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Abstract. There are concerns that increasing anthropogenic stressors can cause catas-
trophic transitions in ecosystems. Such shifts have large social, economic, and ecological conse-
quences and therefore have important management implications. A potential mechanism
behind these regime shifts is the Allee effect, which describes the decline in realized per capita
growth rate at small population density. With an age-structured population model for Atlantic
cod, Gadus morhua, we illustrate how interactions between human-induced stressors, such as
fishing and climate change, can worsen the impact of an Allee effect on populations by pro-
moting hysteresis. Therefore, the risk of population collapse and recovery failure is exacerbated
and the success of preventing and reverting collapse depends on the climate regime. We find
that, in presence of the Allee effect, a fishing moratorium is only sufficient for recovery when
sea surface temperature rise remains within 2°C and fishing is restricted within 10 yrs. If sea
surface temperature rises beyond 2°C, even immediate banning of fishing is not sufficient to
guarantee recovery. If fishing is not fully banned and a residual fishing pressure remains, the
probability of recovery is further decreased, also in the absence of an Allee effect. The results
underscore the decisive role of Allee effects for the management of depleted populations in an
increasingly human-dominated world. Once the population collapses and its growth rate is
suppressed, rebuilding measures will be squandered and collapse will very likely be irreversible.
We therefore emphasize the need for proactive management involving precautionary, adaptive
measures and reference points. Our studies shows that climate change has the potential to
strengthen Allee effects, which could increasingly challenge fisheries management.

Key words: Allee effect; Atlantic cod; climate; collapse; fisheries management; hysteresis; marginal
effect; proactive management; recovery; regime shift; resilience; tipping points.

INTRODUCTION

Ecological regime shifts describe the abrupt and per-
sistent change of the community structure that involves
multiple variables and key species (Scheffer et al. 2001,
Scheffer and Carpenter 2003, Conversi et al. 2015). A
potential population ecological mechanism that can lead
to a regime shift is the Allee effect (Jiang and Shi 2010,
Dai et al. 2012, Dakos et al. 2012). A demographic Allee
effect emerges if the realized per capita population
growth rate (rrealized; a metric of average individual fit-
ness accounting for density dependence) reduces with
declines in population abundance (Courchamp et al.
1999, Hutchings 2015). If the Allee effect is strong, there
is a critical threshold in population density or size (the
Allee threshold), below which rrealized drops below zero.
In deterministic settings, this causes bistability and the

population will go extinct below the Allee threshold
(Berec et al. 2007, Courchamp et al. 2008).
In depleted fish populations, the Allee effect, also

called depensation in fisheries ecology, has long been
suggested as an explanation for the observed lack of
recovery despite substantial fishing reductions (Hutch-
ings 2001, 2015). An iconic example is the collapse of
Atlantic cod, Gadus morhua, off the coast of Canada in
1992. Biomass levels declined by 99.9% (Hutchings and
Reynolds 2004) and have not recovered since, despite a
commercial fishing moratorium.
Even though marine fishes are one of the most data

rich taxonomic groups, approaches to study Allee effects
have been limited by a paucity of data at low abundance
levels and the difficulty of performing appropriate exper-
imental studies. As a result, there remains a great deal of
uncertainty surrounding the prevalence of Allee effects
in marine fishes (Myers et al. 1995, Liermann and
Hilborn 1997, Gregory et al. 2010). Yet, Allee effects
have been suggested for various marine fish such as
Atlantic herring, Clupea harengus (Saha et al. 2013,
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Per€al€a and Kuparinen 2017), shallow-water cape hake,
Merluccius capensis (Vergnon et al. 2008), and Pacific
salmon, Oncorhynchus spp. (Liermann and Hilborn
2001, Chen et al. 2002), with empirical evidence argu-
ably strongest for Atlantic cod (Rowe et al. 2004, Keith
and Hutchings 2012a,b) .
Suggested mechanisms for an Allee effect in marine

fish are related to difficulties in finding mates (Rowe
et al. 2004), reduced antipredator vigilance due to a
smaller school size (Clark 1974, Saether et al. 1996),
lowered egg fertilization rate, and decreased genetic vari-
ation among offspring (Rowe and Hutchings 2003,
Courchamp et al. 2008). Possible Allee effect mecha-
nisms in Atlantic cod include increased predation on
adult fish (Swain and Chouinard 2008, Kuparinen and
Hutchings 2014, Swain and Benoit 2015) and altered
food webs (Walters and Kitchell 2001, Frank et al.
2011).
The recent IPCC report highlights the increased risk to

fisheries as global warming reaches beyond 1.5°C (IPCC
2018). Climate change has been implicated in large-scale
marine regime shifts (Hare and Mantua 2000, Parsons
and Lear 2001, Benson and Trites 2002, Beaugrand 2004,
Lees et al. 2006, Beaugrand et al. 2008, M€ollmann and
Diekmann 2012, Conversi et al. 2015, Rocha et al. 2015)
and these shifts are likely to increase in frequency. In
Atlantic cod, climate change is found to have a negative
effect on recruitment for stocks located at the southern
end of the species range (Drinkwater 2005, Stige et al.
2006). In the North Atlantic Ocean, both increasing sea-
sonal temperature variability and higher average tempera-
tures are expected (Taboada and Anadon 2012, IPCC
2013, P€ortner et al. 2014).
While both climate change and the Allee effect have

