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Gulf menhaden (Brevoortia patronus) support the largest fishery by yield in the
Gulf of Mexico (GoM) and are a key forage species for many marine predators.
While menhaden stock assessments indicated that overfishing was not likely to
have occurred in the past, concerns have been raised regarding the possible
effects of menhaden fishing on their predators. In this study, we used a US
Gulfwide Ecopath with Ecosim (EwE) model to explore the predicted effects of
increased menhaden harvest on the GoM ecosystem and focused our analyses
on Gulf menhaden predators. Key menhaden predators identified included king
mackerel (Scomberomorus cavalla), Spanish mackerel (Scomberomorus
maculatus), sea trout (Cynoscion spp.), red drum (Sciaenops ocellatus), and
pelagic coastal piscivores [e.g., bluefish (Pomatomus saltatrix)]l. As expected,
these predators exhibited reduced biomass in response to increased Gulf
menhaden harvest, with a predicted 11% decrease in predator biomass at
simulated fishing levels near historical highs. Our results indicate strong
relationships between the effects of menhaden fishing and the predator
fishing mortality for king mackerel and intermediate relationships for Spanish
mackerel, blacktip shark (Carcharhinus limbatus), red drum, large coastal
sharks, and pelagic coastal piscivores. Biomass of predator groups such as
demersal coastal invertebrate feeders [e.g., drums and croakers (Sciaenidae)]
are more affected by menhaden harvest (through trophodynamics interactions
and bycatch removal) compared to the isolated effect of their fishing mortality.
For almost all the groups examined in the trade-off analysis, with the exception
of sea trout, current biomass (2016) was higher than their target biomass
representing 75% of their biomass at maximum sustainable yield. In comparison
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to the time series of fishing mortality rates estimated by the most recent Gulf
menhaden stock assessment, the mean ecological reference point (ERP) of
0.862 was exceeded in all but 1 year from 1977 to 2007; however, neither the
target nor threshold upper ERP value has been exceeded since 2008. The
observed Gulf menhaden landings from 2003 to the present were generally
within the range of the projected equilibrium landings (i.e., within confidence
intervals) at both the ERP target and threshold values except for three

recent years.

KEYWORDS

ecosystem-based fisheries management, forage fish, Gulf menhaden, trophic
interactions, fishing mortality, bycatch

1 Introduction

Forage species provide key food-web linkages in marine
ecosystems, directly and indirectly sustaining predators and
fisheries (Pikitch et al., 2014; Robinson et al., 2014; Siple et al.,
2019). Forage species are commonly defined by their ecological
importance to upper-trophic-level predators (Pikitch et al.,
2012), although the reliance on forage species as prey can vary
considerably from predator to predator (e.g., due to prey
switching). An analysis of more than 70 ecosystem models
worldwide found that forage species make up 50% and 75% of
diets for at least one predator in 75% and 29% of ecosystems
examined, respectively (Pikitch et al., 2012). At the same time,
forage fish represent nearly 30% of total global landings (Tacon
and Metian, 2009). The important role of forage fish as prey as
well as fishery harvest warrants a detailed examination of the
effect of their harvest on ecosystem dynamics and the
sustainability of other fishery stocks.

Considerable debate remains surrounding the effects of
forage fish harvest on predator populations (Hilborn et al.,
2017; Pikitch et al, 2018). While examples of strong linkages
between forage fish and the abundance of predators have been
identified and reported for numerous ecosystems throughout the
world (reviewed in Pikitch et al., 2012; Pikitch et al., 2018), other
studies have concluded that the abundance of forage fish has
little impact on predators (Hilborn et al.,, 2017; Free et al., 2021).
Hilborn et al. (2017) cautioned the use of ecosystem models for
evaluating the relationships between predators and forage fish
(as done in Pikitch et al., 2012) and instead focused efforts on
evaluating empirical relationships between assessment model-
derived abundance of forage fish and predators for United States
(US) fisheries (Hilborn et al.,, 2017). They found that
connections between forage fish abundance and the rate of
change in the abundance of their predators broke down after
accounting for the high variability in forage fish dynamics, the
weak relationship between forage fish recruitment and spawning
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stock biomass (along with the role of environmental productivity
regimes), prey size selectivity of predators compared to fisheries
selectivity, and spatial distributions of forage fish. While their
conclusions continue to be debated (Pikitch et al., 2018), there is
consensus that a case-specific approach is necessary to evaluate
the impact of forage fish removal on marine ecosystems (Hilborn
et al., 2018; Pikitch et al., 2018).

Menhaden (Brevortia spp.) of the family Clupeidae are
important fishes in both the Atlantic Ocean and Gulf of
Mexico (GoM) because of their economic and ecological value
(SEDAR (Southeast Data Assessment and Review), 2018;
SEDAR (Southeast Data Assessment and Review), 2020).
Within the GoM, Gulf menhaden (B. patronus) support the
second largest commercial fishery in the US by weight (NMES,
2021). A commercial “reduction” fishery uses large purse seines
to harvest an average of 600,000 metric tons of Gulf menhaden
each year (SEDAR (Southeast Data Assessment and Review),
2018), with record landings in the 1980s reaching 982,800 metric
tons and the lowest landings of 387,200 in 2010 due to fishing
closures following BP’s Deep Water Horizon Oil Spill (SEDAR
(Southeast Data Assessment and Review), 2018). Menhaden are
processed into fish meal, oil, and fish soluble that are used in
domestic animal feeds, as lubrication components, and for
human consumption (Smith, 1991). Menhaden form massive
schools, making them relatively easy to target and, due to their
high oil content, produce up to 97% of US fish oil production
and a variety of fish meal products (Hale et al., 1991; Alder
et al., 2008).

As a forage species, menhaden provide sustenance for higher
trophic level predators such as mackerels, sharks, and coastal
fishes (Geers et al., 2016; Sagarese et al., 2016; Leaf and Oshima,
2019), and thus provide indirect ecosystem services supporting
multiple commercial and recreational fisheries. The Gulf
menhaden Regional Management Plan recognized their
importance to the ecosystem, but highlighted the lack of
understanding of their trophic role (GSMFC (Gulf States

frontiersin.org


https://doi.org/10.3389/fmars.2022.935324
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Berenshtein et al.

Marine Fisheries Commission), 2015). The effect of forage
species harvest on predators is likely dependent on the
biomass of predator populations, such that when predators are
highly abundant, there is more demand for food, and they are
more sensitive to forage removals. Maintaining predators near
their biomass target may therefore require more available forage
than if they were maintained in a depleted state, and this must be
considered when developing ecological reference points (ERPs).

Ecosystem models represent key tools to elucidate trade-offs
between species, thereby enabling the management of fisheries in
a more holistic manner as emphasized in the federal
Reauthorized Magnuson-Stevens Fishery Conservation and
Management Act (MSFCMA (Magnuson-Stevens Fishery
Conservation and Management Act), 2007). These models
integrate multiple data sources to evaluate ecosystem-based
fisheries management options (EBFM; Pikitch et al, 2004),
guide focused research on dominant species interactions, and
provide insight into possible unforeseen and adverse outcomes.
The recent development of ERPs for Atlantic menhaden (B.
tyrannus) using an ecosystem model of intermediate complexity
provides a success story on incorporating quantitative ecosystem
considerations into fisheries management (Chagaris et al., 2020;
Anstead et al., 2021; Drew et al., 2021; Howell et al., 2021). These
ERPs were based on the trade-off relationship between
menhaden harvest and their predator biomass, when the
predator was fished at their own target fishing mortality rate
(Chagaris et al.,, 2020). That is, the ERP fishing mortality rates of
the forage species should not impede the ability to achieve
single-species targets of the predator.

