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C.M. "Rip" Cunningham, Jr., Chairman October 8, 2012
Paul Howard, Executive Director

New England Fishery Management Council

50 Water Street, Mill 2

Newburyport, MA 01950

RE: Atlantic Herring Fishery Specifications for FY 2013-2015
Dear Chairman Cunningham and Director Howard:

We are writing on behalf of our clients Michael Flaherty, Captain Alan Hastbacka, and the
Ocean River Institute,' the plaintiffs in Flaherty v. Bryson, regarding the Atlantic herring fishery
specifications for the 2013-2015 fishing years. The work completed to date on this
specifications package does not satisfy the Courts’ Memorandum Opinion and Order.? The
Order requires that a range of alternatives to the existing interim ABC control rule be considered
in the specifications package, or another appropriate action to be completed within one year,
including at least one alternative “based on the most recent best available science for setting
ABC control rules for herring and other forage fish.” The Order also requires consideration of a
“range of alternatives to the current AMs for the fishery.” Neither of these requirements has
been met.

In order to comply with the Court’s remedial order and August 2, 2012 deadline, we request that
the Council consider the following:

1. A reasonable range of alternative ABC control rules for Atlantic herring as part of the
River Herring* catch cap framework, which also must be completed by August 2, 2012
under the Order.> Two alternatives based on the most recent scientific studies on
forage fish (Pikitch et al 2012; Smith et al 2011; Cury et al 2011; Tyrrell et al 2011) are
outlined below for the Council’s consideration. These alternatives were developed in
consultation with scientists familiar with this work. The referenced papers are attached
for your convenience. Please add this letter and the studies to the records for both the
2013-15 specification action and the River Herring catch cap framework action.

2. Additional AM alternatives as part of the 2013-15 specifications action and/or as part
of the River Herring catch cap framework as appropriate.

! See Flaherty v. Bryson, 850 F. Supp.2d 38 (D.D.C. 2012).

2 The Memorandum Opinion and Order are found behind Tab #1 to the NEFMC Council Meeting Materials for the
Herring Committee Report for Wednesday, September 26, 2012, available at
http://www.nefmc.org/herring/index.html; see also Letter from John Bullard to Rip Cunningham at 3 (“Consistent
with the Court’s remedial order, | recommend the NEFMC consider, as part of the 2013-2015 Atlantic herring
specifications, a range of alternatives for the Atlantic herring ABC control rule and AMs.”) also behind Tab #1.
*1d. at pp. 12-13.

* The term River Herring includes blueback herring, alewives, hickory shad, and American shad.

> See Order at 13.
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An ABC Control Rule Informed By The Best Available Science On Forage Fish

Our clients and others have requested on many occasions that the Council consider an ABC
control rule for Atlantic herring based on the best available science for forage fish.® By
definition, a control rule should specify an approach that sets appropriate harvest levels under a
wide range of stock conditions and protects the stock from overfishing by becoming increasingly
conservative as stock biomass departs from a specified target biomass.” During the development
of Amendment 4 and the last (2010-2012) specifications process, the Council declined to
develop an actual control rule consistent with the revised Magnuson-Stevens Act and National
Standard 1 Guidelines due to the absence of a benchmark assessment. The public was assured,
however, that the “interim” control rule (average of most recent 3 years catch) would be replaced
by an appropriate control rule in the next specifications package.®

The new benchmark assessment was completed in July 2012. As discussed at the recent Council
meeting, this assessment is a significant improvement over prior assessments because it used the
best available scientific information on predation to specify natural mortality (m) in the
assessment model); however, more is required when determining the acceptable biological catch
for forage fish like Atlantic herring. Recent scientific studies, using different models to look at
forage fish within many different ecosystems, conclude that both a realistic treatment of natural
mortality in the stock assessment and determination of MSY, and a forage-appropriate control
rule are needed. See Pikitch et al 2012; Smith et al 2011; Cury et al 2011; Tyrrell et all 2011.
This is necessary to account for the special risks associated with fisheries for forage fish,
including the risk of dependent predator-populations collapsing and the particular vulnerability
of forage species to over-exploitation. Herring are particularly vulnerable to over-exploitation
because of their schooling behavior and because they undergo substantial population shifts even
without fishing, making the risk of overfishing during down cycles even higher. Forage stocks
must be given special consideration, above and beyond proper treatment of natural mortality in
assessments, in order to avoid collapsing the forage stock and / or dependent predator
populations, and causing destructive impacts on ecosystems. See Pikitch et al 2012; Smith et al
2011.

The Science and Statistical Committee (SSC) met on September 12, 2012 in order to develop its
ABC recommendations for catch in the 2013-2015 fishing years and to discuss ABC control
rules for the fishery. The SSC concluded that the two approaches for setting ABC developed by
the Herring Plan Development Team (PDT) were nearly equivalent from a biological perspective

® See inter alia January 13, 2009 Letter from Marine Fish Conservation Network to NEFMC; March 19, 2009 Letter
from Herring Alliance to NEFMC; June 19, 2009 Letter from Herring Alliance to NEFMC; January 13, 2010 Letter
from Herring Alliance to NEFMC; January 13, 2010 Letter from National Coalition for Marine Conservation to
NEFMC. These comment letters and others pointed the Council toward a large body of science indicating that
herring’s role as forage must be taken into account in stock assessments, as well as in ABC control rules in order to
protect their forage base.

50 C.F.R. §8§ 600.310(e)(3)(iv)(C), (f)(1).

8 See AR 6069 Final Amendment 4 to the Herring FMP at p. 22 (“The interim control rule serves as a placeholder
until a more appropriate control rule is developed. In addition to the ABC advice, the SSC also recommended that a
new benchmark assessment should be scheduled as soon as possible, preferably in advance of the next management
cycle. This would allow the SSC to create an ABC control rule for the next specifications process. In the future the
SSC will develop the ABC control rule when further information becomes available.").



(similar spawning stock biomass in 2015), thus the SSC gave the Council the choice of the two
approaches for setting catch. However, many SSC members at that meeting recognized that both
of these alternatives fell short of a proper control rule. See SSC discussion, September 12, 2012.

When the Council in turn considered only these two approaches for the 2013-15 specifications
package, the Council failed to consider an ABC control rule alternative based on the best
available science for setting ABC for forage fish and failed to meet the National Standard One
guidelines for setting ABC for forage fish. The first approach, the 75% Frsy approach, is
simplistic and undifferentiated from the default control rule used for many of the non-forage
stocks (such as New England groundfish): ABC is based upon a fishing mortality rate (F) of 75%
Fmsy. The second approach, the “constant catch-based approach,” is similar to the interim
approach used for setting ABC during the 2010-2012 specifications (average catch 2006-2008).
This approach (based on the maximum catch that will still have less than a 50% chance of
overfishing in any of the three years) allows for more herring to be caught (342 mt as compared
to 320 mt), is not based upon the above default control rule (75% Fnsy), and was not part of the
peer-reviewed material developed for the benchmark assessment. This approach fishes at twice
MSY justified in part by a single year class (the strength of which can often be overestimated in
the short-term®), and has no buffer for scientific uncertainty in its third year.

The SSC requested guidance from the Council regarding how it would like to see this Atlantic
herring stock managed in the future, as would be appropriate to develop a permanent ABC
control rule, yet none was provided.'® As the SSC noted, neither approach in the specifications
package may be acceptable beyond the next three years and neither is a control rule that
considers a wide range of possible stock conditions with a known objective — instead both rely
on a single year class that will ultimately move out of the population.* Although the
recommendations might meet ecosystem needs “by default if not by design,” these approaches
are not an ABC control rule based on the best available science for forage fish that would have
“reduced fishing rate and [maintained] higher stock size to account for its role in the
ecosystem.”*?

Based on the best available science, an appropriate control rule for Atlantic herring should:
e Offset ABC from the estimated OFL according to scientific uncertainty in the estimate.

e Establish a target Biomass at or greater than 75% By (virgin biomass)(see papers Pikitch
et al 2012; Smith et al 2011; National Standard 1 guidelines)

% See DRAFT Atlantic Herring Specifications 2013-2015 at § 5.2.2 at p. 19 (2008 Atlantic Herring Year Class).

19 The SSC requested guidance in their written report and Dr. Legault reiterated this request in the oral presentation
at the September 26, 2012 NEFMC Meeting. See September 21, 2012 Memorandum from SSC to Paul Howard
entitled Herring ABC for FY2013-2015 (“However, the SSC requests guidance from the Council as to how it would
like to see this stock managed, i.e., as a typical fishery with MSY-based reference points, or a reduced fishing rate
and higher stock size to account for its role in the ecosystem. This would ensure that the next time herring are
assessed, a control rule could be created which meets the needs of the Council. A control rule which could be set for
more than three years would need to consider a wide range of possible stock conditions and have a known
objective.”); see also September 26, 2012 Council Meeting Audio Recording #12 Scientific and Statistical
Committee Report

d.
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e Establish a limit cut-off biomass at or above 40% B,. cut-off biomass is used now for
Antarctic krill, Alaska herring, U.S. West Coast sardine, and mackerel.

e Set a maximum fishing rate (F) corresponding to 50% Fsy or 50% of natural mortality
(m), whichever is smaller; F should be low compared to m.

e Establish a declining mortality rate as Biomass declines below the target level, so that
fishing ends when the limit Biomass is reached (i.e., F=0).

Requested ABC Control Rule Alternatives

Alternative 1 (Lenfest Forage Fish Task Force): Harvest control rule (i.e., hockey stick harvest
control rule) based on conventional single species assessment (i.e. most recent for Atlantic
herring) and MSY reference points (see references at note #1):

If B > (0.75)*Bg {Target is % Bo}
ABC = B associated with 0.5Fysy

If (0.4)*Bo< B < (0.75)*By, {B is below target, ABC should decrease as B decreases, to By v,
by decreasing F with decreasing B}

ABC increases with B, when B > B v

If B <(0.4)*By {B too low}
ABC = 0 (No Fishing)

Where:

B = current Spawning Stock Biomass

By = Biomass expected to exist without any fishing, virgin biomass
BLiv = (0.4)*Byg {when B < By u the stock is overfished}
BTarget =0.75*By



Hockey stick rule

The same minimum biomass limits as the
step function rules apply, but fishing
mortality is decreased gradually instead
of all at once as fish biomass decreases.
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Figure 6.1 from Pikitch et al 2012 (left)

illustrating the type of control rule that they recommend for forage stocks — presented here in
terms of fishing mortality as a function of stock biomass. The orange curve corresponds to the
recommendation that would apply to Atlantic herring as a stock in the intermediate information
tier. A depiction of the same sort of control rule in terms of Acceptable Biological Catch (ABC;
right).

Alternative 2: A harvest control strategy for forage fish modeled after the Pacific Fishery
Management Council’s approach for Coastal Pelagic Species, as described in previous
correspondence with the New England Council.*®

ABC = {B - (CUTOFF + BUFFER)} x Fraction
B: the biomass determined by the most recent stock assessment

BUFFER: Buffer for scientific uncertainty, reflecting the uncertainty in the estimate of OFL and
any other scientific uncertainty.

13 See AR 4565 Letter from Herring Alliance to Council Executive Director Paul Howard, January 13, 2010
(referencing similar letter sent on June 19, 2009); AR 4517 Letter from Marine Fish Conservation Network, January
12, 2009; see also Pacific Fishery Management Council (2009). Status of the Pacific coast coastal pelagic species
fishery and recommended acceptable biological catches. Stock assessment and fishery evaluation, section 4.3.1
General MSY Control Rule for Actively Managed Species (p 19).



CUTOFF: the minimum stock size threshold, estimated from consumption data, or set at 0.4Bg
Fraction: a conservative fishing mortality strategy designed to maintain biomass at a level above
Bmsy that provides adequate forage for the ecosystem (e.g., 0.5Fusy or F = 0.5*M).

*k*k

The New England Council is yet to consider an Atlantic herring ABC control based on the best
available science for establishing an ABC control rules for forage fish, as required by the
Flaherty v. Bryson Remedial Order. We therefore request that you provide terms of reference to
the SSC to consider a range of alternatives for setting an ABC control rule for this fishery,
including alternatives based on those provided here, as part of the River Herring catch cap
framework to be completed by the Council by August 2, 2013.

Range of Alternative for Accountability Measures

NOAA General Counsel advised the Council at its September 26, 2010 meeting that it needed to
consider a “reasonable range of alternatives” to the current AMs in order to comply with the
Court’s Order in Flaherty v. Bryson.** Although Amendment 4 initially identified three different
measures in the Atlantic herring FMP as AMs for the fishery, the court found that only two of
these (management closures and overage deductions) could be considered AMs for the Atlantic
herring fishery. See Opinion at 58 (haddock incidental catch cap is not an AM for herring
because it does not limit the ACL of herring). Moreover, the Court held that Amendment 4 and
its environmental assessment “demonstrate[] a total failure to consider the environmental
impacts of alternatives to the proposed ABC control rule or AMs.”

Therefore, the Council must at a minimum analyze a reasonable range of alternatives to the two
existing AMs for the fishery listed below:

1. Management Area Closures - 50 C.F.R. § 648.201(a)(1) (prohibits vessels from catching
more than 2000 Ibs of Atlantic herring per day once NMFS has determined that catch will
reach 95% of the annual catch allocated in a given management area).

2. Overage Deduction - 50 C.F.R. 8 648.201(a)(3) (mitigates ACL overages by deducting
the amount of any overage from the relevant ACL or sub-ACL for the fishing year
following NMFS’s determination of the overage).

Overages occur in this fishery frequently and are significant. For example, from 2003-2011,
numerous overages occurred in Areas 1A or 1B in 6 out of 9 years, and likely occurred in Area
1A for the third year in a row in 2011." In 2010 (the last year for which catch totals are final),
the quota caught in Area 1A was 107% and the quota caught in Area 1B was a whopping 138%,
despite “closure” at 95%. These facts demonstrate that the current AMs are ineffective at

14 See Council Audio Wednesday September 26, 2012, #15 Herring Committee Report. See also Opinion at 70 (In
the absence of consideration of a range of alternatives to the accountability measures chosen in Amendment 4,
NMFS had failed to take a “hard look” at the environmental impacts of Amendment 4).

15 See Tab #2 Draft Discussion Document Atlantic Herring Fishery Specifications for the 2013-2015 Fishing Years,
Tables 2, 3, and 4 and discussion on pp. 5-7.



constraining ACLs, sub-ACLs in particular, because they allow ACLs to be exceeded and for
rolling overages to occur -- both counter to the requirements of the Magnuson-Stevens Act.

The Cour1160i| identified two AM alternatives for consideration in the 2013-2015 specifications
package:

1. A “proactive” AM that would close the directed fishery in a given management area
when the catch is projected to reach 92% of the area annual catch limits under the
following two conditions:

a) the stock is overfished or overfishing is occurring and;
b) the sub-ACL for a management area has been exceeded in either of the preceding
two years.

2. A “reactive” AM providing that if overfishing is not occurring and the stock is rebuilt
(spawning stock biomass exceeds the target), the accountability measure (a pound for
pound payback) will not be triggered until the sub-ACL is exceeded by 5% or more.

