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Abstract

The monitoring of ecosystems and the spread of information concerning their state among human stakeholders is often a lengthy
process. The importance of mutual feedbacks between socioeconomic and ecological dynamics is being increasingly recognised
in recent studies, but it is generally assumed that the feedback from the environment is instantaneous, ignoring any delay in the
spread of ecosystem knowledge and the resulting potential for system stability loss. On the other hand, human actors rarely make
purely myopic socioeconomic decisions as is often assumed. Rather, they show a degree of foresight for future utility which may
have an opposing, stabilising effect to any delay in knowledge. In this paper, we consider a generic resource-harvester model with
delayed ecosystem knowledge and predictive behaviour by the harvesters. We show that delays in the spread of information
about the resource level can destabilise the bioeconomic equilibrium in the system and induce harvesting cycles or the collapse of
the resource. Sufficiently farsighted prediction by the harvesters can stabilise the system, provided the delay is not too long.
However, if the time horizon of prediction is too long relative to the timescale of resource growth, prediction can be destabilising
even in the absence of delay. The results imply that effective monitoring of ecosystems and fast dissemination of the results are
necessary for their sustainable use and that efforts to promote appropriate foresight among ecosystem users on the personal and
institutional level would be beneficial to the stability of coupled socioeconomic-ecological systems.

Keywords Social-ecological system - Time horizon - Time delay - Sustainable harvesting - Common pool resource - Knowledge
transfer

Introduction

Maintaining harvests of wildlife populations at a sustainable
level is one of the major challenges facing ecologists today,
particularly populations which serve as open access resources,
the harvesting of which cannot be controlled for sociological

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12080-020-00462-x) contains supplementary
material, which is available to authorized users.

<1 Matthew W. Adamson
matthew.adamson @uni-osnabrueck.de

Frank M. Hilker
frank.hilker@uni-osnabrueck.de

Institute of Environmental Systems Research and Institute of
Mathematics, University of Osnabriick, Barbarastrafie 12,
49076 Osnabriick, Germany

Published online: 16 May 2020

or political reasons (Clark 2010). In this case, most of the costs
of harvesting a population to low levels or even extinction are
externalised to society as a whole, so that the decision to
harvest or not and on how much harvesting effort to make is
dominated by the short-term profitability of the action, rather
than by questions of long-term sustainability (Hardin 1968;
Ostrom 1990). For this reason, the harvesting of such popula-
tions can lead to resource-harvester cycles due to the interplay
of the nonlinear dynamics of the harvested population and a
harvesting effort which varies according to the profitability of
the resource (Bjorndal and Conrad 1987; Fryxell et al. 2010).
Although there is research arguing that natural population
cycles can be beneficial for ecosystem resilience and the main-
tenance of biodiversity in some cases (Barraquand et al.
2017), undamped cycles can be detrimental to the resilience
of a population because they can cause it to drop to low den-
sities at which it is at risk of collapse due to noise, external
shocks, or interactions with mechanisms of critical
depensation such as Allee effects, and are therefore a problem
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for the long-term sustainability of harvesting (Lande et al.
2003; Worm et al. 2009; Pinsky et al. 2011). Severe cycles
can also lead to socioeconomic problems such as a local loss
of stable employment, severed links between harvesters and
the local environment as local harvesters are disproportionate-
ly hit during periods of economic collapse, and price fluctua-
tions in related economic sectors (Steele et al. 1992; Cashin
et al. 2015).

Maintaining the sustainable use of biological resources is
challenging because of several recognised features unique to
such resources. Firstly, there are multiple forms of uncertainty
inherent in ecosystems: there is variability in stock recruitment
due to ecological or environmental fluctuations (Shelton and
Mangel 2011), surprising responses to harvesting can take
place due to ecosystem effects or the existence of unseen
tipping points (King et al. 2015), and the size of the stock
can itself be uncertain, leading to overharvesting of the re-
source (Gustafsson et al. 1999). On the socioeconomic side,
many of the drawbacks of unsustainable resource use are
externalised to communities, rather than affecting harvesters
directly, which leads to difficulties in obtaining cooperation
among groups of harvesters (Ostrom 1990; Clark 2010). This
can be further aggravated by discrepancies between political
borders and resource boundaries. Another complication is the
mismatch between the short-termism of economic decision-
making and the often far longer time scale of ecological
growth and recovery (Clark 2010). Finally, most harvesting
of biological resources entails collateral damage to ecosys-
tems, such as bycatch in fisheries (Lewison et al. 2004), so
that governance of biological resources can rarely be consid-
ered in isolation from the surrounding ecosystem.

