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ABSTRACT: Choosing the right harvesting strategy is crucial for sustainable utilization of biolog-
ical resources but is challenging in real systems with fluctuating environments. This challenge is
expected to become even greater with global warming, as environmental variability is predicted
to increase. Additionally, harvesting strategies based on single-species models have been shown
to carry a severe risk of species extinctions when species interactions are ignored, particularly in
systems with more than one harvested species. As the climate continues to warm, we therefore
need new reference points for harvesting in an ecosystem context with environmental fluctua-
tions. In this paper, we discuss the development of harvesting strategies and suggest that a pro-
portional threshold harvesting framework could be a useful starting point for developing such ref-
erence points and tackling the challenge of sustainable harvesting in the future.
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1. INTRODUCTION

One of the most central topics in harvesting theory
and resource management over the past decades has
been how to choose the best harvesting strategies.
The challenge is to find a strategy that maximizes
some measure of yield without endangering the
future growth of the harvested population. This is
particularly challenging in fluctuating environments,
as such fluctuations add an extra source of uncer-
tainty and stochasticity to the fluctuations in popula-
tion size. Climate predictions indicate that environ-
mental variability is expected to increase in coming
years as the climate warms (IPCC 2013). In addition,
it has become apparent that harvesting strategies
developed for single species separately, without
accounting for interactions with other species, can
have seriously detrimental consequences on commu-
nities (Legovi¢ et al. 2010). Thus, there is an urgent
need for a re-evaluation of commonly used harvest-
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ing strategies, and construction of general principles
for choice of harvesting strategies for the future. In
this paper, we discuss the development of harvesting
strategies and identify some possible ideas for such
general principles.

Choosing an appropriate strategy requires a thor-
ough understanding of underlying stochastic popula-
tion dynamics and potential population responses to
harvesting. Projected climate changes are expected
to cause altered population dynamics in many com-
mercially important exploited species. This will af-
fect not only mean population sizes but also patterns
in the population fluctuations, which will be strongly
influenced by changes in the temporal variability of
the environment (Hansen et al. 2019). In addition,
increasing evidence now indicates that harvesting in
itself is likely to generate changes in the population
dynamics (Hsieh et al. 2006, Anderson et al. 2008,
Fryxell et al. 2010). A key challenge in the manage-
ment of exploited species will therefore be to disen-
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tangle the effects on population dynamics of changes
in the environment from those of harvest. A sustain-
able harvesting strategy must therefore be based on
analyses of both environmental effects and impacts
of harvesting in order to avoid over-exploitation and
severe reduction in population sizes (Gamelon et al.
2019). In addition, several other factors such as
demographic and spatial structure and interspecific
interactions can alter the dynamics of harvested pop-
ulations. Lee et al. (2021 in this Special) present re-
cent research into some of the main factors that influ-
ence population responses to harvesting in fluctuating
environments, providing a basis for harvesting mod-
els and identifying processes that must be consid-
ered when selecting a harvesting strategy for a par-
ticular system.

The theory and models that are used to predict con-
sequences of different strategies generally assume
that the strategies can be implemented accurately
and without unintended bias. However, this is often
difficult to ensure in natural populations. Peeters et al.
(2021 in this Special) show how a quota system that is
specifically developed to avoid changes in population
structure in practice was found to affect the age, sex
and spatial structure of the population due to hunter
behavior and preferences. Once a strategy has been
chosen, it is therefore essential to evaluate its imple-
mentation, both in terms of direct impacts (numbers
and distribution of actual harvest offtake) and sub-
sequent population responses. Ideally, this should be
done within a framework of adaptive management
and strategic foresight with stakeholder involvement
(Hamel et al. 2021 in this Special).