These alternatives do not constitute a “reasonable range of alternatives” consistent with the
National Environmental Policy Act.*’

At best, the first alternative might require an earlier closure to the fishery under very limited
circumstances (the fishery must be both overfished (or overfishing is occurring) and the area in
question has suffered its second overage in three years). The second alternative is less restrictive
than the current reactive AM for the fishery because it would eliminate the requirement for
overage paybacks in many circumstances and makes unclear what the effective limit for the
fishery is — in fact, it appears to provide an incentive to fish harder as the area catch limit is
approached in order to catch up to 5% more than the ACL without having to mitigate the
overage. Moreover, neither alternative addresses the overall ACL for the fishery. This set of
AM alternatives is inconsistent with NEPA, the Court’s Order to consider a “range” of AM
alternatives, and the Magnuson-Stevens Act requirements to prevent ACLs from being exceeded
and mitigate overages if they occur.’® The Magnuson-Stevens Act requires ACLS to set specific
limits on the total fish caught in each fishery to prevent overfishing. 16 U.S.C. 8§ 1851(a)(1),
(15); 50 C.F.R. § 600.310(f)(1).

16 See September 28, 2012 NEFMC News Brief at 2, available at: http://www.nefme.org/ (Council Meeting Brief);
see also Council Audio # 15 Herring Committee Report.

7 See 40 C.F.R. § 1502.14. “The phrase ‘range of alternatives’ ...includes all reasonable alternatives, which must
be rigorously explored and objectively evaluated, as well as those other alternatives, which are eliminated from
detailed study with a brief discussion of the reasons for eliminating them. For some proposals there may exist a very
large or even an infinite number of possible reasonable alternatives. For example, a proposal to designate wilderness
areas within a National Forest could be said to involve an infinite number of alternatives from 0 to 100 percent of
the forest. When there are potentially a very large number of alternatives, only a reasonable number of examples,
covering the full spectrum of alternatives, must be analyzed and compared in the EIS. An appropriate series of
alternatives might include dedicating 0, 10, 30, 50, 70, 90, or 100 percent of the Forest to wilderness. What
constitutes a reasonable range of alternatives depends on the nature of the proposal and the facts in each case.”
NEPA See NEPA'’s Forty Most Asked Questions, Nos. 1a. -1b. Council on Environmental Quality, 46 Fed. Reg.
18026 (1981). Ed. Note. (March 16, 1981), available at http://ceq.hss.doe.gov/nepa/reqs/40/40P1.HTM.

816 U.S.C. § 1853(a)(15); 50 C.F.R. § 600.310(g)(1).




Given the history of recent overages in this fishery, ranging as high as 138% of the sub-ACL, a
closure at even 92% of the limit is unlikely to prevent the ACL’s from being exceeded. A
reasonable range of alternatives to the management area closure should include options that close
the fishery when the catch is projected to reach 85% and 90% of the sub-ACL. A reasonable
range of alternatives to the overage deduction should include an option that would deduct
overages in the next fishing year. Although NMFS has taken the position in the past that it
cannot monitor catch accurately enough to implement the pound for pound overage deduction in
anything less than a one-year lag, under current regulations NMFS appears to be able to monitor
Canadian catch in near real time in order to return 3,000 mt to the U.S. catch within the same
fishing year. It has also been argued that the industry needs certainty in order to business plan,
thus estimating potential overages and adjusting the amounts if necessary once the data is final is
not feasible. This argument does not stand up given the fact specification are regularly not
finalized prior to the start of the fishing year, yet industry has been unaffected. Given the further
improvements to the fisheries monitoring and reporting measures included in Amendment 5,
next year overage paybacks is a reasonable alternative that would increase accountability in the
fishery.

In sum, the identified AM alternatives in the specifications package do not represent a reasonable
range of alternatives under NEPA and do not meet the requirements of the Magnuson-Stevens
Act. “[A]ctions that violate the MSA cannot be reasonable alternatives to consider.” Opinion at
71 (citing American Oceans Campaign v. Daley, 183 F. Supp. 2d 1, 20). In order to comply with
the Court’s Order, the Council should immediately develop new accountability measure
alternatives and analyze them expeditiously for implementation with this specifications package.
Alternative AMs that cannot be completed as part of the specifications should be considered in
the bycatch cap framework, consistent with the Court’s Remedial Order.

**k*k

At its September 26, 2012 meeting, the Council selected an ABC for 2013-15 based on a
constant catch approach without considering an ABC control rule “based on the most recent best
available science for setting ABC control rules for herring and other forage fish.” It also failed
to consider a reasonable range of alternatives for AMs in the fishery consistent with NEPA and
that achieve the requirements of the Magnuson-Stevens Act. Thank you for considering these
recommendations for complying with the Flaherty v. Bryson Court Order. The recommended
measures could significantly improve management of the Atlantic herring resource and help
ensure accountability in the fishery.

Sincerely yours,

/sl Roger Fleming

Roger Fleming, Attorney
Erica Fuller, Attorney
Earthjustice

on behalf of its clients
Michael Flaherty



Captain Alan Hastbacka
Ocean River Institute

Cc:

John Bullard, Regional Administrator

Gene Martin, NOAA General Counsel

Mitch McDonald, NOAA General Counsel

Carrie Nordeen, NERO Sustainable Fisheries Division
Dr. Chris Legault, Chairman of SSC

Rick Robbins, Chairman, MAFMC

Lori Steele, Fishery Analyst Herring FMP



-3, into which the fluorescent proteins enhanced
green fluorescent protein (EGFP) or mCherry
were introduced to distinguish between the two
cell lines. These cells were sparsely cultured to
allow the formation of independent colonies.
When their colony edges came into contact with
one another, their boundaries were examined.
Cells expressing identical nectin types did not
intermingle at the border, whereas those express-
ing nectin-1 and -3 mutually invaded the counter
colony, resulting in the formation of a mosaic
pattern (Fig. 4, A to E, and fig. S6). We also per-
formed time-lapse video microscopy using a
coculture of MDCK cells expressing nectin-1 or
-3 (N1- and N3-MDCK cells). In the supporting
movie (movie S1 and Fig. 4E), one N1-MDCK
cell (arrowhead) initially adhered to one of a pair
of N3-MDCK cells (asterisks); subsequently, the
former cell invaded the space between the two
N3-MDCK cells. As aresult, N1- and N3-MDCK
cells were rearranged into a mosaic pattern. Sim-
ilar behavior of cells was repeatedly observed in
multiple experiments.

Thus, we propose that the heterophilic in-
teractions between nectin-1 and -3 are critical
for establishing the checkerboard-like pattern
of hair cells and supporting cells. The molec-
ular interaction between nectin-1 and -3 is the
strongest of all possible combinations of the
three nectins, which is likely to be responsible
for the checkerboard-like assembly of these
cells (Fig. 4F), as predicted by the mathemat-
ical model (8). The loss of nectin-3 removed such
biased cell-cell adhesion, leading to cell rear-
rangement, including attachments between hair
cells (Fig. 2D), as explained by the differential
adhesiveness hypothesis (/8). Nectin-1 KO mice
displayed milder phenotypes. In these mice, the
relatively strong interaction between nectin-3
and -2 probably retained the adhesion between
hair cells and supporting cells; on the other hand,
the adhesion between supporting cells should
have been enhanced as a result of the redistri-
bution of nectin-3 to these sites. These combi-
natory situations probably suppressed adhesion
between hair cells (Fig. 4F). In nectin-2 KO mice,
the heterophilic interactions between nectin-1
and -3 persisted; this explains the absence of a
phenotype in these mice. In the absence of
nectins, the cell junctions were not disrupted.
This is most likely due to the coexpression of
classic cadherins in the auditory epithelia. Hair
cells and supporting cells are thought to be seg-
regated through the process of lateral inhibi-
tion mediated by Notch-Delta signaling (4, 19),
and such processes themselves might contribute
to the spatial separation of these cells (20-22).
However, genetic inactivation of Notch signal-
ing does not impair the checkerboard-like pat-
tern, although it does result in an increase in
the number of hair cells (4). This suggests that
lateral inhibition is insufficient to create the
checkerboard-like cellular pattern, stressing the
importance of nectins in this patterning process.
It is of note that heterophilic interactions be-

tween Hibris and Roughest, other members
of the immunoglobulin superfamily, also con-
tribute to the cell arrangement in the Drosophila
eye (23, 24), suggesting that similar mecha-
nisms are conserved for cellular patterning across
species.
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Impacts of Fishing

Low-Trophic Level Species on

Marine Ecosystems

Anthony D. M. Smith,** Christopher J. Brown,?> Catherine M. Bulman,*
Elizabeth A. Fulton, Penny Johnson,” Isaac C. Kaplan,® Hector Lozano-Montes,®
Steven Mackinson,® Martin Marzloff,>” Lynne ]. Shannon,®

Yunne-Jai Shin,®? Jorge Tam*®

Low—trophic level species account for more than 30% of global fisheries production and
contribute substantially to global food security. We used a range of ecosystem models to
explore the effects of fishing low—trophic level species on marine ecosystems, including marine
mammals and seabirds, and on other commercially important species. In five well-studied
ecosystems, we found that fishing these species at conventional maximum sustainable yield
(MSY) levels can have large impacts on other parts of the ecosystem, particularly when they
constitute a high proportion of the biomass in the ecosystem or are highly connected in the
food web. Halving exploitation rates would result in much lower impacts on marine ecosystems

while still achieving 80% of MSY.

oncerns about the trophic impact of har-

‘ vesting marine species were recognized

more than three decades ago (/). Despite

recent successes in reducing exploitation rates in

some marine ecosystems (2), concerns remain

over the effects of fishing on the structure and
function of marine ecosystems (3, 4).

Low—trophic level (LTL) species in marine

ecosystems comprise species that are generally

plankton feeders for the larger part of their life

cycle. They are often present in high abundance
and tend to form dense schools or aggregations.
They include small pelagic “forage” fish such as
anchovy, sardine, herring, mackerel, and capelin
but also invertebrate species such as krill. Hu-
mans harvest across the trophic levels in marine
food webs, and landings of LTL species have
been increasing generally in proportion with
global catches (9). Forage fish account for over
30% of global fish landings, most of which is
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now used for fishmeal production as feed for
livestock industries and aquaculture rather than
being consumed directly (6). However, LTL spe-
cies also contribute directly to food security in
many developing countries, and between 10
and 20% of global landings are consumed di-
rectly by humans (7). One species alone, Peru-
vian anchovy, contributes up to 50% of global
landings used for fishmeal production. Driven by
global markets for fertilizer, animal feed, and
increases in the production of seafood from
aquaculture, demand for fishmeal continues to
increase (8).

LTL species play an important role in marine
food webs because they are the principal means
of transferring production from plankton to larger
predatory fish and to marine mammals and sea-

*Commonwealth Scientific and Industrial Research Organiza-
tion, Wealth from Oceans Flagship, Hobart, TAS 7001, Australia.
2School of Biological Sciences, University of Queensland, St
Lucia, QLD 4072, Australia. >Commonwealth Scientific and
Industrial Research Organisation, Climate Adaptations Flag-
ship, Brisbane, QLD 4163, Australia. “National Oceanographic
and Atmospheric Administration, Northwest Fisheries Science
Center, Seattle, WA 98112, USA. *Commonwealth Scientific
and Industrial Research Organization, Wealth from Oceans
Flagship, Floreat, WA 6014, Australia. bCentre for Environ-
ment, Fisheries and Aquaculture Science, Lowestoft NR33
OHT, UK. “Institute for Marine and Antarctic Studies, Uni-
versity of Tasmania, Sandy Bay, TAS 7005, Australia. 2Uni-
versity of Cape Town, Marine Research (MA-RE) Institute
and Department of Zoology, Rondebosch 7701, South Africa.
%Institut de Recherche pour le Développement, UMR EME
212, Ecosystemes Marins Exploités, 34203 Séte, France. *°In-
stituto del Mar del Perd, Esquina Gamarra y General Valle s/n,
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Fig. 1. Global map showing location of study ecosystems. From left to right
are the California current, northern Humboldt, North Sea, southern Benguela,
and southeast Australia. Graph shows trend in landings of forage species from
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birds. Several studies have raised concerns about
the impacts on seabirds of local depletion of
forage fish [anchovy in Perti (9), sand eels in the
North Sea (/0), and anchovy and sardines in
South Africa (/7)]. Similar concerns have been
raised about the prospects of a large increase in
catch of krill in the Southern Ocean and its po-
tential impact on recovery of depleted marine
mammals such as whales (/2). Of particular con-
cern are “wasp waist” systems, where a large part
of the plankton production is funnelled through a
small number of LTL species to higher trophic
levels (13, 14).

Although studies in individual ecosystems
have raised concerns about the ecological effects
of fishing LTL species, there has been no sys-
tematic attempt to examine and summarize what
these broader effects might be or under what cir-
cumstances various effects might be expected to
arise. In this study, we used ecosystem models in
five well-studied regions to examine systemic ef-
fects of fishing LTL species. The regions include
three eastern boundary current ecosystems—
the northern Humboldt, the southern Benguela,
and the California current—and two systems less
dominated by upwelling, including the North Sea
and the southeast Australian shelf and conti-
nental slope (Fig. 1). To avoid conclusions being
dominated by structural assumptions in partic-
ular types of model, we used three different eco-
system models to explore the responses: Ecopath
with EcoSim (EwE) (15, 16), OSMOSE (17, 18),
and Atlantis (79, 20). For each ecosystem and
model, we selected up to five LTL species or
groups and subjected them one by one to a range
of fishing pressures, resulting in depletion levels

relative to unfished biomass from zero (no
fishing) to 100% (extirpated). The LTL species
selected included some that are currently fished
(such as anchovy) and others that are not cur-
rently exploited in those ecosystems (such as
krill and mesopelagic fishes). We did not in-
clude harvested shellfish such as scallops and
prawns, notwithstanding their commercial impor-
tance (21), because most of the models did not
resolve these species well. Impacts on other eco-
logical groups in the ecosystem were measured
relative to biomass levels of those groups pro-
duced by simulations in which the focal LTL
species was unfished, and all other groups were
fished at current levels. Details of the ecosys-
tems, models, groups, and experiments are pro-
vided in (22).

We found widespread impacts of harvesting
LTL species across the ecosystems and LTL spe-
cies selected (Fig. 2). The percent of ecological
groups exhibiting effects greater than 40% in-
creased with the level of depletion of the LTL
species, but the extent of impact also varied
across LTL species. Impacts on other ecological
groups were both positive and negative (fig. S1),
ranging up to very severe impacts for some
groups (>60% change in biomass) even at rel-
atively low levels of depletion (25% below un-
fished levels—that is, biomass reduced to 75% of
unfished levels) of the LTL species. Negative im-
pacts (reductions in abundance) tended to pre-
dominate for marine mammals and seabirds,
although the majority of impacts on such groups
were small. Some commercial species could also
be negatively affected, although again impacts
on most commercial species were small. Results
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were generally robust to the three types of model
used in the analysis (fig. S2).

The variation in impact of harvesting different
LTL species has potentially important manage-
ment implications; large impacts may require a
change in harvest levels, whereas LTL species

with small impacts could be harvested at con-
ventional single-species levels. In each ecosys-
tem, harvesting several of the LTL species was
found to have high impacts, although the species
with high impacts were not always consistent
across ecosystems (Fig. 2). For example, in the
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northern Humboldt ecosystem, harvesting ancho-
vy had high impacts, and harvesting sardine had
low impacts, but in the southern Benguela eco-
system, harvesting sardines had the larger impact,
whereas the impacts of fishing both species were
low in the southeast Australian and California
current ecosystems. Impacts of harvesting meso-
pelagic fishes (a group not currently targeted in
any of these ecosystems or generally in global
fisheries) were consistently high across ecosys-
tems, and impacts of harvesting krill (large zoo-
plankton), also not currently exploited in these
ecosystems, also tended to be medium to high.
Fishing sand eels had the highest impact in the
North Sea.

