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Abstract

Ecosystem approaches to fisheries management are being explored worldwide, but few evaluations of multispecies harvest
control rules (HCRs) exist. Our goal was to perform a simulation test of a suite of HCRs using an age-structured predator—
prey model to represent the dynamics of a small pelagic fish, Atlantic menhaden (Brevoortia tyrannus), and its predator, striped
bass (Morone saxatilis). We evaluated a suite of static and dynamic single and multispecies HCRs to estimate effects on stock
performance metrics. No single HCR achieved ecosystem management objectives for both stocks given their current reference
points, but HCRs that involved the “40-10 rule” for striped bass performed well across all predator performance metrics.
The most influential factor determining performance of striped bass HCRs was striped bass fishing mortality, and relatively
few HCRs achieved target SSB for Atlantic menhaden. Our study indicated that some HCRs recommended for forage fish
management may not be effective in systems with generalist predators, and that ecosystem management objectives might be
achievable by simultaneously adopting HCRs for both predator and prey stocks that complement one another.

Key words: harvest control rules, ecosystem approach to fisheries management, predator-prey, Morone saxatilis, Brevoortia
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Introduction

Ecosystem-based fisheries management (EBFM) is an ap-
proach to managing fisheries that extends beyond a single
species to incorporate a broader range of resources and as-
pects of the ecosystem including social, economic, and hu-
man interactions (Link and Browman 2014; Dickey-Collas et
al. 2022). An ecosystem approach to fisheries management
(EAFM), in contrast, focuses on a single or select group of fish-
eries and specific processes that link them (Patrick and Link
2015). EAFM recognizes the interworking of the ecosystem
while remaining similar to traditional fisheries management
by focusing on individual stock metrics. Although the con-
cept of EAFM is not new, barriers to implementing EAFM in-
clude lack of a multispecies or ecosystem management struc-
ture, limited data availability to develop ecosystem models,
and competing interests among fisheries (Patrick and Link
2015; Koen-Alonso et al. 2019; Safiq et al. 2021). Despite these
challenges, applications of EAFM are growing (Garrison et al.
2010; McGowan et al. 2011; Drew et al. 2021) and have be-
gun to emerge throughout managing bodies across the East
Coast of the US (Gaichas et al. 2018; Koen-Alonso et al. 2019;
Mufiley et al. 2021). In particular, the Atlantic States Marine
Fisheries Commission (ASMFC) and the Mid-Atlantic Fisheries
Management Council have shifted towards goals and objec-
tives that incorporate ecosystem aspects such as multispecies
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interactions, including predator-prey dynamics (Anstead et
al. 2021). Although single-species management can be highly
useful (Hilborn and Ovando 2014), taking an EAFM approach
makes it possible to better understand and manage the ef-
fects of fishing on ecosystem interactions such as predator-
prey relationships (Mace 2001). For example, Multispecies Vir-
tual Population Analysis (MSVPA) has been applied to mul-
tiple predator—prey based fisheries in the US and Europe
(Gislason and Helgason 1985; Garrison et al. 2010). Studying
a limited set of interactions among a small number of species
using models of intermediate complexity for the ecosystem
(MICE) can make for more robust models to provide manage-
ment advice for EAFM (Plaganyi et al. 2014).

To achieve either single or multispecies goals and objec-
tives, fishery managers must determine how often and how
much harvest to allow. A common tool for setting harvest
levels are harvest control rules (HCRs), which are automatic
management procedures that are agreed upon in advance
and that dictate the rate of fishing that can take place at
a given stock size (Deroba and Bence 2008). Fishing mortal-
ity (F) is commonly used as a control variable to determine
harvest levels in traditional HCRs by setting total allowable
catch that is expected to achieve a given F (Punt 2010). HCRs
formalize catch limit-setting decisions and help prevent or
prepare a response to an overfishing and overfished stock
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status (Kvamsdal et al. 2016). Dynamic multispecies HCRs
(DMSHCRSs), in which the target F rate of one species depends
at least partially on the status of another species, have been
proposed (Pikitch et al. 2012). However, Pérez-Rodriguez et al.
(2022) demonstrated that it may not be possible to achieve the
targets among a three-species predator-prey system simulta-
neously, demonstrating the difficulty in managing multiple
stocks with DMSHCRs.

Despite the potential benefits of EAFM, many predator—
prey systems are still managed to achieve single-species ob-
jectives. Yet, previous studies have concluded that piscivo-
rous predator conservation should be considered as part of
forage fish management (Pikitch et al. 2012; Pikitch et al.
2014). One important predator-prey case study involving pis-
civorous predator and a small pelagic forage fish is that of
striped bass (Morone saxatilis) and Atlantic menhaden (Brevoor-
tia tyrranus) along the US East Coast for which an EAFM was
developed to generate biological reference points for Atlantic
menhaden (Chagaris et al. 2020; Anstead et al. 2021). Striped
bass supports one of the largest recreational fisheries on the
US East Coast and is managed by the ASMFC through a coop-
erative, interstate fishery management plan (ASMFC 2022).
The coastal migratory stock of striped bass is managed us-
ing a constant F HCR that is intended to achieve a target SSB
(SSBrarger = 125% of the female SSB estimate from 1995 when
the stock was declared recovered from an overfished state).
However, striped bass biomass may be highly influenced by
the available biomass of key prey species, such as Atlantic
menhaden (Chagaris et al. 2020), and that ecosystem perspec-
tive is not currently incorporated in the striped bass fish-
ery management plan (ASMFC 2022). In turn, Atlantic men-
haden is a key forage fish for many piscivorous predators
along the US East Coast, including striped bass (Buchheister
et al. 2017), and the Atlantic menhaden stock supports a
major directed fishery (SEDAR 2020a). Although the Atlantic
menhaden stock was neither overfished nor experiencing
overfishing relative to single-species reference points (SEDAR
2020a), ecosystem-level concerns about the availability of At-
lantic menhaden to support striped bass and other predators
led the ASMFC to move towards a more holistic management
approach that takes into account Atlantic menhaden’s role as
a forage fish. The ecosystem management objectives for At-
lantic menhaden include sustaining biomass to provide for
both its fisheries and its predators, minimizing risk of stock
collapse, and ensuring an adequate supply of Atlantic men-
haden for predators. Atlantic menhaden are now managed
with a multispecies focus by selecting an F target and thresh-
old for Atlantic menhaden that achieves the biomass target
and threshold of their predator, striped bass, while fishing
the predator at their target F (Chagaris et al. 2020; Anstead et
al. 2021).

There is broad interest worldwide among fishery manage-
ment agencies to incorporate EAFM in their decisions to bet-
ter account for the impact of fisheries on the ecosystem as
a whole. In particular, incorporating predator-prey interac-
tions within ecosystem management objectives can support
predator stocks by ensuring adequate prey supply and help
evaluate trade-offs that may occur when fishing forage fish
stocks (Pikitch et al. 2012). Although the ASMFC has imple-
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mented EAFM for Atlantic menhaden by adopting reference
points that are linked to the stock status of its most reliant
predator, striped bass, the HCRs used to manage Atlantic
menhaden and striped bass remain constant F, single-species
HCRs. Furthermore, the reference points used to manage At-
lantic menhaden include SSB objectives for striped bass, but
management of striped bass is conducted without considera-
tion of the consequences for its prey. Thus, the predator-prey
relationship of Atlantic menhaden and striped bass in the
mid-Atlantic is an excellent candidate for deeper exploration
of the relative performance of numerous types of single-
species and multispecies HCRs that are either constant or
dynamic. For this study, we used the striped bass-Atlantic
menhaden-linked predator-prey system as a case study to ad-
dress the following objectives: (1) compare the relative per-
formance of a broad suite of single and multispecies HCRs
in their ability to address ecosystem management objectives
and (2) identify and quantify the trade-offs among HCR types.

Methods

We conducted a harvest policy evaluation using a mul-
tispecies MICE model that was an updated version of the
age-structured, linked predator—prey simulation model from
Nesslage and Wilberg (2019) to test a suite of new and ex-
isting HCRs on our case study predator and prey stocks of
striped bass and Atlantic menhaden. The model simulated
the age-structured population dynamics for striped bass ages
1-20+ and Atlantic menhaden ages 0-6+, leveraging two
well-established, peer-reviewed, age-structured stock assess-
ments currently used in ASMFC management (NEFSC 2019;
SEDAR 2020a). The model also included eight static other
prey sources that differed in their average weight and abun-
dance to supplement the remainder of the striped bass diet.
We parameterized the model using life-history data and
abundance estimates from stock assessments for striped bass
and Atlantic menhaden (NEFSC 2019; SEDAR 2020a). We also
utilized information from numerous striped bass diet studies
to characterize size-based consumption patterns. The model
treated each striped bass age class and each prey age or size
class as separate predators and prey, respectively. To model
dependence of striped bass on Atlantic menhaden, we used
a multi-predator, multi-prey type II functional response rela-
tionship (Szalai 2003). Striped bass weight-at-age varied over
time based on their achieved consumption. Background nat-
ural mortality (M;, which includes disease and predation by
predators other than striped bass) was constant for Atlantic
menhaden, but natural mortality due to predation by striped
bass (M) of Atlantic menhaden varied according to striped
bass consumption of Atlantic menhaden. In turn, striped bass
M was influenced by its weight-at-age, which was a func-
tion of consumption. To compare quasi-equilibrium perfor-
mance of different HCRs and their ability to achieve long-
term ecosystem management objectives for each stock, we
ran simulations for 100 years.