2. OPTIMAL HARVESTING STRATEGIES

The idea of maximum sustainable yield (MSY) has
been one of the most central and enduring concepts
within harvesting theory. MSY assumes that there
exists a certain size (Ricker 1954, Schaefer 1954) or
composition (Beverton & Holt 1957) of the population
at which the yield from harvesting can be maxi-
mized. Consequently, a major aim for the manage-
ment of exploited species has been to direct the pop-
ulation towards some set reference points that are
assumed to maximize the annual yield either in terms
of population size, biomass or economy. MSY is a
simple principle with an intuitive appeal based on
transparent results from analyses of widely used
population models (Clark 2010). It has therefore had
an enormous impact on the development of manage-
ment strategies of exploited species (Agnew 2019).

There are several challenges involved in the prac-
tical application of MSY (Larkin 1977). First, environ-
mental stochasticity plays a major role in the realized
dynamics of populations, e.g. affecting annual varia-
tion in recruitment. Second, uncertainties in popula-
tion estimates may generate substantial potential for
overharvesting that can seriously reduce future pop-
ulation sizes and hence dramatically decrease the
future yield from the harvest. Third, harvested popu-
lations do not live in isolation but rather interact with
other species, often changing population dynamics in
relation to those predicted from the single-species
models. Thus, calculations of harvesting pressures to
obtain MSY are unlikely to be accurate when based
on single-species deterministic harvest models, be-
cause these models fail to capture essential features
affecting the dynamics of most exploited species,
often leading to overharvesting (Mangel et al. 2002).

The development of harvesting theory that in-
cluded stochastic fluctuations in the environment
was pioneered by Beddington & May (1977) and May
et al. (1978). An important general result to arise
from these analyses was that in fluctuating environ-
ments, both a constant yield harvesting strategy
(removing a fixed quota from the population each
year) and a constant effort or proportional harvesting
strategy (removing a fixed proportion of the popula-
tion each year) destabilized the population dynamics
by reducing the population growth rate and increas-
ing the sensitivity to random variation in the environ-
ment. They also confirmed Larkin's (1977) assertion
that MSY in a stochastically fluctuating environment
was considerably lower than the deterministic MSY.
Thus, it became clear that random variation in the
environment has major implications for the best
choice of harvesting strategy. These analyses also
demonstrated that assumptions about underlying
population dynamics (e.g. variation in the form of the
stock-recruitment relationships) strongly affect the
predicted population consequences of a given har-
vest strategy.

In deterministic systems, there will generally exist
one optimal harvesting strategy that maximizes the
annual yield, although finding this strategy can be
challenging and requires knowledge of the underly-
ing population growth model (Gilpin & Ayala 1973).
However, due to the increased uncertainty and insta-
bility of harvested population dynamics in systems
with fluctuating environments, choice of harvesting
strategy becomes more of a trade-off between maxi-
mizing annual yield and minimizing extinction risk.
There is a range of possible optimization criteria, lim-
ited by 2 extreme cases. The conservative criterion
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proposed by Lande et al. (1995) maximizes the total
cumulative yield from a harvested population before
it ultimately goes extinct, and represents the upper
limit for a sustainable harvest. In contrast, the classi-
cal goal as included in the concept of MSY formu-
lated by Ricker (1954) is to maximize the mean
annual yield, ignoring the risk of extinction or popu-
lation collapse. Intermediate criteria can be selected
by prescribing levels of risk related to the probability
of reduction in population size to a given lower level
(Lande et al. 1995). Small population sizes increase
the risk of extinction and can be difficult to recover
from even when exploitation is halted (Hutchings
2001).

