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Marine capture fisheries in the U.S. are important from a societal, cultural, economic, and ecological perspective. Although fisheries in the U.S.
are generally well-managed, they still face some challenges as do most fisheries around the world. To address these challenges, a broader, more
systematic approach is useful. There is a global need to develop measures of ecosystem overfishing (EOF) that detect overfishing of an entire
ecosystem using readily available data and based on widely repeatable patterns. These EOF indicators extend the thinking beyond single stock
overfishing to an entire ecosystem and are largely based on well-established trophic theory. Moreover, these EOF indicators need to be germane
for both data rich and especially data limited situations, easily interpretable, and relatively simple to calculate. Here, I present the results of
several of these indicators—the Ryther, Fogarty, and Friedland indices—as well as indices based on cumulative biomass-Trophic Level curve
parameters for eight U.S. Large Marine Ecosystems (LMEs). Significantly, all these EOF indicators also have thresholds beyond which EOF is
indicated, particularly when coupled with other evidence. Evidence for EOF is suggested for two of the eight U.S. LMEs. Even apart from EOF
thresholds, detecting whether EOF is occurring, or how debatable the proposed EOF thresholds are, there are multiple benefits from monitoring
these ecosystem-level indicators. Detecting patterns and trends in overall fishing changes for an ecosystem is chief among them. Additionally,
EOF indicators detected changes in these LMEs at least – years, even up to  years prior to major impacts that might not be identified by
piecing together fishing impacts on a stock-by-stock basis; thus, the EOF indicators could serve as an early warning signal. I propose that instead
of starting with the history of which stocks have been assessed or even with what we deem most valuable, we look at the entire system of fisheries
in an LME and if EOF is detected, explore means to address excess fishing pressure systematically before delving into the details of specific stocks.
I conclude that EOF measures need to be monitored, EOF thresholds refined, and if EOF is detected then the means to mitigate total fishing
pressure in an ecosystem should be explored.

Keywords: comparative analysis, ecosystem-level reference points, ecosystem perturbation, fisheries ecosystem, integrative metrics, sustainable
fishing, systemic overfishing, thresholds.

Introduction
Fisheries and marine ecosystems that support them are important.
Fisheries are clearly a valuable part of the U.S. economy; the fish-
eries sector represents ∼1% of total economy (in terms of gross do-
mestic product (GDP) relative to the total U.S. GDP; NMFS, 2018,
2019; NOAA 2020; BEA, 2021), has sales valued at > $212 U.S. Bil-
lion, and contributes ∼1.7 million jobs (NMFS, 2018, 2019). Fish-
eries also provide an important source of protein in the U.S., with

approximately 16 pounds per capita consumed per year from the
> 4.5 million metric tons of fish that is commercially landed, which
does not include recreational and artisanal catches (NMFS, 2018).
Comparable statistics are found elsewhere in the world (e.g. World
Bank, 2017; FAO, 2018, 2020; OECD, 2020). There is also the intrin-
sic value of the ecosystem goods and services that marine ecosys-
tems and their associated fisheries provide (Costanza et al., 1997;
MEA, 2005; Guerry et al., 2015). It is factually accurate to state
that the large marine ecosystems (LMEs; Sherman et al., 1993) in
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the U.S. (and globally) and their associated marine capture fisheries
have a significant societal, economic, cultural, and ecological im-
pact.

There are broader concerns about fisheries sustainability that
range from the well-known, persistent challenges to population
dynamics (Schaefer, 1957; Levin et al., 1997; Cadrin et al., 2014;
Lynch et al., 2018) to a broader array of factors that influence the
dynamics of these living marine resources (LMRs; Keyl and Wolff,
2008; Link, 2010; Rodhouse et al., 2014; Thorson et al., 2015). Not
only are fish populations, fishing fleets and fishery systems im-
pacted from overfishing (Pauly et al., 2002; Hilborn et al., 2015;
Link, 2018), but changes to fish and fisheries can also result from,
and be impacted by, broader factors acting on marine ecosystems
(Jackson et al., 2001; Coll et al., 2008; Link, 2010, 2018). Over-
fishing can result in, for example, cascading effects that debilitate
key habitats and taxa (Scheffer et al., 2005), foster blooms of in-
vasive species (Daskalov, 2002), impact sustainability of other ex-
ploitation efforts (Libralato et al., 2004) and enhance the negative
effects of climate change to the ocean (Gaines et al., 2018). To ad-
dress many of these challenges, a broader, more systematic means
to detect and delineate overfishing is warranted, before it sequen-
tially impacts fish population after fish population, fishery after
fishery, and ultimately marine ecosystem functioning (Link, 2010,
2018; Fogarty, 2014; Link and Watson, 2019). It is clear that con-
sidering the larger impacts to the ecosystem from overfishing is not
obtainable from solely a single species emphasis. Recognizing that
business-as-usual, single-species management may not fully ad-
dress the full array of issues that impact fisheries, nor fully address
ecosystem considerations that arise from fishing, and definitely not
the cumulative effects across multiple fisheries in a given ecosys-
tem (Halpern et al., 2008; Micheli et al., 2014; Coll et al., 2016), nu-
merous calls to implement ecosystem-based fisheries management
(EBFM) have arisen (Simberloff, 1998; Pikitch et al., 2004; Bedding-
ton et al., 2007; Link, 2010; Fogarty, 2014; NMFS, 2016a). The im-
plementation of EBFM and related approaches are ultimately pred-
icated upon knowing when we have actionable criteria (thresholds)
to address these broader, more systematic concerns.

Marine capture fisheries in the U.S. are generally recognized as
being well managed (Pitcher et al., 2009; Hilborn et al., 2015, 2020),
but that does not mean all fisheries, fish stocks, and LMEs are op-
timally handled. Overfishing of stocks still occurs, but mostly the
status of those stocks has improved over time (Methot et al., 2014;
Lynch et al., 2018; NMFS, 2020; c.f., Melnychuk et al., 2017; Hilborn
et al., 2020 for broader context). Despite this generally positive sit-
uation, there remain challenges to the management of marine fish-
eries in the U.S., and many stocks in the U.S. have a remarkably
unknown status (NMFS, 2020). The importance of U.S. fisheries
and the continued challenges they face (beyond what can be ad-
dressed via a single species emphasis) highlights the need to esti-
mate and explore marine ecosystem overfishing (EOF) in U.S. LMEs
(and globally; Link and Watson, 2019). Even for relatively data rich
situations, national and international policies are increasingly call-
ing for ecosystem indicator thresholds. Examples include the Good
Environmental Status in the Marine Strategy Framework Directive
(European Parliament and Council of the European Union, 2008)
context in Europe and EBFM policies in the U.S. (NMFS, 2016);
the key principles thereof are paralleled internationally via some
of the Sustainable Development Goals in the UN context (United
Nations, 2015). The need for such thresholds is highly germane
for U.S. and all LMEs (Link and Watson, 2019). Even apart from
such thresholds, at the least it seems highly warranted to at least

monitor some of these system-level features. From hierarchy theory
(c.f. Link, 2018; O’Neill et al., 1986; Wu, 2013 as applied to fisheries),
a routine and systematic examination of emergent features should
provide standard and useful information more than what can be
obtained by monitoring solely on component stocks or ad hoc, in-
termittent and non-systematic meta-analyses thereof, particularly
as major pattern detectors and potentially as early warning signals.

Here, I estimate measures of EOF and evaluate them for U.S.
LMEs. There have been several attempts to quantitatively charac-
terize, and delimit, the impacts of overfishing on marine ecosys-
tems (e.g. Murawski, 2000; Tudela et al., 2005; Bundy et al., 2005;
Link, 2005; Shin et al., 2010a, b; Halpern et al., 2012, ), includ-
ing those specifically from a trophically-oriented perspective (Pauly
and Christensen, 1995; Gascuel et al., 2005; Coll et al., 2008; Li-
bralato et al., 2008; Link et al., 2015). But few of these calculations
have had clear thresholds and delineation of EOF (Libralato et al.,
2008; Fay et al., 2015; Link et al., 2015) or associated tipping points
(Large et al., 2015; Samhouri et al., 2017; Tam et al., 2017). Re-
cent definitions of EOF with limit thresholds have been proposed
(Link et al., 2015; Link and Watson, 2019; Libralato et al., 2019),
and I adopt those here for assessing U.S. LMEs relative to EOF.
These include the Ryther, Fogarty, and Friedland indices that exam-
ine catch in relation to area of the ecosystem, primary productivity,
and chlorophyll a, respectively, as well as cumulative biomass curve
properties (Link et al., 2015; Libralato et al., 2019; Pranovi et al.,
2020). Here, I define EOF as an occurrence where total CPUE is de-
clining, the sum of all catches decline after a period of increasing, to-
tal landings relative to ecosystem production exceeds suitable lim-
its as seen in the Ryther, Fogarty, and Friedland indices (Link and
Watson, 2019) over their thresholds, and the cumulative trophic
curve parameters are below thresholds indicative of system-wide
perturbation (Libralato et al., 2019) (or at least most of the preced-
ing is indicated). These are described further below, and have be-
gun to be considered and used in other LME contexts (Link et al.,
2020). The relevant point is that these indicators of EOF are based
on widely observed and repeatable patterns, use commonly avail-
able and widely reported data, and can be considered as an emerg-
ing standard to see if thresholds have been grossly exceeded. My
objective in this work is to calculate, present and evaluate these in-
dicators of EOF for U.S. LMEs, noting when EOF may be occurring,
contrasting that with known fisheries histories in these LMEs, and
explore if further elucidation of this systematic approach has poten-
tial utility.

A brief primer on EOF
As noted, there is now a considerable body of work to explore the
ecosystem effects of overfishing (e.g. Murawski, 2000; Tudela et al.,
2005; Bundy et al., 2005; Link, 2005; Shin et al., 2010a, b; Halpern
et al., 2012), particularly from a trophically-oriented perspective
(Pauly and Christensen, 1995; Gascuel et al., 2005; Coll et al., 2008;
Libralato et al., 2008; Link et al., 2015). Yet only recently have
there been quantifiable, repeatable, widely observed, and clearly de-
fined facets of EOF (Link and Watson, 2019), which have associated
thresholds. But prior to delving into EOF, let us review the basics of
single species overfishing.

