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System-level optimal yield: increased value, less risk, improved
stability, and better fisheries
Jason S. Link

Abstract: The discipline and practice of fisheries science and management have had an useful, successful, and interesting
history. The discipline has developed over the past century and a half into a very reductionist, highly quantitative, socially
impactful endeavor. Yet given our collective successes in this field, some notable challenges remain. To address these challenges,
many have proposed ecosystem-based fisheries management that takes a more systematic approach to the management of these
living marine resources. Here I describe systems theory and associated constructs underlying system dynamics, elucidate how
aggregate properties of systems can and have been used, contextualize these aggregate features relative to optimal yield, and
note how this approach can produce useful estimates and outcomes for fisheries management. I explore two contrasting
examples where this approach has and has not been considered, highlighting the benefits of applying such an approach. I
conclude by discussing ways in which we might move forward with a portfolio approach for both the discipline and practice of
fisheries science and management.

Résumé : La discipline et la pratique des sciences halieutiques et de la gestion des pêches ont une histoire utile, intéressante et
couronnée de succès. La discipline est devenue, au cours du dernier siècle et demi, une entreprise très réductionniste, hautement
quantitative et à forte incidence sociale. Malgré nos réussites collectives dans ce domaine, des défis notables demeurent. Pour
relever ces défis, de nombreuses personnes ont proposé une gestion écosystémique des pêches qui adopte une approche plus
systématique de gestion de ces ressources marines vivantes. Je décris la théorie des systèmes et les constructions associées qui
sous-tendent la dynamique des systèmes, j’explique comment les propriétés groupées de systèmes peuvent être utilisées et l’ont
été, je mets ces éléments groupés dans un contexte de rendement optimal et je souligne comment cette approche peut produire
des estimations et des résultats utiles pour la gestion des pêches. J’explore deux exemples dans lesquels cette approche a, d’une
part, été prise en considération et, d’autre part, ne l’a pas été, afin de souligner les avantages de son application. Je conclus en
discutant d’avenues possibles pour l’avenir qui reposent sur une approche de portefeuille tant pour la discipline que pour la
pratique des sciences halieutiques et de la gestion des pêches. [Traduit par la Rédaction]

Introduction
There have been notable successes in fisheries science and man-

agement, such that now many parts of the world have well-
managed fisheries and reasonably healthy fish stocks (Pitcher
et al. 2009; Hilborn et al. 2015), even though this is not globally
true (Pitcher et al. 2009; FAO 2016). Yet whether stocks are poorly
or well managed, several other challenges to marine fisheries
persist that have long been well chronicled (e.g., Botsford et al.
1997; Micheli 1999; Jackson et al. 2001; Pauly et al. 2002, 2003;
Pikitch et al. 2004; Link 2010; Fogarty 2014). The list of challenges
often involves the need to more clearly consider the broader im-
pact of fisheries — on other biota, habitat and socioeconomic
systems — as well as the impacts of those broader considerations
on fisheries, and all that in a systematic, comprehensive manner.
In the context of improving the status of fisheries and fish
stocks — in both poorly and well-managed situations — numerous
calls for ecosystem-based fisheries management (EBFM) have
arisen (Garcia et al. 2003; Pikitch et al. 2004; Garcia and Cochrane
2005; Levin and Lubchenco 2008; Link 2010; Fogarty 2014). For
“poorly managed stocks”, providing additional information has
the potential to better elucidate those stocks, their dynamics, and
their status, and any such additional information will be an im-
provement over the status quo. It also makes sense that we see
this evolution towards exploring ecosystem approaches for many

“well-managed stocks” in that there are diminishing returns to
greater investment (i.e., model and data improvements) in single-
species assessments and management, whereas the potential ben-
efit of incorporating ecosystem information can and has provided
substantial returns on fisheries investments.

The call to execute EBFM is not novel. Over 150 years ago Baird
(1873) noted factors and facets that resonate with themes noted in
the modern vernacular of EBFM (Link 2010). Over time consider-
able debate has occurred on the topic, usually centered around
the relative importance of density-dependent versus -independent
factors and usually sharpened as the relative importance of fish-
ing versus environmental or other exogenous (to the fish stock)
factors that affect stock dynamics (Browman and Stergiou 2004,
2005). Events in the 1940s such as the Thompson–Burkenroad
debate (cf. Skud 1975; Smith 1994), similar discourse again in the
1950s–1960s ecological literature (Andrewartha and Birch 1954;
Hairston et al. 1960), and continuing to this day (Walters and
Collie 1988; Rose 2000; Punt et al. 2014; Szuwalski et al. 2015) all
represent snapshots of the overarching debate regarding the
prominence of internal versus external factors that shape the
dynamics of fish stocks. In my view, the debate has become some-
what artificial and has remained singularly philosophical rather
than having pragmatic solutions — of course both density-
dependent and -independent factors influence fish stocks; of
course both fishing and the environment influence fish stocks.
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And of course the relative importance of each varies under any
given set of conditions. The argument against a broader inclusion
of environmental or socioeconomic or density-independent ele-
ments really centers on the following:

• the analytical level of emphasis (single stock, multispecies, ag-
gregate group, entire fisheries, or entire fishing and ecological
system);

• whether including other factors in a model makes a significant
difference in statistical performance or outcomes of models
and management advice based thereon (Burgess et al. 2017);

• whether we will ever understand the ocean enough to model
functional forms of all salient processes;

• whether governance institutions are structured to address
trade-offs across stocks; or

• concerns over limited data.

The issues of data and governance structure remain a legitimate
concern, although perhaps less so than is typically assumed (Patrick
and Link 2015a). I would argue that in some instances these broader
considerations are not needed to manage some fisheries, albeit
trade-offs in objectives among and across fisheries would still
remain. I would also argue that the other objections to broader
inclusion of ecosystem considerations are also valid in certain
situations, but there are in fact solutions around those concerns.
A systems approach could be one such solution to address many
of them.

Considering a systems approach is not novel in fisheries
(Walters 1971, 1980; Walters and Hilborn 1976; Allen and McGlade
1987) and seems to be noted at regular intervals (Charles 2001;
Apollonio 2002, 2010; Mahon et al. 2008; Fogarty et al. 2016), but it
is also not widespread. Systems-level thinking examines processes
in a more integrated, comprehensive matter. Doing so provides a
plethora of emergent properties, cybernetics, and related infor-
mation used in a wide range of applications. The challenge is that
some of the information that emerges from systems analysis is
not entirely intuitive or always easily interpretable, but advances
in the systems analytic discipline over the past several decades
have increased the familiarity and ease of interpretation of these
outputs (Adams 2015). In essence, a systems approach acknowl-
edges that there are myriad processes, connections, and “compo-
nents” in any given system and that combined these are both
highly complex and interactive. Yet a systems approach also em-
phasizes the collective whole and emergent features therefrom by
examining the system at a higher hierarchical level of organiza-
tion. If one can overcome historical precedence and associated
objections of not managing fisheries on a stock-by-stock basis, a
systems approach, and its associated analyses and perspectives,
can offer solutions to the concerns identified in the ecosystem
considerations debate. A systems approach similarly offers some
promise towards implementing EBFM, thereby potentially im-
proving the management of fisheries by addressing the con-
cerns it seeks to ameliorate.

Optimal yield (OY) has been a prominent part of fisheries sci-
ence and management. These discussions typically revolve around
both how to define it and how to achieve it. Often associated with
maximum sustainable yield (MSY) and related proxies (Restrepo
et al. 1998; Rindorf et al. 2017a), the concept of yield has engen-
dered considerable debate in the discipline (Schaefer 1954; Larkin
1977; Sissenwine 1978; Mace 2001; Hilborn 2010; Legovic et al. 2010;
Finley 2011; Finley and Oreskes 2013; Rindorf et al. 2017a). The
debate over whether OY should be measured as MSY or something
else aside, and the debate over the politics of how the science to
support and implement it arose also aside, the simple fact is that
we need to have some concept — or preferably some type of
measure — of the amount of fish biomass that is harvestable at
any given place and time (Mace 1994; Fogarty 2014), an estimate
that is loosely associated with the productivity of the fishes in-

volved and the carrying capacity of the ecosystem that limits such
productivity (Graham and Edwards 1962; Gulland 1970; Ryther
1969; Iverson 1990; Pauly and Christensen 1995; Ware 2000;
Friedland et al. 2012; Heath 2012; Fogarty 2014). Most countries
with any fisheries jurisdiction at all have some form of OY es-
poused in their fisheries polices (Mardle et al. 2002; Marchal et al.
2009; Dichmont et al. 2010; Mesnil 2012; Patrick and Link 2015b;
Rindorf et al. 2017a). The reality is that the concept of OY can be
applied to a population, a guild of species, an entire biotic com-
munity, or a fishery or group of fisheries or even an entire ecosys-
tem. Patrick and Link (2015b) explored this theme, to the point
that many facets of OY can be recognized as the embodiment of
EBFM.