We developed a suite of single-species HCRs and DMSHCRs
and applied them to the simulated striped bass-Atlantic men-
haden predator-prey system. We then evaluated how well
each HCR met ecosystem management objectives for each
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stock. The predator-prey model was developed in AD Model
Builder (Fournier et al. 2012) and all other analyses were con-
ducted in R (RStudio team 2020). Parameter and variable def-
initions are provided in Table 1, model dynamics equations
are provided in Table 2, and equations defining the HCRs are
provided in Table 3. For each HCR, 100 stochastic simulations
were run.

Predator-prey model

The predator-prey model simulated seasonal, age-
structured population dynamics for striped bass and Atlantic
menhaden based on the predator-prey model of Szalai
(2003). The model included seasonal time steps (season 1:
January to March, season 2: April to June, season 3: July
to September, season 4: October to December). Parameter
values were estimated using external analyses (Supplement
1) and recent stock assessments (NEFSC 2019; SEDAR 2020a).

Initial abundance-at-age for striped bass and Atlantic men-
haden was set to estimated abundance-at-age from the most
recent year in their respective stock assessments. Recruits
entered the population in the first season of each year fol-
lowing a Beverton-Holt stock-recruitment function. Recruit-
ment of striped bass was calculated based on the spawning
stock biomass (SSB) of the previous year (eq. T.2.1), while
Atlantic menhaden recruitment did not include a lag (eq.
T.2.2). Recruitment included a multiplicative lognormal er-
ror that followed a first-order autoregressive process over
time (eq. T. 2.3; Atlantic menhaden autocorrelation = 0.31,
striped bass autocorrelation = 0.22). Because striped bass and
Atlantic menhaden recruitment has historically been out of
phase, presumably due to differences in how recruitment is
affected by non-predation environmental factors (Wood and
Austin 2009), we included a weak negative correlation (—0.11)
between the recruitment deviations of striped bass and At-
lantic menhaden, which was estimated from the residuals of
the stock-recruitment relationships for each species. Stock-
recruitment parameters were estimated using SSB and re-
cruitment from the respective stock assessments for each
species (Supplement 1). Stock size for the stock-recruitment
models was calculated in terms of female SSB. Recruitment
represented age-1 for striped bass and age-0 for Atlantic men-
haden. After the first age, abundance of a cohort through-
out each season declined following the exponential mortal-
ity model (eq. T.2.4). Abundance in the first season was cal-
culated using abundance in the previous age and season 4 of
the previous year (eq. T.2.5). Abundance of the plus group in
the first season was calculated similarly to eq. T.2.5, but the
abundance in the last season of the previous age was added
to abundance of plus group survivors (eq. T.2.6).

Total instantaneous mortality rates for striped bass and
Atlantic menhaden were calculated as the sum of F and all
sources of M for a given time step and age (eqs. T.2.7 and T.2.8).
The proportion of Fin each season was specified based on his-
torical averages of the annual catch in each season. The F in
the first year of the simulation was set at the value in the ter-
minal year (2017) from each stock assessment: 0.307 yr—! for
striped bass and 0.157 yr~! for Atlantic menhaden. In subse-
quent years of the simulation, the value for F depended on
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the HCR applied (Table 4). The background M; for each age
was constant and divided evenly among the four seasons. M;
values for striped bass were chosen such that the M in the
status quo scenario was approximately equal to the M-at-age
vector specified in the stock assessment. In addition to M,
striped bass was subject to condition-based natural mortal-
ity (Mc) such that striped bass M was highest when relative
weight was lowest, simulating potential starvation mortality
for striped bass that could not consume enough prey (Hoenig
et al. 2017). Striped bass standard weight (eq. T. 2.9; Jacobs
et al. 2013) was defined as a function of smoothed geometric
mean length-at-age (Schiano 2022) and mortality rates esti-
mated by Hoenig et al. (2017) to mimic their reported pattern
of increased M for low-condition fish. Standard weight in the
previous season was used to calculate striped bass relative
weight-at-age in subsequent seasons (eqs. T.2.10 and T.2.11).
M, was calculated such that if an estimated fraction of striped
bass at a given age was below a threshold relative weight, the
striped bass in that age class experienced higher total M (eq.
T. 2.12).

For Atlantic menhaden, total M in a given year and season
was the sum of constant, age-specific M; background natural
mortality (which included disease and predation by predators
other than striped bass) and M, predation mortality due to
consumption-at-age by striped bass that changed over time
(egs. T.2.13 and T.2.14). Predation mortality (M;) for a given
age of Atlantic menhaden was the sum of Atlantic menhaden
consumed by each age of striped bass (assuming mid-season
abundance) divided by the number of Atlantic menhaden
alive at the beginning of the season. Because the Atlantic
menhaden assessment total M-at-age vector does not distin-
guish between M; and M, we iteratively adjusted M; in our
base model to generate total M-at-age that matched the as-
sessment, on average, under status quo Fs for both species.

Seasonal weight-at-age for Atlantic menhaden was static
over time and calculated as the seasonal average of the last
10 years of time-varying weight-at-age from the stock assess-
ment (2008-2017; SEDAR 2020a). Striped bass weight-at-age
was a function of their maximum potential growth (Gmax)
and their consumption (Cons) relative to their maximum po-
tential consumption (Cmax) at a given age (eq. T. 2.15). Gmax
values were calculated by dividing change in weight at a given
age by 0.9, assuming that striped bass achieved 90% of Cmax
in 2017 (thereby also achieving 90% of Gmax) (Table S1). Mean
striped bass weight-at-age from Schiano (2022) was used to es-
timate change in weight for each age assuming that growth
rates were equal across seasons (Supplement 1). We then cal-
culated Cmax-at-age by dividing Gmax-at-age by age-specific es-
timates of conversion efficiency for striped bass reported by
Hartman and Brandt (1995) for age-1 and age-2 and Nelson et
al. (2006) for age-3 to age-8. We assumed conversion efficien-
cies for older ages declined to 0 by age-20+.

To model density-dependent consumption of striped bass
in an age-structured framework, we used a multi-predator,
multi-prey type II functional response (Szalai 2003). A type II
relationship assumes predator consumption increases with
increasing prey density, then asymptotes due to limitations
in the predator’s ability to process readily available food
(Holling 1959). Although a type III sigmoid-shaped functional
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Table 1. Parameter and variable names used in equations for the predator-prey simulation model and consumption dynamics
model.

Symbol Description (units)

Index variables

y Year

t Season

a Age

a Minimum age

ay Maximum age

j Predator index

i Prey index

Parameters

R Recruitment

o Productivity at low stock size

SSB Spawning stock biomass

8 Recruitment errors for striped bass

€ Recruitment errors for Atlantic menhaden

B Stock-recruitment density dependence term

N Abundance

zZ Instantaneous total mortality

F Instantaneous fishing mortality

M Instantaneous natural mortality

M; All other instantaneous natural mortality not due to striped bass predation (Atlantic menhaden) or low relative
weight (striped bass)

M, Striped bass natural mortality due to low relative weight

Ws Standard weight

w Weight

RelW Relative weight

L Input length-at-age from Schiano (2022)

0] Cumulative density function for a standard normal distribution

ICR Instantaneous consumption rate

M, Instantaneous natural mortality due to predation

PW Predicted predator weight

Gmax Maximal potential growth

Cmax Proportion of maximum consumption achieved by the predator

SP Size preference of the predator or each prey; length-based

length Length-at-age of either predator or prey in consumption model

lengthopt Optimum length ratio of prey to predator

13} Variance of the predator-prey length ratio

TC Total consumption per predator (in weight)

o Attack rate calculated as a function of the ratio of prey to predator size

w Weight

y Length-based scalar for a predator effective search area

B Biomass

My Proportion mature-at-age

PF Proportion of females in a given age class

C Catch

AAV Average annual variation of catch

K Lower fishing mortality rate as describes in a HCR

Fy Upper fishing mortality rate as described in a HCR

SSB; Lower spawning stock biomass threshold

SSBu Upper spawning stock biomass threshold

int Intercept parameter for a Type 2 HCR

slope Slope parameter for a Type 2 HCR

relSSB Relative SSB using the species SSB target as a reference point

SSBihresh Lower SSB threshold for striped bass as applied in a Type 3 Atlantic menhaden HCR
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Symbol Description (units)

NC30 An alternative predator-prey dynamics operating model that assumes prey consumption at length is normally

distributed and up to 30% of striped

bass diet is Atlantic menhaden

NC70 An alternative predator-prey dynamics operating model that assumes prey consumption at length is normally

distributed and up to 71% of striped

bass diet is Atlantic menhaden

LNC30 An alternative predator-prey dynamics operating model that assumes prey consumption at length is normally

distributed and up to 30% of striped

bass diet is Atlantic menhaden

Table 2. List of equations used in the predator-prey simulation model and consumption dynamics model.

