynamics can be
assumed unstable, i.e. the state variable resided in the bistable cusp area (grey shaded area in Fig. 4a and indicated
by red dots in Fig. 4b). Similarly, the stock collapsed again during the late 1990s, but now moving progressively
into a state of increasing stability (i.e. the distance of the black dots from the cusp area is increasing in Fig. 4a).
The stability of the recent collapsed and depleted state is hence caused by excessive fishing pressure for the level of
year-class strength the stock is able to produce (i.e. F/R) and increasing SST in the Western Baltic. Unfortunately,
the increased stability in the dynamics of the Western Baltic cod stock implies that a recovery of the resource is
presently very unlikely or will at least be very slow. Given that global climate change®®, and warming of the Baltic
Sea will continue®, a recovery of the cod stock would need low fishing pressures over a long time allowing for a
slow rebuilding of SSB and hence increasing likelihoods of high R supporting a recovery*.

Discussion

Our study demonstrated that Western Baltic cod is beyond a tipping point. Tipping points are related to the
concept of regime shifts'®'* and our study adds to the growing evidence for regime shifts to be important and
increasingly prevalent phenomena in marine ecosystems'>'**>-* and marine fish populations***-*2. We here pro-
vided mulitple lines of evidence for such non-linear and non-stationary dynamics by addressing three indicators
of regime shifts, i.e. (i) abrupt changes in time-series of population variables, (ii) changing functional relation-
ships among these variables and between external drivers, and (iii) evidence of a recently developed alternative
and unfavourable stable state due to the interaction of unsustainable fishing pressure and climate change. We
hence provide an approach that allows for detecting these specific characteristics of regime shift dynamics which
can serve as a general template for analyzing the existence of these phenomena in many other ecological systems
based on empirical data. Change- and breakpoint analyses are well established techniques, but here we especially
introduced the potential of the stochastic cusp model (SCM) to reveal stability patterns of regimes. While used in
a diversity of scientific fields, SCM is only recently applied to ecological questions and likely needs development
with respect to accounting for autocorrelation in time series and known uncertainties in model comparison using
indices such as R? and AIC****%3, We hence followed a careful approach to validate our modelling results using
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multiple criteria as suggested and applied in other studies**2. We are however convinced that the application

of the SCM allowed us to demonstrate how the interactive effects of unsustainable fishing pressure and ocean
warming caused the lock-in of the Western Baltic cod stock in a low productivity state, a potential that could be
useful for further applications to populations and communities governed by similar dynamics. Our approach can
potentially be complemented with other novel methodology to unveil non-linear and state-based dynamics*.

We found here that unsustainable exploitation levels reduced the biomass of the adult mature population of
Western Baltic cod to levels that impair reproductive success, i.e. the production of larger year-classes that would
be able to initiate a recovery of the stock. Low or even declining productivity at low populations sizes suggests
depensatory processes to inhibit recovery of the cod stock*’. The prevalence of depensation in exploited fish
stocks, also referred to as the Allee effect, is a long-standing discussion in fisheries science*. Empirical evidence
for Allee effects is generally lower than for compensatory effects, i.e. increasing productivity at low stock sizes
and hence high recovery potential*®. However, indications for depensation have especially been shown for cod
populations*’=°!, but also other species®*->%. Potential mechanisms of the Allee effect in marine fish populations
include limited mating success*® and lowered egg fertilization rates*, reduced antipredator vigilance®, decreased
genetic variation among offspring®’, and predation effects on adults®**-% as well as early-life history stages*”°!.
Processes causing depensation in Western Baltic cod are however largely unknown (but see Ref.®?), since knowl-
edge on recruitment processes in Western Baltic cod is generally deficient®®”2 Our study furthermore revealed
that warming of the Western Baltic Sea is related to low cod stock biomass and productivity, and that temperature
interacted with overfishing to create a stable unproductive state. Hence, our results support recent findings that
interactions between fishing and climate change can increase the impact of the Allee effect, exacerbating the risk
of population collapse and causing recovery failure®.

Our analysis is based on typical fisheries data that are output of stock assessment models. These data carry
inherent uncertainties (see also Fig. le) and the variables are not independent of each other, and their use and
analysis have well-known shortcomings*. Nevertheless, it has been widely acknowledged that rigorously analyz-
ing this type of data can lead to new and important insights in the dynamics of fish stocks as shown here*3>6>66,
Future analyses of non-linear dynamics of fish should ideally be based on data sampled in the field, but these
are presently not available for long enough periods to test for regime shift dynamics (as is the case for Western
Baltic cod). Generally, knowledge on the effects of climate change on Western Baltic cod is lacking. Recent
studies suggest warming of shallow-water areas causing reduced food intake and subsequent growth®. Other
candidate processes are effects on transport and survival of early-life stages®*-"°. Furthermore, experimental
studies in combination with ecological-economic modelling have demonstrated that in the future warming
and acidification will likely have a negative effect on recruitment with consequences for stock dynamics and
harvesting potential’"’2. However, there is a large knowledge gap on the ecology and population dynamics, and
especially recruitment of Western Baltic cod in relation to warming that is expected to continue in the future
also in the Western Baltic Sea®.