Management objectives for Gulf menhaden are explicit about
the need to account for their role in the ecosystem, and managers
have called for development of maximum sustainable yield
(MSY)-based reference points that consider predator demands
and an improved understanding of the cumulative impacts of
freshwater flow, habitat loss, and hypoxia on menhaden
population dynamics (Chagaris et al,, 2019). The overall goal of
this study was to evaluate the effects of menhaden harvest on its
predators and develop new management reference points that
account for their role as a forage species. The first objective was to
develop and calibrate an ecosystem model of the GoM, with a
central focus on Gulf menhaden and their predators. Upon
satisfactory calibration of the model, the ecosystem effects of
alternative fishing policies on menhaden were assessed, with a
particular focus on how menhaden predator species would
respond to changes in fishing pressure, i.e., fishing mortality (F)
of Gulf menhaden (Brevoortia sp.) or purse seine fishing effort.
While the purse seine fishery generally targets Gulf menhaden,
bycatch species can contribute about 2% to 3% by weight of total
landings (e.g., Guillory and Hutton, 1982). Trade-offs between
menhaden harvest and predator biomass are identified in order to
develop management reference points. Ecological indicators are
also presented to enable comparison of ecosystem structure and
function across alternative levels of fishing.
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2 Methods
2.1 Ecopath with Ecosim

The Ecopath with Ecosim (EwE) ecosystem modeling
package has been widely used to address a variety of marine
resource and ecosystem management challenges (Colleter et al.,
2015), including fisheries (Chagaris et al., 2015; Chagaris et al.,
2020), invasive species (Chagaris et al., 2017), marine pollution
(Walters and Christensen, 2018), habitat alteration (de Mutsert
et al,, 2021), river discharge and drought conditions (Sinnickson
etal,, 2021), and climate change (Coll et al., 2020). The modeling
framework has been described extensively elsewhere
(Christensen and Walters, 2004; Christensen et al., 2005),
including best practices (Link, 2010; Heymans et al, 2016),
and the software is freely available at www.ecopath.org. Briefly,
EwE is an end-to-end trophic-dynamic model that consists of a
static food web representation (Ecopath), which contains the
initial conditions for dynamic simulations in the Ecosim
module. While the complexity of EwE models (i.e., number of
modeled species/age classes) is specific to each application and
modeled region, all EWE models represent dynamics across
several trophic levels, from detritus and primary producers to
top predators. Required inputs to Ecopath are biomass,
consumption rates, mortality rates, diet compositions, and
fisheries removals. Ecosim consists of a set of coupled
differential equations that simulate biomass dynamics forward
from Ecopath starting conditions, at a monthly time step, based
on changes in fishing mortality, predator—prey abundances, and
environmental drivers, such as nutrient loading and
primary production.

In Ecosim, consumption by predators is modeled based on
the foraging arena theory (Ahrens et al., 2012), which states that
predation rates are limited by the flux of prey biomass from
invulnerable states (resting, hiding) into vulnerable “foraging
arenas”. The exchange rate between these states is determined by
the Ecosim vulnerability parameter (v), and there is one for each
predator-prey interaction. The vulnerability parameters
function as upper limits on predation mortality rates, such
that high values (>10) assume strong top-down control and
allow predators to increase consumption of prey, leading to
greater biomass increases of the predator and a reciprocal
decline in their prey. Low vulnerability settings assume
bottom-up control, which limits consumption (and biomass
gains) of predators and keeps predation mortality rates of the
prey near the Ecopath baseline value. The vulnerability
parameters are highly influential in Ecosim models and can be
estimated by fitting models to time series of observed abundance
and landings. Ecosim also accounts for bottom-up drivers on
primary production using a Michaelis-Menten nutrient uptake
model, multipliers on primary production rates, and estimated
primary production anomaly multipliers (Christensen
et al., 2005).
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Ecosim models are especially useful for examining ecosystem
impacts of forage species harvest because they simultaneously
account for both the bottom-up (food availability) and top-down
(predation and fishing) effects on prey and predators. For example,
a suite of modeling approaches was developed for Atlantic
menhaden (Drew et al., 2021), and EwE was selected for
management use because it was the only model capable of
evaluating the bottom-up impacts of menhaden harvest on their
predators, which is also the key management question for Gulf
menhaden. Other approaches such as multispecies surplus
production (Uphoff and Sharov, 2018) and statistical catch-at-age
models (Curti et al,, 2013) are currently only capable of addressing
the top-down effect that predators have on forage species (ie.,
estimation of predation mortality rates). Additionally, Gulf
menhaden filter feed on phytoplankton and particulate organic
matter and their dynamics are tightly coupled to the Mississippi
River (Grimes, 2001; Leaf, 2017; Adams et al., 2018), which provides
nutrients that stimulate phytoplankton growth throughout the area
where menhaden are concentrated. Thus, the need to evaluate the
effects of menhaden harvest on predators, while also considering
changes in primary production and predator harvest rates, makes
EwE an appropriate model for this analysis.

2.2 The Gulfwide Ecopath with
Ecosim model

2.2.1 Spatial domain and functional groups

The US Gulfwide EwE model focuses on federally (ie.,
National Marine Fisheries Service) and internationally
[International Commission for the Conservation of Atlantic
Tunas (ICCAT)] managed species as well as protected species
such as dolphins and seabirds (Supplementary Table 1). The
region considered in the model includes the US territorial
waters from Brownsville, Texas, to the Florida Keys out to 400
m depth, covering an area of approximately 310,000 km?. While
the US Gulfwide EWE model has many structural similarities to
the 2005-2009 Ecopath model of Sagarese et al. (2017), the
Ecopath model was reparametrized to reflect 1980 conditions
and serve as a starting point for Ecosim. In addition, refinements
to functional groups (marine mammals and age-structure for key
fisheries species) were made following feedback from stakeholders
during a 2017 Scoping Workshop (Chagaris et al, 2019) and
subsequent discussions. For example, age classes of Gulf
menhaden were modeled individually from 0 incrementally to 4
+ years to align with the Gulf menhaden stock assessment and
better represent recruitment, fishery, and predation processes.

A total of 78 functional groups are represented in the US
Gulfwide EwE model, including three marine mammal groups,
an aggregate seabird group, an aggregate sea turtle group, eight
elasmobranch groups, 52 fish groups (18 of which are subdivided
into multiple life stages), nine invertebrate groups, three primary
producers, and one detritus group (Supplementary Table 2;
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detailed in Supplementary Table 1). The diet matrix input into
the US Gulfwide Ecopath model was based on a meta-analysis
conducted of diet studies obtained from nearly 600 references
(Sagarese et al., 2016). Both landings and discards (i.e., bycatch)
are modeled where possible for 12 commercial fleets and 4
recreational fleets. The Ecopath model representing the base year
of 1980 was mass-balanced and diagnostics were evaluated
following approaches in Link (2010) and Darwall et al. (2010).
Ecopath diagnostics indicated that model inputs and estimates
are biologically realistic. Additional details on model structure,
data inputs, parameterization, and diagnostics can be found in
Berenshtein et al. (2021).

2.2.2 Menhaden purse-seine bycatch

A considerable portion of the impact of the menhaden
purse-seine fishery on predatory species occurs through
bycatch. In our Gulfwide Ecopath model for the snapshot year
of 1980, we implemented the menhaden purse-seine bycatch on
other species through both retained (i.e., landed) and discarded
(i.e., released) bycatch. According to previous studies, relative
bycatch quantities of the menhaden purse-seine fleet generally
account for <2.5% of total catch (Berenshtein et al., 2021).
Estimates of purse seine bycatch in units of weight are less
common than estimates in units of number, but have ranged
from 0.66% by weight (de Silva et al., 1996) to 3.1% by weight
(Guillory and Hutton, 1982). Working inside three reduction
plants in Louisiana in 1980-1981, Guillory and Hutton (1982)
reported that bycatch varied spatially from 0 to 10.5% of total
catch weight, with a mean across plants and years of 2.35%.
However, they considered these estimates low because large
specimens such as sharks and jacks were typically removed
from the catch during the harvesting or unloading process
and discarded. Although classified as a “small amount of
incidental catch” by Guillory and Hutton (1982), a few percent
of 700,000 metric tons can still be a substantial amount and
negatively affect species since the effect of bycatch on species can
differ based on their species-specific abundance and life history.

Retained bycatch of the menhaden purse seine reduction
fishery was calculated based on assumptions regarding species
composition and magnitude of retained bycatch derived from
Guillory and Hutton (1982) and de Silva and Condrey (1997).
Using the species composition of retained bycatch by weight
from Guillory and Hutton (1982), and assuming 2.5% of Gulf
menhaden landings in 1980 by weight were attributed to
bycatch, bycatch estimates were allocated by species and
summed by functional groups. Since Guillory and Hutton
(1982) did not distinguish shark species within the bycatch,
species-specific resolution for sharks within the bycatch was
based on de Silva et al. (2001), which sampled dead bycatch
aboard commercial menhaden fishing vessels. Using the species
composition of retained bycatch by weight from de Silva and
Condrey (1997), and assuming about 2% of Gulf menhaden
landings in 1994-1995 by weight were attributed to bycatch, we

frontiersin.org


https://doi.org/10.3389/fmars.2022.935324
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Berenshtein et al.

allocated bycatch by species and summed them by functional
groups. We then scaled these estimates derived from de Silva and
Condrey (1997) back to 1980 using the ratio of Gulf menhaden
landings between these two time periods, assuming the
proportions and species composition would be similar. Lastly,
estimates of retained bycatch for each functional group were
averaged between both approaches to determine the final
estimates [see Berenshtein et al. (2021) for additional details].

Released bycatch computation was based on de Silva and
Condrey (1997). First, an average number of released bycatch
was determined using the 1994 and 1995 estimates weighted by
their respective sample sizes (Njgg94 = 235 sets; Njggs = 257 sets).
Second, the numbers of released bycatch were converted to
weights using the average weight of species that were retained.
Since these estimates were for 1994-1995, we scaled these
estimates back to 1980 using the ratio of Gulf menhaden
landings between time periods, under the assumption of static
proportions and species compositions [see Berenshtein et al.
(2021) for additional details]. Released bycatch was treated as
dead discards in Ecopath.