To explain this range of impacts across LTL
species, we looked for more generic properties of
these groups (other than taxonomy) that might
explain and predict the variation. Three potential
predictors were the relative abundance of the
group in the ecosystem (for example, Peruvian
anchovy accounts for up to 35% of the consumer
biomass in the northern Humboldt ecosystem),
the trophic level of the group, and the connec-
tivity of the group in the food web. Trophic level
was not a good predictor of impact, but the other
two factors appear to be important. Abundant
groups have consistently large impacts, whereas
smaller groups can have either small or large im-
pacts (Fig. 3A). There appears to be a threshold
effect for connectance (the proportion of total
trophic connections in the food web for each LTL
species), with species that have a connectance
value greater than ~0.04 having larger impacts
(Fig. 3B). However, factors other than total con-
nectance are likely to be important, including the
presence of groups with trophic niches similar to
those of the exploited species that can dampen
the ecosystem effects of depleting the targeted
species.

There are important tradeoffs to examine in
considering the wider implications of these results
for exploitation of LTL species. In particular, im-
pacts on other parts of the ecosystem will be
smaller at lower exploitation rates, but yields also
will be lower (Fig. 4). There is a tension here be-
tween achieving broader goals of protecting and
maintaining biodiversity (including ecosystem
structure and function) and global food security.
LTL species support the latter both through direct
human consumption and through providing feed
for livestock and aquaculture production. Consid-
erable reductions in impact can be achieved by
moving from exploitation at MSY levels (achieved
at close to 60% depletion levels) to a target of 75%
of unexploited biomass (25% depletion) for an
LTL species, as shown in Fig. 4. The cost of
such a change would be slightly less than 20%
of long-term yield. This target could be achieved
at significantly lower exploitation rates (most-
ly less than half MSY rates) (fig. S3), which
would imply much lower fishing effort and may
be closer to long-term economic optimum levels.
There could also be some benefit of a reduction
in harvest rate of LTL species to yields for other
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commercially targeted species (fig. S1). Although
we did not explicitly examine multi-species har-
vest strategies, exploitation rates well below MSY
levels are consistent with previous findings that
lower exploitation rates should be adopted for
most species (2).

These results are based on model predictions.
Each of the models has been validated against
time-series data from well-studied systems, and
additional empirical validation for impacts on
seabirds and marine mammals is provided in
(22). Clearly, the details of which groups respond
to depletion of LTL species is sensitive to both
model parameterization and to choice of model
structure (22). For this reason, we do not consider
that these models should be used to determine
tactical management decisions. However, the over-
all findings reported here are robust to details of
model choice.

The conclusion that lower exploitation rates
are needed for forage species also finds support
from a wider set of model types (23). Spatial
structure in marine ecosystems is an important
factor in species interactions, and local prey de-
pletion may be particularly important for land-
based predators such as penguins and seals (24).
Two of the models used in this study (OSMOSE
and Atlantis) incorporate spatial structure, but not
always at the resolution needed to address such
issues. All of the models incorporate environ-
mental forcing and variability, which is also an
important feature driving the dynamics of many
LTL species (25, 26). The finding that con-
nectance influences which species are likely to
have larger impacts is potentially important,
but although the measure of connectance is easi-
ly derived in models, it may be more difficult
to determine empirically (and the empirical va-
lidity of the indicator would need verification).
Previous studies have shown that the ways in
which species are connected in the food web
can influence system properties (27, 28). Pre-
vious studies have also emphasized that ad-
ditional protection may be needed for forage
species (29).

The exploitation patterns examined in this
study have involved constant fishing mortality
rates. Initial explorations of other forms of
exploitation, including use of biomass thresholds
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or “set asides” (biomass levels below which no
exploitation will occur), suggest that lower eco-
logical impacts could be achieved for similar
long-term average yields, but at the cost of high-
er year-to-year variation in catches. Use of such
set asides is already a feature of some LTL fish-
eries, including a 5-million-ton-minimum spawn-
ing stock biomass level for Peruvian anchovy
(30) and 150,000 tons for California sardine
(31). Closed areas are also used in some fish-
eries so as to reduce impacts on predators, such
as closures for sand eels in some parts of the
North Sea to improve the breeding success of
sea birds (32).

Although harvest strategies for LTL species
vary widely, many stocks are currently fished at
levels below the biomass that achieves MSY
(22). The results of this study combined with set
asides and targeted spatial closures should help
inform harvest strategies that achieve ecologi-
cal objectives while ensuring ongoing substantial
yields from LTL groups in support of the on-
going challenge of feeding the global human
population (33).
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Abstract

Forage fish play a pivotal role in marine ecosystems and economies worldwide by
sustaining many predators and fisheries directly and indirectly. We estimate global
forage fish contributions to marine ecosystems through a synthesis of 72 published
Ecopath models from around the world. Three distinct contributions of forage fish
were examined: (i) the ecological support service of forage fish to predators in
marine ecosystems, (ii) the total catch and value of forage fisheries and (iii) the
support service of forage fish to the catch and value of other commercially targeted
predators. Forage fish use and value varied and exhibited patterns across latitudes
and ecosystem types. Forage fish supported many kinds of predators, including fish,
seabirds, marine mammals and squid. Overall, forage fish contribute a total of
about $16.9 billion USD to global fisheries values annually, i.e. 20% of the global
ex-vessel catch values of all marine fisheries combined. While the global catch
value of forage fisheries was $5.6 billion, fisheries supported by forage fish were
more than twice as valuable ($11.3 billion). These estimates provide important
information for evaluating the trade-offs of various uses of forage fish across eco-
system types, latitudes and globally. We did not estimate a monetary value for sup-
portive contributions of forage fish to recreational fisheries or to uses unrelated to
fisheries, and thus the estimates of economic value reported herein understate the
global value of forage fishes.
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Introduction

‘Forage fish’ species are small or intermediate-sized
pelagic species (e.g. sardine, anchovy, sprat,
herring, capelin, krill) that are the primary food
source for many marine predators, including
mammals (Thompson et al. 1996; Pauly et al
1998; Weise and Harvey 2008), seabirds (Crawford
and Dyer 1995; Jahncke et al 2004; Furness
2007; Daunt et al. 2008) and larger fish (Walter
and Austin 2003; Butler et al. 2010; Logan et al.
2011; Magnussen 2011). Forage fish feed on
zooplankton and phytoplankton and are important
conduits of energy transfer in food webs for many
marine ecosystems, from the tropics to the Earth’s
poles (Cury et al. 2000, 2003; Fréon et al. 2005;
Bakun et al. 2010).

Fisheries for forage fish occur across broad latitu-
dinal ranges (FAO 2010) and constitute a large and
growing fraction of the global wild marine fish
catch (Alder et al. 2008). In addition, five of the top
ten fish species caught (by weight) in 2008 were
forage fish species. Notably, the Peruvian anchoveta
(Engraulis ringens, Engraulidae) supports the largest
fishery in the world (FAO 2010). Nearly 90% of the
global forage fish catch is used by reduction indus-
tries, which produce fish meal and fish oil (Alder
et al. 2008). While economic studies of forage fish
have focused primarily on their role as a directly
harvested commodity (Herrick et al. 2009; Mullon

et al. 2009; Tacon and Metian 2009), few have
attempted to quantify the indirect economic contri-
butions that these species provide (Hannesson et al.
2009; Herrick et al. 2009; Hannesson and Herrick
2010). Accounting for the indirect or support ser-
vice values that prey species provide to other fisher-
ies is inherently more difficult (Hannesson et al.
2009; Hannesson and Herrick 2010; Hunsicker
et al. 2010), but doing so can provide important
information to assess the trade-offs between exploit-
ing forage fish and other species in the same marine
ecosystem.

There has been growing scientific consensus for
the application of ecosystem-based management
approaches (Pikitch et al. 2004; McLeod et al.
2005; McLeod and Leslie 2009) in contrast to
traditionally applied single-species approaches
(Beddington et al. 2007; FAO 2010). Single-species
management generally seeks to maintain popula-
tions of a target species yet ignores most ecosystem
factors. Even in cases where forage fish are well
managed from a single-species perspective (i.e.
overfishing is not occurring), a form of ‘ecosystem
overfishing’ sensu Murawski (2000) can occur,
whereby depleted abundance of forage fish may
negatively affect the ecosystem (Gislason 2003; Coll
et al. 2008). Implementing an ecosystem-based
approach to the management of forage fisheries
seems especially warranted (Pikitch et al. 2004;
Richerson et al. 2010; Smith et al. 2011), as these

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES
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species exhibit strong trophic linkages and fluctuate
in abundance along with seasonal, annual and
inter-decadal variations in oceanographic forces
(Barber and Chavez 1983; Francis et al. 1998;
Polovina et al. 2001; Chavez et al. 2003).

Human decision-making is often influenced by
comparisons of monetary values or trade-offs
between different products or services (Polasky and
Segerson 2009). By quantifying the value of these
ecosystem products and services, such trade-offs,
and the impacts of degrading ecosystems, are made
more explicit (Costanza et al. 1997; Balmford et al.
2002; Barbier et al. 2011). The majority of eco-
nomic analyses conducted for forage fish fisheries
have been one dimensional (Herrick et al. 2009),
focusing on factors or management strategies
affecting the direct value of these species as a landed
commodity. Only a handful of studies have enumer-
ated the indirect values that species targeted by fish-
eries provide (Hannesson et al. 2009; Hannesson
and Herrick 2010; Hunsicker et al. 2010; Kamim-
ura et al. 2011). Because of their key position in
marine food webs, the overall global importance of
forage fish to fisheries and ecosystems has likely
been significantly understated.

This study provides the first global estimate of
forage fish value to commercially important marine
fisheries and enumerates the contributions of for-
age fish to ecosystem predator production. We syn-
thesized data obtained from Ecopath models
representing marine ecosystems around the world.
This approach allowed for broad relationships to be
detected and described by summarizing data from
multiple independent studies (Gurevitch and
Hedges 1999), including information on feeding
habits, production and catch rates. We estimated
the contribution that forage fish species make to:
(i) the diets and production of all forage fish preda-
tors within each modelled ecosystem, (ii) forage
fish fisheries, in terms of catch and catch value
and (iii) the catch and value of other commercially
targeted predator species (e.g. tunas, cod, striped
bass), based on their diet dependence on forage
fish. We compared and contrasted these contribu-
tions and values, and investigated the effects of
model structure, ecosystem type and latitude
(Table 1). Finally, we use the relationships and
properties revealed by these models, together with
estimates of catch values at the scale of economic
exclusive zones (EEZ) and high seas areas (HSA), to
estimate the total value that forage fish contribute
to global marine fisheries.

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES

Methods

Compilation and synthesis of Ecopath models

Of the more than 200 Ecopath models that have
been published (Fulton 2010), 72 were obtained
and selected for this synthesis. The requirements for
inclusion in our analysis were that the Ecopath
models had to represent a marine or estuarine
ecosystem in a relatively recent state (within the
last 40 years), include at least one forage fish
model group, and have all the necessary data and
parameters openly available. The majority of
Ecopath models used (90%, 65 out of 72) repre-
sented ecosystems within the past 30 years. We
obtained Ecopath models from peer-reviewed publi-
cations (n = 33), technical reports (n = 36) and
theses/dissertations (n=3) (Table 1). Ecopath
models that were not included failed to have at
least one forage fish model group, did not have data
openly available, represented older time periods
(>40 years old), or a combination of all three. Col-
lected models spanned a wide geographical range
and provided relatively good global coverage of
most coastal ocean areas and marine ecosystem
types, with the exception of the Indian Ocean,
which is poorly studied compared with other ocean
areas (De Young 2006) (Fig. 1). When available,
we also obtained Ecopath pedigree index informa-
tion (Christensen and Walters 2004; Christensen
et al. 2005) to assess data quality of the models.

To examine the patterns in forage fish contribu-
tions and values, we grouped Ecopath models by
latitude and by ecosystem type. Latitude groupings
consisted of three categories: Tropical-Subtropical
(less than 30° N — less than 30° S), Temperate
(greater than or equal to 30° N — 58° N and greater
than or equal to 30° S — 58° S) and High latitude
(greater than 58° N and greater than 58° S). We
separated upwelling ecosystem models from the lati-
tude groupings due to the dominant roles forage fish
catches play in these ecosystems. Ecosystem types
included: upwelling ecosystems, semi-enclosed eco-
systems, non-upwelling coastal ecosystems, tropical
lagoon ecosystems, open ocean ecosystems, Arctic
high latitude ecosystems, and Antarctic ecosystems.
All models were categorized into only one ecosys-
tem type and latitude group (Table 1).

In this analysis we define ‘forage fish’ as species
that occupy an important intermediary trophic
position and that retain that ecological role
throughout their life. We thus excluded from our
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Figure 1 Approximate locations of the 72 Ecopath models used in this synthesis. Ecopath models where monetary
value could (white circles) and could not (black circles) be calculated. Model numbers correspond to Table 1.

definition species that assume this role early in life specified by the model authors. The published mod-
but later move into higher trophic categories as els generally included a list of species or taxa consti-
they age (e.g. North Pacific hake, Blue whiting, tuting each model group. When such taxonomic
Alaska pollock). information was provided, we used this information

to create an inventory of all species. In this study,
we classified a model group as a forage fish group

Data extraction .
whenever at least one forage fish species was

We extracted model groups, catch data, diet compo- included. For instance, if an anchovy species was a
sition matrices, biomass data, production-to-biomass component of a larger model group called ‘Small
ratios and model area (km?) from tables in Ecopath Pelagics’, along with gobies and juvenile mackerels,
model publications and transferred them into then we considered this group as a forage fish
separate Microsoft®Excel spreadsheets. When neces- group, even though other species in that group may
sary, we converted all Ecopath catch and biomass not necessarily meet our definition of forage fish.
data not conforming to the standard Ecopath units The majority (65% or 105 out of 161) of forage
for catch (tonne km 2 year !) and biomass fish model groups consisted entirely of forage fish
(tonne km?). species. Of the remaining 56 forage fish model

The majority (83%) of Ecopath models in this groups, 30 were discerned to be dominated by for-
analysis had data on total catch (landings plus dis- age fish species, while information on the prepon-
cards). The remaining 17% (12 out of 72) of the derance of forage fish species was lacking for the
models only published landings data with no esti- other 26 model groups. The one exception to our
mates of discards. For these 12 models we classification of forage fish model groups applied to
assumed that discards were zero in our analysis. krill (Order: Euphausiaea), which were only repre-
Discards represent approximately 8% of the marine sented as separate model groups in 9 of the 72 Eco-
fisheries catch by weight globally but vary greatly path models in this analysis (Table 1). In the few
among species and ecosystems (Kelleher 2005). remaining Ecopath models where krill were present

Ecopath models contain interactive ‘groups’ in the ecosystem but not as a separate model group,
which can be composed of either single or multiple they were grouped into various ‘Zooplankton’
species that share similar life histories or ecological groups. We chose to exclude these ‘Zooplankton’
functions (Polovina 1984). We used the Ecopath model groups as forage fish groups in this analysis
models assembled with the original model groups as and only included contributions of krill from models

8 © 2012 Blackwell Publishing Ltd, FISH and FISHERIES
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with defined krill model groups. We acknowledge
that this modelling approach may cause differences
between ecosystems in terms of forage fish contribu-
tions (i.e. those that have a separate krill group and
those that do not) but assumed in this analysis that
if model authors grouped krill separately it was due
to their perceived importance in the ecosystem. We
considered it was more appropriate to include krill
groups as forage fish in this analysis when present
than to completely exclude them.