been at the origin of regime shifts, it is unclear how the
combination of climate change and the Allee effect
impacts populations. Environmental variability can
decrease population resilience to fishing and increase
uncertainty of recovery, especially if recruitment is com-
promised by an Allee effect (Dennis 2002). Considering
a density-independent effect of temperature on recruit-
ment, increasing temperatures may reduce per capita
growth rate and shift the Allee threshold to higher bio-
masses (see also Allee effect variability type I in Walter
et al. [2017]). As a result, the depressed per capita
growth rate could have unforeseen consequences for fish-
ing activities.
Successful fishery management strategies must

account for the potential interaction between climate
and an Allee effect. Less favorable climate reduces the
maximum fishing pressure the population can withstand
and the population collapses at unanticipated high bio-
mass levels, which requires more conservative reference
points (Fig. 1a). The Allee effect imposes a concrete
time frame where fishing restrictions are sufficient to
prevent collapse, and this time frame narrows with
increasing temperature. Further, to recover the popula-
tion it is not sufficient to reduce the fishing pressure to

pre-collapse levels or even zero. Instead, negative fishing
pressure, i.e. re-stocking may be necessary (Fig. 1b),
which is usually not possible for wild stocks. This is,
because of the bistability that arises with the presence of
an Allee threshold, which introduces an unstable equilib-
rium point, because below it rrealized becomes negative
and the population goes extinct. Extinction is a stable
equilibrium, which is reinforced by a negative popula-
tion growth rate. A shift to the lower equilibrium can
occur as a result of a shock event and/or slow changes in
the underlying variables and internal feedbacks that
define the ecological system (Beisner et al. 2003). Once
passing the tipping point, attraction to the extinction
equilibrium is stronger than attraction to the high bio-
mass equilibrium and extinction becomes very likely if
the underlying changes are not immediately halted.
In case of the Allee effect, fishing pressure gradually

reduces the interval between the two equilibrium popu-
lation sizes, with the result that additional pressure from
climate change will be more likely to reduce the popula-
tion to critical numbers and the population will be more
vulnerable to extinction (Stephens and Sutherland
1999). Fishing and climate change are human-induced
stressors, which jointly reduce the resilience of the popu-
lation to the impact of an Allee effect, but only fishing
pressure can be controlled by managers. Therefore, once
the tipping point is passed, a fast fisheries management
response is necessary.
The return path between the two stable equilibrium

states can be different from the outgoing path, a phe-
nomenon called hysteresis (Beisner et al. 2003). Because
once collapsed, there are no or very few individuals left
to produce recruitment, even successful attempts to
restore the “original” environmental variables may not
result in the recovery of the population (Fig. 1b).
Increasing temperature shifts the hysteresis region to
appear at even lower fishing values.
Incorporating these factors into a precautionary

approach to fisheries management remains challenging
(Selkoe et al. 2015). Using North Sea cod as a case
study, we illustrate how the interaction between fisheries
management strategies (fishing pressure, variability in
fishing pressure and delayed management action), direc-
ted environmental change (increasing temperature and
temperature variability), and an Allee effect can impact
the population dynamics and recovery of this popula-
tion. In light of these results, we identify appropriate
strategies that incorporate a precautionary approach to
fisheries management. While Allee effects in marine
systems may have been uncommon in the past,
climate change has the potential to strengthen Allee
effects, which could increasingly challenge fisheries
management.

MATERIAL AND METHODS

We developed an age-structured model linked with a
stock-recruitment function accounting for (1) absence
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and presence of an Allee effect and (2) effects of increas-
ing sea surface temperature, SST. We used Atlantic cod
as a case study, as it is a species of high economic and
cultural value and for which there is evidence of an Allee
effect (Keith and Hutchings 2012b, Cabral et al. 2013).
We chose to focus on North Sea cod, where recruitment
productivity is found to be negatively affected by
increasing temperature (Planque and Fredou 1999,
O’Brien et al. 2000, Clark et al. 2003, P€ortner et al.
2008). A 1°C increase of SST is predicted to reduce
recruitment production by 50% (Planque and Fredou
1999, Drinkwater 2005). The North Sea cod was MSC
certified in 2017, but the most recent assessment found
its fishing activity to be unsustainable and biomass levels
dropped again below the limit reference point (ICES
2019).