2.2.3 Time series and Ecosim calibration

The time-dynamic Ecosim component of EWE was constructed
based on reference time series spanning 1980 to 2016. Reference
time series (N = 109) included group biomass (relative) and
landings and were treated as observed values for model fitting.
The majority of the biomass reference time series were obtained
directly from stock assessments or monitoring surveys in the
absence of stock assessments (Supplementary Table S3). Time
series of landings included both commercial and recreational
landings (in tons) and estimated retained bycatch from the
commercial menhaden purse seine fishery (annual estimates
obtained as described as above and rescaled each year). Time
series weights were applied to reference time series for biomass
and landings (Heymans et al., 2016), such that the weight of each
reference time series was calculated as the inverse of the mean
coefficient of variation (CV) across all years with data. Importantly,
CV per group was computed as the mean CV across years. The
standard deviation divided by the mean for each year determines
the year-specific CV, and that represents the uncertainty of the
year-specific mean estimate. Hence, higher weights were assigned to
more precise (i.e., low CV) time series and provided more influence
on model fit for these time series. Forcing time series (N = 51) were
used to drive group or fleet dynamics and included annual group-
specific fishing mortality estimates from stock assessments
(Supplementary Table 3), annual fleet-specific fishing effort
derived from the Vessel Operating Units database (used when
stock assessments are unavailable), and an environmental forcing
function (Mississippi River nutrient input), which was used to drive
primary production.

To fit Ecosim predicted time series to the reference time
series, first, five recursive vulnerability searches were carried out,
and next, three consecutive primary production anomaly
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searches were applied based on the approach of Chagaris et al.
(2020). The primary production (PP) anomaly and the
vulnerability search algorithms are both computed as part of
the automatic Ecosim fitting routine and are based on
minimizing the errors’ sum of squares (SSE, i.e., the sum of
squared residuals) using an iterative search algorithm
(Christensen et al., 2005). For the vulnerability search, the
maximum number of predator-prey vulnerability parameters
(v;;) estimated during any iteration was 108, which is one fewer
than the number of reference time series (N = 109) (Heymans
et al., 2016). No further reduction (>1) in the SSE was obtained
after five iterations. The PP anomaly captures the temporal
variation in the PP of the ecosystem that helps explain the
difference between observed and predicted biomass and
landings. It represents process error or an unknown
environmental effect (e.g., physical transport of nutrients or
ecophysiological responses of phytoplankton) that can interact
with nutrient loading to affect primary production and have a
bottom-up effect on the ecosystem. The PP anomaly time series
estimated by the EwE fitting routine is significantly and
positively correlated to the sea surface temperature (SST)
anomaly time series for the northern GoM (Supplementary
section S1). This correlation suggests that an increase in SST
has a positive effect on fisheries productivity, as was also
demonstrated elsewhere (Heenan et al., 2020). The PP
anomaly was not estimated in the last year (2016) because
there was no subsequent year information to constrain
the estimate.

A limitation of the automatic fitting routine in Ecosim is that
the SSE minimization is unconstrained, meaning that there are
no penalized bounds in the optimization function and
parameters are not informed by priors or specification of the
variance. Poor contrast in the data can lead to vulnerability
parameters estimated at upper and lower bounds (1.0 and 1e10),
which can cause unstable dynamics in simulations, and
especially in future long-term projections. Ecosim models are
most sensitive to changes in the vulnerability parameters at the
lower end than with larger values, such that going from 1 to 10
has a larger effect than going from 100 to 1000. Vulnerability
values that are too high may result in unrealistic predation
estimates compared to their natural mortality estimates. To
address this, vulnerability caps (V,,) were calculated as the
ratio of theoretical maximum predation mortality (M2) and
baseline Ecopath M2 rates, where Vi, = (M2c,, *M)/ M2
such that M2.,, is a multiplier on the Ecopath prey M,
representing how high predation mortality can go relative to
the prey’s total natural mortality. For example, an M2, of 0.5
would prevent predation mortality by a single predator on a
single prey item from exceeding half of the total natural
capto 1,
such that M2 cannot exceed M. Adjustments were made for

mortality of that prey. In our model, we restricted M2

several groups to improve biological realism (e.g., exhibit
unrealistic increase or depletion of a given group under status
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quo conditions). The vulnerability caps were applied after the
repeated search was complete (Chagaris et al., 2020). As an
additional diagnostic, the model was projected 20 years into the
future to evaluate the groups’ response to no-fishing and
extremely high fishing mortalities to make sure that the
modeled ecosystem responds as expected, i.e., there are no
exponential growth or depletion trends, which could indicate
issues with parameter configuration. Additional details on
diagnostics can be found in Berenshtein et al. (2021).

2.2.4 Primary productivity implementation

Ecosim accounts for bottom-up drivers on primary
production using a Michaelis-Menten nutrient uptake model.
Specifically, the EWE modeling framework assumes that the total
nutrient concentration can be divided between that which is
available (free) and unavailable for uptake (e.g., bound in
biomass). The total nutrient content is computed as the ratio
between the total nutrient inflow rate from all nutrient loading
sources, and the total loss rate considering all loss pathways (e.g.,
advection, sedimentation, and harvest). The Ecopath base
estimate of total nutrient concentration is calculated by the
EwE software based on the biomass pool value, its fixed
nutrient content per unit of biomass pool, and the free
nutrient concentration (Walters et al., 2008).

The base free nutrient proportion, which was set in our
simulations to the default value of 0.5, provides the basis for the
time-dependent nutrient forcing, which is simulated using
monthly multipliers of the Ecopath-based nutrient content
estimate that represent the relative nutrient loading. Here,
nutrient loading is represented by total monthly nitrogen and
phosphorus input from the Mississippi River, scaled by the mean
of the entire time period. In each simulation, the free and bound
nutrient fractions must sum to the total nutrient content, which
results in a depletion of free nutrients under conditions of
increased growth, limiting PP. The PP and the free nutrient
concentrations are linked through a Michaelis-Menten uptake
relationship, in which nutrient uptake increases asymptotically
up to a maximum in response to increasing free nutrient

concentrations (Walters et al., 2008).

2.2.5 Equilibrium MSY analysis

Equilibrium analysis employing the fishing mortality rate
associated with achieving MSY (Fyy; Walters et al., 2005) was
used as an additional diagnostic for the model (Heymans et al,
2016). For this analysis, long-term (40 years) simulations were run
in Ecosim over a range of constant fishing mortality rate (F) values
for each species one at a time and the resultant response in group
landings and biomass was recorded (Christensen and Walters,
2004; Christensen et al., 2005). The stationary Fysy analysis, which
fixes the parameters of all other groups at their Ecopath inputs so
that they cannot respond to changes in the target group, can be
compared to single-species MSY estimates. In contrast, the non-
stationary (compensatory) option allows other groups (both
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predators and prey) to respond to changes in biomass of the
target group. We compared the values derived from the stationary
equilibrium MSY analysis with those estimated from stock
assessments where possible, or assuming an Fjsy proxy equal to
M as a reference for unassessed species. For several groups, prey
vulnerabilities were manually adjusted (typically very small
increases to v;; estimated near 1) to increase the correspondence
between the EwE-derived and the assessment Fy;sy. These final
adjustments had little effect on overall model fit, but greatly
improved the model’s ability to generate more realistic responses
to fishing pressure. The compensatory Fysy analysis was used to
develop ERPs for Gulf menhaden. A schematic representation of
Fysy and the respective ERPs is given in Figure 1.

2.3 Ecological sensitivities to
menhaden harvest

2.3.1 Group-specific sensitivity to
menhaden harvest

Using the calibrated Ecosim model, an ecological sensitivity
analysis was conducted to identify the species that are most
responsive to changes in Gulf menhaden harvest. This analysis
was akin to a hierarchical risk assessment that first identifies units
(e.g., species, habitats, and fleets) subject to decline under some
hazard or management option and then uses integrative modeling
to quantify those effects and assess risk (Hobday et al., 2011).
Projections were run from 2017 through 2036, over a range of
menhaden F and/or purse seine effort multipliers, ranging from 0
to 40 times the geometric mean of the last 3 years of the historic
period (2014-2016) rates by increments of 0.1. Most groups
require a high multiplication factor to reach their stabilized
response biomass. Importantly, in this section, we are interested
in the biomass change after 20 years given menhaden fishing
pressure (menhaden F and menhaden purse seine fleet effort).
Using the multisim routine, we ran multiple simulations
examining the biomass change after 20 years such that
menhaden fishing pressure is constant within each simulation
but differs between the simulations. Based on this, to evaluate the
effects caused by menhaden harvest removal versus purse seine
bycatch, a set of sensitivity analyses was conducted. Alternative
simulations included (1) varying both menhaden F and purse seine
effort simultaneously using the multiplier range, (2) varying
menhaden F with constant purse seine effort (ie., 2014-2016
geometric mean), and (3) constant menhaden F and varying
purse seine effort. Fishing mortality and fishing effort were held
constant at 2016 levels for all other species and fleets in the
projections. A total of 1,200 alternative scenarios were run (400
F or fishing effort scenarios x 3 treatments). For each scenario,
changes in relative biomass were expressed as the ratio of terminal
year (2036) biomass in the projection scenario to the terminal year
(2036) biomass under status quo F and purse seine effort, ie.,
multiplying the geometric mean of the last three data years (2014-
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2016) by 1. The 12 functional groups that exhibited the largest
decline in biomass under the combined F and purse seine effort
scenario were considered in the trade-off analysis discussed below.
In order to enable the development of ERPs, declining species were
selected because they would likely limit fishing mortality of
menhaden. For this analysis and for the trade-off analysis below,
we used the multisim plugin in Ecosim, which allows runs of
multiple simulations at a time based on predefined sets of
input parameters.