Here I would like to explore systems-level thinking as it pertains
to OY as one possible means to improve fisheries science and
management in the context of EBFM. My assertions are that we
can learn from other disciplines, that the theory behind systems
thinking is well developed, just not widely familiar to the fisheries
discipline, and that this approach may ultimately prove beneficial
to fisheries. Here I provide a more detailed primer on the systems
approach, followed by some policy context of OY, then end with
case studies exploring the application of worked examples for this
approach.

A brief primer on systems-level thinking

Systems theory
Given that marine ecosystems are highly complex, exhibit non-

linear interactions, rarely experience equilibria, are open systems,
have a myriad of dynamics, drivers, and interactions operating at
multiple scales, and function in environments that are hard to
observe, it may be an understatement to say that they are difficult
to understand and predict. Certainly several end-to-end models
are attempting to capture the broad suite of dynamics that con-
stitute marine ecosystems (e.g., Fulton and Link 2014; Fulton et al.
2011, 2014) to the point of forecasting some scenarios, of which
some models have been employed with a modicum of success
(Fulton et al. 2014). But those models are understood to be repre-
sentative of general, strategic perspectives and not the detailed,
tactical predictions that are routinely required in a fisheries con-
text. Further, one of the chief criticisms of an ecosystem approach
is that the complexity, and hence data and information needs, are
too high, thereby making any such understanding or predictions
essentially infeasible. It is in this context that a systems perspec-
tive (which in fact many marine ecosystem end-to-end models
adopt; Wu and Marceau 2002) is potentially quite helpful.

Although I provide a cursory presentation on the topic of sys-
tems theory here, I acknowledge that it can be a dense subject for
those outside of that field. As such I have attempted to avoid both
jargon-specific terms and highly mathematical representations
associated with systems theory. There are copious, very detailed
books on the topic that present those aspects in much more spec-
ificity (e.g., Axelrod and Cohen 2001; Weinberg 2001; Jackson
2003; Meadows 2008; Luhmann 2013). As an intermediate step, a
reader interested in more details might find several primers on
systems thinking and related topics helpful (e.g., Allen 2009; Mele
et al. 2010; Wu 2013).

Systems science is the interdisciplinary study of systems in gen-
eral, aiming to elucidate patterns and principles that can be dis-
cerned from and applied to all types of systems. (The terms
systems science, thinking, theory, or approach are often used
synonymously, although there are minor distinctions among them.
For the purposes here, these are not distinguished.) A system is
broadly defined as a collection of objects tied together by some
form of interaction or interdependence. Ludwig von Bertalanffy, a
name that should be familiar to most fisheries scientists from his
commonly used growth curves (von Bertalanffy 1938), is widely
recognized as one of the fathers of systems thinking. His work on
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general systems theory (von Bertalanffy 1968; cf. Luhmann 2013;
Capra and Luisi 2014) was presented as a response to counteract
the increasing reductionism he saw in the sciences, recognizing a
need for and value of taking a holistic, or systematic, view. Rather
than reducing an object to its component parts, systems theory
focuses on the ordering of, and relationships between, the parts
that connect them into a whole. Thus, a systems perspective em-
phasizes holism and argues that it is difficult to fully comprehend
an object simply by breaking it into its component parts and then
reconstituting it. In other words, even if one starts from the anal-
ysis of the component parts of an object, to fully comprehend the
object completely one needs to also observe it from a higher level
of organization (i.e., a holistic perspective; von Bertalanffy 1968).
Systems theory does not ignore components; rather, it stresses the
interrelations between components. Thus, a fundamental feature
of systems theory is a focus on interactions. Given this emphasis,
an important feature of general systems theory is complexity.

Complex adaptive systems
Coupled social–ecological systems, such as management of ma-

rine ecosystems and their component fisheries stocks, continue to
defy reductionism. The number of components in such a system is
sufficiently large that the usual treatments and representations
thereof (i.e., a series of differential equations, mechanistic char-
acterization of all salient processes, identification of appropriate
functional relationships, etc.) become nearly impractical, as we
tend to see in some ecosystem models. Further, such representa-
tions reach an effective limit in our ability to understand the
system at this level of detail, particularly because the components
dynamically interact. Systems like this, such as fishing in marine
ecosystems, are known as complex adaptive systems (or more
simply known as complex systems; both are used interchangeably
here). Complex adaptive systems are defined as a complex, self-
similar collection of interacting, adaptive components able to
self-organize (Levin 1998, 2003; Lansing 2003; Levin et al. 2013). A
complex adaptive system is a system in which even a perfect
understanding of the individual components does not automati-
cally convey a perfect understanding of the whole system and its
behavior (Levin 1998, 1999; Jørgensen and Müller 2000; Miller and
Page 2007). For example, even within an individual organism such
as a fish, it is clear that highly detailed understanding of genes,
biochemistry, and metabolic processes is not nearly sufficient to
understand the complexity of a cell, much less the behavior of an
entire organism.

The features of complex adaptive systems are well chronicled,
but warrant summary here. Such systems exhibit adaptability,
high numbers of connections and interactions, a preponderance
of nonlinear dynamics, openness (i.e., difficulty in defining bound-
aries), lack of equilibria, and hysteresis (Cilliers 1998; Levin 1998,
1999). Complex adaptive systems can also be characterized by
emergent properties, multiscale interactions, unexpected behav-
iors, and self-organization (Jørgensen 1995, 1997; Levin 1999; Wu
1999; Nielsen and Müller 2000). These characteristics of complex
adaptive systems can result in challenges for understanding and
prediction. The overall behavior of the system is hard if not im-
possible to predict by the behavior of the individual components.
Yet a consequence of these properties of complex adaptive sys-
tems is that they result in a high degree of adaptive capacity,
generally increasing resilience to perturbation (Jørgensen 1995,
1997; Jørgensen and Müller 2000; discussed further below). There
are other benefits of complex system properties. Another value in
examining complex systems comes from a focus on emergent
properties of the system (any unique property that “emerges”
when component objects are joined together in constraining re-
lations to constitute a higher-level aggregate object, a novel prop-
erty that unpredictably comes from a combination of two or more
simpler components; Jørgensen 1997; Jørgensen and Müller 2000).
Emergent properties are a key outcome from systems-level thinking

applied to complex systems, with higher levels having emergent
properties not exhibited by lower-level subsystems or components. It
is the existence of emergent properties that allows us to better un-
derstand systems in a hierarchical manner.

Hierarchy theory
Hierarchy theory is a subset of systems theory. Hierarchy theory

focuses upon levels of organization, issues of scale, and the im-
portance of observation (Simon 1962; O’Neill et al. 1986; Wu 2013).
This theory essentially decomposes a system into subsystems re-
sulting in a hierarchical structure, capitalizing on emergent fea-
tures at successively higher levels of a hierarchy to explain overall
system and component dynamics. It is an important means to deal
with complexity in systems. This quote from Wu (2013) summa-
rizes nicely why a hierarchical approach has utility:

“Complex systems are perceived by people as complex be-
cause their large number of interacting components resists
easy description and understanding. Then, how do we ap-
proach such systems? One approach would be to treat them
as “black boxes” — try to understand them by knocking on
their walls and corners from the outside and then interpret-
ing their responses without knowing anything inside. This
would be an extremely holistic approach, which has proven
to be of limited value. Another approach would be to treat
them as nothing but the sum of their parts — an extreme
reductionist perspective.… If the complex world is hierar-
chically or modularly structured, which seems true in many
situations, none of the above mentioned approaches should
work. In these cases, hierarchy theory has proven useful and
effective.”