Modeling the Allee effect

We applied the meta-analysis by Keith and Hutchings
(2012b) to Atlantic cod stocks only, to parameterize a
recruitment function with an Allee effect and one
without an Allee effect. Of the 19 Atlantic cod stocks
represented in the Ransom A. Meyers (RAM)
legacy database (Ricard et al. 2012; available online)

www.ramlegacy.org, we extracted recruit-per-spawner
ratios as a proxy for rrealized and fitted a segmented
regression to the standardized recruit-per-spawner ratios
and spawning stock biomass, SSB (see Appendix S1 for
detailed description). The segmented package in R
(Muggeo 2008), was used to estimate a breakpoint at
13.47% maximum SSB (SSBMAX) with a standard error
of 1.7 (Appendix S1: Table S4). The Davies test (Davies
2002) tests for a non-zero difference in the slope parame-
ters of the segmented relationship and was highly signifi-
cant (p < 0.01). We used the breakpoint as the Allee
effect threshold, SSBAT. SSBAT is the biomass threshold
below which rrealized starts to decrease. It translates to
34,045.02 metric tons for North Sea cod. For a sensitiv-
ity analysis of the breakpoint estimates to the number of
stocks considered and the uncertainty level of the indi-
vidual estimates, see Appendix S1: Tables S4–S6.
For SSB above the Allee effect threshold, we used the

same function as for the scenario without an Allee effect.
For this, we fitted a Ricker stock-recruitment model
(Ricker 1954) by applying linear regression to the stan-
dardized recruit-per-spawner ratios of SSB above 40%
SSBMAX (Appendix S1: equation S2). For the Allee
effect scenario, we extended the stock-recruitment func-
tion by an additional parameter, c (Eq. 1), to model the
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FIG. 1. Reinforcement of hysteresis and a regime shift caused by the interaction between an Allee effect and ocean warming.
The green lines indicate the growth rate without an Allee effect and with no ocean warming, the orange lines indicate the growth
rate in the presence of an Allee effect and at +1°C, and the red lines show the growth rate in presence of an Allee effect and at +2°C.
(a) The simulated net per capita growth rate as a function of log population size. The strong Allee effect (orange and red lines) intro-
duces an unstable equilibrium point and, in the presence of fishing, the population suddenly collapses at unprecedented high bio-
mass levels. At +1°C and in the presence of an Allee effect, the population can withstand a fishing pressure � 0.5 yr�1, at +2°C of
� 0.3 yr�1. Without an Allee effect, the population declines, but does not suddenly collapse. (b) The simulated net population
growth rate as a function of log population size. Temperature strengthens the Allee effect by strengthening hysteresis (orange and
red lines) and, as a result, the population trajectory of collapse and recovery differ. Even a reduction of the fishing rate to pre-col-
lapse conditions is not sufficient to recover the population. Increasing temperature shifts the last point before collapse to higher bio-
masses called “tipping point” in case of a hysteresis and requires higher rebuilding effort. In contrast, the path of collapse and
recovery is the same if no Allee effect is present (green line).
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observed decline in recruit-per-spawner ratios below the
Allee effect threshold (Fig. 2). Even though rrealized
drops well below 1 (0.4) at positive SSB after back-trans-
formation, the modeled Allee effect is considered a
strong Allee effect, because of the exponential shape of
the stock-recruitment function at low SSB. See
Appendix S1, for details on fitting the stock-recruitment
functions and an analysis of how our results depend on
the values of parameter c.

Temperature dependency

We assumed a linear relation between recruitment and
temperature following, e.g., Hilborn and Walters (1992),
Clark et al. (2003), Planque et al. (2003), and Ottersen
et al. (2013) and because of its easier interpretation
when the Allee effect itself is already a nonlinear func-
tion. In Appendix S2, we also consider a nonlinear tem-
perature function. We extended the stock-recruitment
function by an additional parameter d to account for the
linear dependence on sea surface temperature docu-
mented by Planque and Fredou (1999) (Eq. 1). Note
that d reflects the change in recruitment with a 1°C
change in the average ambient spawning SST (e.g.,
7.95°C for the North Sea). We assumed that environ-
mental forcing on recruitment constitutes uncorrelated
random white noise (Bjørnstad et al. 2004). Therefore,
in our model, SSTt is time varying and a random draw

from a normal distribution with mean SST and variance
rSST

2. To reflect current climate conditions, SST is zero
and rSST

2 is equal to the observed variance in North Sea
SST, 0.426°C (SST was extracted for the years of SSB
and was provided by NOAA/OAR/ESRL Physical
Sciences Division; available online).4

Population dynamics

Recruitment, Rt, is dependent on whether SSB is
below or above the Allee effect threshold and given by

Rt¼
SSBt�1�eða�b�SSBt�1Þ�eðd�ðSSTt�1ÞÞ
�eet if SSBt�1

SSBMAX
[ SSBAT

SSBMAX

SSBt�1�eða�b�SSBt�1Þ�eðd�ðSSTt�1ÞÞ�

e
c� SSBt�1

SSBMAX
� SSBAT
SSBMAX

� �� �
�eet

if SSBt�1
SSBMAX

� SSBAT
SSBMAX

:

8>><
>>:

(1)

The parameter et captures the interannual recruitment
variation and is parameterized using the residuals from
the fitted linear regression model (Appendix S1: Eq. S2).
The parameter et is a random draw from a normal distri-
bution with mean equal to the residual average of North
Sea cod, �e = 1.7, and standard deviation equal to the
standard deviation of the residuals of North Sea cod, rR