Three of the most common simple harvesting
strategies to be considered in the context of optimal
harvesting are constant yield harvesting, propor-
tional harvesting (in which the annual yield is pro-
portional to the population size N) and threshold (or
constant escapement) harvesting (in which all indi-
viduals above a critical population size are removed
and no harvest takes place if the population is below
the threshold) (Getz & Haight 1989, Lande et al.
1995). As long as the threshold is set high enough,
threshold harvesting carries less risk of destabilizing
population dynamics and driving populations to
extinction, because exploitation does not continue at
small population sizes (Fig. 1). In fact, a general out-
come from analyses of these harvesting strategies is
that for a wide class of population models, threshold
harvesting is the strategy that maximizes the mean
annual yield (Lande et al. 1997, Seaether et al. 2001).
However, a major drawback of threshold harvesting
is that it causes high annual variation in the yield,
with frequent years of no harvest (Fig. 1e,k) (Lande
et al. 1997). This variability causes problems for the
people and industries relying on harvesting. An
alternative proportional harvesting strategy, i.e. har-
vesting only a fraction of the excess individuals
above a certain threshold population size and no har-
vesting otherwise, can reduce the variance in the
annual yield but still give acceptable risks of popula-
tion collapse (Fig. 1c,f,i,l) (Engen et al. 1997, Hilker &
Liz 2019). This strategy has been applied in practice
to calculate offtake of individuals to reduce the level
of conflict with regard to large carnivores in Fenno-
scandia (Seether et al. 2005, 2010).

When population estimates are uncertain, as is
often the case, there is a risk of accidentally driving
populations to extinction by setting harvest quotas
based on overestimates of the actual population size
(Walters & Maguire 1996, Wiedenmann & Jensen
2018). Greater uncertainty in population estimates

increases the optimal threshold for threshold har-
vesting (Engen et al. 1997, Tufto et al. 1999, Seether
et al. 2010). Because of this, when population esti-
mates are highly uncertain, proportional threshold
harvesting not only reduces the variance in annual
yield, but also outperforms threshold harvesting in
optimizing the expected cumulative yield before
extinction (Engen et al. 1997). Thus, when uncer-
tainty in population estimates is high, as is common
in real systems, proportional threshold harvesting
tends to be the optimal strategy (Engen et al. 1997).

During recent decades, the focus of management
strategies for exploited species has started to shift
from single species to a more ecosystem-based per-
spective, as several studies have demonstrated
clearly that simultaneously extracting more or less
independent single-species MSY from an assembly
of interacting species will not produce an ecologi-
cally sustainable management strategy, but rather is
likely to cause severe losses of biodiversity (Legovi¢
et al. 2010, Legovi¢ & Gecek 2010, Fogarty 2014,
Tromeur & Doyen 2019). This shift has been particu-
larly pronounced within fisheries, where a number of
complex models of multi-species systems have been
suggested as tools to improve management decisions
(Plaganyi 2007). In practice, these ecosystem models
are generally too complex to provide simple guide-
lines for harvesting in systems with more than a few
species (Plaganyi 2007, Curti et al. 2013), but they do
show promise for identifying potential impacts of dif-
ferent harvest scenarios when enough data are avail-
able (Natugonza et al. 2019).

The shift towards more focus on ecosystem-based
management has resulted in the development of new
reference points that consider risk of stock depletion
of several exploited species at once for use in the
advice for the international management of commer-
cially important fish stocks (Thorpe 2019), for exam-
ple as provided by the International Council for the
Exploration of the Sea (ICES 2017). However, in
practice, the concept of MSY still provides an impor-
tant benchmark in developing ecosystem-based har-
vest tactics, and these new reference points reflect
that, attempting to balance the risk of stock depletion
and yield across multiple species for a ‘multispecies
MSY' (Thorpe 2019). It is not clear how the complex
interspecific interactions found in most ecosystems
could be accommodated in such a framework. In
addition, recent developments in general harvesting
theory have provided strong evidence that in fluctu-
ating environments, harvesting has a strong impact
on the spatio-temporal abundance distribution and
synchrony of interacting species (Jarillo et al. 2018,
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Fig. 1. Proportional threshold harvesting can give more stable annual yields than threshold harvesting without driving popula-
tions to extinction. Simulated (a—c, g—i) population trajectories and (d—f, j-1) annual yield under (a,d,g,j) proportional, (b,e,h k)
threshold and (c,f,il) proportional threshold harvesting for the population growth model N;,; = N;+5N; — LNZ - V(Ny),
where Var(r;) ~ N(r, 63N +62N?) (Engen et al. 1998), the third term on the right-hand side represents logistic density regula-
tion, and y(IV;) is harvesting yield. Population parameters were mean growth rate r=0.05, carrying capacity K = 10 000, demo-
graphic variance 6% =1, and environmental variance 62 =0.01 (a—f) and 0.04 (g-1). The harvest proportion was set equal to
the mean growth rate (0.05) in a, d, g and j. The threshold above which harvesting took place was at Kin b, e, h and k to max-
imize the expected cumulative yield before extinction (Lande et al. 1995). For proportional threshold harvesting (c,f,il), the pro-
portion harvested above the threshold was set to g = 0.1 and the threshold was set to K (1 —Jnoc? /4q) to maximize the cumula-
tive yield before extinction (Engen et al. 1997). We assumed no uncertainty in population estimates. Simulations were initiated
at K using R version 4.0.1 (R Core Team 2020) and the seed was set to the same value for each harvesting strategy so that the
stochastic fluctuations did not differ among strategies

