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Introduction

Although the term “over-fishing” was coined already in the mid-1850s (Cleghorn, 1854), the overexploitation of marine fisheries
resources was only realized in the early 1900s, when the first study (Garstang, 1900) and articles on overfishing (Petersen, 1903;
Kyle, 1905) were published. By that time, the need for simple and easy to understand guidance on catch limits emerged. The
maximum catch that a population can support seemed to be an excellent reference point for fisheries management.

Maximum Sustainable Yield (MSY) is the most well-known acronym in fisheries science and, as a concept, has a history of
around 100 years (Baranov, 1918). It was formulated in the 1930s when mathematical models were introduced in population
ecology (Hjort et al., 1933) and bloomed in the 1950s with the development of surplus production models.

Today, MSY has been adopted by the vast majority of regional management bodies (Hilborn and Walters, 1992; Quinn and
Deriso, 1999; Mace, 2001; Hart and Reynolds, 2002; EC, 2009; Pauly and Froese, 2014) and it is therefore widely used as a reference
point in the assessment of exploited populations (stocks) around the world.
The MSY Concept

Definition of MSY

MSY (also called maximum surplus production, maximum equilibrium catch, maximum constant yield, maximum sustained yield,
sustainable catch: Ricker, 1975; Hilborn and Walters, 1992; Quinn and Deriso, 1999; Mace, 2001) is the highest theoretical
equilibrium yield that can be continuously taken from a stock under existing (average) environmental conditions (FAO, 2001).
It is the highest catch that still allows the population to sustain itself indefinitely through somatic growth, spawning, and
recruitment (Graham, 1943; FAO, 2001).

MSY was formally introduced by Milner Schaefer (Schaefer, 1954) who developed the model named after him based on the
logistic curve of population growth (Fig. 1). Plotting the first derivative (¼ the slope) of that curve over the corresponding biomass
(the collective weight of the individuals at a certain time) shows the increase in biomass (termed surplus production or yield) with
time, in the form of a parabolic curve (Fig. 2). The interpretation of the parabola is easy: at the left end there is zero biomass and
therefore zero yield. At the opposite end, where the population is at carrying capacity of the ecosystem for this stock, there is no
surplus production by definition and thus again zero yield. In other words, initially the population grows exponentially, unrest-
ricted by environmental conditions. But as population size approaches carrying capacity, growth slows down and eventually seizes.
Because of the symmetric shape of the logistic curve, maximum surplus production or yield is reached at half of maximum
population size in the Schaefer model (Fig. 2; see “Methods to Estimate MSY section”). Taking away this maximum surplus
production by fishing prevents the population from growing any further, basically keeping it at half of maximum population size,
producing maximum surplus forever; hence this is the point of MSY.

In this simple model, the rate of population increase r is a linear function of biomass, maximum at zero population size, and
zero at carrying capacity (Hart and Reynolds, 2002; Quinn and Deriso, 1999).

Various explanations have been offered for the typical S-shape of population growth, such as improved somatic growth at low
population size versus increased intraspecific competition at high densities (Hart and Reynolds, 2002). Carrying capacity (K) has
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Fig. 1 The logistic (sigmoid) curve of population growth over time. The carrying capacity (K) and MSY (¼K/2) are indicated along with phases of slow and fast
population growth.
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Fig. 2 The parabolic curve of surplus production or equilibrium yield (as % of MSY) as a function of population biomass (as % of carrying capacity, K). The second
Y-axis shows the intrinsic rate of population increase r, which in the Schaefer model is maximum at zero biomass and declines linearly to zero at carrying capacity.
Note that MSY is produced at half of rmax.
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been interpreted in Malthus’ terms as being caused by limited food availability (Seidl and Tisdell, 1999). However, today most
ecologists agree that the main driver of population growth is the interplay between reproductive success and mortality (Charnov,
1993; Sibly et al., 2012): once the number of new individuals equals the number of deaths population growth seizes. At low
population sizes, new individuals exceed the number of deaths and population growth is exponential. But while the number of
deaths remains proportional to population size, the production of new individuals slows and reaches a more or less constant value
once the population has grown beyond about a quarter of carrying capacity. As a result, the exponential growth slows to a linear
growth at about half of carrying capacity and declines thereafter, approaching carrying capacity in an asymptotic curve (Fig. 3).
Density effects causing death by starvation are thought to apply mostly to early life stages (Houde, 1987; Bailey and Houde, 1989;
Hüssy et al., 1997) and cause a limit to reproductive success, as indicated by the green curve shown in Fig. 3.

