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A B S T R A C T   

The rarity of a good can increase its price. This so-called price feedback can motivate harvesters to exploit a fish 
stock even at low stock sizes, possibly contributing to collapse. To systematically examine the impact of price 
feedbacks on the bioeconomic equilibrium expected in a commercial fishery under regulated open access, we 
extend the standard Gordon–Schaefer harvesting model by incorporating a negative dependence of the price per 
fish on aggregate fish landings produced locally by the collective of fishers. We analytically show that both under 
Cournot competition (in which each fisher has market power in actively shaping the market price) and perfect 
competition (in which each fisher is a passive price taker) alternative stable steady states and a tipping point may 
emerge thanks to dynamic interactions between the variable market price of fish, fish population growth, and 
decisions of fishers in response to expected revenue. One of the bioeconomic steady states is found to be unstable, 
thus constituting a tipping point, where harvesters can abruptly drive fish stocks to low-abundance states and 
ultimately collapse. Mathematically, we show that under the assumption of a price feedback, the necessary 
condition for the existence of alternative steady states requires the ratio of catchability (or more generally the 
benefit of fishing) to marginal fishing cost to be sufficiently high. High prices at low stock sizes, subsidies, 
hyperstable catch rates, low opportunity costs of fishing (i.e., due to part-time fishing) or high benefits associated 
with non-catch aspects of fishing (e.g., in recreational fishing) all contribute to keeping the benefit-cost ratio high 
and motivate the maintenance of fishing pressure also at low stock sizes. We discuss these and other conditions 
that predispose a tipping point under regulated open access, which is particularly likely for small-scale fisheries 
with local markets and low substitutability of a given fish product, such as lagoon pike (Esox lucius) and eel 
(Anguilla anguilla) fisheries of the southern Baltic Sea. By contrast, the suggested price effect is much less likely or 
not present at all in global markets, such as the one for cod (Gadus morhua) in the Baltic Sea, where local supply is 
unlikely to affect market price. The sufficient condition for a tipping point requires that the number of fishers is 
within a specific intermediate range: if the number of fishers is small relative to stock productivity, there is only 
one stable steady state associated with a high fish population size, while if the number of fishers is high relative 
to stock production, again only one stable steady state associated with a low fish population is predicted. 
Therefore and on first sight counterintuitively, reorganization of a fishery from high to intermediate fisher 
numbers, e.g. as a preventive measures to avoid too high fishing pressures in response to lasting and 
productivity-harming environmental changes, or new entrants into a fishery may trigger alternative stable steady 
states, tipping points and destabilization of a fishery.   
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1. Introduction 

The bioeconomic Gordon–Schaefer (G-S) model of a commercial 
fishery (Gordon, 1954; Schaefer, 1957) constitutes a foundation of 
fisheries economics and a blueprint to predict what Clark (2006) called 
bionomic equilibria expected under competitive markets where multiple 
fishers share a common fish resource. The G-S model is based on a simple 
logistic biomass model with density-dependent population growth. 
Population growth and hence yield potential is maximal at intermediate 
population biomasses where density control is released, at equilibrium 
creating the maximum sustainable yield (MSY) as the maximum biomass 
renewal rate stemming from an inverted U-shaped yield curve (Fig. 1). 
At the biological carrying capacity, population growth rate and, corre-
spondingly, yield are zero in the G-S model. Between stock collapse and 
carrying capacity at zero fishing mortality, the G-S model assumes that 
fishers respond to the expected revenue, which is a function of 
biomass-dependent population growth rate, harvesting costs, and a fixed 
market price. The model results in two key predictions. Under condi-
tions of sole ownership and a zero discount rate of future revenue, a 
rational commercial fishing enterprise would adjust its fishing efforts 
and corresponding costs in a way to achieve the maximum economic 
yield (MEY), which conceptually is the maximum distance between the 
effort-dependent cost curve and the landings-dependent revenue func-
tion (Fig. 1). Such a situation can be expected in many central European 
inland fisheries, where fishing rights to lakes are owned by individual 
fishers or fishing enterprises and fishing rights owners can fully exclude 
other resource users (Daedlow et al., 2011). The second key prediction is 
that under a competitive market where multiple fishers exploit a joint 
fish stock, fishing efforts will move toward the so-called bionomic 
equilibrium (Clark, 2007), which we call bioeconomic equilibrium, 
where total costs (including opportunity costs of fishing time, e.g., the 
forgone income from alternative jobs to fishing) equal total revenues. 

Graphically, this stable equilibrium is determined by the intersection of 
the cost and revenue curves in the fishing effort–revenue/cost space 
(Fig. 1, upper graphs) or by the intersection of the fish-landing curve and 
fish population growth in the fish biomass–fish-landing/fish- 
population-growth space (Fig. 1, lower graphs), implying that at the 
equilibrium, the surplus production of the fish population and resource 
extraction via fish landings completely offset each other. At that equi-
librium, average economic rents of the entire fishing fleet vanish to zero, 
but fishers still receive income that is a bit larger than the second-best 
income alternative, thereby creating incentives to maintain the fishing 
operation (Broomley, 2009). Along the way to the bioeconomic equi-
librium under open or regulated open access, the less efficient fishers 
drop out and fishing efforts are maintained by those fishers meeting the 
above conditions. 

Whether the bioeconomic equilibrium is considered biologically 
acceptable depends on the objectives of policymakers or society more 
generally, as the fish population size by definition is stable along the 
entire inverted U-shaped curve at equilibrium, just at different popula-
tion sizes (Broomley, 2009). In commercial fisheries, biological sus-
tainability is often described when the biomass is larger than the one 
that produces MSY (Schaefer 1954; Hilborn, 2007). In a competitive 
market, the G–S model predicts that the slope of the aggregated cost 
function will determine at which point the equilibrium lies relative to 
the revenue curve, which is equivalent to the underlying biomass just in 
opposing directions on the horizontal axis: depending on costs, the 
equilibrium can lie to the left or right of the MSY in the biomass-revenue 
curve (Fig. 1, lower graph). If managers are dissatisfied with the equi-
librium for biological reasons, one way to create incentives to reach a 
new steady state (i.e., equilibrium) would be to tax the catch or other-
wise increase costs (e.g., by individual transferable quotas or by 
reducing fuel subsidies), which would shift the equilibrium to the left, i. 
e., to larger standing stock biomasses or correspondingly lower fishing 

Fig. 1. Upper graphs: Equilibrium fishing effort (Emey) at maximum yield under a sole owner and open access competitive equilibrium fishing effort (E*) in the 
Gordon-Schaefer bioeconomic model. MSY = maximum sustainable yield. The total cost function is given by ρE. Lower graphs: Equilibrium fish population size at 
maximum economic yield (BMEY) under a sole owner and open access competitive equilibrium fish population (B*) in the Gordon–Schaefer bioeconomic model. For 
notation, see Box 1. 
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mortality rates or effort levels (Fig. 1). Alternatively, subsidies or other 
cost savings (e.g., cheaper fuel) would have a counter effect and increase 
fishing effort at equilibrium, potentially to the detriment of biological 
sustainability (Figs. 1 and 2). 

