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1. Preface
The development and peer review of the 2019 Atlantic Menhaden Stock Assessment occurred through a

joint Atlantic States Marine Fisheries Commission (ASMFC) and Southeast Data, Assessment, and Review
(SEDAR) process. From April 2018 to June 2019, the ASMFC coordinated a Data Workshop and three
Assessment Workshops in Arlington, Virginia, and Raleigh, North Carolina, while SEDAR coordinated the
Review Workshop in Charleston, South Carolina. The report is the culmination of a two-year effort to
gather and analyze available data for Atlantic menhaden from the fishery-independent sampling programs
of the Atlantic States, commercial purse-seine reduction fishery, and commercial bait fishery. ASMFC
developed the stock assessment through its Atlantic Menhaden Technical Committee (TC) and Stock
Assessment Subcommittee (SAS). The ASMFC facilitated numerous conference calls and webinars in
preparation for the Data, Assessment, and Review Workshops. Participants in the stock assessment
process included TC and SAS members, as well as representatives from the fishing industry and Non-
Governmental Organizations with an interest in menhaden.

In addition to the single-species menhaden stock assessment report, an Ecosystem Reference Points (ERP)
stock assessment report was developed by the ASMFC Ecosystem Reference Points Work Group, and
reviewed by the SEDAR 69 Panel. The ASMFC facilitated several webinars and meetings of the Work
Group, coinciding with the Menhaden SAS meetings, to develop the ERP Assessment. The ERP report
describes ecosystem monitoring and modeling approaches, and provides reference points designed to
address multispecies interactions for a subset of stocks managed by the ASMFC, including management
of menhaden for forage services in a broader ecosystem management context.

The SEDAR 69 single-species stock assessment report and ERP stock assessment report were generated
and provided to three reviewers appointed by the Center for Independent Experts (CIE), as well as a fourth
technical reviewer and the review panel chair appointed by ASMFC. The Review Workshop was held in
Charleston, South Carolina, from November 4-8, 2019. At the Workshop, reviewers had opportunities to
raise questions to the SAS and ERP WG, and provide critiques and constructive comments on the data and
models used. A Review Workshop Report (Section Ill) was generated with comments and overall opinions
about the data sources, models, and assessment results. The Review Report, Single-Species Stock
Assessment Report, and Ecosystem Reference Points Stock Assessment Report will be provided to the
ASMFC Atlantic Menhaden Management Board in February 2020.

The ASMFC and its committees thank the independent peer reviewers for their time and expertise in
providing a thorough review of the Atlantic menhaden stock assessment and the Ecosystem Reference
Points stock assessment. Additionally, ASMFC expresses its gratitude to all of the individuals who
contributed to the completion of both stock assessments.
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EXECUTIVE SUMMARY
The impact of forage species harvest on predator species and the larger ecosystem has received
increasing attention in recent years. Much of this work has concluded that forage fisheries
should be managed more conservatively than single-species reference points would suggest.
However, much of that work has also been conducted outside the North West Atlantic
Continental Shelf ecosystem. The North West Atlantic Continental Shelf ecosystem is complex,
with numerous predators and prey overlapping spatially, temporally, and trophically.

Atlantic menhaden have supported one of the largest fisheries in the U.S. since colonial times.
The vast majority of landings are turned into fish meal and fish oil for use in a variety of
products, and a smaller component is used as bait for other commercial and recreational
fisheries. Atlantic menhaden are also an important food source for a wide range of species in
the North West Atlantic Continental Shelf ecosystem, including larger fish such as striped bass
and bluefin tuna, birds such as bald eagles and osprey, and marine mammals like humpback
whales and bottlenose dolphin. Many of these predators support valuable commercial and
recreational fisheries or ecotourism industries, in addition to having cultural value.

Managers and stakeholders have expressed strong interest in managing Atlantic menhaden in
an ecosystem context. In 2015, the Atlantic States Marine Fisheries Commission held an
Ecosystem Management Objectives (EMO) Workshop with managers, scientists, and
stakeholders to identify fundamental ecosystem management objectives for Atlantic
menhaden. The objectives included sustaining Atlantic menhaden to provide for directed
fisheries, sustaining Atlantic menhaden to provide for predators, providing stability for all types
of fisheries, and minimizing the risk to sustainability due to a changing environment.

Models and Data

The Commission’s Ecological Reference Point Workgroup (ERP WG) was tasked with developing
reference points for management use that could account for Atlantic menhaden’s role as a
forage fish throughout its range. To accomplish this, the ERP WG explored a suite of models to
develop ecological reference points and estimate population parameters for Atlantic
menhaden. These approaches ranged from simple, with minimal data requirements and few
assumptions, to complex, with extensive data needs and detailed assumptions. The approaches
included: a time-varying intrinsic growth rate (r) surplus production model, a Steele-Henderson
surplus production model, a multispecies statistical catch-at-age model, a moderate complexity
Ecopath with Ecosim (EwE) model with a limited predator/prey field, and a full ecosystem EwE
model.

A suite of five key predator and prey species were identified from diet data and other
considerations (referred to as ERP focal species). Atlantic striped bass, bluefish, spiny dogfish,
and weakfish were identified as key predator species of Atlantic menhaden. Weakfish was
included as both an Atlantic menhaden predator and a prey item for the other predators.
Atlantic herring was included as a key alternative prey to Atlantic menhaden for the predators
identified. The Steele-Henderson surplus production model explored each of the ERP focal
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predators, resulting in a base model that included only Atlantic menhaden and striped bass. The
multispecies statistical catch-at-age and the two EwWE models included all of the ERP focal
species. The intermediate complexity EWE included a few additional trophic groups, while the
full EWE incorporated a large number of additional species and groups.

The ERP models were parameterized with the best available data for Atlantic menhaden and
the ERP focal species. For Atlantic menhaden, data from the single-species benchmark
assessment conducted in parallel with this assessment were used. All ERP focal species had
recently undergone benchmark assessments or assessment updates which included the time
series of new Marine Recreational Information Program (MRIP) estimates of recreational catch.
All ERP focal species had life history, landings, and index data available through 2017, as well as
estimates of fishing mortality and population size. Newer data were not available for all of the
groups included in the full EWE; as a result, inputs for those groups were extrapolated from the
previously published full EWE model, which had a terminal year of 2013.

In addition to the single-species assessment inputs, the ERP WG examined a range of diet
datasets — from individual, small-scale studies to larger scale, long-term monitoring programs —
to parameterize the multispecies models. The proportion of Atlantic menhaden in the diets of
key predators varied by season, location, and age class of predators sampled. The main sources
of diet data included the Northeast Area Monitoring and Assessment Program (NEAMAP), the
Chesapeake Bay Multispecies Monitoring and Assessment Program (ChesMMAP), and the
Northeast Fisheries Science Center Food Habits Database (NEFSC FHD). These programs
covered a fairly large proportion of the Atlantic coastal shelf and provided ten to thirty years of
diet data collected with consistent methodologies. However, sample sizes often precluded
analyses on finer spatial or temporal scales. These databases focused on finfish and shellfish
species, not birds or marine mammals. Smaller scale studies were used to supplement the data
from these long-term programs for some of the modeling approaches, especially for species
that were not well represented in the long-term programs.