Today, the MSY definition most widely used is the one proposed by Ricker (1975). According to “the green book” of Ricker, MSY
is defined as the largest average catch or yield that can continuously be taken from a stock under existing environmental conditions
but for species with fluctuating recruitment the maximum catch may be obtained by taking fewer fish in some years than in others
(Ricker, 1975).
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Fig. 3 The theoretical logistic curve of population growth over time (black line) compared with a hypothetical curve (blue line) resulting solely from the number of
deaths (mortality: red line) and the number of replacements through recruitment (reproductive success: green line), which is more or less constant above about a
quarter of carrying capacity.
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Related Biological Reference Points

Current fisheries management is based on fishing mortality and biomass reference points that correspond to MSY, although MSY
itself is rarely used as a reference point. Two related reference points are applied: one is the fishing mortality or fishing pressure
(FMSY) that, if applied over a time span similar to generation time, will eventually result in a catch equal to MSY (Fig. 4) where F
describes the part of the total mortality rate that is caused by fishing. For example, F ¼ 0.6 means that about 60% of the fish that are
there on average over the year will be killed by fishing. The other related reference point is the biomass at MSY, BMSY, which is the
smallest stock size that can support catches equal to MSY, and which is the biomass corresponding to the peak in Fig. 2.

In age-structured assessment models, the fishing mortality that results in the maximum yield per recruit (FMAX) is close to FMSY if
the yield per recruit versus F curve has a well-defined peak. However, if that peak is less well defined, as in Fig. 4, then FMAX may be
substantially larger than FMSY (Longhurst, 2006).
Methods to Estimate MSY

MSY, FMSY, and BMSY can be estimated from surplus production models, which require catch and effort or an index of biomass or
relative abundance (e.g., catch per unit of effort) as input. Alternatively, these or similar reference points can be obtained from age-
structured models, which are, however, more data demanding.
Surplus Production Models

Surplus production models are used to assess stock status and exploitation in data-limited areas where reliable information on age
and length structure and natural mortality are not available (Beverton and Holt, 1957; Punt, 2003). They are applied not only to
stocks with available commercial catch data and some index of exploitable biomass, such as catch per unit of effort (CPUE) derived
from scientific surveys, but also to migratory stocks and crustaceans that are difficult to age (Polacheck et al., 1993). They assume
that sustainable catch is a simple function of population biomass, regardless of the size and age composition of that biomass
(Holt, 2014).

The most widely used surplus production model is the one developed by Schaefer (1954):

Btþ1 ¼ Bt þ rmaxBt 1� Bt

K

� �
� Ct

where Bt is the biomass of the stock at time t and t þ 1, rmax is the maximum intrinsic rate of population increase, K is a parameter
which corresponds to the unfished equilibrium stock size or carrying capacity, and C is the catch per unit of time (usually a year).

Surplus production or yield (Y) is calculated as:

Y ¼ rmaxBt 1� Bt

K

� �

MSY is calculated as:
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Fig. 4 Difference between the position of FMSY, the fishing mortality expected to yield MSY in a surplus production model (blue line) and those of FMAX, the mortality
from yield-per-recruit curves (red line).
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MSY ¼ rmax

2
� K

2
¼ rmaxK

4

where rmax is the maximum intrinsic rate of population increase, Bt is the population biomass at time t, and K is the carrying capacity
of the ecosystem for this population (Schaefer, 1954).

Another surplus production model was developed (Fox, 1970) that assumes a logarithmic relation between biomass and catch:

Btþ1 ¼ Bt þ rmaxBt 1� log Btð Þ
log Kð Þ

� �
� Ct

where variables and parameters are as defined above.
In the Fox model surplus production or yield is calculated as:

Y ¼ rmaxBt 1� log Btð Þ
log Kð Þ

� �

MSY is calculated as:

MSY ¼ rmaxK

e

In the Schaefer model, maximum yield (MSY) is obtained at 50% of carrying capacity and in the Fox model at 37% of carrying
capacity. Pella and Tomlinson (Pella and Tomlinson, 1969) proposed amodel with a third parameter p that determines the shape of
the yield curve and allows maximum production to occur at any biomass.