We found ignorance of productivity changes in the management of the stock, both in scientific advice and
subsequent quota setting to be a major reason for the collapse of Western Baltic cod. Accounting for productiv-
ity changes (here year-class strength) is a first principle of ecosystem-based fisheries management (EBFM) and
modelling studies have demonstrated that considering environmental changes can prevent fish stock collapses
and can help accounting for the effects of climate change’>”>. EBFM implementation is lacking behind in the EU
compared to the United States’s~%°, while practical use of environmental information in fisheries management
is deficient worldwide®"32, For example, in the advice framework for EU fish stocks, environmental context,
although provided in ecosystem overviews, is still not directly incorporated in the advice. Structured indicator
approaches would need to be applied to rigorously assess environmental changes®-*>. Furthermore, environmen-
tal variables need to be included in short-term predictions of fish stocks leading to more realistic evaluations of
harvest potentials®-*°. Those steps towards EBFM would likely alleviate the uncertainties in the appreciation of
stock status as shown here for Western Baltic cod. But further steps are needed for implementing a comprehen-
sive EBFM including the use of strategic modelling for evaluating suitable management strategies under climate
change’>?!-%, extended in space® and towards considering multiple species®°. More attention must also be
paid to modern monitoring schemes”, and especially to the consideration of the human dimension®®** towards
a social-ecological systems approach'®.

Eventually our study revealed that the Western Baltic cod stock is in an unsustainable state. Given the pres-
ently low spawning stock size, the continuing warming of the Baltic Sea and the fishing pressure being to high for
the productivity of the stock, the prospects for a recovery are low. Unfortunately similar developments presently
occur in Western Baltic herring!®!. Consequently, the local social-ecological fisheries system (SEFS) is endangered
since the necessity to set low total allowable catches (TACs) by EU fisheries management to protect the resources
do not provide sufficient income to support the present fleet size. Overall this mainly small-scale fishery has only
a comparatively low direct economic importance at the German Western Baltic coast’. But, indirect economic
value through its importance for local employment and tourism is assumed to be huge, although not rigorously
assessed yet. Socio-cultural importance of the resource and the fisheries is presently demonstrated by a strong
media attention that documents the demise of the SEFS in television, radio and newspaper features (Supple-
mentary Table $3). To halt this development and to guide the Western Baltic SEFS into a sustainable future that
is resilient to the expected climate change, rigorous climate adaptation planning is needed'*-'%, Adaptation
efforts need to include the exploration of the vulnerability of the fish community to climate change!®*-1%, but
especially an evaluation of potential adaptive measures for the fisheries including diversification of target species,
sustainable value chains and livelihood diversification''®!"". Such information is crucially needed to implement
measures that make this fishery climate-ready and sustainable, and to prevent its further collapse which would
mean a significant loss of cultural identity for the German Western Baltic coast.
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Methods

Data. We derived data on Western Baltic cod (Gadus morhua) spawning stock biomass (SSB), recruitment at
age 1 (R) and fishing mortality (F) reported from model-based stock assessments conducted by the International
Council for the Exploration of the Sea (ICES) Baltic Fisheries Assessment Working Group (WGBFAS; www.
ices.dk/community/groups/Pages/WGBFAS.aspx). Stock assessment models reconstruct historical population
dynamics based on catch data from commercial fisheries supplemented by scientific survey data. Stock assess-
ments for the period 1985-2018 were conducted using a State Space Assessment model (SAM)''2. We extended
the time-series backwards until 1970 using an earlier assessment''*. We combined these two data sources to be
able to analyse a longer period with likely more contrast in regime dynamics. Combining the data sources likely
introduced a bias since data from the period before 1985 did not account for mixing with the neighbouring East-
ern Baltic cod stock''*!'>. However, since strong mixing is likely a more recent phenomenon we do not consider
this bias to severely influence our results.

We used data on sea surface temperature (SST) from the NOAA Extended Reconstructed Sea Surface Tem-
perature dataset (ERSST, www.ncdc.noaa.gov) v.4. and computed mean annual SST values over the management
area of Western Baltic cod (i.e. ICES Sub-divisions 22-24).

We furthermore demonstrated the demise of the Western Baltic cod fishery and challenges to the governance
system (Fig. 1) using a number of data sources given in the caption of Fig. 1 and Supplementary Methods S1.

Software. All analyses were conducted using the free software environment for statistical computing and
graphics R (version 3.6.1) within the RStudio environment (version 1.2.5019) using packages tidyverse''” for
data handling and graphics, changepoint''® for changepoint analysis, strucchange'*® for breakpoint analysis and
cusp® for stochastic cusp modelling.