Since many mechanisms in social-ecological systems, such
as resource cycles, are driven by the feedback between the
social and ecological factors, modelling social and ecological
systems separately is generally insufficient to inform sustain-
able governance of biological resources (Berkes et al. 2002).
Instead, socioeconomic-ecological models need to be consid-
ered, in which human social factors and/or economic behav-
iour are treated as dynamic variables alongside ecosystem
components. Examples of such socioeconomic variables in-
clude the intensity of exploitation of a resource (Smith 1969;
Bjorndal and Conrad 1987; Fryxell et al. 2010; Bieg et al.
2017), the level of cooperativeness in terms of sustainable
resource harvesting (Tavoni et al. 2012), and a reduction of
pollutant emissions (Suzuki and Iwasa 2009; Beckage et al.
2018). Human behaviour is complex, and representing its re-
sponse to changes in the ecosystem state in such models is
understandably a contentious issue with many different ap-
proaches being taken. The most popular of these in the litera-
ture are those based on mass-action principles (Smith 1969;
Bjerndal and Conrad 1987; Fryxell et al. 2010), the replicator
equation (Taylor and Jonker 1978; Hofbauer and Sigmund
1998), and stochastic best-response dynamics (Foster and
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Young 1990; Hofbauer and Sigmund 1998). However, the
vast majority of coupled socioeconomic-ecological models
using each of these particular frameworks make one assump-
tion which is rarely mentioned: that socioeconomic decisions
are taken based purely on the present resource level or eco-
system state.

A little reflection shows that the assumption of instanta-
neous feedback from the ecosystem to the human socioeco-
nomic behaviour is untenable. Firstly, it implies that human
agents in the system have instantaneous knowledge of the
exact state of the ecosystem at no cost. In terms of resource
governance, observation of the ecosystem not only has a cost,
but knowledge of the system is imperfect and both the acqui-
sition of this information and its circulation among resource
users takes time, especially in the case of information
concerning mobile biological resources (Ostrom
1990, 2009). There should then be a time delay or lag in the
feedback from the environment to socioeconomic decision-
making, in the sense that the present decisions depend explic-
itly on a past ecosystem state, rather than its current state
(Berryman 1991; Berryman and Turchin 2001). For instance,
in the management of fisheries, Holland (2010) reports that
‘there is typically at least a two year lag between the data used
for the assessment and the implementation of the management
recommendation based on it.” Generally, however, explicit
time delays in socioeconomic-ecological systems are only
considered in ecological processes (Brauer 1979; Biggs et al.
2009; Xia et al. 2009; Hastings 2016), with a few exceptions
(Botsford et al. 1983).

Systems with time delays are widely studied, and suffi-
ciently large delays are well known to destabilise equilibrium
dynamics in a wide range of fields such as ecology
(Hutchinson 1948; May 1973; Jankovic and Petrovskii
2014) and engineering (Maxwell 1868), as well as biology,
chemistry, economics, mechanics, viscoelasticity, physics,
and physiology (Niculescu 2001; Richard 2003). The case
of a resource-harvester system with a delayed response in
the harvesting effort is directly analogous to that of a
predator-prey system with a maturation delay in the predator.
Without a time delay, the cycles that can be present in
predator-prey systems and resource-harvester systems often
show a phase difference in the oscillations of the two compo-
nents: the predator/harvest dynamics respond slowly to chang-
es in those of the prey/resource and consequently lag behind.
A similar slow response can be seen in a resource-harvester
system when the price of the resource increases slowly in
response to its scarcity, leading to multistability and the ap-
pearance of tipping points (Fryxell et al. 2017). Such lags in
the dynamics of one of the system components are distinct
from an explicit time delay, since the predator/harvester dy-
namics still depend on the current prey/resource level, even if
their response is slow enough that the coexistence equilibrium
is overshot. Phase-shifted oscillations, however, can be
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induced or worsened in predator-prey systems through the
inclusion of an explicit delay in maturation (Gourley 1996).
Sufficiently large time delays in socioeconomic responses to
an ecosystem state can therefore be expected to work against
sustainable harvesting by either causing or worsening
resource-harvester cycles. This has been confirmed in a few
model studies, both for resource-harvester effort dynamics
(Botsford et al. 1983) and for fisheries management policy
(Kell et al. 2005).