A hierarchical system is composed of multiple levels, each con-
sisting of one or more components or subsystems. Simon (1962)
defines hierarchy in a systems context as “a system that is com-
posed of interrelated subsystems, each of the latter being, in turn,
hierarchic in structure until we reach some lowest level of ele-
mentary subsystem.” Key elements of hierarchy theory empha-
size that hierarchy is indeed repeatedly observed as a central facet
of complex systems, levels tend to operate at the same rates, and
there is flexibility (i.e., not tight, hard-wired coupling) among
most system components (Simon 1962; Wu 2013). Allen (2009)
further posits some principles of ecological hierarchy, chief of
which are that higher levels operate more slowly and at a lower
frequency than lower levels and that higher levels exert con-
straints on lower levels, which is routinely confirmed in observa-
tions (Wu 2013). That is, higher levels tend to be slower in time
and larger in size, whereas lower levels tend to be faster in time
and smaller in size (O’Neill et al. 1986, 1991; Urban et al. 1987; Wu
1999).

Another important aspect of hierarchy theory is the impor-
tance of an observer’s role in understanding complex systems.
The focal level at which an observer examines a hierarchical sys-
tem strongly influences what is to be observed, how the system is
perceived, and what properties emerge (Allen et al. 1984). Hierar-
chy theory often emphasizes the importance of the role of the
observer such that it is sometimes known as “observation theory”
(Allen and Starr 1982; Allen et al. 1984; Ahl and Allen 1996; Wu
1999, 2013). It is this feature of “hierarchical-ness” that on the one
hand harkens caution in what and how a system is observed, but
on the other hand lends to flexibility and opportunity given the
concept of emergent properties at succeeding hierarchical levels.
In other words, the specific viewpoint of one observing a system is
critical to know, but allows one to explore facets of the system at
levels above and below the level of observation.

Combining the observation about different rates at different
levels in a hierarchy with the importance of the particular level of
a hierarchy at which one is observing a system, a critical feature
emerges. Because hierarchical systems generally consist of com-
ponents that are loosely coupled (i.e., flexible in their interactions
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and connectivity), they are deemed near-decomposable. Near-
decomposability is a core property of hierarchical systems and
essentially conveys the observation that rates of interaction
within components or subsystems at any level are much higher
than rates of interaction between components and certainly be-
tween levels (Simon 1962, 1973). Full-decomposability occurs when
system components are entirely decoupled from each other, which is
not the case for complex systems. If the components are strongly
coupled, the system cannot be “decomposed”, and then its de-
scription requires consideration of all components. It is this near-
decomposability that allows for the simplification necessary to
describe and comprehend complexity (Simon 1962, 1973, 1976,
1996; Wu 1999, 2013). In other words, to describe the dynamics of
a hierarchical system parsimoniously and adequately, again quot-
ing Wu (2013), one would

“…select a focal level, treat slow behaviors at the higher
levels [effectively] as constants and fast behaviors at the lower
levels as averages or equilibrium values. For a specific prob-
lem, it is not only possible but also wise to “scale off” the
relevant levels from those above and below, thus achieving
a greater simplification and better understanding (Simon
1962, 1973, 1996).”

The fact that most complex systems have a nearly decompos-
able, hierarchic structure is a major factor enabling understand-
ing and description of systems and their components.

Simon and Ando (1961) describe how to utilize the near-
decomposability of hierarchical systems into schemes of aggrega-
tion. This effectively allows one to analyze, measure, and quantify
important facets of complex systems, particularly emergent prop-
erties. In doing so, the aggregative properties of higher hierarchi-
cal levels are used to describe the interactions of both that focal
level and components at lower levels. In essence this allows one to
reduce the complexity of complex hierarchical systems by com-
bining interactions into aggregates of the components, thereby
facilitating better description of a system.

Hierarchy theory has been applied to other complex systems for
decades (e.g., Pattee 1973; Rosen 1969; Simon 1962). Hierarchy
theory has similarly received much attention in the ecological
literature (e.g., Allen and Starr 1982; O’Neill et al. 1986; Ahl and
Allen 1996), but much less so in the fisheries literature (yet cf.
Apollonio 2002, 2010). Even though hierarchy theory is not widely
recognized within fisheries, it can offer both insights into the
structure and function of marine ecosystems (e.g., Allen and Starr
1982; O’Neill et al. 1986; Ahl and Allen 1996) and potential utility
in dealing with the complex dynamics of fish stocks and their
management, particularly as these are coupled social–ecological
systems (Apollonio 2002, 2010, 2015). Taking the concept of
near-decomposability from hierarchy theory can result in at least
one pragmatic approach to better understand, predict, and even
inform management of marine ecosystems and fisheries.

The portfolio effect
Thus far we’ve established that marine ecosystems and the fish-

eries associated with them are near-decomposable, hierarchal,
complex, adaptive systems with emergent properties. So what? Recall
that by taking advantage of the feature of near-decomposability found
in these hierarchical systems, one can aggregate components at
different levels of a system and then quantify salient emergent
properties of that system (Simon and Ando 1961; Simon 1962;
Jørgensen 1995, 1997; Nielsen and Müller 2000; Wu 2013). This
ability, due to near-decomposability coupled with the similarity of
rates at a given hierarchical level (identified by Allen 2009), has
quite literally been capitalized on, formally, for over 70 years in
financial systems (Markowitz 1952). Especially with respect to the
specific properties of aggregate and individual stock value, aggre-
gate stability and variance, and distributed risk, these features

form what is known as a portfolio. A portfolio is a specific appli-
cation of hierarchy theory applied to complex systems.

Represented pseudo-mathematically, a portfolio seeks to find
aggregate solutions, whereby

(1) obj f(�x) � Min[Risk(�x)], Min[Risk(x)], Min[Var(�x)],
Max[Stability(�x)], Max[Value(�x)], Max[Value(x)],

Max[Productivity(�x)], Max[Yield(�x)], Min{Effort[Max(�x)]}

where x is any asset (in this case, a fish stock), and �x is the
aggregate sum of said assets. The portfolio approach is a specific
application of near-decomposable properties of a hierarchical,
complex system of assets, where an asset can be one of any num-
ber of things, synonymous with the term “components” noted
above. This has resulted in the proliferation of aggregate products
associated with financial markets. Given the main objectives of a
portfolio (eq. 1) that capitalize on hierarchy theory, what essen-
tially results is that one seeks to arrange an aggregate group of
assets (i.e., diversify) to stabilize and maximize their collective
performance, known as reaching the efficiency frontier of a port-
folio. This is done cognizant of the level of risk facing the portfo-
lio; in a fisheries context that would be primarily to not have any
stock overfished. The dynamics of this aggregate level are almost
always much less variable than that of the individual components
(Simon and Ando 1961; Booth and Fama 1992; Brown et al. 2016). It
is well known in financial contexts that more diversified portfo-
lios are less volatile (e.g., Markowitz 1952; Brigham and Gapenski
1988; Elton and Gruber 1977, 1995; Choueifaty and Coignard
2008; Fabozzi and Markowitz 2011; Marston 2011). A key reason
why more aggregate levels may be more stable than individual
components is because of the effects of statistical averaging (e.g.,
discussed in an ecological context; Doak et al. 1998). Resisting the
urge to replicate equations of covariance that seem replete in
these discussions (Doak et al. 1998; Tilman et al. 1998; Tilman
1999; Halpern et al. 2011; Sethi 2010; Anderson et al. 2013; Thibault
and Connolly 2013), essentially what happens is the collective
variance of a set of assets gets dampened via the addition of cova-
riance terms, spreading the variability across more assets. Under
many circumstances, in both financial (Markowitz 1952; Elton and
Gruber 1977, 1995) and ecological (Tilman et al. 1998; Schindler
et al. 2015) contexts, the sum of several randomly and indepen-
dently varying assets is less variable than the average asset. This
is known as the portfolio effect.