The dynamics of single population overfishing are well chroni-
cled; as catch declines, effort increases, which is then repeated. This
is Graham’s “Law of Overfishing” (Graham, 1943; Smith, 1994),
which implies that as catch-per-unit-effort (CPUE) declines, an in-
creasing amount of time is spent fishing in an increasingly larger
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area. For a single, discrete population, as the fishing rate (F) in-
creases, mortality increases up to an unknown maximum, the num-
bers of fish, population biomass, mean individual size (weight
or length), mean weight-at-age, mean age- and size-at-maturity,
recruitment, somatic and population growth, and ultimately yield
all decrease. Concurrently, the amount of effort and area fished
increases, which results in a fishing rate that exceeds the rate for
maximum sustainable yield (e.g. F/FMSY > 1). There are several nu-
ances to this regarding recruitment or growth overfishing (Mu-
rawski, 2000; Hilborn et al., 2015), but the general patterns hold
based on population dynamics theory. This theory and applica-
tion of population overfishing have well-defined features (Smith,
1994; Mace, 1994; Murawski, 2000; Hilborn et al., 2015), which have
led to clearly demarcated thresholds of overfishing and overfished
population status, representing critical decision criteria for fisheries
management.

Most metrics of overfishing have focused on individual fish
stocks or populations, yet the concept is applicable for groups of
stocks, guilds of fish, or even an entire fisheries ecosystem to delin-
eate EOF. By extending definitions of single population overfishing,
there is an analogous suite of overfishing measures at an ecosystem
level (Murawski, 2000; Link, 2005; Link et al., 2015; Link and Wat-
son, 2019). As an individual stock’s catches decline and effort in-
creases, such that CPUE declines past what is economically viable,
catch shifts towards a second, often less preferred species and the
cycle then repeats, ad infinitum.

For EOF, catch for the overall ecosystem (i.e. or group of species)
increases until overall (i.e. across all species) CPUE declines, es-
calating to the point of systemic depletion. This is the Law of Se-
quential Depletion (Smith, 1994; Murawski, 2000), a corollary to
Graham’s Law of Overfishing (Graham, 1943; Smith, 1994). The se-
quence of eroding CPUE implies an expansion of both taxonomic
and geographic scope as fishing fleets target more and more dis-
tinct types of fishable biomass in more and more distant and dis-
tinct habitats to maintain economic viability (Watson et al., 2004,
2015; Swartz et al., 2010). For an entire system of LMR stocks, as
total catch (or effort) increases across all harvested taxa, the mean
individual size (usually some estimate of overall, average, aggre-
gated length; Link, 2005), total biomass and yield decline, while
the size spectra slope increases (Link, 2005; Blanchard et al., 2012).
Besides these elements occurring across all species, other compos-
ite effects are also observed. The species composition changes, and
thus biodiversity may change, but not always in a clearly predictable
manner as, by definition, any particular diversity estimate can re-
sult from multiple configurations of species composition. These nu-
ances aside, the tenets of sequential depletion generally hold from
theories of the perturbation of ecological communities (Link et al.,
2015). For food webs and energy flows impacted by fisheries, as
overall catch (or effort, or F) increases, the Loss in Production (or
L) index (Libralato et al., 2008), system ascendancy (sensu Ulanow-
icz, 1986), total system throughput (sensu Odum, 1969), biomass
of apex predators of particular interest, cumulative biomass inflec-
tion points, cumulative production (Libralato et al., 2008, 2019;
Link et al., 2015), and mean trophic level (Pauly et al., 1998) all
decline. Disruption in trophic linkages also often occurs (e.g. apex
predators; Estes et al., 2011; forage fishes; Smith et al., 2011), which
results in changes to ecosystem function via altered dynamics of
energy flow pathways (i.e. predator–prey dynamics, competition,
etc.), which additionally highlights the need for ecosystem-level in-
dicators. Similar to the single stock situation, as EOF occurs, the
effort and area fished to catch all fishes increases, resulting in a

system-level fishing rate exceeding the rate to obtain the composite,
maximum sustainable yield for all caught LMRs in the ecosystem
(FSystem/FSystemMSY > 1; c.f. Worm et al., 2009; Rindorf et al., 2017;
Link, 2018; Thorpe, 2019).

Essentially, one can extend the usual single stock yield curve
from a single population to an entire system of LMRs with the same
general features and behaviors (Gaichas et al., 2012; Link and Wat-
son, 2019). Doing so ties all fisheries removals to the carrying capac-
ity of an ecosystem. That is, fishing effort should be at a rate less than
or equal to the rate of ecosystem production required to maintain
the aggregate of all LMR taxa. I recognize that there are many other
possible aspects of EOF relating to apex predators, bycatch, habi-
tat, ecosystem function, biodiversity, etc. (Jackson et al., 2001; Link,
2010, 2018; Smith et al., 2011; Hilborn et al., 2015). Here, I focus
on trophic transfer as the basis for determining limitations to fish-
eries production because it is intuitive, has had several background
studies to establish and describe these relationships both classically
(Graham and Edwards, 1962; Ricker, 1969; Schaefer, 1965; Ryther,
1969) and more recently (Pauly and Christensen, 1995; Chassot et
al., 2010; Conti and Scardi, 2010; Blanchard et al., 2012; Friedland
et al., 2012; Watson et al., 2014; Fogarty et al., 2016; Stock et al.,
2017), and most stock-oriented definitions of overfishing likewise
focus on production of the population while simultaneously recog-
nizing that other features of stock productivity do not usually ad-
dress these other aspects explicitly (i.e. predation, links to habitat,
etc.) to demarcate single stock overfishing (Mace, 1994; Hilborn et
al., 2015).

To place this in perspective and to delineate quantitative thresh-
olds for EOF, it has been established that there are clear limits to
oceanic primary production (Antoine et al., 1996; Carr et al., 2006);
it then follows that there are real limits to fisheries production that
are well known (Graham and Edwards, 1962; Ricker, 1969; Schae-
fer, 1965; Ryther, 1969; Pauly and Christensen, 1995) and continu-
ally refined (Chassot et al., 2010; Conti and Scardi, 2010; Blanchard
et al., 2012; Friedland et al., 2012; Watson et al., 2014; Fogarty et
al., 2016; Stock et al., 2017). Essentially there are legitimate limita-
tions on how many fish any given ecosystem can produce (Pauly and
Christensen, 1995), can store as biomass (Schlenger et al., 2019),
and hence can be caught (Libralato et al., 2008). Based on these
realities there are associated thresholds which can demarcate EOF.
A series of trophic transfer calculations, models, and global obser-
vations have repeatedly demonstrated these real limits to fisheries
production, ultimately as established by primary production (Pauly
and Christensen, 1995; Chassot et al., 2010; Conti and Scardi, 2010;
Friedland et al., 2012; Watson et al., 2014) with continued refine-
ments and nuances in this understanding (Fogarty et al., 2016; Stock
et al., 2017; Link and Watson, 2019; Petrick et al., 2019).

Material and methods
EOF, cumulative biomass indicators, and their thresholds
In short, there are three main EOF indices plus cumulative trophic
curves that can be used to demarcate EOF. The main EOF indices
are the Ryther, Fogarty, and Friedland index (Link and Watson,
2019). The Ryther index consists of total catch presented on a per
unit-area basis for an ecosystem. The Fogarty index is the ratio of to-
tal catches to total primary productivity in an ecosystem. The Fried-
land index is the ratio of total catches to mean annual chlorophyll in
an ecosystem. These indices are founded upon the ecological con-
cept of trophic transfer, with specific thresholds developed for each
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index to delineate whether EOF is actually occurring. One can de-
velop and estimate thresholds for them based on first principles,
trophic transfer theory, and empirical evidence.

The Ryther index is essentially catch by area, and the threshold
for it is based on empirical evidence from over 70 years of obser-
vations from over 60 ecosystems (Bundy et al., 2012; Tam et al.,
2017; Link and Watson, 2019). What emerges is that to maintain
catches at a level above ∼ 3 t km–2 yr–1 (i.e. levels of excessive EOF)
requires an incredibly productive ecosystem, which is not sustain-
able in the long-term (c.f. Supplemental Materials, Sensitivity Anal-
ysis and EOF Thresholds- Global Calculations to Scope Potential EOF
Thresholds). Any instances where this threshold of ∼ 1 t km–2 yr–1

has been exceeded for extended periods of time have been followed,
and verified, by significant and often sequential stock collapses, ma-
jor stock overfishing, depletion, and lowering of average trophic
level (Link and Watson, 2019).

The threshold derived for the Fogarty index was based on the
following. Before using the tropic transfer equation (Equation (1)
here; adopted from Equation (5) in Link and Watson (2019)), one
can make simple assumptions of about 10% Transfer Efficiency (TE;
c.f. Fogarty et al., 2016; Link and Watson, 2019; Eddy et al., 2021)
for either 3 or 4 trophic levels (TLs), which gives a range of 0.1–1‰
(i.e. 10% TE for 4 TL = 0.14 = 0.1‰, 10% TE for 3 TL = 0.13 = 1‰).
By then plugging into a simplified version of the transfer equation
(replicated here; Equation (1)):

Ctot =
TL∑

1=1

α · PP · TETL−1
i , (1)

where PP is net primary production (often expressed as net primary
production, NPP), α is a scalar for local conditions and availabil-
ity of transfer, TL is trophic level, and TE is transfer efficiency, one
can bracket the range of possible threshold levels. By using aver-
age values of NPP (with a range of global estimates) and set val-
ues of α (set to ∼15–20% for average availability of the TL, which
emerges when estimated from maintaining a global average catch
that has been stable for the past 30 years; Libralato et al., 2008; Fog-
arty et al., 2016; Stock et al., 2017), and making average assump-
tions about these TE (between 6 and 20%) and TL (between 2.8 and
4.2) values gives a range of 0.3–3.0‰. Thus, the range from theory
and empirical examination is 0.1–3.0‰. I then conducted sensitiv-
ity analyses (Supplemental Materials, Sensitivity Analysis and EOF
Thresholds- Sensitivity Analysis for EOF Threshold Context; ranges
as noted above with changes to NPP included) to explore how the
behavior of Equation (1) outputs change; these results all tend to
identify the main inflections on the response surface regardless of
assumed TE and α, or net primary production and TL. Basically,
these all show that catch declines as TL increases, or as TE and NPP
decline. Since the threshold is a ratio, it ultimately scales to NPP.