2020). Thus, there is an urgent need for developing
general principles for harvesting of interacting spe-
cies in stochastic environments that provide refer-
ence points for an ecosystem-based management
approach that preserves the structure and function-
ing of networks of interacting species and their spa-
tial dynamics.

We suggest that application of a proportional
threshold strategy can provide a useful approach.
Within this framework, calculation of the necessary
abundance, biomass or population growth to maintain
interspecific interactions will provide the lower
threshold below which no harvesting is allowed. This
threshold can be set high for systems in which lack of
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data seriously limits our ability to calculate sustainable
population sizes. As data becomes available, allowing
more accurate modeling of ecosystems, the threshold
can be adjusted. In this way, complex ecosystem mod-
els (Plaganyi 2007), knowledge of population dynam-
ics and potential responses to harvesting (Lee et al.
2021 in this Special) and simplified multi-species ref-
erence points for harvesting can be brought together
to provide management guidance. Such a propor-
tional threshold strategy generates less annual varia-
tion in the yield compared to the more conservative
threshold strategy (Lande et al. 1995, 1997, 2003,
Hilker & Liz 2019).

By combining a proportional threshold strategy
with simple harvesting practices that are predicted to
cause the least disruption to overall ecosystem struc-
tures, spatial patterns and interspecific interactions,
this approach could generate reference points for
management practices that are less likely to result in
degradation of ecosystem processes. For example,
balanced harvesting (Zhou et al. 2010, 2019, Garcia
et al. 2012) might be a promising strategy. In bal-
anced harvesting, different species are harvested in
proportion to their natural productivity, causing less
disruption to the relative abundance of species
within an ecosystem than with more traditional har-
vesting strategies (Garcia et al. 2012). The definition
and measure of productivity used can vary and has
been the subject of some debate (Zhou et al. 2019),
but the general idea is that more productive species
with higher population growth or biomass produc-
tion can sustain higher harvest mortality rates than
less productive ones (Zhou et al. 2010, Garcia et al.
2012). Scaling harvest by species productivity in this
way has the additional advantage of inherently ac-
counting for differences in species' life history, which
greatly influence their ability to recover from ex-
ploitation and their consequent extinction risk (Purvis
et al. 2000).

Theoretical modeling has shown that adjusting
harvesting of a single species by the productivity of
different regions tends to reduce the spatial scale of
population synchrony (Engen et al. 2018). If a similar
result holds for multi-species harvesting, balanced
harvesting could be a useful way to avoid forcing
among-species population synchrony, which can
cause multiple species in a system to simultaneously
be in a population state vulnerable to stochastic ex-
tinction. By embedding new knowledge about ecosys-
tem dynamics and responses to patterns of harvest
within the proportional threshold harvest frame-
work, the advantages of this strategy demonstrated
for single-species systems in fluctuating environ-

ments (Lande et al. 1997, Seether et al. 2001) can be
harnessed for multi-species systems.