Equation
number Equation Description
T.2.1 Ry = ﬁ%emq) Beverton-Holt stock-recruitment function for striped bass
T. 2.2 Ry = %e” Beverton-Holt stock-recruitment function for Atlantic menhaden
T.2.3 Nyt=t,a=a; =Ry Abundance in the first age and first season
T.2.4 Ny t41,a =Ny qe Dta Abundance-at-age within the year
T. 2.5 Nystt=t1.a+1=Nyt=4.46" Zyt=4.0 Abundance-at-age in the first season
T. 2.6 Nyitt=ta=a, = Abundance at-age in the plus group in the first season
Ny t=4,a=a€" Zyt=ta=a +
Ny,t=4,a=u2 718*Zy,t:4,a:a2—1
T. 2.7 Zy,t,a =Fy t,a + Mg + Mcy, 1,0 Total instantaneous mortality for striped bass
T. 2.8 Zt,a=F a4+ M q Total instantaneous mortality for Atlantic menhaden
T.2.9 Ws = 0.001 x 10~4924 x [3-007 Standard weight of striped bass (kg)
T. 2.10 RelW;—1,4 = 100 x V\% Relative weight of striped bass in the first season
T. 2.11 RelW; 4 = 100 x % Relative weight of striped bass after the first season
T.2.12 Mcyta = 3.28+M,; @ (%) + Natural mortality for striped bass with low relative weight
70.52—RelWy,,
My (1- @ (B5572))
’Zt‘aj,j
Zg;):1 ICRt.aj,aiNt.ajje 2
T. 2.13 My ta = N 70,0001 Instantaneous natural mortality rate for Atlantic menhaden due to
o predation by striped bass
T.2.14 Mgt =Mi,a+Mz 1t q Instantaneous natural mortality rate for Atlantic menhaden
T. 2.15 PWyii1,0a=PWyra+ %2’;‘7@1 Predator weight-at-age as a function of their consumption
_ ( % —leng'thop[)
T. 2.16 SPij=e— o Normal size preference of each predator for each prey used in the
consumption dynamics for NC30 and NC70
T.2.17 TCio = > ICR; i, Wi Total consumption in weight per individual for each age striped bass (a;)
N; . . .
T.2.18 ICR 1, = ”“ina;hwl Consumption rate (in numbers) of each prey type by each age striped bass
1435 ija;caj
T.2.19 pa = SP; jlength; 4y, Attack rate of each age predator
T. 2.20 By =3 Nyr—1.aWyi—1.4 Biomass at the beginning of each year
T. 2.21 SSBy = >, Nyt—a,amaWy1—4q Spawning stock biomass for Atlantic menhaden
T. 2.22 SSBy = >, Nyt—4.amMaWy1—4.aPFq Spawning stock biomass for striped bass
T. 2.23 Gy =2ty 2a Z—‘; (1— e 29 Ny o Wha Annual catch in biomass
T. 2.24 Cy =21y Z—Z (1-e 29 Nia Annual catch in numbers
T. 2.25 AAVy = ‘Cy_cﬂ Average annual variation of catch (in numbers for striped bass and weight
Y for Atlantic menhaden)
length; 2
— (ln( ng:} ) —ln(lengthapt ))
T. 2.26 SPj=e @ Lognormal size preference of each predator for each prey used in the

consumption dynamics for LNC30

response relationship might better capture prey-switching
behavior by predators at low prey density, we chose type II
because the available striped bass diet data were not suffi-
cient to parameterize a multispecies type III function, a com-
mon limitation (Kalinkat et al. 2023), and because managers

of this system are not interested in HCRs that drive prey den-
sities to low levels. We modeled age-specific striped bass con-
sumption of Atlantic menhaden and other prey such that
each age class of predator and prey was treated as a distinct
predator or prey unit in the multispecies system. Thus, we dy-
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Table 3. Equations used to calculate Type 1, Type 2, and Type 3 harvest control rules.

Equation Number Equation Description
T 31 _ (SSBy_1—SSBy ) x (F.—F) ]
. 3. E =K+ SSB,—SSB, Type 1 HCR when F is between the upper and lower SSB thresholds
T. 3.2 F =int + slope x relSSB Type 2 HCR where F of one species is relative to SSB of the other species
0 ifSSB < SSBthresh
T. 3.3 E = Type 3 HCRs for Atlantic menhaden only; F is only F, when striped bass

F, ifSSB > SSBihresh

SSB is above the designated threshold

namically modeled 20 striped bass predator age classes and
seven Atlantic menhaden prey age classes, as well as eight
static size-based “other prey” classes. The other prey pools
provided striped bass predators an alternative source of prey
to Atlantic menhaden. Alternative prey categories 2-8 were
assumed to have the same mean length and weight as At-
lantic menhaden ages 0-6+. Alternative prey category 1 had
a mean length of 59 mm and weight of 0.01 kg to represent
prey smaller than an age-0 Atlantic menhaden (e.g., bay an-
chovy (Anchoa mitchilli)).

Striped bass prey preference was modeled using an un-
scaled normal distribution function of prey length relative
to predator length and the optimum ratio of prey-to-predator
length from Rudershausen et al. (2005) (eq. T. 2.16). The per
capita consumption (eq. T. 2.17) by striped bass was calcu-
lated as the product of consumption rate (eq. T. 2.18) and prey
weight summed over prey types for each age of striped bass.
Consumption rate was a function of prey abundance, prey
weight, the instantaneous attack rate (eq. T.2.19), and maxi-
mum consumption, while the instantaneous attack rate was
the product of prey preference, length, and a length-based
scalar for the predator effective search area (y). We estimated
y-at-length outside the model by minimizing the squared de-
viations of C/Cmax from the assumed proportion of Cmax
consumed for each age in 2017 and 1998. Additional details
on the estimation of consumption parameters can be found
in Supplement 1.

Harvest control rules

F and SSB reference points for striped bass and Atlantic
menhaden were developed by applying a suite of constant F
HCRs as in Chagaris et al. (2020). A total of 336 combinations
of single species, constant F HCRs were run with F ranging
from 0 to 1.49 yr~! for Atlantic menhaden (in 0.0075 incre-
ments) and 0 to 0.47 yr~! (in 0.0313 increments) for striped
bass. We estimated unfished SSB (SSBy) of striped bass and At-
lantic menhaden as the geometric mean of SSB of the respec-
tive species when F was 0 yr~! for both species. We also esti-
mated the F that achieved maximum sustainable yield (Fysy)
and the SSB at Fysy (SSBysy) for each species when the other
was not fished (F = 0 yr~!). Lastly, we used these constant F
HCRs to compare model performance and predator—prey dy-
namics with that of the Northwest Atlantic Continental Shelf
model of intermediate complexity for ecosystems (NWACS-
MICE), an Ecopath with Ecosim (EwE) model used in Atlantic
menhaden management (Chagaris et al. 2020).

A suite of 27 HCRs was evaluated to assess relative perfor-
mance (Table 4). We considered three classes of HCRs: Type
1—traditional single-species HCRs for both striped bass and
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Atlantic menhaden (Fig. 1); Type 2—HCRs in which F on one
species was a linear function of relative SSB for the other (Fig.
2); and Type 3—traditional single-species HCRs for striped
bass with threshold-based cessation of fishing for Atlantic
menhaden when striped bass fall below a relative SSB thresh-
old (Fig. 3). Each HCR determined the annual F of either
striped bass or Atlantic menhaden in response to relative SSB
from the previous year. Relative SSB was calculated by divid-
ing SSB (egs. T. 2.21-2.22) in the previous year by either the
striped bass SSB target (114 million kg; NEFSC 2019) or At-
lantic menhaden SSB target (843 million kg; SEDAR 2020a).
Because the current Atlantic menhaden SSB target is calcu-
lated in units of number of eggs, we converted the SSB target
into units of weight (millions of kg) by finding the SSB that
achieved the target fecundity with a spawning potential ratio
model that used age-specific fecundity in SEDAR (2020aq).

Type 1 HCRs were single-species rules in which the sta-
tus of the other species was not considered in determining
the target F. We explored the relative performance of con-
stant F HCRs, threshold-based cessation HCRs, and “hockey
stick”-shaped biomass-based HCRs (Deroba and Bence 2008;
Pikitch et al. 2012). When the HCR was biomass-based, F was
calculated using the SSB of the previous year, the SSB up-
per and lower thresholds, and the lower and higher F (eq.
T. 3.1; Table 4). The previous year’s SSB was used to include
a 1-year lag to account for data collection, assessment, and
management. Type 2 HCRs were DMSHCRs in which the sta-
tus of another species guides F on the target species. For our
model, type 2 HCRs dictated that F for striped bass changed
in response to SSB of Atlantic menhaden and vice versa (eq.
T. 3.2). Type 2 HCRs were created based on Pérez-Rodriguez
et al. (2022), which used multispecies “one” or “two-stage”
HCRs that take a hockey-stick shape and function in a step-
wise manner. Type 3 HCRs involved a threshold-based cessa-
tion of fishing for the prey species when predator biomass
was below a predetermined level. In these HCRs, if striped
bass SSB was under a specified threshold, then Fwas 0 yr~? for
Atlantic menhaden. Otherwise, F remained at the designated
rate (eq. T. 3.3).

Our suite of HCRs included 11 Type 1, 6 Type 2, and 3
Type 3 HCRs (Table 4). Of the 11 Type 1 HCRs, 3 were con-
stant F HCRs and 8 were biomass-based harvest control rules.
HCR 1 implemented constant F rates from the terminal year
F in each stock assessment (referred to as status quo) and
was used as a baseline for comparison. HCR 2 operated un-
der the target F rate for striped bass (0.204 yr~') and status
quo for Atlantic menhaden (0.157 yr—!). This scenario was
designed to understand the response of the stocks if man-
agement was achieving its targets. HCR 3 represented fishing
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Table 4. Description of 20 harvest control rules (HCRs) tested.

HCR SS or MS Type Description SBF AMF
1 SS 1-Constant F F is status quo for both Atlantic menhaden and striped bass. 0 0
0.307 0.157

2 SS 1-Constant F Atlantic menhaden operates at status quo and striped bass is 0 0
fished at the target F. 0.204 0.157

3 SS 1-Constant F F for both is the average F from 1998 to 2017 for the fully 0 0
selected age along the selectivity curve. (Age-3 for Atlantic 0.258 0.18
menhaden and age-13 for striped bass).