Diversification and portfolio theory rely on two main features:
statistical averaging and correlations among the component
stocks or assets. Substantial debate has occurred regarding the
exact and precise form of this representation (Doak et al. 1998;
Tilman et al. 1998; Tilman 1999; Cottingham et al. 2001; Thibault
and Connolly 2013) and whether the portfolio effect is solely a
result of mathematical combination of hierarchical assets (there
is no doubt that by structure at least mathematically it has to
contribute to some of the portfolio effect) or whether properties
of the individual components and system dynamics also contrib-
ute to the spread of risk and dampened variability. Besides statis-
tical averaging, other features have been identified as important
determinants of the portfolio effect. These include asynchrony in
asset fluctuations, weighting of the different components of the
portfolio, and diversity of assets relative to total aggregate-level
values (Tilman et al. 1998; Cottingham et al. 2001; Anderson et al.
2013). The general conclusion is that statistical averaging is an
important facet driving the portfolio performance, but that other
considerations can and do amplify it.

The portfolio effect has been utilized in financial markets for a
long time (Markowitz 1952; Roy 1952). The dynamics of many eco-
logical and biological systems are also almost always less variable
than the individual components they are composed of, similarly
exhibiting portfolio effects. This concept is well represented in
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the ecological literature (e.g., Waltho and Kolasa 1994; Tilman
et al. 1998; Thibault and Connolly 2013; Schindler et al. 2015;
Brown et al. 2016), particularly related to biodiversity. The concept
has had some attention in the fisheries literature (Edwards et al.
2004; Rădulescu et al. 2010; Schindler et al. 2010; Yang 2011;
DuFour et al. 2015; Jin et al. 2016), but the application has not been
widely implemented. The theory and mathematics have been
explored in a fisheries context, often with particular respect to
EBFM (Sanchirico et al. 2008; Jin et al. 2016), such that the disci-
pline is at the point where these academic examples could start
moving into applied, operational management practice.

The salient point of the portfolio effect in a marine fisheries and
ecosystem context is this: how would one like to manage fisheries
in marine ecosystems such that

• risk of overfishing is minimized (i.e., above agreed upon levels
or at least not substantially above natural levels);

• populations of fishes, catches, and profits are stable;
• overall value across all stocks is maximized;
• bureaucratic oversight and regulatory interventions are mini-

mized;
• catch and yield are optimized;
• biomass of the resource (in aggregate) is maximized;
• stakeholder disenfranchisement and legal challenges are min-

imized;
• catch per unit effort is optimized; and
• risk of ancillary ecosystem impacts are minimized (again, above

agreed upon levels or at least not substantially above natural
levels)?

That may sound like an overstatement or even “pollyanna-ish”,
but if even close to true it is a statement that every fishery man-
ager needs to underline, muse upon, and strongly consider. In
cases where worked examples have been examined (Edwards et al.
2004; Sanchirico et al. 2008; Jin et al. 2016), categorically the ben-
efits of this application of a systems approach are always pre-
dicted to be greater than what was actually realized from the
actualized blend of the portfolio relative to the portfolio effi-
ciency frontier (Sanchirico et al. 2008; Rădulescu et al. 2010). This
is in terms of biomass of the stock, value and profit to the fleet,
and risk to the stock and fishery, which were all suboptimal com-
pared with what could have been obtained (Edwards et al. 2004;
Sanchirico et al. 2008). That is, by focusing solely on the compo-
nent stocks in an ecosystem instead of an aggregate group as part
of a complex, hierarchical system and by ignoring the properties
of marine ecosystems that result in a portfolio effect, collectively
we have left profit on the table, lost productivity, and exercised
undue risk.

Given the demonstrable and predictable benefits of the portfo-
lio effect, that its theory and mathematics have been worked out,
and that it has clear application in a marine fisheries context, let
me raise two questions. Is the approach applicable and consistent
with OY considerations, and are there broad-scale, long-term ex-
amples that can more fully and clearly demonstrate the utility of
the approach?

Addressing pragmatic considerations of
system-level thinking for OY

The theoretical construct for systems thinking (and the partic-
ular instance of it in the portfolio effect) has a solid basis. There
are also several practical implications from that theory. But do
those have appropriate application in a fisheries context that is

typically required, in one form or another, to consider OY? I would
argue that there are at least three considerations that should serve
as criteria to answer that question: Is it legal? Is it estimable? Is it
advisable?

Is it legal? In all jurisdictions, certainly it is not illegal. That is,
what fisheries mandate or manager would be opposed to the ele-
ments noted in eq. 1? What is less clear is not if a systems approach
is allowable, but if it is called for. In the US context, Patrick and
Link (2015a, 2015b) looked at the Magnuson–Stevens Act (Magnuson–
Steven Fishery Conservation and Management Act (MSA) 1976;
(16 USC 1801, et seq.)) and related National Standard guidelines
(Darcy and Matlock 1999; Methot et al. 2014) to see how OY and
EBFM are related. What they and others have found is that, in fact,
at least under US fisheries law, the need for OY and associated
management measures is not legally mandated on a stock-by-
stock basis, but rather mandated on a fishery basis. In practice OY
has played out as being applied on a stock-by-stock basis, but it
does not have to be done that way. Several jurisdictions are ex-
ploring or have proposed a systems approach to broaden the
stock-specific application of OY (e.g., Mueter and Megrey 2006;
Fogarty et al. 2012; Fogarty 2014; Rosenberg et al. 2014; Gaichas
et al. 2017; Rindorf et al. 2017a, 2017b). When I advise governments
and engage with counterparts in countries all around the world,
for example, Norway, Canada, Australia, South Africa, New Zealand,
Japan, the EU, Iceland, etc. (cf. Mardle et al. 2002; Marchal et al.
2009; Dichmont et al. 2010; Mesnil 2012; Patrick and Link 2015b;
Rindorf et al. 2017a), and broach the topic, not one has objected
nor indicated that considering OY in aggregate is not allowed;
rather, they typically tend to simply not think of it. This is also true in
numerous intergovernmental organizations, such as the Interna-
tional Council for the Exploration of the Sea, Food and Agricul-
tural Organization of the United Nations, or other regional
fisheries management organisations — not one objects to aggre-
gate OY on a legal basis. Rather, the concerns either center on
technical capacity to estimate it or more so that these organiza-
tions are simply not thinking about this issue. Probably the most
notable exception is the Convention for the Conservation on Ant-
arctic Marine Living Resources, which has considered aggregate
OY to the point of including facets of it in their krill harvest
control rules (Constable et al. 2000; Constable 2001, 2011).

In the US context, there are provisions in the national standard
guidelines and associated technical guidance (e.g., Darcy and
Matlock 1999; Federal Register 2009; Methot et al. 2014) for using
stock complexes (i.e., aggregated groups of stocks). Thus, doing an
aggregate OY is clearly allowable. Yet, although there are no spe-
cific requirements for OY at a system level, increasingly there are
recommendations for it. Apart from the provision in technical
guidance for OY, the US National Marine Fisheries Service (NMFS)
has multiple strategic documents that call for a systematic look at
how fisheries yield is determined (and coordinated across stocks),
including the updated Stock Assessment Improvement Plan, Stock
Assessment Prioritization effort, NMFS Climate Science Strategy,
Habitat Assessment Improvement Plan, and EBFM Road Map1. Ad-
ditionally, it is NMFS policy (EBFM Policy2) to explore and begin to
use system-level reference points. Thus, although not common nor
always clear, adopting a systems approach to implement OY is legally
defensible and being increasingly explored as preferred policy.