Model Results and Comparisons

The ERP WG evaluated the performance of these models, their strengths and weaknesses, and
their ability to inform the fundamental ecosystem management objectives identified by the
EMO Workshop. To meet the ecosystem management objectives, the models needed to be able
to assess both top-down effects of predation on Atlantic menhaden and bottom-up effects of
Atlantic menhaden biomass levels on predators in order to quantify tradeoffs between
management objectives. The EwE models were the only models that were able to evaluate both
factors. The surplus production model with time-varying r only estimated changes in
productivity without attributing them to a particular cause. The Steele-Henderson model
included the effect of striped bass predation on Atlantic menhaden, but did not have a
feedback mechanism to predict the effect of Atlantic menhaden harvest on striped bass
biomass. Similarly, the current implementation of the multispecies statistical catch-at-age
explored here lacked the bottom-up feedback necessary to explore trade-offs between Atlantic
menhaden harvest and predator biomass.
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The ERP models agreed about the overall trend of Atlantic menhaden population size and
exploitation rates over the last 30 years, indicating biomass was increasing and exploitation rate
was decreasing. These trends and the magnitude of the estimates were also consistent with the
estimates from the single-species assessment. This was not surprising, as all of the ERP models
used the same time-series of total removals, life history parameters, and indices of abundance
as the single-species model. In addition, the EWE models used some outputs from the single-
species model directly as inputs.

All of the ERP models produced MSY- or MSY-proxy reference points. Those reference points
were calculated from the current ecosystem conditions, i.e., the estimate of productivity or
predator consumption levels from the terminal year of each model. However, these reference
point estimates may not meet the management objectives for the ecosystem, because several
of the predators included in the ERP models were in an overfished state in the terminal year of
the models.

ERP Targets and Thresholds

To establish reference points for Atlantic menhaden that take into account their role as forage
fish, the ERP WG recommended using the intermediate complexity EwE model in conjunction
with the Atlantic menhaden single-species assessment model.

This approach combined the individual strengths of each model. The single-species model
provided the best information on Atlantic menhaden population size and fishing mortality, as it
included more detail on size and age structure, fishery selectivity, and recruitment variability
than the EwE models. The EWE models provided an evaluation of the impact of proposed
harvest scenarios on important predator species in the long-term, which the single-species
model could not do.

The intermediate complexity EWE was chosen over the full EWE because the full EWE model
results suggested that the reduced predator set of the intermediate complexity EWE model
captured the dynamics of the more responsive predators from the full ecosystem model.
Striped bass and nearshore piscivorous birds were the most sensitive species in the full EWE
models, as they showed larger changes in biomass than other species did in response to
increases or decreases in fishing pressure on Atlantic menhaden. The Atlantic menhaden
harvest scenarios that sustain the biomass of predators included in the intermediate complexity
EwE were thus expected to not cause large declines for other predators that were only included
in the full EWE model. In addition, it would be feasible to update the intermediate complexity
EwE model on a timeframe suitable for management. The full EWE model required extensive
data from stock assessments and other sources for the large number of species and groups
included in the model; as a result, updating the model would be a significant effort.

While the final values for the ERP target and threshold will be a management decision that
takes into account the management objectives of both Atlantic menhaden and their predators,
the tradeoffs between those management objectives can be evaluated with the ERP approach
outlined here. To illustrate the potential use of the combined single-species assessment and
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intermediate complexity EWE model, the ERP WG put forward example values of an ERP target
and an ERP threshold based on existing management objectives for striped bass. Striped bass
was the focal species for this analysis because it was the most sensitive fish species to Atlantic
menhaden F, and focusing on one key predator provided a more tractable example for
evaluating tradeoffs among management strategies. Example ERPs based on striped bass
biomass should not cause significant declines for other species that were less sensitive to levels
of Atlantic menhaden removals.

Multiple combinations of F on striped bass and F on Atlantic menhaden could keep striped bass
populations at their biomass target or threshold (Figure 144). The example ERP target was
defined as the maximum F on Atlantic menhaden that would sustain striped bass at their
biomass target when striped bass were fished at their F target. The example ERP threshold was
defined as the maximum F on Atlantic menhaden that would keep striped bass at their biomass
threshold when striped bass were fished at their F target. For the example analysis, all other
species were fished at their current F rates.

The example ERP target and threshold were lower than the current single-species target and
threshold (Figure 148). The example ERP target was estimated at a full F (i.e., maximum F-at-
age from the intermediate complexity EwWE model) of 0.188, compared to a full F of 0.314 for
the single-species target. The example ERP threshold was estimated at a full F of 0.573,
compared to a full F of 0.856 for the single-species threshold. The current estimate of full F
from the single-species model is 0.157, below both the example ERP target and threshold.

This example was based on the F and B targets laid out in the striped bass fishery management
plan. Higher or lower reference points for striped bass will result in higher or lower reference
points for Atlantic menhaden. Similarly, this example maintained the other species at their
current F rates; higher or lower F rates on other species would also result in different reference
point values for Atlantic menhaden. Managers and stakeholders can evaluate the tradeoffs
between Atlantic menhaden harvest, predator harvest, and resulting biomass for all modeled
species quantitatively and transparently with this combination of models in order to set the
final reference point values and total allowable catch.

Next Steps

This approach represents the first step towards a practical application of an ecosystem
approach to fishery management. The ERP WG identified a number of research
recommendations dealing with data collection, modeling, and the management process in
order to improve the ERP assessment and move the ecosystem approach to management
forward.

The ERP models developed for this assessment did not include spatial or seasonal dynamics.
Incorporating finer scale dynamics would be possible for some of the models, but would require
both additional work on model development and better data. Spatially and seasonally resolved
data were lacking, making it difficult to parameterize and calibrate the models on that scale.
The ERP WG recommended expanding the collection of diet and condition data along the
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Atlantic coast to provide seasonally and regionally stratified annual, year-round monitoring of
key predator diets. This would provide information on prey abundance and predator
consumption. In addition, ERP WG recommended improving the collection of diet data and
monitoring of population trends for non-finfish predators (e.g., birds, marine mammals) and
data-poor prey species (e.g., bay anchovies, sand eels, benthic invertebrates) to better
parameterize the full ecosystem models.

The ERP WG also recommended further development of the multispecies statistical catch-at-
age and the EwWE models. In addition to spatial and seasonal dynamics, further development of
bottom-up feedback into the multispecies statistical catch-at-age model and stochastic
recruitment dynamics into the EWE models would improve the understanding of the relative
importance of fishing, trophic interactions, and recruitment dynamics on ecosystem dynamics.

The ERP WG recommended that the intermediate complexity EWE model should be updated in
conjunction with the next single-species assessment update in approximately three years and
that the next benchmark be conducted in six years in conjunction with the single-species
benchmark stock assessment. The other models should be updated and reevaluated as part of
the next benchmark assessment if sufficient progress has been made on the modeling research
recommendations.

Currently, the timing of individual assessments or updates for Commission-managed species
are set independently of each other. The ERP WG in conjunction with other technical groups
can develop a timeline for Commission assessments to ensure the most up-to-date data are
available for timely ERP assessment updates.

The ERP WG also requested to be tasked by the Atlantic Menhaden Management Board or the
Commission’s Policy Board with the development of a timeline and framework for continued
deployment of ecosystem-based fishery management by the Commission. Atlantic menhaden
and their key predators are currently managed by separate Boards within the Commission (and
in some cases, in collaboration with NOAA Fisheries). This means that management objectives,
including F and B targets for each species, are set independently of each other. For successful
ecosystem-based fishery management, the discussion of trade-offs between Atlantic menhaden
and their predators should occur across Boards in order to develop consistent management
objectives for individual species and the ecosystem. This will require changes to the way the
Commission has historically operated. The Commission also does not have explicit management
objectives for species like marine mammals and seabirds. The development of clear,
guantitative management objectives for this ecosystem and the evaluation of the trade-offs
between Atlantic menhaden harvest and other species need to be a holistic process that
engages all managers and stakeholders. The ERP WG recommended that a formal management
strategy evaluation be part of this process to identify harvest strategies that will maximize the
likelihood of achieving these ecosystem management objectives.