2.3.2 Menhaden—predator trade-offs

To evaluate the trade-offs associated with menhaden harvest,
a series of 40-year projection scenarios were run iterating across
a range of menhaden F and purse seine effort multipliers in
combination with predator F rates. For menhaden, 20 different
multipliers were applied to both menhaden F and purse seine
effort, ranging from 0 to 2x the 2016 values. Here, we use a lower
multiplication factor compared to the former analysis, since we
modify the fishing mortality of both menhaden and its
predators. Fx2 is sufficient for the second analysis because (1)
it represents a realistic range of values and (2) it is more
reasonable in terms of the number of simulations considering
the multitude of combinations and the required computational
power. By manipulating both menhaden F and purse seine effort
simultaneously, these runs incorporated trophic effects
associated with both menhaden harvest and purse seine
bycatch. For predators, the range of multipliers used (N = 20)
extended from 0 to 2x the compensatory Fpy from the
equilibrium analysis. Compensatory Fysy is the Fysy resulting
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from the full compensation of the EWE FMSY routine, which
allows all groups’ biomass to change in response to the biomass
changes of the focal Fysy groups (in contrast to stationary,
which keeps the rest of the groups fixed at their last year’s
biomass). The compensation in this case represents the trophic
dynamics that result from the depletion of a certain group in the
system, i.e., decreased prey availability and/or decreased
predation. For each predator, a target fishing mortality rate
(Frarger) was defined as 75% of the Fysy estimated from the
Ecosim compensatory equilibrium F,y analysis and a biomass
target Byg,gr Was defined as the equilibrium biomass achieved at
Fiarger. Fishing mortality and effort of all other model
groups and fleets were held constant at their 2016 level. For
multi-stanza groups including king and Spanish mackerels, F
estimates of both stanzas (0-1 year and 1+ year) were iterated
simultaneously. A total of 4,000 40-year Ecosim projections
(2017-2056) were run to generate the trade-off frontiers (20
menhaden F x 20 predator F x 10 predators). For each
projection, the ratio of predator biomass in the terminal year
to the By Was calculated and used to describe the trade-off
relationship between menhaden harvest and predator biomass.
A schematic representation of the trade-off analysis is given
in Figure 1C.

2.3.3 Ecological indicators

Ecological indicators computed for this study included the
biomass of menhaden predators (mt/km?), mean trophic level of
the catch (TLC), total consumed menhaden biomass (mt/km?),
and total menhaden consumed: landed biomass ratio.
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Traditionally, high TLC indicates that there is more fishing
pressure on the ecosystem predators, while a declining trend of
TLC can indicate “fishing down marine food webs” (Pauly et al.,
1998) or “fishing through marine food webs” (Essington et al.,
2006). Consumed menhaden biomass simply represents the total
menhaden biomass consumed by all predators, which indicates
the trophic importance of menhaden given the variation of
menhaden fishing pressure. The ratio between consumed and
landed menhaden biomass represents the proportion of
menhaden production allocated to predation and fishing, such
that higher ratios represent a larger emphasis on the ecosystem
services provided by menhaden to support predator populations.
Indicator values were extracted from each simulation as well as
on four menhaden fishing mortality (F) and menhaden purse
seine fleet effort (E) values including no fishing (E_F,), fishing at
the historical minimum (E_F,,;,) and maximum (E_F,,,,,), and
fishing at the current 2016 levels (E_F,,, ;). For each scenario,
changes in relative biomass were expressed as the ratio of
terminal year (2036) biomass in the projection scenario to the
terminal year biomass under status quo F and purse seine effort
(i.e., 2014-2016 geometric mean assumed throughout
the projection).

2.4 Ecosystem-based
fisheries management

2.4.1 Ecological reference points for
Gulf menhaden

ERPs were developed based on the menhaden-predator trade-
off relationships. For each predator, we defined a target menhaden
fishing mortality reference point (ERP Fyg) and a threshold
menhaden fishing mortality reference point (ERP Fyesnoia)- These
benchmarks were previously developed and adopted for
management of Atlantic menhaden (Chagaris et al., 2020). The
ERP Fyyqe; is defined as the menhaden fishing mortality that would
sustain the predator at its biomass target (B at 75% Fjsy), when the
predator is fished at its Fyyger (75% Fpsy). This is represented in the
trade-off plots as the point on the x-axis where the horizontal
dashed Fi,4, line intersects the 1.0 contour. The ERP Fyegnoia is the
menhaden fishing mortality that would sustain the predator at its
biomass threshold (assumed here to be equal to Bysy), when the
predator is fished at its Fyu. Because the trade-off analysis
manipulated all menhaden F stanzas and purse seine effort using
a common multiplier to capture both prey and bycatch effects, the
ERPs are expressed relative to the current (2016) menhaden fishing
mortality and effort values. A schematic representation of the ERP
Fiarger computation is given in Figure 1C.

2.4.2 Landings projections

Projections of the above-defined ERP target, threshold, and
upper and lower confidence intervals (CIs) of each were
completed to determine the range in equilibrium landings that
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would result, which could be converted into a Total Allowable
Catch. The code used was the same as the code developed and
reviewed during the SEDAR 63 (2018) benchmark stock
assessment for Gulf menhaden. Projections used a constant
fishing mortality rate and were run for 5 years (2018-2022, as
the terminal year of the single-species assessment was 2017).
Uncertainty in runs was promulgated from the assessment to the
projections using the Monte Carlo bootstrap (MCB) runs, which
included uncertainty in the input data, specifically the landings,
index values, composition data, natural mortality, and selectivity
for the commercial reduction fishery for ages 3 and 4+. Numbers
at age in the population were projected based on the results from
the base run and each MCB run, while recruitment was projected
using the underlying stock-recruitment curve from the base run
and each MCB run. The projections provide a distribution of
landings, fecundity, and recruitment that result from the
constant, input fishing mortality rate.

3 Results
3.1 Ecopath mortality rates

Based on the mass balanced Ecopath model, Gulf menhaden
represent a forage group for 32 predators spanning marine
mammals, sea birds, sea turtles, sharks, and finfish (Figure 2).
Eight predator groups feed upon age 0 menhaden in the model,
primarily coastal species such as red drum (Sciaenops ocellatus), sea
trout (Cynoscion spp.), sea birds [e.g, brown pelican (Pelecanus
occidentalis)], and coastal piscivores [e.g., ladyfish (Elops saurus),
tarpon (Megalops atlanticus), and snook (Centropomus
undecimalis); Figure 2]. Sea trout and red drum also consume age
1+ menhaden, along with other important predators including king
and Spanish mackerel (Figure 2). The largest diversity of predators
occurred for ages 2+ menhaden due to predation by numerous
shark species, coastal dolphins [e.g., bottlenose dolphin (Tursiops
truncatus)], mackerels, sea trout, and red drum (Figure 2).
Predation mortality (M2) was estimated to be less than 0.001
year ' for 19 out of the 32 predators of age 2 and age 3
menhaden, and 25 out of 32 predators of age 4+ menhaden.
Overall, M2 for menhaden in the Ecopath base year of 1980 were
0.06 year " for age 0, 0.06 year for age 1, 0.11 year™" for age 2, 0.25
year ' for age 3, and 0.42 year ' for age 4+ (Supplementary
Table 2). Fishing mortality of Gulf menhaden in the Ecopath
model showed a slight dome-shaped relationship with age, where
F at age 0 was near zero, increased to a maximum of 0.63 year " at
age 2, and declined to 0.22 year ' by age 4+
(Supplementary Table 2).

Predation mortality rates were much higher for other teleost
forage groups including anchovy (Engraulidae)-silverside
(Atherinidae)-killifish (e.g., Fundulidae) (M2 = 1.34 year '),
surface pelagics [e.g., flyingfish (Exocoetidae); M2 = 1.32 year '],
butterfish (Stromateidae; M2 = 1.31 year '), and sardine-herring
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(A) The contribution of Gulf menhaden to the diets of its predators in the US Gulfwide Ecopath model. (B) Different sources of predators’
mortality (F: fishing mortality, M2: predation mortality; and MO: other mortality; units: year ™). (C=G) The contribution of predators to predation
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(Clupeidae)-scad (Decapterus spp.) (M2 = 0.95 year';

Supplementary Table 2). These forage groups collectively
supported a large spectrum of predators, including predators
not strongly associated with menhaden due to different habitats
[e.g., offshore groupers (Serranidae) and snappers (Lutjanidae)].