Importance of forage fish to ecosystem predators

We identified forage fish predators in all models and
their dependence on forage fish (percent of forage
fish in diet) from the respective model diet matrix.
We defined forage fish predators as model groups
whose diets contained any fraction of one or more
forage fish model groups (i.e. diet of >0% forage
fish). This definition allowed for forage fish species
to be included as forage fish predators, if their diet
consisted of forage fish. This rarely occurred, with
only 3.9% (35 out of 895) of forage fish predators
also included as forage fish. Forage fish predators
were then categorized into the following depen-
dence groups: (i) low dependence on forage fish (>0
to <25%), (ii) moderate dependence (>25 to
<50%), (iii) high dependence (> 50 to <75%) and
(iv) extreme dependence on forage fish ( > 75%).

We estimated the portion of each forage fish pred-
ator’s production supported by forage fish across all
ecosystem models using equations modified from
Hunsicker et al. (2010). First, we calculated the total
annual production (P;, units: tonne km 2 year 1) of
each forage fish predator group j in each Ecopath
model using Equation (1), in which predator group
j's biomass (B;, units: tonne km %) was multiplied by
that respective predator group’s production-to-bio-
mass ratio (P B!, units: year ).

Py = Bi(%)j (1)

Second, we found the portion of each predator
group’s total annual production (P;;) supported by
forage fish prey groups (i), by multiplying predator
group j's respective diet dependence on forage fish
(D;;) by P; using Equation (2).

Pij = Dy;P; (2)

The total support service contribution of forage
fish to ecosystem predator production (S,) therefore
can be found using Equation (3), as the product of

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES

(Dy;) and (P;) summed over all forage fish groups
(i) and predator groups (j) in an ecosystem.

S = DiyP; (3)

Hunsicker et al. (2010) showed that D;; is
equivalent to the contribution of prey group i to
predator group j's production (P;;) when assimila-
tion and energy content of prey items are roughly
equivalent. In the absence of detailed data on
these variables, we assumed they were equal to
one another but note that our analysis underesti-
mates P;; because of the generally high energy
content of forage fish species (Van Pelt et al. 1997;
Anthony et al. 2000) compared to most predators.
Thus, our estimates for the support service contri-
bution of forage fish to ecosystem predator produc-
tion can be considered conservative in this regard.

Direct and support service contributions of forage
fish to commercial fisheries

We calculated the contributions of forage fish to
fisheries in terms of catch (tonne km~ year™ ") for
all 72 Ecopath models and catch value
(2006 USD km ™2 year ') for a subset of models
that had adequate taxonomic information (n = 56).
Ecopath models were grouped into categories based
on ecosystem type and latitude of the model
(Table 1). We used a global ex-vessel price database,
developed by Sumaila et al. (2007) to obtain ex- ves-
sel ‘real’ price data for all fished species in our Eco-
path models. Ex-vessel ‘real’ price is defined as the
actual prices that fishermen receive for their prod-
ucts before processing and is hereafter simply
referred to as price. In this analysis, we use ‘value’
to refer to ex-vessel fish price times quantity (gross
returns) and not economic profit (net returns).

We obtained total catch data for every country
participating in fisheries in a respective Large Mar-
ine Ecosystem (LME) in year 2006 from the Sea
Around Us project LME database (Watson et al.
2004; www.seaaroundus.org), and wused the
ex-vessel price database to compile country specific
ex-vessel price data for every species in the 56
models. Information on every fishing country in
each LME and their respective total catch can be
accessed on the Sea Around Us project LME data-
base website (www.seaaroundus.org). To account
for differences in prices between countries operat-
ing in a given LME, we calculated a weighted
average based on the total catch in 2006 of all
participating countries within that LME. When
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model groups consisted of two or more species, the
ex-vessel price for the model group was found by
averaging the ex-vessel prices for all respective
species within, which were each weighted by the
catches of participating countries. We used these
averaged ex-vessel model group prices to calculate
fisheries value (2006 USD km™2 year™!) for each
respective model group in all 56 Ecopath models.

For small geographic areas (e.g. estuaries,
lagoons, and small coastal areas), we assumed
that only the country surrounding these waters
fished them. We made this assumption because
detailed information about which specific countries
fish within an Ecopath model area is not usually
published. For the few Ecopath models that were
located outside a defined LME area (e.g. Central
North Pacific Ocean, Central Atlantic Ocean and
Eastern Subtropical Pacific Ocean), we assumed
participating fishing countries to be those nearest
to, and surrounding, the model locations. Ecopath
models of island countries and territories that fell
outside of LME boundaries (e.g. the Azores Archi-
pelago) were assumed to be fished only by that
country, or the country of which it is a territory.

We estimated forage fish catch by summing the
catch of all forage fish model groups in each respec-
tive ecosystem model. Catch value (2006 USD
km ™2 year™!) was estimated for each respective for-
age fish model group by multiplying the catch
(tonne km 2 year !) by the respective ex-vessel
price (2006 USD tonne ~!) (Sumaila et al. 2007).
Similarly, we summed catch values for all forage
fish model groups to find the total forage fish catch
value (2006 USD km™? year ') for each Ecopath
model. We estimated the support service contribu-
tions of forage fish to the catch (S¢) and catch value
(Sy) of other commercially targeted model groups
by using Equation (3), except that the predator
group’s total annual production (P;) was replaced
by the catch (C;, Equation 4) and catch value (V},
Equation 5) of each predator group j.

Se=»_> DG (4)

j

Sy = ZZDMV;' (5)

j

Forage fish contribution to global fisheries value

Forage fish species contribute to the value of glo-
bal fisheries in two important ways: (i) by their
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direct catch value and (ii) by their support service
as prey to the value of other commercially
targeted species. Using forage fish value estimates
for these contributions from each Ecopath model,
we extrapolated to Exclusive Economic Zone (EEZ)
or High Seas Area (HSA) regions to derive global
estimates. We worked at the scale of EEZs and
HSAs because independent estimates of forage fish
catch values were available at this scale (Sumaila
et al. 2007) to complement the values we esti-
mated in Ecopath models. We assumed that a sin-
gle Ecopath model representing an area within an
EEZ or HSA region provided a reasonable depiction
of the relationship between the support service
value of forage fish and the total fisheries value for
the entire region. A breakdown of the actual area
covered by our Ecopath models as a percentage of
the total EEZ/HSA area or the total Inshore fishing
area (IFA) can be found in Table S1 (see Appendix
S2). The IFA is defined by the Sea Around Us Pro-
ject database (www.seaaroundusproject.org) as the
area between the shoreline and whichever comes
first, either the 200 m bathycline or a distance of
50 km from the shoreline. The majority of the
global marine fisheries catch value (78%) and for-
age fish catch value (97%) is derived from IFAs
(Sumaila et al. 2007)(www.seaaroundusproject.
org). A summary of Ecopath model coverage in
terms of EEZ/HSA or IFA area and fisheries value
is provided in Table S2 (see Appendix S2). When
multiple Ecopath models were available for a given
EEZ or HSA region, we used average values
weighted by the geographic area covered by each
ecosystem model. We quantified global forage fish-
eries value by summing the value of forage fish
across all EEZs and HSAs in the Sea Around Us
project database. The majority of forage fish
species in these databases were separated into two
commercial groups, ‘Herring-likes’ and ‘Ancho-
vies'. We assumed that the total direct forage fish
catch value for each respective EEZ and HSA was
the sum of these two commercial groups. When
data on ‘Herring-likes’ and ‘Anchovies’ were miss-
ing from this database, we used data available for
forage fish categorized by species group. This
method may slightly underestimate forage fisheries
value, as it did not include some forage fish species
that were grouped into other non-forage fish
commercial groups.

To estimate the global support service value of
forage fish to other commercially targeted species,
we extrapolated the values estimated for each

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES
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Ecopath model to each corresponding EEZ and
HSA region. To do this, we used Ecopath models
with value data available and calculated an Eco-
path value ratio (EVR) using Equation (6). In
Equation (6), the catch value of forage fish preda-
tors supported by forage fish (Sv) was divided by
the total fishery catch value (y) of the Ecopath
model, excluding non-cephalopod, non-krill inver-
tebrates (e.g. other decapods, bivalves). By assum-
ing that EVRs found in our Ecopath models are
representative of the larger EEZs or HSAs in which
they are located, we calculated the total support
service value ($Supportive) of forage fish in each
EEZ and HSA. Using Equation (7) we multiplied
the respective EVR for an EEZ or HSA by the total
fishery catch value (excluding non-cephalopod,
non-krill invertebrates) for that area calculated
from the Sea Around Us database ($SAUP).

Sv
EVR = 6
; (6)
$Supportive = EVR x $SAUP (7)

Ecopath models were available for 25% (64 out
of 257) of the world's EEZs and HSAs, which
represents 33% of the total EEZ/HSA area (Table
S2, Appendix S2). In the majority (36 out of 64)
of these EEZ/HSA areas, Ecopath model coverage
was >50% of the respective EEZ/HSA area (see
Appendix S2, Tables S1 and S2). These EEZ/HSAs
constitute 39% of the global marine catch value
(2006 $USD) excluding non-cephalopod and non-
krill invertebrates (i.e. other decapods, bivalves)
and 53% of the global forage fish catch value
(2006 $USD) (Table S2, Appendix S2). Ecopath
model coverage of IFAs was even greater, repre-
senting 47% of the total area (km?) (Table S2,
Appendix S2). An additional 86 EEZs and HSAs
(see Table S1, Appendix S2), which did not have
Ecopath models, were included under the assump-
tion that the Ecopath model in the EEZ or HSA
immediately adjacent was representative of that
neighbouring EEZ or HSA. These EEZs and HSAs
represented an additional 28% of the global forage
fish catch value to fisheries. The remaining 107
EEZs or HSAs did not have Ecopath models or an
adjacent neighbour with an Ecopath model (e.g.
isolated islands) and represented only 19% of the
global forage fish value to fisheries. In these EEZ/
HSA areas, we applied an EVR based on the aver-
age of EVRs from other Ecopath models in the
same latitudinal group. We calculated all values

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES

as ex-vessel price values in 2006 $USD and
summed all support service values and forage fish-
eries catch values across all EEZs and HSAs. This
produced our estimate of forage fish contribution
to global fisheries value.

Results

Quality of Ecopath models

Ecopath pedigree indices (Christensen and Walters
2004) were available for 22 models (Table 1). The
Ecopath pedigree index varies with the quality of
data within Ecopath models, and values can range
from O (not reliable) to 1 (highly reliable) (Chris-
tensen and Walters 2004; Christensen et al.
2005). Ecopath pedigree indices in this analysis
ranged from 0.295 to 0.820 with the majority
(55%, 12 out of 22) exceeding 0.5 (Table 1).
Differences were observed in pedigree indices of
models published in peer-reviewed journals (Eco-
path pedigree mean = 0.625, median = 0.638,
n=11) and technical reports (Ecopath pedigree
mean = 0.450, median = 0.408, n = 11). None of
our indices were in the poorest quality level group-
ing, wherein data are considered to be no better
than guesses (<0.2; Christensen and Walters 2004;
Christensen et al. 2005). Moreover, the average
and median pedigree indices observed in this study
(0.518 and 0.537, respectively) were substantially
higher than those for other studies (0.441 and
0.439, respectively) (Morissette et al. 2006; Moris-
sette 2007).

Extent of predator dependence on forage fish

Seventy-five percent (54 out of 72) of the Ecopath
models used in this analysis had at least one model
group that was highly (> 50% but <75% of diet) or
extremely dependent (> 75% of diet) on forage fish.
Twenty-nine percent (21 out of 72) of the models
included at least one extremely dependent predator
group. We found extremely dependent predators
present across all latitude groups and ecosystem
types, with the exception of open ocean ecosystems.
Extremely dependent predators accounted for only
5.8% (52 out of 895) of all forage fish predators and
consisted of fishes (n = 30), seabirds (n=12),
marine mammals (n = 9) and one species of squid
(Loligo gahi, Loliginidae). Amongst conspecific pred-
ator groups, however, seabirds had the highest
percentage of extremely dependent predators, with
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19% (12 out of 62) of all seabird predators having
diets >75% forage fish. Extremely dependent
predators groups were most commonly found in
upwelling and Antarctic ecosystem types, with an
average of two and five extremely dependent preda-
tors per model, respectively. Many of these extre-
mely dependent predator species were also listed on
the TUCN Red List (Table 2).

We evaluated the relative frequency of various
levels of forage fish dependencies and how they var-
ied across ecosystem types by combining data from
all models. Pooled data across all ecosystem models

indicated that on average, 49% of all predator
groups in our models relied on forage fish for at
least 10% of their dietary requirements (Fig. 2).
Forage fish predators that are highly or extremely
dependent on forage fish account for 16% of all
predator groups in marine ecosystem models on
average. Predators with diets consisting of more
than 90% forage fish were also found but repre-
sented fewer than 5% of all predator groups in this
analysis.

When comparing across ecosystem types, Ant-
arctic ecosystem models generally had the greatest

Table 2 Extremely dependent forage fish predators (> 75% forage fish in their diets) found in this synthesis that have
taxonomic information and are evaluated by the International Union for Conservation of Nature (IUCN) Red List. Model

numbers correspond to model names in Table 1.