Moreover, when the feedback from the ecosystem to hu-
man decision-making is only given in terms of the present
state of the ecosystem, human agents are also considered to
have absolutely no regard for future states of the ecosystem.
Ironically, while the human agents have perfect knowledge of
the ecosystem as it is today, they are assumed to have no idea
what state it was in yesterday and not to care in what state it
will be in tomorrow. In reality, resource harvesters or regula-
tors remember previous resource levels and can use this mem-
ory to anticipate future levels. In fisheries management, fore-
casting is central (Haltuch et al. 2019) as a way to anticipate
fish stocks or to estimate current stocks from outdated data. In
European fisheries, for instance, regulators determine total
allowable catch rates for the next year based on a 2-year catch
forecast, made using data from the previous year (De Oliveira
et al. 2009). Forecasting on the part of resource harvesters,
though in comparison to that of regulators it may be more
rudimentary and unconsciously made, should also exert an
influence on their socioeconomic decisions.

Systems involving the prediction of future environmental
system states are rarely studied. One classical exception is the
consideration of ‘rational expectations’ in resource economics
(Berck and Perloff 1984; Clark et al. 2005), based on the
completely opposite assumption to myopic decision-making:
harvesters are considered to have perfect knowledge of the
resource stock for all future time. However, outside of station-
ary bioeconomic equilibria, such an assumption is clearly not
viable. The more realistic situation is that future environmen-
tal states are predicted, but inexactly and only for a limited
time in the future. This is a contrary process to a time delay in
the feedback, in the sense that dynamics depend upon an an-
ticipated future state as opposed to an actual past state.
Therefore, a clear hypothesis to make is that prediction on
the part of harvesters should have a stabilising effect on
resource-harvester cycles. A recent paper from Bury et al.
(2019) seems to support this hypothesis: a socio-climate mod-
el was considered in which the human behaviour was based
upon a linear extrapolation of climate trends up until a future
time horizon, and it was found that longer time horizons
resulted in a smaller rise in temperature before global
warming was reversed. Henderson et al. (2016) have also
reported a stabilising effect of greater foresight in a socio-
ecological model, represented by lower discounting of the
utility based on the present environmental state.

A stabilising effect of human foresight, however, is not
self-evident, and further model studies investigating the con-
sequences of foresight on the stability of social-ecological
systems are still needed, particularly in simpler, more tractable
models where prediction can be investigated directly.
Especially in the presence of delay, the stabilising effect of
foresight comes into question: in this case, the effect of inher-
ent time delays in the human knowledge of the resource level
or ecosystem state may conflict with any beneficial effect of
predicting future states. In supply chain management, for ex-
ample, the interaction between time lags and forecasting of
demand along supply chains can cause pronounced fluctua-
tions through the ‘bullwhip effect’ (Barlas and Gunduz 2011).
A similar result is seen in the fisheries management model of
Kell et al. (2005), in which management recommendations
were based on two-season forecasts from one-season-old data.
Even with forecasting, large amplitude oscillations in yield
and effort were seen to arise from the management procedure
itself due to the delay in the data.

Two important open questions are therefore whether and to
what extent can human forecasting reliably stabilise social-
ecological systems, and if so, what is the outcome of the con-
flict between such forecasting and the destabilising effect of
delays in the acquisition and application of information on the
ecosystem information? In this paper, we address these issues
by considering a discrete-time resource-harvester model in
which delayed knowledge transfer and simple resource fore-
casting are incorporated into the harvest effort dynamics.

Model description

As a starting point, let us consider a discrete-time system of
two equations describing the harvest of an open-access re-
source:

X,
X =X, & (72) 5
Ew =E, eNpaXi—e).

Here, X; is the resource density, and £, the harvesting effort
at time ¢. The renewal of the population follows the Ricker
equation (Ricker 1954), with basic growth parameter » > 0 and
carrying capacity K> 0. The rate at which the population is
harvested is determined by multiplying the harvesting effort £,
by the catchability coefficient g > 0.