Of the menhaden predators, species with the largest Ecopath
(1980) F estimates included juvenile Spanish mackerel (F = 1.37
year™'), tunas (Thunnus spp.; 0.11-0.80 year '), billfish

(Istiophoridae; 0.40-0.51 yearfl), and sea trout (0.47 yearfl;
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Supplementary Table 2; Figure 2). For these groups, the primary
fisheries were the commercial shrimp trawl (indirectly) for
juvenile Spanish mackerel (92% of F), the commercial pelagic
longline for yellowfin tuna (Thunnus albacares; 87% of F) and
bluefin tuna (Thunnus thynnus; 42% of F), the commercial purse
seine (targeting species other than menhaden) for other tunas
(Thunnus spp.; 86% of F), the recreational private fishery for
billfish (40% of F), the commercial pelagic longline for swordfish
(Xiphias gladius; 51% of F), and both the recreational private

frontiersin.org


https://doi.org/10.3389/fmars.2022.935324
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Berenshtein et al.

fishery and commercial purse seine fishery (as bycatch) for sea
trout (each accounting for 29% of F). In addition to capturing
menhaden, the purse seine fishery indirectly captures other
forage species including anchovies-silversides-killifish,
zooplankton [e.g., jellyfish (Cyaneidae)], butterfish,
cephalopods (e.g., squid), sardine-herring-scad, surface
pelagics, mullet (Mugilidae), and invertebrates (Supplementary
Table 2). Of menhaden predators, unexplained mortality (MO0),
which is not attributed to fishing or predation, was largest for
blacktip shark (78% of total mortality), dusky shark (74% of total
mortality), and red drum (65% of total mortality; Figure 2).

3.2 Model fits to time series

Ecosim predictions matched historical biomass trends for
many species (Figure 3), with reasonable agreement exhibited
with observed biomass trends for Spanish mackerel, king
mackerel, cobia (Rachycentron canadum), and greater
amberjack (Seriola dumerili), as well as aggregate groups such
as pelagic coastal piscivores and snappers (Figure 3). Predicted
biomass of menhaden showed cyclical oscillations driven by
nutrient loading from the Mississippi River. Fits were notably
good for younger menhaden, including age 0 (Figure 3). This
was in contrast to most other age 0 fish stages, which Ecosim fit
poorly in general. Ecosim predictions diverged from observed
biomass series for sharks and highly migratory species (tunas
and billfish) as a result of high uncertainty and low assigned
weights to these time series (Supplementary Table 3). For some
of these species, the trend was generally correct, but the model
missed the high-frequency fluctuations (e.g., biomass of billfish,
bluefin tuna, and swordfish). When compared to observed
landings, Ecosim predictions replicated historical trends for
many species such as greater amberjack, Spanish mackerel,
adult gag grouper, and snappers (Figure 4). As observed for
biomass, fits for sharks and highly migratory species were
poor due to lower weights attributed to these inputs
(Supplementary Table 3).

3.3 Equilibrium MSY analysis

For the key menhaden predators of interest, the evaluation of
equilibrium Fjsy estimates from Ecosim showed fairly good
agreement with those derived from single-species stock
assessments (Figure 5), with the exception of large coastal
sharks and adult king mackerel, for which Fysy g,r estimates
were substantially higher than that of the assessment. For groups
that used natural mortality (M) as a proxy for Fysy, Fasy mwe
estimates were substantially lower than Fygy — 5 for demersal
coastal invertebrate feeders [e.g., drums and croakers
(Sciaenidae)] and blacktip shark, and substantially higher than
Fusy = um for red drum. Sea trout and pelagic coastal piscivores
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showed good correspondence between Fysy gywr and Fasy - ar
For all groups except sea trout, Fyssy gy estimates are higher
than the 2016 F,e,; estimate, indicating that most menhaden
predators are not experiencing overfishing according to
dynamics of this Ecosim model. In addition, all the groups
displayed a non-symmetrical “long tail” curve such that the
catch rate decreases only slightly under high levels of F because
of strong compensatory responses implied by the vulnerability
parameters that allow stocks to withstand higher levels of fishing
(Christensen et al., 2005).

3.4 Ecological sensitivities to
menhaden harvest

Gulf menhaden predatory groups that are the most sensitive
to changes in menhaden F and purse seine effort include inshore
coastal piscivores, sea trout, demersal coastal invertebrate
feeders, king mackerel (both age stanzas), large coastal sharks,
Spanish mackerel (0-1 year), small coastal sharks [e.g., finetooth
shark (Carcharhinus isodon)], pelagic coastal piscivores, Spanish
mackerel (1+ year), blacktip shark, and red drum (Figure 6A).
Predatory groups that responded with an increase in biomass
given increased menhaden F and purse seine effort include
yellowfin tuna, benthic coastal invertebrate feeders, greater
amberjack, large oceanic sharks (e.g., Lamnidae), other
snappers, and bluefin tuna. This counterintuitive increase with
the removal of Gulf menhaden is likely due to reduced
competition and larger biomass of other forage that is more
important in their diets (Supplementary Figure 1), as well as
reduced abundance of predators and/or competitors
(Figure 6A). For example, the biomass of cephalopods (a key
prey item for yellowfin tuna) is expected to increase under high
fishing pressure of Gulf menhaden (Supplementary Figure 1A),
potentially due to reduced competition for resources. This effect
occurred both through direct harvest of menhaden
(Supplementary Figure 1B) and bycatch removal
(Supplementary Figure 1C).

When considering only menhaden F, hence excluding the
effect of bycatch by the menhaden purse seine fleet and isolating
the trophic impact of menhaden removals, the most affected
species included king and Spanish mackerels in addition to other
tuna, blacktip shark, red drum, and sea trout (Figure 6B).
Groups for which biomass increased included yellowfin tuna,
oceanic piscivores [e.g., Atlantic cutlassfish (Trichiurus
lepturus)], benthic coastal invertebrate feeders, greater
amberjack, billfish, and other snapper. When considering only
purse seine effort, hence considering the effect of bycatch only,
the most depleted groups included inshore coastal piscivores, sea
trout, demersal coastal invertebrate feeders, oceanic piscivores,
and large and small coastal sharks. For this scenario, the groups
for which biomass increased include large oceanic sharks, other
tunas, coastal dolphins, seabirds, bluefin tuna, and greater
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specific weight (see Supplementary Table 3).

amberjack (Figure 6C). Note that coastal dolphins and seabirds
are not included in the menhaden purse seine fleet bycatch due
to the lack of data quantifying mortality.

The results from Figure 6A can be used to quantify
differences in predicted biomass under each of the menhaden
F or purse seine effort scenarios tested. For example, the biomass
of coastal dolphins and seabirds was predicted to increase 31%
under conditions of increased menhaden F and purse seine effort
(F and E multiplier x40). This increase is attributed to indirect
influence on these groups’ predators and prey through fishing
mortality (Figure 6B) and bycatch removal (Figure 6C). For
example, the increase in the biomass of the coastal dolphins in
response to increased menhaden fishing pressure may be
explained by the biomass decrease in the dolphins’ predators—
blacktip sharks and large coastal sharks—as well as by the
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increase in key prey groups such as cephalopods and sardine-
herring-scad. For these groups, the positive indirect effects on
predation (i.e., reduction of predators) and consumption (i.e.,
increase in prey) outweigh the negative effects of fishing effort
and the reduction of Gulf menhaden as prey. For the
recreationally important red drum, the effect of increased
menhaden F and purse seine effort results in a reduction of
25.6% red drum biomass at the maximal modeled scenario (E
and F multiplier x40; Figure 6A). This reduction is mainly
attributed to the effect of fishing mortality for menhaden
(Figure 6B) rather than bycatch removal (Figure 6C).

The equilibrium dynamics in Figure 6 indicate reciprocal
trends, passing through the point of F and E multiplier value = 1
(x-axis) and relative biomass = 1 (y-axis). Groups that exhibit
declines under high Gulf menhaden fishing pressure, such as
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specific weight (see Supplementary Table 3).

inshore coastal piscivores, exhibit high biomass values under
Gulf menhaden fishing pressure conditions closer to zero.
Similarly, groups that exhibit an increase under high Gulf
menhaden fishing pressure, such as yellowfin tuna, exhibit low
biomass values when F and E multiplier values are close to zero.
This pattern characterizes all three combinations of fishing
pressure (Figures 6A-C).