Is it estimable? Beyond philosophical considerations about
whether we should even be measuring it or what that would
entail, objections to estimating aggregate OY typically revolve around
applying a reductionist approach to higher levels of aggregation

1http://www.st.nmfs.noaa.gov/StockAssessment/; http://www.st.nmfs.noaa.gov/stock-assessment/stock-assessment-prioritization; http://www.st.nmfs.noaa.
gov/ecosystems/climate/national-climate-strategy; https://www.st.nmfs.noaa.gov/ecosystems/habitat/publications/haip/index; https://www.st.nmfs.noaa.
gov/ecosystems/ebfm/creating-an-ebfm-management-policy.
2http://www.nmfs.noaa.gov/op/pds/documents/01/01-120.pdf.
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and as such are ignorant of the benefits of near-decomposability
and associated facets of hierarchy theory. Certainly one can use
complicated age- or length-based multispecies models, size spectra
models, food web models, and even end-to-end ecosystem models
to estimate aggregate OY (Christensen et al. 2009; Link 2010;
Fulton and Link 2014; Fogarty 2014). In some instances where the
data and modeling capacity are available to do so, executing these
models to provide estimates of aggregate OY provides a useful
comparison with other methods and affords the opportunity to
test the robustness of model results in a multimodel ensemble
(Townsend et al. 2014). Yet most of the approaches to estimating
system-level or aggregate OY use relatively simple and straightfor-
ward forms of trophic transfer models or aggregated production
models (Ware 2000; Fogarty et al. 2008, 2012; Rosenberg et al.
2014). Perhaps without even explicitly considering it, these latter
approaches are taking advantage of the near-decomposability of
hierarchical systems and emphasizing emergent properties found
in aggregate measures. In essence, using widely available data
common to fisheries (e.g., survey biomass indices, catch, etc.), one
can execute commonly available models, simply ignore the stock
or species delineations, combine the data into an aggregate
group, and obtain model outputs for the group as a whole. Several
theoretical, simulation, and contextual considerations have ex-
plored this approach (Gamble and Link 2009, 2012; Worm et al.
2009; Bundy et al. 2012; Fay et al. 2013, 2015; Fogarty 2014; Gaichas
et al. 2017; Rosenberg et al. 2014; Rindorf et al. 2017a) and found
the method performs as one would expect from hierarchy theory,
namely that resulting model outputs are consistent with the port-
folio effect (Link et al. 2012; Jin et al. 2016). Many works (e.g.,
Mueter and Megrey 2006; Fogarty et al. 2008, 2012; Christensen
et al. 2009; Gaichas et al. 2012; Lucey et al. 2012; Rosenberg et al.
2014; Rindorf et al. 2017a, 2017b) have examined these approaches,
tested the analytical methods, explored the robustness and vaga-
ries of the results, and generally arrived at the conclusion that at
the very least, the analytical methodologies and considerations
are not a limitation for the adoption of this systems approach.
More so, the results are generally repeatable, robust, and ecolog-
ically defensible. And finally these results conform to predictions
consistent with that predicted from portfolio theory.

Is it advisable? To answer this question, one can compare and
contrast simulations of a system-level versus a stock-by-stock-level
approach to estimating OY and then evaluate in silico manage-
ment performance at aggregate levels. Several instances where
such simulation testing has occurred demonstrate improvements
across a range of not only yield, but other fisheries objectives
(Worm et al. 2009; Link et al. 2010; Fulton et al. 2011; Kaplan and
Leonard 2012; Fay et al. 2013, 2015; Smith et al. 2015; Jacobsen et al.
2017). Additional contrasts have similarly elucidated the perfor-
mance of OY estimates empirically, with a range of studies having
similarly explored this issue (e.g., Ralston and Polovina 1982;
Mueter and Megrey 2006; Fogarty et al. 2008, 2012; Worm et al.
2009; Sparholt and Cook 2010; Gaichas et al. 2012; Lucey et al. 2012;
Rosenberg et al. 2014). A few common outcomes emerge from this
collective body of work. One is that the aggregate OY, or more
specifically estimates of aggregate MSY, are on average about 25%
lower than summed estimates of single-stock MSY in a given
system (Worm et al. 2009; Hilborn et al. 2012). Yet when one
considers that OY is usually lowered from estimates of MSY, the
distinction becomes rather small if not indistinguishable
(Restrepo et al. 1998; Patrick and Link 2015b). Another common
theme is that the risk of overfishing when managing at an aggre-
gate OY level is much less than managing at component stocks’
OYs (Worm et al. 2009; Link et al. 2012; Fogarty 2014). For small
reductions in overall yield (5%–10%), the risk of overfishing any

component stock is lessened in many instances by 50%–60%
(Worm et al. 2009; Hilborn et al. 2012; Link et al. 2012; Fogarty
2014); the economic benefits from a constant revenue stream and
not having to implement rebuilding measures likely outweighs
any small, short-term reduction in yield (Worm et al. 2009; Hilborn
et al. 2012; Fay et al. 2013, 2015; Kaplan and Leonard 2012). Addi-
tionally, other work has shown that ecosystem processes and
functioning, and hence related OY, is achieved more efficiently
when managed at the aggregate or systems level (Jacobsen et al.
2017). It has been repeatedly shown that maintaining all stocks in
an ecosystem simultaneously at a single-species maximum sus-
tainable or maximum economic yield is an impossibility due to
biological and socioeconomic constraints (Au 1973; Crutchfield
1973; May 1975; Pope 1975, 1979; Fukuda 1976; Brown et al. 1976;
Larkin 1977; May et al. 1979; Mayo et al. 1992; Collie and Gislason
2001; Walters et al. 2005; Mueter and Megrey 2006; Legovic et al.
2010; Legovic and Gecek 2011; Steele et al. 2011; Fogarty et al. 2012;
Heath 2012; Link et al. 2012). Thus, given the energetic constraints
of both species production and ecological interactions, coupled
with some core tenets of portfolio and hierarchy theory, an
aggregate approach is actually more theoretically defensible
than attempting to simultaneously maximize all single compo-
nent stocks or species yield in an entire ecosystem. In some in-
stances, particularly such as in data-poor situations, highly diverse
systems where species delineations are challenging, or where the
risk or history of overfishing is high, the aggregate approach is
preferable to accommodate those biological and informational
limitations (sensu Gaichas et al. 2012; Link et al. 2012). The theory,
simulations, empirical evidence, and contrast in performance all
show that adopting an aggregate OY has notable benefits and in
many instances is indeed advisable, if not even preferable.

The value and benefits of system-level OY —
examples from two ecosystems

The application of systems thinking to marine fisheries ecosys-
tems is appropriate and is not constrained by an OY context. But
are there are any worked examples where this has been applied,
perhaps contrasted in a similar instance where it has not, to
document real-word, realized benefits from adopting such an
approach?

The Eastern Bering Sea in Alaska and Georges Bank – Gulf of
Maine in the Northeast US have both had a long and important
history of fisheries (Witherell et al. 2000; Hollowed et al. 2011; and
Fogarty and Murawski 1998; Link et al. 2011, respectively). They
have broadly similar taxa, high levels of productivity, highly lu-
crative fisheries, and due to their rich history of scientific studies
and long-term data collection, have been used in many compara-
tive ecosystem analyses (e.g., Gaichas et al. 2009, 2012; Link et al.
2009; Megrey et al. 2009). There are many similarities in the
fisheries context for both ecosystems (Table 1). Yet there are
distinctions between the two regions. There are differences in
oceanography, latitude, regional human populations, regional
cultures, and fisheries management measures employed between
the two regions. Certainly, the nuances of these factors contribute
to the different overall value of the fishery in each ecosystem. Yet
in a systems context, one such difference is that one fisheries
management system has adopted key facets of an aggregate port-
folio approach, and the other has not.

Utilizing information from national, publicly available data-
bases, I examined total and individual stock landings (t), the value
of those landings (in 2013 US dollars)3, and the proportion of

3https://www.st.nmfs.noaa.gov/commercial-fisheries/.
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stocks that are overfished4. A couple of obvious things emerge
from these data (Fig. 1). The first is that landings of the many
individual stocks shown (as examples here) fluctuate quite dy-
namically (Figs. 1A, 1B), similar to the biomass of these taxa (EAP
2012; Zador 2015). And although the absolute amount of landings
is higher in Alaska (reflective of the area fished and slightly higher
primary productivity; Hollowed et al. 2011; Zador 2015), both sets
of aggregate landings are relatively stable over the extent of the
time series shown (Figs. 1A, 1B), consistent with systems thinking
and hierarchy theory. What is most noteworthy is that in one
region (New England), the fisheries are managed on a stock-by-
stock basis. Whereas in the other region (Alaska), the stocks are
managed with an aggregate cap on landings of groundfish; the
2 million metric ton total allowable catch in Alaska (Witherell
et al. 2000) effectively serves as an aggregate OY in practice. Most
other metrics are quite comparable (Table 1).