One important outcome of an approach implement-
ing proportional threshold harvesting in an ecosystem
setting is that it can provide the foundation for a long-
term perspective on the implementation of harvest
strategies. We are now experiencing a time in which
the climate is rapidly changing and it is therefore im-
portant to apply harvest tactics that minimize interfer-
ence with natural population dynamics (Gamelon et
al. 2019). At the same time, we must consider the
changes caused by global warming and other external
factors. Many natural populations are assumed to be in
a state of transient dynamics, away from stable equi-
librium (Koons et al. 2005, Stott et al. 2011, Gamelon
et al. 2014), and there is a possibility of harvested sys-
tems experiencing major regime shifts, reorganizing
whole systems, and altering the dominance relation-
ships among species (Scheffer et al. 2001, deYoung et
al. 2004, Folke et al. 2004). In addition to developing
harvesting strategies that prevent harvest-induced
regime shifts, the dynamic state of natural systems re-
quires flexible strategies that can be updated and ad-
justed as needed (Walters & Hilborn 1978), and sug-
gests a need for a departure from the equilibrium
theory that underlies classic harvesting theory to
analysis of transient dynamics. We suggest that the ad-
vantages of proportional threshold harvesting can be
extended to accommodate such changes. A propor-
tional threshold strategy involves a threshold below
which no harvest will occur. Periods without harvest
will facilitate estimation of population parameters,
thus improving our ability to detect trends in critical
population parameters affected by climate changes
and improving our foundation for modeling the popu-
lation dynamics that determine responses to harvest-
ing (Fieberg 2004). The underlying population models
can be adjusted as needed to capture changes in pop-
ulation and community dynamics. In practice, the
threshold and proportion of excess individuals re-
moved can be kept constant for longer periods of time,
making the yield a simple function of variation in pop-
ulation size. This will increase the potential for includ-
ing climate projections in ecosystem-based harvest
models because the management regimes will be sim-
ple and relatively stable over time, while at the same
time improving sustainability.

3. CONCLUSIONS

Optimal harvesting requires thorough knowledge
of population and community dynamics coupled with
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a general harvesting strategy, followed by evaluation
and adaptation of the outcome of harvesting. As the
climate continues to warm and become more vari-
able, we need new reference points for harvesting in
an ecosystem context with a fluctuating environment.
We suggest that a proportional threshold harvesting
framework is a good starting point for developing
such reference points, incorporating new knowledge
of system dynamics as it becomes available.

Acknowledgements. This work was supported by the
Research Council of Norway (KLIMAFORSK project 244647
and SFF-III 223257/F50) and the Norwegian University of
Science and Technology (NTNU).