The equilibrium dynamics differ among the predatory
groups such that some groups are characterized by an initial
steep slope (decreasing or increasing) and subsequent rapid
stabilization [e.g., king mackerel (0-1 year) and Spanish
mackerel (0-1 year)], compared to other groups in which the
dynamics are more gradual, with a relatively constant slope (e.g.,
small coastal sharks and cobia; Figure 6A). Oceanic piscivores
exhibit an initial increase under the initial F multiplication
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values up to about 5%, with a subsequent depletion
thereafter (Figure 6A).

3.5 Menhaden—predator trade-offs

The equilibrium trade-off analysis incorporated the combined
bottom-up effect of menhaden removals, bycatch by the purse seine
fleet, and direct exploitation of predatory groups. The results were
summarized as trade-off plots, which indicate the relative effect of
Gulf menhaden and predator fishing rates in achieving By
(Figure 7). Some groups exhibited a hyperbolic relationship
between the effects of menhaden fishing and the predator F,
leading to a gradient in the B/Byg ratios from the bottom left
corner (i.e., high values, no fishing on menhaden and the predator)
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to the upper right corner (low biomass ratios, maximal fishing on
menhaden, and the predator). Such a relationship is expressed for
king mackerel, Spanish mackerel, and inshore coastal piscivores.
For other groups, such as demersal coastal invertebrate feeders, and
small coastal sharks, the effect of menhaden fishing substantially
outweighs the effect of the predatory group’s fishing, resulting in a
stronger gradient associated with menhaden F (Figure 7). For most
groups, B, r.ns (representing 2016, the last year of the model time
series) is higher than By (B at 75% Fpsy), indicating a
sustainable state of the fishery that can tolerate higher F rates
(Table 1). However, for sea trout, Beyyen is lower than the Byager
indicating an unsustainable state for this group and that target
biomass can be achieved by adjusting seatrout and menhaden F.
Under current seatrout F, menhaden fishing would need to be
reduced to near 0 to achieve By,,q., Whereas if sea trout were fished
at their own Fig.; (0.134), then menhaden F would need to be
reduced to 18.9% of current rates (Figure 7). Spanish mackerel are
currently above their Biage, and Figpg is higher than current F.
Under current Spanish mackerel and menhaden F rates, Spanish
mackerel will reach equilibrium at about 80% of their biomass
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target. To achieve B, at current Spanish mackerel F, menhaden
fishing can be reduced to 64% of current levels. Alternatively, if
Spanish mackerel exploitation is increased to the target rate, then
menhaden fishing would need to be reduced further to 50% of
current rates.

3.6 Ecological indicators

Variation in menhaden F and purse seine effort affects the
GoM ecosystem on a broader scale, which is demonstrated by
examining ecological indicators. All metrics exhibit nonlinear
declining trends in response to increasing menhaden F and
purse seine effort (Figure 8). The indicator values of the 2016
fishing pressure (F_E.,rens) is higher than the indicator values
under maximal historical fishing mortality (F_E,,,,,). Specifically,
the biomass of menhaden predators increased by 11% from 1.47
to 1.63 t/kmz/year, the ratio of menhaden biomass consumed to
menhaden biomass landed increased by 46% from 0.34 to 0.73,
the total menhaden consumed increased by 36% from 1.1 to 1.5,
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FIGURE 6

The change in biomass (scenario biomass/2014-2016 geometric mean biomass) of Gulf menhaden predators in response to increasing

(A) menhaden F and purse seine effort (prey and bycatch effects), (B) menhaden F only (prey), and (C) purse seine effort only (bycatch).
Multipliers for each driver ranged from 0 to 40x for reasons discussed in the text. The response of groups that are not considered Gulf
menhaden predators is given in Supplementary Figure 1 in the supplementary material. Note that the x-axis represents the multiplier value of the
2014-2016 geometric mean biomass on menhaden F and purse seine effort (A), menhaden F (B), and purse seine effort (C).

and the TLC increased slightly from 2.35 to 2.38. Indicator values
under no menhaden F or purse seine effort (F_E,) are substantially
higher than those under historical F values. Specifically, indicator
values under this scenario increased by 21.2% from 1.65 to 1.95 t/
km?/year in menhaden predator biomass, by 66.6% from 1.51 to
2.51 in total menhaden consumed, and by 14.3% from 2.35 to 2.72
in the TLC, compared to the 2016 levels.
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3.7 Ecological reference points for
Gulf menhaden

The ERPs were developed specific to each predator and
represent the amount of menhaden fishing pressure, relative to
2016, that would sustain predators at their biomass target (B at 75%
Fysy) and threshold (Bsy) when they are fished at their target rates
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TABLE 1 Reference points for Gulf menhaden predators, including current F (2016) and equilibrium Fysy and Bysy from the compensatory Ecosim
equilibrium MSY analysis; target biomass (B.,ger) is computed as the equilibrium biomass achieved when fishing at F,ge¢, Which was assumed to

be 75% of Fusy.

GI’OUp name FZOIG FMSY BMSY Ftarger Btarget ERP Ftarget ERP Fthreshold
Blacktip shark 0.001 0.19 0.04 0.143 0.051 0.939 1.232
Demersal coastal invertebrate feeders 0.229 0.336 0.231 0.252 0.292 0.712 0.918
Inshore coastal piscivores 0.174 0.341 0.063 0.256 0.081 1.837 NA
King mackerel (1+year) 0.047 0.308 0.089 0.231 0.113 0.964 1.286
Large coastal sharks 0.041 0.136 0.02 0.102 0.026 0.924 1.252
Pelagic coastal piscivores 0.234 0.739 0.016 0.554 0.022 1.164 1.559
Red drum 0.03 0.836 0.044 0.627 0.058 0.770 1.048
Sea trout 0.485 0.178 0.557 0.134 0.699 0.189 0.299
Small coastal sharks 0.133 0.185 0.001 0.139 0.001 0.624 0.870
Spanish mackerel (1+year) 0.079 0.193 0.072 0.145 0.09 0.500 0.738

The ERP Fiyyge and Fipyeshola are the Gulf menhaden fishing pressure multipliers, relative to 2016 levels, that sustain each predator at their Byayger and Bipyesnoiss when the predator is fished
at their F, ., over the long term. Note that the ERP Fyj,yeq014 for inshore coastal piscivore was not determined, i.e., no level of menhaden F brought the biomass down to its threshold.
NA indicates that the ERP reference point was not estimated under the range of menhaden F considered.

(Fiarget = 75% Fpsy) over the long term. Across all species, the ERP
Fiarger ranged from 0.19 to 1.84, with a mean of 0.86 (SD = 0.44) and
only two instances (inshore coastal piscivores and pelagic coastal
piscivores) occurred where the target was greater than current
menhaden F (ERP Fyuqe > 1) (Table 1). Of predators with high
commercial and recreational value, sea trout had the lowest ERP
Fiarger at 0.19, followed by Spanish mackerel (0.50), red drum (0.77),
and king mackerel (0.96). The ERP Fieqn0ia Values were roughly
40% higher than their targets, ranging from 0.30 to 1.56, with a
mean of 1.02 (SD = 0.37) and five instances where ERPy,esn0ia > 1.

The mean ERP Fiyger and Fyypegnod (expressed as a ratio to the
2016 F in Ecosim) were converted to a fully selected F (Fy) for
comparison with historical F estimates by multiplying the ratio by the
2016 Fj from the stock assessment. This equates to mean ERP Fiy,ge
and Fyppesnoid Values in Fyy units of 0.69 and 0.82, respectively. In
comparison to the time series of fishing mortality rates estimated by
the most recent Gulf menhaden stock assessment, the mean ERP
Fiarger of 0.86 (equivalent to an Fj of 0.69) was exceeded in all but 1
year from 1977 to 2007 (Figure 9). From the mid-1980s to early 2000s,
fishing mortality exceeded the upper value (mean + 1 SD) of both the
ERP Figger and Fypypeqhoiss indicating a period of possible ecosystem
overfishing. In contrast, since 2008, the mean ERP Fy,q.; was exceeded
in only 5 years and the mean ERP Fyregq014 (equivalent to Fyy; of 0.82)
was exceeded in only 3 years. Since 2008, neither the ERP target nor
threshold upper value (mean + 1 SD) was exceeded in a single year.

3.8 Landings projections

Due to the short life span of Gulf menhaden, landings
projections reached a rapid equilibrium (~4 years). Thus, the
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landings for 2022 were assumed to represent long-term
equilibrium values. Median projected landings at the ERP
target for Gulf menhaden were 397,774 mt (367,840 to
446,364 mt; 95th percentiles), with median landings being
245,484 mt (223,892 to 270,424 mt; 95th percentiles) for the
lower confidence interval of the ERP target and 498,529 mt
(458,597 to 572,304 mt; 95th percentiles) for the upper
confidence interval of the ERP target. Median projected
landings at the ERP threshold for Gulf menhaden were
438,979 mt (404,983 to 496,370 mt; 95th percentiles), with
median landings being 334,022 mt (307,533 to 371,262 mt;
95th percentiles) for the lower confidence interval of the ERP
threshold and 515,710 mt (473,485 to 593,982 mt; 95th
percentiles) for the upper confidence interval of the ERP
threshold. The observed landings from 2003 to the present
were generally within the range of the projected equilibrium
landings except for three recent years (Figure 9).