The ERP WG recognized that implementing reference points and tools to address ecosystem
issues is a complex and multifaceted problem. The full implementation of ecosystem-based
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fisheries management will require significant process and cultural changes to fishery
management beyond simply new reference points for Atlantic menhaden. However, these new
reference point methods for Atlantic menhaden are a critical first step in that implementation.
While the Commission continues to refine the ERP models, collect better data, and consider
changes to its management structure and process, managers can set harvest strategies for
Atlantic menhaden that take into account their role as forage fish in a transparent and
quantitative way.
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TERMS OF REFERENCE REPORT SUMMARY

TOR 1. Review and evaluate the fishery-dependent and fishery-independent data used in the
Atlantic menhaden single-species assessment, and justify inclusion, elimination, or
modification of those data sets.

The Atlantic menhaden data were thoroughly vetted by the Atlantic Menhaden Technical
Committee (TC) and Stock Assessment Subcommittee (SAS), and the available datasets are
described in the single-species assessment report. The fishery-dependent data for Atlantic
menhaden were robust. The reduction fishery, which accounted for the majority of landings,
was well-sampled and both total landings and age composition information were considered
precise and reliable. The bait fisheries and the recreational fisheries were not as adequately
sampled, and there was a higher degree of uncertainty in the total landings and the age
composition information; however, as these fisheries made up only about 10% of total landings,
they did not significantly increase the uncertainty of the overall fishery-dependent data used in
the assessment.

The fishery-independent data for Atlantic menhaden were more limited and had more
uncertainty. Several data sets were available for young-of-year (YOY) abundance indices, but
few were long time series. The few long-term YOY indices of abundance that were available
were all from a single region, the Chesapeake Bay; however, the Chesapeake Bay is one of the
major nursery grounds for Atlantic menhaden. Additionally, several data sets were available to
characterize age-1+, or adult, Atlantic menhaden relative abundance. Most surveys that
encountered Atlantic menhaden were geographically limited (i.e., occurred in a single state or
river/bay) and were not designed to capture menhaden specifically. The hierarchical method of
combining multiple separate surveys into a single index of abundance helped overcome some
of the geographical limitations. In addition, no SAS-accepted age data were available from the
fishery-independent data sources, which increased uncertainty since several indices captured
Atlantic menhaden outside the range of sizes seen in the fisheries.

The Ecological Reference Point Working Group (ERP WG) considered the data collected and
developed through the single-species assessment to be the best available data for Atlantic
menhaden, and used all datasets in the ecological reference point models, with two exceptions.
The Southern Adult (SAD) was not used in the biomass dynamic models. Length analysis of the
SAD index indicated the index was dominated by age-1 fish, which made it inappropriate for
that type of model. The Northern Adult (NAD) and Mid-Atlantic Adult (MAD) indices had a
broader size structure and were used in the biomass dynamic models. In addition, the WG
accepted the reduction fishery CPUE (RCPUE) index as an index of abundance for use in the
surplus production models. Although the WG recognized the SAS’s concerns about the index,
the long time series and the contrast it provided, which the surplus production models
required, outweighed the potential biases.

TOR 2. Characterize precision and accuracy of additional fishery-dependent and fishery-
independent data sets, including diet data, used in the ecological reference point models.
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The ERP WG relied on the most recent single-species stock assessments wherever possible to
provide fishery-dependent and fishery-independent datasets for non-menhaden species. The
key predator and prey species identified for the intermediate complexity models (Atlantic
herring, Atlantic striped bass, bluefish, spiny dogfish, and weakfish) all had data available
through 2017 that had been prepared by the TC or SAS responsible for the single-species
assessment. The full ecosystem model included the most recent data for the key predator and
prey species, but used the older time series of data from the previously published version of the
model for other species.

The key predator and prey species were chosen in part because of the quality of the data
available for them. Four of the five species had peer-reviewed statistical catch-at-age models
that include fishery-dependent and fishery-independent indices of abundance and reliable
estimates of total removals. Spiny dogfish was the one exception; the spiny dogfish assessment
was a swept-area biomass estimate from a trawl survey but did include reliable estimates of
total catch. For other species, the data were less robust. Important prey items like bay anchovy
and sand eels and important predators like birds and whales lacked traditional stock
assessments and often did not have reliable estimates of total removals or population
abundance or biomass.

The ERP WG examined a range of diet datasets, from individual small-scale studies to larger-
scale, long-term monitoring programs. The proportion of Atlantic menhaden in the diets of key
predators varied by season, location, and age-class of predators sampled. The main sources of
diet data included the Northeast Area Monitoring and Assessment Program (NEAMAP), the
Chesapeake Bay Multispecies Monitoring and Assessment Program (ChesMMAP), and the
Northeast Fisheries Science Center Food Habits Database (NEFSC FHD). These programs
covered a fairly large proportion of the Atlantic coastal shelf, and provided ten to thirty years of
diet data collected with consistent methodologies. The key predator and prey species were
moderately well-represented in these databases, but sample sizes often precluded analyses on
finer spatial or temporal scales. In addition, these databases focused on finfish and shellfish
species, not birds or marine mammals. Smaller scale studies were used to supplement the data
from these long-term programs for some of the modeling approaches, especially for species
that were not well represented in the long-term programs.

TOR 3. Develop models used to estimate population parameters (e.g., F, biomass, abundance)
of Atlantic menhaden that take into account Atlantic menhaden’s role as a forage fish and
analyze model performance.

The ERP WG explored a suite of models to develop ecological reference points and estimate
population parameters for Atlantic menhaden, ranging from very simple with minimal data
requirements and few assumptions about population drivers to very complex with extensive
data needs and detailed assumptions about the mechanisms of population dynamics. These
included two surplus production models (one that estimated a time-varying intrinsic growth
rate and one that implemented the Steele-Henderson approach of including predator biomass
as part of the modeling process), a multispecies statistical catch-at-age model, and two
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formulations of Ecopath with Ecosim (EwWE), one of intermediate complexity with a limited
predator/prey field and one with a full ecosystem.

TOR 4. Develop methods to determine reference points and total allowable catch for Atlantic
menhaden that account for Atlantic menhaden’s role as a forage fish.

To develop reference points and estimates of total allowable catch that meet the ecosystem
management objectives, the models needed to be able to assess both top-down effects of
predation on Atlantic menhaden and bottom-up effects of Atlantic menhaden biomass levels on
predators. The EwE models were the only models that were able to evaluate both factors; the
other explored here models only captured the effects of predation on Atlantic menhaden.
Therefore, the ERP WG recommended an approach that combined the single-species
assessment model with the intermediate complexity EwWE model. The single-species model
represented the best information on current Atlantic menhaden population dynamics, including
estimates of abundance and fishing mortality, while the intermediate complexity EwE model
provided a way to evaluate harvest strategies for Atlantic menhaden in an ecosystem context
while still being tractable to update on a management timeline.

The final reference point values used in management will be set by the Atlantic Menhaden
Management Board based on their evaluation of the tradeoffs between Atlantic menhaden
harvest and predator management objectives; however, the ERP WG developed example
ecological targets and thresholds for Atlantic menhaden as a proof-of-concept. Striped bass
were found to be one of the most sensitive species across several models, so the ERP WG
developed the example target and threshold based on the current striped bass management
objectives, as laid out in the striped bass fishery management plan. The ERP target was defined
as the maximum fishing mortality rate on Atlantic menhaden that would sustain striped bass at
their biomass target when striped bass were fished at their F target; the ERP threshold was
defined as the maximum fishing mortality rate on Atlantic menhaden that would keep striped
bass at their biomass threshold when striped bass were fished at their F target. The single-
species projection model would then be used to calculate a TAC based on the ERP target.