4 SS 1-AM: Biomass-based, Mimics the Lenfest forage fish report low information tier 0 0

SB: Constant F where the Atllantic menhaden stock is not depleted lower 0.204 0.157
than 20% of unfished SSB (Pikitch et al. 2012)
5 SS 1-AM: Biomass-based, Mimics the Lenfest forage fish report intermediate 0 0
SB: Constant F information tier where Atlantic menhaden F is 50% of Fysy 0.204 0.5Fysy
above or equal to 40% unfished SSB (Pikitch et al. 2012)
6 SS 1-AM: Biomass-based, Mimics the Lenfest forage fish report high information tier 0 0
SB: Constant F where Atlantic menhaden F is 75% of Fysy above 80% of 0.204 0.75Fysy
unfished SSB and F is 0 under 30% unfished SSB (Pikitch et
al. 2012)
7 SS 1-AM: Biomass-based, Third for the birds—1/3 of Atlantic menhaden unfished SSB 0 0
SB: Constant F is the lower SSB threshold for the HCR 0.307 0.157
8 SS 1-AM: Biomass-based, An example of Atlantic menhaden operating under a 0 0.157
SB: Constant F biomass-based HCR while striped bass is under a constant 0.204 0.55
FHCR
9 SS 1-AM: Constant F, SB: Atlantic menhaden is operating under a constant F HCR at 0.05 0
Biomass-based status quo, but striped bass is operating under a 0.204 0.157
biomass-based HCR where striped bass is fished at
F = 0.05 under the lower threshold (202 million lbs) and
F = striped bass target above the upper threshold (striped
bass target of 250 million 1bs). Between those two
boundaries, F operates on a calculated slope.

10 SS 1-Biomass-based General example of both species operating under a 0.204 0.1
biomass-based HCR; Atlantic menhaden lower and upper 0.307 0.7
thresholds are 25% and 85% of SSBO and striped bass
thresholds are the threshold and target, respectively.

11 SS 1-Biomass-based Both species are fished at their target above 40% of their 0 0
unfished SSB and are not fished under 10% SSB 0.204 0.157

12 MS 2-Dynamic Striped bass F is determined by Atlantic menhaden biomass - -

multispecies levels, both slopes are positive

13 MS 2-Dynamic Example of type 2 dynamics multispecies control rules - -

multispecies where both slopes are positive.

14 MS 2-Dynamic Testing dynamics of type 2 HCR with both slopes positive - -

multispecies

15 MS 2-Dynamic Testing dynamics of type 2 HCR where Atlantic menhaden - -

multispecies have a positive slope and striped bass have a negative
slope

16 MS 2-Dynamic Testing dynamics of type 2 HCR where Atllantic menhaden - -

multispecies have a negative slope and striped bass have a positive
slope

17 MS 2-Dynamic Testing dynamics of type 2 HCR where both species have - -

multispecies negative slopes

18 MS 3-Dynamic Atlantic menhaden F is at 0.2 when striped bass SSB is above 0 -

multispecies the SSB threshold; striped bass operate under status quo 0.307
CR
19 MS 3-Dynamic Atlantic menhaden F is at 0.5 when striped bass SSB is above 0 -
multispecies the 75 000 kgs; striped bass operate under status quo CR 0.307
20 MS 3-Dynamic Atllantic menhaden F is changed by striped bass SSB; striped 0.1 -
multispecies bass operate under a biomass-based HCR where the lower 0.307

threshold is 10% of SSBO and the upper is at 40% SSBO;
reference points for striped bass HCR are generated based
on unfished SSB rather than the 1995 reference point
used in the stock assessment

Notes: There were three types of HCRs tested where the number in the column ‘Type’ represents either Type 1, Type 2, or Type 3 HCRs with a more specific description
following. The last 2 columns show the bounding fishing mortality (F) for striped bass (SB) or Atlantic menhaden (AM). The top number in each row is the lower F bound

for the HCR and the second number indicates the upper bound for the HCR. Dynamic multispecies HCRs (DMSHCRs) did not have F limits
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Fig. 1. Type 1 single-species harvest control rules (HCR) evaluated for striped bass (black) and Atlantic menhaden (grey). Headers
indicate the control rule number described in Table 4. Spawning stock biomass (SSB) relative to its target. When SSB of the
previous year is at or below the lower SSB threshold (SSBy), F is at the designated lower F (F;). When SSB of the previous year is
at or above the upper SSB threshold (SSBy), F is a designated upper F (F,). In between the SSB references, Type 1 HCRs follow

an increasing linear slope using the equation.
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at the mean F of striped bass or Atlantic menhaden during
1998-2017 (F of 0.258 yr~! for striped bass and 0.18 yr~! for
Atlantic menhaden). This time frame was used to describe
recent average fishing pressure of striped bass and Atlantic
menhaden.

HCRs 4-6 represented the low, intermediate, and high in-
formation tier scenarios of recommended forage fish HCRs
from Pikitch et al. (2012). All three scenarios used a Type 1
biomass-based HCR with varying proportions of SSB, of At-
lantic menhaden as their upper and lower SSB thresholds.
HCR 4 and 5 were threshold-based cessation HCRs for Atlantic
menhaden. HCR 4 operated at a threshold such that Atlantic
menhaden F was 0 yr~! if Atlantic menhaden SSB was less
than 0.8 SSBy. Above this threshold, F was at Atlantic men-
haden status quo. In HCR 5, F was 0.5 of Fyisy when SSB was
above 40% of SSBy, and F was 0 yr~! if SSB was less than 40%
SSBy. HCR 6 followed a hockey-stick shape in which the lower
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SSB threshold was 25% of Atlantic menhaden SSB, and the
upper threshold was at 85% of SSB,. The lower F for this HCR
was 0 yr~! and the upper F was 75% of Atlantic menhaden
Fysy. In all three of these HCRs, striped bass operated under
a constant F Type 1 HCR with the striped bass target F of 0.204
yr~!. HCR 7, similar to HCRs 4-6, attempted to mimic sugges-
tions for forage fish retention for their predators proposed by
Cury et al. (2011) to sustain one-third of Atlantic menhaden
unfished biomass to provide for predators (“1/3 for the birds”
rule).

HCR 8 tested a constant F HCR on striped bass and a
biomass-based HCR for Atlantic menhaden. This HCR was in-
tended to manage striped bass using the current ASMFC tar-
get F, but use a higher target F for Atlantic menhaden than
the current reference point. HCRs 10 and 11 were used to test
dynamics of two biomass-based HCRs. HCR 11 focused on the
traditional 40-10 rule (Pacific Fishery Management Council
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Fig. 2. Type 2 harvest control rule shapes for striped bass (black) and Atlantic menhaden (grey). Striped bass fishing mortality
(F) is determined by Atlantic menhaden spawning stock biomass (SSB) relative to its target, and Atlantic menhaden fishing
mortality is determined by striped bass relative SSB. Headers indicate the control rule number described in Table 4.
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Fig. 3. Multispecies Type 3 harvest control rule (HCR) shapes for striped bass (black) and Atlantic menhaden (grey). Headers
indicate the control rule number described in Table 4. Striped bass in a Type 3 HCR operate under a constant fishing mortality
HCR (Type 1 single species), while Atlantic menhaden follow a cessation-based HCR when striped bass spawning stock biomass
(SSB) relative to its target declines below a specified threshold.
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Table 5. Atlantic States Marine Fisheries Commission (ASMFC) ecosystem management objectives used to evaluate harvest
control rule performance for both the striped bass and Atlantic menhaden stocks.

ASMEC objectives

ASMFC performance measures

Performance metrics

Manage striped bass using a control rule that
manages stock size equal to or greater than
target female SSB

Provide stability for striped bass fisheries

Ensure adequate supply of Atlantic menhaden
for predators like striped bass

Minimize risk for striped bass stock and fishery
collapse

Maintain age structure of striped bass stocks to
conserve spawning stock biomass

Establish an Fragrggr that will increase the
abundance of age-15+ striped bass in the
population

Frequency of substantive
management action

Variability in yield

Predators in adequate
nutritional state

Average spawning stock biomass is at or
above the target SSB set by ASMFC

% change of catch interannually

Average striped bass weight-at-age and
natural mortality-at-age

Average and variance of striped bass SSB

Average and variance of striped bass
abundance-at-age

Average % of years striped bass SSB is above
target

Average abundance of age-15 and older
striped bass is above status quo
abundance

Note: Performance metrics were designed to aligned with the objectives and quantitatively measure relative performance of each HCR. SSB indicates spawning stock

biomass.

2012) where F is 0 yr~! when a stock is below 10% of SSBy, F
is the stock-specific target when a stock is above 40% of SSB,,
and between the two thresholds F increased linearly between
0 yr~! and the target F.

A smaller number of Type 2 and Type 3 HCRs was tested.
HCRs 12-17 were developed to test a suite of Type 2 HCRs.
Three of the six Type 2 HCRs had positive slopes of F in re-
lation to SSB for both species, two had one positive and one
negative slope, and one HCR had two negative slopes. HCR 18
was developed to maintain striped bass at status quo F while
ceasing Atlantic menhaden fishing when striped bass SSB was
below its threshold. In HCR 19, Atlantic menhaden fishing
ceased when striped bass SSB was lower than the threshold.
HCR 20 had striped bass operating under a biomass-based
HCR, while Atlantic menhaden were fished at almost dou-
ble status quo rate (0.3 yr—!) if striped bass SSB was twice
the SSBrarger; otherwise fishing on Atlantic menhaden was

0yr 1.