The Pella-Tomlinson model is:

Btþ1 ¼ Bt þ rmax

p
Bt 1� Bt

K

� �p

� Ct

where variables and parameters are as defined above and p is a shape parameter that results in the Schaefer curve if p ¼ 1 and
approximates the Fox curve if p approaches 0.

Surplus production or yield is calculated as:

Y ¼ r

p
Bt 1� Bt

K

� �p�

MSY is calculated as:

MSY ¼ rmaxK
1

1þ p

� � 1
pþ1ð Þ



Maximum Sustainable Yield 5
The Schaefer surplus production model is the one most commonly used in fisheries management because of its simplicity and
applicability in data-poor stocks.
Age-Structured Models

In cases where age and length data are available, surplus production models have been replaced by age-structured models that also
provide estimates of MSY and relevant reference points but these models are data demanding (Hilborn and Walters, 1992; Mace,
2001) and require population age and length, growth parameters, mortality and maturity, as well as selectivity of the main gears.
Estimates of MSY, FMSY, and BMSY are typically obtained from stochastic simulations.

Age-structured models are widely used in assessing stocks and require estimates of mortality, maturity, catch, and abundance per
age group, but these models are not suitable when only catch and biomass data are available.
Economic Considerations

Only 150 years ago, the advisor on fisheries to the British Government (Huxley, 1884) declared that humans were unable to
overexploit marine fish stocks. The subsequent advent of steam trawlers and the collapse of North Sea herring (Dickey-Collas et al.,
2010) proved him wrong and for over 75 years it was well understood that fisheries need to be regulated to sustain fish stocks and
profitable fisheries (Graham, 1943). This can be easily demonstrated by adding cost of fishing (which increases about linear with
effort) and profits (the difference between the value of the catch and the cost of fishing) to the parabola graph of the relation
between yield and effort (Fig. 5). In most fisheries the cost of fishing at the MSY level is less than the value of the maximum
sustainable catch and maximum profit or maximum economic yield (MEY) is actually obtained with even less fishing effort, simply
because the linear decline in cost is steeper than the corresponding decline in catch near the peak of the parabolic curve (Fig. 5).
Unfortunately, effort in most fisheries in the world is far above the MSY level resulting in low catches and economic loss (Costello
et al., 2012; Froese et al., 2017). This is possible because governments give handouts (¼ subsidies) to the fishers, which lower the
cost of otherwise economically unsustainable overfishing.

MEY is the antidote to the illusion of most fishers (and some politicians) that higher fishing effort results in higher profits. In
reality, profits decline once effort exceeds the MEY level and catches decline once effort exceeds the MSY level (Fig. 5).
History and Legal Status of MSY

MSY is based on the classical ecological concept of logistic population growth that was developed in the 1830s (Verhulst, 1838),
continuing the earlier work of Robert Malthus on demographics (Malthus, 1798). The first application of the logistic model on
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Fig. 5 Yield (red line) as a function of fishing effort, with cost of fishing with (dashed black line) and without subsidies (continuous black line) assumed to increase
about linearly with effort. Profit is the difference between the value of the yield and the cost of fishing, with a maximum economic yield (MEY, dotted vertical line)
obtained from effort and catches below the MSY level (dashed vertical line). If costs of fishing are lowered by subsidies, fishing can continue beyond the break-even
point, where the value of the catch equals the cost of fishing (second dotted vertical line).
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marine species was by Johan Hjort and his colleagues in the 1930s, who studied the blue whale fishery, based on mortality and
reproduction data (Hjort et al., 1933). They developed the notion of optimal catch, which occurred at intermediate exploitation
levels based on their observations on fin whales in Iceland, cod and herring in Norway, and plaice in the southern North Sea (Holt,
2014). Hjort et al. (1933) showed that the greatest rate of population growth increase occurs when the population size is about half
its ultimate size and that there was a maximum catch that could be sustained, later termed MSY (Hart and Reynolds, 2002).