The example ERP target and threshold were lower than the current single-species target and
threshold. The ERP target was estimated at a full F of 0.188, compared to a full F of 0.314 for
the single-species target. The ERP threshold was estimated at a full F of 0.573, compared to a
full F of 0.856 for the single-species threshold. This example is based on the F and B targets laid
out in the striped bass fishery management plan. Higher or lower reference points for striped
bass would result in higher or lower reference points for Atlantic menhaden. In addition, other
species in the model were fished at their F2017 values; increasing or decreasing F on the other
species would also result in different reference points for Atlantic menhaden.

TOR 5. State assumptions made for all population and reference point models and explain the
likely effects of assumption violations on synthesis of input data and model outputs.

Each of the models explored had a different set of assumptions about population and
ecosystem dynamics.
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The surplus production model with time-varying r did not make any explicit assumptions about
what was causing changes in productivity: potential factors like changes in M from predation or
other sources and variability in recruitment were all combined into changes in r. The Steele-
Henderson surplus production model assumed that all changes in productivity were driven by
the fishery and the key predator species in the model; other sources of mortality were included
in the estimate of r, but the estimate of r was not time-varying. Changes in productivity that
result from variability in recruitment or changes in M due to other factors could be attributed
to predation by modeled species.

The multispecies statistical-catch-at-age model assumed that changes in M over time are due to
changes in predation mortality from modeled predators (Mz); M is a function of predator
biomass, diet composition, and consumption-to-biomass ratios. To simplify the ecosystem
structure, a limited suite of predator and prey species was used. A pool of other, non-modeled
prey biomass was assumed to be constant to allow for diverse predator diets, and an age-
varying but time-constant level of M from other sources (M) was assumed to account for non-
modeled predators. Unlike the surplus production models, the multispecies statistical catch-at-
age model was able to track observed variability in recruitment by fitting to observed
recruitment indices and age composition information. This implementation of the multispecies
statistical catch-at-age model was focused on predator impacts on Atlantic menhaden
abundance; it did not include bottom-up effects of Atlantic menhaden abundance on predator
biomass.

The EWE models are comprised of two model frameworks: the Ecopath model, a static, mass-
balance representation of the ecosystem, and Ecosim, where change in biomass is predicted as
consumption minus losses to predation, fishing, and migration, with consumption modeled
using foraging arena theory. The two formulations of EwE differed in how detailed the trophic
structure of the models were; the intermediate complexity model included 17 trophic groups,
while the full model included 61 trophic groups. Both models allowed for unexplained, non-
modeled mortality in addition to explicit loss to predation and fishing. The EWE models allowed
for both top-down impacts of predators on prey species, and bottom-up effects of prey
availability on predator biomass. As configured, the EWE models assumed a stock-recruitment
relationship existed for all species, and as a result, may overstate the impact of adult mortality
on future population abundance for species where recruitment is more environmentally driven.

Modeling of environmental factors was limited by the poor understanding of the relationship
between specific environmental drivers and recruitment and mortality. None of the models
included explicit environmental drivers in the base model run.

None of the models included spatial dynamics; all data were pooled to a coastwide stock level.

As a result, nuances of population dynamics at the regional scale may be lost.

TOR 6. Characterize uncertainty of model estimates and reference points.
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Estimates of uncertainty for model parameters and reference points could not be directly
compared across models because of differences in the way each model calculated and
propagated uncertainty through the estimates. The major source of uncertainty for these
models was from the input data and model structure, and these were explored through
sensitivity analyses.

The surplus production models were both sensitive to the starting year of the model and the
indices used. The magnitude of the estimates of population size and exploitation rate varied
significantly between different runs; however, the overall trend and relative stock status (e.g.,
B/Bwisy) were similar across runs. This is a common result with surplus production models.

For the multispecies statistical catch-at-age model, uncertainty about diet data had the greatest
effect on the prey species, while the run with the alternative indices had the greater effect on
the predator species. The estimate of unexplained M (Mp) used in the model was also a source
of uncertainty.

The most sensitive parameters in the EwWE models were the vulnerability parameters, which
describe the exchange rates of prey from non-vulnerable states into vulnerable foraging
“arenas,” where they can be consumed by predators. The diet data used as input also had an
effect on model results, as with the multispecies statistical catch-at-age, especially in identifying
the major predators on Atlantic menhaden. The implementation of EWE used for this
assessment did not include the ability to propagate uncertainty in input data such as species or
species group biomasses and exploitation rates through to the final population and reference
points estimates, so that source of uncertainty has an unknown impact.

TOR 7. Evaluate stock status for Atlantic menhaden from recommended model(s) as related
to the respective reference points (if available).

All of the models explored by the ERP WG agreed on the current status of Atlantic menhaden:
in 2017, overfishing was not occurring and the stock was not overfished, even when Atlantic
menhaden’s role as a forage fish was taken into consideration. Current levels of Atlantic
menhaden removals were unlikely to cause a decline in predator populations.

TOR 8. Compare trends in population parameters and reference points among proposed
modeling approaches, including the results of the single-species benchmark assessment. If
outcomes differ, discuss potential causes of observed discrepancies.

All of the ERP models explored here agreed with the single-species assessment model about the
overall trend of Atlantic menhaden population size and exploitation rates over the last 30 years:
a generally increasing trend in biomass and a decreasing trend in exploitation rate. This
consistency in findings is not surprising, since all the ERP models used the same time-series of
total removals, life history parameters, and indices of abundance as the single species model,
and in some cases (the EWE models) used output from the single-species model directly.
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The ERP models produced similar assessments of stock status to the single-species assessment
results, which determined that Atlantic menhaden were not overfished and were not
experiencing overfishing in 2017. Current levels of Atlantic menhaden removal were not
projected to cause declines in predator biomass. However, the ERP models were also consistent
in the finding that fishing Atlantic menhaden at the single-species threshold would cause
declines in predator biomass or condition.

The example ERP target and threshold developed based on management objectives for striped
bass were lower than the single-species F target and threshold, but the current F for Atlantic
menhaden was below the ERP target and threshold as well.

TOR 9. If a minority report has been filed, explain majority reasoning against adopting
approach suggested in that report. The minority report should explain reasoning against
adopting approach suggested by the majority.

No minority report was filed.

TOR 10. Develop detailed short and long-term prioritized lists of recommendations for future
research, data collection, and assessment methodology. Highlight improvements to be made
by next benchmark review.

The ERP WG endorsed the research recommendations laid out in the single-species assessment
to improve the understanding of Atlantic menhaden population dynamics, especially the
recommendations to develop an Atlantic menhaden-specific coastwide fishery-independent
index of adult abundance and to continue to investigate environmental covariates related to
productivity and recruitment on a temporal and spatial scale.

In addition, the ERP WG identified several short- and long-term research recommendations to
improve the ERP assessment in the future. This included enhanced collection of diet and
condition data through geographically widespread, annual, year-round monitoring of selected
predator diets stratified seasonally and regionally, as well as enhanced collection of abundance
and life history data on species such as birds, marine mammals, and non-commercially
important finfish and shellfish. Incorporating bottom-up effects into the multispecies statistical
catch-at-age model would improve the utility of that model for management use. Better
incorporation of stochastic recruitment dynamics into the EwE models would improve the
understanding of the relative importance of fishing, trophic interactions, and recruitment
dynamics on ecosystem dynamics.

In addition to data and modeling recommendations, the ERP WG also recommended
socioeconomic research and management strategy evaluation be conducted. Establishing
appropriate ecological reference points requires understanding the tradeoffs between species
and stakeholders from a socioeconomic as well as biological standpoint.