The change in the harvesting effort in the system is deter-
mined by the sign of the per-season profit per unit effort, 7, =
PpgX, — ¢, where p > 0 is the per unit price of the resource, and ¢
is the cost per unit effort. > 0 is a stiffness parameter, which
determines the difference in time scale between the resource
and harvest effort dynamics. The system can be thought of as a
version of the model of Fryxell et al. (2010) in the absence of
harvest quotas and negative feedback in the harvesting effort,
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or alternatively as a discretisation of a continuous-time system
consisting of a resource growing according to the logistic
equation, with mass-action harvesting at a harvesting effort
changing at a rate proportional to the profitability of harvest-
ing (Smith 1969).

This system has a single nontrivial equilibrium at the zero-
profit condition, pgX; — ¢ = 0, which can be stable in some cases,
but undamped oscillations around this equilibrium are also pos-
sible when, e.g. the cost per unit effort ¢ is low, due to the
feedback between the socioeconomic behaviour and the ecolog-
ical dynamics. The mechanism of such cycles is essentially the
same as for predator-prey cycles: when the resource population
level is low, harvesting is uneconomical and the harvesting effort
drops to low values such that the population can recover.
However, the harvesting effort stays low for long enough that
the resource level can rise and overshoot the zero-profit equilib-
rium, so that harvesting becomes highly profitable and harvesting
effort booms, driving the population to low densities again.

As a simple representation of a delay in the acquisition of
information about the resource level, we consider that the
harvesters only know and make decisions based on a single
outdated resource level X, _

En1 =E, oNpaX f—r*c‘),

where 7is the number of seasons which it takes for knowledge
of the resource to be acquired and to reach the harvesters. In
general, it is also possible to consider models in which the
resource levels in intervening seasons, X, _ 1, ..., X, also in-
fluence the harvesters’ socioeconomic decisions according to
a weighting determined by how available and up-to-date the
information is about the resource in the given season.

To incorporate foresight on the part of the harvesters, we
allow a consideration of future resource levels to influence their
behaviour. A simple way to represent this is to consider that the
harvesters linearly extrapolate the trend of the two most recent
known resource levels and base their harvesting decision on a
predicted resource level ft =X +5(X—+—Xi—-1), as in
Bury et al. (2019). Here, s> 0 represents the time horizon of
the harvesters, or their degree of foresight, with s = 0 correspond-
ing to the standard ‘myopic’ decision-making considered in most
socioeconomic-ecological models and higher values of s corre-
sponding to longer foresight. Note that for s <7, decisions are still
based on estimated resource states in the past/present, so that the
harvesters are not so much forecasting future resource stocks as
compensating for their outdated knowledge. For this reason, time
horizons up to 7 can be justifiable even when harvesters are
assumed to be myopic, provided that they are also assumed to
be aware that their knowledge of the resource is outdated.

With foresight incorporated in this way, the equation de-
scribing the harvesting effort becomes

Et+1 — Et eT]LDfI(thr‘FS(erT*Xr»r*l )70)]
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One point to note is the dimensionality of the system
modelled here. Although we only present two equations, de-
pending on at most 3 state variables: £, X;_, and X;_,_{, in
fact for delays greater than one season, we also need to store
the intermediate values X,_ 1, ..., X, for future use. The
actual system modelled therefore has 2 + 7 state variables.
These variables do not need to be considered when
interpreting the results seen here, but they do mean that more
complicated dynamics may arise than would be possible for a
strictly two-dimensional system.

Results

The basic model in which the time delay in the known resource
level and the time horizon of the harvesters are both zero—
corresponding to completely up-to-date knowledge and myopic
socioeconomic decision-making—can already show cycles in
some cases, but a delay in knowledge transfer can greatly in-
crease both the likelihood and the amplitude of cycles. Our main
focus is the impact of time delay and forecasting on the system,
and how this depends on the rate of biomass production of the
resource given by the parameter . Figure 1 shows three time
series of the resource-harvester system with slowly growing,
long-lived resources (»=0.1, corresponding to a season-to-
season increase in biomass of approximately 10% in the absence
of harvesting and intraspecific competition). In Fig. 1a, har-
vesters have up-to-date knowledge, with knowledge delayed by
a single season in Fig. 1b. In the first case, the oscillations are
dampened and the resource levels and harvesting effort both
converge to an equilibrium, leaving no danger of the resource
being exhausted in the long term. The introduction of a season’s
delay in knowledge transfer, however, has a severe effect on the
system. Even though the delay is small relative to the period of
the oscillations, it causes undamped, high amplitude cycles in
which the resource is left unharvested for long periods of time
before being harvested close to exhaustion after it has reached a
high level again. A resource dropping to such low levels is highly
vulnerable to collapse through external perturbations from
stochasticity or shocks, or to critical depensation.