Population

Common name Scientific name Family IUCN Status’ trend Model No(s)
Marine Mammals
Sei Whale Balaenoptera borealis BALAENOPTERIDAE Endangered Unknown (1, 60)
Blue Whale Balaenoptera musculus BALAENOPTERIDAE Endangered Increasing (1, 60)
Fin Whale Balaenoptera physalus BALAENOPTERIDAE Endangered Unknown (1, 60)
Common Minke Whale  Balaenoptera acutorostrata BALAENOPTERIDAE Least Concern Stable (1, 60)
Southern Right Whale Eubalaena australis BALAENIDAE Least Concern Increasing 60
Grey Seal Halichoerus grypus PHOCIDAE Least Concern Increasing 40
Crabeater Seal Lobodon carcinophagus PHOCIDAE Least Concern Unknown 60
Humpback Whale Megaptera novaeangliae BALAENOPTERIDAE Least Concern Increasing (1, 60)
Ringed Seal Phoca hispida PHOCIDAE Least Concern Unknown 40
Seabirds
Black-browed Albatross  Thalassarche melanophrys DIOMEDEIDAE Endangered Decreasing 18
Macaroni Penguin Eudyptes chrysolophus SPHENISCIDAE Vulnerable Decreasing (60, 62)
Humboldt Penguin Speriscus humbolditii SPHENISCIDAE Vulnerable Decreasing 17
Peruvian Pelican Pelecanus thagus PELECANIDAE Near Threatened Decreasing (13-14, 15, 17)
Guanay Cormorant Phalacrocorax bougainvilli  PHALACROCORACIDAE Near Threatened Decreasing (13-14, 15)
Sooty Shearwater Puffinus griseus PROCELLARIIDAE Near Threatened Decreasing 1
Gentoo Penguin Pygoscelis papua SPHENISCIDAE Near Threatened Decreasing (60, 62)
King Penguin Aptenodytes patagonicus SPHENISCIDAE Least Concern - 62
Rhinoceros Auklet Cerorhinca monocerata ALCIDAE Least Concern - 1
Southern Rockhopper Eudypte schrysocome SPHENISCIDAE Least Concern Decreasing 62

Penguin
Tufted Puffin Fratercula cirrhata ALCIDAE Least Concern - 1
Southern Giant-petrel Macronectes giganteus PROCELLARIIDAE Least Concern Decreasing 18
Cassin’s Auklet Ptychoramphus aleuticus ALCIDAE Least Concern - 1
Peruvian Booby Sula variegate SULIDAE Least Concern - (13-14, 15, 17)
Common Guillemot Uria aalge ALCIDAE Least Concern - 1
Fish
Yellowfin Tuna Thunnus albacares SCOMBRIDAE Near Threatened Decreasing (13-14, 56)
Common Dolphinfish Coryphaena hippurus CORYPHAENIDAE Least Concern Stable (13-14)
West African Ladyfish Elops lacerta ELOPIDAE Least Concern Unknown 56
Skipjack Tuna Katsuwonus pelamis SCOMBRIDAE Least Concern Stable 56
North Pacific Hake Merluccius productus MERLUCCIIDAE Least Concern Unknown 7
Sockeye Salmon Oncorhynchus nerka SALMONIDAE Least Concern Stable (4-5)
Pacific Bonito Sarda chiliensis SCOMBRIDAE Least Concern Decreasing (13-14)

"lUCN (2011) IUCN Red List of Threatened Species. Version 2011.2 http://www.iucnredlist.org Downloaded on 2 December 2011.
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proportion of forage fish predators in their models
for any level of forage fish dependence compared
to other ecosystem model types (Fig. 2). Upwelling
ecosystems had the second highest percentage of
predators with 90% forage fish dependence levels.
Tropical lagoon ecosystem types had the lowest
proportion of predators for a given forage fish
dependence level (Fig. 2).

Support service contribution to ecosystem predator
production

The total predator production (tonne km ™2 year™!)
supported by forage fish varied greatly among the
72 models in this analysis (Fig. 3). Supported preda-
tor production was the largest for two upwelling
ecosystem models, the northern California Current
model and central Chile model, and one non-
upwelling coastal ecosystem (Falkland Islands
model). Forage fish contributed 52 and 17 tonne
km 2 year ! to predator production in northern
California Current and central Chile models respec-
tively, and the contribution in the Falkland Islands
model was 18.9 tonne km 2 year !. When the
contribution of krill to the production of other for-
age fish (e.g. krill, sardines, anchovies) was removed
in the northern California Current and Falkland
Islands models, the support service to predators
dropped to 32 and 3.3 tonne km 2 year ! respec-
tively.

Across ecosystem types, the greatest support
service contribution of forage fish to predator pro-
duction was seen in upwelling and Antarctic eco-

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES

systems (Fig. 4a). The support service contribution
to predator production in both these ecosystem
types exceeded 9 tonne km ? year ', and were
more than three times greater than values seen for
Arctic ecosystems and non-upwelling coastal eco-
systems and more than an order of magnitude
greater than open-ocean, tropical lagoon and semi-
enclosed ecosystem types (Fig. 4a). In terms of lati-
tude groupings (with upwelling ecosystems
excluded), we found the greatest support service
contributions to predator production in high
latitude regions (3.79 tonne km 2 year ! + 1.23
SE), followed by temperate latitudes (1.81 tonne
km 2 year ! + 0.59 SE) and finally tropical-sub-
tropical latitudes (1.18 tonne km ™2 year ' + 0.17
SE; Fig. 4b).

Importance of forage fish to commercial fisheries

Forage fish catch varied greatly among models
examined, both in tonnage and ex-vessel price
value. In some models, we found no forage fish
catch reported (e.g. Central Atlantic Ocean), while
others had extremely large forage fish catches (e.g.
Sechura Bay, Peru). The highest forage fish
catches were found in the Humboldt Current mod-
els where the Peruvian anchoveta fishery operates.
Of the three Humboldt Current models, the Sech-
ura Bay (Peru) model had an extraordinarily high
level of forage fish catch (81 tonne km 2 year™!)
valued at $35 497 (USD km ™2 year '), whereas
in the northern Humboldt Current models for
El Nifno and La Nina periods, forage fish catches
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(n=72).

2 year ' ($934 USD km >
($2020 USD

were 20 tonne km
year ') and 39 tonne km >
km 2 year 1), respectively.
Forage fish contributed important support to
other commercial fisheries in all models that con-
tained such fisheries. Of the ecosystems we exam-
ined, forage fish were most important as prey, in
terms of tonnage, to commercial fisheries in central
Chile (3.82 tonne km~2 year™'), Prince William
Sound (pre-oil spill model; 3.58 tonne km2
year 1) and the northern California Current
(3.13 tonne km 2 year!; Fig. 5). In terms of
value, forage fish provided the greatest support
service to fisheries in the Prince William Sound

year’l

’

model (pre-oil spill model) at a value of $5942
USD km 2 year !, followed by the Chesapeake Bay
at a value of $3095 USD km 2 year '. The high
support service values in these ecosystems are due
to the large contribution of forage fish to the diets of
salmon (Oncorhynchus spp., Salmonidae) in Prince
William Sound and striped bass (Morone saxatilis,
Percichthyidae) in Chesapeake Bay, both of which
have relatively high ex-vessel price values.

In 13 out of 56 models, 100% of the total forage
fish value was derived from support to other fisher-
ies (i.e. there were no forage fish fisheries reported
in these 13 ecosystems). In more than half the
models (30 out of 56), the value of the fisheries
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supported by forage fish was greater than the value
of forage fish catch (Fig. 6).

Comparisons across latitude groups and ecosystem
types

The largest forage fish catches were found in
the tropical-subtropical latitude group (4.95 tonne
km ? year ! + 2.5 SE) and decreased monotoni-
cally as polar regions were approached. In con-
trast, the level of other commercial catch
supported by forage fish was the lowest in the
tropical-subtropical latitude group (0.23 tonne
km 2 year ! + 0.05 SE) but greater in temperate
(0.63 tonne km 2 year ! + 0.2 SE) and high lati-
tude ecosystems (0.35 tonne km ™2 year ' + 0.29
SE). We separated upwelling ecosystem models
from these latitude groupings, as forage fish
catches play a dominant role in these ecosystems.
We found that temperate models had the highest
forage fish fisheries catch when compared with the
remaining two latitude groups (Fig. 7a). Forage
fish catch value (excluding upwelling ecosystems)
was the greatest in the tropical-subtropical latitude
group and diminished poleward (Fig. 7b). The sup-
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port service provided by forage fish for other com-
mercial fisheries, in both catch and catch value,
increased poleward so that it was equivalent (in
catch) or exceeded (in catch value) the forage fish
catch or catch value in high latitudes (Fig. 7a,b).

Forage fish catch (tonne km ™2 year ') was the
highest in upwelling ecosystems (Fig. 8a), exceed-
ing that of all other ecosystem types combined by a
factor of four. Forage fish catch exceeded the catch
of other model groups that preyed on forage fish
for all ecosystem types (Fig. 8a). Similarly, forage
fish had the highest catch value in upwelling eco-
systems at $5660 USD km 2 year ! + $4980 SE
(Fig. 8b). Other ecosystem types had substantially
lower forage fish catch values, each contributing <
$830 USD km 2 year !. The value of forage fish
catches was the smallest in high latitude Arctic
and Antarctic ecosystems ($184 USD km ™2 year ™'
and $149 USD km™2 year !, respectively). In con-
trast, the support service value of forage fish was
the greatest in the Arctic ecosystems (HL,
mean = $706 USD km 2 year ') — over 3.5 times
greater than the forage fish value for that ecosys-
tem type (Fig. 8b).

Global estimate of forage fish value to fisheries

The estimated total ex-vessel price value of forage
fish to global commercial fisheries was $16.9
billion ($USD). This estimate combines global for-
age fish fishery value of $5.6 billion (33%, USD)
with a support service value to other fisheries of
$11.3 billion (67%, USD). This value represents
nearly 20% ($16.9b/$85b) of the ex-vessel catch
values of all world fisheries, estimated at between
$80 and 85 billion USD year ' (Sumaila et al
2007; FAO 2010). Importantly, we found that the
value of commercial fisheries supported by forage
fish (e.g. cod, striped bass, salmon) was twice the
value of forage fish fisheries at a global scale.

Discussion

We recognize that using Ecopath models, like any
mathematical representation of an ecosystem, has
certain limitations. However, our approach was
built around the idea that, within the constraints
of the model assumptions, averaging across many
models will at least reduce the effects of stochastic
uncertainty. Ecopath models provide only a single
spatial and temporal representation of an ecosys-
tem and they contain numerous assumptions
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Figure 5 Support service contributions of forage fish to other fisheries catch across all Ecopath models (n = 72).

whose consequences are often impossible to assess
and could be important. This means, at the very
least, that they do not capture changes in ecosys-
tem dynamics and fisheries effort over space and
time. Models are constructed based on data avail-
ability and the author’s understanding of the eco-
system and research objectives, allowing for a
gradient in model complexity and quality. The
models contain simplified diet information of pre-
dators included in the models, which needs to be

considered when interpreting or using the results
of this study. For example, some Ecopath models
lacked predators that are known to prey on forage
fish, and in other cases, investigators pooled indi-
vidual predator species together into a single tro-
phic group. Nearly 30% (21 out of 72) of the
models in our study did not have any seabird
model groups, while 33% (24 out of 72) did not
have a marine mammal group. Our estimates for
predator production therefore are likely conserva-
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model.

tive, as we were not able to capture the impor-
tance of forage fish to these predators not included
in the models. Likewise, aggregating predator spe-
cies into model groups results in an averaged diet
dependence on forage fish for the model group,
which may mask high diet dependence for one or
more individual species in that group. Averaging
diet dependence for a single species over a large
geographic area may also mask high diet depen-
dencies that occur on smaller spatial or temporal
scales. Validating every model to determine how

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES

well it represents its respective ecosystem and bio-
logical components was beyond the scope of this
analysis, but Ecopath pedigree index information
for a subset of models shows that the majority
used in this analysis are of acceptable quality
(Table 1). Using published models provided us
with a large number of models covering the widest
range of ecosystems and latitudes possible.

Here we used information on catches, catch
values and food web connections to estimate the
global contribution of forage fish to fisheries and
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catch and catch value (grey bars), by latitude group.
Bars indicate standard error. Upwelling ecosystem models
were separated out to more clearly demonstrate
latitudinal patterns.

ecosystems. While we find that the importance of
forage fish varies geographically, it is clear that
these species are of critical importance to many
predators, including humans. We consider our
approach as a reliable and relatively quick way
of assessing the importance of forage fish in mar-
ine ecosystems and fisheries around the world.
Ecopath models in this analysis covered 33% of
the total EEZs and HSAs and covered 47% of the
IFA (Table S2, Appendix S2), which is where
97% of the global forage fisheries catch value is
derived (Sumaila et al. 2007). We acknowledge
that geographic coverage is limited in the Indian
Ocean. Although EEZ and HSA areas in the
Indian Ocean account for 20% of the total EEZ
and HSA area, they represent <15% of the total
fisheries catch value (excluding non-cephalopod
or non-krill invertebrates) and <12% of the total
forage fish catch value. Furthermore, Indian
Ocean EEZ and HSA areas accounted for <10% of
the total global supportive value of forage fish.
More robust fisheries information from this data-
poor region (De Young 2006) would Dbenefit
future analyses.
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At the global scale the supportive value of for-
age fish to fisheries greatly exceeds their direct
commodity value. We note that the estimated total
ex-vessel value ($16.9 billion USD annually) is
likely an underestimate, because it does not take
into account the contribution of forage species to
early life history stages of predators that are not
yet of commercial catch size (e.g. juvenile cod,
juvenile striped bass). We also have not included
in our analysis the contributions of species that
are considered forage fish only during juvenile life
stages (e.g. Alaska pollock). Accounting for these
types of forage species would increase our esti-
mates of support to ecosystem predator production
and marine fisheries in certain ecosystems. More
importantly, the ex-vessel value of commercial
fisheries is only one of many other indicators of
the economic contributions of forage fish, and thus
is clearly an underestimate of total economic
worth. We have not accounted for the potential
economic value of forage fish to recreational fish-
eries, to ecotourism [e.g. the whale watching
industry is estimated at $2.5 billion 2009 USD

© 2012 Blackwell Publishing Ltd, FISH and FISHERIES
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annually (Cisneros-Montemayor et al. 2010)], as
bait for fisheries, and to the provision of other eco-
system services such as water filtration.

Forage fish are integral to marine food webs as
prey for a wide variety of higher trophic-level
species. For many predators, forage fish constitute
a substantial percentage of their diet, possibly
making them vulnerable to reductions or fluctua-
tions in forage fish biomass. We found that many
extremely dependent predators were species listed
on the TUCN Red List as ‘Near Threatened’, ‘Vul-
nerable’ or ‘Endangered’ (Table 2). These preda-
tors were commonly found in upwelling
ecosystems, where empirical evidence shows that
changes in forage fish abundance — caused by fish-
ing, the environment, or a combination of both —
negatively impact predator reproduction (Sunada
et al. 1981; Becker and Beissinger 2006), breeding
(Crawford and Dyer 1995; Cury et al. 2011),
abundance (Crawford and Jahncke 1999; Jahncke
et al. 2004), and carrying capacity (Crawford et al.
2007). This analysis has identified ecosystems that
are likely to have highly to extremely dependent
forage fish predators and may assist in ecosystem-
based management efforts that consider both com-
mercial fisheries and effects on threatened or
endangered species.

We provide the first global estimates of the
importance of forage fish as support for predators
in marine ecosystems. Quantifying forage fish
catch, support service to other commercially
targeted predators, and support to all other ecosys-
tem predators allows for identification of potential
trade-offs that may occur among uses (Fig. 9).
Competition for the use of forage fish biomass
among ecological and fisheries interests can result
in trade-offs, which can lead to conflicts in the
management of forage fish. This is especially
important, as forage fish are an increasingly val-
ued commodity (Naylor et al. 2009; Tacon and
Metian 2009) and provide fundamental ecological
support to many other species. Taking a holistic
viewpoint of their value is a step towards quantifi-
cation of the overall contributions forage fish make
to marine ecosystems and to the global economy.
A challenge that remains for fisheries managers
and policy makers is determining acceptable levels
of catch that account for the roles forage fish play
in the larger marine environment.

The management of trade-offs in marine ecosys-
tems can often be challenging (Okey and Wright
2004; Cheung and Sumaila 2008; Salomon et al.
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fish catch (white bars) and support service to ecosystem
predator production (dotted grey bars).