In both regions individual stocks are tracked. The constraints
and emergent properties of full system dynamics are not taken
into account in the stock-by-stock case, whereas these portfolio
effects directly provide an overarching context in the other. In
Alaska, when the proposed catches of all stocks combined is pro-
jected to exceed the limit of the aggregate portfolio OY, a process
is then enacted where stock-oriented and fisheries-specific nego-
tiations occur. These discussions proceed under a set of con-
straints whereby the catch limits for each stock in the portfolio is
then lowered subject to an overall, 2 million metric ton cap on all
groundfish (Witherell et al. 2000), no one stock is overfished, and
economic impacts are (at least attempted to be) minimized. The
result is a lowering of overall fishing rate on all stocks (inclusive of
bycatch) while maintaining total catch and value for all the
groundfish collectively in the portfolio. The overall portfolio cap
and the stock-based overfishing constraints combine to provide
the parameters of the “trade-space” as seen analogously in finan-
cial markets. In essence, the Alaska region uses the properties of
complex systems and hierarchy theory by directing management
at one hierarchical level above the level where the intended ef-
fects are desired. In New England, stocks are managed individu-
ally with no such portfolio considerations. There are certainly
single-stock objectives, but none collectively for the entire set of

fisheries. Thus, individual stock risk and productivity are cer-
tainly considered, but an overall strategy using a portfolio-defined
trade space is not, thereby overlooking some of the cumulative
and aggregate risk and production considerations. To be fair and
complete in this description, the New England region has at times
considered and is currently considering a portfolio approach, but
has not operationally enacted such an approach (Fogarty 2014;
M. Fogarty, personal communication).What are the outcomes of adopt-
ing this portfolio approach (in Alaska) or not (in New England)?

Figure 2 shows that in Alaska, the value of seminal groundfishes
has steadily increased and the number of stocks that are over-
fished has remained low (<5%). Whereas in New England, the
opposite occurred; the value of seminal groundfishes has re-
mained relatively flat and low, and the number of stocks over-
fished is close to 30%–35%, with a peak over 40%. This implies that
in the region that uses the aggregate estimate of OY as a hard cap
for fisheries management (i.e., that adopts parts of a portfolio
approach), taking advantage of near-decomposability, the risk of
overfishing is lower and the long-term value is higher than the
region that has not adopted such an approach.

In addition to capitalizing on the collective resource (i.e., all fish
stocks) stability inherent in aggregate, emergent features of
higher hierarchical levels, the region that adopted the aggregate
approach also accrued other benefits. There was regulatory stabil-
ity, as seen by both the fewer number of fishery management
plans and amendments to those plans (Table 1). There is economic
stability occurring, with greater value (Fig. 2) in the region that
adopted an aggregate OY approach. Being able to predict, plan for,
and count on there being a consistent amount of fish available
to the fleet contributes to that stability. Additionally, there is
greater fisheries stability as seen by lower turnover not in the
number of fishing vessels (changes thereto are about equal;
Table 1), but rather in the stark difference in the number of jobs
over time. This has an implied lower risk to fishing communities
that are experiencing other social changes (Jepson and Colburn
2013; Himes-Cornell and Kasperski 2016). There is also generally
greater stakeholder buy-in to the management decisions, as seen
by the fewer number of lawsuits against the NMFS and fewer
number of significant violations (Table 1). Where there were no-

4https://www.st.nmfs.noaa.gov/sisPortal/.

Table 1. Distinctions between ecosystems and fisheries in the Northeast regional and Alaskan regional fishery
management systems.

Northeast Alaska

No. of managed species �70 �70
No. of managed fishery species 39 32
No. of fishery management plans (FMPs) 14 7
Are there estimates of ecosystem (or aggregate)-level optimal yield (OY)? Yes Yes
Are ecosystem-level OY estimates used for management? No Yes
Are there Ecosystem Status Reports? Yes Yes
Primary fisheries management jurisdiction RO, 2 FMCsa RO, 1 FMCa

No. of other jurisdictions 4 organizations 3 organizations
% Change in no. of active vessels, 2010–2015 –5.8% –6.8%
Change in no. of jobs (without imports)b

% Difference in no. of jobs, 2010–2014 –21.2% +12.5%
% Difference in no. of jobs, 2006–2014 –23.6% +51.5%

No. of groundfish FMP amendments and framework adjustments, 2010–presentc 35 20
No. of significant violations 2010–2015 (enforcement decisions and orders)d 14 8
Total no. of lawsuits filed against agency, 2010–2016e 20 14

Note: Sources of information are provided below; bold items are those which are notably different between the two regions (�2 test,
p < 0.05).

aRO, regional office; FMC, fisheries management council.
bFrom FEUS in each year noted; https://www.st.nmfs.noaa.gov/economics/publications/feus/fisheries_economics_2014/index.
cNPFMC — https://www.npfmc.org/; NEFMC — http://www.nefmc.org/; MAFMC — http://www.mafmc.org/.
dhttp://www.gc.noaa.gov/enforce-office6.html.
eFrom NOAA Office of General Counsel database.
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table differences, categorically the opposite responses were ob-
served in the region that did not adopt an aggregate OY approach
and stuck to a focal emphasis at lower levels of the hierarchical
system. In sum, the region that adopted an aggregate OY ap-
proach, essentially managing for a portfolio rather than individ-
ual, component stocks, took advantage of the inherent trade-offs
and true constraints imposed by both ecology and properties of
hierarchical systems and, as such, reaped clear benefits.

Certainly there are caveats for each region. Alaska (and vessels
from other ports fishing there) has a smaller human population,
has a relatively newer fisheries, has fewer permit-holders and
fishermen involved in the fishery, was an earlier adopter of catch

limits and catch shares, and has had major contributions to the
overall landed biomass dominated by one species, the walleye
pollock (Gadus chalcogrammus; Hollowed et al. 2011; Zador 2015).
New England has a larger human population, longer history of
industrial fishing, greater number of permit-holders and fisher-
men, emphasized effort controls rather than catch limits as a
management measure (although that has been equalized since
the 2006 reauthorization of the MSA that required annual catch
limits), and has had a diversity of species dominating the overall
catch over time. There are more distinctions noted elsewhere
(Fogarty and Murawski 1998; Gaichas et al. 2009, 2012; Link et al.
2009; Megrey et al. 2009; Link et al. 2011), and certainly these could

Fig. 1. Total landings (metric tons) of major, exemplary fished taxa in the New England region (A) and the Alaska region (B), with total landings of
all species in each region.
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Fig. 2. Time series of the percentage of overfished stocks (solid line, left axis) and value (in 2013 US dollars for seminal groundfish species; dashed line, right axis) from the New England
(black) and Alaska (grey) regions.
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have been factors at least partially accounting for the different
outcomes we have observed. But many other regions in the US
could have easily substituted for New England with similar out-
comes; I chose to contrast New England with Alaska because there
were the greatest number of similarities in those two regions
across a range of factors, which better facilitated comparison
(Table 1; Megrey et al. 2009). The other regions would all have
exhibited similar patterns as New England. The main distinction
between these other regions and Alaska would not have been the
number of stocks managed or stocks fished, governance structures,
productivityof theecosystem,humanpopulationdensity,ornumberof
FMPs; the most obvious distinction between them and Alaska is
that none of the other regions manage their fisheries using an
aggregate OY, portfolio approach.

Discussion
Here the application of systems thinking applied as the portfolio

approach has been theoretically established, predicted key outcomes,
and been shown to have demonstrable benefits consistent with
theory and predictions in real-world situations. As a relatively
unknown or at least underutilized approach in fisheries, it holds
promise for the implementation of EBFM to better ameliorate the
many challenges facing the discipline and practice of fisheries
management.

Certainly there are caveats to interpreting, understanding, and
adopting a portfolio approach in fisheries. Obviously, specific
management measures, other constraints due to protected spe-
cies or habitats, other ocean-use activities, and related facets of
fisheries and ocean governance structures need to be considered.
Additionally, the size and capacity of fleets, the value of what is
landed, the broader economic context, the number of individuals
participating in a fishery, and related human dimensions are also
important. And certainly oceanographies, climatologies, biodiver-
sities, component species, and related ecosystem dynamics can all
influence outcomes predicted from a portfolio approach. Indeed,
all these considerations varied in the two example regions shown
and undoubtedly contributed to distinctions in fisheries perfor-
mance observed between the two systems. I acknowledge that on
the surface that may make these comparisons circumstantial. Cer-
tainly, formally executing Smith’s “fishery autopsy” (Smith 1998;
Smith and Link 2005) would rule out a range of competing hypoth-
eses; however, in large part that was how this contrast was infor-
mally structured. Furthermore, of all the factors between these
two and many other regions, the one major distinction is the
Alaskan region utilized an aggregate OY. And the results were
consistent with what is predicted from portfolio theory. Thus,
given all these caveats, the value of using properties of complex
adaptive systems such as these, and particularly embodied as the
portfolio effect, is that they are flexible enough to accommodate
such distinctions among components and still provide robust pre-
dictions. Thus, there will always be stock-specific considerations
in a given ecosystem that has active fisheries that will need to be
accommodated, but the portfolio approach is robust enough to
accommodate them and still provide reasonable predictions and
realized outcomes.