TOR 11. Recommend timing of next benchmark assessment and intermediate updates, if
necessary relative to biology and current management of the species.
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The ERP WG recommended that the moderate complexity EWE model should be updated in
conjunction with the next single-species assessment, and that the other models should be
updated and reevaluated as part of the next benchmark assessment. The ERP WG
recommended the next benchmark be conducted in six years if sufficient progress has been
made on the modeling research recommendations.
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TERMS OF REFERENCE

For the 2019 ASMFC Atlantic Menhaden
Ecological Reference Point Benchmark Stock Assessment and Peer-Review

Board Approved May 2018

Terms of Reference for the Ecological Reference Point Assessment
1. Review and evaluate the fishery-dependent and fishery-independent data used in the
Atlantic menhaden single-species assessment, and justify inclusion, elimination, or
modification of those data sets.

2. Characterize precision and accuracy of additional fishery-dependent and fishery-
independent data sets, including diet data, used in the ecological reference point
models.

a. Provide descriptions of each data source (e.g., geographic location, sampling
methodology, potential explanation for outlying or anomalous data)
Describe calculation and potential standardization of abundance indices.
Discuss trends and associated estimates of uncertainty (e.g., standard errors)
Justify inclusion or elimination of available data sources.

Discuss the effects of data strengths and weaknesses (e.g., temporal and spatial

scale, gear selectivities, ageing accuracy, sample size) on model inputs and

outputs.

© oo o

3. Develop models used to estimate population parameters (e.g., F, biomass, abundance)
of Atlantic menhaden that take into account Atlantic menhaden’s role as a forage fish
and analyze model performance.

a. Briefly describe history of model usage, its theory and framework, and document
associated peer-reviewed literature. If using a new model, test using simulated
data.

b. Justify choice of ecological factors (e.g., predator species, other prey species,
environmental factors) as appropriate for each model

c. Describe stability of model (e.g., ability to find a stable solution, invert Hessian)

d. Justify choice of CVs, effective sample sizes, or likelihood weighting schemes as
appropriate for each model.

e. Perform sensitivity analyses, model diagnostics, and retrospective analyses as
appropriate for each model.

f. Clearly and thoroughly explain model strengths and limitations, including each
model’s capacity to account for environmental changes

4. Develop methods to determine reference points and total allowable catch for Atlantic
menhaden that account for Atlantic menhaden’s role as a forage fish.

5. State assumptions made for all population and reference point models and explain the
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10.

11.

likely effects of assumption violations on synthesis of input data and model outputs.
Characterize uncertainty of model estimates and reference points.

Evaluate stock status for Atlantic menhaden from recommended model(s) as related to
the respective reference points (if available).

Compare trends in population parameters and reference points among proposed
modeling approaches, including the results of the single-species benchmark assessment.
If outcomes differ, discuss potential causes of observed discrepancies.

If a minority report has been filed, explain majority reasoning against adopting approach
suggested in that report. The minority report should explain reasoning against adopting
approach suggested by the majority.

Develop detailed short and long-term prioritized lists of recommendations for future
research, data collection, and assessment methodology. Highlight improvements to be
made by next benchmark review.

Recommend timing of next benchmark assessment and intermediate updates, if
necessary relative to biology and current management of the species.

Terms of Reference for the Ecological Reference Point External Peer Review
Evaluate the justification for the inclusion, elimination, or modification of data from the
Atlantic menhaden single-species benchmark assessment.

Evaluate the thoroughness of data collection and the presentation and treatment of
additional fishery-dependent and fishery-independent data sets in the assessment,
including but not limited to:

a. Presentation of data source variance (e.g., standard errors).

b. Justification for inclusion or elimination of available data sources,

c. Consideration of data strengths and weaknesses (e.g., temporal and spatial

scale, gear selectivities, aging accuracy, sample size),
d. Calculation and/or standardization of abundance indices.

Evaluate the methods and models used to estimate Atlantic menhaden population
parameters (e.g., F, biomass, abundance) that take into account Atlantic menhaden’s
role as a forage fish, including but not limited to:

a. Evaluate the choice and justification of the recommended model(s). Was the
most appropriate model (or model averaging approach) chosen given available
data and life history of the species?

b. If multiple models were considered, evaluate the analysts’ explanation of any
differences in results.

c. Evaluate model parameterization and specification as appropriate for each
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10.

11.

model (e.g., choice of CVs, effective sample sizes, likelihood weighting schemes,
calculation/specification of M, stock-recruitment relationship, choice of time-
varying parameters, choice of ecological factors).

Evaluate the methods used to estimate reference points and total allowable catch.

Evaluate the diagnostic analyses performed as appropriate to each model, including but
not limited to:
d. Sensitivity analyses to determine model stability and potential consequences of
major model assumptions
e. Retrospective analysis

Evaluate the methods used to characterize uncertainty in estimated parameters. Ensure
that the implications of uncertainty in technical conclusions are clearly stated.

If a minority report has been filed, review minority opinion and any associated analyses.
If possible, make recommendation on current or future use of alternative assessment
approach presented in minority report.

Recommend best estimates of stock biomass, abundance, exploitation, and stock status
of Atlantic menhaden from the assessment for use in management, if possible, or
specify alternative estimation methods.

Review the research, data collection, and assessment methodology recommendations
provided by the TC and make any additional recommendations warranted. Clearly
prioritize the activities needed to inform and maintain the current assessment, and
provide recommendations to improve the reliability of future assessments.

Recommend timing of the next benchmark assessment and updates, if necessary,
relative to the life history and current management of the species.

Prepare a peer review panel terms of reference and advisory report summarizing the
panel’s evaluation of the stock assessment and addressing each peer review term of
reference. Develop a list of tasks to be completed following the workshop. Complete
and submit the report within 4 weeks of workshop conclusion.
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1 INTRODUCTION

1.1 Brief Overview

The importance of Atlantic menhaden as a forage fish has long been recognized. As far back as
2004, managers, stakeholders, and the public have had an interest in Atlantic menhaden’s role
as forage in the ecosystem. Atlantic menhaden are a food source for a variety of species
including larger fish such as striped bass (Hartman and Brandt 1995b) and bluefin tuna (Butler
et al. 2010), birds such as bald eagles (Mersmann 1989) and osprey (Glass and Watts 2009), and
marine mammals like bottlenose dolphin (Gannon and Waples 2004). Many of these predators
support valuable commercial and recreational fisheries or ecotourism industries, in addition to
having cultural value.

The single-species assessments in 2004 and 2010 used estimates of natural mortality from
multispecies virtual population analyses (MSVPA) as input to the single-species model to better
guantify the effects of predation on Atlantic menhaden populations (ASMFC 2004, 2010).
However, there was still a strong interest in accounting for not only the effects of predation on
Atlantic menhaden population dynamics, but also the effects of Atlantic menhaden removals on
important predator species.

After an Ecosystem Management Objectives Workshop in 2015 (ASMFC 2015; see also Section
1.4), the Atlantic Menhaden Management Board formally tasked the Commission’s Ecological
Reference Point Workgroup (ERP WG) with developing reference points for management use
that could account for Atlantic menhaden’s role as a forage fish. The ERP WG developed a suite
of models to provide ecological reference points (ERPs) and parameterized them with the best
available data for Atlantic menhaden and key predator species. The ERP WG evaluated the
performance of these models, their strengths and weaknesses, and their ability to inform the
fundamental management objectives identified by the Board in order to determine the best
tool for ecosystem-based management of Atlantic menhaden (Table 1).