4 Discussion
4.1 Key findings

Overall, we developed and calibrated the Gulfwide
EwE model and provided key mortality estimates for
Gulf menhaden and associated predators. We found that Gulf
menhaden supports a wide range of predatory species, and
menhaden harvest substantially affects their abundance via
direct predator-prey interactions, indirect bycatch removal, or
the combination of the two. Furthermore, trade-off analysis
demonstrated that for most predators, the harvest of
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menhaden had a stronger effect on predators’ biomass compared
to the effect of the harvest of the predators. Ecological indicators
demonstrated an improvement of the current state (2016)
compared to the state of historical maximum fishing pressure
of menhaden, showing an increase in the predators’ biomass.
Ecological indicators of the current state were similar to those of
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about 30% lower than the single-species target fishing mortality
rate of 0.99. Thus, these ERPs provide a buffer from the single-
species reference points that is intended to provide food for
predators and reduce bycatch.

We exposed several key predator—prey trade-offs associated
with Gulf menhaden harvest and developed trophic dynamics-
integrated reference points that appropriately sustain predator
populations accounting for optimal prey harvest levels.
This analysis demonstrated changes in perceptions of stock
status given the interplay between the fishing mortalities of
Gulf menhaden and its predators. Specifically, the analysis
demonstrated how Bigg; could be achieved for a given
predatory group, by modifying menhaden and/or the group’s
fishing pressure, and based on this relationship, ERPs were
established. Based on these ERPs, menhaden overfishing likely
occurred from the early 1980s to early 2000s. This period
extended beyond the time period of overfishing estimated for
Gulf menhaden based on the single-species reference points
from stock assessment (GSMFC (Gulf States Marine Fisheries
Commission), 2021). It was also evident that recent fishing
mortality on Gulf menhaden was notably lower than pre-2005
levels, even when accounting for predator forage requirements.
Overall, the average estimated fishing mortality rate from 2008
to 2017 fell between the mean ERP Fyger and Fypypesnoia Values,
indicating that current fishing pressure is within reasonable
limits to support the consumptive demands of predators at
their current (2016) F levels. The results caution against
expansion of the fishery to levels observed in decades prior to
2005, in order to avoid long-term decline in fish biomass across
multiple trophic levels.

In the case of Atlantic menhaden, an ERP was selected based
on the relationship with a single dominant predator, striped bass
Morone saxatilis, which is of high cultural and recreational value
(Chagaris et al., 2020). In the GoM, no single menhaden-
dependent predator was identified. As such, we evaluated
ERPs for a suite of predators and proposed the average value
across predators as a threshold of menhaden mortality and
target for management. Furthermore, we computed broader,
ecosystem-level indicators, which showed that recent (2016)
conditions represented an improvement in status compared to
the levels of fishing pressure experienced in the past. While the
reference points presented here represent multiple approaches to
establishing ERPs for Gulf menhaden, a final ERP used for
management could be selected through an inclusive and
transparent process (Anstead et al., 2021) that applies a suite
of modeling approaches (Drew et al., 2021) and accounts for
how managers and stakeholders value different components of
the ecosystem (Anstead et al., 2021).

The average ERP Fyyge across all 10 predator species and
functional groups evaluated here was 0.86, which translated to a
14% reduction in fishing pressure relative to recent (2016) levels

Frontiers in Marine Science

18

10.3389/fmars.2022.935324

and a median projected landings estimate of 397,774 mt (~20%
lower compared to the average landings from 2018 to 2020).
This menhaden purse seine fishery extracts more biomass than
any GoM fishery (Karnauskas et al., 2017). While bycatch has
historically been considered negligible compared to menhaden
landings (de Silva and Condrey, 1998), estimated at
approximately 2.35% of total fleet landings by weight (Guillory
and Hutton, 1982), this percentage can equate to a substantial
amount of bycatch, as first recognized by de Silva and Condrey
(1998). Our trade-off analysis revealed depletion of some groups
attributed to increased mortality through bycatch of the purse
seine menhaden fleet, particularly for large and small coastal
sharks, oceanic piscivores (e.g., cutlassfish), demersal coastal
invertebrate feeders (e.g., croaker), sea trout (Cynoscion spp.),
and coastal piscivores (e.g., ladyfish). For species such as sea
trout, estimates of fishing mortality derived from the menhaden
purse seine fleet rivaled recreational private estimates in 1980,
largely due to peak menhaden landings during this time period.
Other species that exhibited relatively high fishing mortality (>
50% of F) due to purse seine bycatch included oceanic piscivores,
coastal piscivores, and skates-rays.

The development and calibration of the US Gulfwide EwE
model represents a substantial advancement to support EBFM in
the GoM by providing a valuable tool to build upon our current
understanding of the trophic role of Gulf menhaden in the
ecosystem. Several trophic groups, including menhaden, passed
a defined set of diagnostics aimed at gauging ecosystem model
performance, which included appropriate fits to relative biomass
and absolute landings time series, as well as agreement between
predicted fishing mortality reference points (e.g., Fusy) and
stock assessment estimates of Fjsy or related proxies. Our
findings provide a foundational building block towards
implementing EBFM, by identifying key predators of juvenile
and adult Gulf menhaden, and quantifying trade-offs across
fisheries. One overall pattern that emerged is that menhaden
harvest was predicted to result in a reduction in predator
biomass, whether by varying fishing mortality on menhaden,
by varying the menhaden purse seine effort (representing the
effect of bycatch), or by varying both mechanisms. Notably, the
decoupling between menhaden fishing mortality and menhaden
purse seine effort was applied in EWE to tease apart the effects of
fishing mortality and bycatch; however, in reality, such
decoupling is not possible. The biomass depletion of groups
such as king and Spanish mackerels was largely attributed to the
decreased biomass of menhaden as prey. Other groups such as
coastal dolphins and seabirds did not conform to expectations of
reduced abundance as menhaden harvest increased. This result
emphasized the interconnectedness of the ecosystem and
diversity in the availability of prey in the GoM. In particular,
several forage species (e.g., cephalopods) increased with higher
menhaden harvest, potentially due to reduced competition for
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food. However, it is important to note that estimates of coastal
dolphin biomass caught in the menhaden purse seine were not
incorporated into this study due to lack of information on
biomass scale and historic trend.

4.2 Uncertainties, limitations, and
data needs

Gulf menhaden were characterized by relatively low ecotrophic
efficiency (EE) estimates (range 0.03-0.46; Supplementary Table 2),
which suggested that a majority of the species production was
not accounted for in the model. Low EE translates to higher
other mortality (MO0), and in such cases, larger portions of
“dead menhaden” are directed towards detritus. Previous EwE
models of the GoM (Sagarese et al, 2016) produced similar
EE estimates. One possible reason may be that the consumption
of menhaden was limited by relatively low abundance of
predators compared to the menhaden biomass estimates from
the stock assessment (SEDAR (Southeast Data Assessment and
Review), 2018). Another explanation is that unknown sources of
mortality are missing in the model, including environmental
stressors such as oxygen-limited dead zones or diseases. A third
possibility is underrepresentation of menhaden consumption
in the diet matrix, which may stem from inadequate sampling
of key predators, robustness of the diet data, rapid degradation
of menhaden in predator stomachs, or the coarse taxonomic
resolution of prey items in diet studies (Sagarese et al, 2016).
If menhaden consumption is significantly greater than we
estimated, the results presented here may represent an
underestimate of the impact that menhaden harvest can have on
their predators.

Increased consideration of forage fish life history and trophic
dynamics is warranted (Hilborn et al., 2017); however, our study
highlights the challenges of collecting the necessary data to
parameterize such classifications, particularly when it comes to
age-specific predation and consumption. Additional diet studies
aimed at quantifying ontogenetic diet compositions are
necessary to deepen our understanding of the trophic role of
menhaden in the GoM ecosystem. Confirmation of menhaden
predator plausibility in the GoM was partially validated based on
spatial overlap in both purse seine bycatch and Louisiana state
sampling surveys. Nonetheless, additional research is needed to
further validate prey selectivity for Gulf menhaden. Clear gaps
exist in available diet data, particularly for juvenile fishes in the
GoM, and higher trophic level predators for which
comprehensive regional data are lacking. Future data
collection efforts focused on Gulf menhaden as prey could
include comprehensive stomach sampling in a single year
throughout all seasons (e.g., a “Year of the stomachs” such as
conducted in the North Sea; Plaganyi, 2007) or more
comprehensive sampling programs across the range of the
menhaden stock. In addition to traditional diet studies, genetic
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and microchemistry approaches such as DNA barcoding or
stable isotope analyses may help gain a better understanding
of predation on age 0, juvenile, and adult Gulf menhaden.