The G–S model has become a textbook example of the self-regulatory 
properties of open-access commercial fisheries. A key assumption in the 
base model is a fixed price per unit of fish harvest (e.g., € per kg of fish 
sold on the market). Although Gordon (1954) already narratively 
implied that an inverse relation of price and aggregated fish landings 
available to consumers can be expected in many situations, corre-
sponding with the typical economic assumption of what is known as a 
downward sloping demand function (i.e., when the supply of fish is 
small, the excess demand is high, increasing the price consumers are 
willing to pay and vice versa), the base G-S model assumed no price 
feedbacks to local landings of fish. The latter situations are typical in 
industrial fisheries with a global or at least pan-regional market for a 
given fish species, where in any given locality the price for seafood in 
that locality is unlikely to be affected by local landing volumes (Crona 
et al., 2016; Fernández-Polanco and Llorente, 2015). Industrial fisheries, 
especially when quota systems are inappropriate, monitoring is poor, 
and subsidies are present, have been shown to systematically lead to 
biological overfishing, confirming predictions of the G-S model (Worm 
et al., 2009). 

The fundamental law of demand for a typical good traded on markets 
implicates that the quantity purchased by consumers declines as the 
price rises, i.e. there is a negative relationship between the price and the 
quantity of the good that is demanded. A fall in supply, e.g., a drop in 
total fish landings offered on a local market, should thus result in a fall in 
the quantity of fish that is demanded because the price rises when a good 
gets scarcer. Indeed, an empirical study by Dey (2000) for a series of 
fisheries in Bangladesh revealed negative demand elasticities (an eco-
nomic measure by how much demand changes to changes in price) with 
respect to the price of various fish species, confirming a negative relation 
between fish price and fish landings also can occur in fish markets. As we 
will show in this paper, by modifying the rigid assumption of no price 
feedback in the classical G–S model, the possibility of destabilizing 
equilibrium conditions can occur – a prediction that the classical G-S 
model which assumes fixed prices does not generate. 

Previous authors have relaxed properties of the classical G-S model, 
implying different predictions than those of the base G-S model. For 
example, Clark (1973a, b) considered the infinite horizontal net revenue 
maximization problem to show that it can be economically rational to 
extinct a local renewable resource when the discount rate (a measure by 
how much future benefits are valued today) by resource users is suffi-
ciently high. Such outcomes were not predicted by the classical G-S 
model where the discount rate was assumed zero. Although these and 
other papers (e.g. Carson et al., 2009, Pintassilgo et al., 2010, and 
Zimmermann et al., 2011) have relaxed key properties of the classical 
G-S model, most previous work known to the authors has examined 

stable (often undesirable) economic steady states, such as extinction or 
collapse, omitting analyses of conditions for tipping points. Relatedly, 
studies by ecologists and fisheries scientists have focused on conditions 
leading to Allee-effects and collapse of resources, such as the possibility 
of hyperstable catch rates maintaining landings high also on low pop-
ulation states, which in turn more likely fosters overfishing (Harley 
et al., 2001, Post et al., 2002, Prince et al., 2008). Similarly, the few 
bioeconomic studies that have tackled the impacts of sharp increases in 
fish resource price when resource becomes scarce (i.e., accounting for 
price effects), have emphasized the resulting extinction risk of the 
exploited fish resources (Courchamp et al., 2006; Hall et al., 2008; 
Purcell et al., 2014; Burgess et al., 2017; Holden and McDonald-Madden, 
2017) without analytically identifying the conditions leading to tipping 
points and alternative stable steady states. We attempt to fill this gap in 
the bioeconomic fisheries literature by a simple extension G–S model 
that accounts for price feedbacks and show that this condition is enough 
to destabilize fisheries systems. 

A relevant volume of global fisheries is captured by small-scale 
fisheries (World Bank, 2012; Gonzalez-Mon et al., 2021) (World Bank, 
2012; Gonzalez-Mon et al., 2021), especially in inland and coastal 
fisheries (Welcomme, 2001; Palomares and Pauly, 2019). Small-scale 
fisheries tend to have limited spatial reach, are often multi-species in 
nature, can use gears that allow by-catch to be returned alive (e.g., fyke 
nets), and generally have less catching power or catchability per unit of 
effort than large-scale industrialized fisheries (Charles, 2001). Many 
small-scale fisheries cater to local and regional fish markets, reducing 
transportation costs and environmental footprint (Béné et al., 2007). It 
has thus become a popular narrative that small-scale fisheries can be less 
environmental destructive than large-scale industrial fisheries and may 
be more sustainable, when properly managed (Kittinger et al., 2013). 
However, the more local and regional a given fish product, the greater 
the likelihood that local fish prices are independent of global or 
pan-regional market forces, creating opportunities for local small-scale 
fisheries to reap a price premium or other benefits associated with a 
“rarity effect” (Courchamp et al., 2006). In situations where local supply 
inversely drives prices, prices will fall with the increasing quantity of 
fish supplied and prices will rise when the quantity supplied falls. This 
reflects the above mentioned downward-sloping demand function – a 
fundamental law in economics. Previous bioeconomic research has 
implied that such price feedback can create an anthropogenic Allee ef-
fect, causing tipping points and leading to collapse (Burgess et al., 2017). 
For example, if the price of a fish commodity increases sharply as the 
commodity becomes scarce, this can elevate incentives to chase even the 
last remaining individuals in ecosystems (Courchamp et al., 2006). This 
effect is particularly likely to occur if different fish species on the market 
are poor substitutes or even complements (Quaas and Requate, 2013; 
Quaas et al., 2013). Our “local market” argument here is closely related 
to the “few substitutes” argument. For instance, if the transport and 
storage costs are high or a species is so unique in its properties (including 

Fig. 2. Effects of tax and subsidy on the bioeconomic equilibrium in the Gordon–Schaefer model in a regulated open-access fishery. For notation, see Box 1.  
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shape and culinary taste, distribution and marketing networks, e.g., eel, 
Anguilla anguilla), there will not be many substitutes for a locally sourced 
fish. Then, the local price of fish will depend on the local quantity 
supplied. 

Holden and McDonald-Madden (2017) presented a model of a 
commercial open-access fishery closely related to Smith’s (1969) land-
mark model of a commercial open-access fishery that first described the 
potential for tipping points and collapse in commercial fisheries with 
behavioral feedback by fishers (Fig. 3). They focused on the analysis of 
multiple steady states and tipping points including the potential for 
price feedbacks to local supply. In particular, they traced an anthropo-
genic Allee effect back to the downward-sloping demand function, due 
to which fishing remains profitable even when the stock is close to 
collapse. The model by Holden and McDonals-Madden (2017) included 
a function specifying the direct dependence of resource price on 
resource abundance, which is a procedural shortcut to link resource 
abundance with resource price. This way of modeling, however, ignores 
the impact of the cost of harvesting the resource and how this also affects 
the resource price. In most resource systems, and certainly in fisheries, 
harvesting bears significant costs (Daurès et al., 2013; Nøstbakken, 
2006), and the price asked by fishers is determined, in part, by the 
quantity of resource supplied to them (e.g., landings), which crucially 
depends on the cost of harvesting in the first place (i.e., fishers will not 
leave the harbor if harvesting costs are higher than revenue in the long 
term). Therefore, it is important to explicitly model feedbacks of har-
vesting costs, supply, and fish price, rather than assuming that the price 
is determined by fish abundance solely and directly. In our model, 
similar to Burgess et al. (2017), we thus explicitly consider that the price 
per unit of fish landings depends on the aggregate fish landing. This 
allows us to capture the effects of the marginal harvesting cost on the 
fishing effort exerted by fishers, and hence, on the expected price per 
unit of fish landings. After including this crucial assumption, we use our 
model to characterize the analytical conditions linking benefits and costs 
of fishing and the emergence of multiple stable steady states and a 
tipping point (Fig. 3) – something that the previous work has not 
explicitly and mathematically developed. One of the key features in the 
previous literature explaining the multiple steady states and the collapse 
of fish population has been the possibility of hyperstability of catch rate, 
i.e., catch rates staying high even when fish abundance declines (e.g., 
Harley et al., 2001, Post et al., 2002, Clark, 2006, Stoeven, 2014, Pan, 
2021). In our model, we point out that the phenomenon of multiple 
steady states can occur also in the absence of a hyperstable catch rate. 