Given the results, the ERP WG recommends a hybrid approach combining the current single-
species assessment model with an EwWE model of intermediate complexity to quantitatively
evaluate trade-offs between Atlantic menhaden harvest and biomass levels of key managed
predators. The final balance between the level of Atlantic menhaden harvest and maintaining
predator biomass levels will be a management decision, but this approach will allow managers
and stakeholders to evaluate those tradeoffs both quantitatively and transparently.

1.2 Need for Ecological Reference Points

The impact of fishing forage species on predator species and the larger ecosystem has received
increasing attention in recent years. Much of this work has concluded that forage fisheries

should be managed more conservatively than single-species reference points would suggest, to
both ensure the sustainable harvest of forage fish and to reduce ecosystem impacts from their
removal. For example, Smith et al. (2011) recommended maintaining forage fish populations at
target biomass of 75% of unexploited biomass to prevent negative consequences to predators,
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compared to the approximately 60% level implied by fishing at Fumsy. Pikitch et al. (2012)
recommended a precautionary approach for forage fish management in order to sustain both
predator and prey species, including fishing at 50-75% of Fmsy and using a biomass threshold of
30-40% of unexploited biomass, depending on the quality of data available. Hilborn et al. (2017)
pushed back on these conclusions, pointing out that the models used to develop those
recommendations did not include consideration of environmental drivers of forage fish
recruitment, the weak stock-recruitment relationship observed for most forage species, or the
differing selectivities of predators and fisheries. As a result, some of the ecosystem models may
overstate the ecosystem impact of fishing on forage fish abundance and predators. Despite
those conclusions, there remains a general consensus that ecosystem services should be
considered when managing forage fisheries.

All stock assessments account for some level of predation mortality in their estimates of M.
Those that use age-varying natural mortality (such as Lorenzen 1996) incorporate the idea that
natural mortality rates are higher at the youngest and smallest age or size classes, which is
driven at least in part by higher predation rates on those groups. Some assessments have
incorporated time-varying M, with approaches like an M vector scaled by annual key predator
biomasses (northern shrimp, ASMFC 2018), or a random-walk process without an explicit driver
(weakfish, ASMFC 2016). Generally, however, most assessments do not capture changes in
natural mortality in direct response to predator demand. They also generally do not consider
the effects of prey availability on the growth or survival of predators when establishing
biological reference points for prey species.

Atlantic menhaden stock assessments have included an age- and time-varying natural mortality
component since 2004, but there has been increasing interest from stakeholders and managers
in explicitly managing Atlantic menhaden to account for their ecosystem services and changing
predator demand. In 2017, when the Board was considering changing the management plan for
Atlantic menhaden, ASMFC received 127,698 comments from the public in favor of some form
of ecological reference points, compared to 7 comments in favor of single-species reference
points.

Ecological reference point models are needed to quantify the effects of Atlantic menhaden
harvest on their predators, to examine the impact of predators on Atlantic menhaden removal
targets, and to quantitatively evaluate the tradeoffs between Atlantic menhaden harvest and
predator biomass. Non-species-specific “rule-of-thumb” advice provided by meta-analyses like
Smith et al. (2011) and Pikitch et al. (2012) are based on ecosystems that are not representative
of the Atlantic coastal shelf and estuaries. More importantly, such “rules-of-thumb” reference
points do not allow for the evaluation of specific trade-offs between forage fishery removals
and abundance of important predator species. In order to provide the best management advice
for this species and this ecosystem, ecological reference point models developed specifically for
the coast-wide Atlantic menhaden stock are needed.
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1.3 Regulatory History

See the single-species benchmark stock assessment for a more thorough discussion of Atlantic
menhaden regulatory history. Sections from that assessment have been abbreviated below.

Atlantic menhaden management authority is vested in the states because the vast majority of
landings come from state waters. All Atlantic coast states and jurisdictions, with the exception
of the District of Columbia, have a declared interest in the Atlantic menhaden management
program.

The first coastwide fishery management plan (FMP) for Atlantic menhaden was passed in 1981
(ASMFC 1981). The FMP did not recommend or require specific management actions, but
provided a suite of options should they be needed. The FMP has undergone a series of revisions
and amendments in the subsequent years.

In 1988, the ASMFC concluded that the 1981 FMP had become obsolete and initiated a revision
to the plan. The 1992 Plan Revision included a suite of objectives to improve data collection and
promote awareness of the fishery and its research needs (ASMFC 1992). Amendment 1,
approved in 2001, provided specific biological, social, economic, ecological, and management
objectives (ASMFC 2001). Amendment 2, approved in 2012, established a 170,800 metric ton
total allowable catch (TAC) for the commercial fishery beginning in 2013 (ASMFC 2012a).

Amendment 3 (2017a) completely replaced Amendment 2 and currently sets the management
program for Atlantic menhaden. The Amendment continues to manage the stock via single-
species biological reference points until the review and adoption of menhaden-specific
ecological reference points as part of the 2019 benchmark stock assessment process. In the
interim, the Board used an ad hoc approach to set the TAC at 216,000 mt, an increase from the
previous years’ TACs, but less than what would be recommended if the stock were fished at the
single-species target F rate, in order to provide a qualitative buffer for ecosystem services.

1.4 Ecological Management Objectives

In 2015, the Commission established the Ecosystem Management Objectives (EMO) Workgroup
to identify potential ecosystem management objectives for menhaden-specific ecological
reference points. To provide a range of perspectives on Atlantic menhaden management, the
multi-disciplinary workgroup included representatives from the Atlantic Menhaden
Management Board, stakeholder Advisory Panel, and Technical Committee.

At the EMO Workshop, the Workgroup identified potential ecosystem management objectives,
as well as their associated performance measures, through a structured decision-making
process (ASMFC 2015). Two types of objectives were identified: fundamental and means.
Fundamental objectives are the end goals the group would like to achieve and represent what
the group values. Means objectives are intermediary goals necessary to achieve the
fundamental objectives, i.e., they represent “means to the ends” of achieving the fundamental
objectives. A comprehensive list of fundamental and means objectives was created and then
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distilled into a more concise list. The Workgroup developed performance metrics for the
refined list of fundamental objectives.

EMO Workshop Fundamental Management Objectives and Performance Measures

Fundamental Objectives

Performance Measures

Achieve broad public support for
management

Unanimous vote of the Atlantic Menhaden
Management Board

Positive press releases from all stakeholders
“Informed consent” or acknowledgement that the
decisions made were “fair and reasonable”
Participation in the fishery benefits

Absence of legal action

Strong compliance with management measures

Sustain menhaden to provide for
fisheries

Meeting or exceeding (positively) reference points
Non-truncated age distribution

Historical distribution maintained

Avoid unintended economic consequences of
management

Employment in fishery

Achieving yield objectives for all fisheries

Achieving abundances that exceed “depleted” status
Reduce regulatory discards

Sustain menhaden to provide for
predators

Same as for fishery, assuming reference points are
ecological reference points

Predators in a healthy nutritional state
Distribution of menhaden related to predator
requirements (prey availability)

Sustain menhaden to provide for
historical and cultural values

Maintaining “historical” (meaning existing and recent
past infrastructure rather than distant past) patterns
of employment (spatial, demographic, gear use, etc.)