LITERATURE CITED
#Agnew DJ (2019) Who determines sustainability? J Fish Biol
94:952-957
]\(Anderson CNK, Hsieh C, Sandin SA, Hewitt R and others
(2008) Why fishing magnifies fluctuations in fish abun-
dance. Nature 452:835-839
ﬁiBeddington JR, May RM (1977) Harvesting natural popula-
tions in a randomly fluctuating environment. Science
197:463-465
Beverton RJH, Holt SJ (1957) On the dynamics of exploited
fish populations. Fishery Investigations London Series
11. Springer, Dordrecht
Clark CW (2010) Mathematical bioeconomics: the mathe-
matics of conservation, 3rd edn. Pure and applied math-
ematics. Wiley, Hoboken, NJ
A Curti KL, Collie JS, Legault CM, Link JS, Hilborn R (2013)
Evaluating the performance of a multispecies statistical
catch-at-age model. Can J Fish Aquat Sci 70:470-484
AdeYoung B, Harris R, Alheit J, Beaugrand G, Mantua N,
Shannon L (2004) Detecting regime shifts in the ocean:
data considerations. Prog Oceanogr 60:143-164
]\(Engen S, Lande R, Seether BE (1997) Harvesting strategies
for fluctuating populations based on uncertain popula-
tion estimates. J Theor Biol 186:201-212
HEngen S, Bakke O, Islam A (1998) Demographic and envi-
ronmental stochasticity —concepts and definitions. Bio-
metrics 54:840-846
]%Engen S, Cao FJ, Seether BE (2018) The effect of harvesting
on the spatial synchrony of population fluctuations.
Theor Popul Biol 123:28-34
ﬁiFieberg J (2004) Role of parameter uncertainty in assessing
harvest strategies. N Am J Fish Manage 24:459-474.
ﬁiFogarty MJ (2014) The art of ecosystem-based fishery man-
agement. Can J Fish Aquat Sci 71:479-490
]%Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T,
Gunderson L, Holling CS (2004) Regime shifts, resili-
ence, and biodiversity in ecosystem management. Annu
Rev Ecol Evol Syst 35:557-581
ﬁiFryxell JM, Packer C, McCann K, Solberg EJ, Seether BE
(2010) Resource management cycles and the sustainabil-
ity of harvested wildlife populations. Science 328:
903-906
]\(Gamelon M, Gimenez O, Baubet E, Coulson T, Tuljapurkar
S, Gaillard JM (2014) Influence of life-history tactics on
transient dynamics: a comparative analysis across mam-
malian populations. Am Nat 184:673-683

]\VgGamelon M, Sandercock BK, Seether BE (2019) Does har-
vesting amplify environmentally induced population
fluctuations over time in marine and terrestrial species?
J Appl Ecol 56:2186-2194

A Garcia SM, Kolding J, Rice J, Rochet MJ and others (2012)
Conservation. Reconsidering the consequences of selec-
tive fisheries. Science 335:1045-1047

Getz WM, Haight RG (1989) Population harvesting: demo-
graphic models of fish, forest, and animal resources.
Princeton University Press, Princeton, NJ
A Gilpin ME, Ayala FJ (1973) Global models of growth and
competition. Proc Natl Acad Sci USA 70:3590-3593.
Hamel S, Ims RA, Yoccoz NG (2021) Challenges and oppor-
tunities when implementing strategic foresight: lessons
learned when engaging stakeholders in climate-ecologi-
cal research. Clim Res (in press), doi:10.3354/cr01653

] Hansen BB, Gamelon M, Albon SD, Lee AM and others
(2019) More frequent extreme climate events stabilize
reindeer population dynamics. Nat Commun 10:1616

] Hilker FM, Liz E (2019) Proportional threshold harvesting
in discrete-time population models. J Math Biol 79:
1927-1951

]\(Hsieh C, Reiss CS, Hunter JR, Beddington JR, May RM,
Sugihara G (2006) Fishing elevates variability in the
abundance of exploited species. Nature 443:859-862

A¢Hutchings JA (2001) Influence of population decline, fish-
ing, and spawner variability on the recovery of marine
fishes. J Fish Biol 59:306-322

ICES (2017) Report of the working group on widely distrib-
uted stocks (WGWIDE): 30 August-5 September 2017.
ICES Headquarters, Copenhagen, Denmark. ICES CM
2017/ACOM:23

IPCC (2013) Climate change 2013: the physical science
basis. In: Stocker TF, Qin D, Plattner GK, Tignor M and
others (eds) Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge

AJarillo J, Seether BE, Engen S, Cao FJ (2018) Spatial scales of
population synchrony of two competing species: effects
of harvesting and strength of competition. Oikos 127:
1459-1470

] Jarillo J, Seether BE, Engen S, Cao-Garcia FJ (2020) Spatial
scales of population synchrony in predator-prey systems.
Am Nat 195:216-230

#Koons DN, Grand JB, Zinner B, Rockwell RF (2005) Tran-
sient population dynamics: relations to life history and
initial population state. Ecol Model 185:283-297.