We focus instead on the price effect to argue that it is sufficient to 
generate multiple steady states and a tipping point in open-access fish-
eries systems. 

In our model, we go back to the classical G–S model and ask whether 
assumptions of an inverse price–supply relationship alter the equilib-
rium predictions and can create tipping points. Burgess et al. (2017) 
introduced a similar inverse price–supply relationship in a coupled 
human ecological model to identify both a condition and a contraction 
range leading to resource extinction. We instead identify the analytical 
conditions for the emergence of alternative stable steady states and a 
tipping point (Fig. 3). 

The objective of our study was to extend the G-S bioeconomic model 
by including a price feedback to local supply (and hence to stock size) 
and examine the long-term steady states and potential for human 
behavior-based tipping points causing the stock to move to low stock 
sizes systematically. We hypothesized that a price feedback might under 
certain conditions destabilize the system and create a tipping point, 
which may in turn lead to stock collapse. Such predictions are not 
generated by the classical G–S model. The key differences between our 
model and the G–S model lies in the assumption of negative price de-
pendency on local supply in our model, whereas the G–S model assumes 
a fixed price (Fig. 4). Other assumptions, such as the direct propor-
tionality of catch per unit effort and stock size or a linear relationship of 
harvesting costs and effort were identical in both model frameworks 
(Fig. 4). 

2. The bioeconomic model with price feedback 

We adopt the following dynamic representation of fish population 
biomass growth (for notation, see Box 1) in a single species model, 
identically to the standard G-S model: 

Ḃt = G(Bt) − Lt, (1)  

where Bt is the fish biomass and Ltis the aggregate fish landings by N 
identical fishers at time t. The fish biomass naturally regenerates ac-
cording to the logistic population growth function G(Bt), which gener-
ates an inverted U-shape of fish population growth in the interval (0,K)
with G(0) = G(K) = 0. K is the carrying capacity of the ecological sys-
tem, and population growth rate is at maximum at an intermediate stock 
size, BMSY, known in the fisheries literature as maximum sustainable 
yield (MSY). The MSY corresponds to the maximum renewal potential at 
equilibrium, i.e., is the maximum population growth of the fish 

Fig. 3. Comparison of a key assumption be-
tween our model and the closest related litera-
ture that also deals with price feedbacks in 
fisheries systems. In the related literature, the 
fish price depends directly on the abundance of 
fish B, in other words, fish price is a function of 
fish population size p(B), whereas in our model, 
fish price depends negatively on the aggregate 
fish landing L because the aggregate fish land-
ing is the supply of fish in the market. The 
interaction between the supply and demand of 
fish ultimately constitutes the market price of 
fish. Given a downward sloping demand func-
tion and other factors remaining unchanged, an 
increase in the supply of fish makes fishers 
willing to sell fish at a lower price and the 
consumers will be also be happy to consume 
more at lower price. As a result, the equilibrium 
price decreases. For notation, see Box 1.   
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population. This follows from classical ideas of density-dependent 
population growth regulation in fish populations and is well supported 
in the literature (Beverton and Holt, 1957) (Fig. 5). 

2.1. Fisher behaviour 

As we work with continuous time, any variable evaluated at a point 
of time t has an instantaneous value. The instantaneous fish landings at 
time t caught by a fisher with fishing effort et and a fish biomass level Bt 
is assumed to be, similar to the case on the G–S model, 

l t = qBtet, (2)  

where q is the fishing skill of the fishers, which can also be thought of as 
catchability or the fraction of a fish population caught by one unit of 

effort. 
The behavior of the representative commercial fisher at time t is then 

to choose a fishing effort et so as to maximize his/her instantaneous 
profit. The profit maximization problem of a rational fisher becomes 

max
et

p(Lt)l t − ρet, (3)  

where ρ > 0 is a constant cost per unit of fishing effort, which 
importantly and often overlooked by fisheries ecologists includes the 
opportunity cost of fishing effort (Broomley, 2009); and p(Lt) is the unit 
price of fish that in our model and in contrast to G–S (Fig. 4) depends 
negatively on the aggregate fish landings Lt. The aggregate fish landings 
Lt = l t +(N − 1)l ′

t consists of the individual fish landing of the repre-
sentative fisher and the aggregate fish landings (N − 1)l ′

t of the (N − 1)

Fig. 4. Comparison between G-S model and our extended model. For notation, see Box 1 and text.  

Box 1 
Notations reoccurring throughout this paper. 

B: the biomass of the fish population. 

G(B): the surplus production or biomass growth rate of the fish population* . 

e: individual fishing effort. 

E: aggregate fishing efforts. 

K: the carrying capacity of the ecological system. 

ρ: the cost per unit effort. 

p: the unit price of fish. 

q: fishing skill or catchability of the representative fisher. 

l : individual fish landings. 

L: aggregate fish landings. 

N: the number of fishers. 

*The surplus production or biomass growth rate of the fish population measures the regeneration capacity of the exploited population. It can be 
interpreted as the growth function of fish population. Hereafter we refer to G(B) as the surplus production of the fish population or the growth 
function of the fish population interchangeably.  
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remaining fishers, in which each of them harvests an amount l ′

t . The 
property of the price function p(l t +(N − 1)l ′

t) reflects the features of the 
fish market. In particular, if ∂p(l t + (N − 1)l ′

t)/∂l t ≈ 0, i.e., individual 
fish landings have a negligible effect on market price, the market is 
considered perfectly competitive. If ∂p(l t + (N − 1)l ′

t)/∂l t < 0, indi-
vidual fish landings have some influence on equilibrium price, i.e., the 
representative fisher has some market power. This market power de-
pends on the number of fishers, N. When N = 1, the market is monop-
olistic. When N > 1, the fishery market may be modeled as Cournot 
competition, i.e., all fishers know the number of fishers in the market 
and take the fish landing of the others as given, and each fisher knows 
his/her fish landing’s influence on the market price of fish. 

Given the profit maximization problem (3), the first-order condition 
for optimal fishing effort and fish landing satisfies 

Q(Lt, et,B) ≡
∂p(Lt)

∂ℓt
qetBt + p(Lt) −

ρ
qBt

{
= 0 if et > 0
≤ 0 if et = 0, (4) 

which implicitly indicates that the fishing effort exerted by individ-
ual fishers and the fish landings are both functions of the fish population 
Bt. We study the system under the following Assumption 1 that 

guarantees the first-order necessary condition (4) to be also the suffi-
cient condition for the profit maximization of each fisher. 

Assumption 1. For all L > 0 it holds (i) p(L)+p′(L)L > 0 and (ii) 
p′ ′(L)L + 2p′(L) < 0. 

Assumption 1 tells us that the revenue from the aggregate fish 
landing, p(L)L, increases with the aggregate harvest L, but at diminish-
ing rates, as it typical in economics. Although the diminishing property 
of the revenue function may restrict the scope of the extinction, as 
implicitly indicated in Burgess et al. (2017), extinction may occur in our 
model under Assumption 1 as long as the price of fish approaches in-
finity when the total landings approaches zero (Fig. 8). 

Proposition 1. In the extended G-S fishery model with price effects, under 
Assumption 1:  

(i) There exists a unique threshold of the fish population, B =

lim
L→0

ρ
qp(L) ≥ 0, such that a fisher decides to go fishing—i.e., e > 0—if 

and only if the fish population exceeds this abundance threshold 
(known as “giving up” density in forager ecology).  