Sustain menhaden to provide for
ecosystem services

Same as above; represented in the other menhaden
“services”

Minimize risk to sustainability
due to changing environment

Analysis would explicitly consider uncertainty about
future environmental conditions

Provide stability for all types of
fisheries

Variability for employment and yield
Frequency of substantive management action

Sustain ecosystem resiliency or
stability

Covered by metrics above; if successful in providing
for a viable fishery and other food web components
that are related to menhaden

The EMO Workgroup also developed the following list of means objectives, which support

achieving the fundamental objectives:
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e Science
® |ncrease knowledge base
= Better communication of science
= Account for variation
e Management
= Define clear objectives
= Provide timely advice
e Ecosystem
= Ensure adequate supply of menhaden for:
e Individual predator groups
e Food web as a whole
e Account for spatial/temporal variation when using trade-offs
e Minimize the risks of collapse for:
= Menhaden — the metric of collapse would be a certain level of biomass or
fecundity relative to unfished spawning stock biomass or fecundity
= Fishery —the metric for fishery collapse would depend on the fishery; it
would indicate that the fishery is no longer economically viable to fish
= Irreversible ecosystem change — changes to the food web such that it would
not recover to a previous state even with the relaxation of fishing pressure

1.5 Model Selection

As part of the 2015 Benchmark Stock Assessment for Atlantic Menhaden, the ERP WG
presented a suite of preliminary ERP models and ecosystem monitoring approaches for
feedback (SEDAR 2015). The ERP WG used the peer review recommendations from that
assessment and the outcomes of the EMO Workshop to assess the ability of various ERP models
to address management objectives and performance measures. The ERP WG focused on those
fundamental objectives and performance measures that could be addressed using ecological
models. Some objectives, such as “sustain Atlantic menhaden to provide for historical and
cultural values” or “achieve broad public support for management,” fell outside the purview of
the ERP WG. Table 1 summarizes the fundamental objectives and associated performance
measures that each ERP model can address.

To best address the management objectives identified at the EMO Workshop (Table 1), the
approach selected needed to:

e explicitly examine the trade-off between fishery removal of menhaden and resulting
changes in biomass or abundance among important predators;

e provide quantitative and understandable advice on removal levels of Atlantic menhaden
under various predator biomass or fishing levels;

e examine the implications and consequences of Atlantic menhaden harvest strategy on
important predators, either through predator growth rates and condition or mortality
rates;

e be updatable on a timeframe consistent with Atlantic menhaden management.
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Approaches were then selected based on: (1) the ability to address multiple management
objectives; (2) the ability to predict and monitor performance measures in response to
management action; (3) technical merits; and (4) consistency with the advice from the 2015
Peer Review.

Based on this evaluation, the ERP WG placed emphasis on models of intermediate complexity (a
multispecies statistical catch-at-age model and an Ecopath with Ecosim model with limited
predator and prey components) in developing ecological reference points. However, more
complex (a full Ecopath with Ecosim model) and simpler (a Steele-Henderson surplus
production model and a surplus production model with time-varying r) models were also
developed, in order to provide context for the results of the intermediate complexity models
and evaluate the tradeoffs between model assumptions, data availability, and the ability to
meet management objectives.

In the end, the intermediate complexity Ecopath with Ecosim model was best able to meet the
ecosystem management objectives in a timeframe suitable for management, while providing
information consistent with the more complex model.

2 ASSESSMENT HISTORY

2.1 Previous Stock Assessments

Since the stock assessment peer review process was adopted by the ASFMC in 1998, Atlantic
menhaden have been assessed several times as a single species (ASMFC 1999, 2004, 2010,
2012b; SEDAR 2015; ASMFC 2017b). The most recent peer-reviewed benchmark stock
assessment was SEDAR 2015, which was updated in 2017.

Explicit multispecies considerations have been a part of the single-species assessments since
2004. To better quantify the effects of predation on Atlantic menhaden the single-species
assessments in 2004 and 2010 used the M-at-age estimates from MSVPA as input to the single-
species model. Issues with MSVPA model performance and the effort to develop explicit
ecological reference point models resulted in moving away from the time-varying M-at-age to a
time-constant M-at-age in the 2015 assessment (SEDAR 2015). The process of developing
ecological reference points for Atlantic menhaden began as part of the 2015 single-species
assessment, but the work was not ready to be peer-reviewed at that time.

2.2 Summary of Previous Assessment Models

The Beaufort Assessment Model (BAM) was used to provide management advice during the
2015 benchmark stock assessment (SEDAR 2015) and the 2017 update. BAM is a statistical
catch-at-age model that estimates population size-at-age and recruitment, using 1955 as the
start year, and then projects the population forward in time. The model estimates trends in the
population, including abundance-at-age, recruitment, spawning stock biomass, egg production,
and fishing mortality rates. BAM was configured to be a fleets-as-areas model with each of the
fleets broken into areas to reflect differences along the coast. This means that both reduction
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and bait fleets were split into north and south regions because the fisheries operated
differently along the coast and through time.

In 2001, ASMFC began developing the Expanded Multispecies Virtual Population Analysis model
(MSVPA-X), an extension of the ICES MSVPA, which was peer-reviewed in 2006 (NEFSC 2006,
Garrison et al. 2010). The MSVPA-X model, like the original MSVPA, was a set of single-species
VPA models that were linked by a feeding model, which allowed for the calculation of M,
predation mortality on Atlantic menhaden. The extended version allowed for the use of tuning
indices and improved the consumption, feeding, and size-selectivity models. The MSVPA-X
model explicitly modeled Atlantic menhaden, striped bass, bluefish, and weakfish, and included
a pool of “other prey”, which could be broken down into more specific groups if necessary.

The MSVPA-X was intended to better quantify predator and prey interactions and to account
for these effects on Atlantic menhaden, specifically through the development of time-varying M
estimates for use in single-species assessments. It was not intended to replace the single-
species assessments, set reference points, or set harvest limits for the modeled species, but
rather to inform the single species assessment for Atlantic menhaden. Estimates of M for
Atlantic menhaden from the MSVPA-X were used in BAM for the 2004 and 2010 assessments.
The MSVPA-X was updated for the 2015 assessment, but the estimates of M were not used in
the base run of BAM. This was due to concerns about the MSVPA-X performance (SEDAR 2015)
not matching the biomass trajectory of important predators. More importantly, the MSVPA-X
could not match the trajectory of BAM biomass estimates with the more complex and detailed
BAM parameterization and was sensitive to small changes in predator/prey overlap and prey
preference parameters. The uncertainty from the MSVPA-X was used to set the scale of the
uncertainty surrounding M in the Monte Carlo bootstrap runs done for the base run. The
resulting M-at-age from the MSVPA-X was also used as a sensitivity analysis during the 2015
benchmark for the single species assessment.

The 2015 assessment also began work on the task of developing ecological reference points for
Atlantic menhaden. A suite of ERP and ecosystem monitoring approaches were identified and
characterized by the timeframe for completion, the type of ERPs they would provide, and what
management objectives they would meet. The 2015 Peer Review Panel recommended: 1) fully
engaging managers and stakeholders in a Management Strategy Evaluation process, and 2)
placing emphasis on models of intermediate complexity as potential tools for examining trade-
off among predators and prey. The 2015 assessment and the EMO Workshop report (Section
1.4) formed the basis of the 2019 ERP Assessment.

It is important to note that all the approaches examined were based on the unit stocks for both
predators and prey. While regional approaches are possible, both data needs and the desire to
provide stock-level advice for Atlantic menhaden made regional approaches unviable at this
time. Rates of production, fishery removals, predator removals, and changes in predator/prey
abundance can be different at the regional level than the dynamics on a stock-wide scale.
Despite this and given the above constraints, the methods and approaches developed provide
management advice on a stock-wide level only.
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2.3 Biological Reference Points

Atlantic menhaden are currently managed with single-species reference points, based on the
historical performance of the population during 1960 to 2012, a period during which the
Technical Committee (TC) considers the population to have been sustainably fished. The Frarger
is defined as the median geometric mean F on ages 2-4 from 1960-2012, and the FruresHolp is
the maximum geometric mean F for ages 2-4 during that period. To determine overfished
status, a fecundity target and threshold are used (rather than a spawning stock biomass target
and threshold). The fecundity target and threshold are defined as the mature egg production
one would expect when the population is being fished at the target or threshold fishing
mortality rates, respectively. Based on the assessment update (ASMFC 2017), Atlantic
menhaden were neither overfished nor experiencing overfishing under these reference points.