]\( Lande R, Engen S, Saether BE (1995) Optimal harvesting of
fluctuating populations with a risk of extinction. Am Nat
145:728-745

A‘Lande R, Sether BE, Engen S (1997) Threshold harvesting
for sustainability of fluctuating resources. Ecology 78:
1341-1350

Lande R, Engen S, Saether BE (2003) Stochastic population
dynamics in ecology and conservation. Oxford Series in
Ecology and Evolution. Oxford University Press, Oxford

]\'{ Larkin PA (1977) An epitaph for the concept of maximum
sustained yield. Trans Am Fish Soc 106:1-11

Lee AM, Jarillo J, Peeters B, Hansen BB, Cao-Garcia FJ,
Seether BE, Engen S (2021) Population responses to har-
vesting in fluctuating environments. Clim Res (in press),
d0i:10.3354/cr01656

Legovi¢ T, Gecek S (2010) Impact of maximum sustainable
yield on independent populations. Ecol Model 221:
2108-2111


https://doi.org/10.1111/jfb.13928
https://doi.org/10.1038/nature06851
https://doi.org/10.1126/science.197.4302.463
https://doi.org/10.1139/cjfas-2012-0229
https://doi.org/10.1016/j.pocean.2004.02.017
https://doi.org/10.1006/jtbi.1996.0356
https://doi.org/10.2307/2533838
https://doi.org/10.1016/j.tpb.2018.05.001
https://doi.org/10.1577/M03-021.1
https://doi.org/10.1139/cjfas-2013-0203
https://doi.org/10.1146/annurev.ecolsys.35.021103.105711
https://doi.org/10.1126/science.1185802
https://doi.org/10.1086/677929
https://doi.org/10.1577/1548-8659(1977)106%3C1%3AAEFTCO%3E2.0.CO%3B2
https://doi.org/10.1890/0012-9658(1997)078%5b1341%3ATHFSOF%5d2.0.CO%3B2
https://doi.org/10.1086/285765
https://doi.org/10.1016/j.ecolmodel.2004.12.011
https://doi.org/10.1086/706913
https://doi.org/10.1111/oik.05069
https://doi.org/10.1111/j.1095-8649.2001.tb01392.x
https://doi.org/10.1038/nature05232
https://doi.org/10.1007/s00285-019-01415-7
https://doi.org/10.1038/s41467-019-09332-5
https://doi.org/10.1073/pnas.70.12.3590
https://doi.org/10.1126/science.1214594
https://doi.org/10.1111/1365-2664.13466

Lee & Seether: Optimal harvesting in a changing climate 7

\,

]iLegoviC’ T, Klanjs¢ek J, Gec¢ek S (2010) Maximum sustain-
able yield and species extinction in ecosystems. Ecol
Model 221:1569-1574

Mangel M, Marinovic B, Pomeroy C, Croll D (2002) Requiem
for Ricker: unpacking MSY. Bull Mar Sci 70:763-781

#May RM, Beddington JR, Horwood JW, Shepherd JG (1978)

Exploiting natural populations in an uncertain world.
Math Biosci 42:219-252

]%Natugonza V, Ainsworth C, Sturludottir E, Musinguzi L and
others (2019) Ecosystem models of Lake Victoria (East
Africa): can Ecopath with Ecosim and Atlantis predict
similar policy outcomes? J Gt Lakes Res 45:1260-1273

Peeters B, Pedersen AQ, Veiberg V, Hansen BB (2021)
Hunting quotas, selectivity and stochastic population
dynamics challenge the management of wild reindeer.
Clim Res (in press)

Plaganyi EE (2007) Models for an ecosystem approach to
fisheries. FAO Fisheries Technical Paper, 0429-9345,

477. FAO, Rome

FPurvis A, Gittleman JL, Cowlishaw G, Mace GM (2000) Pre-
dicting extinction risk in declining species. Proc R Soc B
267:1947-1952