Performance metrics

Performance metrics were used to evaluate the ability of
the suite of HCRs to achieve the ASMFC’s ecosystem manage-
ment objectives (Table 5) for the striped bass stock and fish-
ery. Four objectives for the striped bass stock were addressed
by six performance metrics relating to SSB, catch, or abun-
dance. Metrics were summarized using results from the last
10 years of each simulation to reflect long-term performance
of each HCR. Biomass for both striped bass and Atlantic men-
haden were calculated as a product of the abundance-at-age
and weight-at-age summed over ages in the first season (eq.
T. 2.20). Annual SSB for Atlantic menhaden was calculated
as the product of abundance-at-age, seasonal weight-at-age,
and the maturity-at-age vector from the assessment summed
over ages in the first season (eq. T. 2.21). Striped bass SSB
was calculated in a similar manner except abundance-at-age
multiplied by the proportion female-at-age to calculate fe-
male SSB to reflect the management quantity used in striped
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bass reference points (eq. T. 2.22). Striped bass and Atlantic
menhaden catch in weight and numbers were calculated fol-
lowing the Baranov catch equation (eqs. T. 2.23 and T.2.24;
Quinn and Deriso 1999). Catch, either in weight or numbers,
was then used to calculate the average annual variation (AAV)
of catch by calculating the mean of the absolute value of
the difference in catch between years (eq. T. 2.25). Higher
SSB or catch and lower AAV of catch were considered better
performing.

Changes over time in average weight-at-age and natural
mortality-at-age from starting conditions were compared to
examine the impact of predator-prey dynamics on condition
of striped bass and mortality of both species. For brevity, we
present results for striped bass age-3, representing the age
at which Atlantic menhaden begin to comprise a significant
portion of striped bass diets, and age-15, the maximum age
in the stock assessment. We also present results for Atlantic
menhaden age-1 and age-4, which were selected to represent
two age classes that were likely to experience relatively high
and low M, due to striped bass consumption.

Alternative scenarios

Two main uncertainties for striped bass and Atlantic men-
haden are the fraction of Atlantic menhaden in the diet of
striped bass and the prey size preference of striped bass. In
the base simulation model configuration, the fraction of At-
lantic menhaden in the striped bass diet in the first season
was 4% for age-1, 15.7% for age-2 through age-5, and 30.4% for
ages 6+, and the operating model assumed a symmetric prey
size preference function. This meant that older aged striped
bass consumed a greater proportion of Atlantic menhaden
than younger aged striped bass. Previous studies have esti-
mated that the percentage of Atlantic menhaden in striped
bass diets may be as low as 10% and as high as 72% (Hartman
and Brandt 1995; Overton et al. 2009). Each of these studies
were conducted under relatively short time frames and in
relatively small locations within the Atlantic Ocean and the
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Fig. 4. Effect of Atlantic menhaden and striped bass fishing mortality rates (F) on relative striped bass spawning stock biomass
(SSB). A total of 21 Atlantic menhaden Fs were tested, ranging from 0 to 1.49 yr!, and 16 striped bass Fs were tested, ranging
from 0 to 0.47 yr! following Chagaris et al. (2020). Colors within the plot indicate striped bass SSB relative to the striped bass
target SSB. Light grey lines and associated numbers indicate levels of striped bass-relative SSB. Long dashed lines indicate the
current status quo F for Atlantic menhaden (vertical) and striped bass (horizontal). Dotted lines indicate the target F for Atlantic

menhaden (vertical) and striped bass (horizontal).
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Chesapeake Bay (Austin and Walter 2001; Griffin and Margraf
2003; Walter et al. 2003; Overton et al. 2008). Additionally,
Overton et al. (2009) estimated that large striped bass con-
sumed both more smaller sized prey and a wider range of
prey sizes than assumed in the base predator-prey simula-
tion model.

To determine whether these uncertainties affected the rel-
ative performance of the HCRs, we developed two alternative
operating models that differed from the base predator-prey
simulation model (hereafter referred to as NC30) in the con-
sumption dynamics between striped bass and Atlantic men-
haden. NC30 assumed that Atlantic menhaden made up 30%
of the diet of age-6+ striped bass by weight in the first sea-
son (Walter and Austin 2003). The first alternative operating
model assumed that striped bass are more reliant on Atlantic
menhaden than NC30. Specifically, the alternative operating
model (NC70) included modified consumption model param-
eters that resulted in Atlantic menhaden comprising approx-
imately 70% of striped bass diet by weight in the first sea-
son (Hartman and Brandt 1995; Griffin and Margraf 2003),
which represents some of the highest published estimates
from striped bass diet studies. In NC70, alternative prey abun-
dance is much lower than in NC30 so that Atlantic menhaden
comprise up to 70% of striped bass diet. In NC70, consump-
tion of Atlantic menhaden was initially 24% of age-1, 59.2%
of age-2, and 71.1% of the age-3 and older striped bass diet.
The second alternative scenario (LNC30) used an asymmetric

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089

prey size preference function (eq. T. 2.26), namely an unscaled
lognormal distribution. The parameters of this prey size pref-
erence function were set to match the observed prey sizes of
striped bass from Overton et al. (2009). In LNC30, alternative
prey abundance was specified such that Atlantic menhaden
comprised about 30% of the diet of ages 6 and older striped
bass, similarly to NC30.

Results

Predator-prey model

Our model results indicated that the main driver of striped
bass SSB was striped bass F. Current striped bass SSB was ap-
proximately equal to the levels found when fishing at the
status quo F (HCR 1), but our model indicated that the stock
could reach more than quadruple its current SSB in an un-
fished condition (Fig. 4). In the unfished conditions for both
striped bass and Atlantic menhaden, striped bass SSB was
665% higher than status quo SSB and 360% higher than the
striped bass SSB target for the NC30 scenario. SSBy was es-
timated to be 553 000 metric tons (mt) for striped bass and
596 000 mt for Atlantic menhaden. Striped bass SSB declined
with increasing striped bass F (Fig. 5a). When fished at the sta-
tus quo constant F of 0.307 yr!, striped bass median SSB was
below their threshold in all scenarios. There was little effect
of a constant F HCR for Atlantic menhaden on striped bass
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Fig. 5. Relationship between fishing mortality (F) and relative spawning stock biomass (SSB) for striped bass (a) and Atlantic
menhaden (b), and relationship between F and striped bass catch (c) and Atlantic menhaden catch (d) across the range of
fishing mortality rates described in Fig. 4. Relative SSB is SSB divided by the stock-specific target. Each line indicates how the
relationship changes based on the F for the other species (pyF = F on Atlantic menhaden and pdF = F on striped bass).
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SSB (Fig. 5a). Fishing at a constant F at or below the striped
bass target F of 0.204 yr! resulted in median SSB at or above
the target under all Atlantic menhaden constant F HCRs. In-
creasing Atlantic menhaden F resulted in a small decline in
striped bass SSB, but the indirect effect of Atlantic menhaden
was less than the direct effect of fishing. SSBysy for striped
bass was estimated to be 139 000 mt when Atlantic menhaden
was unfished.

In contrast, Atlantic menhaden SSB was strongly affected
by striped bass across the wide range of striped bass Fs ex-
plored (Fig. 5¢). Atlantic menhaden SSB was at its highest
(increase of 20%) when Atlantic menhaden F was 0 yr! and
striped bass were heavily fished. Unfished conditions for both
species did not result in the highest Atlantic menhaden SSB
due to predation pressure from striped bass. Under status
quo F, Atlantic menhaden was only able to achieve target SSB
when striped bass F was greater than about 0.35 yrl. In un-
fished conditions for striped bass, Atlantic menhaden SSBysy
was projected to be 257 000 mt, substantially lower than the
current SSB target.

Median striped bass catch varied by less than 20% across At-
lantic menhaden Fs (Fig. 5b). Fysy for striped bass when F was

1092

Atl. menhaden F

0 yr! for Atlantic menhaden was 0.186 yr''. Under status quo
F(0.307 yr''), median striped bass catch was lower than at the
target F (0.204 yr'!) and at Fygy. Atlantic menhaden median
catch also showed a dome-shaped response to fishing mortal-
ity in which median catch eventually reached 0 at Fs above
approximately 1.0 yr! (Fig. 5d). Fysy for Atlantic menhaden
when striped bass F was 0 yr'! was 0.236 yr'. Additionally,
the median Atlantic menhaden catch varied in response to
indirect effects of the striped bass F by as much as 430%.

All three consumption scenarios, NC30 (Figs. S1-S8), NC70
(Figs. S9-S23), and LNC30 (S24-S39), produced similar results.
The main difference among scenarios was that NC70 and
LNC30 had wider ranges of median catch and SSB for striped
bass than NC30 under the range of Atlantic menhaden Fs eval-
uated. Therefore, this result section focuses on the NC30 sce-
nario, and results for the other two scenarios can be found in
Supplement 2.

Harvest control rules
None of the HCRs we explored resulted in median SSB
above the targets for both striped bass and Atlantic men-
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Fig. 6. Trade-offs between (a) striped bass and Atlantic menhaden spawning stock biomass relative to its target (striped bass
relative SSB; Atlantic menhaden SSB), striped bass relative SSB and catch in metric tons (b) and Atlantic menhaden relative
SSB and catch in metric tons (c) for 20 harvest control rules (HCR; numbers defined in Table 4). Red dashed lines indicate
the relative SSB targets for each species. Points indicate the median SSB and lines show the interquartile range for striped
bass (horizontal) and Atlantic menhaden (vertical). HCR types are designated by shapes of the point for Type 1 (circle), Type 2,

(triangle), and Type 3 (square).