I then calculated actual values for Equation (1) (c.f. Link and
Watson, 2019), with more known and constrained limits of NPP,
TL, alpha, and TE, and then compared those outputs to previously
reported values of what one could expect for total, global catch
(summing across all LMEs, etc.; i.e. 0.1–0.42 Gt; c.f. Supplemen-
tal Materials, Sensitivity Analysis and EOF Thresholds- Global Cal-
culations to Scope Potential EOF Thresholds). That gave the range
of values of what could potentially be supported between 0.22 and
0.92‰, with a high level of 1 Gt (i.e. ∼10x what FAO reports for
all global landings; FAO, 2018, 2020), resulting in 2.2‰. This was
then compared empirically to several individual ecosystems known
to have had sequential overfishing challenges (for which this ratio

was previously and separately calculated with different, nationally
or regionally-based data; Link and Watson, 2019), to see approx-
imately at what level this Fogarty index was when conditions be-
gan to deteriorate. They all showed signs of change around 1‰.
As the Friedland ratio is catch to chlorophyll, and as chlorophyll
is strongly correlated to NPP, I used a similar approach and line
of logic as to the Fogarty index to develop the threshold level for
this index. Thus, from a theoretical consideration (e.g. 10% TE for
3 TL = 0.13 = 1‰; Supplemental Materials, Sensitivity Analysis and
EOF Thresholds- Simple Energy Transfer Calculations), to sensitiv-
ity bracketed ranges (c.f. Supplemental Materials, Sensitivity Analy-
sis and EOF Thresholds- Global Calculations to Scope Potential EOF
Thresholds), to bracketed possible total catches, to empirically eval-
uated ecosystems as lines of evidence (Supplemental Materials, Sen-
sitivity Analysis and EOF Thresholds- Summary), I set this threshold
at ∼1‰ for the Fogarty index and ∼1 for the Friedland index.

The recommended approach to considering these three main
EOF indices is as follows. When data for an ecosystem exhibits
EOF index values near any one of these index thresholds, it mer-
its additional attention. When it has values exceeding all three in-
dex thresholds, it is probable that EOF is occurring in that ecosys-
tem. When the values are 3–5 times greater (i.e. in excess of 300%,
also approximately > 1.5–2 SD from the threshold value) than
the threshold for more than one of these indices, it is probable
that significant EOF is occurring. Thresholds for these three main
EOF indices have been examined empirically, with thresholds be-
ing approximately and consistently at these same levels before ma-
jor ecosystem changes occur (Bundy et al., 2012; Link et al., 2012;
Large et al., 2015; Tam et al., 2017). The absolute value of and the
uncertainty surrounding these thresholds still warrants further de-
bate and exploration. Here I provide them as reasonable proxies
from which EOF is likely indicated.

In addition to the three main EOF indicators, cumulative trophic
curves emerge upon examination of cumulative biomass (cumB)
and cumulative production (cumP) across TLs for an ecosystem
(Link et al., 2015). These emergent features are based on obser-
vations and supporting theory that biomass accumulation is (log-)
normally distributed (Figure 1c) and represents transfer (even if in-
efficiently) of biomass and hence production up a food web to suc-
cessive TLs (Figure 1b). Therefore, if production at different TLs
always results in trophic pyramids because the TE is always less
than 1, cumulative production curves are asymptotic, plateauing
near the sum of all ecosystem productivity. Fundamental trophody-
namic features—overall system limits based on primary production
(Figure 1a), turn-over of populations, average growth efficiency—
are the overall system limits that influence the production curve
(c.f., Link et al., 2015). Furthermore, biomass accumulation across
TL is not inevitably pyramidal in marine systems but is more of-
ten rhomboidal due to high standing biomass at TL 2 (i.e. ben-
thos and plankton; Figure 1b); thus, the cumulative biomass curve
across trophic levels (cumB-TL) is a sigmoidal curve (i.e. a curve
with a clear inflection point indicative of this rhomboidal pattern
(Figure 1e). The cumB-TL curves exhibit a typical “S” shape that
seems to hold regardless of type of ecosystem or type of data
(biomass, catch, energy budget, etc.) used to construct these curves
(Pranovi and Link, 2009; Pranovi et al., 2014). The cumB-cumP
curves likewise tend to exhibit “hockey stick” shapes (Figure 1f).
Broader inspection of these curves has confirmed the existence
and commonality of these patterns from over 200 different ma-
rine ecosystems across the globe (Link et al., 2015; Libralato et
al., 2019); they have also confirmed repeatable, consistent and
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Figure 1. Schematic of general patterns of ecosystem dynamics resulting in the cumulative trophic theory (a–h). Panels (a–c) represent known
theory and observations, (d) constraints, (e and f) the resultant theory, and (g and h) predictions from the theory. (a) The decline of
productivity across increasing TLs, starting at the point where primary production is estimated (Pauly and Christensen, ; Lindeman, ;
Strayer, ; Oksanen, ; Friedland et al., ; Link et al., ). (b) The trophic pyramid (dashed) and rhomboid (solid) of biomass with
increasing TL (Elton, ; Lindeman, ). (c) The unimodal distribution of biomass over TLs (Lindeman, ; Strayer, ; Oksanen, ).
(d) The trophic spectra of biomasses of individual populations within a total, systemic biomass constraint (Gascuel et al., , ; Libralato
and Solidoro, ). (e) The cumulative biomass sigmoidal pattern across increasing TL. (f) The “hockey stick” of cumulative production across
cumulative biomass. (g) Prediction showing the shift in cumulative biomass over TL from a “Normative” system as it moves (depicted by
arrows) to a perturbed system. Dashed lines intercepting axes represent inflection point values, and angled dashed line represents slope of the
curve at the inflection point, the dot represents the inflection point, and shaded areas represents a zone of perturbation below some
ecosystem threshold. (h) Similar to (g) but for cumulative production across cumulative biomass. B = biomass, TL = trophic level,
P = production, PP = primary production, cumB = cumulative biomass, and cumP = cumulative production. Adapted from Link et al. ().
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Evidence of ecosystem overfishing in U.S. large marine ecosystems 

predictable changes in curve shape due to perturbations that alter
trophodynamics in marine ecosystems (Pranovi et al., 2012, 2014,
2020; Link et al., 2015; Libralato et al., 2019). The schematic of the
cumB-TL curve shown in Figure 1g (adapted from Link et al., 2015)
demonstrates that perturbations result in the “S” curve becoming
less steep and moving toward lower TLs. Conversely, ecosystem re-
covery results in increasing steepness and the “stretching” toward
upper TLs of these curves. These repeatable and predictable dynam-
ics imply that the core facets of these curves and their parameters,
which represent the primary determinants of the “S” curve shape
(i.e. the biomass inflection point, TL inflection point, and steepness
(or slope)) behave in ways that are useful to elucidate ecosystem
recovery or perturbation. These parameters can then be tracked
over time to determine major shifts in the condition of an ecosys-
tem. These curve parameters also represent emergent properties
of marine ecosystems with a surprising ability to elucidate ecosys-
tem structure and functioning. Hence, these cumulative trophody-
namic curves and their associated properties hold some promise
in demarcating ecosystem conditions that require management
action.

These cumulative trophic curve “S” and shrinking hockey sticks
are observed in every marine ecosystem, respond consistently, re-
peatedly, and predictably to perturbation or recovery, and thus can
inform marine EOF. From a global study of over 60 LMEs, empiri-
cal thresholds emerged for the “S” curve parameters (Libralato et al.,
2019). The thresholds for these are: cumB inflection point at ∼33%;
TL inflection point at ∼3.4; and steepness of ∼0.5. This implies that
as these curve parameters move cross and then remain below these
thresholds, the “S” shape of the curve has in fact shrunk in a man-
ner consistent with perturbation (Figure 1g). Previous empirical es-
timates had slightly higher thresholds (Pranovi et al., 2012; Link et
al., 2015), but more refined and larger sample sizes have narrowed
these curve parameter values to the values noted above (Libralato et
al., 2019). The value of these “S” curve parameter thresholds essen-
tially indicates that when two-thirds of the biomass in an ecosystem
has been removed, when the TL has shifted below a medium TL,
and when the curve becomes flatter, the conditions in the ecosys-
tem are generally undesirable (Pranovi et al., 2012, 2014; Libralato
et al., 2019). Libralato et al. (2019) further discusses the nuances of
transitions approximately at or around these “S” curve parameter
values, as well as interpretating hysteresis of crossing these thresh-
olds. Again, the absolute value of and the uncertainty surrounding
these “S” curve parameter thresholds still warrants further debate
and exploration. Here I provide them as reasonable proxies from
which EOF is likely indicated.