2011), but accounting for trade-offs is important
and can lead to more sustainable levels of exploita-
tion without compromising ecosystem integrity
(Okey and Wright 2004). Ultimately, accounting
for trade-offs between forage fish fisheries and con-
servation goals will require knowledge and under-
standing of the sensitivity to which commercially
targeted and non-commercial predator species
respond to fisheries induced changes in forage fish
abundance. A combination of modelling (Okey
and Wright 2004; Cheung and Sumaila 2008;
Smith et al. 2011) and empirical (Read and
Brownstein 2003; Brodziak et al. 2004) methods
will likely be required to fully understand trade-
offs in forage fishery management.
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1. Introduction

Continued anthropogenic impacts have led to calls for a more
holistic approach to marine resource management (Larkin, 1996;
Micheli, 1999; Garcia et al., 2003; Browman and Stergiou, 2004).
Several recent high profile papers have indicated globally serious
situations for many marine species, in effect calling for more eco-
logical factors to be considered (e.g., Jackson et al.,2001; Pauly et al.,
2002; Myers and Worm, 2003; Pikitch et al., 2004; Worm et al.,
2009). Admittedly these observations have not been without their
critics and caveats (e.g., Hilborn, 2006). Regardless, there remains a
recognized need to examine marine resource management from
a more holistic, ecosystem-based perspective (Constable, 2001;
Walters et al., 2005; Link, 2010). Central to this ecosystem-based
perspective is accounting for all factors that caninfluence a fisheries
stock, including ecological interactions.

There have been calls for fisheries managers to account for
species interactions in fish population assessments for at least
several decades (e.g., May et al., 1979) yet incorporating basic
ecological processes (such as predation) into fisheries stock assess-
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ments is still uncommon (Link, 2002; Towensend et al., 2008).
Implementing a precautionary, ecosystem-based approach to fish-
eries management (EBFM) is becoming increasingly advisable for
the sustainable harvest of marine capture fisheries (Botsford et al.,
1997; Pauly et al., 2002; Garcia et al., 2003; Jennings, 2004). The
accumulation of novel approaches to account for ecological interac-
tions in fisheries models (e.g., Hollowed et al., 2000; Whipple et al.,
2000; Hvingel and Kingsley, 2006), which have recently begun to
be extensively reviewed (Plaganyi, 2007; Towensend et al., 2008),
verify that the tools to do so are extant.

Forage species are a particularly germane instance where such
ecological interactions should be given due consideration. Such
species usually occupy middle trophic levels, serve as a mecha-
nism of converting lower trophic level energy or biomass into forms
suitable for upper trophic level consumption, are common prey for
a wide range of such upper trophic level species, and can be an
important source of standing biomass in an ecosystem. As such,
forage species—which are often subject to both predation pres-
sure and to commercial harvesting—are a logical starting point for
demonstrating the efficacy of incorporating predation into fish-
eries population dynamics models. Various authors have found that
when consumption of a particular forage species is calculated, the
predation mortality values that had been assumed as a part of the
total natural mortality in traditional stock assessments were under-
estimates (e.g., ICES, 1997; Hollowed et al., 2000; NEFSC, 2006) and,
unsurprisingly, that predation mortality is temporally and onto-
genetically variable (e.g., Gislason and Helgason, 1985; Mohn and
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Bowen, 1996; Tsou and Collie, 2001b). For forage species in par-
ticular, careful examination of traditional assumptions regarding
predation mortality is needed because the abundance of their major
predators (e.g., demersal fish, marine mammals, etc.) could reason-
ably be expected to increase in the next several years as stocks are
rebuilt to meet legal requirements (e.g., Overholtz et al., 2008).

Biological reference points (BRPs) are values assigned to a fish-
ery stock that indicate its status (e.g., biomass, fishing morality,
etc.)and are then used to make fisheries management decisions and
actions. BRPs are often compared to signposts with target reference
points depicting desirable conditions and limit reference points
indicating conditions that should be avoided. There are many types
of BRPs (e.g., Restrepo et al., 1998; Restrepo, 1999). Some of the
most common limit BRPs are production based and are designed to
prevent recruitment overfishing. Examples of these types of refer-
ence points are maximum sustainable yield (MSY), and the biomass
and fishing rate, Bysy and Fysy respectively, at MSY. Yield per
recruit based BRPs are intended to avoid growth overfishing (fish-
ing a stock so heavily that individuals fail to reach their full growth
potential). Some examples of these types of reference points are:
Fuax (the fishing mortality rate that will produce the maximum
yield per recruit) and Fy ; (the fishing mortality rate at which a small
increase in fishing effort will bring only an additional 10% of the
yield per recruit that would occur in an unfished population with
the same increase in effort). MSY and its related or proxy reference
points can be difficult to pinpoint due to a lack of contrast in survey
or landings data and the dynamic nature of fisheries populations
(e.g., Mace, 2001), so the International Council for the Exploration
of the Seas (ICES) had adopted a precautionary approach to man-
agement. These precautionary reference points for biomass, Bpa,
and fishing mortality, Fpa, are respectively higher than and lower
than the limit reference points B);, and Fj;,, (ICES, 1998). Yet despite
all the caveats among particular BRPs, they remain widespread in
their use for fisheries management.

One way to facilitate implementation of EBFM is to calculate
BRPs that reflect and account for important ecological interac-
tions. Biological reference points are expected to differ between
single and multispecies contexts (ICES, 2001; Walters et al., 2005;
Brodziak et al., 2008) and predation mortality in particular can
exert a strong influence on BRPs (ICES, 1997). Additionally, the
sensitivity of a wide variety of BRPs to trophic interactions has
been explored (Collie and Gislason, 2001); thus an appraisal of the
effects of incorporating predation or multispecies interactions to
BRPs seems warranted to further support EBFM as an operational
concept. Our objectives in this manuscript were to: (1) demon-
strate the need to consider predation mortality for some stocks
by examining example (i.e., not exhaustive, but certainly illustra-
tive) instances where doing so has been significant, (2) elucidate
the consequences of failing to do so, particularly for forage species,
and (3) note that the tools and approaches to do so are extant as
informed by the well studied/high data availability situations dis-
cussed herein and that these approaches could be applied to similar
but less studied/lower data availability situations.

Here we examine the results of multiple modeling approaches
that explicitly incorporated predation mortality for one or more
forage species (Table 1). Predation mortality, M,, is a component
of natural mortality, M. Other sources of natural mortality (M) are
due to factors such as disease, senescence and injury. Thus, total
natural mortality is a combination of My and M>:

M =M + M,

which in turn is only one facet of total mortality Z, which also
includes fishing mortality F:
Z=F+M

Some of the approaches used thus far for explicit considera-
tion of predation mortality include: production models such as
biomass dynamic (e.g., Overholtz et al., 2008; Moustahfid et al.,
2009b) and “minimally realistic models” (Punt and Butterworth,
1995), single species age structured models (e.g., Livingston and
Methot, 1998; Hollowed et al., 2000; Moustahfid et al., 2009a),
multispecies VPA (MSVPA) (e.g., Gislason and Helgason, 1985;
Livingston and Jurado-Molina, 2000; Tsou and Collie, 2001a; Tyrrell
et al., 2008; Garrison et al., 2010), stochastic multispecies model
(SMS; Koster et al., 2009), an area, age and length structured
model MULTSPEC (Bogstad et al., 1997), multispecies statisti-
cal catch-at-age (e.g., Jurado-Molina et al., 2005), and a flexible,
multispecies, spatially explicit statistical model, GADGET (Glob-
ally applicable Area-Disaggregated General Ecosystem Toolbox;
Begley and Howell, 2004). Again, these examples are meant to
be illustrative, not exhaustive. A subset of these investigations
compared BRPs calculated using traditional single species meth-
ods with those derived with explicit consideration of predation
mortality or from aggregated biomass approaches. For these appli-
cations, we compare the ratio between BRPs produced by each
approach.

2. Observations on BRPs with and without predation
2.1. Interaction between fishing and predation mortality

As noted above, traditional approaches to stock assessment
that underestimate the magnitude and dynamic nature of natural
mortality for forage species lead to biomass and yield projections
that are too optimistic and therefore, not precautionary. There are
many geographically diverse examples of a species being subject
to substantial predation pressure in addition to being commer-
cially exploited (e.g., capelin, Mallotus villosus, in the Barents Sea
(Hjermann et al., 2004), walleye pollock, Theragra chalcogramma, in
the Gulf of Alaska and the Bering Sea (Jurado-Molina and Livingston,
2002) and herring, Clupea harengus, in the Northeast US (Overholtz
and Link, 2007). Heavy fishing pressure on species such as these
that occupy mid-to-lower trophic levels could lead to competition
between humans and other predators for the same relatively low
valued fish (e.g., Overholtz et al., 2000; Hjermann et al., 2004). The
consequence of this situation could be forgone biomass of higher
trophic level species (Gamble and Link, 2009) - which are usu-
ally more economically valuable - due to the exploitation of lower
trophic levels species.

The relative magnitude of fishing vs. natural mortality, in addi-
tion to the timing of peak predation mortality relative to fishing
mortality, can also affect productivity estimates of a stock. For
example, at low fishing mortality levels, predation mortalities that
are only 50% of the fishing mortality value will lead to substantially
inaccurate BRPs if predation mortality is not explicitly incorpo-
rated into the stock assessment model (ICES, 1997). If landings and
consumptive removals are approximately equal, this is even more
the case, with predator consumption typically influencing younger
age classes of prey species and the resultant changes to BRP esti-
mates (NEFSC, 2007; Overholtz et al., 2008). Similarly, if timing of
high commercial exploitation and predatory removals are out of
sync and dynamic over the year, traditional single species models
that assume constant natural mortality rates will overestimate the
stock’s recovery potential (e.g., Moustahfid et al., 2009b).

2.2. Traditional assumptions about predation mortality should be
carefully examined

Estimates of natural mortality range widely between species
and with different modeling approaches (Fig. 1). Nevertheless,
from the examples in Fig. 1 (and others, see below) a geographi-
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Table 1
Examples of population models that have explicitly accounted for predation mortality and the salient observations derived from doing so. Superscript letters reference natural
mortality estimates from different models presented in Fig. 1.

Authors Predator species Prey species Ecosystem Model type Observations from including
predation
Gislason and Helgason 10 fish species e.g., herring, sandeel, North Sea MSPVA Amount of biomass killed via

(1985)

Punt and Butterworth
(1995)

2 Bogstad et al. (1997)
& Livingston and
Methot (1998)

Hollowed et al. (2000)

€ Livingston and
Jurado-Molina
(2000)

Constable (2001),
Constable et al.
(2000)

¢ Tsou and Collie
(2001b)

h Garrison and Link
(2004), NEFSC
(2006)

Jurado-Molina et al.

(2005)

f NEFSC (2007)

Harvey et al. (2008)

d Overholtz et al.
(2008)

b Tyrrell et al. (2008)

Koster et al. (2009)

¢ Moustahfid et al.
(2009a)

Fur seals, Cape hake,
other predatory fish

Cod, harp seal, minke
whale

Walleye pollock, cod,
northern fur seals

Arrowtooth flounder,
halibut and Stellar sea
lion

5 fish and 1 seal species

Patagonia toothfish

6 demersal fish

Striped bass, weakfish,

bluefish

Wallye pollock, cod

18 predator species

Pacific hake

29 species inc. fish, mar
mamm, seabirds

11 demersal fish
species

Cod

13 demersal fish
species

sprat, mackerel

Cape hake, deep water
hake

Capelin, herring, cod

Walleye pollock

Walleye pollock

e.g., Walleye pollock,
cod, herring

Krill

Silver hake, herring,

mackerel, sand lance

Menhaden

Walleye pollock

Northern shrimp

3 rockfish species

Herring

Herring, mackerel

Juvenile cod, herring,
sprat

Mackerel

South African west

coast

Barents Sea

Eastern Bering Sea

Gulf of Alaska, USA

Eastern Bering Sea,
USA

Antarctic

Georges Bank, USA

Eastern US coast

Eastern Bering Sea

NE US Continental

Shelf

U.S. Pacific coast

Georges Bank/Gulf
of Maine, USA

NE US Continental
Shelf

Eastern Baltic Sea

NE US Continental
Shelf

Minimal realistic
model

MULTSPEC

SS age structured

SS age structured

MSVPA

Generalized yield

MSVPA

MSVPA-X

MS statistical

catch-at-age

Biomass dynamic

2 species age
structured

Biomass dynamic

MSVPA-X

Age-length SMS

SS age structured

predation is 1.6 times greater
than the amount taken by
fisheries

The effect of seal culls could be
small or even detrimental to the
hake fishery because of increased
predation of one hake species on
a congeneric resulting in
diminished hake biomass overall
Increases in marine mammal
populations will affect herring,
capelin and cod

Cannibalism by walleye pollock
strongly affects recruitment of
this species to the fishery.
Models that failed to account for
uncertainty in natural mortality
underestimated stock biomass
by 20%

Predation and cannibalism
important influences on walleye
pollock, especially age 0
Precautionary catch limits for
Patagonia toothfish were revised
to take into account other
predators’ demands for krill

For all important prey except
mackerel, predation mortality
was high compared to residual
natural mortality

Predation mortality increased
with increased predator
populations and has a notable
impact on the menhaden

For older age classes, the
statistical model, MSVPA and
SSVPA all provide similar
population estimates
Consumptive removals of shrimp
were higher than the amount of
exploitable biomass estimated
from the biomass dynamic model
Estimated time to rebuild was
substantially increased by
incorporating predation and
spatio-temporal overlap
(bycatch)

Predation mortality rate of
herring is related to both its
abundance and that of its
predators.

Predation mortality on youngest
age classes of herring and
mackerel substantially higher
than values used in traditional
single species assessments

BRP’s need to be revised to
account for environmental
regime shifts and the effects of
incorporating cannibalism varies
with different assumptions re:
environment and recruitment
interactions

Magnitude and uncertainty of
mackerel’s SSB and recruitment
underestimated when predation
is not explicitly modeled

MSVPA: multispecies virtual population analysis, MULTSPEC: an area, age and length structured multispecies simulation model, SS age structured: single species age
structured, MSVPA-X: expanded multispecies virtual population analysis, MS statistical catch at age: multispecies statistical catch at age, Age-length SMS: age-length-
structured multispecies model.
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Natural mortality

O Traditio nal mortality

B Revised martality

Fig. 1. Comparison of natural mortality rates from traditional stock assessments and models that calculate consumption to more precisely formulate predation mortality
(i.e. revised). Source citations for each species that correspond to their superscript for Table 1 are provided.

cally diverse cross-section of forage species’ natural mortality rates
shows that they can be quite high and in most cases strongly exceed
the rates traditionally assumed for these species. For instance, a
recent review of the estimated consumptive removals of northern
shrimp, Pandalus borealis, indicated that a natural mortality rate of
0.6 is more likely than the current value of 0.25 (NEFSC, 2007; Link
and Idoine, 2009). When the revised 0.6 value was used to calculate
abundance and biomass, an increase of 4-5 times was observed for
both biomass and abundance of this species, aligning more closely
in magnitude to estimates derived from predatory consumption.

For the majority of the species in Fig. 1, predation mortality
forms the bulk of the natural mortality rate. For example, Tsou
and Collie (2001a) reported the average annual predation mortal-
ity rate over a fourteen year period for age 1 silver hake, Merluccius
bilinearis, was 1.6. One of the consequences of this chronic under-
estimation of predation mortality in traditional stock assessments
is that the strength of the relationship between prey species pop-
ulation dynamics with that of their predators is underrated.