— | | — |
§ (a) I I |
I I I
- 1 16 I |
Q10+--AHAFs-------- - T $mmmm—————-
c 9)11 +14| 18
$ : e
! 15
e .- $'d
= | ‘17 | :
= I g 1 12 1
<0.O-I ! T L Ll =. T T L) ! L L)
0 1 2 3 0 1 2 3 0 1 2 3
Striped bass rel. SSB
1 2 3
35— L 1
| | I
S5 Ry 11 : '
— ]
T £ |
O S 251 13 18 |20
K ¥
_Q‘_—ZO- 1 1 1 [
AN ¢ :
g— i | 17 ! [
I ¢ o
1 1 1
0 1 2 3 0 1 2 3 0 1 2 3
Striped bass rel. SSB
- I 2 || s ]
i o (c) I | 1
B | I |
8 | I 1 |
" _ I I I
§E 17_g15 {14! 20 |18
Yo
28 1 1
@+ 100 _r+_' 16 :
1S | |
r" I 1
SR S
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

Atl. menhaden rel. SSB

haden simultaneously (Fig. 6a). HCRs that resulted in a high
median SSB for Atlantic menhaden often resulted in a low
median SSB for striped bass, particularly for Types 2 and 3
(Fig. 7). Similarly, no single HCR resulted in high catches for
both striped bass and Atlantic menhaden (Figs. 6b-6¢ and

8). In general, most Type 1 single-species HCRs resulted in
median striped bass catch above status quo (Fig. 8a) and rela-
tively low AAV of catch (Fig. 9a). In contrast, most of the high-

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089

est Atlantic menhaden catches were achieved with Types 2
and 3 HCRs (Figs. 8b) at the expense of higher AAV of Atlantic
menhaden catch (for Type 2 HCRs) and relatively low preda-
tor SSB (Fig. 9b).

Although no single HCR achieved both predator and prey
SSB targets, some HCRs achieved multiple ecosystem man-
agement objectives for both species. Two Type 1 single-species
HCRs that involved biomass-based management of the preda-
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Fig. 7. Box plots of spawning stock biomass (SSB) for striped bass (a) and Atlantic menhaden (b) relative to their targets. Harvest
control rules are defined in Table 4. The red dashed line indicates the target SSB, the solid grey line indicates SSB at status quo,
and the blue dashed line indicates SSB for maximum sustainable yield. The vertical dashed lines separate the control rules
into categories by type, where HCRs 1-11 are Type 1, 12-17 are Type 2, and 18-20 are Type 3 HCRs. The solid lines indicate the
medians, the boxes represent the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th percentiles.
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- tor (9 and 11) resulted in median SSBs above the target for SSBumsy, and others reaching or exceeding the SSBrarger (Figs.
§ striped bass while maintaining Atlantic menhaden SSB just 6a and 7a). For Atlantic menhaden, only one Type 2 DMSHCR

below status quo (Fig. 7). One Type 3 DMSHCRs (20) resulted
in striped bass SSB above the target with relatively high me-
dian catches of both species at the expense of median Atlantic
menhaden SSB lower than the target. Also, four Type 1 single-
species HCRs (4, 5, 9, and 11) resulted in median striped bass
SSBs above the target while maintaining both striped bass
and Atlantic menhaden F below their targets (Fig. 7, Figs. S1
and S2).

The main driver of striped bass SSB in our study was striped
bass F (Fig. 5a and Fig. S1). Thus, relative performance of HCR
Types based on median SSB varied based primarily on the re-
sulting striped bass F, with some HCRs reaching or exceeding
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(16) achieved Atlantic menhaden median SSBs at or above
their target, but this HCR also resulted in striped bass below
its target and status quo SSB (Fig. 7). In contrast, two Type 2
DMSHCRs (12 and 13) resulted in the lowest median SSBs for
Atlantic menhaden. Most HCRs achieved median SSB of 40%—
90% of the target (Fig. 7b). Type 1 single-species HCRs 4-6 that
were designed to represent the Lenfest Ocean Program’s rec-
ommendations for managing forage fish for the benefit of
predators (Pikitch et al. 2012) were able to achieve all ASMFC
objectives for striped bass but resulted in Atlantic menhaden
SSB below the target by 8%-15%. The “third for the birds” ap-
proach also proposed for ecosystem-based forage fish man-

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089
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Fig. 8. Box plots of average catches in biomass in the last 10 years of the simulation for striped bass (SB; a) and Atlantic
menhaden (AM; b) Harvest control rules (HCRs; defined in Table 4). The horizontal dashed grey line indicates catch at status
quo. The vertical dashed lines separate the control rules into categories by type, where HCRs 1-11 are Type 1, 12-17 are Type
2, and 18-20 are Type 3 HCRs. The solid lines indicate the medians, the boxes represent the 25th and 75th percentiles, and the

whiskers indicate the 5th and 95th percentiles.
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agement (HCR 7), resulted in status quo Atlantic menhaden
and striped bass SSB (Fig. 7).

DMSHCRs HCRs resulted in the widest range of median
SSB for striped bass; in particular, Type 2 HCRs 12 and 13
resulted in some of the highest striped bass SSB, but At-
lantic menhaden SSB declined to near zero. Type 2 HCRs
were also among those with the highest variation in catch.
The most successful Type 2 HCRs typically had low abso-
lute values of the slope parameters, with either positive
slopes for both species or one positive and one negative
slope in the HCR pair, which are close to constant F HCRs.
Type 3 HCRs explored in this study performed moderately
well for Atlantic menhaden in that SSB for HCRs 18-20
was also below the SSBrarger, but above SSBysy, it had
catches above status quo, and had AAVs similar to that of
single-species HCRs.

Consumption of Atlantic menhaden (Fig. 10), striped bass
weight (Figs. 11b and 1d), and M (Figs. 11a and 1c and 12) dif-
fered among HCRs. Under most Type 1 HCRs, age-3 striped
bass consumption of Atlantic menhaden was similar to HCR
1 (status quo), but most Type 2 and 3 DMSHCRs resulted in

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089

lower consumption (Fig. 10), usually due to lower Atlantic
menhaden SSB (Fig. 7). Age-15 striped bass displayed similar
relative patterns of consumption across HCRs to that of age-
3 striped bass. Given striped bass weight-at-age was a func-
tion of consumption, striped bass also displayed low vari-
ability in median weight-at-age among HCRs with the excep-
tion of HCRs 12 and 13 (Fig. 11b). In contrast, median striped
bass M-at-age varied across HCRs with Type 1 single-species
HCRs displaying the lowest change in M; however, Type 2,
Type 3, and biomass-based Type 1 HCRs resulted in larger
% changes in M-at-age. Median Atlantic menhaden M at age-
1 also varied among HCRs (Fig. 12). Similar to striped bass,
the highest and lowest % change in M-at-age resulted from
Type 2 HCRs.

HCR performance across operating models

We evaluated the robustness of each HCR to consumption
model assumptions by comparing their performance among
three alternative operating model scenarios: NC30, NC70,
and LNC30 (Supplement 2). Most HCRs demonstrated similar
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Fig. 9. Box plots of average annual variation (AAV) in striped bass catch in numbers (a) and Atlantic menhaden catch in biomass
(b). Harvest control rules are defined in Table 4. The vertical dashed lines separate the control rules into categories by type,
HCRs 1-11 are Type 1, 12-17 are Type 2, and 18-20 are Type 3 HCRs. The solid lines indicate the medians, the boxes represent
the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th percentiles.
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relative performance across scenarios and were thus robust
to assumptions about striped bass diet. The best-performing
HCRs for striped bass across operating models were those
that incorporated the “40-10 rule” (HCRs 11 and 20). In these
two HCRs, striped bass SSB was maintained above its target
and Atlantic menhaden SSB was maintained below the target,
but above the estimated SSBy;sy. Also, Atlantic menhaden me-
dian SSB was lower for LNC30 across all HCRs compared, and
more HCRs in LNC30 performed worse compared to targets
for each species than in the other two scenarios.

Not surprisingly, the largest differences among operating
models in HCR performance were for metrics associated with
striped bass consumption such as maximum proportion con-
sumption of Atlantic menhaden, striped bass weight-at-age,
and M for both species. In particular, a 71% proportion of
Atlantic menhaden in the striped bass diet was difficult to
achieve at all ages. For LNC30, the proportion consumption of
Atlantic menhaden was consistent with model expectations
except at younger ages where proportion consumption was
on average 30% rather than 15.7%. The variability and change
in weight-at-age among HCRs in NC70 was wider than what
was found in NC30 and LNC30 for striped bass older than age-
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9. Weight at ages 1-9 for striped bass was relatively consistent
among HCRs and operating models.