In the case that the harvesters’ knowledge of the resource level
is delayed, however, the destabilising impact can be reversed by
including prediction. Figure 1¢ shows a time series for the system
with a single season’s delay in knowledge, 7= 1, and predictions
of the resource a single season ahead, s = 1. Oscillations are re-
stabilised by the inclusion of foresight, although the transient
oscillations persist for much longer than in Fig. 1a without delay
or prediction. The bifurcation portraits in Fig. 2 show how the
maximum and minimum of resource values reached in the long-
term dynamics depend upon the time horizon of the harvesters
for various sizes of time delay. When the time delay is a single
season (Fig. 2a), with myopic harvesters (s =0), the resource
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Fig. 1 Time series showing damped oscillations without delay (a), high
amplitude oscillations with a delay of 7=1 and without prediction (b),
and damped oscillations with a delay of 7=1 and prediction to a time
horizon of s =1 (c). Other parameters are »=0.1, K=1, ¢=0.01, n=
1.05,p=200,c=1.2

oscillates and reaches moderately low values. Foresight on the
part of the harvesters quickly stabilises the system, with a time
horizon of just over one season dampening the oscillations
completely to a plateau at the bioeconomic equilibrium, which
is independent of the harvester foresight. However, if harvesters
anticipate beyond ten seasons ahead, then oscillations reappear in
the resource levels. Here, the extremely long time horizon of the
harvesters causes the system to overshoot the equilibrium and
causes the stabilisation mechanism to break down, although the
resultant cycles have a much smaller amplitude than in the my-
opic case.

If the acquisition of knowledge about the resource level is
delayed further, stabilisation of the oscillations through predic-
tion on the part of the harvesters becomes more difficult.
Figure 2b shows how the long-term maximum and minimum
of the resource level depend on the time horizon when knowl-
edge of the resource level has a delay of three seasons. In this
case, the oscillations have higher amplitude, and harvesters need
to base their decisions on the expected state of the resource
almost three seasons ahead to fully stabilise them. Further
destabilisation of the system through overshooting also occurs
for less farsighted predictions than with a smaller delay.
Figure 2c shows that when harvesters only know the resource
level from four seasons ago, no level of farsighted decision-
making can stabilise the oscillations in the system. However,
the minimum resource level reached in the cycles can be consid-
erably higher when harvesters show foresight, whereas myopic
harvesters drive the resource to low enough levels that external
perturbations should eventually exhaust it. Foresight on the part
of harvesters is therefore still beneficial for the persistence of the
resource, even though cycles will never be stabilised completely.

Figure 3a shows that the full dependence of the stability of the
system on the knowledge delay and time horizon shows similar
patterns. With long delays in the time it takes for harvesters to
obtain knowledge of the resource level, high amplitude oscilla-
tions and eventual elimination of the resource are unavoidable
with any amount of foresight. With a time delay of eight seasons,
the resource will undergo cycles with an amplitude of at least 0.9
and so during the cycles will inevitably be reduced below 10% of
its unexploited level of 1. With a time delay of ten seasons or
more, the resource will always be exhausted. The stabilising
effect of prediction by the harvesters is always most effective
when they show intermediate levels of foresight. For any nonzero
delay in knowledge transfer, a certain farsightedness needs to be
included to stabilise the system, but too much foresight will
eventually destabilise the system. The range of time horizons
which allow for stabilisation or at least persistence always shrinks
as knowledge of the resource becomes more outdated. In the
Electronic Supplementary Material, we produce similar plots
with variation in the cost per unit effort ¢, the per unit resource
price p, and the catchability coefficient ¢. In general, we see that
while each of these parameters may have a stabilising or
destabilising effect and therefore cause the region of stability to
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grow or shrink, the qualitative results are robust to parameter
variation.