Changepoint and breakpoint analysis. In our study we considered abrupt changes in time-series and
changing functional relationships as two key characteristics of regime shift dynamics'>'”!®. We hence made
a distinction between changepoints within a single time-series and breakpoints in the functional relationship
between two time-series. For the former we used the R-package “Changepoint”''’, while for the latter we
used the R-package “strucchange”!’, a choice based on a comparison of statistical changepoint analyses'®. In
changepoint detection methods points are identified at which statistical properties of a sequence of observations
change, a problem important in many different scientific fields such as ecology, climatology, bioinformatics,
finance, oceanography and medical imaging. We tested for multiple changepoints in the means of time-series of
Western Baltic cod spawning stock biomass (SSB), recruitment at age 1 (R) and productivity (R/SSB) applying
the cpt.mean function (R package “Changepoint”). Within the function we used the Pruned Exact Linear Time
(PELT) algorithm which minimizes a cost function using a maximum likelihood approach to find the optimal
number and locations of m changepoints that will split the time-serie into m + 1segments. We furthermore used
the “Normal” option for the test statistic, the “AIC” as a penalty, and a minimum segment length of 10 years to
allow for a reasonable regime length. For the analysis of breakpoints in Western Baltic cod functional relation-
ships, we used the breakpoints function (R package “strucchange”). The algorithm detects breakpoints in linear
regression models by identifying where the coefficients shift between multiple stable regression relationships.
The function estimates breakpoints by finding the optimal model with m breakpoints and m + 1 segments that
minimizes residual sum of squares (RSS). We investigated functional relationships representing the effects of
fishing mortality (F) and F accounting for R (F/R) on SSB, the effects of SSB and sea surface temperature (SST)
on R, as well as the effects of SSB and SST on productivity (R/SSB).

Stochastic cusp model. We used the stochastic cusp model (SCM) to investigate the stability in Western
Baltic cod regimes. SCM is based on catastrophe theory and describes abrupt changes of a state variable (z;) as a
result of the interaction between an asymmetry o and a bifurcation f variable. The canonical form of the potential
function V (z;, a, B) for the cusp catastrophe is given by:

Ly, 1,
—V(z,a,B) = _ZZt + E'Bt + az;. (1)
Equilibrium points in Eq. (1) as a function of («) and (B), are solutions to:

a4+ Bz —z =0. (2)

Equation (2) has one solution if the so-called Cardan’s discriminant § = 27a — 483is > 1and three solutions
if§ < 0. Projecting the 3D cusp catastrophe on a 2D plain, the set of values of @ and § for which § = 0 delineates
the bifurcation area (grey area in Fig. 4a and see Supplementary SI-3). Inside the bifurcation area the system is
unstable and stable outside.

Fitting the cusp catastrophe to data is possible through the stochastic differential equation (representing the
SCM):

dzy = (=2} + Bz + )dt + 0.dW,, 3)

where the first part of Eq. (3) is a drift term, o, is a diffusion parameter and W; represents a Wiener process.
Parameters  and 3 as well as the state variable (z;) can be modelled as linear functions of one or more exog-
enous variables using a likelihood approach. For our case of Western Baltic cod, we modelled z; as a function
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of cod spawning stock biomass (SSB), « as a function of fishing pressure (F/R) defined as the fishing mortality
(F) accounting for year-class strength, i.e. recruitment (R), and § as a function sea surface temperature (SST):

zt = wy + w1SSB, (4a)
oy = ag + a1 F/R, (4b)
Bt = Bo + B1SST, (4¢)

where ag, Bp and w are intercepts and a1, 81 and w the slopes of the linear models.

We validated the fitted SCM by assessing (i) the significance of SSB in the linear model of z;, (i) evidence
for the existence of bimodality in z; in the cusp area, (iii) the percentage of observations in the cusp area, and
(iv) the goodness of the SCM fit using Cobb’s pseudo-R?. Moreover, we compared the fitted SCM to alternative
linear and logistic regression models often used to confront linear and continuous dynamics with the non-linear
discontinuous regime shift case. For results of the model validation see Supplementary Table S4.

Data availability

The data that support the findings of this analysis are available upon request. Data sources are provided in the text.

Received: 1 January 2021; Accepted: 1 July 2021
Published online: 12 July 2021

References

1. Heinze, C. et al. The quiet crossing of ocean tipping points. Proc. Natl. Acad. Sci. 118, 2008478118 (2021).

2. Dakos, V. et al. Ecosystem tipping points in an evolving world. Nat. Ecol. Evol. 3, 355-362 (2019).

3. Myers, R., Hutchings, J. & Barrowman, N. Hypotheses for the decline of cod in the North Atlantic. Mar. Ecol. Prog. Ser. 138,
293-308 (1996).

4. Sguotti, C. et al. Catastrophic dynamics limit Atlantic cod recovery. Proc. R. Soc. B Biol. Sci. 286, 20182877 (2019).

5. Levin, P. S. & Mollmann, C. Marine ecosystem regime shifts: Challenges and opportunities for ecosystem-based management.
Philos. Trans. R. Soc. B Biol. Sci. 370, 20130275 (2015).

6. King, J. R, Mcfarlane, G. A. & Punt, A. E. Shifts in fisheries management: Adapting to regime shifts. Philos. Trans. R. Soc. B Biol.
Sci. 370, 20130277 (2015).

7. Déring, R., Berkenhagen, J., Hentsch, S. & Kraus, G. Small-Scale Fisheries in Germany: A Disappearing Profession? In Small-
Scale Fisheries in Europe: Status, Resilience and Governance (eds. Pascual-Fernandez, J. J., Pita, C. & Bavinck, M.) vol. 23 483-502
(Springer International Publishing, 2020).