Discussion

Predator-prey model

Our age-structured, linked, predator-prey model of striped
bass and Atlantic menhaden dynamics allowed us to exam-
ine trade-offs among a suite of HCRs in their ability to at-
tain EAFM objectives. The model captured the range of ob-
served %Atlantic menhaden in striped bass diet reported in
the literature (30%-70%; Hartman and Brandt 1995; Walter et
al. 2003). Atlantic menhaden were sensitive to both directed
fishing mortality and predation by striped bass when an HCR
(11, 12, 15, and 20) resulted in high striped bass SSB, indicat-
ing that Atlantic menhaden were responsive to both fishing
mortality and predation. However, striped bass were not as
highly influenced by Atlantic menhaden, and the main driver
affecting the striped bass stock was fishing. Atlantic men-
haden had a bottom-up effect on striped bass weight- and
M-at-age (Fig. 11), but not enough to strongly affect overall

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089
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Fig. 10. Box plots of the proportion consumption of Atlantic menhaden (AM) by age-3 (top) and age-15 (bottom) striped bass
(SB) for 20 harvest control rules (HCRs; defined in Table 3). Atlantic menhaden at these ages comprise approximately 15.4% and
30.7%, respectively, of striped bass diets according to Chagaris et al. (2020) (red dashed line). The vertical dashed lines separate
the control rules into categories by type, where HCRs 1-11 are Type 1, 12-17 are Type 2, and 18-20 are Type 3 HCRs. The solid
lines indicate the medians, the boxes represent the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th

percentiles.
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dynamics (Fig. 6), because striped bass are generalist preda-
tors and we employed a static other prey category, which en-
sured that a minimum amount of prey would be available
for striped bass consumption (Fig. 4). Also, HCRs 1-20 were
designed to achieve fishery objectives centered around sta-
tus quo or target SSB, which is based on an ad hoc value of
striped bass SSB from 1995 and is not reflective of the maxi-
mum potential of the stock. Thus, for HCRs 1-20, menhaden
generally did not experience as intense predation pressure
as they might if striped bass were allowed to increase above
their target SSB. In contrast, simulations conducted across a
wide range of constant F HCRs (Fig. 4, and Fig. 5, as in the 2020
Atlantic menhaden stock assessment) explored the potential
effects of striped bass F rates lower than historically observed
in the striped bass stock assessment. These simulations re-

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089

sulted in much higher top-down effects of striped bass on
Atlantic menhaden (Fig. 5) than HCRs 1-20 (Figs. 6 and 12)
because many of these constant F HCRs allowed striped bass
SSB to increase up to five times the current target SSB. Our re-
sults are similar to ecosystem-based modeling approaches ap-
plied to this predator-prey system, which resulted in striped
bass SSB increases of up to three times the current target SSB
(Chagaris et al. 2020). Our simulations and that of Chagaris
et al. (2020) both indicate that the data, model structure,
and assumptions inherent in the current striped bass stock
assessment imply the stock has much greater biological po-
tential than recognized by the current ad hoc SSB target. If
the striped bass stock increased three to five times its cur-
rent biomass, our model results suggest that natural mortal-
ity rates of Atlantic menhaden by striped bass would increase
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Fig. 11. Box plots of the % change of age-3 striped bass natural mortality (a) and weight (b) and age-15 natural mortality (c) and
weight (d) from the stock assessment for 20 harvest control rules (HCRs; defined in Table 3). The vertical dashed lines separate
the control rules into categories by type, where HCRs 1-11 are Type 1, 12-17 are Type 2, and 18-20 are Type 3 HCRs. The solid
lines indicate the medians, the boxes represent the 25th and 75th percentiles, and the whiskers indicate the 5th and 95th

percentiles.
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considerably and cause a reduction of Atlantic menhaden
biomass. This result is difficult to put into historical context
because estimates of striped bass fishing mortality rates and
biomass are not available prior to the early 1980s, a point at
which the striped bass stock was severely depleted (NEFSC
2019).

The results of our predator-prey model simulations also
suggested that the current single-species target reference
points used in the management of striped bass and Atlantic
menhaden may not align with management objectives (Table
5). The striped bass inputs and reference points used in this
study were based on the 2019 assessment, which estimated
an F target of 0.204 yr'!, while our simulations of striped bass
dynamics were based on the 2019 assessment assuming an
Atlantic menhaden F = 0 yr'! across a range of striped bass
Fs resulted in an estimate of striped bass Fysy = 0.186 yr!
(Fig. 5b). This implies that a lower target F would result
in enhanced fishery benefits, e.g., higher yield and greater
catch per trip. Also, our model suggested that the current At-
lantic menhaden target SSB would be difficult to achieve be-
cause only one HCR (16) achieved median SSB above the tar-
get. Thus, our model indicates that the SSB reference point
for Atlantic menhaden may not be attainable if ecosystem
management objectives are achieved and striped bass SSB
increases.

Harvest control rules

In our study, none of the HCRs we tested met all ecosys-
tem management objectives for striped bass and Atlantic
menhaden (Table 5). No single HCR performed well for both
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stocks, which follows similar conclusions from other stud-
ies investigating performance of HCRs for predator-prey sys-
tems that reported difficulties in achieving objectives for
multiple species simultaneously (Kaplan et al. 2020; Pérez-
Rodriguez et al. 2022). Our model indicated that it would be
difficult to achieve the Atlantic menhaden SSB target due to
the effects of top-down predation pressure by striped bass
at or above their target SSB (Figs. 6a and 7). Balancing HCRs
among multiple species in an ecosystem is challenging, and
both scientists and managers should recognize that, in some
situations, it may not be possible for both predator and prey
stocks to be maintained at their targets (Pérez-Rodriguez et
al. 2022).

Although there was no one HCR that stood out from the
rest, several performed well across multiple metrics. Sim-
ilar to Kaplan et al. (2020), we found biomass-based HCRs
(referenced as “threshold HCRs” in their study) resulted in
higher variability of catch compared with constant F HCRs,
but generally outperformed constant F HCRs when applied to
both predator and prey (Fig. 6a). Our single-species biomass-
based HCR that involved the “40-10 rule” for striped bass
(HCR 11) performed well for striped bass SSB and catch per-
formance metrics without driving Atlantic menhaden to low
SSB, indicating it may be a good candidate for further test-
ing and potential use in EAFM. The performance of other
Type 1 HCRs, specifically traditional single-species constant
F HCRs such as are currently used in striped bass manage-
ment, were more variable as has been shown in other stud-
ies of single-species HCR performance (Deroba and Bence
2008).

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089
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Fig. 12. Box plots of the %change of age-1 (a) and age-4 (b) Atlantic menhaden M from the stock assessment M. The vertical
dashed lines separate the harvest control rules into categories by type, where HCRs 1-11 are Type 1, 12-17 are Type 2, and 18-
20 are Type 3 HCRs. The solid lines indicate the medians, the boxes represent the 25th and 75th percentiles, and the whiskers

indicate the 5th and 95th percentiles.
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In this study, the DMSHCRs we explored were highly vari-
able in their performance. Type 2 DMSHCRs, in which the F
for one species depended on the SSB of the other, generally
did not perform well and should be critically evaluated before
being applied for use in management. For these DMSHCRs,
the predator or prey SSB was used to determine F on the other
species, making it difficult to balance the effects of fishing
with the effects of predation. Type 3 HCRs performed simi-
larly to single-species HCRs, which indicated little benefit of
cessation of fishing on Atlantic menhaden to help recover
striped bass. Although cessation-based HCRs have been ex-
plored in the literature, our Type 3 HCRs are novel. Kaplan et
al. (2020) investigated the impacts of forage fish productivity
on predator fish stocks by implementing threshold HCRs that
increased or decreased predator F when prey productivity was
high or low, which is different than our Type 3 HCRs that

Can. J. Fish. Aquat. Sci. 81: 1081-1103 (2024) | dx.doi.org/10.1139/cjfas-2023-0089

based prey F on predator SSB. Our Type 3 HCRs 18 and 19 were
designed to conserve prey SSB to meet the needs of the preda-
tor, but did not perform well for striped bass because reduc-
ing fishing on Atlantic menhaden was not sufficient to allow
striped bass to recover when striped bass F was above the F
threshold.

Other studies have proposed HCRs for ecosystem-based
management of forage fishes such as Atlantic menhaden, in-
cluding Pikitch et al. (2012) and Cury et al. (2011). HCRs 4-6
were designed to implement the recommendations of Pikitch
et al. (2012) such that prey F differed depending on the levels
of information available about forage fish and their predators
in an ecosystem. These HCRs performed reasonably well for
Atlantic menhaden, but they did not result in improvements
in performance for striped bass because the striped bass tar-
get F exceeded Fysy in our operating models, highlighting
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the need for appropriate single-species reference points to
support multispecies management efforts. The single-species
HCR modeled after Cury et al. (2011) with the goal of conserv-
ing at least one-third of unfished biomass for avian preda-
tors (HCR 7) also did not result in increased striped bass SSB.
A similar result was found in Hilborn et al. (2017) in which
forage fish fishing had little effect on the forage fish’s preda-
tor, particularly in the case of Atlantic menhaden and striped
bass. Both the Pikitch et al. (2012) and Cury et al. (2011) ap-
proaches were developed for ecosystems in which predators
only had one dominant prey species. Given striped bass are
generalist predators (Hartman and Brandt 1995; Walter and
Austin 2003; Overton et al. 2009), Atlantic menhaden-centric
HCRs like the ones explored in this study may not be the
most-efficient approach to meet ecosystem management ob-
jectives (Table 5).

Model comparisons

Consideration of multiple alternative models that differ in
structure when developing EAFM approaches should lead to
more robust fishery management decisions. Our study ex-
amined a wider range of HCRs than had been explored pre-
viously for the striped bass—Atlantic menhaden predator-
prey system. Prior work focused solely on developing con-
stant F, single-species HCRs (Chagaris et al. 2020; Drew et
al. 2021), whereas we compared the relative performance of
these types of HCRs with a suite of true multispecies HCRs, in-
cluding both constant and dynamic F options (Table 4). Thus,
direct comparison among HCR performance is relevant only
for constant F HCRs (Fig. 4).