= 0.63, which is close to the value documented for mar-
ine fish (Beddington and Cooke 1983, Smith and Punt
1998). The exponent eet is lognormally distributed so
that annual recruitment production, Rt, also follows a
lognormal distribution (Maunder and Deriso 2003,
Methot and Taylor 2011, Devine et al. 2014).
We combined the back-transformed Atlantic cod

stock-recruitment functions with a time-discrete cohort
model with reproduction and harvesting happening
annually at the beginning and end of the year, respec-
tively. The number of individuals in each age class at
year t, Nage,t, equals cohort abundance of the previous
year multiplied by the survival rate (reciprocal of
constant natural mortality rate, Mage, and time varying
fishing mortality, Ft). Ft is a random draw from a
log-normal distribution with mean equal to the imposed
logarithmic fishing pressure, F , and variance rF

2 equal
to logarithmic variance. The log-normal distribution
prevents negative values for FT. In our baseline simula-
tions, we vary F and assume variance equal to the
observed log variance level in fishing age classes 2–4
(0.210 yr�1; ICES 2016). The realized fishing mortality
in the North Sea fluctuates from year to year on average
by 6%, but interannual changes up to 27% have been
observed (ICES 2016). All age classes were exposed to
the same fishing mortality, except 1-yr-olds, which were
considered too small to be caught (ICES 2016). The last
age class was treated as a plus group, combining all indi-
viduals beyond the age of 11. The number of individuals
in each age class is given by

FIG. 2. Box plot of log-transformed, standardized, recruit-
per-spawner ratios as a function of spawning stock biomass,
SSB. Data of 19 Atlantic cod stocks were used. The ratios are a
proxy for realized per capita growth rate. Per capita growth
rates are categorized to contrast the decline of recruit-per-
spawner ratios at small SSB range. Gray lines indicate the two
contrasting scenarios with and without an Allee effect before the
back transformation. For the recruitment function without an
Allee effect, a linear Ricker model is fitted (for detailed descrip-
tion, see Appendix S1). The Allee effect scenario was modeled by
decreasing the recruit-per-spawner ratio below the Allee effect
threshold (star). Box plot components are the median (midline),
the first (lower box limit) and third quartile (upper box limit) of
the ratios within each category. R, recruitment. 4 https://www.esrl.noaa.gov/psd/
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Nage;t ¼
Rt if age ¼ 1

Nage�1;t�1 � e�ðMage�1þFt�1Þ if 1\age \11

N11;t þN11;t�1 � e�ðM11þFt�1Þ if age ¼ 11þ:

8><
>:

(2)

When mature, individuals produce recruitment
according to the stock-recruitment functions. Spawning
stock biomass, SSB, is comprised by

SSBt ¼
X11
age¼1

lage � wage �Nage;t (3)

with lage and wage being the age-specific probability of
maturation and age-specific weight (in metric tons). Life
history parameters and abundance estimates for North
Sea cod were obtained from ICES (ICES 2016) over the
time period 1963–2007 (Appendix S1: Table S3). Data
on recruitment and SSB were extracted from the RAM
legacy database for the time period 1963–2005 (Ricard
et al. 2012).

Simulated and predicted probability of collapse and
recovery

We first looked at the simulated probability of collapse
and recovery by repeatedly calculating different scenar-
ios and counting the times of collapse and population
recovery after depletion, respectively. In a second analy-
sis, we fitted a logistic regression model to the outcome
of different simulated scenarios to predict the probability
of collapse and recovery. Collapse and recovery scenar-
ios are simulated separately, because they differ in the
parameters considered. Each scenario was initialized by
simulating population dynamics for 500 yrs without
fishing pressure, no temperature increase and without an
Allee effect, to find the equilibrium population size. We
then simulated different scenarios by exposing the popu-
lation for 500 yrs to different variables.
For the simulated probability of collapse (Fig. 3a, b),

mean SST, SST, was, in each scenario, increased up to
4.5°C according to the predictions for year 2100 under
the RCP8.5 scenario (IPCC 2014) and predictions from
the Hadley Centre for Climate Prediction and Research
for year 2099 in the North Sea (Sheppard 2004). Mean
fishing pressure, F , was increased up to 1 yr�1, which is
well above the level consistent with achieving maximum
sustainable yield (FMSY = 0.31 yr�1; ICES 2018a). Vari-
ance in SST and F remained at the observed level of
0.426°C and 0.21 yr�1, respectively. Each scenario was
repeated 100 times and simulated with and without an
Allee effect. For each scenario, the probability of col-
lapse was estimated as the proportion of collapsed popu-
lation states. A population was defined as collapsed if
SSB had at any point of time declined and remained
declined below 5% SSBMAX (12,637.35 metric tons; Yle-
tyinen et al. 2018) at least for 8 yrs (one generation).
The threshold of 5% SSBMAX was chosen for the reason

of being well below the Allee effect threshold of 13.47%
SSBMAX (34,045.02 metric tons).
For the probability of recovery (Fig. 3c, d), F was