8. Papaioannou, E. A,, Vafeidis, A. T., Quaas, M. E, Schmidt, J. O. & Strehlow, H. V. Using indicators based on primary fisheries’
data for assessing the development of the German Baltic small-scale fishery and reviewing its adaptation potential to changes
in resource abundance and management during 2000-09. Ocean Coast. Manag. 98, 38-50 (2014).

9. EU. Regulation (EU) 2016/1139 of the European Parliament and of the Council of 6 July 2016 establishing a multiannual plan
for the stocks of cod, herring and sprat in the Baltic Sea and the fisheries exploiting those stocks, amending Council Regulation
(EC) No 2187/2005 and repealing Council Regulation (EC) No 1098/2007. (2016).

10. Scheffer, M., Carpenter, S., Foley, J. A., Folke, C. & Walker, B. Catastrophic shifts in ecosystems. Nature 413, 591-596 (2001).

11. Lenton, T. M. Environmental tipping points. Annu. Rev. Environ. Resour. 38, 1-29 (2013).

12. Mollmann, C., Folke, C., Edwards, M. & Conversi, A. Marine regime shifts around the globe: Theory, drivers and impacts. Philos.
Trans. R. Soc. B Biol. Sci. 370, 20130260 (2015).

13. ICES. Advice cod in subdivisions 22-24, western Baltic stock (western Baltic Sea). (2019) https://doi.org/10.17895/ICES.
ADVICE.5587.

14. Conversi, A. et al. A holistic view of marine regime shifts. Philos. Trans. R. Soc. B Biol. Sci. 370, 20130279 (2015).

15. Ratajczak, Z. et al. Abrupt change in ecological systems: Inference and diagnosis. Trends Ecol. Evol. 33, 513-526 (2018).

16. Turner, M. G. et al. Climate change, ecosystems and abrupt change: Science priorities. Philos. Trans. R. Soc. B Biol. Sci. 375,
20190105 (2020).

17. Scheffer, M. & Carpenter, S. R. Catastrophic regime shifts in ecosystems: Linking theory to observation. Trends Ecol. Evol. 18,
648-656 (2003).

18. Beisner, B., Haydon, D. & Cuddington, K. Alternative stable states in ecology. Front. Ecol. Environ. 1, 376-382 (2003).

19. Subbey, S., Devine, J. A., Schaarschmidt, U. & Nash, R. D. Modelling and forecasting stock-recruitment: Current and future
perspectives. ICES J. Mar. Sci. 71, 2307-2322 (2014).

20. Grasman, R. P. P. P,, Maas, H. L. J. van der & Wagenmakers, E.-J. Fitting the Cusp Catastrophe in r : A cusp Package Primer. J.
Stat. Softw. 32, 1-27 (2009).

21. Thom, R. Structural Stability and Morphogenesis—An Outline of a General Theory of Models (Benjamin Inc, 1975).

22. Zeeman, E. Catastrophe theory. Sci. Am. 234, 65-83 (1976).

23. Barunik, J. & Vosvrda, M. Can a stochastic cusp catastrophe model explain stock market crashes?. J. Econ. Dyn. Control 33,
1824-1836 (2009).

24. Xiaoping, Z., Jiahui, S. & Yuan, C. Analysis of crowd jam in public buildings based on cusp-catastrophe theory. Build. Environ.
45, 1755-1761 (2010).

25. Guastello, S. J., Boeh, H., Shumaker, C. & Schimmels, M. Catastrophe models for cognitive workload and fatigue. Theor. Issues
Ergon. Sci. 13, 586-602 (2012).

26. Angelis, V., Angelis-Dimakis, A. & Dimaki, K. The Cusp Catastrophe model in describing a bank’s attractiveness as measured
by its image. Proc. Econ. Finance 19, 261-277 (2015).

27. Sideridis, G. D., Simos, P., Mouzaki, A. & Stamovlasis, D. Efficient word reading: Automaticity of print-related skills indexed by
rapid automatized naming through cusp-catastrophe modeling. Sci. Stud. Read. 20, 6-19 (2016).

28. Diks, C. & Wang, J. Can a stochastic cusp catastrophe model explain housing market crashes?. J. Econ. Dyn. Control 69, 68-88
(2016).

29. Xu, Y. & Chen, X. Protection motivation theory and cigarette smoking among vocational high school students in China: A cusp
catastrophe modeling analysis. Glob. Health Res. Policy 1, 3 (2016).

30. Chen, D.-G,, Lin, E, Chen, X,, Tang, W. & Kitzman, H. Cusp Catastrophe Model: A nonlinear model for health outcomes in
nursing research. Nurs. Res. 63, 211-220 (2014).

Scientific Reports|  (2021) 11:14259 https://doi.org/10.1038/s41598-021-93843-z nature portfolio


https://doi.org/10.17895/ICES.ADVICE.5587
https://doi.org/10.17895/ICES.ADVICE.5587

www.nature.com/scientificreports/

31.

32.

33.

34,

35.

36.

37.

38.

40.