Our model differed in structure from that of other models
developed for this system to date (Drew et al. 2021; SEDAR
2020b) in that it is an age-structured predator-prey model
with stochastic recruitment that is capable of simulating
both top—down and bottom-up effects. We focused on captur-
ing the detailed structure of predator-prey interactions for
two species of interest to the ASMFC. In contrast, the NWACS-
MICE used currently to inform Atlantic menhaden manage-
ment focuses on capturing the details of the broader ecosys-
tem in which Atlantic menhaden and striped bass operate.
Our approach is most similar to the multispecies statistical
catch-at-age model developed during the 2020 Atlantic men-
haden stock assessment (SEDAR 2020b), but that model was
not put forward for management consideration because it
lacked bottom-up effects of prey on predators. Our operat-
ing models differed in that it was not formally conditioned
by fitting to historical data; rather, we used historical data
and stock assessment estimates to simulate the potential im-
pact of harvest policies. Thus, our operating models produced
predator-prey dynamics that likely differ in some ways from
the NWACS-MICE Ecopath with Ecosym and statistically fit-
ted models of the same system (Drew et al. 2021). Differences
in outcomes among models of the same system allow us to
begin to explore the potential impacts of model assumptions
and a more holistic evaluation of model structure uncertainty
for robust fishery management advice.

There are several similarities between our model and that
of the NWACS-MICE approach used to generate ecosystem-
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based reference points for Atlantic menhaden (Chagaris et al.
2020). Our models are similar in that both approaches rely
on accurate time series estimates of stock size (biomass) and
catch by age class or stanza for the modeled predator and
prey species. Our model and the NWACS-MICE model also
assume that an alternative prey of the same size as a men-
haden would be equally preferred by striped bass and that all
prey have equal nutritional value. If striped bass supplement
their diet with alternative prey that have a higher nutritional
value, model estimates of consumption and prey M, in both
models would be affected.

Our model differed from that of the NWACS-MICE model
in several key ways. First, our predator-prey model was age
structured (ages 1-20+ for striped bass and ages 0-6+ for
Atlantic menhaden), whereas the NWACS-MICE model used
more coarsely grouped age categories for striped bass (age
0-1, 2-5, and 6+) and Atlantic menhaden (age 0 and 1+).
Another difference between these two models was that our
model incorporated a type II functional response, which dif-
fers from the NWACS-MICE model’s foraging arena predator-
prey dynamics (similar to a type-Ill functional response).
Also, the NWACS-MICE model includes time-varying preda-
tion pressure from multiple predators, whereas our model
includes a single predator and assumes that all other preda-
tion impacts are captured in our static M; parameter. Finally,
the NWACS-MICE models use a dynamic other prey pool,
which allows prey resources to be driven quite low by preda-
tors; in contrast, we adopted the use of a static other prey
pool.

Differences in structure among our models likely led to
differences in predator-prey dynamics such that striped
bass was less responsive to decreases in Atlantic menhaden
biomass in our model than in the NWACS-MICE. We suspect
this is primarily due to the way in which we modeled our
eight other (non-menhaden) prey categories. Unlike Atlantic
menhaden, which were dynamically modeled, our other prey
categories were static over time; this established a floor to the
amount striped bass could consume in our model, given that
they are always able to consume a minimum amount of other
prey biomass. We chose our levels of other prey biomass by
selecting values that allowed us to match the proportion of
Atlantic menhaden in the diet of striped bass and the ob-
served range of striped bass growth (Schiano 2022). In con-
trast, Chagaris et al. (2020) developed time-varying estimates
of alternative prey by mass balancing an Ecopath model. The
impact of our static other prey categories is apparent in Fig. 4
such that the striped bass SSB target and SSB threshold lines
flatten around an Atlantic menhaden F of 1 yr!. At this point,
striped bass are primarily consuming other prey, and striped
bass SSB remains relatively constant because the other prey
biomass is constant. An improved understanding of the dy-
namics of alternative prey species for striped bass would ad-
vance multispecies model development and the development
of multispecies HCRs.

Despite this difference, our model results were similar to
that of the NWACS-MICE and other models of the striped
bass-Atlantic menhaden predator-prey system in several
ways. Both our model and the NWACS-MICE indicated that
striped bass F was an important driver of striped bass
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biomass, and that even reducing Atlantic menhaden Fto 0 yr'!
would not rebuild striped bass to its SSB target without a re-
duction in striped bass F as well. Also, our simulated total
M for Atlantic menhaden ranged in our model from 0.77 to
1.78 (age-6+-age-0) with an average of 1.04, making it com-
parable to that of the suite of multispecies models explored
during the last benchmark assessment (SEDAR 2020b; fig.
176). Across the 27 HCR simulations, our estimates of Atlantic
menhaden M, ranged from 0 to 0.072 for age-0 (mean = 0.017)
and from 0 to 0.011 (mean = 0.001) for age-6+. Compared
with other models used to estimate M, for this predator-prey
system (SEDAR 2020b), our estimates were most similar to
that of the multispecies age-structured statistical catch-at-age
model (0.06 for age-0 and ~0.01 for age-6+ in the terminal
year). Alternative models with greater structural differences
resulted in larger differences in outcomes. For example, our
estimates of M, were much lower than that of the MICE EwE
model (0.12 for juveniles and 0.031 for adults) and the MSVPA
(~0.2 for age-1, ~1 for age-0, ~0 for age-2+), both of which
included multiple predators on menhaden, as well as that of
the surplus production-based Steele-Henderson model (0.2—-
0.7). In our model, effects of other predators on Atlantic men-
haden were part of M;.

Conclusions

Our study was designed to help fishery managers proac-
tively examine the potential pros and cons of a suite of al-
ternative HCRs and any unexpected consequences of imple-
menting them. The ASMFC has already taken an important
first step in EAFM by adopting targets and thresholds for
Atlantic menhaden that consider their role as forage fish
(Anstead et al. 2021). However, management of Atlantic men-
haden and striped bass continue to use constant F, single-
species reference points applied independently within two
distinct single-species management frameworks. Our study
suggests that the ASMFC’s ecosystem management objectives
(Table 5) might be achievable by simultaneously adopting
HCRs for both striped bass and Atlantic menhaden stocks that
complement one another. Our results can be used to enhance
the ASMFC’s EAFM efforts by expanding the range of manage-
ment options explored during future benchmarks. Although
our inputs differ from that of the most recent stock assess-
ment updates and stock status of striped bass has changed in
recent years (no longer overfishing), the structure of both as-
sessment models has not changed appreciably and thus the
overarching conclusions of our study regarding relative per-
formance of HCRs should still be applicable. However, our
model would need to be updated with the most recent as-
sessment information for both species before being used to
operationally inform HCR selection or new reference points
for these species. We also caution that HCRs in our study
were implemented using a 1-year time lag between assess-
ment and management. Future studies should include exam-
ination of the potential impacts of data frequency and man-
agement implementation on multispecies HCR performance
as has been done for single-species HCRs (Hutniczak et al.
2019).
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Our study should also help inform the consideration of
HCR types for use in EAFM for other predator—prey systems
worldwide. In particular, our conclusions regarding efficacy
of HCRs designed for use in forage fish management (Cury et
al. 2011; Pikitch et al. 2012) may help to identify situations in
which these approaches will be highly effective (e.g., tightly
linked predator—prey systems) versus less effective (e.g., gen-
eralist predators). Further exploration of forage fish HCRs is
needed given the variability in these populations and their
potential drivers, both biotic and abiotic (Hilborn et al. 2017).

More broadly, our modeling approach can be adapted
for use in other predator-prey systems. In particular, our
predator-prey model structure may be especially useful in
the common situation in which type III functional response
relationships are not estimable (Kalinkat et al. 2023). We
used the multi-predator multi-prey type II functional re-
sponse modeling approach used by Szalai (2003) to estimate
dynamics of alewife (Alosa pseudoharengus) prey and their
Chinook salmon (Oncorhynchus tshawytscha) predator in Lake
Michigan. We hope our study draws attention to her ap-
proach, which may be a tractable modeling option for sci-
entists attempting to characterize complex, age-structured
predator-prey relationships without adequate diet informa-
tion. Note, though, that adopting a type II functional re-
sponse relationship may not work well if HCRs that drive
prey to low densities are to be explored. We also acknowl-
edge that our model relied on the use of two, well-established
age-structured stock assessments, several predator diet stud-
ies, and regional diet monitoring programs. In the absence
of this level of information, more scenarios about prey pref-
erence and diet importance may need to be considered or a
less detailed modeling approach may need to be explored,
such as multispecies surplus production models (Collie and
Delong 1999; Mueter and Megrey 2006; Gamble and Link
2009).

Regardless of the model structure used, all models used to
inform EAFM should explore the robustness of their advice to
key ecosystem assumptions in the face of uncertainty. Given
a wide range of values have been reported for the importance
of Atlantic menhaden in the striped bass diet, we developed
alternative operating models that encompassed the range of
Atlantic menhaden in the diets of older striped bass: 21%
(Overton et al. 1999), 44% (Walter and Austin 2001, 2003), 50%
(Overton et al. 2008), and 70% (Hartman and Brandt 1995). Un-
certainty regarding the importance of Atlantic menhaden in
striped bass diets creates a significant challenge for modeling
predator-prey dynamics. Our study addressed this challenge
by exploring multiple operating models and demonstrating
that HCR performance was similar across a range of predator
diet assumptions.
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