restricted once biomass fell below the Allee effect thresh-
old to facilitate recovery. At the Allee effect threshold,
per capita growth rate is highest, which is comparable to
the limit reference point for North Sea cod at which
recruitment production is estimated to be above average
(ICES 2018a). Extinction can still be prevented at the
Allee effect threshold, but it remains unclear under
which conditions recovery is still possible. In particular,
we were interested in the effect of increasing SST up to
4.5°C and the consequences of delayed responses of fish-
eries management. Scientific assessment, social resis-
tance, and bureaucratic roadblocks tend to delay fishing
bans (Hutchings and Reynolds 2004, Agnew et al. 2009,
Davies et al. 2009, Brown et al. 2012). We therefore
investigated the impact of the fishing moratorium being
implemented with different management delays (mgmt.
delay), ranging from 0 to 30 yrs. We further analyzed
the impact of residual fishing pressure (fishing during
moratorium), because a zero fishing mortality during
recovery is rarely realized. Variance in SST and F
remained at observed levels and initial F was set to
0.8 yr�1 to ensure that biomass would drop below the
Allee effect threshold in every scenario. Each scenario was
repeated 100 times and with and without an Allee effect.
For each scenario, the probability of recovery was esti-
mated as the proportion of recovered population states.
The population was classified as recovered if SSB had fal-
len below the Allee effect threshold at any point of time
and subsequently recovered and remained at least for one
generation at levels above the Allee effect threshold (for an
illustration see Appendix S3: Fig. S1). Thus, cases that
declined again after recovery were still considered recov-
ered. However, because F was substantially reduced in
these cases, there were only very few cases that had
declined again after recovery.
For the predicted probability of collapse the presence

of an Allee effect (AE; binary) was sampled and the
parameters SST, F , rSST

2, rF
2 were drawn from uniform

distributions in a Monte Carlo Analysis. SST varied
between +0°C and +4.5°C, F varied between 0 and
1.5 yr�1. Variance levels were altered with maximum
levels according to a doubling of observational values.
Fishing variance varied between 0 and 0.297 yr�1 and,
SST variance varied between 0°C and 0.853°C. 1500 sce-
narios were drawn and a logistic linear regression was
fitted with the response variable, Yi, equal to the popula-
tion status (collapsed, not collapsed):

Yi ¼ �0 þ �1�AEþ �2 þ SSTþ �3�F þ �4 �rSST
2

þ �5 � rF 2 þ ei
(4)

For the predicted probability of recovery the presence
of an Allee effect was sampled and the parameters SST,
rSST

2, rF
2, mgmt. delay, and fishing during moratorium
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were drawn from uniform distributions. For SST, F ,
rSST

2
, and rF

2 distributions were the same as for the pre-
dicted probability of collapse. In addition, the manage-
ment delay was drawn and varied between 0 and 30 yrs
and the residual fishing pressure was sampled and var-
ied between 0 and 0.2 yr�1. Initially 3,000 scenarios
were drawn, of which 1,500 cases where biomass had
dropped below the Allee effect threshold were ran-
domly chosen. Based on these 1,500 cases, a logistic
linear regression was fitted with the response variable,
Yi, equal to the population status (depleted, depleted
and recovered):

Yi ¼ �0 þ �1 �AEþ �2�SSTþ �3 � F þ �4 � rSST2
þ �5 � rF

2 þ �6�mgmt:delay

þ �7 � fishing during moratoriumþ ei:

(5)

For details on model choice, regression analysis, and
values of coefficients (ß0–ß7) see Appendix S3.

RESULTS

Allee effect decreases resilience to fishing pressure and
increasing SST

First, we analyzed how the Allee effect affects the
probability of collapse at increasing levels of SST and
fishing pressure, F . In presence of an Allee effect, more
population trajectories collapse and the tolerated level
of cumulative stress from both fishing pressure and
increasing temperature is lower (Fig. 3a, b). Without an
increase in temperature and without an Allee effect, a
fishing pressure of 0.8 yr�1 still keeps the probability of
collapse below 50%, whereas in the presence of an Allee
effect, 0.8 yr�1 would increase the probability of collapse
to 90%. Using the FMSY of 0.31 yr�1 naively, in spite of
rising temperature levels, will result in a 50% probability
of collapse at +2.5°C in the absence of an Allee effect
and at +2.1°C in the presence of an Allee effect. At high
levels of both F and SST, the population collapses irre-
spective of whether an Allee effect is present. For

yr
yr

yr yr

FIG. 3. Simulated probability of collapse and recovery without and in presence of an Allee effect. Broken lines mark the 10%,
50% and 90% probability. a) and b) show the probability of collapse at increasing temperature and fishing level. FMSY indicates the
fishing pressure allowing for maximum sustainable yield according to ICES (FMSY = 0.31 yr�1). c) and d) show the simulated
probability of recovery at increasing temperature level and management delay in imposing a fishing moratorium. A residual fishing
pressure of 0.1 yr�1 remains despite the moratorium.
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example, when the ambient SST rises to the globally pre-
dicted maximum for the North Sea region (Sheppard
2004, IPCC 2014), fishing beyond FMSY would result in
population collapse even in absence of an Allee effect,
making the additional, i.e., marginal, impact of an Allee
effect disappear.
Analyzing the marginal effects shows when Allee