To be clear, by proposing a portfolio approach to achieve
aggregate OY, I am not espousing the overfishing of component
stocks. Just as in financial markets, the overall value of a port-
folio increases when all stocks increase; that should be the
goal. Similarly, in financial markets there are limits as to what
the performance of a portfolio is relative to how much risk an
investor is willing to tolerate. Thus, fishery portfolios can simi-
larly be developed with constraints to avoid risks of overfishing. A
major difference between financial and fisheries portfolios is that

ultimately the health (and survival) of minor stock contributors to
the portfolio is inconsequential in a financial context. Yet in fish-
eries, minor components contributing to the portfolio can be
rare, but we simply cannot allow them to “exit the portfolio”
existentially speaking, and in such instances we do need to enact
some protection to minimize this risk to individual stocks. Fur-
thermore, some rare components of fisheries portfolios can actu-
ally be quite valuable even if limited in abundance or biomass,
thereby increasing fishing pressure on them. The set of risks are
thus not entirely analogous, but the portfolio approach is actually
designed to account for these constraints to minimize such risk.

Another important caveat here that may distinguish fisheries
from financial or other portfolio analogues pertains to energetic
constraints. It is well documented that one cannot maximize the
yield of all fish stocks in a system simultaneously (Au 1973;
Crutchfield 1973; May 1975; Pope 1975, 1979; Fukuda 1976; Brown
et al. 1976; Larkin 1977; May et al. 1979; Mayo et al. 1992; Collie and
Gislason 2001; Walters et al. 2005; Mueter and Megrey 2006;
Legovic et al. 2010; Legovic and Gecek 2011; Steele et al. 2011;
Fogarty et al. 2012; Heath 2012; Link et al. 2012). Beyond all the
fisheries-related debates over this point, this is simply a matter of
the second law of thermodynamics and related applications of
ecological-mass balance (Jørgensen 1995, 1997; Jørgensen and
Müller 2000). Thus, fisheries portfolios need to be constructed
with recognition of the constraints placed on multiple stock max-
imization that is set by ecosystem productivity. The proposal by
Fogarty (2014) to embody these constraints as “ceilings and floors”
in a fishery portfolio is certainly feasible, can help define the
portfolio frontier, has been explored in a fisheries portfolio con-
text (Edwards et al. 2004; Sanchirico et al. 2008; Rădulescu et al.
2010; Schindler et al. 2010; Yang 2011; DuFour et al. 2015; Jin et al.
2016), has been proposed for ecological portfolios addressing
biodiversity (Tilman et al. 1998; Thibault and Connolly 2013;
Schindler et al. 2015; Brown et al. 2016), and has actually been
routinely adopted in financial portfolio approaches (Markowitz
1952; Brigham and Gapenski 1988; Elton and Gruber 1977, 1995;
Choueifaty and Coignard 2008; Fabozzi and Markowitz 2011;
Marston 2011). This portfolio cap constraint, coupled with the
overfishing risk constraints, provides the useful trade space that
is needed in many fisheries negotiations, helping to focus the
debate on wise and equitable allocations among the stocks.

Another important distinction of the portfolio effect evinced
in fisheries as compared with financial markets is the relative
weightings of component stocks. In the one example shown,
there is notable stability of a major component stock (i.e., walleye
pollock in Alaska), which largely dominated the portfolio,
whereas there is a broader diversity of catch in the New England
region. In part that is due to the vagaries of the Bering Sea ecosys-
tem, with the regime shift from invertebrates to conditions more
suitable to walleye pollock well-chronicled (Hare and Mantua
2000; Hollowed et al. 2001, 2011). The New England region cur-
rently is likely undergoing such changes5 (cf. EAP 2012; Pershing
et al. 2015), with the outcome less clear. Thus, the distinction here
is that in some ways, unlike financial markets, the conditions and
health of stocks that lead to choices of stock-weightings in a
portfolio are less able to be controlled. Yet even financial markets
exhibit such indeterminate dynamics in individual stocks, with the
allowance for changes to stock-weightings in financial portfolios.
More so, the policy choices in Alaska largely prioritized walleye
pollock, which gave it more weight in the portfolio and allowed
both the overall portfolio and that individual stock to be managed
consistent with that weighting. Certainly good management of
the individual stock contributed to the results seen in Alaska, as it
does in financial portfolios. But having the overall portfolio goal

5https://www.nefsc.noaa.gov/ecosys/ecosystem-status-report/executive-summary.html.
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allowed for some buffering of risk and, as has been argued in
systems theory, led to a positive feedback loop, which reinforced
the desired weighting. That is, as decisions in that region were
made to prioritize (i.e., give higher weight to) walleye pollock and
deemphasize other stocks, all cognizant of the risk of overfishing
any one component species, over time the system responded to
reflect that weighting, subject to the constraints of productivity in
the entire system. So although the specific values and suggested
weightings they imply are always going to be relatively imprecise
in a fisheries context, they can be set and routinely evaluated for
performance in a portfolio framework that is conducive to achiev-
ing overall fishery goals consistent with those weightings. I recog-
nize that in a multispecies, multistock, multifleet context, the
process for deriving those weightings of public resources is diffi-
cult, is not trivial, and will need to (continue to) be rather delicate.
Such a “multi-multi” context is precisely why application of sys-
tems thinking can be beneficial, not only to drive the discussion of
those weightings, but more so to accommodate such complexity
and also better elucidate the collective benefits from the portfolio
effect.

Another reason for broader consideration of the portfolio effect
in fisheries is one of limitations to analytical capacity. There is
simply no way the practice of the discipline is going to be able to
assess all targeted stocks on a routine and regular basis. This is
certainly true globally and even for well-resourced countries. In
US marine ecosystems, there has been a renewed effort to develop
a schema for stock assessment prioritization (Methot 2015). The
specific criteria proposed are quite reasonable. Yet the fact that
there is a need for this in well-resourced fisheries situations
underscores the challenges that are highlighted from systems
theory — that is, the challenges of understanding the dynamics of
complex adaptive systems by taking a reductionist approach to
understand the dynamics of every component. More so, this need
for prioritization reflects the simple infeasibility of ever regularly
doing stock-by-stock assessments beyond major or prioritized
stocks and in essence ignores hierarchy theory. The need to take
advantage of the near-decomposability and the portfolio effect is
heightened because of this limitation. That is, adopting a portfo-
lio approach may further assist in identifying higher prioritized — or
weighted — stocks (relative to portfolio frontiers) and thereby
free up analytical resources to focus on areas of greatest need. It
can also provide an overall assessment of the entire fishery and
thereby provide assessment coverage for all fished stocks relative
to an overall OY as well as reduce collective and individual risk
to that group of stocks.

Why do the barriers to adopting a holistic systems approach
remain? These approaches to estimate production of fisheries
in the ocean have been considered for over half a century
(Graham and Edwards 1962; Schaefer 1965; Ryther 1969; Gulland
1970, 1971; cf. Smith 1994), but they have not become commonly
operationalized. Instances in fisheries where this has been actu-
ally implemented — not just hypothetically tested or explored,
but actually operationalized in a management context — have
clearly demonstrated positive and desirable outcomes (i.e., Alaska).
So why is there resistance to adopting this systems approach? I
submit that there are at least four reasons. The first is simply
unfamiliarity with the broad concepts and approaches of systems
thinking as applied to the discipline of fisheries. That can be
rectified by this paper and works like it as they continue to elab-
orate on systems-related approaches (Jackson 2003; Allen 2009;
Mele et al. 2010; Wu 2013) and reinforcing works specific to fish-
eries (Walters 1971, 1980; Walters and Hilborn 1976; Charles 2001;
Apollonio 2002, 2010). I would also encourage fisheries schools
and other training fora to present this systems approach to better
broaden awareness of its existence and the probable benefits from
its application.