(ii) When the fish population is above the threshold B, the individual fish 
landing increases with fish population, but at diminishing rates. 

Proof. See Appendix. 
A main and important difference, derived by the price effects, be-

tween our model and the classical G-S model is the (in)determinacy of 
individual instantaneous fishing efforts (Fig. 6): while the G-S model 
does not allow to determine the instantaneous fishing efforts chosen by 
each fisher, our model does. In the G-S model, the fishers increase their 
instantaneous fishing efforts undefinedly leading to indeterminancy of 
instantaneous fishing efforts (i.e. the instantaneous fishing effort cannot 
determined by solving the profit maximization problem of fishers) 
whenever the fish population is sufficiently high, e.g., when B >

ρ
pq, to 

yield economic rents, and they immediately stop fishing whenever 
B <

ρ
pq. However, in the G-S model ultimately the inevitable stock 

feedback (fish stock size affects the amount of fish available to harvest) 
limits the total long run fishing effort that is chosen. Thus, the long-run 
equilibrium can be determined, at which the equilibrium fish population 
is B* =

ρ
pq and the equilibrium fishing effort E*is determined by solving 

Fig. 5. The growth function (surplus production) of the exploited fish popu-
lation at equilibrium. Variation in equilibrium B is generated through fishing 
mortality acting on the stock until it equilibrates at the shown surplus pro-
duction, which can be extracted as yield. 

Fig. 6. Indeterminacy of instantaneous aggregate fishing effort E*
t in G-S model (Left graph) and determinacy of instantaneous fishing efforts in our model (Right 

graph). The term determinancy means that the instantaneous fishing efforts chosen by each fisher can (determinancy) or cannot (indeterminancy) be determined. See 
Box 1 for notations. 
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qB*E* = G(B*), i.e. landings equal stock renewal rate (production) 
(Fig. 1). By contrast, under a price feedback, our model allows deter-
mining the instantaneous fishing efforts when the fish population is 
sufficiently high, i.e., when Bt > B, at which the marginal revenue of 
fishing effort equals marginal cost (Fig. 6). The price effect distorts the 
linearity in the resulting revenue function, which is effort- and hence 
harvesting cost-dependent. It creates a revenue function, represented by 
a revenue curve in the right graph of Fig. 6, that is less responsive to 
fishing effort than the corresponding counterpart in the G-S model and is 
characterized by an asymptote, which limits the attraction of effort. 
Thus, in our model also harvesting costs affect efforts, while in the G-S 
model it is mainly the stock feedback. 

Because of the indeterminacy of instantaneous fishing efforts, the G-S 
model is unable to provide transitional dynamics of the fish population 
toward the long-run equilibrium. Transitional dynamics, however, can 
be derived from our model (Fig. 7). As a result, as apparent in the next 
sections, our model allows us to establish the conditions and understand 
the mechanism for the emergence of alternative stable steady states and 
a tipping point. 

2.2. General features of steady states and tipping points 

A steady state is characterized by a fish population at which the 
aggregate fish landing of all fishers equals the fish population growth, i. 
e., L(B) = G(B). The unique steady state of the fish population in the 
classical G–S model, under an open-access or regulated open-access 
regime, is determined graphically by the intersection of the linear 
landings curve, qBE*, and the fish population growth, G(B) (Fig. 1). 

Statement (ii) in Proposition 1 indicates that the aggregate fish 
landing at time t, L(Bt) is a strictly increasing function of fish population 
Bt when Bt > B. Fig. 7 and Fig. 8 illustrate graphically the main prop-
erties of the fish-landing function as stated in Proposition 1 and shows 
the possibility of multiple steady states as well as the directions of 
convergence to each stable steady state in our model. A steady state is 
stable when the aggregate fish-landing curve L(B) intersects the fish 
population growth curve G(B) from below. It is unstable when the 
aggregate fish-landing curve L(B) intersects the fish population growth 
curve G(B) from above (Fig. 7). In the case that the steady state is 

unstable, we call it a tipping point. In Fig. 7, at a fish population growth 
below the tipping point, the non-equilibrium aggregate fish landing 
exceeds fish population growth, and the fish population will converge to 
the steady state characterized by a low fish population. When the fish 
population declines and converges to the low stable steady state of the 
fish population denoted by Bl , both fish landings and fish population 
growth decrease, but during this transition the fish population growth is 
always dominated by excessive aggregate fish landings. This is because 
the decline in the aggregate fish landing increases the price of fish, 
incentivizing the fishers to maintain their fishing efforts, thereby forcing 
the fish population to collapse to the undesirable steady state. By 
contrast, at a fish population growth to the right of the tipping point in 
Fig. 7, aggregate fish landings are smaller than fish population growth, 
such that the fish population will converge to the steady state charac-
terized by a large fish population denoted by Bh. During this transition, 
the increase in the aggregate fish landing reduces the fish price, making 
the fishers decrease their fishing efforts, and the fish population growth 
then dominates the aggregate fish landings. 

Mathematically, at the tipping point, the slope of the aggregate fish 
landing is smaller than that of the fish population growth, implying that 
the fish population growth is more responsive to a change in fish pop-
ulation. Thus, at the tipping point, the elasticity of fish landings with 

respect to the fish population, εL(B) =
L′ (B)B
L(B) , which measures the 

responsiveness of fish landings to a small change in fish population size, 

is smaller than that of fish population growth, εG(B) =
G′

(B)B
G(B) . This im-

plies that the necessary condition for the presence of a tipping point is 
the existence of some B ∈ (B, K/2) at which the following condition 
holds 

εL(B) < εG(B). (5) 

Although we adopt the proportional catch per unit effort (and other 
specific features of model, e.g., linear fishing cost function, logistic 
growth function, etc.) throughout our model (Eq. 2), the general 
necessary condition for the emergence of alternative stable steady states 
and a tipping point as shown in Eq. (5) should hold for the non- 
proportional catch per unit effort (and alternative features of the 

Fig. 7. Alternative stable steady states, a tipping point, and directions of convergence to stable steady states (arrows). Note that the red landing curve represents the 
aggregate landings curve, while the blue curve shows the possible long-term equilibrium surplus production. Arrows on the horizontal axes indicate the dynamics. 
See Box 1 for notation. 
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model) as well. We, however, assume the proportional catch per unit 
effort to focus on the price effect, rather than hyperstability of catch per 
unit effort, in constituting a tipping point and alternative stable steady 
states. 