41.
42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mostafa, M. M. Catastrophe theory predicts international concern for global warming. J. Quant. Econ. https://doi.org/10.1007/
540953-020-00199-8 (2020).

Sguotti, C. et al. Non-linearity in stock-recruitment relationships of Atlantic cod: Insights from a multi-model approach. ICES
J. Mar. Sci. 77, 1492-1502 (2020).

Forster, P. M., Maycock, A. C., McKenna, C. M. & Smith, C. J. Latest climate models confirm need for urgent mitigation. Nat.
Clim. Change 10, 7-10 (2020).

Groger, M., Arneborg, L., Dieterich, C., Hoglund, A. & Meier, H. E. M. Summer hydrographic changes in the Baltic Sea, Kattegat
and Skagerrak projected in an ensemble of climate scenarios downscaled with a coupled regional ocean-sea ice-atmosphere
model. Clim. Dyn. 53, 5945-5966 (2019).

Litzow, M. A., Mueter, F. ]. & Hobday, A. J. Reassessing regime shifts in the North Pacific: Incremental climate change and com-
mercial fishing are necessary for explaining decadal-scale biological variability. Glob. Change Biol. 20, 38-50 (2014).

Auber, A., Travers-Trolet, M., Villanueva, M. C. & Ernande, B. Regime shift in an exploited fish community related to natural
climate oscillations. PLoS One 10, e0129883 (2015).

Karnauskas, M. et al. Evidence of climate-driven ecosystem reorganization in the Gulf of Mexico. Glob. Change Biol. 21, 2554—
2568 (2015).

Wernberg, T. et al. Climate-driven regime shift of a temperate marine ecosystem. Science 353, 169-172 (2016).

Kotta, J. et al. Novel crab predator causes marine ecosystem regime shift. Sci. Rep. 8, 4956 (2018).

Vert-pre, K. A., Amoroso, R. O., Jensen, O. P. & Hilborn, R. Frequency and intensity of productivity regime shifts in marine fish
stocks. Proc. Natl. Acad. Sci. 110, 1779-1784 (2013).

Perretti, C. et al. Regime shifts in fish recruitment on the Northeast US Continental Shelf. Mar. Ecol. Prog. Ser. 574, 1-11 (2017).
Litzow, M. A, Ciannelli, L., Cunningham, C. J., Johnson, B. & Puerta, P. Nonstationary effects of ocean temperature on Pacific
salmon productivity. Can. J. Fish. Aquat. Sci. 76, 1923-1928 (2019).

van der Maas, H. L. J., Kolstein, R. & van der Pligt, J. Sudden transitions in attitudes. Sociol. Methods Res. 32, 125-152 (2003).
Griffith, G. P. Closing the gap between causality, prediction, emergence, and applied marine management. ICES J. Mar. Sci. 77,
1456-1462 (2020).

Hutchings, J. A. Collapse and recovery of marine fishes. Nature 406, 882-885 (2000).

Hilborn, R., Hively, D. J., Jensen, O. P. & Branch, T. A. The dynamics of fish populations at low abundance and prospects for
rebuilding and recovery. ICES J. Mar. Sci. 71, 2141-2151 (2014).

Késter, E. Trophodynamic control by clupeid predators on recruitment success in Baltic cod?. ICES J. Mar. Sci. 57, 310-323
(2000).

Rowe, S., Hutchings, J. A., Bekkevold, D. & Rakitin, A. Depensation, probability of fertilization, and the mating system of Atlantic
cod (Gadus morhua L.). ICES . Mar. Sci. 61, 1144-1150 (2004).

Keith, D. M. & Hutchings, J. A. Population dynamics of marine fishes at low abundance. Can. J. Fish. Aquat. Sci. 69, 1150-1163
(2012).

Kuparinen, A., Keith, D. M. & Hutchings, J. A. Allee effect and the uncertainty of population recovery: Allee effect and popula-
tion recovery. Conserv. Biol. 28, 790-798 (2014).

Neuenhoff, R. D. et al. Continued decline of a collapsed population of Atlantic cod (Gadus morhua) due to predation-driven
Allee effects. Can. J. Fish. Aquat. Sci. 76, 168-184 (2019).

Vergnon, R., Shin, Y.-J. & Cury, P. Cultivation, Allee effect and resilience of large demersal fish populations. Aquat. Living Resour.
21, 287-295 (2008).

Saha, B., Bhowmick, A. R., Chattopadhyay, J. & Bhattacharya, S. On the evidence of an Allee effect in herring populations and
consequences for population survival: A model-based study. Ecol. Model. 250, 72-80 (2013).

Perild, T. & Kuparinen, A. Detection of Allee effects in marine fishes: Analytical biases generated by data availability and model
selection. Proc. R. Soc. B Biol. Sci. 284, 20171284 (2017).

Lundquist, C. J. & Botsford, L. W. Estimating larval production of a broadcast spawner: The influence of density, aggregation,
and the fertilization Allee effect. Can. J. Fish. Aquat. Sci. 68, 30-42 (2011).

Seether, B.-E., Engen, S., Lande, R. & Saether, B.-E. Density-dependence and optimal harvesting of fluctuating populations. Oikos
76,40 (1996).