Shortly after Hjort’s work, Michael Graham further developed the logistic population growth equation and applied it to fisheries
data (Graham, 1935, 1943). He identified slow and fast population growth phases, with fast growth, low density and younger fish at
low population sizes and slow growth, high density and many old fish at large populations near carrying capacity (Graham, 1935).
Based on his observations from several species, he argued that “a lower fishing rate would give as great a yield when the stock became
stabilized at that rate” (Graham, 1935). Later, Graham concluded that “After a certain point the total yield of a fishery does not
increase any more, whatever the fishermen do” and clearly linked exploitation to economics when he wrote that “the benefit of
efficient exploitation lies more in economy of effort than in increase of the yield” (Graham, 1943).

Schaefer (1954) developed the eponymous Schaefer model using the logistic growth curve on Californian sardine. He replaced
population numbers with biomass and defined surplus production as yield. Thus, he formally introduced the concept of MSY, then
termed maximum equilibrium catch (Schaefer, 1954). Schaefer preferred the expression maximum equilibrium catch to optimum
catch “as being more descriptive of exactly what is meant” (Schaefer, 1954). Schaefer, who was working with tuna, had to ignore age
composition because there was not, at the time, a way of determining the age of an individual tuna (Holt, 2014).

In fact, MSY was in use as a theoretical concept a few years before the publication of Schaefer’s surplus productionmodel, when it
was adopted as the scientific foundation of the US High Seas Policy, in 1949 (Chapman, 1949; Finley, 2011). MSY adoption was
largely based on Graham’s theoretical analysis (Graham, 1943; see the section “History and Legal Status of MSY”) and his
conclusion that less fishing can provide in some cases more fish. It was later that MSY was quantified with the Schaefer’s surplus
production model, and then, in 1955, adopted as the goal of international fisheries policy at the Rome Conference on fisheries
problems (Smith, 1994).

After the late 1950s, MSY has been adopted as the primary management goal by several international organizations (IWC,
IATTC, ICCAT, ICNAF) and countries (Mace, 2001; Froese et al., 2011). The United Nations Convention on the Law of the Sea
(UNCLOS, 1982) made the MSY approach mandatory for fisheries in the exclusive economic zones (EEZs) of its signatories, which
were obliged to include the MSY concept into national or regional fisheries legislation (Mace, 2001). All 39 then existing regional
fisheries organizations (RFMOs) agreed to manage their mandated stocks such that they were capable of producing MSY (Long-
hurst, 2006). The follow-up conference on the United Nations Fish Stocks Agreement (UN, 1995) clarified in its Appendix II that
during a phase of reducing excessive fishing effort, the one associated with MSY could be used as a target, but that once that target
had been reached, MSY had to be treated as a limit, that is, fishing effort should be less than the one resulting in MSY.

For example, in the MSA (2006) the goal of fisheries management is defined as “optimal yield,”which is “prescribed on the basis
of the MSY from the fishery, as reduced by any relevant economic, social, or ecological factor” (Froese et al., 2011). In addition,
fisheries management based on MSY has been formally implemented in New Zealand (MFNZ, 2008), Australia (DAFF, 2007), and
Europe (EC, 2013). In most of these areas MSY-based policies have been quite successful in rebuilding stock biomass (Hilborn,
2007a; Mesnil, 2012).
Critique of MSY

The implementation of MSY as a catch that can be taken continuously independent of recruitment, stock size, stock structure, and
environmental conditions has been questioned and criticized early on (e.g., Beverton and Holt, 1957; Larkin, 1977; Sissenwine,
1978). Its assumptions, uncertainties, limitations, and misapplications have been repeatedly pointed out (Hilborn and Walters,
1992; Caddy and Mahon, 1998; Punt and Smith, 2001; Hilborn, 2007b; Kesteven, 1997; Holt, 2009). For example, MSY cannot be
determined for a stock unless this stock is overexploited, that is, the top of the parabola (¼MSY) needs to be well surpassed for it to
be determined. Therefore, MSY and optimum fishing effort cannot be predicted in early stages of developing fisheries and stock
assessments should focus on detecting it as rapidly as possible (Hilborn and Walters, 1992). Once MSY is detected, fishing effort
should be reduced by up to 30% in order to achieve sustainability (Hilborn and Walters, 1992). Also, the assumption of average
recruitment and average environmental conditions may lead to wrong advice in highly fluctuating stocks (Hilborn and Walters,
1992). The dependence of MSY on size at first capture and age structure in the stock is ignored (Longhurst, 2006; Holt, 2009;
Anderson et al., 2008). MSY is achieved by setting limits on fishing mortality but, as different fishing gears select and target different
composition of species and some species are not targeted at all, MSY is rarely attained simultaneously for all species within an area
(Maunder, 2002). The social aspects mentioned in UNCLOS (1982) have often been misunderstood as allowing for temporary
overfishing to secure employment. The recovery potential of depleted stocks is overestimated by the simple parabola (Quinn and
Deriso, 1999; Hutchings and Reynolds, 2004).