2.3. Condition for existence of a tipping point through price feedback 

Because the aggregate fish landings linearly increase with the num-
ber of fishers, L(B) = Nl (B), the elasticity of aggregate fish landings 
with respect to the fish population is similar to the pattern shown by 
individual fish landings. By applying the implicit function theorem for 
the first-order condition (Eq. 4), which allows us to determine the de-
rivative of the fish landing with respect to the fish population, we can 
now derive the elasticity of individual optimal fish landings with respect 
to fish population B when B > B at equilibrium: 

εL(B) = −
ρ
q

B− 1

ℓ(B)
1

Np′
(L) + ∂2p(L)

∂ℓ2 ℓ +
∂p(Lt)

∂ℓ
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

price effect

. (6) 

Eq. (6) shows the price effect on the elasticity of fish landing with 
respect to changes in the fish population. First, we see that the elasticity 
εL(B) is affected by the fishing skill to cost ratio q

ρ, the level of fish 
population B, and the price effect. The price effect appearing in Eq. (6) 
consists of two components: (i) Np′

(Lt) is the aggregate effect of 
increasing fish landings by all fishers; and (ii) ∂2p(L)

∂l 2 l +
∂p(Lt )

∂l 
is the indi-

vidual effect of increasing fishers’ individual fish landings. These com-
ponents reflect the main feature of the fish market. If ∂p(L)

∂l
< 0, the fish 

market is characterized by Cournot competition, i.e. each fisher has a 
market power in constituting the market price. If p′

(L) < 0 and ∂p(L)
∂l

≈ 0, 
the fish market is (almost) perfectly competitive, as each individual 
fisher is too irrelevant in terms of landings production to have the 
market power to change the market price of fish by changing the fish 
supply. These components of price effect imply that the previous models 
focusing on only the aggregate effect approach, which itself allows the 
emergence of alternative stable steady states and a tipping point, are 
indeed a special case of ours, corresponding to p′

(L) < 0 and ∂p(L)
∂l

≈ 0. 
The latter approach is used by Burgess et al. (2017) and is close to those 
of Courchamp et al. (2006) and Holden and McDonald-Madden (2017). 
Note that these studies do not consider the number of fishers, implying 
that they abstract from the feature of Cournot competition in the fish 
market. 

In the absence of price effect, i.e., when p′(L) = 0, and thus also ∂p(Lt)
∂l 

= 0, as in the standard G–S model, εL(B) is undefined. This is because of 
the indeterminacy of instantaneous fishing efforts, and hence the inde-
terminacy of instantaneous fish landings, in the G–S model as shown in 
subsection 2.1. The fishers may increase their instantaneous fishing ef-
forts infinitely in response to an increase in the fish population whenever 
the fish population guarantees the economic rent to be strictly positive, 
i.e., when B >

ρ
pq. Thus, the necessary condition for the emergence of an 

alternative stable steady state and a tipping point never holds. Mathe-
matically, this is a proof that in the standard G–S model no tipping point 
exists and only one bioeconomic equilibrium will eventually emerge 
where revenues equal fishing costs (Fig. 1). 

As illustrated in the right graph of Fig. 6, for any given fish population 
B > B, then the fishing effort can be determined. Thereby, the individual 
fish landing l = qBe can be determined too. Hence, the elasticity εL(B)
exists and, under Assumption 1, it is strictly positive. A key parameter in 
Eq. (6) is the ratio of fishing skill (or catchability) to cost, q/ρ, that the 
εL(B) depends on. The impact of the ratio of fishing skill to cost q/ρ on 
εL(B) may be complex, but in some situations the necessary condition for 
a tipping point to emerge will hold, i.e., the elasticity of landings would 
then be smaller than the elasticity of the fish population growth εG(B). 
Specifically, as the aggregate fish landings are bounded and a decreasing 
function of ρ

qB for B ∈ (B, K/2), when q/ρ is sufficiently high, εL(B) de-
creases with q/ρ. It approaches zero when the ratio of fishing skill to cost 
q/ρ increases unboundedly, implying that a high ratio of fishing skill to 
cost will make the necessary condition for a tipping point following Eq. 
(4) to always hold. A high ratio of fishing skill to cost means that there are 
incentives to continue fishing, including at small stock sizes, possibly 
causing the stock to collapse. By contrast, the G–S model would not create 
such incentives. 

Proposition 2. [Necessary condition: εL(B) < εG(B) for some B ∈ (B,
K/2)] In the extended G–S fishery model with the price effect set up 
above, the necessary condition for the emergence of multiple steady 
states and a tipping point holds if the ratio of fishing skill to cost q/ρ is 
sufficiently high. 

Proof. See Appendix. 
The necessary condition for the presence of a tipping point in our 

model thus requires the ratio of fishing skill to cost q/ρ to be sufficiently 
high. For B ∈ (B,K/2), the higher ratio q/ρ leads to a higher fish landing 
ℓ(B), but it makes the fish landing less responsive to the change in fish 
population B. This is because of the diminishing marginal revenue, 
p′

(L)ℓ + p(L), whereas the marginal cost of fishing remains unchanged 
with changing biomasses. Thus, the elasticity of fish landing with respect 
to fish population becomes lower when the ratio of fishing skill to cost is 

Fig. 8. Alternative steady states and conditions for the presence of a tipping point. The dashed line presents the aggregate landing curve in the case that the price of 
fish approaches infinity when the aggregate catch approaches zero, i.e., lim

L→0+
p(L) = + ∞. In this case, extinction may occur when the fish population falls below the 

tipping point population level, Bu. Otherwise, as in the solid red line, some low abundance stock size will occur as stable state. See Box 1 for notations. 
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high. When the ratio q/ρ is sufficiently high such that the elasticity of 
fish landing with respect to fish population is less than that of fish 
population growth at some level of fish population B ∈ (B, K/2), 
depending the number of fishers (see Fig. 9, right graph), the fish- 
landing curve may intersect the fish population growth curve at multi-
ple steady states. Thus, a tipping point is generated through fisher 
behavior that reacts to fish stock sizes with a price feedback (Figs. 7, 8). 

With the high ratio of fishing skill to cost, the dynamic interactions 
between fish price and the fish population growth can generate a tipping 
point. When the fish population is small, the market price of fish is high 
because of low fish landings, incentivizing fishers to continue fishing 
and making the responsiveness of fish landing to fish population 
dominate that of fish population growth. By contrast, when the fish 
population is high, e.g., around BMSY or higher, the high fish landing 
reduces the market price of fish, disincentivizing fishers to increase their 
fishing efforts. Thus, the responsiveness of fish landinga to fish popu-
lation is dominated by that of fish population growth. There exists some 
level of fish population B ∈ (B,K/2) such that the responsiveness of fish 
landings to the fish population and that of fish population growth offset 
each other, generating an unstable steady-state equilibrium or a tipping 
point. 

As defined, the tipping point is an unstable steady-state equilibrium 
(Fig. 8). Suppose that at some point in time t, the fish population stays 
somewhere between the low-stable-steady-state fish population and the 
fish population at the tipping point, i.e., Bt ∈ (Bl ,Bu). In this case, the 
aggregate fish landing, L(Bt), strictly dominates the fish population 
growth, G(Bt), making the fish population decline until it converges to 
the low-stable-steady-state Bl , at which the aggregate fish landing L(Bl )

is completely offset by fish population growth G(Bl ). Along the decline 
in fish population, both aggregate fish landings and fish population 
growth decrease, but the former decreases at a faster rate (Fig. 8). As 
stated in Proposition 1, the fish population threshold below which the 
fishers do not go fishing is determined by B = lim

L→0
ρ

qp(L). This threshold of 
fish population becomes zero, B = 0, if we assume that the price of fish 
approaches infinity as the fish population falls into extinction (i.e., 
lim
L→0

p(L) = + ∞). In this case, the aggregate fish landing is illustrated by 

the dashed curve in Fig. 8. Indeed, Eq. (5) gives us εL(0) = + ∞ > εG(0)
= 1, which implies that when the fish population is very close zero, the 
aggregate fish landing is much more responsive to an increase in fish 

population than the fish population growth. Thus, when the fish popu-
lation is very close to zero, the aggregate fish landing strictly dominates 
the fish population, making the fish population collapse to extinction 
(Fig. 8). This is because the super-high price strongly incentivizes the 
fishers to continue their fishing efforts. 

By contrast, when the fish population stays somewhere between the 
fish population at the tipping point and the high-stable-steady-state fish 
population, i.e., Bt ∈ (Bu,Bh), the fish population growth, G(Bt), strictly 
dominates the aggregate fish landings L(Bt), increasing the fish popu-
lation until it converges to the high-stable-steady-state fish population 
Bh (Fig. 8). 