Three main eof indicator data sources and analysis
Marine capture fisheries data was obtained from Watson (2017);
prior descriptions (Watson et al., 2004, 2017; Anticamara et al.,
2011; Rousseau et al., 2019; and references therein) provide fuller
details of these data. To compare this Watson dataset, data were
downloaded from FAO using the Fish-StatJ v2.12.2 software and
database package and from the Sea Around Us (SAU) project, by
LMEs, using the online GUI to download CSV files (Pauly et al.,
2020). I recognize that there have been prior disputes regarding
the exact magnitude of total marine capture fisheries yield (Wat-
son and Pauly, 2001; Watson, 2017; Pauly and Zeller, 2016; Wat-
son et al., 2014; Branch et al., 2010). These debates focus on the
magnitude of fishery production potential, whether the estimates
are carrying capacity (K) or Biomass at MSY (K/2), whether the

estimates adequately represent Illegal, Unreported and Unregulated
fishing, the degree of awareness that the data do not contain recre-
ational fisheries catch, whether the methods for extrapolating data
are germane, and related concerns over missing or misrepresented
data. Despite these contested nuances regarding the magnitude and
source of these catch estimates, all tend to agree that the total,
global catch of marine capture fisheries has fluctuated about essen-
tially the same level for nearly 30 years. Additionally, though there
are differences among data sets in terms of magnitude, the same
general trends, and order of magnitude results are repeated (Wat-
son and Pauly, 2001; Watson, 2017; Pauly and Zeller, 2016; Watson
et al., 2014; Branch et al., 2010). And although updates are avail-
able, I chose to retain a data set that lags contemporary estimates
of catch to avoid any confusion about current catch and manage-
ment advice. Though the present work focuses on U.S. LMEs, I
note the comprehensiveness of the data from Watson (2017) and
chose to use it to be consistent with other, comparable, interna-
tional studies (Link and Watson, 2019; Link et al., 2020). One could
just as readily use reported national landings from the U.S., or
the FAO or SAU databases, to calculate these estimates (see be-
low; independent of these international datasets, https://www.fishe
ries.noaa.gov/foss/f?p = 215:200::::::). For these reasons, I used the
compiled dataset from Watson (2017) to calculate the three main
EOF indicators.

Effort data were similarly tallied and examined at the LME scale
(Anticamara et al., 2011; Watson, 2017, R. Watson, pers. comm.).
Catch and effort data (units of kw seaday–1) were analyzed using
LME designations. Dividing the former by the latter provides esti-
mates of CPUE. I note that aggregation across spatial scales could
obscure some signals across and among fisheries, but at the scale at
which most fisheries operate (i.e. the LME scale), the main patterns
should emerge. Estimates of primary production (described below)
were chosen at resolutions consistent with these LME scales. I also
recognize that aggregation across taxa could also obscure patterns
among fisheries, but since the main purpose was to examine total
catches by ecosystem, the total catch patterns should also emerge
from such an approach.

Measures of chlorophyll a and net primary production were es-
timated for all U.S. LMEs, from 1998 (when satellites began provid-
ing these data) to 2014 using satellite imagery. These used a com-
bined SeaWIFS and MODIS imagery set (http://oceancolor.gsfc.na
sa.gov/). Chlorophyll a was adopted from the merged time series
data (http://hermes.acri.fr/) at 25 km spatial resolution, and annu-
ally integrated using monthly time steps. Primary production was
estimated using the Behrenfeld method (Behrenfeld and Falkowski,
1997; c.f. Eppley, 1972), and was annually integrated using daily val-
ues, converted to wet weight, and summed for each LME.

Catches assigned to LMEs are expressed as t km–2, and are pre-
sented as the Ryther index (with km–2 from the LME area). The
catch data were compared to chlorophyll a values to calculate the
Friedland index. The same catch data were compared to estimates
of net primary production to calculate the Fogarty index (Fogarty
et al., 2016). I recognize that these data need to be contextualized
within regional and even local conditions. Additionally, within a
given LME, other sources of production may be occurring at the
sub-LME scale that might not be as readily detectable via satel-
lite (upwelling, estuarine, benthic, etc. inputs) and thus could spo-
radically and locally alter production estimates. Additionally, some
taxa may migrate across LME boundaries. Thus, I recommend
that the indices proposed here be used conscious of other, possi-
ble sources of productivity that are germane to the scale at which
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 J. S. Link

fisheries management occurs in each LME. From these global LME
datasets, I extracted and explored the time series for the eight U.S.
LMEs.

Cumulative curve data sources and analysis
Following the methodology of Libralato et al. (2019), I used land-
ings data for the eight U.S. LMEs obtained from the Sea Around
Us Project (SAU) database (http://www.seaaroundus.org/; Pauly et
al., 2020). These data are used here as a proxy for ecosystem sta-
tus. I used them to be semi-independent from the Watson (2017)
database when providing this different perspective on potential
EOF, though the data are comparable and based on some similar
underlying data sets. I used this dataset to examine these curves
that use a different way of treating this composite catch informa-
tion to avoid biases of any one method. The data consists of land-
ings (weight, in tons) for each taxa caught for each year from 1950
to 2010. I acknowledge that as a proxy for biomass, landings or catch
data have had some difficulties (de Mutsert et al., 2008; Branch et al.,
2010), but there remain some data deficiencies when it comes to es-
timates of biomass for all taxa across all TLs for all these eight LMEs,
let alone all global LMEs (sensu Shannon et al., 2014). Further, prior
work has shown that for estimating the cumulative trophic curves
the same patterns emerge using landings data as to biomass data,
and the results are robust to underlying sources of biomass data
as long as it covers a wide range of TLs and taxa; plus though TL
inflection points change with the use of landings data slightly, the
percentage of cumulative biomass inflection and steepness param-
eters have negligible change (Pranovi et al., 2014; Link et al., 2015;
Libralato et al., 2019; see further descriptions below). Hence using
landings data as a proxy for cumulative trophic curves has robust
precedent and, although minor differences in curve parameters may
result, detects the major signals of change that one would expect.
Data include LMR taxa that represent the most important com-
mercial invertebrates and fish species, while some general groups
are also presented (e.g. bony fish). These landings data for all LMEs
from SAU spans the entire global ocean (c.f. Sherman et al., 1993;
Hempel and Sherman, 2003), but is focused on the eight U.S. LMEs
here.

Each taxon was associated with a TL as obtained from local food
habits databases (e.g. Smith and Link, 2010; Simons et al., 2013;
Livingston et al., 2017), Fishbase (www.fishbase.org), Sealifebase
(www.sealifebase.org) or from local, published food webs (North-
east U.S., Link et al., 2006, 2008, 2010; Lucey et al., 2021; Gulf of
Mexico, Walters et al., 2008; de Mutsert et al., 2016; Sagarese et al.,
2017; Chagaris et al., 2020a, b; South Atlantic and Carribean, Opitz,
1996; Okey and Pugliese, 2001; Smikle et al., 2010; West Coast-
California Current, Field, 2004; Field et al., 2006, Brand et al., 2007;
Ruzicka et al., 2012; Alaska, Aydin et al., 2002, 2007; Heymans et al.,
2007; Lee et al., 2010; Gaichas et al., 2011; Pacific Islands, Polovina,
1984; Parrish et al., 2012; Howell et al., 2013; Weijerman et al., 2014,
2015; plus Ecobase for further context, Colleter et al., 2015); for a
few taxa, TL was assigned according to available, local ecosystem
model outputs. Landings by TL were then estimated for each LME
and each year, which were then ordered by increasing TL. From that
data, a cumulative curve of catches (biomass proxy) vs. TL was gen-
erated (i.e. the cumB-TL curve, c.f. Link et al., 2015). The resul-
tant cumB vs. TL data resemble an S-shaped curve, consistent with
prior observations and theory (Pranovi et al., 2012, 2014; Link et al.,
2015; c.f. Libralato et al., 2019; Pranovi et al., 2020). For each LME
and each year, the data were fit independently to an S-shaped curve

using a 5-parameter logistic nonlinear regression model (Ricketts
and Head, 1999; i.e. using the “drc” package (Ritz et al., 2015) for
R (v3.5.2; R Core Team, 2018)). The main curve parameters, steep-
ness (or slope at the inflection point; Slope), TL at the inflection
point (TL_Infl), and biomass at the inflection point (B_Infl) were
estimated. Further details on the method for curve-fitting and esti-
mating the parameters can be found in works by Pranovi (c.f. Pra-
novi et al., 2014, 2020). From this global LME dataset, I estimated
and examined time series of curve parameters for U.S. LMEs.

Comparison to major LMR taxa comprising catch
For further context, I present examples of major populations or ag-
gregated groups of LMR catches for the Northeast U.S., Gulf of Mex-
ico and the California Current LMEs (based on the NOAA Fish-
eries landings database; https://www.fisheries.noaa.gov/foss/f?p =
215:200::::::). These data were for commercial fisheries landings not
inclusive of recreational landings, and were also selected for the
top (by weight) 20–30 landed species (though often only the ap-
proximately first 10–12 are shown). These by definition will be less
than total ecosystem landings. I used these national, U.S. landings
data to be semi-independent of the Watson (2017) or SAU (Pauly et
al., 2020) databases to present yet another perspective on the fish-
eries in these LMEs and to avoid any confounding or collinearity
among the same datasets; that said, these should generally exhibit
similar patterns across the main, aggregate features of these data.
The aim of this comparison was to contrast the main EOF indica-
tors and cumB-TL curves with more typical, stock or stock group-
oriented data, particularly to compare major trends and changes,
and to highlight detection of the timing related to major changes in
the ecosystem.

For both the major EOF indicators and the individual taxon
landings time series, I evaluated whether there were trends using
the non-parametric Cox–Stuart test, which is essentially a modified
signs test or Wilcoxon rank test. When coupled with a runs test, one
can identify if there is a significant departure in the sequence of data
from the median, and approximate the change point at which it oc-
curred (Daniel, 1990). All tests were executed using two-tails (above
or below median) with a 5% probability of detection. Since there are
multiple LMEs, taxa, and hence time series (8 LMEs, ∼25 stocks, +
3 EOF indicators, and ∼60+ years), I simply refer to approximate
periods in the time series where a major data shift occurred (c.f.
Supplemental Materials, Statistical Analysis, Supplementary Tables
S2 and S3 for more details of these non-parametric change statis-
tics).