It is argued that surplus production models are too simple to fully describe the dynamics of populations subject to variability in
recruitment, interactions with other species, catchability, selectivity, environmental conditions, and changing climate (Pella and
Tomlinson, 1969) and they require a good contrast between fishing effort and stock abundance (Hilborn and Walters, 1992).
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Improving MSY

The epitaph for MSY of Larkin (1977) was rather premature (Barber, 1988) as it was referring to the early, simplistic application of
MSY that was considered a viable fishing target with constant catch removal. MSY has been conceptually transformed through time
and improved (Kesteven, 1997; Mace, 2001) to become a limit that should be avoided (target reference point refers to a desirable state
at which management should aim while limit reference point refers to an undesirable state which management should avoid: Caddy
and Mahon, 1998), which brings the MSY concept in line with contemporary scientific views (Mace, 2001; Mesnil, 2012).
Concerning the social issues, there is no conceivable scenario where overfishing is good for society because it results in subsequent
lower catches and food supply, and lower future profits and fewer jobs in the sector.

The wide-spread critique that MSY ignores environmental conditions and species interactions is actually overstated (Froese et al.,
2017), because the key parameter rmax, the maximum intrinsic rate of population growth, summarizes in a single value the interplay
of natural mortality (caused mostly by predation), somatic growth (driven by food availability), and recruitment (strongly
determined by environmental conditions). In other words, environmental and climatic effects are summarized in their impact on
the survival of adults, that is, natural mortality (M), the availability and nutritional value of food, and the effort associated with
acquiring it are summarized in somatic growth (k), and the interannual variability in environmental conditions that determine the
survival of eggs and larvae are summarized in recruitment (i.e., the number of individuals surviving to join the exploited
population) (Pauly and Froese, 2014). In other words, varying food availability, interspecific relationships, environmental/climate
changes, and selectivity of the fishing gear are all incorporated in rmax. Increasing size at first capture will increase MSY, overfishing
of prey species will decrease MSY.

Because of species interactions such as competition for resources and predator–prey relationships it is not possible for all
populations to deliver MSY at the same time (Walters et al., 2005). But achieving, for example, 90% of MSY for all commercial fish
and shellfish will already result in a substantial overall reduction of anthropogenic mortality for most target and nontarget species
and will restore their biomasses to levels that should allow them to fulfill their roles as prey and predators in the ecosystem
(Mace, 2001).

Forage fish (anchovies, herrings, sardines, and sand eels) are the crucial link between lower and upper trophic levels in the food
web because they transport energy from millimeter-sized phytoplankton and zooplankton to the larger fish eaters of the food web
(Baxter, 1997; Pikitch et al., 2012). For that reason they must be fished less and should be used for human consumption rather than
for animal feed (Froese et al., 2016a).
Conclusion

It is now well established that fisheries management failed to preserve fish populations and some scientists have blamed it on the
MSY concept (e.g., Mesnil, 2012). But is it a matter of science or a matter of administration and policy if stocks are in bad shape? So
far, MSY has not been proven wrong as a concept but its estimation was not always correct and the administrative measures taken for
its adoption were often inadequate or inappropriate (Kesteven, 1997). After its reform and continuous update, MSY remains a
useful concept and a realistic approach to fisheries management and administration (Kesteven, 1997) and according to an anecdotal
quote attributed to John Gulland “MSY is the most important concept in fisheries management” (Mangel et al., 2002). On top of
that MSY carries a simple message that appears sensible to politicians and stimulates support by the public (Mesnil, 2012) and for
that reason it is still widely used in assessing stock status and exploitation. It can be easily improved by considering size structure
and setting catch length (LC) close to optimum length (LOPT) (Froese et al., 2016b). If F < FMSY and LC is close to LOPT, “pretty good”
catches below but close to MSY are possible, with minimized impact on stock and environment. Pretty good yield (PGY) is a term
introduced by Alec MacCall (National Marine Fisheries Service, Santa Cruz, CA, United States, retired) in 2000, proposing catches of
about 80% of MSY as a meaningful and realistic target.
Acknowledgment