Figure 3b shows the dependence of the system stability on the
knowledge delay and time horizon in the case of a faster-growing
resource (=1, corresponding to a season-to-season increase in
biomass of approximately 170% in the absence of harvesting and
intraspecific competition). We see that for faster-growing spe-
cies, information delays are less destabilising to the system in
the absence of harvester foresight, although for both fast- and
slow-growing species a delay of five seasons is the maximum
that allows the resource to persist. If foresight were not consid-
ered, this would support the conclusion that faster-growing
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Fig. 3 Dependence of equilibrium stability and the amplitude of
undamped cycles on the time horizon s and the delay in knowledge
transfer 7 for a slow-growing resource with basic growth parameter =
0.1 (a) and a fast-growing resource with = 1 (b). Squares denote a stable
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resources are more stable when harvested. However, we see a
substantial reduction in the ability of foresight to stabilise
resource-harvester cycles induced by delay, such that with
knowledge of the resource stocks delayed by just two seasons,
stable long-term harvesting is not possible and foresight cannot
reduce the amplitude of oscillations in the resource below 0.37
(37% of its carrying capacity). When harvesters show foresight
beyond seven seasons, persistence of the resource is no longer
possible. Overall, when harvesters show any level of foresight at
all, delayed knowledge of the resource leads to more severe
cycles and more resource exhaustion when faster-growing re-
sources are harvested than for slower-growing resources. Long-
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haustion of the resource. All other parameters are the same as in Fig. 2
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term harvester foresight in such systems is undesirable, and fore-
sight must broadly speaking be kept within five seasons for sus-
tainable harvesting to be tenable. However, for large delays,
moderate amounts of foresight remain desirable and even neces-
sary for the persistence of the system.

Discussion

Socioeconomic-ecological models generally leave unchallenged
the assumption that the feedback of the state of the environment
is instantaneous and that human decision-making is myopic
(Suzuki and Iwasa 2009; Tavoni et al. 2012; Bauch et al.
2016). The current study clearly shows that this can be mislead-
ing when it comes to questions of stability and persistence of the
system. We see that when the acquisition and spread of knowl-
edge of the resource state among the harvesters in a resource-
harvester system is delayed, the socioeconomic-ecological inter-
actions can cause the resource level and harvester effort to un-
dergo large amplitude cycles, to the point that the resource is
driven to critically low levels, after which harvesting virtually
stops for long stretches of time. On the other hand, short-to-
medium-term predictions of future resource stocks by the har-
vesters, and a consequent modification of their behaviour, can
stabilise the system to bioeconomic equilibrium, provided that
the delay in the knowledge of the ecosystem is not too large. The
significance of these findings lie in the implication that time
delays in information acquisition and application cannot reliably
be ignored in social-ecological systems in which oscillations are
a substantial concern and, conversely, that both the faster acqui-
sition and application of information and appropriate forecasting
of the ecological system may be overlooked solutions to insta-
bility in many social-ecological systems.

In the face of social-ecological fluctuations, especially in the
harvesting of a biological resource, the research here clearly
points to time delays in the ecosystem feedback as a possible
cause. A model study incorporating such delays would be a
sensible response, in order to check the possible impact of the
development or improvement of techniques and institutions
which reduce them. This may be achieved through the acquisi-
tion and speedy dissemination of information about the ecosys-
tem state among the harvester community, rather than limiting its
use to informing decision-makers. The gathering and sharing of
information, however, has a cost which harvesters have little
individual incentive to pay and is therefore itself a public good.
Stabilisation of cycles by monitoring the resource stock would
then be a second-order public good dilemma which must be
resolved (Okada 2008). There may also of course be very good
reasons not to share such information—alerting the harvesters of
the location of protected stocks, for instance—and the benefit of
such an approach requires the bio-economic equilibrium
stabilised to be beneficial, which is generally not the case without
some management of the resource (Clark 2010). For

management, the value of ecosystem information in terms of
reducing uncertainty and guiding decisions is generally
appreciated—it plays a prominent role in the fisheries literature,
for instance (Méntyniemi et al. 2009; Prellezo 2017)—but the
speed of acquisition and application of this information less so.
With respect to Northeast Atlantic flatfish stocks, Kell et al.
(2005) concluded that more accurate stock assessments may
not result in better management when time lags between the
collection of data and its application result in instability arising
from the management procedure itself. One clear recommenda-
tion from the current study is that the collection and processing of
data applied in management of biological resources should be
sped up as much as possible.