R Core Team (2020) R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-

ing, Vienna. www.r-project.org

]\(Ricker WE (1954) Stock and recruitment. J Fish Res Board
Canada 11:559-623

HSather BE, Engen S, Solberg EJ (2001) Optimal harvest of
age-structured populations of moose Alces alces in a
fluctuating environment. Wildl Biol 7:171-179

]\( Seether BE, Engen S, Persson J, Breseth H, Landa A, Wille-
brand T (2005) Management strategies for the wolverine
in Scandinavia. J Wildl Manag 69:1001-1014

A Sather BE, Engen S, Odden J, Linnell JDC, Grotan V,

Andrén H (2010) Sustainable harvest strategies for age-

structured Eurasian lynx populations: the use of repro-

Editorial responsibility: Tim Coulson (Guest Editor),
Oxford, UK
Reviewed by:

ductive value. Biol Conserv 143:1970-1979
Schaefer MB (1954) Some aspects of the dynamics of popu-
lations important to the management of the commercial
marine fisheries. Bull I-ATCC 1:27-56
]\(Scheffer M, Carpenter S, Foley JA, Folke C, Walker B
(2001) Catastrophic shifts in ecosystems. Nature 413:
591-596
]\'{Stott I, Townley S, Hodgson DJ (2011) A framework for
studying transient dynamics of population projection
matrix models. Ecol Lett 14:959-970
HThorpe RB (2019) What is multispecies MSY? A worked
example from the North Sea. J Fish Biol 94:1011-1018
]\ViTrorneur E, Doyen L (2019) Optimal harvesting policies
threaten biodiversity in mixed fisheries. Environ Model
Assess 24:387-403
]\viTufto J, Saether BE, Engen S, Swenson JE, Sandegren F
(1999) Harvesting strategies for conserving minimum
viable populations based on World Conservation Union
criteria: Brown Bears in Norway. Proc R Soc B 266:
961-967
]\<Walters CJ, Hilborn R (1978) Ecological optimization and
adaptive management. Annu Rev Ecol Syst 9:157-188
Walters C, Maguire JJ (1996) Lessons for stock assessment
from the northern cod collapse. Rev Fish Biol Fish 6:
125-137
’\'g Wiedenmann J, Jensen OP (2018) Uncertainty in stock
assessment estimates for New England groundfish and
its impact on achieving target harvest rates. Can J Fish
Aquat Sci 75:342-356
A'Zhou S, Smith ADM, Punt AE, Richardson AJ and others
(2010) Ecosystem-based fisheries management requires
a change to the selective fishing philosophy. Proc Natl
Acad Sci USA 107:9485-9489
#Zhou S, Kolding J, Garcia SM, Plank MJ and others (2019)
Balanced harvest: concept, policies, evidence, and man-
agement implications. Rev Fish Biol Fish 29:711-733

Submitted: September 17, 2020;
Accepted: May 3, 2021
Proofs received from author(s): August 4 , 2021


https://doi.org/10.1016/j.ecolmodel.2010.03.024
https://doi.org/10.1016/0025-5564(78)90097-4
https://doi.org/10.1016/j.jglr.2019.09.018
https://doi.org/10.1098/rspb.2000.1234
https://doi.org/10.1139/f54-039
https://doi.org/10.2981/wlb.2001.021
https://doi.org/10.2193/0022-541X(2005)069%5b1001%3AMSFTWI%5d2.0.CO%3B2
https://doi.org/10.1016/j.biocon.2010.04.048
https://doi.org/10.1007/s11160-019-09568-w
https://doi.org/10.1073/pnas.0912771107
https://doi.org/10.1139/cjfas-2016-0484
https://doi.org/10.1146/annurev.es.09.110178.001105
https://doi.org/10.1098/rspb.1999.0730
https://doi.org/10.1007/s10666-018-9618-2
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30883746&dopt=Abstract
https://doi.org/10.1111/j.1461-0248.2011.01659.x
https://doi.org/10.1038/35098000