The importance of incorporating temporally and ontoge-
netically variable predation mortality has been recognized,
especially in the ICES arena, for many years. For instance,
although traditional single species methods are still used to
calculated BRPs, stock assessments for Baltic herring (Clupea
harengus), sprat (Sprattus sprattus) and cod (Gadus morhua)
incorporate species interactions such as predation mortality
and cannibalism from multispecies models (e.g., ICES, 2008).
Similarly for the North Sea, higher natural mortality rates
from MSVPA are imported to single species assessments (ICES,
2007). The same has begun in assessments of Atlantic men-
haden (Brevoortia tyrannus; Garrison and Link, 2004; NEFSC,
2006).

2.3. Effect of accounting for predation on abundance and fishery
yield

The revised estimates of natural mortality produced by account-
ing for predation mortality will also lead to alterations in abundance
and fishery yield estimates. For most forage species, the changes in
abundance are likely to be particularly dramatic, especially for the
youngest age classes. For example, Livingston and Jurado-Molina

Spawning Biomass (Fret- F =0)
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&
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Fig. 2. Percent change in spawning biomass from multispecies and single species
forecast models under F¢ (average fishing mortality in recent years) vs. a no-fishing
scenario. Figure re-printed with permission from Allen Press, North American Jour-
nal of Fisheries Management as adapted from Jurado-Molina and Livingston (2002).
SSFOR: single species forecasting model, MSFOR: multispecies forecasting model,
PLK: walleye pollock, COD: Pacific cod, GTB: Greenland turbot, YFS: yellowfin sole,
RSOL: rock sole, HER: Pacific herring.

(2000) found an order of magnitude increase in abundance of age 0
walleye pollockin the Eastern Bering Sea as estimated by MSVPA vs.
single species VPA. Similarly, estimates of age 0 menhaden between
MSVPA and single species methods differed by approximately 10
billion fish because of the inclusion of predation in the multispecies
model (Garrison and Link, 2004). For simulations examining the
effect of zero fishing pressure in the eastern Bering Sea ecosys-
tem, MSFOR (multispecies forecast model) produced much smaller
increases in spawning biomass than SSFOR (single species forecast
model) for 5 of 6 fisheries species (Jurado-Molina and Livingston,
2002, Fig. 2). This is due to multispecies models incorporating the
changes in predation mortality that affect commercial species as
their predator’s populations increase under a no fishing scenario
while single species models either ignore or treat this interaction
as static. For rock sole, Lepidopsetta bilineata, the MSFOR results
did not predict an increase in spawning biomass because it was
input as a prey item and therefore, increased populations of its
predatorsresulted in higher consumption of rock sole and thus low-
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Table 2

Comparison of MSY (maximum sustainable yield) based biological reference points (Busy: biomass at maximum sustainable yield, SSBysy: spawning stock biomass at
maximum sustainable yield) produced by explicitly incorporating predation (=revised; numerator) and traditional (=fishery; denominator) methods.

Prey species, author Predators Revised Bysy or SSByisy/ Revised MSY/
Traditional Bysy or SSByisy Traditional MSY

Atlantic herring, Overholtz et al. (2008) 29 species inc. fish, mar mamm, seabirds 1.62 2.39

Atlantic herring, Tyrrell et al. (2008) 11 demersal fish species 1.38 1.25

Atlantic mackerel, Moustahfid et al. (2009a) 13 demersal fish species 271 1.83

Atlantic mackerel, Tyrrell et al. (2008) 11 demersal fish species 1.11 1.57

Longfin squid, Moustahfid et al. (2009b) 15 demersal fish species 4.21 3.36

ered its projected spawning biomass estimates. Similar results have
also been observed for several species simulated for the southeast
Australian fisheries ecosystem (Fulton et al., 2007).

Yield projections for individual species can both increase and
decrease when ecological interactions are taken into account,
depending on the dynamics between the focal species and whether
alternate prey are available. Under the assumption that gray seal,
Halichoerus grypus, predation on Atlantic cod was additive to other
predation mortality, Mohn and Bowen (1996) showed >50% reduc-
tions in yield for cod during a time of increased seal abundance.
Similarly, in the Northeast US, yields of prey species such as herring
will likely decline as their predator stocks recover from decades of
overfishing (Overholtz et al., 2008).

For predators with limited foraging areas and little alternate
prey, precautionary approaches to calculating fisheries yields are
of critical importance. Everson and de la Mare (1996) incorpo-
rated the requirements of land based predators (seals, penguins,
petrels and other birds) on Antarctic krill, Euphausia superba,
around South Georgia Island. They suggested a 75% reduction
in the precautionary catch limit to allow for acceptable impacts
of the krill fishery for these predators with limited foraging
ranges.

2.4. Biological reference points are different with ecological
considerations

Biological reference points derived with multispecies models
differ from their traditional single-species counterparts in that they
generally result in more precautionary management advice (Hall,
1999; ICES, 2008).In addition to the studies described in some detail
below, many other studies support the finding that BRPs change
when predation is explicitly modeled (e.g., ICES, 1997; Collie and
DeLong, 1999; Hvingel and Kingsley, 2006). Table 2 summarizes
a suite of studies that explicitly compared BRPs from traditional
stock assessment model parameterization vs. a situation where
consumption on the focal species was calculated and the result-
ing revised predation mortalities and biomasses were used for BRP
estimation.

An important example of changed BRPs from including preda-
tion comes from the Baltic Sea ecosystem, where Gislason (1999)
reported complex relationships between reference limits for cod
and herring and sprat, but with a straightforward overriding con-
clusion — BRPs of stocks that interact should not be considered
in isolation. Similarly, under the adverse recruitment conditions
of recent decades, Koster et al. (2009) found that incorporating
cannibalism for Eastern Baltic cod lowered the estimated fishing
mortality rate that was required to reach Bp,. Collie and Gislason
(2001) concluded that fishing mortality reference points for prey
such as sprat should be conditioned on changes in predator abun-
dance and Jurado-Molina and Livingston (2002) found that their
three prey species were also sensitive to the harvest levels of their
predators. For Barents Sea capelin Gjasater et al. (2002) advocated
stochastic reference points should be developed to account for vari-
able predation by cod and marine mammals. Accurate calculation
of reference limits, especially for forage species, requires consid-

eration of the dynamic biomass levels of both predator and prey
populations.

Another example of changed BRPs is the northwest Atlantic
herring fishery. Overholtz et al. (2008) used a delay difference
model to calculate surplus production of age 2+ herring with preda-
tory removals by demersal fishes, marine mammals, large pelagic
fishes and seabirds. The Bysy derived from the model with pre-
dation explicitly incorporated was higher than the fishery only
Bumsy by a factor of 1.6. Moustahfid et al. (2009b) incorporated
predatory removals of longfin inshore squid, Loligo pealeii, using
a surplus production model in a similar manner as Overholtz
et al. (2008) and found that Byyp (a proxy for Bysy, maximum
usable production) increased by more than a factor of three when
predation was explicitly accounted for. Similarly, MSY almost dou-
bled and SSBysy increased by almost three times when predation
by 13 demersal fish species was explicitly incorporated into an
age-structured assessment model for Atlantic mackerel (Scomber
scombrus, Moustahfid et al., 2009a). In an MSVPA of 14 preda-
tor stocks and 2 age structured prey species (Atlantic herring and
Atlantic mackerel) of the Northeast US Continental shelf ecosys-
tem, Tyrrell et al. (2008) found that herring’s MSY and Bpsy
increased in a multispecies vs. single species context, but not to
as strongly as reported by Overholtz et al. (2008). For mackerel, the
MSVPA biomass estimates also resulted in BRPs that were more
conservative than the reference points produced by traditional
single-species methods (Tyrrell et al., 2008). Different types of mod-
eling approaches (e.g., age structured vs. non-age structured) and
different suites of predators and input parameters have resulted
in variable point estimates of BRPs (e.g., Overholtz et al., 2008 vs.
Tyrrell et al., 2008). Despite variation in the absolute value of BRPs
with and without predation incorporated, Bysy or SSBysy increased
by >10% for all situations where these types of comparisons were
made (Table 2). For other reference points such as Fg,s, and Fg1
(both based off of stock-recruitment relationships, with Fy 1 being
the fishing mortality rate at 10% of the maximal yield per recruit
rate, and F;,q;, being the fishing rate which will produce a long-
term spawning biomass per recruit (S/R) equal to the inverse of the
instantaneous rate of variation of R with the biomass, at the initial
point (S=0, R=0)), a similar finding of more conservative reference
points being calculated has been reported by other authors. For
example, both Fy1 and F..,5, Were lower in a multispecies context
for MSVPAs of the Barents Sea and the North Sea (ICES, 1997).

As the majority of the aforementioned studies show, inferences
from a variety of models for various fisheries species indicate
that BRPs for forage species are different and generally point to
more conservative harvest rates when ecological considerations
are accounted for. To broaden the applicability to EBFM, BRPs can
also be calculated for a suite of species in addition to individual
values for each species. Mueter and Megrey (2006) aggregated
fisheries species into a surplus production model to calculate an
ecosystem-level MSY (termed multi-species maximum surplus
production) for the Gulf of Alaska and Bering Sea commercially
exploited groundfish species. They found that in both ecosystems,
this ecosystem-level MSY was smaller than the component sum of
single species MSYs (Table 3) and furthermore, that incorporation
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Table 3

Comparison of MSY based biological reference points produced by summing single species reference points vs. ecosystem estimated reference points from surplus production

models.

Ecosystem, author Focal species

Ecosystem Bysy/sum Ecosystem MSY/sum

of SSBusy of SS MSYs
Northeast US Continental Shelf, NEFSC (2008) 19 groundfish stocks, 2007 assessment 0.89 0.96
Northeast US Continental Shelf, NEFSC (2008) 19 groundfish stocks, previous assessment 0.53 0.63
Gulf of Alaska, Mueter and Megrey (2006) 12 groundfish species NA 0.61
Bering Sea/Aleutian Islands, Mueter and Megrey (2006) 11 groundfish species NA 0.72

of environmental variability led to further depressed maximum
multi-species surplus production estimates. The authors inter-
preted these results as indicating that more conservative reference
points are the appropriate management targets. Similarly, for the
Georges Bank fish community, Collie and DeLong (1999) found
that multi-species yield was lower than single species yields when
the same combination of harvest rates were used for each calcu-
lation. They attribute this result to predators consuming some of
the “surplus production”. A similar exercise was undertaken for
the Northeast US Continental shelf ecosystem with calculations for
all 19 commercially exploited groundfish stocks (NEFSC, 2008). For
groundfish, both the most recent and previous assessments indi-
cated that aggregate MSY was lower than the sum of single species
MSYs and aggregate By;sy was also lower than the sum of analogous
single-species components. However, for the most recent assess-
ment, the difference between the aggregate and summed single
species reference points had narrowed, indicating that the cur-
rent management reference targets were more reasonable (NEFSC,
2008). Overall, most research suggests that current single-species
management targets may not be conservative enough to support
maximum system-wide production.

2.5. Reevaluating the argument of “increasing uncertainty” by
adding in predation mortality

There are several forms of uncertainty in the assessment process
(Peterman, 2004; Link et al.,, 2010) and they all can be impor-
tant when evaluating the status of fish stocks. We challenge the
assertion that precisional or estimation uncertainty (i.e., statistical
estimation) outweighs other sources of uncertainty such as mag-
nitudinal, process or accuracy uncertainty (i.e., closer to correct
order of magnitude of estimates by inclusion of additional fac-
tors). These other sources of uncertainty are often downplayed
because of concerns regarding adding extra information to these
models (Peterman, 2004). The concerns of the precisional types
of uncertainty largely center about estimation error, particularly
of predatory consumption and consumptive removals from food
habits data because those data and associated calculations are used
to estimate predation mortality. Yet we note that even without
requisite food habits data and the ability to model consumption
directly, there are other approaches to generically include preda-
tion mortality in assessments (see below). For example, M need
not be a fixed parameter; in terms of process error, having a time
invariant natural mortality for stocks can lead to erroneous projec-
tions and estimates, as seen in the shrimp example above (NEFSC,
2007; Link and Idoine, 2009). This process error is magnified when
an assessment is using an age or stage-based model, as noted in
numerous examples in the previous section as compared to using
an age invariant natural mortality (Tables 1 and 2). The simple
point we make is that including ecological interactions may in
factincrease estimation uncertainty, but may also decrease process
uncertainty. Often the two are tradeoffs between better precision in
parameter estimates and more accurate magnitudes of those same
parameter estimates.

By excluding predation, model results will certainly reflect
improved precisional uncertainties. But as we have shown, doing so
can affect accuracy of the estimates by several orders of magnitude.
In such instances we suggest relaxation of variance/confidence
interval precision criteria to incorporate predation and to better
minimize process, magnitude and accuracy uncertainties.

We recognize that even if predation is suspected to be impor-
tant and should be considered, not all ecosystems or regions have
the extant data to estimate a long time series of consumption
(e.g., Overholtz et al., 2008), to validate various functional forms
of predation (Moustahfid et al., 2010), or to estimate predation
mortality directly and thus address the process uncertainty con-
cern. However, we note even in instances where there are no food
habits data, there are models and general principles very much
extant (e.g., ICES, 1997; Collie and DeLong, 1999; sensu Moustahfid
et al.,, 2010) that can relate predator and prey abundance to inform
predation parameters used in calculating predation and revised
BRPs. Usually, at least in most fisheries contexts, there are some
set of surveys that can estimate the abundances or biomasses of
both predators and prey in a given ecosystem, which can then be
statistically linked (e.g., GLMs relating abundance to % BW con-
sumed or to other consumption values; sensu Overholtz et al., 2008)
or linked via process modeling (e.g., various functional response
forms; sensu Moustahfid et al., 2010). Certainly using such an indi-
rect approach may initially only provide contextual information in
stock assessments, perhaps only informing suggested revisions to
M or Z (e.g., the Pandalus example above; NEFSC, 2007; Link and
Idoine, 2009). And certainly the sensitivities to the parameters and
functional forms will need to be examined and presented in full
sensitivity or risk analysis contexts (Punt and Butterworth, 1995;
Peterman, 2004; Kinzey and Punt, 2009). Clearly not all instances
will resolve concerns over uncertainty to the point of being useful,
and certainly such approaches will need to be evaluated with and
compared to best practices and results from similar situations in
comparable ecosystems. And certainly these indirect approaches
should be considered with all the appropriate caveats. Yet what
we have noted here is at least one way to initially scope out the
possible effects of predation on stocks when doing so is germane
and where highly resolved data may not be available. This high-
lights that there are theoretical and empirical approaches readily
available to begin to elucidate the magnitude of these ecological
interactions in instances where there is a real or perceived limited
set of data.