Presentation of EOF information
I present primary production, catch, effort, CPUE, and the three
main EOF indicators (i.e. the Ryther index, the Fogarty index, and
the Friedland index) over time for the eight U.S. LMEs. I also
present the cumulative biomass-trophic level “S” curve parameters
over time, specifically B_infl vs. TL_infl, and slope vs. TL_infl for
the U.S. LMEs. The biomass at the inflection point is presented
as a normalized percentage relative to the maximum in the time
series.

I also present what are essentially modified Kobe plots for each
U.S. LME. Instead of showing fishing rate compared to perturbation
of biomass for individual stocks as in standard Kobe plots, I present
one example index of EOF (i.e. the Ryther index) against the cumB-
TL biomass inflection point (B_infl; i.e. perturbation to biomass;
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Evidence of ecosystem overfishing in U.S. large marine ecosystems 

Figure 2. Primary production estimates for the eight U.S. LMEs. This sets the stage for any subsequent fisheries production.

another reason why I chose to use independent data sets) as a
means to show how integrated perturbation or recovery occurs over
time.

Results
The majority of measurements of primary production (PP) are on
the order of 150–250 g C m2 yr–1 (Figure 2). Of note is the higher
PP observed in the Northeast U.S. Continental Shelf, and lower
PP observed in the California Current and Hawaiian Islands. Also
noteworthy is the relative stationarity of production in these LMEs
over the past 30+ years. There may be a slight downward shift for
the Gulf of Mexico, Southeast U.S., and Caribbean LMEs in the
2000s; whether this represents an actual change in PP or reflects a
change in source of satellite data is unclear. Based on PP alone, one
would expect higher catches in the Northeast U.S., Gulf of Mexico,
and Southeast U.S. Conversely, one would expect relatively lower
catches in the California Current and Hawaiian Islands.

About half of the LMEs have exhibited a prominent increase
in total catch over the past 60 years, including the Eastern Bering
Sea, Gulf of Alaska, California Current, Hawaii, and Gulf of Mex-
ico (Figure 3). The Northeast U.S. and Southeast U.S. LMEs have
exhibited a declining trend in total catch over time, whereas the
Gulf of Mexico, Caribbean, and Gulf of Alaska have exhibited an
increase followed by a decrease in total catch. The three continental
Pacific LMEs (Gulf of Alaska, Eastern Bering Sea, and California
Current) all exhibit relatively high levels of total catch, as has the
Northeast U.S. and Gulf of Mexico LMEs. A total of two of the three
sub-tropical LMEs (Hawaii and Southeast U.S.) exhibited moderate
to low levels of total catch, though the recreational and subsistence
fisheries catches are likely (at least mildly) under-reported here. Ef-
fort in most U.S. LMEs exhibited peaks in the 1980s, followed by a
decline and stabilization of total effort thereafter (Figure 3). Con-
sistent with catch results, there have been recent declines in effort

in the Northeast, Southeast, Gulf of Alaska, Gulf of Mexico, and
Caribbean LMEs. Contrary to many other LMEs (not shown here;
c.f. Anticamara et al., 2011; Watson, 2017), total fishing effort in U.S.
LMEs has stabilized over the past 60 years and is not increasing.

The CPUE has seen spikes in recent years for most LMEs except
the Gulf of Alaska and California Current (Figure 4). Many of these
emerged around a stationary mean over the past 30 years (South-
east U.S., Eastern Bering Sea, Gulf of Mexico, and Hawaii), one af-
ter a steady decline (Northeast U.S.), and another (the Caribbean)
after an increase. The peaks in CPUE varied for each region over
time, with no clear nor nationally consistent pattern of timing that
emerged. All of these LMEs are relatively quite low in CPUE (rela-
tive to other, global LMEs; Anticamara et al., 2011; Watson, 2017;
Link et al., 2020), with none exhibiting values above 0.1 (t kwh–1).

Examining the EOF indicators reveals consistent patterns. The
Ryther index suggests that the Northeast U.S. LME is experiencing
significant EOF (Figure 5) with values well above the global thresh-
old, as do the Fogarty (Figure 6) and Friedland (Figure 7) indices.
The Ryther index (Figure 5) also suggests that the Gulf of Mex-
ico LME has improved but may still be experiencing EOF, which
is congruent with the Friedland index (Figure 7). The Southeast
U.S. may have experienced EOF in the 1980s based on the Ryther
index (Figure 5), and the Friedland index suggests EOF may have
occurred for the Southeast U.S. and California Current (Figure 7).
These two LMEs are collectively not over the EOF threshold, but
may have been near it at certain points in time (Figures 5 and 7).
No other LMEs besides the Northeast U.S. LME are experiencing
EOF according to the Fogarty index (Figure 6). Recognizing that
the Friedland index may be highly sensitive and the Fogarty index
may be just the opposite (Link and Watson, 2019), and that these
indices are (due to their underlying data) shorter than the Ryther
index, it is not trivial that all three indicators suggest the North-
east U.S. LME is experiencing EOF. The Ryther index (Figure 5)
and Friedland index (Figure 7) also suggest that the Gulf of Mexico
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Figure 3. Total catches (blue line) and effort (red line) for the eight U.S. LMEs. (a) Eastern Bering Sea, (b) Gulf of Alaska, (c) California Current,
(d) Insular Pacific–Hawaiian, (e) Northeast U.S. Continental Shelf, (f) Southeast U.S. Continental Shelf, (g) Caribbean Sea, and (h) Gulf of
Mexico.
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Evidence of ecosystem overfishing in U.S. large marine ecosystems 

Figure 4. CPUE for the eight U.S. LMEs. (a) Eastern Bering Sea, (b) Gulf of Alaska, (c) California Current, (d) Insular Pacific–Hawaiian, (e)
Northeast U.S. Continental Shelf, (f) Southeast U.S. Continental Shelf, (g) Caribbean Sea, and (h) Gulf of Mexico.
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Figure 5. The Ryther index of EOF for the eight U.S. LMEs. The black line corresponds to globally derived thresholds of EOF as determined by
Link and Watson ().

Figure 6. The Fogarty index of EOF for the eight U.S. LMEs. The black line corresponds to globally derived thresholds of EOF as determined by
Link and Watson ().

LME is experiencing EOF approximately at the threshold to a level
even twice the threshold, suggesting that this LME may also be sub-
ject to EOF. So, one of the eight U.S. LMEs is experiencing signifi-
cant EOF, another is likely experiencing EOF, and the other LMEs

likely are not. That is, two out of eight U.S. LMEs exhibit symp-
toms of EOF (not only these EOF indicators, but also other met-
rics as well; e.g. declines in aggregate CPUE (Figure 4) and catch
(Figure 3)).
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Figure 7. The Friedland index of EOF for the eight U.S. LMEs. The black line corresponds to globally derived thresholds of EOF as determined by
Link and Watson ().

The cumulative biomass and trophic level “S” curves were again
commonly observed in U.S. LMEs, with prominent dynamics over
time (not shown here). The cumulative biomass and TL curve pa-
rameter graphics demonstrate that many of the U.S. LMEs, ex-
cept the Northeast U.S., Southeast U.S., and Gulf of Mexico, tend
to be above the global TL inflection point threshold near TL 3.4
(Figure 8). Of interest is that the trajectories of these curves demon-
strate that there have been notable shifts across TL over time, in-
dicative of a shift in ecosystem dynamics. Few of these LMEs, ex-
cept the Northeast U.S. and Gulf of Mexico, are consistently below
the cumB threshold of around 33% (Figure 8). The slope and TL
at inflection point graphic exhibits the notable phase shift (i.e. near
perpendicular shift in curve parameters; Libralato et al., 2019; Link
et al., 2015) for the Eastern Bering Sea, Gulf of Alaska, Northeast
U.S., Southeast U.S., and Gulf of Mexico, with a particular change
in the magnitude of the slope (Figure 9). These are indicative of ma-
jor ecosystem changes, as the “S” curve has compressed towards the
origin due to perturbation. Three of these LMEs show signs of re-
covery (Gulf of Alaska, Eastern Bering Sea, and Southeast U.S.) and
the Gulf of Mexico and Northeast U.S. do exhibit a mild hint of a
return trajectory, but not to the extent exhibited by the other LMEs
(Figures 8 and 9). The other three LMEs exhibit much smaller
shifts in the magnitude of the slope over time, implying stabil-
ity of ecosystem structure (e.g. Hawaii and Caribbean) or rou-
tinely reset-dynamics (e.g. upwelling and California Current) in
these LMEs. Collectively, these cumB-TL results are consistent
with the other EOF indicators (Figures 5–7) for all the U.S.
LMEs. Thus, one can infer that although the ecosystems are dy-
namic for all these marine ecosystems, for five of the eight there
has been directional change towards a more perturbed state,

albeit with three (Gulf of Alaska, Eastern Bering Sea, and Southeast
U.S.) on a recovery trajectory (Figure 9). That indications of EOF
are similarly detected for the same LMEs using both this cumB-TL
approach (Figures 8 and 9) and the EOF indices (Figures 5–7) con-
firms that both methodologies are consistent. Furthermore, both
can detect EOF given a different set of underlying datasets, data
treatments, data types, and theoretical bases.