Rowe, S. & Hutchings, J. A. Mating systems and the conservation of commercially exploited marine fish. Trends Ecol. Evol. 18,
567-572 (2003).

Swain, D. P. & Chouinard, G. A. Predicted extirpation of the dominant demersal fish in a large marine ecosystem: Atlantic cod
(Gadus morhua) in the southern Gulf of St. Lawrence. Can. J. Fish. Aquat. Sci. 65, 2315-2319 (2008).

Kuparinen, A. & Hutchings, J. A. Increased natural mortality at low abundance can generate an Allee effect in a marine fish. R.
Soc. Open Sci. 1, 140075 (2014).

Swain, D. & Benoit, H. Extreme increases in natural mortality prevent recovery of collapsed fish populations in a Northwest
Atlantic ecosystem. Mar. Ecol. Prog. Ser. 519, 165-182 (2015).

Walters, C. & Kitchell, J. E. Cultivation/depensation effects on juvenile survival and recruitment: Implications for the theory of
fishing. Can. J. Fish. Aquat. Sci. 58, 39-50 (2001).

Andreasen, H. et al. Diet composition and food consumption rate of harbor porpoises (Phocoena phocoena) in the western Baltic
Sea. Mar. Mamm. Sci. 33, 1053-1079 (2017).

Hiissy, K. Review of western Baltic cod (Gadus morhua) recruitment dynamics. ICES J. Mar. Sci. 68, 1459-1471 (2011).
Winter, A., Richter, A. & Eikeset, A. M. Implications of Allee effects for fisheries management in a changing climate: Evidence
from Atlantic cod. Ecol. Appl. 30, 1-14 (2020).

Munch, S. B., Giron-Nava, A. & Sugihara, G. Nonlinear dynamics and noise in fisheries recruitment: A global meta-analysis.
Fish Fish. 19, 964-973 (2018).

Szuwalski, C. S., Vert-Pre, K. A, Punt, A. E,, Branch, T. A. & Hilborn, R. Examining common assumptions about recruitment:
A meta-analysis of recruitment dynamics for worldwide marine fisheries. Fish Fish. 16, 633-648 (2015).

Funk, S., Krumme, U., Temming, A. & Mollmann, C. Gillnet fishers’ knowledge reveals seasonality in depth and habitat use of
cod (Gadus morhua) in the Western Baltic Sea. ICES J. Mar. Sci. https://doi.org/10.1093/icesjms/fsaa071 (2020).

Hiissy, K., Hinrichsen, H.-H. & Huwer, B. Hydrographic influence on the spawning habitat suitability of western Baltic cod
(Gadus morhua). ICES J. Mar. Sci. 69, 1736-1743 (2012).

Hinrichsen, H.-H., Hiissy, K. & Huwer, B. Spatio-temporal variability in western Baltic cod early life stage survival mediated by
egg buoyancy, hydrography and hydrodynamics. ICES J. Mar. Sci. 69, 1744-1752 (2012).

Petereit, C., Hinrichsen, H.-H., Franke, A. & Koster, F. Floating along buoyancy levels: Dispersal and survival of western Baltic
fish eggs. Prog. Oceanogr. 122, 131-152 (2014).

Stiasny, M. H. et al. Ocean acidification effects on Atlantic Cod larval survival and recruitment to the fished population. PLoS One
11, e0155448 (2016).

Voss, R. et al. Ecological-economic sustainability of the Baltic cod fisheries under ocean warming and acidification. J. Environ.
Manag. 238, 110-118 (2019).

Lindegren, M., Mollmann, C., Nielsen, A. & Stenseth, N. C. Preventing the collapse of the Baltic cod stock through an ecosystem-
based management approach. Proc. Natl. Acad. Sci. 106, 14722-14727 (2009).

Scientific Reports |  (2021) 11:14259

https://doi.org/10.1038/s41598-021-93843-z nature portfolio


https://doi.org/10.1007/s40953-020-00199-8
https://doi.org/10.1007/s40953-020-00199-8
https://doi.org/10.1093/icesjms/fsaa071

www.nature.com/scientificreports/

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

99.

100.

101.

102.
103.

104.

105.

106.

107.
108.

109.

110.
111.

112.
113.
114.
115.
116.
117.

118.
119.

Lindegren, M. et al. Ecological forecasting under climate change: The case of Baltic cod. Proc. R. Soc. B Biol. Sci. 277, 2121-2130
(2010).

Holsman, K. K. et al. Ecosystem-based fisheries management forestalls climate-driven collapse. Nat. Commun. 11, 4579 (2020).
Levin, P. S. et al. Building effective fishery ecosystem plans. Mar. Policy 92, 48-57 (2018).

Dawson, C. & Levin, P. S. Moving the ecosystem-based fisheries management mountain begins by shifting small stones: A critical
analysis of EBFM on the U.S. West Coast. Mar. Policy 100, 58-65 (2019).

Link, J. S. & Marshak, A. R. Characterizing and comparing marine fisheries ecosystems in the United States: Determinants of
success in moving toward ecosystem-based fisheries management. Rev. Fish Biol. Fish. 29, 23-70 (2019).