The necessary condition for the emergence of alternative stable 
steady states and a tipping point in our paper relates to the elasticity of 
fish landing with respect to fish population compared with that of fish 
population growth. In the context of extinction of the fish stock, Burgess 
et al. (2017) also provided a necessary condition that links the (iso-) 
flexibility of price compared with the degree of hyperstability of catch 
per unit effort. The flexibility of price in Burgess et al. (2017) can be 
interpreted as the magnitude of elasticity of equilibrium price with 
respect to aggregate fish landing that measures how price decreases in 
response to an increase in fish landings. Their necessary condition 
implicitly implies that hyperstable catch per unit effort makes extinction 
possible at less flexibility of price. In our model context, we can also link 
the flexibility of price and the hyperstability of catch per unit effort with 
the necessary condition. By construction, L(B) = CPUE(B) E(B), where 
E(B) is the aggregate fishing efforts and CPUE(B) = qBβ, with β > 0 
being the elasticity of CPUE(B) with respect to fish population B. Thus, 
we can decompose the elasticity of fish landings as 

εL(B) = β+ εE(B), (7) 

where εE(B) is the elasticity of fishing efforts with respect to the fish 
population. Eq. (7) states that the elasticity of fish landing with respect 
to fish population depends positively on that of catch per unit effort. In 
our current model, we assume that the catch per unit effort is propor-
tional to the fish population, i.e., β = 1. For simplification and exposi-
tion purposes, we follow Burgess et al. (2017) by assuming the price 
flexibility to be constant at some f > 0 (i.e., the elasticity of equilibrium 
price with respect to fish landings is − f). By applying the implicit 
function theorem for Eq. (4) with respect to fishing effort e and fish 

Fig. 9. (i) Left graph: Sufficient condition for unique steady state εL(B) ≥ εG(B) for all B ∈ (B,K/2); (ii) Right graph: Necessary condition εL(B) < εG(B) for some B ∈

(B,K/2) and sufficient condition N ∈
(

N, N̄
)

for multiple steady states and a tipping point. N is the number of fishers participating in the fishery. See Box 1 

for notation. 
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population B, we can determine 

εE(B) = ρ
(

1
f
− 1

)

,

which implies that less flexibility of the fish price, f , creates higher 
elasticity of fishing efforts with respect to the fish population. Thus, 
similar to the necessary condition for extinction in Burgess et al. (2017), 
we can also derive from Eq. (7) in our extended setup that a more 
hyperstable catch per unit effort makes the emergence of a tipping point 
possible at less flexibility of fish price. Indeed, a greater degree of 
hyperstability of catch per unit effort, i.e. smaller β ∈ (0,1), implies a 
reduced response of catch per unit effort to a changing fish population, 
contributing to reduced elasticity of fish landings with respect to the fish 
population, εL(B), while a reduced flexibility of price increases εL(B). 
Thus, smaller β ∈ (0,1) associated with less flexibility of price may still 
make εL(B) to be low enough to guarantee the necessary condition for 
the emergence of a tipping point. 

Eq. (6) suggests that, under the price effect, factors increasing the 
ratio q/ρ may contribute to the alternative stable states and possibly 
cause the collapse of the fish population. These factors may be improved 
fishing technology, other increases in catching power (Eigaard et al., 
2014; Squires and Vestergaard, 2013), subsidies reducing the cost of 
fishing, or reductions in opportunity costs, e.g., when part-time fishers 
close to retirement replace full-time fishers (Arlinghaus et al., 2022). 
More generally, individual benefit functions where the welfare of fishers 
is affected by fishing effort per se rather than catches (e.g., in recrea-
tional fisheries) will also increase the benefit-to-cost ratio, possibly 
destabilizing the system (Stoeven, 2014; Kleiven et al., 2020). However, 
and importantly, tipping points will only occur if the latent effort in the 
system, or the general density of fishers relative to the resiliency of the 
fish stock, is of a particular configuration (Fig. 9). If there are too many 
fishers, there will always be one stable low state; if there are too few, the 
system will always be at a high resource state. But for some intermediate 
fisher abundance levels, the situation can change, creating a sufficient 
condition for the emergence of a tipping point and alternative steady 
states (Fig. 9). 

Proposition 3. [Sufficient condition] When the necessary condition 
for the emergence of multiple steady states and a tipping point holds, 
there exists an interval for the number of fishers in the open-access 

fishery 
(

N, N̄
)
∕= ⊘ such that for all N ∈

(
N, N̄

)
, there are multiple sta-

ble steady states and a tipping point in between. In addition, if N ∕∈ [N,

N̄], then the system has a unique steady state. 

Proof. See Appendix. 
We know that at a steady state, the aggregate fish landing is 

completely equalized by fish population growth, i.e., L(B) = G(B) holds, 
which is equivalent to Nl (B) = G(B). Thus, we can define the following 
equation that allows characterization of the steady states: 

Ω(B) ≡
G(B)
l (B)

= N. (8) 

The left-hand side of Eq. (8), Ω(B) ≡ G(B)
l (B), is a function of fish popu-

lation B. Its shape depends on the price response to aggregate fish 
landing and the behavioral responses of the fishers, which are driven by 
the fishing skill, q, and the fishing cost, ρ. The right-hand side of Eq. (8) 
is a constant number of fishers, which is represented by vertical line Ω =
N in the space N − B as shown in Fig. 9 below.  

Proposition 3 provides intuitively a sufficient condition for the 
emergence of alternative steady states and a tipping point when the 
necessary condition in terms of the elasticity of landings being smaller 
than the elasticity of population growth holds. It requires the number of 

fishers belonging to an appropriate intermediate interval 
(

N, N̄
)

, 

otherwise the aggregate fish landing of all fishers participating in the 

fishing is too low or too high, resulting in the emergence of a unique 
steady state as depicted in Fig. 9. 

Our finding stated in Proposition 3 suggests that increasing the 
number of fishers, when the number is small, can trigger a tipping point 
and a shift in the ecological system from a regime of one stable steady 
state to a regime of alternative stable steady states and a tipping point in 
between. This regime shift under the increasing number of fishers can be 
illustrated by shifting the vertical line Ω = N (in the right graph of Fig. 9) 

from n < N to the right at some level N ∈
(

N, N̄
)

. 

Our analytical results suggest that, departing from the standard G–S 
fishery model, any factors or modifications that lead to a decrease in the 
elasticity of aggregate fish landing with respect to fish population size at 
intermediate fisher numbers relative to stock productivity may generate 
alternative steady states and a tipping point. A decreased elasticity is 
typically that fishing stays attractive even if stock size falls. Fig. 10 
below illustrates the determinations of the long-run equilibria in the 
classical G–S model (left graph) and in our extended model in the case 
that the individual fishers have no market power (right graph). These 
equilibria are represented in revenue/cost and fishing effort spaces with 
static manners, showing the long-run equilibrium fishing efforts possibly 
chosen by fishers at which the revenue is completely offset by fishing 
costs. Thus, differing from Fig. 7, the dynamic transitions are hidden in 
these graphs. By introducing the negative dependence of the price per 
fish on the aggregate fish landing into the classical G–S model, the 
revenue function is distorted complexly, depending on the response of 
fish price to the aggregate fish landing, which causes several in-
tersections and the potential for a tipping point. 