2.6. Effect of rebuilding or recovery of marine predators

In the US as in many other areas around the world, fisheries
managers are attempting to rebuild severely depleted stocks. As the
abundance of high trophic level demersal fish increases, the impor-
tance of their predation on forage stocks will likewise be enhanced.
For instance, the abundance of marine mammals along the US east
coast has generally increased over the past two decades (Waring
et al., 2002) and these escalating marine mammal populations are
expected to have a negative influence on the abundance of forage
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stocks (Bogstad et al., 1997; Overholtz and Link, 2007). This is also
the case for seals in Atlantic Canada (Bowen et al., 2008, 2009), such
that concerns over seal predation on fish stocks have led to calls for
seal culls to allow various fish species to escape from a “preda-
tor pit” that may be regulating the abundance of these stocks. In
the North Sea, herring are recovering from overfishing in the late
1960s and their consumption of sandeel, Ammodytes marinus, lar-
vae may have led to food shortages for breeding seabirds (ICES,
2007). Rebuilding predator populations, whether they are fisheries
species; or protected, endangered or threatened marine mammals;
or other consumers such as seabirds, will affect the abundance of
their prey (e.g., Punt and Butterworth, 1995; Constable, 2001; ICES,
2008). Failing to account for these types of predatory interactions in
estimating the stock recovery trajectory of prey species will lead to
poor management advice such as overly optimistic recovery times
(ICES, 1997; Bjernsson and Sigurdsson, 2003; Moustahfid et al.,
2009b). As an example, Harvey et al. (2008) found that by incor-
porating predation by Pacific hake, Merluccius productus, on widow
rockfish, Sebastes entomelas, there were significant increases in the
median time to rebuild widow rockfish populations.

3. Conclusions

We assert that the need to consider species interactions in
fisheries management has been reasonably documented here
and elsewhere (e.g., Hollowed et al., 2000; Jurado-Molina and
Livingston, 2002). We recognize that the influence of predation
mortality for estimating abundance is more important for some fish
species than others. But we trust that the exemplary case studies
we have shown highlight the importance of considering predation
for at least some marine fish species. The methods to incorporate
predation mortality into quantitative determinations of BRPs exist
across a wide range of applications. The concerns over increasing
precisional uncertainty by including predatory considerations are
largely offset by improvements such inclusions provide to process
and accuracy uncertainties. None of what we point out is singularly
novel, but what we have collectively documented is how important
including M, can be, especially for forage species.

An ecosystem based approach to fisheries management calls for,
among other things, a “best practice” approach for BRP calculations.
Population dynamics models that explicitly include predation mor-
tality indicate that BRPs that treat overall natural mortality as
low and constant through time result in management advice that
is overly optimistic. We show that a wide variety of modeling
approaches have produced BRPs that are more conservative when
predation mortality is explicitly incorporated in prey abundance
calculations. For a strongly interacting predator prey complex (e.g.,
cod, herring and sprat in the Baltic) simultaneously achieving MSY
as determined by single-species methods has been deemed impos-
sible (ICES, 2008; sensu NEFSC, 2008; sensu Worm et al., 2009).
Explicitly adopting the more conservative reference points will
not insure sustainability of the fisheries for forage species in and
of itself. Nevertheless, we recommend that these revised refer-
ence points be presented as part of the package of management
informing advice because they represent an easily implemented
component of EBFM, account for more factors that can affect a
stock, and represent a precautionary approach. More so, we con-
clude by noting that the need to do them is apparent, the tools to do
so are extant, and the consequences of continuing to ignore these
considerations could be problematic.
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creasing demands of supporting and moving
greater weight on land and the benefits of having
more upright toe bones but directing some loads
away from the toes with the predigits and fat
pad, which resulted in the peculiar compromise
that persists in the feet of extant elephants.

The recognition of elephant predigits as en-
larged sesamoids that perform digit-like functions
fuels inspiration for examining the evolution of
foot function, terrestriality, and gigantism in other
lineages. Sauropod dinosaurs had expansive foot
pads, particularly in their pedes (24); however,
no evidence of predigits has been found. Con-
sidering that the predigits form on the medial
border of the feet, they would tend to be lost if
digit I is lost or reduced, as it was in early peris-
sodactyls and artiodactyls. This loss might limit
foot pad expansion and thereby explain why
rhinos and hippos seem to lack predigits [but see
(18) for a possible rudimentary pollex in hippos]
and have less expanded foot pads than elephants
do (8). Regardless, the previously misunderstood
and neglected predigits of elephants now deserve
recognition as a remarkable case of evolutionary
exaptation (4), revealing how elephants evolved
their specialized foot form and function.
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Global Seabird Response to Forage
Fish Depletion—One-Third for the Birds
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Determining the form of key predator-prey relationships is critical for understanding marine
ecosystem dynamics. Using a comprehensive global database, we quantified the effect of
fluctuations in food abundance on seabird breeding success. We identified a threshold in prey
(fish and krill, termed “forage fish”) abundance below which seabirds experience consistently
reduced and more variable productivity. This response was common to all seven ecosystems and
14 bird species examined within the Atlantic, Pacific, and Southern Oceans. The threshold
approximated one-third of the maximum prey biomass observed in long-term studies. This
provides an indicator of the minimal forage fish biomass needed to sustain seabird

productivity over the long term.

role of top predators in marine ecosystems

has grown considerably, yet many upper
trophic level (UTL) species, including seabirds,
marine mammals, and large predatory fish, re-
main depleted owing to human activities (/—4).
Fisheries impacts include direct mortality of ex-
ploited species and the more subtle effects of
altering trophic pathways and the functioning of
marine ecosystems (5). Specifically, fisheries for
lower trophic level (LTL) species, primarily small

Public and scientific appreciation for the

coastal pelagic fish (e.g., anchovies and sar-
dines), euphausiid crustaceans (krill), and squid
(hereafter referred to as “forage fish”), threaten
the future sustainability of UTL predators in
marine ecosystems (6, 7). An increasing global
demand for protein and marine oils contributes
pressure to catch more LTL species (8§). Thus,
fisheries for LTL species are likely to increase
even though the consequences of such activity
remain largely unknown at the ecosystem level. It
remains challenging, however, to assess fishing

impacts on food webs because numerical re-
lationships between predators and prey are often
unknown, even for commercially valuable fish
(9, 10). Ecosystem models and ecosystem-based
fisheries management, for which maintaining
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predator populations is an objective (2, 11, 12),
will remain controversial until these relationships
are more fully quantified.

To improve our understanding of the effects
of LTL fisheries on marine ecosystems, more
information on predator-prey relationships across
arange of species and ecosystems is required (6).
Seabirds are conspicuous members of marine
ecosystems globally. Many aspects of seabird
ecology have been measured consistently for dec-
ades, encompassing ecosystem change at mul-
tiple scales (/3). Substantial long-term data sets
on seabird breeding success have been compiled
for many taxa in several marine ecosystems
around the world (/4-16), but for relatively few
has independent information on prey availability
been obtained concurrently. For those where prey
data are available, temporal covariance in pred-
ators and their prey suggests that seabirds can be
used as indicators of forage fish population
fluctuations (7, 16, 17). Here, we used data
collected contemporaneously over multiple dec-
ades from seabirds and forage fish to test the
hypothesis that the form of the numerical
response between seabird breeding success and
forage fish abundance is consistent across species
and ecosystems. We used data from seabird
species that have strong dietary dependencies on
forage fish prey and where the time series for
both the predator and the prey have high spatial
and temporal congruence. We compiled data from
19 time series covering seven marine ecosys-
tems, nine sites, and 14 seabird species and their
major prey (Fig. 1 and table S1). The data set in-
cluded 438 data points spanning 15 to 47 colony-
years per breeding site (table S1). The abundance
of principal prey for each seabird species was
estimated independently of the data collected from
the birds, usually as part of population assess-
ments conducted in support of fisheries manage-
ment (table S1).

To examine empirical relationships between
seabird breeding success and prey abundance, we
used nonparametric statistical methods that fa-
cilitate nonlinear modeling by making no a priori
assumptions about the form of the relationships
(generalized additive models, or GAMs). Initial-
ly, each time series (seabird breeding success and
prey abundance) was normalized by expressing
the measurements as the number of standard de-
viations from the mean; this enables robust com-
parisons across species and ecosystems. Once
the numerical relationship was established, we
used a change-point analysis (sequential ¢ tests
that find the most likely point at which the slope
of breeding success changes in relation to prey
abundance) to identify thresholds within non-
linear relationships (/8) (Fig. 2A). A bootstrap
analysis was used to calculate confidence inter-
vals of the threshold, and the variance in seabird
breeding success was calculated for each prey
abundance class. Last, a selection of a priori
parametric models ranging from linear, sigmoid,
asymptotic, to hierarchical (table S2) was fitted to
the general relationship. The most parsimonious
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model was then used to fit the relationship be-
tween seabird breeding success and forage fish
population size for each ecosystem (pooling all
species) and each seabird species (pooling all
ecosystems).

Seabird breeding success showed a nonlinear
response to changes in prey abundance (Fig. 2A).
The threshold at which breeding success began to
decline from the asymptote was not significantly
different from the long-term mean of prey abun-
dance (range —0.30 and +0.13, standard deviation
of the mean, Fig. 2A). The threshold was 34.6%
(95% confidence interval 31 to 39%), or approx-
imately one-third of the maximum observed prey
abundance. The coefficient of variation between
the different thresholds among species and eco-
systems was 28% (table S1). All time series were
of sufficient duration to identify the threshold
(detection is possible after 13 years of observation,
fig. S1) and the maximum biomass (detection
is possible after 11 years, fig. S2). Variance in
breeding success increased significantly (F test,
P < 10* below the threshold of prey abun-
dance (Fig. 2B). Fitting parametric models to
individual responses showed a similar inflection
point and similar asymptotic values across eco-
systems and species (Figs. 2, C and D, and 3),
indicating that the functional form was a general
feature of the seabird—forage fish relationship.

The asymptotic form of the relationship
between seabird breeding success and forage
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fish abundance has been reported previously
(15, 16, 19-24), but the common scaling across
species and ecosystems and the consistency of
threshold values are new observations. The glob-
al pattern shows a threshold below which the
numerical response declines strongly as food
abundance decreases and above which it reaches
a plateau and does not change even as food abun-
dance increases. This pattern is apparently ro-
bust to the varying life-history strategies, habitat
preferences, and population sizes of the seabird
species considered. Nonetheless, we acknowl-
edge that a range of factors may interact to
weaken or possibly accentuate the relationship
between seabird breeding performance and prey
species abundance. Alternative drivers of change
in breeding success include changes in habitat
characteristics or predation pressures, or com-
plex intercolony dynamics. Predators may also
show more or less capacity to switch to alterna-
tive prey items, which may buffer productivity
against declines in any single prey species (295).

Periods of consistently high or low breeding
success, or occasional complete breeding fail-
ures, are normal in seabirds, and most species are
adapted to fleeting anomalous environmental
conditions. However, chronic food scarcity, as
potentially defined by prey abundance below the
threshold described here for seabirds, will com-
promise long-term breeding success, and this
may affect the trajectory of their populations.
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Fig. 1. Map of the distribution of seabird and prey species considered in our analysis.
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Fig. 2. (A) Relationship between normalized annual
breeding success of seabirds and normalized prey
abundance. Each data point from all the time series
was plotted with the predictions of a generalized
additive model (GAM) (solid line). The gray area
represents the 95% confidence interval of the fitted
GAM. The threshold in the nonlinear relationship
(black solid vertical line) and its 95% confidence
interval (black dashed vertical lines) were detected
from a change-point analysis. (B) Change in
variance across the range of normalized food
abundance ranging from —1.5 to 2 standard
deviations in eight classes. Variance below the
threshold was 1.8 times higher than above it. (C
and D) Similar relationships were present when
data were pooled (C) for species within ecosystems
and (D) for species pooled among ecosystems using
the best-fitting asymptotic model (table S2). The
Arctic Tern (not shown) model fit was not significant
(table S1). The colors in (A) and (C) represent the
data set for each ecosystem and in (D) for each
seabird species.
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ecosystems using the most parsimonious asymptotic model (table S2).
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Indeed, food scarcity can also reduce adult sur-
vival in seabirds (26), with immediate population-
level impacts. Whether caused by persistent
overfishing, or directional or stochastic environ-
mental change that reduces ecosystem carrying
capacity, recruitment and survival will probably
have thresholds of prey abundance shifted to the
left of that for breeding success (15, 16). Con-
sequently, the threshold for breeding success is
likely to provide a precautionary guideline to what
level of food reduction might seriously impact
seabird populations.

The threshold defined by our study suggests
that if management objectives include balancing
predator-prey interactions to sustain healthy UTL
predator populations and ecosystem functions
(2), a practical indicator would be to maintain
forage fish biomass above one-third of the max-
imum observed long-term biomass. The applica-
tion of such a management guideline will depend
upon local circumstances, such as the need to
implement spatial management around breeding
colonies or the conservation status of species (27).
Although we cannot assume similarity between
all taxa in the value of the predator-prey threshold,
our study demonstrates consistency among a broad
range of seabirds. There is also evidence that
some marine mammals and predatory fish share the
general form of the relationship (17, 19, 25, 28).

Tuning management goals to ensure sufficient
biomass of forage fish for seabird reproduction
may be a useful step toward ensuring sustainabil-
ity of predator-prey interactions for other, less
well-studied predators in marine ecosystems. Even
for predators not showing high dependency on
exploited species, this is likely to provide a pre-
cautionary step. The “one-third for the birds”
guiding principle could be applied widely to help

manage forage fisheries to benefit ecosystem re-
silience. Indeed, predator responses of this type
are already included in some specific manage-
ment systems (29). Although such a guideline
might be difficult to consider for new fisheries,
where there are few data to determine the max-
imum biomass, most of the economically important
coastal pelagic fish populations have sufficient
data to define the threshold in many ecosystems
(e.g., in the Benguela, California, and Humboldt
Currents) (figs. S1 and S2).

The generality of the asymptotic form of the
predator-prey relationship suggests that it is
rooted in fundamental life history and ecological
theory (e.g., demographic trade-offs and func-
tional responses). In a practical context, “one-
third for the birds™ is a simple, empirically derived
guiding principle that embraces the ecosystem
approach to management aimed at sustaining the
integrity of predator-prey interactions and marine
food webs for the benefit of both natural pred-
ators and humans.
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Mouse B-Type Lamins Are Required
for Proper Organogenesis But Not by
Embryonic Stem Cells
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B-type lamins, the major components of the nuclear lamina, are believed to be essential for

cell proliferation and survival. We found that mouse embryonic stem cells (ESCs) do not need
any lamins for self-renewal and pluripotency. Although genome-wide lamin-B binding profiles
correlate with reduced gene expression, such binding is not directly required for gene silencing in
ESCs or trophectoderm cells. However, B-type lamins are required for proper organogenesis.
Defects in spindle orientation in neural progenitor cells and migration of neurons probably cause
brain disorganizations found in lamin-B null mice. Thus, our studies not only disprove several
prevailing views of lamin-Bs but also establish a foundation for redefining the function of the
nuclear lamina in the context of tissue building and homeostasis.

he major structural components of the

I nuclear lamina found underneath the in-
ner nuclear membrane in metazoan nuclei

are type V intermediate filament proteins called
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lamins (7). Mammals express both A- and B-type
lamins encoded by three genes, Lmna, Lmnbl,
and Lmnb2. Lmnbl and Lmnb2 express lamin-
B1 and -B2, respectively. Lmnb2 also expresses

lamin-B3 through alternative splicing in testes.
Mutations in lamins have been linked to a num-
ber of human diseases referred to as laminopa-
thies (2), although the disease mechanism remains
unclear. A-type lamins are expressed only in a
subset of differentiated cells and are not essential
for basic cell functions (3, 4). By contrast, at least
one B-type lamin is found in any given cell
type. Because numerous functions, including
transcriptional regulation, DNA replication, and
regulation of mitotic spindles, have been as-
signed to B-type lamins, they are thought to be
essential for basic cell proliferation and survival
1, 5-9).
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