Townsend, H. et al. Progress on implementing ecosystem-based fisheries management in the United States through the use of
ecosystem models and analysis. Front. Mar. Sci. 6, 641 (2019).

Koehn, L. E. et al. Case studies demonstrate capacity for a structured planning process for ecosystem-based fisheries manage-
ment. Can. J. Fish. Aquat. Sci. 77, 1256-1274 (2020).

Skern-Mauritzen, M. et al. Ecosystem processes are rarely included in tactical fisheries management. Fish Fish. 17, 165-175
(2016).

Marshall, K. N., Koehn, L. E., Levin, P. S., Essington, T. E. & Jensen, O. P. Inclusion of ecosystem information in US fish stock
assessments suggests progress toward ecosystem-based fisheries management. ICES J. Mar. Sci. 76, 1-9 (2019).

Otto, S. A., Kadin, M., Casini, M., Torres, M. A. & Blenckner, T. A quantitative framework for selecting and validating food web
indicators. Ecol. Ind. 84, 619-631 (2018).

Kadin, M. et al. Trophic interactions, management trade-offs and climate change: The need for adaptive thresholds to opera-
tionalize ecosystem indicators. Front. Mar. Sci. 6, 249 (2019).

Samhouri, J. E et al. Defining ecosystem thresholds for human activities and environmental pressures in the California Current.
Ecosphere 8, 1-21 (2017).

Payne, M. R. et al. Lessons from the first generation of marine ecological forecast products. Front. Mar. Sci. 4, 289 (2017).
Tommasi, D. et al. Managing living marine resources in a dynamic environment: The role of seasonal to decadal climate forecasts.
Prog. Oceanogr. 152, 15-49 (2017).

Haltuch, M. et al. Unraveling the recruitment problem: A review of environmentally-informed forecasting and management
strategy evaluation. Fish. Res. 217, 198-216 (2019).

Hobday, A.]. et al. A framework for combining seasonal forecasts and climate projections to aid risk management for fisheries
and aquaculture. Front. Mar. Sci. 5, 137 (2018).

Hobday, A. J. et al. Ethical considerations and unanticipated consequences associated with ecological forecasting for marine
resources. ICES J. Mar. Sci. https://doi.org/10.1093/icesjms/fsy210 (2019).

Punt, A. E., Butterworth, D. S., de Moor, C. L., De Oliveira, J. A. A. & Haddon, M. Management strategy evaluation: Best practices.
Fish Fish. 17, 303-334 (2016).

Griiss, A. et al. Recommendations on the use of ecosystem modeling for informing ecosystem-based fisheries management and
restoration outcomes in the Gulf of Mexico. Mar. Coast. Fish. 9, 281-295 (2017).

Hollowed, A. B. et al. Integrated modeling to evaluate climate change impacts on coupled social-ecological systems in Alaska.
Front. Mar. Sci. 6,775 (2020).

Okamoto, D. K. et al. Attending to spatial social-ecological sensitivities to improve trade-off analysis in natural resource man-
agement. Fish Fish. 21, 1-12 (2020).

Mollmann, C. et al. Implementing ecosystem-based fisheries management: From single-species to integrated ecosystem assess-
ment and advice for Baltic Sea fish stocks. ICES J. Mar. Sci. 71, 1187-1197 (2014).

Voss, R. et al. Assessing social—ecological trade-offs to advance ecosystem-based fisheries management. PLoS One 9, 107811
(2014).

Schmidt, J. O. et al. Future ocean observations to connect climate, fisheries and marine ecosystems. Front. Mar. Sci. 6, 550 (2019).
Hicks, C. C. et al. Engage key social concepts for sustainability. Science 352, 38-40 (2016).

Hornborg, S. et al. Ecosystem-based fisheries management requires broader performance indicators for the human dimension.
Mar. Policy 108, 103639 (2019).

Levin, P. S. et al. Conceptualization of social-ecological systems of the california current: An examination of interdisciplinary
science supporting ecosystem-based management. Coast. Manag. 44, 397-408 (2016).

ICES. Herring (Clupea harengus) in subdivisions 20-24, spring spawners (Skagerrak, Kattegat, and western Baltic). https://doi.
0rg/10.17895/ICES.ADVICE.4715 (2019).

Quentin Grafton, R. Adaptation to climate change in marine capture fisheries. Mar. Policy 34, 606-615 (2010).

Lindegren, M. & Brander, K. Adapting fisheries and their management to climate change: A review of concepts, tools, frame-
works, and current progress toward implementation. Rev. Fish. Sci. Aquac. 26, 400-415 (2018).

Holsman, K. K. et al. Towards climate resiliency in fisheries management. ICES J. Mar. Sci. https://doi.org/10.1093/icesjms/
£s2031 (2019).

Bell, R. J., Odell, J., Kirchner, G. & Lomonico, S. Actions to promote and achieve climate-ready fisheries: Summary of current
practice. Mar. Coast. Fish. 12, 166-190 (2020).

Gaichas, S. K., Link, J. S. & Hare, J. A. A risk-based approach to evaluating northeast US fish community vulnerability to climate
change. ICES J. Mar. Sci. 71, 2323-2342 (2014).