Indeed, the equilibrium revenue function in the extended model 
becomes 

R = p(qEK(1 − qE))
⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

fish landings− dependent price

⋅(1 − qE)qEK, (9)  

while the corresponding revenue function in the classical G–S is 

RGS = p
⏟⏞⏞⏟

fixed price

⋅qEK(1 − qE), (10)  

where K(1 − qE) is the equilibrium fish population corresponding to 
fishing effort E at which the aggregate fish landing equals the fish 
population growth, L(B) = G(B). Without a price effect, Eq. (10) shows 
the revenue of fish landings as a quadratic function of equilibrium 
fishing efforts, reflected by the inverted U-shape and strictly convex 
revenue curve in the left graph of Fig. 10. Thus, in combination with the 
linear cost function of fishing efforts, a unique equilibrium is determined 
in the classical G–S model. With the presence of price feedback, the 
revenue curve is distorted and may be not strictly convex anymore, as 
reflected in Eq. (9), causing the revenue curve in the extended model to 
intersect the cost line at more than one point, corresponding to multiple 
steady states (right graph in Fig. 10). Among the steady-state fishing 
efforts El , Eu, and Eh as depicted in the right graph of Fig. 10, the in-
termediate one, denoted by Eu, is an unstable steady state or a tipping 
point that corresponds to steady-state fish population Bu depicted in 
Figs. 7 and 8. For whatever reasons the fishing effort deviates from the 
steady state Eu, the system cannot go back to this steady state. The 
mechanisms for these dynamics are analyzed in subsection 2.2 and 
depicted in Figs. 7 and 8. 

3. Which stocks are more likely to exhibit tipping points? 
reflections for the Baltic Sea of Germany 

Our work was motivated by qualitative interviews with small-scale 
fisheries targeting a mix of freshwater fishes in coastal lagoons in the 
southern Baltic Sea of Germany. Here, the stock of northern pike (Esox 
lucius) has been falling since 2010 (van Gemert et al., 2022), creating 
conflicts among commercial and recreational fisheries who jointly 
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exploit the stock (Arlinghaus et al., 2022). Some anglers and guides hold 
commercial fishers responsible for the stock decline (Arlinghaus et al., 
2022) as the system lacks quotas and is regulated only through indirect 
controls on fishing mortality (e.g., minimum-landing sizes, protected 
seasons and areas). Some suspect that subsidies and the part-time nature 
of a relevant fraction of the lagoon fisheries may be responsible for 
upholding fishing pressure on pike (Arlinghaus et al., 2022). The pike 
are commercially targeted by passive gear, mainly gill nets with some 
fyke nets and longlines. Fishers have no annual quotas for pike but hold 
lagoon- and gear-specific fishing licenses, where the total removals of 
species such as pike and other freshwater species allowed to be taken by 
fishers and year are not capped. As coastal pike have a rather local 
movement (Karas and Lehtonen, 1993) and may aggregate during 
spawning in certain bays, they become highly vulnerable to gill netting 
in enclosed bays and other spawning areas prior to spawning time 
(Arlinghaus et al., 2022). Some of the authors of the present paper were 
told by one interviewed fisher that he was quite happy with the low 
stock size, as the prices were currently high. Most of the pike supply is 
generated by a limited number of fishers, which could indeed create 
some market power (Fig. 11). The implied inverse price effect stimulated 
our theoretical investigation to see if there could be a systematic impact 
of price feedbacks on the possibility of keeping fishing pressure high, 
even at low stock sizes. Surveys among coastal fishers revealed that they 
mainly sell their pike locally to restaurants, wholesalers, and for direct 
marketing, where they can potentially reap price benefits, as the fish are 
not traded on large markets. A negative relationship between pike price 
and aggregate landings, particularly when aggregate landings were 
small, indeed suggest a possible negative dependence of the price per 
unit landing on the aggregate landing of pike. Similar relationships are 
possible for other low substitutable fish products, such as European eel 
or pike-perch (Sander lucioperca) harvested from the lagoon fisheries. 

While correlation such as those in Fig. 11 have be interpreted with 
caution, as changes in market prices can be due to shocks on supply or 
demand, a negative correlation implies the possibility for a price feed-
back on the demand side. Unpublished surveys of coastal fishers also 
revealed that fishers participate directly in the fish markets and sell fish 
to restaurants or directly to consumers. Also, a large fraction of pike 
harvest generated in the entire state of Mecklenburg-Vorpommern is 
from coastal pike fishers, suggesting that the fishers might have some 
market influence in determining the fish price, thereby creating a de-
pendency of the pike and pike supply. We thus tentatively conclude that 
the conditions of the small-scale lagoon fisheries for pike, and possibly 
also other freshwater and diadromous species that are mainly locally 
traded, such as eel and pike-perch, may predispose these systems to a 
price effect and to other conditions that elevate the benefit over cost 
ratio, such as low opportunity costs in part-time fishers or high utilities 
of fishing effort as in recreational fisheries. By contrast, for other Baltic 
Sea fisheries, specifically Atlantic cod (Gadus morhua) or Atlantic her-
ring (Clupea harengus), which are globally traded commodities, price 
feedbacks of local supply are unlikely and hence the predictions of our 
model less likely to hold. 

4. Conclusions and implications 

The standard G–S model that omits price feedbacks does not generate 
expectations of tipping points for open-access commercial fisheries. 
Others have implied that some form of a price feedback to local supply 
(e.g., Courchamp et al., 2006, Hall et al., 2008, Purcell et al., 2014, 
Holden and McDonald-Madden, 2017, Burgess et al., 2017) and/or 
hyperstability of catch per unit effort (e.g., Harley et al., 2001, Post 
et al., 2002, Prince et al., 2008, Burgess et al., 2017) can create desta-
bilization and extinction of resources through incentives to maintain 
harvesting even at low effort. Our model formalizes that price feedbacks 
alone would be sufficient for tipping points to emerge under certain 
conditions, and there is no need for hyperstable catch rates to be 
involved. Specifically, we characterize the analytical necessary and 
sufficient conditions, which were missing in the related literature, for 
the emergence of alternative steady states and a tipping point, building 
on a rigorous mathematical proof. Our necessary condition for the 
emergence of a tipping point requires that the ratio of fishing skill to cost 
or more generally benefit to cost be sufficiently high. The high ratio of 
fishing benefit to cost guarantees the fishers to continue fishing at low 
stock size, and the fish landing becomes less responsive to fish popula-
tion changes. Similar to the necessary condition for extinction in Burgess 
et al. (2017), our extended analysis also points out that a more hyper-
stable catch per unit effort creates tipping point at reduced flexibility of 
fish prices. Thus, we show that even the simplest of all bioeconomic 
fisheries models—a logistic type biomass growth model and a behav-
ioral response of fishers to revenue signals where price responds to 
supply—can under certain conditions (as related to latent efforts in an 

Fig. 10. Possible long run equilibria in G-S model and our extended model. El and Eh denote fishing effort at steady states with low and high fish populations, 
respectively. Eu denotes fishing effort at the tipping point (i.e. the unstable steady state). See Box 1 for notation. 

Fig. 11. Correlations of monthly weighted average pike price and the monthly 
aggregate pike landing in the southern Baltic Sea (2008–2020). 
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open-access fishery) create destabilization, produce tipping points and 
possible collapse through fisher behavior alone. Our work therefore 
shows the possibility for anthropogenic Allee effects in commercial 
fisheries to be caused by behavioral feedback alone. 