The results of this paper also imply that anticipatory behaviour
of humans may be worth incorporating into model studies of
systems showing or vulnerable to social-ecological fluctuations.
In this case, prediction may be both a cause of oscillations and a
potential solution, depending on the appropriateness of the time
horizon used for the timescale of the ecological dynamics: in the
system considered, long-term foresight was beneficial for slow-
growing resources, whereas the inaccuracy of such long-term
foresight when applied to fast-growing resources was seen to
be detrimental for sustainable harvesting. One tentative conclu-
sion to be drawn is that in the case of slowly changing environ-
mental factors, making and disseminating medium-length fore-
casts (Broad et al. 2002) and promoting farsightedness among
human agents (Catino 2013) can be an effective strategy for
avoiding pronounced instability. The climate is one example of
such a relatively slowly changing factor, and the results of Bury
etal. (2019) indeed show that the maximal warming in a coupled
socio-climate system was less pronounced when human
decision-making was based on predicted temperature changes
over longer time horizons. A stabilising effect of longer time
horizons was also seen in a model of changing land use in
Southern Brazil (Henderson et al. 2016), again with a relatively
long ecological timescale. On the other hand, a more counterin-
tuitive result seen in this paper is the fact that predictions too far
into the future can destabilise the system (Fig. 2a, b). In particu-
lar, when the resource grows quickly (Fig. 3b), the rapid rise in
the resource together with forecasting can result in the harvesting
effort greatly ‘overshooting’ the equilibrium level and causing
the resource to collapse. In this case, the accuracy of forecasting
may have a greater importance than the time horizon over which
it is made.

The overshooting tendency of prediction can also be seen in
more slowly growing resources in the presence of significant
delays (Fig. 3a). Since time delays and prediction are often si-
multaneously present (Kell et al. 2005), an important question
concerns the length of time horizon that is most effective for
stabilising a system with a given delay. Based on the current
study, a general rule of thumb seems to be that time horizons
should at least match the time delay in the knowledge of the
resource level. When the time horizon and time delay are equal,
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decision-making is based on an estimate of the present level of
the resource. Often, a time horizon significantly longer than the
delay is optimal in reducing the amplitude of fluctuations, as in
Figs. 3a and Figs. S1A, S2A, S2B, S3B, corresponding to fore-
casting of resource states at future time points. Due to the afore-
mentioned overshooting effect, however, in fast-growing re-
sources a time horizon roughly a season shorter than the delay
gives a better stabilising effect. In this case, ‘catching up to the
present’ is counterproductive.

Instantaneous environmental feedback and myopic human be-
haviour are not in themselves justifiable assumptions in virtually
all human socioeconomic decision-making in an environmental
context. If an environmental state is poor, awareness of this fact
will still take time to filter through the community, and even once
awareness is prevalent, it may not be enough to affect behavioural
change (Ohe and Ikeda 2005; Lorenzoni et al. 2007). There may
also be a delay while psychological barriers among individuals
are overcome (Gifford 2011). On the other hand, human behav-
iour can also be altered by environmental concern at falling re-
sources or rising pollution driven by predictions of the future of
the environment (Hansen et al. 2004). In the case of biological
resources, many are harvested on a seasonal basis, which imposes
deadlines for planning/management decisions that take effect in
the coming season, meaning both that data may not be applied
with immediate effect and that a degree of forecasting must be
made to compensate for this (Holland 2010). At the highest level
of government, policy structures are also often updated on a
periodic basis: China’s fisheries policies, for example, are laid
out on the basis of 5-year plans (Cao et al. 2017).

When modelling any system, however, simplifying assump-
tions need to be made in order to make the results and analysis
tractable. The results seen here certainly show that there are situ-
ations where these assumptions need to be dropped, but it is
useful to consider when they are valid. In our model, sufficiently
large time delays are always seen to be destabilising, implying
that if the lag between the acquisition of knowledge or data on the
environmental state and a corresponding behavioural change is
large, it cannot sensibly be ignored. Relatively modest time de-
lays can also be destabilising when the baseline model is in pa-
rameter regimes close to destabilising bifurcations. Specifically,
when effort costs are low (Fig. S1), the resource has a higher sale
price (Fig. S2), or is more easily catchable (Fig. S3). In each of
these cases, a delay of as little as three seasons is enough to trigger
a collapse of the resource. Since forecasting is generally seen to
be stabilising, assuming myopic human decision-making in
models of social-ecological models with damped or undamped
cycles may result in a possible stabilising mechanism being
missed. In unstable social-ecological systems with shorter eco-
logical timescales, assuming myopic human behaviour may have
more serious consequences, since the inaccuracy of foresight can
be a crucial destabilising mechanism.