Pecl, G. T. et al. Rapid assessment of fisheries species sensitivity to climate change. Clim. Change 127, 505-520 (2014).

Hare, J. A. et al. A vulnerability assessment of fish and invertebrates to climate change on the Northeast U.S. Continental Shelf.
PLoS One 11, e0146756 (2016).

Johnson, J. E. et al. Assessing and reducing vulnerability to climate change: Moving from theory to practical decision-support.
Mar. Policy 74, 220-229 (2016).

Whitney, C. K. et al. Adaptive capacity: From assessment to action in coastal social-ecological systems. Ecol. Soc. 22, art22 (2017).
Johnson, E A., Eaton, M. J., Mikels-Carrasco, J. & Case, D. Building adaptive capacity in a coastal region experiencing global
change. Ecol. Soc. 25, art9 (2020).

ICES. Baltic Fisheries Assessemant Working Group. (2019). https://doi.org/10.17895/ICES.PUB.5949.

ICES. Baltic Fisheries Assessemant Working Group. ICES CM 2014/ACOM:10 (2014).

Hiissy, K. et al. Spatio-temporal trends in stock mixing of eastern and western Baltic cod in the Arkona Basin and the implica-
tions for recruitment. ICES J. Mar. Sci. J. Conseil 73, 293-303 (2016).

Weist, P. et al. Assessing SNP-markers to study population mixing and ecological adaptation in Baltic cod. PLoS One 14, €0218127
(2019).

R Core Team. R: A Language and Environment for Statistical Computing. (Accessed 2 July 2021); https://www.R-project.org/ (R
Foundation for Statistical Computing, 2020).

Wickham, H. et al. Welcome to the tidyverse. J. Open Source Softw. 4, 1686 (2019).

Killick, R. & Eckley, I. A. Changepoint: An R package for changepoint analysis. J. Stat. Softw. 58, 1-19 (2014).

Zeileis, A., Kleiber, C., Kramer, W. & Hornik, K. Testing and dating of structural changes in practice. Comput. Stat. Data Anal.
44,109-123 (2003).

Scientific Reports |  (2021) 11:14259

https://doi.org/10.1038/s41598-021-93843-z nature portfolio


https://doi.org/10.1093/icesjms/fsy210
https://doi.org/10.17895/ICES.ADVICE.4715
https://doi.org/10.17895/ICES.ADVICE.4715
https://doi.org/10.1093/icesjms/fsz031
https://doi.org/10.1093/icesjms/fsz031
https://doi.org/10.17895/ICES.PUB.5949
https://www.R-project.org/

www.nature.com/scientificreports/

120. Otto, S. A. Comparison of change point detection methods. (Accessed 2 July 2021); https://www.marinedatascience.co/blog/
2019/09/28/comparison-of-change-point-detection-methods/. (2019).

Acknowledgements

We a grateful to the colleagues of the International Council for the Exploration of the Sea (ICES) Baltic Fisher-
ies Assessment Working Group (WGBFAS) for conducting and providing stock assessment data. This article is
based on work carried out under the marEEshift project (Marine ecological-economic systems in the Western
Baltic Sea and beyond: Shifting the baseline to a regime of sustainability; Grant no: 01LC1826) funded by the
German Federal Ministry of Education and Research (Bundesministerium fiir Bildung und Forschung, BMBF).
Further funding is acknowledged through the projects balt_ADAPT (Adaptation of the Western Baltic Coastal
Fishery to Climate Change, funded by BMBEF, Grant no. 03F0863) for H.S., SeaUseTip (Spatial and temporal
analysis of tipping points of the socio-ecological system of the German North Sea under different management
scenarios; funded by BMBE, Grant no. 01LC1825) for C.S. and AuTagBeoFisch (Autonome Tauchroboter-gestiitzte
Beobachtung von Fischschwirmen; funded by the City of Hamburg) for S.E. H.S. was furthermore supported by
the PhD Scholarship Programme of the German Federal Environmental Foundation (Deutsche Bundesstiftung
Umwelt, Osnabrueck; Grant no: 2017/480).

Author contributions
C.M.,, X.C,,S.0.and C.S. designed the statistical analysis and collected the data. R.V. and M.Q. provided economic
data. C.M. conducted the statistical analysis. All authors contributed to the development of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93843-z.

Correspondence and requests for materials should be addressed to C.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14259 | https://doi.org/10.1038/s41598-021-93843-z nature portfolio


https://www.marinedatascience.co/blog/2019/09/28/comparison-of-change-point-detection-methods/
https://www.marinedatascience.co/blog/2019/09/28/comparison-of-change-point-detection-methods/
https://doi.org/10.1038/s41598-021-93843-z
https://doi.org/10.1038/s41598-021-93843-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tipping point realized in cod fishery
	Results
	Abrupt changes and regimes in Western Baltic cod. 
	Breakpoints in Western Baltic cod stock functioning. 
	Hysteresis and stable states in Western Baltic cod. 

	Discussion
	Methods
	Data. 
	Software. 
	Changepoint and breakpoint analysis. 
	Stochastic cusp model. 

	References
	Acknowledgements