The second reason is simply historical inertia of this (or any)
discipline. Largely, the theory and practice of fisheries have been

developed on a stock-oriented basis, emphasizing component
parts and a reductionist perspective. There is a long history of why
and how this came about (Smith 1994; Finley 2011). In many ways
this has been embodied in the either–or debates noted above
(Andrewartha and Birch 1954; Hairston et al. 1960; Skud 1975;
Smith 1994; Walters and Collie 1988; Rose 2000; Punt et al. 2014;
Szuwalski et al. 2015), with reductionism leading to interminable
debates, whereas holism leading to systematic solutions — that is,
where there is clear recognition that a range of factors can and
does influence fish stock and aggregate groups thereof. Reason-
able minds are recognizing that we need to maintain the stock-
oriented perspective in many instances, but that the scale and
scope of challenges facing the discipline of fisheries is forcing an
evaluation of methods and means towards a broader consideration
of issues. Evaluating and tweaking the underlying philosophy
(and associated world view) of how one understands phenome-
non, and even approaches such understanding, is certainly diffi-
cult, but is also the hallmark of scientific progress.

The third reason is that there remains skepticism to novel ap-
proaches that is beyond just resistance to change, but healthy in a
scientific context. Until the theory, clear predictability, mathe-
matical representations, applied outcomes, and benefits of a new
or different approach are demonstrated, such an approach will
nearly always be slow to be adopted. As a corollary, most manage-
ment or governance systems tend to oppose change until they
understand and become familiar with the background and behav-
ior of the proposed change. For instance, directing management
action at one level in the hierarchy above the level where effects
are desired is an elementary feature (and recommendation) of
hierarchy theory, but may seem counterintuitive at first and as
such would need familiarization and socialization before being
enacted. I trust that the short primer on systems theory coupled
with the worked examples shown and cited here escalate the
consideration of this approach.

The fourth reason is one that relates to the first — the paralysis
leading to inaction that stems from the recognition of overwhelm-
ing complexity in these systems. That thinking decries the limited
data, difficulty in understanding, and near infeasibility of predic-
tions associated with marine ecosystems and their fisheries. I and
several others before me (von Bertalanffy 1968; cf. Luhmann 2013;
Capra and Luisi 2014; Apollonio 2002, 2010) clearly recognize the
essentially impossible task of understanding these coupled social–
ecological marine ecosystems in a mechanistic, reductionist mat-
ter for each and every component. Yet this thinking entirely
misses the utility of adopting a systems approach, namely in that
it frees one from having to have such detailed data and under-
standing for each and every component of the system. Rather,
from hierarchy theory, we do not have to have that level of un-
derstanding and in fact may actually glean further understanding
of the system by adopting a systems approach that elucidates
emergent properties. I am under no illusion that these barriers to
systems thinking will resolve any time soon. Yet I am confident
that at least some readers will give systems thinking due consid-
eration for their work and application.

Perhaps a way around many of these obstacles is altering our
thinking about OY. In particular, managing for aggregate OY can
accrue all the benefits from adopting parts of a portfolio ap-
proach. Doing so translates what we manage for, at least in terms
of focal levels, from a stock focus to an emphasis on the aggregate
and emergent properties of fisheries systems. Many of the data,
outputs, and reference points are the same, they would simply be
based on systems thinking and take advantage of hierarchy the-
ory and portfolio predictions of the aggregate. Thus, one can won-
der if a paradigm shift is needed for the discipline, and I am
inclined to think that it is. I would argue that a shift in emphasis
in focal level, changing from a stock to an aggregate focus, is
needed. Yet I also think many of our protocols for managing fish-
eries are robust to this potential shift in emphasis, and I think our
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governance structures can reasonably accommodate such a shift
in emphasis. But to execute any shift in emphasis would require
an associated change in our thinking and schools of thought,
certainly in what is taught as part of fisheries science and man-
agement courses, but also in training for those actively making
fisheries management decisions, all with an eye to the particular
need of enhancing familiarity with the portfolio approach and its
benefits. For example, simply conveying that the further a system
is away from the portfolio frontier, the more revenue is going to
be sacrificed is crucially important, but is also not routinely dis-
cussed in most fisheries contexts. As part of this shift, I think we
need to alter what we monitor and track in fisheries portfolios.
Currently in the US and in many other contexts, we monitor and
manage off of some form of annual catch limits, which are gener-
ally based on MSY derivatives. I would argue that in addition to
some variant of MSY-related biomass and fishing-rate reference
points, OY should also explicitly and quantitatively consider the
need to minimize variance of the fisheries catch across the entire
fisheries portfolio and minimize distance from the portfolio effi-
ciency frontier. Until we specifically and formally state how much
risk we are willing to accept across all stocks and threats, how
stable we would like our systems to be, and how much revenue is
left on the table, I do not think we will ever fully encapsulate the
intent of achieving OY for all fisheries in an ecosystem.

There has been repeated recognition of the increasing impor-
tance of ecosystem-level reference points (ELRPs; Link 2010; Shin
et al. 2010). Many have been proposed, including a range of statis-
tical and theoretical approaches (e.g., Pauly and Christensen 1995;
Kerr and Dickie 2001; Jennings and Blanchard 2004; Bundy et al.
2005; Gascuel et al. 2005; Coll et al. 2008; Libralato et al. 2008;
Heymans et al. 2014; Link et al. 2015). I certainly advocate for
continued research and operational development of these deci-
sion support tools. At their core, these ELRPs seek to capitalize on
emergent properties of ecosystems that arise from systems think-
ing. Such ELRPs have the benefit of capturing major signals more
quickly, as they impact a broader set of the ecosystem versus
waiting to detect signals from meta-analyses on individual com-
ponents. They also have value in efficiently identifying dynamics
and stressors that affect all system components simultaneously.
Aggregate OY estimates would be a specific form of ELRPs particular
to the fisheries sector. Although capitalizing on systems thinking
and taking advantage of the portfolio effect, the resulting metrics
from such an aggregate OY set of ELRPs points would have the
added value of being rather easily interpretable and relative fa-
miliar, which is not always true for other emergent property
ELRPs (Jørgensen 1997; Nielsen and Müller 2000). This is an impor-
tant and active area of research, with copious opportunity for
theoretical exploration and practical application.

I will conclude by repeating the “pollyanna-ish” statement: how
would one like to manage fisheries in marine ecosystems such
that

• risk of overfishing is minimized (i.e., above agreed upon levels
or at least not substantially above natural levels);

• populations of fishes, catches, and profits are stable;
• overall value across all stocks is maximized;
• bureaucratic oversight and regulatory interventions are mini-

mized;
• catch and yield are optimized;
• biomass of the resource (in aggregate) is maximized;
• stakeholder disenfranchisement and legal challenges are mini-

mized;
• catch per unit effort is optimized; and
• risk of ancillary ecosystem impacts are minimized (again,

above agreed upon levels or at least not substantially above
natural levels)?

I recognize that achieving all this simultaneously is probably im-
possible in a practical sense. But wouldn’t it be nice to begin to
approach that aspiration? By adopting a systems approach em-
phasizing fishery portfolios, we can begin to achieve such goals
and thereby more of what is fully intended by the objectives of OY.
I also recognize that the presentation of this topic may strike
some as rather strident, with borderline advocacy for a paradigm
shift and emphasis on the benefits of systems thinking beyond a
typical proposal to consider such a thesis. That may be. Yet I fear
that otherwise, without such a presentation, systems thinking
and its associated demonstrated benefits will continue to be over-
looked. All of us in the practice of fisheries science and manage-
ment sincerely want to see fisheries stocks and marine ecosystems
sustainably managed. Thus, when one identifies an approach that
is theoretically defensible, has been proven in simulation and
worked examples, represents an improvement to business-as-
usual, and has case studies of clearly proven benefits, it is incum-
bent on one to escalate the debate over the uptake of such an
approach. It is in this context of improving the status of fisheries
and fish stocks — in both poorly and well-managed situations —
that EBFM should continue to espouse a systems approach (Garcia
et al. 2003; Pikitch et al. 2004; Garcia and Cochrane 2005; Levin
and Lubchenco 2008; Link 2010; Fogarty 2014). The systems think-
ing and particularly portfolio approach highlighted herein repre-
sents a pragmatic way in which to implement EBFM and thereby
reap the benefits it seeks to attain.
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