effects matter and are useful to locate tipping points.
The increase in SST interacts with the Allee effect by fur-
ther lowering the already suppressed recruitment pro-
duction. As a result, the tipping point is moved to lower
biomasses, which in turn allows for lower fishing pres-
sure (Fig. 1b). In the region of the tipping point, the
impact of the Allee effect on the probability of collapse
is highest. Fig. 4 shows the marginal effects of the Allee
effect on the probability of collapse. While the probabil-
ity of collapse increases with increasing level of pressure
(increasing number of red cells; Fig. 4), the marginal
effects of the Allee effect are highest only at intermediate
levels of F and SST. We find that the Allee effect can
increase the probability of collapse up to 88 percentage
points and, depending on the cumulative level of stress,
the Allee effect can be decisive over whether the popula-
tion collapses or not (encircled cells; tipping points). For
example, at +3°C, passing a fishing pressure just above
0.1 yr�1 could lead to population collapse in presence of
an Allee effect. Therefore, at +3°C, the tipping point is
between > 0.1 yr�1 and < 0.2 yr�1. At +2°C, the tip-
ping point is between > FMSY and < 0.45 yr�1 (probably
closer to FMSY, because of the already elevated marginal
effect of 22.6 percentage points). From Fig. 1 we know
that in a fully deterministic model the tipping point
would be at 0.3 yr�1.
In line with Fig. 3, the marginal effects of the Allee

effect are minimal at very low stress levels (the popula-
tion never falls below the Allee effect threshold) and very
high cumulative stress levels (the population always col-
lapses anyway). On average, the Allee effect increases the
probability of collapse by 5.66 percentage points
(Appendix S3: Table S4).
The predicted probability of collapse according to the

best fit logistic model is shown in Fig. 6a, b. The fitted
model slightly underestimates the probability of collapse
in comparison to the simulated probability of collapse in
Fig. 3a, b. The fitted model confirms the overall increase
of population collapse by the Allee effect (log odds
increase by 5.6, Appendix S3: Table S3). The regression
model shows that temperature, fishing pressure and fish-
ing variance (Appendix S3: Table S3) increase the pre-
dicted probability of collapse, and even stronger so in
the presence of an Allee effect (marginal effects with
Allee effect; Appendix S3: Table S4). We found mean
temperature to positively interact with mean fishing
pressure. The log odds of fishing increase with increasing
mean temperature. Variance of temperature was found
to be nonsignificant, while the variance of fishing mor-
tality is highly significant and interacts negatively with
mean temperature. Thus, the effect of variance in fishing

on the probability of collapse decreases with increasing
mean temperature. For example, at +0°C, the log odds
of variance in fishing on the probability of collapse are
2.56, but at +2°C, they are only 0.98.

Allee effect decreases opportunities to prevent and revert
population collapse

As a result of the hysteresis, the trajectory of recovery
differs from the collapse trajectory and restoration of
pre-collapse conditions (e.g., reducing fishing pressure)
may not be sufficient to recover the population. Without
an Allee effect, a management delay of implementing a
moratorium has no effect on recovery and restricting
fishing pressure to � 0.1 yr�1 is sufficient to recover the
population independent of when fishing is restricted
(Fig. 3a, Fig. 6a). Only when SST passes +3.5°C, the
probability of recovery decreases heavily.
In contrast, the probability of recovery in presence of

an Allee effect is heavily dependent on the combination
of the management delay and temperature. Generally,
higher SST decreases the probability of recovery and the
allowable delay in management actions. In the presence
of the Allee effect, restricting fishing pressure to 0.1 yr�1

is only sufficient for recovery when SST rise remains
below +2°C and fishing is restricted within 5 yrs
(Fig. 3d). At SST around the globally predicted maxi-
mum for the North Sea region (Sheppard 2004, IPCC
2014), even immediate restrictions (no management
delay) of fishing are not sufficient to guarantee recovery
in the presence of an Allee effect. This is reflected in the
interaction term of the best fit logistic regression model
for the predicted probability of recovery (Appendix S3:
Table S3). Without an Allee effect, the management
delay decreases the log odds of the probability of recov-
ery by �0.04, while the presence of an Allee effect
increases the log odds of the management delay to
�0.45, which restricts recovery significantly (Fig. 3d,
Fig. 6d). The fitted model confirms the overall decrease
of population recovery by the Allee effect (log odds of
probability of recovery decrease by 6.3; Appendix S3:
Table S3). The regression model shows that temperature,
fishing pressure, the management delay, and residual
fishing pressure decrease the predicted probability of
recovery (Appendix S3: Table S3). In the absence of an
Allee effect, recovery is mainly governed by the combi-
nation of SST and the residual fishing mortality
(Appendix S3: Table S4).
The Allee effect has a very high impact on the proba-

bility of recovery. On average, the Allee effect decreases
the probability of recovery by 76.58 percentage points
(Appendix S3: Table S4). The marginal effects increase
with increasing temperature and management delay (in-
creasing number of red cells; Fig. 5) and are highest at
the highest cumulative stress levels. This is, because
without the Allee effect, even at the highest pressure
levels, the population still recovers (encircled cells,
Fig. 5), while the hysteresis of the Allee effect hampers
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recovery and increasingly so at high SST. Only at tem-
peratures > +4.5°C would the marginal effect decline,
because then recovery is also hampered without an Allee
effect (Fig. 3c).
Fig. 6c, d shows the predicted probability of recovery

according to the regression model. It overestimates the
probability of recovery. For example, at +1°C the pre-
dicted probability of recovery is still 50% at a manage-
ment delay of 8 yrs if fishing is restricted to 0.1 yr�1,
while Fig. 3c suggests at these pressure levels a 0%
probability of recovery. If fishing is fully banned, man-
agement has more time to intervene and recovery
at +1°C is still likely at a delay of 15 yrs (Fig. 6c).
At +2°C however, even a full fishing ban cannot guar-
antee recovery.