The authors would like to thank Daniel Pauly, Kostas Stergiou, and Henning Winker for their helpful suggestions and comments.
References

Anderson CNK, Hsieh C-h, Sandin SA, Hewitt R, Hollowed A, Beddington J, May RM, and Sugihara G (2008) Why fishing magnifies fluctuations in fish abundance. Nature
452: 835–839.

Bailey KM and Houde ED (1989) Predation on eggs and larvae of marine fishes and the recruitment problem. Advances in Marine Biology 25: 1–83.
Baranov FI (1918) On the question of the biological basis of fisheries. Nauchny�ı issledovatelski�ı iktiologisheski�ı Institut, Izvestiia 1: 81–128.
Barber WE (1988) Maximum sustainable yield lives on. North American Journal of Fisheries Management 8: 153–157.
Baxter BS (ed.) (1997) Forage fishes in marine ecosystems. Proceedings of the international symposium on the role of forage fishes in marine ecosystems, 13-16 November 1996.

University of Alaska Sea Grant Report. 97-01.
Beverton RJH and Holt SJ (1957) On the dynamics of exploited fish populations. Fisheries Investigation II, XIX: 1–238.

http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0010
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0010
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0015
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0020
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0020
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0020
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0020
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0025
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0030
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0030
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0035


8 Maximum Sustainable Yield
Caddy JF and Mahon R (1998) Reference points for fisheries management. FAO Fisheries Technical Paper 347: 1–83.
Chapman WM (1949) United States Policy on high seas fisheries. Department of State Bulletin XX 498: 67–80.
Charnov EL (1993) Life history invariants. Oxford: Oxford University Press.
Cleghorn J (1854) On the fluctuations in the herring fisheries. British Association for Advancement of Science 24: 124.
Costello C, Ovando D, Hilborn R, Gaines SD, Descenes O, and Lester SE (2012) Status and solutions for the world’s unassessed fisheries. Science 338: 517–520.
DAFF (2007) Commonwealth fisheries harvest strategy: Policy and guidelines. Australian Government, Department of Agriculture, Fisheries and Forestry. 55 p.
Dickey-Collas M, Nash RDM, Brunel T, van Damme CJG, Marshall CT, Payne MR, Corten A, Geffen AJ, Peck MA, Hatfield EMC, Hintzen NT, Enberg K, Kell LT, and Simmonds EJ

(2010) Lessons learned from stock collapse and recovery of North Sea herring: A review. ICES Journal of Marine Science 67: 1875–1886.
EC (2009) Green paper: Reform of the common fisheries policy. Brussels: EC. COM 163, http://ec.europa.eu/fisheries/reform.
EC (2013) Common fisheries policy, (CFP), “regulation (EU) no 1380/2013 of the European Parliament and of the council of 11 December 2013 on the common fisheries policy,

amending council regulations (EC) no 1954/2003 and (EC) no 1224/2009 and repealing council regulations (EC) no 2371/2002 and (EC) no 639/2004 and council decision
2004/585/EC”. OJ L 354 (2013).

FAO (2001) FAO Fisheries glossary. http://www.fao.org/fi/glossary/default.asp.
Finley C (2011) All the fish in the sea: Maximum sustainable yield and the failure of fisheries management. Chicago: The University of Chicago Press.
Fox WW (1970) An exponential surplus-yield model for optimizing exploited fish populations. Transactions of the American Fisheries Society 99: 80–88.
Froese R, Branch TA, Proelß A, Quaas M, Sainsbury K, and Zimmermann C (2011) Generic harvest control rules for European fisheries. Fish and Fisheries 12: 340–351.
Froese R, Walters C, Pauly D, Winker H, Weyl OLF, Demirel N, Tsikliras AC, and Holt SJ (2016a) A critique of the balanced harvesting approach to fishing. ICES Journal of Marine