Examining some of the more specific dynamics for the fisheries
in these LMEs, I present landings for major taxa and taxa groups
from the Northeast U.S. (Figure 10). Certainly, whenever the EOF
indicators are presented, it begs the question of species composi-
tion of the catch; thus the data for EOF and representative taxa
in this LME and the following examples (c.f. Supplemental Mate-
rials, Statistical Analysis) are informative for multiple reasons. Of
note is a major decline in the 1950s–mid-1960s in the amount of
various LMR caught, which stabilizes in the 1970s–1990s, and has
exhibited a slight decline in more recent years. This is consistent
with total landings of all taxa in this LME (Figure 3e). The dom-
inant taxa landed in terms of weight was the Atlantic menhaden
(Brevoortia tyrannus Latrobe), which followed the same overall
trends noted. Besides menhaden, it also merits noting that other tar-
geted and landed taxa have shifted over time. The emphasis was on
Acadian redfish (Sebastes fasciatus Storer), flounders, Atlantic cod
(Gadua morhua Linnaeus), and haddock (Melanogrammus aeglefi-
nus L.), and has shifted towards Atlantic herrings (Clupea harengus
L. and other Clupeidae), Atlantic sea scallops (Placopecten magel-
lanicus Gmelin), crabs (Decapoda: Brachyura) and American lob-
ster (Homarus americanus Milne Edwards; Figure 10). Of interest
is that EOF indicators (Figures 5–7) track these patterns, especially
the Ryther index. In particular, EOF was already extant in the 1950s,
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Figure 8. Percent of the total biomass vs. TL at the inflection point of the “S” curve over time for the eight U.S. LMEs. The lines correspond to
globally derived thresholds of perturbation/recovery as determined by Libralato et al. (). (a) Eastern Bering Sea, (b) Gulf of Alaska, (c)
California Current, (d) Insular Pacific–Hawaiian, (e) Northeast U.S. Continental Shelf, (f) Southeast U.S. Continental Shelf, (g) Caribbean Sea,
and (h) Gulf of Mexico.
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Figure 9. Slope vs. TL at the inflection point of the “S” curve over time for the eight U.S. LMEs. (a) Eastern Bering Sea, (b) Gulf of Alaska, (c)
California Current, (d) Insular Pacific–Hawaiian, (e) Northeast U.S. Continental Shelf, (f) Southeast U.S. Continental Shelf, (g) Caribbean Sea,
and (h) Gulf of Mexico.
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Figure 10. Catches from the Northeast U.S. LME for major taxa or taxa groups over time.

which has declined over time; yet peaks in the mid-1970s, late
1980s-early 1990s, and early 2000s were seen (Figure 5). These
peaks were prior to the increase in catches seen here in the late
1970s-early 1980s, mid-1990s, and mid-2000s (Figure 10) by at
least three, and sometimes 5 years (c.f. Supplemental Materials, Sta-
tistical Analysis, Supplementary Table S4). As the targeted species
shifted in the late 1980s and early 1990s, the EOF index (Figure 5)
exhibited an earlier peak in the late 1970s to early 1980s, then de-
clined thereafter. The patterns stabilize and persist, with a gener-
ally declining trend for the rest of the time series, with other, an-
cillary species comprising a larger portion of the catch over time.
Hence, there also appears to be not necessarily sequential overfish-
ing, but certainly a shift to targeting other LMRs over time (i.e. fish-
ing through, not necessarily down, the food web; Essington et al.,
2006; Pauly et al., 1998). Although shorter time series, the other
EOF indicators (Figures 6 and 7) similarly exhibit comparable pat-
terns of increase in the early 2000s, presaging major changes in the
amount of what is caught (Figure 10). Thus, it appears that the EOF
indices for the Northeast U.S. LME detect major changes at least 2–
3 years, if not more (c.f. Supplemental Materials, Statistical Analy-
sis, Supplementary Table S4), prior to what can be pieced-together
on a stock-by-stock basis.

A similar example is seen for the Gulf of Mexico (Figure 11).
There is a clear increase in catch in the late 1970s to early
1980s. These are consistent with the total landings seen for this LME
(Figure 3h). Like the Northeast U.S., the primary landed species was
menhaden (Gulf; Brevoortia patronus Goode), which after peaking
in the 1980s exhibited a decline and then stabilization. The catches
for the other taxa exhibit variable patterns over time. These data do

not show recreational landings for this LME, which may be substan-
tial. Also noteworthy is that EOF indicators (Figures 5–7) likewise
detected shifts in this ecosystem and that EOF was occurring. The
Ryther index (Figure 5) detected signs of EOF in the early 1970s,
much earlier than the peak and then collapse seen in the early 1980s;
the peak in the Ryther index in the mid- to late-1970s certainly
precedes the peak in catches seen 3–5 years later. The Fogarty and
Friedland indices detect less of a clear pattern due their shorter
duration time-series (Figures 6 and 7), but the Friedland index
might presage increases in catch (Figure 11) in the mid-2000s by
2–3 years. Hence, it also appears that the EOF indices for the Gulf
of Mexico can detect major changes at least 2–3 years, maybe five
(c.f. Supplemental Materials, Statistical Analysis, Supplementary
Table S4), prior to what can be pieced together on a stock-by-stock
basis.

I also present landings for selected taxa from the California Cur-
rent LME (Figure 12). There is a decline in taxa landed in the
1950s (largely due to declines in sardine [Pacific; Sardinops sagax
Jenyns] catches), followed by a moderate peak in landings in the
early to mid-1970s (largely due to increases in anchovy [Northern;
Engraulis mordax Girard] catches), and then an increase in land-
ings beginning in the 2000s (largely due to notable increases in
whiting [Pacific; Merluccius productus Ayres] and sardine landings).
There was also a notable decline in landings in the early 1960s and
mid-1980s, followed by a shift in what was targeted and caught
(Figure 12). These patterns exemplify potential sequential deple-
tion, albeit in the context of a shifting upwelling ecosystem with var-
ious oceanographic and climatological regimes (Huyer, 1983; Bo-
grad and Lynn, 2003; Chhak and Di Lorenzo, 2007). The patterns
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Figure 11. Catches from the Gulf of Mexico LME for major taxa or taxa groups over time.

Figure 12. Catches from the California Current LME for major taxa or taxa groups over time.
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shown here for select taxa are consistent for total landings seen
for this LME (Figure 3c). Minimal evidence for EOF was observed
for this LME (Figures 5–7), although the Friedland index did in-
dicate the possibility of mild EOF throughout the last 20 years.
Even though minimal evidence of EOF was detected for this LME,
shifts in EOF indicators were detected. For example, there was an
increase in the late 1960s to early 1970s, and then a decline in
early 1980s for the Ryther index (Figure 5); these presaged what was
detected for individual taxa (Figure 12) by approximately 5 years
(c.f. Supplemental Materials, Statistical Analysis, Supplementary
Table S4). These did not foreshadow the increase in catches in the
2000s, but did hint at the decline to come in the mid-1980s. The
U.S. West Coast ocean is known to have experienced a major regime
shift during the late 1970s to mid-1980s, which then impacted the
component biota (Francis et al., 1998; Hare and Mantua, 2000; Bo-
grad and Lynn, 2003; Peterson and Schwing, 2003). These three
LME examples demonstrate the potential value of these EOF indica-
tors as an early detection signal. They also show that explaining the
patterns of sequential depletion, shift in what was targeted, and de-
tails of the catch composition are highly complemented by the more
systematic EOF indices, particularly in instances where EOF is
suspected.

The ecosystem Kobe plots demonstrate that for six of the eight
U.S. LMEs, the indication of EOF coupled with major perturba-
tions has been moderate and not exceeded the proposed thresh-
olds (Figure 13). Though three LMEs (Eastern Bering Sea, Gulf of
Alaska, and Southeast U.S.) have been on the borderline of pertur-
bation at times, none of these six are experiencing EOF. Yet two
LMEs, the Northeast U.S. and Gulf of Mexico, have exhibited dy-
namics that would be flagged by these Kobe plots. The degree of per-
turbation has shifted between above or below the proposed thresh-
old, but both LMEs exhibit clear signals of EOF over time.

Discussion
EOF in U.S. ecosystems
A total of two out of eight U.S. LMEs have exhibited evidence con-
sistent with EOF, a result which is not surprising and generally con-
sistent with what is known about the Northeast U.S. (e.g. Fogarty
and Murawski, 1998; Link et al., 2011; NEFSC 2020a, b) and Gulf
of Mexico (e.g. Cowan et al., 2011; Karnauskis et al., 2017) LMEs.
Some regions with notable histories of regimes shifts (e.g. Califor-
nia Current or Eastern Bering Sea; Francis et al., 1998; Hare and
Mantua, 2000; Conners et al., 2002; Bograd and Lynn, 2003; Peter-
son and Schwing, 2003) also had major periods of change detected
in the EOF indicators, prior to the shift to different targeted taxa
in what was caught for those LMEs. The cumulative biomass curve
parameters are also consistent with over half of these eight LMEs
being classified as in a transition state regarding the “S” curves (Pra-
novi et al., 2020; Libralato et al., 2019). All have exhibited histo-
ries of notable single stock overfishing and changes to the ecosys-
tem; thus, evidence for EOF, and in some cases recovery, is not
surprising.

Of the two U.S. LMEs that have exhibited consistent signals of
EOF, at least one continues to experience significant EOF. Clearly
the Northeast U.S. is exhibiting evidence of EOF. That EOF is de-
tected and highly probable for this LME is not surprising given what
is known from other, independent sources about this LME. There
has been notable and enduring fishing pressure in this LME for sev-
eral decades, primarily for gadoids, flatfish, and other demersals,

then small pelagic fishes, then back to demersals (e.g. Fogarty and
Murawski, 1998; Link et al., 2011; NEFSC 2020a, b). The EOF in-
dices for this LME are consistently 3–5x higher than the proposed
thresholds. Furthermore, the Northeast U.S. LME’s primary and
secondary production have been explored relative to fisheries pro-
duction, with the recognition that some of that production is subject
to significant variability due to positional shifts in major currents
and gyres, shifts in phenology of bloom events, and related physical
oceanographic phenomena (Friedland et al., 2012; NEFSC 2020a,
b). Thus, I appreciate that this could result in some uncertainty re-
garding the amount of what one could reasonably be expected to be
harvested in that ecosystem. But this LME is also well known for
a highly productive fishing environment (Fogarty and Murawski,
1998); therefore, the patterns detected here are likely reflective of
the overall fishing pressure being experienced in this LME. It may be
wise to review EOF, and perhaps scenarios to address it, in the var-
ious management contexts (e.g. Fisheries Commissions, Councils,
Marine Sanctuaries, and Mammal Review Groups) for the North-
east U.S. LME.