DISCUSSION

Interaction between climate, fishing, and the Allee effect

Theory suggests that an Allee effect can cause irre-
versible regime shifts (Courchamp et al. 2008). We inves-
tigated how the presence of an Allee effect, directed SST
change and fishery management can interact and syner-
gistically affect the probability of collapse and recovery.
Their interaction strongly influences the population
responses; for example, if the temperature increase
remains < 1°C, the population can withstand moderate
increases in fishing pressure. The Allee effect influences

population dynamics primarily when the cumulative
effects of SST and fishing pressure are at intermediate
levels (Fig. 4). When the cumulative effects are low, the
population has a low probability of collapse even with a
strong Allee effect, but when the cumulative impact of
the stressors is high, the population probability of col-
lapses is high irrespective whether an Allee effect is pre-
sent. Worryingly, we find that with ongoing climatic
changes, we may observe those high levels of cumulative
stress within the next century. Our model suggests popu-
lation collapse for North Sea cod at SST rise > 4°C,
independent of other factors (Fig. 3). This is in line with
the recent IPCC report (IPCC 2018), highlighting the
increased risk to fisheries if temperatures increase by
more than 1.5°C.
For the Allee effect, which affects recruitment produc-

tion, warming of the surface waters is crucial because of
the planktonic stage of the Atlantic cod larvae and its
dependence on plankton prey that occupy surface waters
(Sundby 2000, Beaugrand et al. 2003, Clark et al. 2003,
Beaugrand and Kirby 2010). Therefore, warming of dee-
per water layers, which is also slower than in upper lay-
ers, will have a minor effect on the interaction with the
Allee effect.
There are a number of assumptions underlying this type

of simulation study. Estimating the location of the Allee
effect threshold as well as the “Allee slope,” i.e., the stock-
recruitment function below the Allee effect threshold,
remains a challenge (Walter et al. 2017). In particular,

FIG. 4. Marginal increase of the probability of collapse associated with the Allee effect at increasing temperature and fishing
level. The marginal effects are calculated with the fitted logistic regression model for the probability of collapse. While the probabil-
ity of collapse increases with increasing cumulative stress level (colored cells), the marginal effect of the Allee effect is highest at
intermediate levels of SST and fishing pressure. Depending on the level of cumulative stress, the Allee effect can be decisive over
whether the population collapses or not (encircled cells). At these combinations of SST and fishing pressure, a tipping point is likely
to be crossed. Estimated standard errors are shown in brackets.
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changes in recruitment production, survival, food, and
predator abundance can alter the temperature and the
stock-recruitment relationship (Ottersen et al. 2013, Stige
et al. 2013). The sensitivity to temperature increase and
the probability of collapse and recovery depends on the
Allee effect strength and “Allee slope” (Appendix S1:
Table S7, Fig. S4). While the response of Atlantic cod to
future warming has been intensively studied, little is
known about the mechanisms leading to Allee effects in
marine fish (Myers et al. 1995, Liermann and Hilborn
1997, Gregory et al. 2010). Thus, synergistic effects remain
unknown and additional experimental research is needed.
Nevertheless, unraveling mechanisms at low population
abundance and detecting tipping points is often only pos-
sible when tipping points have passed and recovery is diffi-
cult if not impossible. The collapse of Northern cod is a
particularly painful reminder in this regard.

The influence of variability

As a tipping point is approached, exogenous drivers
and natural variation can induce a catastrophic shift to
the alternative stable state (Scheffer et al. 2001). In our
model, variation in recruitment production, fishing pres-
sure and SST were stochastic elements. Variance in fish-
ing increased the probability of collapse and even
stronger in the presence of an Allee effect (Appendix S3:
Table S4).
In heavily exploited fish stocks, demographic instabil-

ity may be elevated through unbalanced targeting of

specific age cohorts (Gilpin and Soul�e 1986, Lande
1998, Dennis 2002, Hsieh et al. 2006, Anderson et al.
2008, Rouyer et al. 2012). In our simulations, fishing
mortality was applied as a non-selective strategy and
therefore did not lead to demographic variability. Selec-
tive fishing (removing the largest individuals) would ele-
vate population variability and have a detrimental
impact on the population.
Variance in temperature was not found to be signifi-

cant for the predicted probability of collapse or recovery
(Appendix S3: Table S3). In our simulations, we assumed
temperature to follow a white noise process, causing
unusually weak or strong year classes, but rarely leading
to a succession of weak or strong year classes, as in the
case of autocorrelated noise. If ocean SST is autocorre-
lated (Vasseur and Yodzis 2004, Rouyer et al. 2010), the
succession of weak or strong recruitment years is likely
to strengthen the effect of SST variance on recruitment
(Morales 1999, Heino et al. 2000, Schwager et al. 2006),
which would increase or decrease the risk and conse-
quences of Allee effects.