In this paper, we have limited our study to a resource-
harvester system with many simplifications and it is worth
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considering the impact that such simplifications could have
on the conclusions. In particular, including more sophisticated
representations of forecasting behaviour would help to deter-
mine whether the destabilising effect of very long foresight
depends on straightforward linear prediction, or if an analo-
gous effect is a general consequence of any form of inexact
prediction. To this end, models of prediction including higher-
order forecasts, longer-term memory of resource levels, or
even some form of pattern recognition could be considered.
It would also be more realistic to model human socioeconom-
ic decision-making as being based upon the discounted total
present value of all predicted future revenues within a given
time horizon, rather than a single anticipated future profit. For
the present model, we have checked that the qualitative be-
haviour seen here stays the same when future revenues are
discounted, although stabilisation of the system through pre-
diction becomes more difficult for the given parameters.

There are many other possible elaborations of the resource-
harvester system considered here. Firstly, the role of noise in the
resource dynamics or uncertainty in the harvesters’ knowledge of
the resource could be investigated. Uncertainty is known to be
problematic for sustainable resource use (Hine and Gifford 1996;
GustafSson et al. 1999) and could result in further inaccuracies in
the prediction of future resource levels and potentially prevent it
from stabilising resource-harvester cycles. The assumption of a
constant unit sale price in a system with large fluctuations in yield
is also invalid when the particular stock of the resource modelled
is significant enough that it can influence the regional or global
price. When the price of a resource is dependent on its yield,
following the laws of supply and demand, tipping points have
been shown to arise as rare resources attain a high price and are
consequently kept rare or even exhausted completely (Mansal
et al. 2014; Holden and McDonald-Madden 2017), including
in a resource-harvester system similar to that considered here
(Fryxell et al. 2017). Finally, the interaction between delay and
forecasting on the part of harvesters can be extended to models
which include government-set quotas for the resource (Fryxell
et al. 2010), which is a particularly interesting question consid-
ering that expectations of future government action can alter the
behaviour of harvesters (Clark et al. 2005; Clark 2007).

The form of human decision-making considered here is relatively
simple: harvester effort enters or exits the system based on how
profitable the resource is considered to be, according to a mass-
action law. Many models of social-ecological systems consider the
interplay of the environmental state and human socioeconomic
decision-making where people have a choice to cooperate in terms
of their environmental behaviour at a direct economic cost or to defect
and face the indirect cost of ostracism or social pressure driven by
environmental concem. This often involves general utility functions
incorporating factors such as social pressure or conformism (Tavoni
et al. 2012), social leaming (Bury et al. 2019), and strategic interac-
tions (Perry et al. 2018). It is certainly possible that delay and foresight
may have similar destabilising and stabilising impacts as seen here in
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many systems in which socioeconomic decision-making is modelled
using replicator or best-response dynamics. Indeed, as previously
discussed, the work of Bury et al. (2019) hint at a stabilising role of
longer time horizons in a human-climate system with social learning,

However, a stabilising response to human foresight is not
guaranteed in the presence of complex strategic interactions
among human actors. Indeed, prediction of a common pool re-
source level may exacerbate certain problems of game theory,
such as the tragedy of the commons (Hardin 1968). In the ab-
sence of mechanisms promoting cooperation among users, the
rational incentive of each individual user of a vulnerable resource
is to intensify their exploitation of it in order to gain as much as
possible before it is depleted by the others. Such a response may
be triggered earlier, or even induced, by users predicting a de-
clining resource. However, on the other hand, Jehiel (2001) and
Perry et al. (2018) demonstrate a beneficial role of foresight in
obtaining cooperation among competitors in repeated games and
collective action problems. Overall, clarifying the combined roles
of delays in ecosystem information and predictive human behav-
iour in more complex social-ecological systems should be a fer-
tile ground for future research.
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