While the current Gulfwide EwWE model reflects the best
available information, our results highlight areas for
improvement, and therefore, caution should be exercised in
interpreting results for groups exhibiting poor diagnostics. For
example, poor fits were noted for many of the highly migratory
species, potentially due to population distributions outside the
GoM (we assumed trends from basin-wide assessments would
hold true in the GoM) or migration effects on biomass or
energetics. Additional datasets (e.g., relative abundance from
the NMFS Bottom Longline Survey) could be more appropriate
for tracking population trends of sharks within the region.
Similarly poor fits were noted for many of the age 0 fish
groups because EwE does not directly estimate annual
recruitment deviations as is common practice within stock
assessments. Increased understanding of the drivers behind
recruitment for assessed species could enable such
mechanisms to be incorporated into the ecosystem model.

Ecosim models are sensitive to the predator-prey
vulnerabilities, which ultimately influence the productivity
estimates of the trophic groups, how sensitive the fish are to
harvest, and the relative influence of top-down (predation,
fishing) versus bottom-up (prey, primary production) effects.
For example, some of the trade-off plots indicated a weak
gradient in biomass ratios associated with predator F rates; i.e.,
the change in the predator’s fishing pressure has a smaller effect
on the predator’s biomass compared to menhaden fishing
pressure. This can be explained by the limited response to
fishing in the equilibrium analysis, which is often observed
when Ecosim estimates very low vulnerabilities, which implies
strong compensatory responses in food consumption when
biomass decreases due to harvest. We estimated these key
parameters by fitting the model to long-term biomass and
landings time series, and applying biologically plausible upper
and lower bounds. However, future work should evaluate the
uncertainty associated with the vulnerability parameters and
sensitivity of target and threshold reference points to
vulnerability assumptions.

We directly modeled nutrient input from the Mississippi
River as a driver of PP. This is a simplistic representation of PP
that does not consider the effects of upwelling, water column-
nutrient availability, light limitation, and interplay between the
different primary producers. In addition, further work remains to
integrate environmental factors into the analysis. Given the
potential importance of bottom-up environmental drivers on
Gulf menhaden abundance and recruitment, additional variables
could be incorporated, such as water temperature, ocean
circulation, and additional nutrient sources (e.g., upwelling).
Examples of important ecosystem components for future
consideration include the effects of harmful algal blooms,
hypoxia, climate change, and sea level rise. The implementation
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of Ecospace, the spatial component of EwE, will be beneficial to
address such questions. In addition, expanding the model to
include a spatial component will likely prove critical for further
refining predator—prey interactions concerning Gulf menhaden.

Bycatch by the Gulf menhaden purse seine fishery received
considerable attention recently, with debates about the potential
impacts on the ecosystem. To our knowledge, this is the first
attempt to standardize and incorporate bycatch into an ecosystem
model for the northern GoM. Our analysis incorporated the
limited information available on bycatch in terms of weight
within the purse seine fishery in the 1980s (Guillory and
Hutton, 1982) and the mid-1990s (de Silva and Condrey, 1997;
de Silva et al,, 2001). From a US Gulfwide perspective (the scale on
which management is based for many of these species), the results
suggested that biomass removals of non-target species could
potentially be large for several species. Overall, purse seine
bycatch accounted for at least 10% of fishery removals in 6 of
the 10 predators considered in the ERPs, with as much as 73% of F
attributed to bycatch of inshore coastal piscivores. We note that
overestimates of bycatch for some predators would result in lower
menhaden ERPs, and vice versa. In the present study, we
implemented a static bycatch estimation based on numerous
assumptions regarding species composition and magnitude of
bycatch by weight based on available studies. While our estimates
are realistic as they were all within the bounds of bycatch
percentages from the literature, this estimate is likely dynamic.
Additional efforts should explore alternative hypotheses regarding
purse menhaden bycatch, as incorporation of other scenarios and
uncertainty in these estimates will help capture the effects on
bycatch species. These limitations call for additional studies to
obtain an updated characterization and temporally explicit
quantification of the bycatch by weight of the menhaden purse
seine fishery to reduce uncertainty and facilitate decision-making,
such as whether bycatch removals for some species are substantial
enough for consideration during stock assessments. Further
development of the US Gulfwide EwE model to include a
spatial component (e.g., into regions and depth strata) may also
improve the model information content related to Gulf Menhaden
and their essential habitat in the northern GoM. The current
model structure does not fully capture ecosystem spatial
dynamics, including fleet bycatch, previously observed to be
spatially restricted (de Silva and Condrey, 1998).

4.3 Next steps for
management considerations

Achieving and operationalizing an ecosystem-based approach to
fisheries management is a monumental task that requires substantial
resources in the form of data collection and technical expertise by
ecosystem modelers. Given the large public interest in forage fish and
fishery management in the GoM, successful EBEM is likely going to
hinge on collaborative efforts between state, federal, academic, and
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non-government organizations. Menhaden support large-scale
fisheries and predator populations in both the GoM and the
Atlantic; however, EBFM for Gulf menhaden in the GoM is
challenging for several reasons. First and foremost, the GoM lacks
the comprehensive diet information like that provided through
regional surveys in the Atlantic, such as the Northeast Fisheries
Science Center bottom trawl survey (Link and Almeida, 2000; Smith
and Link, 2010) and the Northeast Area Monitoring and Assessment
Program survey (Bonzek et al,, 2017). Second, Gulf menhaden do
not have a history of multispecies modeling efforts as in the Atlantic,
where multispecies virtual population analyses were developed
between 2005 and 2015 (Garrison et al, 2010; Anstead et al,
2021), which provided a foundation for the ecosystem models that
were later used to develop the ERPs (Buchheister et al, 2017;
Chagaris et al, 2020). Lastly, acceptance of ERPs for Atlantic
menhaden was largely due to broad public support for
amendment 3 to the fishery management plan, which called for
the ERPs, and the management authority provided to the Atlantic
States Marine Fisheries Commission for both Atlantic menhaden
and their predators (Anstead et al., 2021). This type of management
structure does not yet exist for Gulf menhaden. Therefore,
management actions should focus on (1) obtaining additional data
to reduce uncertainties in the model, specifically trophic interactions
data; (2) co-production of alternative modeling approaches; and (3)
implementing changes to the management structure of this fishery.
Our collaborative study provides a comprehensive tool to
begin exploring ecosystem dynamics and developing ecologically
sensible reference points for managing Gulf menhaden. However,
we recommend a multimodel approach to better address key
uncertainties in model dynamics and provide a more robust
analysis of ecosystem dynamics. For example, models of
intermediate complexity and smaller spatial domain (Plaganyi
et al, 2014) could focus exclusively on menhaden and their key
predators, as highlighted by the Atlantic menhaden application
(Chagaris et al., 2020; Anstead et al., 2021; Drew et al.,, 2021;
Howell et al., 2021). Focusing on a subset of key species could help
reduce the number of parameters and their uncertainty and allow
for in-depth evaluation of the sensitivity of the model results to key
trophic dynamics (e.g., prey switching; Chagaris et al., 2020).
Although this analysis did not elucidate a strong dependence of
any single predator on menhaden, our results corroborated other
researcher findings (e.g., Leaf and Oshima, 2019) and highlighted
multiple coastal predator groups that could be incorporated into
ERPs. Moreover, this work is the first to implement a quantitative
consideration of the impact of the menhaden purse seine fishery on
bycatch species in relation to these species’ population dynamics.
This may have regulatory and/or policy implications as
assessments for these species may need to explicitly account for
bycatch from the menhaden purse seine fishery. In addition, other
modeling platforms such as OSMOSE (Shin and Cury, 2001) could
also be explored, which would eliminate the need for a diet matrix
by requiring different inputs such as gape size and spatial
distribution for functional groups (e.g., Griiss et al,, 2015).
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In order for ecosystem models to be useful for either
strategic or tactical purposes, these models will likely need to
undergo a technical peer review process (Kaplan and Marshall,
2016; Reum et al., 2021). Simultaneous review of a stock
assessment and the ecosystem model(s) would help align
ecosystem model products with the data requirements or other
needs (e.g., understanding the mechanism) of the stock
assessment, as was done for Atlantic menhaden (SEDAR
(Southeast Data Assessment and Review), 2020). Such a review
process could help build trust in the process and fine-tune data
inputs via a collaborative process that could include output from
stakeholders and other scientists. Such interdisciplinary
collaborations will be essential as fisheries management moves
towards ecosystem-based approaches.

Our findings indicated that, in general, a moderate reduction
of menhaden fishing pressure would result in a favorable trend
of predators’ biomass towards their target value. The fact that
this result was consistent for most predatory groups supports the
robustness of this finding. This information should be weighted
along with the broad set of considerations related to the degree
of harvest limitation, taking into account the limitations and
uncertainties of our methodology as mentioned above.
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