Incorporating Allee effects in fisheries management

The interaction between climate and the Allee effect
has repercussions for fisheries management. Restoration
of the pre-collapse conditions may not lead to recovery
due to hysteresis (Fig. 1b). Additionally, climate change
is beyond the control of fisheries managers. Our results
highlight the need to reduce the stressors unrelated to

FIG. 5. Marginal decrease of the probability of recovery associated with the Allee effect at increasing temperature and manage-
ment delay. The marginal effects are calculated with the fitted logistic regression model for the probability of recovery. The probabil-
ity of recovery for a population with an Allee effect and without is highest at low levels of SST and small management delays
(colored cells) and remains high if no Allee effect is present. Therefore, the marginal effect of the Allee effect on the probability of
recovery steadily increases with increasing levels of cumulative stress. The presence of the Allee effect can prohibit recovery (encir-
cled cells). The impact of the Allee effect on the probability of recovery is higher than on the probability of collapse. Estimated stan-
dard errors are shown in brackets.
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climate change, which can be controlled, e.g., fishing
mortality (Carpenter et al. 2017, Brander 2018, IPCC
2018). While reductions in fishing mortality are one of
the most important factors for recovery (Wakeford et al.
2009), we find that fishing restrictions only lead to
recovery when fishery management action is not unduly
delayed (i.e. � 10 yrs), incidental mortality during the
moratorium remains as low as possible, and climate
change impacts are moderate (i.e. ≤ +2°C; Fig. 6d).
The implementation of a full fishing moratorium is

extremely difficult, especially if the population has a
longstanding commercial fishery. Delays in data collec-
tion and analysis, communication of science advice,
bureaucratic inertia, and social resistance may slow the
implementation of the necessary management actions
(Hutchings and Reynolds 2004, Brown et al. 2012).
Continuation of fishing pressure after a moratorium
e.g., through illegal fishing (Agnew et al. 2009) and
bycatch (Davies et al. 2009), which is especially a chal-
lenge for mixed fisheries such as the North Sea cod

fishery, increases the likelihood of reaching a tipping
point (Fig. 3d, Fig. 6d). Even in absence of an Allee
effect, the combination of high levels of SST and the
continuation of high fishing pressure during recovery
can be harmful (Appendix S3: Table S4). Similarly,
reopening the fishery too soon can impair recovery and
nullify recovery efforts. For example, the Northern Cod
fishery latest reopening in 2016 took place despite bio-
mass levels remaining below the limit reference point,
and the biomass decreased by 30% again in 2018 (DFO
2018).
Our findings support the notion that a degraded pop-

ulation state is to be avoided because of its increased risk
of irreversible collapse (Lande 1998, Kuparinen et al.
2014), especially considering the limited ability of
degraded populations to adapt evolutionarily to chan-
ged conditions (Kuparinen et al. 2014). Heavy fishing
pressure and the alteration of density-dependent regula-
tion at small population size could alter life history traits
and recovery behavior after collapse (Fudge and Rose
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2008, Enberg et al. 2009, Eikeset et al. 2016, Nussl�e
et al. 2016). If changes in life history traits result in
depressed rrealized, an Allee effect could even evolve after
collapse, when SSB is small.
In fisheries, precautionary measures are usually imple-

mented with limit biomass reference points (ICES 2018a,
b), but constant limit reference points may not be precau-
tionary under directed environmental change, for highly
variable populations, or when there are delays in manage-
ment action to reduce fishing pressure (Brown et al.
2012, Dickey-Collas 2016, ICES 2018b). While FMSY may
be optimal under current climatic conditions, this level of
fishing has a 50% probability of collapse when SST
increases by 2.5°C, and leads to certain collapse if SST
increases by 3°C (Fig. 3a). In the presence of an Allee
effect current FMSY would already lead to certain collapse
at an increase in SST of 2.5°C (Fig. 3b). Management
measures that do not account for time varying productiv-
ity are inherently non-precautionary. The current limit
reference point for North Sea cod is estimated to yield
above-average recruitment based on historic values (ICES
2018a). This is comparable to the Allee effect threshold,
which indicates highest per capita production. However,
the findings indicate that the validity of these reference
points depends heavily on when and how much fishing
pressure is reduced and on the productivity baseline.
We defined populations as recovered once biomass

reached the limit reference point (Allee effect threshold),
but this is only the point when recruitment production is
not impaired anymore and could support stock rebuild-
ing. Other modelling results indicate that full rebuilding
to the original state in terms of genetic and phenotypic
stock structure could be much slower than only biomass
recovery alone would suggest (Dunlop et al. 2009,
Enberg et al. 2009).
Fisheries management is challenged by the increasing

effort towards recovery and rebuilding programs and the
need to define appropriate target reference points while
productivity baselines are shifting. Adaptive manage-
ment strategies and regular re-assessments of manage-
ment reference levels are important, especially when
recruitment dynamics and their response to climate
change are not well known or difficult to predict (Otter-
sen et al. 2013, Stige et al. 2013, Munch et al. 2018).
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recruitment data of other Atlantic cod stocks were taken from the Ransom A. Meyers (RAM) legacy database (www.ramlegacy.
org). A summary of the exact parameter values used in the population model is found in the Supporting Information. The R code
used in the current study’s analyses is available in the Supporting Information (Metadata S1, Data S1) and is directly executable
with the attached data file.
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