Our model extensions were inspired by ongoing discussions in a 
small-scale fishery for pike in brackish lagoons of Germany. Assump-
tions persist that in this fishery there might be incentives to small-scale 
fisheries that may keep fishing efforts for pike high, even when stocks 
are in decline (Arlinghaus et al., 2022). Maintaining such a level of 
fishing effort when stock sizes are low is conceivable when the ratio of 
fishing skill (or more generally benefit) to cost is high, which creates 
incentives to maintain fishing effort for pike even with dwindling stocks. 
The factor we studied was a price effect of local supply, which created 
the necessary condition for a sufficiently high ratio of skill/catchability 
to cost for a tipping point to emerge. Whether the local demand–supply 
dynamics of species such as pike, eel or pike-perch indeed create a 
supply feedback on price that is similar to the one in our model con-
stitutes an open empirical question. Currently, lagoon pike prices are 
quite high despite the low stock size, and the fish are not only marketed 
within Germany but also sold to Poland and other countries through a 
network of fish buyers. There are other developments currently in the 
lagoon fishery that could increase the harvesting pressures or generally 
contribute to high benefit-to-cost ratios. First, possible economic sub-
stitute species such as Atlantic cod and herring are currently also 
declining and quotas have shrunk, which can increase the incentive to 
harvest non-quota regulated freshwater fish in lagoon fisheries. Relat-
edly, subsidies are paid to cope with quota cuts and other crisis mea-
sures, which conceptually reduce costs (Arlinghaus et al., 2022). 
Moreover, the fishery has a number of part-time fishers that are retired 
and a large sector of recreational fishers (Arlinghaus et al., 2021), with 
very low opportunity costs and high utility associated with effort alone, 
which again may decrease the costs and increase the benefit over cost 
ratio. All these factors can indeed contribute to fishing effort staying 
high even when stocks decline, as is currently the case (van Gemert 
et al., 2022). The commercial fishing mortality for pike might be 
bounded by installing quotas, but this would in turn also open discus-
sions on how to allocate fish among anglers and commercial fisheries. 
How to achieve this optimally is a topic that merits further study. 
Clearly, policymakers are advised to pay careful attention to the wise use 
of subsidies, as this also moves the benefit-cost ratio up and can generate 
or contribute to tipping points. Also, and perhaps counterintuitively, we 
have shown that the sufficient condition involves a “sweet spot” of in-
termediate fisher numbers. Currently, the system is losing fishers 
through a reorganization process (Arlinghaus et al., 2021), which might 
contribute to the development of a tipping point. Overall, there is no 
reason to believe that small-scale fisheries are per se more sustainable 
than industrialized fisheries, and our bioeconomic model suggests that 
especially fisheries with price feedbacks and high benefits over cost 
ratios might show tendencies for alternative stable states and tipping 
points. However, the price feedback we outlined is unlikely to apply to 

other fisheries where market price is independent of local supply, such 
as the market for Atlantic cod, which is international (Puvanendran 
et al., 2022). 

We conclude that behavioral feedback of fishers responding to price 
is enough to destabilize open-access commercial fisheries systems and 
that the addition of such mechanisms to the standard G–S model is 
sufficient to generate multiple stable steady states and a tipping point. 
Hyperstable catch rates or ecological Allee effects will further increase 
the potential for tipping points (Hutchings, 2000; Stoeven, 2014). 
Therefore, assumptions that overharvest will not happen in small-scale 
fisheries because small stock size increase harvesting costs, which in 
turn reduces the incentive to harvest, maybe naïve, if fishing skills in-
crease or opportunity costs of fishing decrease. The development and 
management of small-scale fisheries will benefit from more rigorous 
assessment of the local market dynamics and incentive structures 
driving the fishery for lagoon pike. Our work should be a warning call 
that any form of fisheries with weakly substitutable fish products and 
local market power can show tendencies of alternative stable states, 
similar to fisheries with low or absent opportunity costs of fishing. 
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Appendix 

A1. Proof of Proposition 1. 
When the first-order condition (4) satisfies at equality, then it must hold that 

0 < p′

(L)ℓ+ p(L) < +∞.

For any L ≥ 0 in which p(L) > 0, there exists a unique B(L) > 0 such that 

Q(L, 0,B(L) ) ≡ p(L) −
ρ

qB(L)
= 0.

Assuming symmetry across fishers, l = l
′

= 0, then L = 0. Thus, there exists a unique B determined by 

B = B(0) =
ρ

qp(0)
,
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that satisfies 

Q
(

0, 0,B
)
= 0.

For B ∈ (0,B), it holds that 

Q(NqeB, e,B) ≡ p′

(NqeB)qeB+ p(NqeB) −
ρ

qB
< 0, ∀e > 0.

For B > B, the first-order condition (4) holds only if e > 0. Indeed, under Assumption 1, Q(NqeB, e,B) is decreasing in e and sat-
isfies lim

e→0+
Q(NqeB, e,B) > 0 and Q(+∞,+∞,B) = −

ρ
qB < 0. Therefore, there exists a unique e > 0 satisfying the first-order condition (4). 

If lim
L→0+

p′

(L)L + p(L) = + ∞, then for any B > 0 we always find a sufficiently small fishing effort e such that the marginal profit of fish landings with 

respect to fishing effort dominates the marginal cost of fishing effort. Indeed, 

lim
e→0+

[p′

(NqeB)qeB+ p(NqeB)]qB > ρ for all B > 0.

That is to say, in this case, the fishers go fishing whenever the fish population is strictly positive. 
When B > B, we rewrite the first-order condition (4) as 

p′

(

Nℓt

)

ℓt + p(Nℓt) −
ρ

qBt
= 0 

By applying the implicit function theorem to the equation above with respect to individual fish landings l t and fish population Bt, we find l t is a 
function of Bt in which ∂l t

∂Bt
> 0 for all Bt > B. 

A2. Proof of Proposition 2. 
We rewrite the necessary condition for the presence of multiple steady states and a tipping point as 

q
ρ > −

[Bl (B)]− 1

Np′
(L) + ∂2p(L)

∂l 2 l +
∂p(Lt)

∂l

K − B
K − 2B

≡ ψ(B) for some B ∈
(

B,K
/

2
)
.

The right-hand side of the last inequality satisfies 

lim
B→B+

ψ (B) = +∞ = lim
B→(K/2)−

ψ (B).

In addition, ψ(B) is continuous and well defined for all B ∈
(

B,K/2
)

. Thus, ψ(B) is bounded from below for B ∈
(

B,K/2
)

. Hence, we can always 

find qρ > inf
B∈

(
B,K/2

)ψ(B) so that the necessary condition for the presence of alternative stable steady states and a tipping point holds (Fig. 8). 

A3. Proof of Proposition 3. 
When the necessary condition holds, the function Ω(B) = G(B)/l (B) is non-monotone, in which lim

B→B+
Ω(B) = +∞ and Ω(K) = 0. Hence, there is one 

global minimal Bm and one global maximal BM at which G
′(Bm)

G(BM)
−

l
′
(Bm)

l (Bm)
=

G′
(BM)

G(BM)
−

l
′
(BM)

l (BM)
= 0 and N = Ω(Bm) < Ω(BM) = N̄. As G′

(B) < 0 for all B > K/2 

and ℓ
′

(B) > 0 for all B > B, it holds that B < Bm < BM < K/2. Hence, for all N ∈
(

N, N̄
)

, there exist multiple steady states and a tipping point in 

between. 
When N > N̄ ≡ Ω(BM), there is only one intersection between the curve Ω(B) and the vertical line Ω = N at which B ∈ (B,Bm). Thus, the system has 

only one steady state. Similarly, if N < N ≡ Ω(BM), there is only one intersection between the curve Ω(B) and the vertical line Ω = N at which B ∈ (K/2, 
K), and thus the system also has only one steady state. 
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