One other U.S. LME has likely experienced conditions that are
at levels consistent with EOF over time, the Gulf of Mexico LME.
Whether the more recent declines in EOF measures are accurate or
are subject to underreported or misreported catch due to the limited
inclusion of recreational landings in this study is uncertain (Cole-
man et al., 2004; de Mutsert et al., 2008; Karnauskis et al., 2017). I
admit that for those circumstances, and perhaps for all these LMEs,
data sufficiency and corroboration certainly need to temper the in-
terpretation of these results. But it does seem that the data are suffi-
cient to detect EOF when evidence for it emerges, even given these
possible data limitations. For the Gulf of Mexico LME, that EOF was
even detected without an important facet (and perhaps substantial
fraction; i.e. recreational fisheries) of its total catches is not trivial.
The results of a history and perhaps levels close to EOF thresholds
are again not surprising for the Gulf of Mexico given what is known
of its collective exploitation history from other sources (Cowan et
al., 2011; Karnauskis et al., 2017). This possible EOF finding might
warrant further attention in that region.

Other U.S. LMEs do not appear to have experienced EOF in a
consistent and persistent manner, with evidence limited to only a
few indicators or periods thereof. Yet an important rationale when
considering this approach is that if in fact the confidence in these
data is reasonably high, such a situation might actually indicate the
potential under-utilization of fisheries resources if values of EOF in-
dicators were notably below thresholds, thereby suggesting the po-
tential for further fishing opportunities. If so, such under-utilization
could have significant social, cultural, economic (Sanchirico et al.,
2008; Jin et al., 2016; Carmona et al., 2020), and even global food
security implications (Jennings et al., 2016). Such situations might
also warrant further systematic fisheries exploration, albeit for dif-
ferent reasons than those LMEs experiencing EOF. I am not stating
that if values of the EOF indicators are below the thresholds that
fishing pressure should necessarily be increased, rather that there
may be more production in the system available for harvest that
could warrant additional exploration. How applicable this is in the
US, let alone the global suite of LMEs, warrants further examina-
tion.

Changes in more recent years for many of the LMEs exhibit de-
clines in the value EOF indicators, even for LMEs still exhibiting
EOF. This is consistent with major management interventions in
the fisheries of these regions (Methot et al., 2014; Melnychuk et
al., 2017; Lynch et al., 2018; Hilborn et al., 2020). These instances
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Figure 13. Ecosystem-level Kobe plots of EOF and ecosystem perturbation. The trajectories show the values for each year in each LME.
Thresholds represent level of EOF (using the Ryther index) and perturbation (using the cumB-TL biomass inflection point). (a) Northeast U.S.
Continental Shelf, (b) Caribbean Sea, (c) Gulf of Mexico, (d) Southeast U.S. Continental Shelf, (e) Gulf of Alaska, (f) California Current, (g)
Eastern Bering Sea, and (h) Insular Pacific–Hawaiian.

should be viewed as a positive sign such that with some manage-
ment intervention, LMEs and their associated fisheries can recover
(as seen in these EOF metrics) and the effects are detected at the
ecosystem level.

Caveats of EOF
One important caveat, especially about the three main EOF in-
dicators, pertains to the TL of the catch. There has been notable
debate about how to interpret TL impacts in a fisheries context
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(Pauly et al., 1998; Essington et al., 2006; Libralato et al., 2008; de
Mutsert et al., 2008; Branch et al., 2010) and although cognizant
of those considerations, I do not wish to reiterate that debate here.
Rather, the TL of catch could influence how EOF thresholds are esti-
mated and EOF determinations are interpreted. In the two regions
that have exhibited symptoms consistent with EOF (Gulf of Mex-
ico and Northeast U.S. Continental Shelf), some notable fraction
of the catch has been on lower TL LMRs (e.g. menhaden, inverte-
brates). Based on Equation (1) and sensitivity analyses surrounding
it, given a slightly lower overall TL it is possible that the potential for
overall catch, and hence EOF thresholds, could be slightly higher in
those regions. That said, while lower overall than global averages,
the decline in average TL for these two LMEs did not occur un-
til much later in the time series. Furthermore, other indicators of
EOF still suggest systematic symptoms of overall, excessive fishing
pressure in those LMEs. And even if TL were lower by one level, ex-
ceeding current EOF thresholds by a factor of five would still not be
explained by the lower TL. Hence, this caveat merits consideration
in interpreting EOF determinations, but also highlights the need for
multiple indicators and fuller context when examining evidence for
EOF.

It is worth noting that EOF was detectable at least 2–3, and per-
haps up to 5 years, prior to major taxa or taxa group declines or col-
lapses in several of these LMEs. Even if EOF was not detected, EOF
indicators still provided early warning signals several years prior
to other observable changes in the ecosystem. An important facet
to remember is that this is highly expected from hierarchy theory
(O’Neill et al., 1986; Wu, 2013; Link, 2018), whereby monitoring
phenomena at higher levels of organization can detect major fea-
tures much more consistently and obviously than trying to track
all the dynamics at lower levels of the hierarchy, which is consis-
tent with major ecosystem changes that have been documented for
some of these LMEs on both the West or Arctic (Francis et al.,
1998; Hare and Mantua, 2000; Bograd and Lynn, 2003; Peterson
and Schwing, 2003; Harvey et al., 2020), and East or Gulf coasts
(Karnauskis et al., 2017; NEFSC 2020a, b). Instead of attempting
to piece together major, significant shifts in ecosystems by a sin-
gle taxa-at-a-time, meta-analytic approach, it seems more effective
and efficient to monitor what are essentially early warning signals
of major ecosystem shifts, an emergent feature supported by hier-
archy theory (O’Neill et al., 1986; Wu, 2013; Link, 2018). Invok-
ing hierarchy theory (O’Neill et al., 1986; Wu, 2013) implies that
measures of system properties at a level above the focal level can be
more stable, tend to operate more slowly and at a lower frequency
than lower levels (and thus pick up macro-temporal signals more
obviously), and by their definition of aggregation tend to dampen
frequencies of dynamics at lower levels (O’Neill et al., 1986; Wu,
2013; Link, 2018). That is, delineating precision of a property at a
higher, aggregated, emergent level is important, but less important
than even doing so at all and certainly less important than ignoring
that major shifts in those aggregate levels are apt to be representative
of larger, system-wide dynamics, which if detected can have major
overall consequences, and usually detected more rapidly than those
occurring at lower levels. Thus, I assert that even if the specific lev-
els of the proposed thresholds for these EOF metrics are debatable,
there remains high value in monitoring these indicators as early
warning signals to detect major trends and patterns of potential
fisheries change, ecosystem change, or possible overfishing before
subsequent and significant impact has occurred. Detecting and act-
ing on this ecosystem-level information can prevent both continued
EOF and sequential stock overfishing, identify upcoming regime

shifts, most probably save money, and even stave off other potential
impacts.

I reiterate that fisheries management in the U.S. is generally
well done (Pitcher et al., 2009; Hilborn et al., 2015, 2020). The re-
building and recovery of many overfished stocks has continued to
progress in the U.S., and collective evidence for this is detected in
the recent downward trends of EOF indicators for many LMEs.
So why would one even need another consideration of overfish-
ing, especially EOF? There are a few reasons. These EOF mea-
sures can be particularly helpful for data poor situations, such as
in the Caribbean or Pacific Island territories where detailed, age-
structured, single species approaches are challenging to develop
given limited data and limited local analytical capacities relative
to high biodiversities (Barlow et al., 2018); these EOF indices can
provide a total backstop for all fishing in the system absent such
detailed information. Additionally, these ecosystem-level measures
are relatively simple, and can be used to set the context for other
types of information that may be missing or difficult to obtain. For
example, with satellite-based information, one can back-calculate
and then set the stage for approximate total catch levels, and then
adjust monitoring and management expectations accordingly. Plus,
they can act as early warning signals as noted above.

The other main reason to consider EOF in light of the ob-
servation that fisheries are generally well managed in the U.S.
(Pitcher et al., 2009; Hilborn et al., 2015, 2020; Lynch et al.,
2018) is that of all the fisheries and fish stocks that are formally
monitored, of all those stocks rebuilt, and of all the stocks under
fisheries management plans (Methot et al., 2014; Lynch et al.,
2018; NMFS, 2020), that does not include all the LMRs targeted
and landed in the country. The major, national indicator of U.S.
marine fisheries status is the fish stock sustainability index (FSSI;
https://www.fisheries.noaa.gov/national/population-assessments/
status-us-fisheries#fish-stock-sustainability-index; NMFS, 2020).
Although FSSI scores have improved dramatically over the past 20
years, they still only account for approximately 200 stocks, and a
high number of them have unknown status. And although those
∼200 stocks are major components of U.S. fisheries landings, they
do not represent all fishes landed and certainly not all that are of
local, cultural or ecological importance in every U.S. LME. For
context, there are often that many fish taxa (∼200) in a given
LME, and some LMEs easily have double or triple that number of
taxa. Furthermore, there are many “ecosystem component” stocks
or species that are considered but not accounted for in official
statistics nor directly and explicitly managed. Hence, an approach
like that represented by the EOF measures presented here captures
a more exhaustive look at the marine capture fisheries in the U.S.,
and provides the backstopping to ensure that no entire ecosystem,
and by extension all stocks in toto therein, are fished at levels
beyond what an ecosystem can produce. There are obvious, parallel
extensions to many other fisheries systems in the world with even
less well-known stock status’.