Science 73: 1640–1650.
Froese R, Winker H, Gascuel D, Sumaila UR, and Pauly D (2016b) Minimizing the impact of fishing. Fish and Fisheries 17: 785–802.
Froese R, Demirel N, Coro G, Kleisner KM, and Winker H (2017) Estimating fisheries reference points from catch and resilience. Fish and Fisheries 18: 506–526.
Garstang W (1900) The impoverishment of the sea. Journal of the Marine Biological Association of the UK 6: 1–69.
Graham M (1935) Modern theory of exploiting a fishery, and application to North Sea trawling. Journal de Conseil International pour l’Exploration de la Mer 10: 264–274.
Graham M (1943) The fish gate. London: Faber and Faber.
Hart PJB and Reynolds JD (eds.) (2002) Handbook of fish biology and fisheries, Vol. 2: Fisheries. UK: Blackwell Publishing.
Hilborn R (2007a) Moving to sustainability by learning from successful fisheries. Ambio 36: 296–303.
Hilborn R (2007b) Defining success in fisheries and conflicts in objectives. Marine Policy 31: 153–158.
Hilborn R and Walters C (1992) Quantitative fisheries stock assessment: Choice, dynamics and uncertainty. Dordrecht: Springer Science.
Hjort J, Jahn G, and Ottestad P (1933) The optimum catch. Hvalradets Skrifter 7: 92–127.
Holt SJ (2009) Sunken billions—But how many? Fisheries Research 97: 3–10.
Holt SJ (2014) The graceful sigmoid: Johan Hjort’s contribution to the theory of rational fishing. ICES Journal of Marine Science 71: 2008–2011.
Houde ED (1987) Fish early life dynamics and recruitment variability. American Fisheries Society Symposium 2: 17–29.
Hüssy K, St. John MA, and Böttcher U (1997) Food resource utilization by juvenile Baltic cod Gadus morhua : A mechanism potentially influencing recruitment success at the demersal

juvenile stage? Marine Ecology Progress Series 155: 199–208.
Hutchings JA and Reynolds JD (2004) Marine fish population collapses: Consequences for recovery and extinction risk. Bioscience 54: 297–309.
Huxley TH (1884) Inaugural address. Fisheries Exhibition Literature 4: 1–22.
Kesteven GL (1997) MSY revisited. Marine Policy 21: 73–82.
Kyle HM (1905) Statistics of the North Sea fisheries. Part II. Summary of the available fisheries statistics and their value for the solution of the problem of overfishing. Rapports, Conseil

Permanent International pour l’Exploration de la Mer 3.
Larkin PA (1977) An epitaph for the concept of maximum sustained yield. Transactions of the American Fisheries Society 106: 1–11.
Longhurst A (2006) Mismanagement of marine fisheries. Cambridge: Cambridge University Press.
Mace PM (2001) A new role for MSY in single-species and ecosystem approaches to fisheries stock assessment and management. Fish and Fisheries 2: 2–32.
Malthus TR (1798) An essay on the principle of population. London: J. Johnson, in St. Paul’s Church-yard.
Mangel M, Marinovic B, Pomeroy C, and Croll D (2002) Requiem for Ricker: Unpacking MSY. Bulletin of Marine Science 70: 763–781.
Maunder MN (2002) The relationship between fishing methods, fisheries management and the estimation of maximum sustainable yield. Fish and Fisheries 3: 251–260.
Mesnil B (2012) The hesitant emergence of maximum sustainable yield (MSY) in fisheries policies in Europe. Marine Policy 36: 473–480.
MFNZ (2008) Harvest strategy standard for New Zealand fisheries. Wellington, New Zealand: Ministry of Fisheries. 27 p, www.fish.govt.nz.
MSA (2006) Magnuson-Stevens Fishery Conservation and Management Reauthorized Act. In: Public Law, pp. 109–479. www.nero.noaa.gov/sfd/MSA_amended_20070112_FINAL.

pdf.
Pauly D and Froese R (2014) Fisheries Management. In: eLS. Chichester: John Wiley & Sons.
Pella JJ and Tomlinson PK (1969) A generalized stock production model. Bulletin of the Inter-American Tropical Tuna Commission 13: 421–458.
Petersen CGJ (1903) What is overfishing? Journal of the Marine Biological Association 6: 587–594.
Pikitch E, Boersma PD, Boyd IL, Conover DO, Cury P, Essington T, Heppell SS, Houde ED, Mangel M, Pauly D, Plagányi É, Sainsbury K, and Steneck RS (2012) Little fish, big impact:

Managing a crucial link in ocean food webs. Washington, DC: Lenfest Ocean Program. 108 pp.
Polacheck T, Hilborn R, and Punt AE (1993) Fitting surplus production models: Comparing methods and measuring uncertainty. Canadian Journal of Fisheries and Aquatic Science

50: 2597–2607.
Punt AE (2003) Extending production models to include process error in the population dynamics. Canadian Journal of Fisheries and Aquatic Sciences 60: 1217–1228.
Punt AE and Smith ADM (2001) The gospel of maximum sustainable yield in fisheries management: Birth, crucifixion and reincarnation. In: Reynolds JD (ed.) Conservation of exploited

species, pp. 41–66. Cambridge: Cambridge University Press.
Quinn TJ and Deriso RB (1999) Quantitative fish dynamics. New York: Oxford University Press.
Ricker WE (1975) Computation and interpretation of biological statistics of fish populations. Bulletin of the Fisheries Research Board of Canada 191: 1–382.
Schaefer MB (1954) Some aspects of the dynamics of populations important to the management of the commercial marine fisheries. Bulletin of the Inter-American Tropical Tuna

Commission 1: 25–56.
Seidl I and Tisdell CI (1999) Carrying capacity reconsidered: From Malthus’ population theory to cultural carrying capacity. Ecological Economics 31: 395–408.
Sibly RM, Brown JH, and Kodric-Brown A (2012) Metabolic ecology: A scaling approach. UK: Wiley-Blackwell.
Sissenwine MP (1978) Is MSY an adequate foundation for optimum yield? Fisheries 3: 22–42.
Smith T (1994) Scaling fisheries: The science of measuring the effects of fishing, 1855–1955. Cambridge: Cambridge University Press.
UN (1995) Agreement for the implementation of the provisions of the United Nations convention on the law of the sea of 10 December 1982, relating to the conservation and

management of straddling fish stocks and highly migratory fish stocks. United Nations conference on straddling fish stocks and highly migratory fish stocks. New York: United
Nations. 37 p.

UNCLOS (1982) The law of the sea. Official text of the United Nations Convention on the Law of the Sea with Annexes and tables. New York: United Nations. 224 p.
Verhulst P-F (1838) Notice sur la loi que la population suit dans son accroissement. Correspondance mathématique et physique 10: 113–121.
Walters CJ, Christensen V, Martell SJ, and Kitchell JF (2005) Possible ecosystem impacts of applying MSY policies from single-species assessment. ICES Journal of Marine Science

62: 558–568.

http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0040
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0045
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0050
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0055
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0060
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0065
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0070
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0070
http://ec.europa.eu/fisheries/reform
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0080
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0080
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0080
http://www.fao.org/fi/glossary/default.asp
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0090
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0095
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0100
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0105
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0105
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0110
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0115
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0120
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0125
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0130
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0135
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0140
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0145
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0150
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0155
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0160
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0165
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0170
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0175
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0175
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0180
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0185
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0190
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0195
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0195
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0200
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0205
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0210
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0215
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0220
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0225
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0230
http://www.fish.govt.nz
http://www.nero.noaa.gov/sfd/MSA_amended_20070112_FINAL.pdf
http://www.nero.noaa.gov/sfd/MSA_amended_20070112_FINAL.pdf
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0245
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0250
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0255
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0260
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0260
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0265
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0265
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0270
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0275
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0275
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0280
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0285
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0290
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0290
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0295
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0300
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0305
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0310
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0315
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0315
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0315
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0320
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0325
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0330
http://refhub.elsevier.com/B978-0-12-409548-9.10601-3/rf0330

	Maximum Sustainable Yield
	Introduction
	The MSY Concept
	Definition ofMSY
	Related Biological Reference Points

	Methods to Estimate MSY
	Surplus Production Models
	Age-Structured Models

	Economic Considerations
	History and Legal Status of MSY
	Critique of MSY
	Improving MSY
	Conclusion
	Acknowledgment
	References