I note that a major challenge for many parties involved in fish-
eries science and management regarding the concept of EOF is
that they have been trained to think about one stock (taxa, pop-
ulation, species, fleet, etc.) at a time, largely from a population dy-
namics perspective, rather than a more systemic approach (Foga-
rty, 2014; Link, 2018). Treating the entire set of fleets and catches
as an amalgamated system may be an intellectual or philosophical
stretch, even though a more systemic approach has been shown to
have notable, even improved, value (c.f. Link, 2018; Fulton et al.,
2019). Hence, from experience I would argue that any objections
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to EOF are not typically about the evidence for whether EOF is ac-
tually occurring, but rather about the perspective underlying ac-
tually being able to define and determine overfishing for an entire
ecosystem in the first place. We can define and detect EOF, and there
may in fact be evidence for it in a particular situation. It is sim-
ply that many in our discipline reject the concept outright, a priori,
because it is not familiar nor based on more typical stock dynam-
ics, and thus many are not used to thinking in terms of the entire
system of fisheries. Which once that objection is surpassed is then
closely followed by objections related to practical considerations
about how to estimate and implement any associated thresholds.
I trust that most in our discipline will at least be able to appreciate
the concept and objectively consider the evidence for EOF that is
provided.

The thresholds noted herein can be debated, and they should be.
Sensitivity analyses have demonstrated that of all the factors that
can impact the calculation of an EOF value and associated thresh-
olds, none are particularly dominant and the magnitude scales with
primary production and total catch. The theoretical levels of the
thresholds are robust, but can still span nearly an order of magni-
tude. For a given application in a particular LME, it would be wise
to estimate these values more rigorously than the national, com-
parative approach demonstrated here. The salient point herein is
that apart from the precision and estimation of the actual thresh-
olds, and apart from any given value of an EOF at a given point in
time, the key question is whether the concept of EOF as a thresh-
old is even useful. Presuming it can be, the usual debates about the
statistical details of how to aggregate, precision of estimation for
EOF thresholds and values, assumptions about estimating primary
production, if there is missing catch, and related caveats can and
certainly should occur, but they need to be done so cognizant of
the context of emergent, higher level properties. Thus, in the con-
text of evaluating EOF values against thresholds, it must be kept in
mind the relative value of examining them in the first place and that
the thresholds may not be precise at this time, but can certainly be
loosely indicative of major ecosystem change.

Thus, one might fairly ask whether these measures are ultimately
worthwhile, are useful and can indicate EOF, particularly given the
caveats about the thresholds and then using those thresholds to de-
lineate EOF. I assert these measures are probably indicative of EOF,
at least where there is some degree of confidence in the data. By def-
inition, when effort has increased until it is no longer profitable, the
sum of all catches declines following a notable increase, total CPUE
is declining, total landings relative to ecosystem production exceeds
suitable limits for the Ryther, Fogarty and Friedland indices, and the
cumulative trophic curve parameters fall below thresholds that are
known to indicate system-wide perturbation, the evidence of EOF
becomes pretty compelling. For instance, if > 2

3 of the biomass has
been removed from an ecosystem, if CPUE has dropped to < 90%
of what it was, and if LMRs are being caught at a rate > 10x what
can be reasonably produced by lower TLs, it is likely that EOF is oc-
curring. I am not suggesting that if only one of these EOF indicators
exceeds its threshold by a very little and precise amount that EOF is
occurring, rather that the compound body of evidence needs to be
consistent across multiple indicators and multiple contributing data
inputs. If an LME is consistently exceeding EOF thresholds for all
indicators by a factor of 2–5X, then it is more probable that EOF is
occurring. The coherence of assessing EOF using both the cumB-
TL approach and the EOF indices (i.e. the Ecosystem Kobe plots,
based on relatively independent data sets) confirms the robustness
of the approaches presented here, and also confirms that there is

compelling evidence that EOF has occurred for at least a couple of
U.S. LMEs.

Proposed protocols for using EOF indicators
How might one operationally use EOF measures, particularly in the
context that most fisheries management in the U.S. (and elsewhere)
is conducted on a stock-by-stock, or at least fishery-by-fishery, basis
(Methot et al., 2014; Link, 2018; Lynch et al., 2018)? I propose mon-
itoring the entire system and major changes first, rather than piece-
mealing any such picture by some form of meta-analysis across
multiple taxa examined separately and independently; such cross-
taxa syntheses are rare and when they do occur they are often done
too late, such that collectively a regional set of interested parties
misses bigger signals. Even apart from EOF measures, this rein-
forces the value of ecosystem status reports that set the broader
context for stocks in a region (e.g. Karnauskis et al., 2017; Har-
vey et al., 2020; NEFSC 2020a, b). I propose that once the over-
all ecosystem-level of catch is evaluated, then risk or susceptibil-
ity analyses (Patrick et al., 2009; Gaichas et al., 2014, 2018; Hare et
al., 2016) could be conducted, and high risk, high value, and oth-
erwise high priority stocks could be monitored and assessed more
closely (Methot, 2015; Lynch et al., 2018). In some ways this repre-
sents a shift in order and focus of how one would conduct fisheries
science and management. That is, instead of starting with the his-
tory of which stocks have been assessed or even with what we deem
most valuable, we look at the entire system of fisheries in an LME
and if EOF is detected, explore means to address excess fishing pres-
sure systematically before delving into the details of specific stocks.
And then we explore evaluations of a select few specific stocks, with
the EOF evaluation in place for all others that we do not have time,
data or resources to assess. In other ways, this proposed approach
codifies and more formally acknowledges that we already prioritize
stock assessments, monitoring and analyses, but just in a less sys-
tematic manner. The key distinction is that it checks the higher-level
system of all fisheries first to determine if there are not broader con-
cerns warranting attention prior to delving into more specific stock
analyses.

These EOF measures can also set the stage for what might be
expected for all fisheries landings in an LME given what we know
about ecosystem productivity related to catches (Pauly and Chris-
tensen, 1995; Chassot et al., 2010; Conti and Scardi, 2010; Fried-
land et al., 2012; Watson et al., 2014; Stock et al., 2017; Petrick et
al., 2019) and possible EOF (Fogarty et al., 2016; Link and Watson,
2019). On the one hand, this sets limits of what can be caught from
an entire ecosystem, and from that tradeoffs can be explored among
the component fisheries cognizant of the total limits to what can
be produced (Link, 2018). On the other hand, and returning to the
point raised earlier, it could be that for some regions the fisheries
remain under-utilized, as has been implied by sporadic portfolio
analyses on U.S. fisheries (Edwards et al., 2004; Sanchirico et al.,
2008; Schindler et al., 2015; Jin et al., 2016; Carmona et al., 2020).
If EOF values remain consistently below even 1

2 of EOF thresholds,
some exploration of why this is the case is warranted (are fisheries
focused on high TL species, could the ecosystem have low TE, etc.).
And if after that the evidence leads to a reasonable understanding
and if EOF values still remain consistently below even 1

2 of EOF
thresholds, and if ecological, oceanographic, or economic expla-
nations for the low value are accounted for, some exploration of
other fishing options might warrant consideration. If this evalua-
tion still suggests the ecosystem productivity could support more
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fishing pressure, then other fishing options could be considered. I
am not proposing increasing fishing effort to the level of what are
admittedly potentially imprecise EOF thresholds. Nor am I imply-
ing that increasing fishing on any taxa is necessarily the best option.
Rather that the potential exists for some careful fisheries expansions
relative to the production potential of an ecosystem, and examina-
tion of possibilities to explore that potential might be considered.
This again may have positive implications for global food security
(Jennings et al., 2016).

Considerations if EOF is detected
The question begs, what is an appropriate course of action if EOF
is detected? As previously noted (Link and Watson, 2019), I think
it unwise to be too prescriptive given local policy and governance
considerations. Yet a few simple, generic suggestions emerge. First
would be to (continue to) monitor these EOF metrics and dissem-
inate both the methods to calculate them, data to estimate them,
and the resulting values broadly to all interested parties. Effectively,
if one can monitor landings (I acknowledge that can be a big if but
global fishery datasets are improving (e.g. Watson, 2017; Pauly and
Zeller, 2016; FAO, 2018; Rousseau et al., 2019; and certainly in the
U.S. datasets have begun to reasonably bound this challenge), and
one can obtain satellite primary productivity data for the area being
fished, the three main EOF indicators can be readily calculated and
evaluated. Admittedly the data are more involved for calculating
cumulative biomass curve parameters, but there are numerous
LME landings and catch data from which those curves can also be
estimated. Thus, I recommend implementation and ongoing mon-
itoring of these EOF metrics. Second, if EOF is strongly implied
(e.g. the Northeast U.S. LME), then regional fisheries management
organizations somehow need to limit the total fishing pressure in an
ecosystem. The best way to do that is not a suite of specific recom-
mendations that I will propose here for several reasons, but again
in general it amounts to lowering the overall fishing pressure in the
ecosystem. Executing management to ultimately lower fishing pres-
sure has many potential avenues (Mace, 1994; Hilborn et al., 2015),
and all options should be explored given a local or regional context.
I am sensitive to the challenges, specifics and nuances of gover-
nance and infrastructure in many of these U.S. (and global) LMEs.
That said, the methods proposed herein are rather simple to imple-
ment and monitor. Thus, I am proposing that if EOF is detected,
then at least some means to lower fishing pressure might need to be
considered.

The utility of these main EOF measures lies in their simplicity.
Apart from any specific action, I assert that they are useful to rou-
tinely monitor. The relevant point here is there is value in having
national and even international standards of EOF. Any interested
party can obtain and calculate these estimates from widely avail-
able, public sources, and if the indicator values exceed the proposed
thresholds herein by significant amounts, then a clear agreement
and obvious consensus on whether (ecosystem) overfishing was oc-
curring, or not, would then not be debatable. Rather, it would shift
the debate to the most appropriate actions to best mitigate EOF (be-
yond generally a lowering of fishing pressure to a discussion that
specifically evaluated particular means to systematically do so via
a suite of management measures), and that in turn would shift the
burden of proof to one better emphasizing ecosystem-level sustain-
ability. I am in no way implying that adopting these EOF measures
will be easy nor be a simple cure-all. Rather, I propose them as an
approach that is easy to understand and can help address bigger,

systemic, LME-wide challenges for U.S. fisheries. Doing so will help
to better operationalize EBFM.
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