After the 2015 assessment, ASMFC considered using interim ecological reference points for
Atlantic menhaden until this assessment could be completed. These interim reference points
would have been based on generic or “rule-of-thumb” guidelines proposed in the literature
such as a biomass target of 75% unfished biomass (Smith et al. 2011) or F=50%M (Pikitch et al.
2012). In the end, the Board decided not to change the definitions of the reference points until
Atlantic menhaden specific ERPs could be developed, and instead applied an ad hoc buffer to
the quota, setting the TAC lower than what the single-species target F rate would have allowed
(ASMFC 2017b).

3 PREDATOR AND PREY SPECIES

3.1.1 Diet Data Sources

The ERP WG examined a range of diet datasets, from large-scale, long-term monitoring
programs to individual small-scale studies. The proportion of Atlantic menhaden in the diets of
key predators varied by year, season, location, and age class of predators sampled, making the
selection of diet data sources important in model parameterization.

Fish stomach-content data were obtained from three main sources: the Northeast Fisheries
Science Center (NEFSC) Food Web Dynamics Program, the North East Area Monitoring and
Assessment Program (NEAMAP), and Chesapeake Bay Multispecies Monitoring and Assessment
Program (ChesMMAP). The NEFSC program has systematically sampled predator food habits
since 1973 (Link and Almeida 2000). The food-habits data are structured by predator species
and length, but prey lengths and ages are not routinely measured. A subset of the database is
structured by both predator and prey lengths, which was used for part of the following
analyses. NEAMAP and ChesMMAP also collect stomach-content data under similar protocols
to the NEFSC program; NEAMAP has collected data since 2008 and ChesMMAP since 2002.
These data were used to supplement the stomach-content data and have an added benefit of
increasing the coastal area covered for this dataset (NEAMAP and ChesMMAP sample areas
further inshore than the NEFSC sampling program).
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Both datasets have strengths (e.g., the NEFSC data has a long time-series and the NEAMAP data
are more inshore so is better able to acquire many of the species used in this study) and
weaknesses (e.g., the NEFSC data are from further offshore and the NEAMAP data timeseries is
short) but taken together they offer a fairly comprehensive snapshot of the populations.
However, sample sizes often precluded analyses on finer spatial or temporal scales. These
databases focused on finfish and shellfish species, not birds or marine mammals. Smaller scale
studies were used to supplement the data from these long-term programs for some of the
modeling approaches, especially for species that were not well represented in the long-term
programs.

3.1.2 Identification of Key Predator and Prey Species

Two of the ERP models presented in this report are models of intermediate complexity, which
focus on a limited number of key predator and prey species. To identify this suite of key
predator and prey species, the ERP WG considered a number of factors, including: the
importance of a species’ role as a Atlantic menhaden consumer (as indicated by the diet data),
the importance of a species’ role as an alternative prey to Atlantic menhaden (as indicated by
the diet data), the quality and availability of life history and fishery data for the species, and the
relevance of the species to ASMFC management.

Predator Species

Diet data were used to identify key predators during the last benchmark assessment as part of
the update to the MSVPA-X (SEDAR 2015). The methods and conclusions from that assessment
were reviewed by the ERP WG and used to inform the choice of key predators used in this
assessment. The NEFSC Food Habits Database (FHDB) (1981-2012) was queried for all species
with Atlantic menhaden recorded in their gut contents. Only twelve species had records of
Atlantic menhaden in their gut contents: striped bass, bluefish, spiny dogfish, weakfish, smooth
dogfish, spiny butterfly ray, clearnose skate, goosefish, Atlantic angel shark, dusky shark,
sandbar shark, and Atlantic herring. Of the twelve predators whose diets contained Atlantic
menhaden, there were some notable outliers, such as Atlantic herring, which does not typically
feed on Atlantic menhaden, and spiny butterfly ray, which had one individual stomach that
contained 86% of the total prey weight for that species and 100% of that stomach was Atlantic
menhaden. The ERP WG decided to remove these outliers from the list of key predators, along
with Atlantic angel shark, dusky shark, and sandbar shark, all of which had less than 50
stomachs sampled throughout the entire time series (the next lowest sample number of
stomachs was about 800; species with notably fewer samples would not provide an accurate
representation of diets when compared to the rest of the data available). The remaining
predators were considered by the group for inclusion into the models.

The annual Atlantic menhaden consumption (C) of each predator was estimated using the
methodology from Butler et al. (2009), defined as:

C=BXPXDRXWXT (3.1)

Where:
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B = Biomass of predators (B) calculated from scaled up swept area biomasses from the
NEFSC Survey 1981-2012. This calculation assumed that catchability is equal to 1.0 and
that the survey covers the inshore and offshore extent of each species’ range.

P = the proportion of each predator stock in the model domain calculated using swept
area biomass from the NEFSC Survey and scaled up to the full range of the species to
estimate total biomass. For offshore strata, a GIS program was used to pare out tows
that were offshore of the model domain. All strata with at least one tow in the model
domain were then divided by the total tows conducted in that stratum to get the
proportion of tows in that domain. Model domain biomass divided by expanded total
biomass by range was calculated to get the proportion of each predator in the model
domain.

DR = Daily ration (in kg prey per kg predator per day) generated using direct estimates
from literature and calculations using parameters from the literature. Direct estimates
for similar species or overall average of other species that were not as similar were used
when necessary.

W = the proportion of total prey in weight that is Atlantic menhaden generated using
data from the NEFSC FHDB, ChesMMAP survey, and NEAMAP survey.

T =the portion of the year (in days) that predator and prey are both in the model
domain calculated using the NJ Ocean Trawl Survey. It was assumed Atlantic menhaden
were always present somewhere in the model domain throughout the year. The NJ
Ocean Trawl Survey catches all predators, so it was used as a proxy of when predators
were in the model domain. Only 2% of the stations fell outside domain so all of them
were used. The average biomass per season across years 1990-2012 was used to
calculate when predators were present in the domain. All proportions were
standardized to 1.0 then divided by the maximum. The NJ Ocean Trawl Survey occurs 5
months out of each year so biomass for months in which sampling did not occur was
linearly interpolated based on the closest surrounding months’ biomass. For any month
with less than 1% of the max, the predator was assumed not present. Time (days) in the
model domain was then finally calculated from months where the predator was present
in the model domain.

Spiny dogfish, striped bass, and bluefish had the highest Atlantic menhaden consumption
(Table 2). In addition, those species also had reliable data on catch and indices of abundance, as
well as recently updated assessments with estimates of biomass and fishing mortality from
peer-reviewed stock assessments. All three are managed either solely (striped bass) or
cooperatively (spiny dogfish and bluefish) by the Commission, so providing quantitative
information on these species would be relevant to management. All three of these predators
were included in the group of key predators.
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Weakfish and smooth dogfish alternated between the fourth and fifth most important Atlantic
menhaden predator, depending on the ranking system, but weakfish more consistently ranked
as the fourth. The ERP WG debated including smooth dogfish and/or weakfish given their
relatively low menhaden consumption rates compared to the top three predator species. The
ERP WG decided not to include smooth dogfish because of data availability challenges,
including the lack of age data to support an age-structured model. The ERP WG decided to
include weakfish due to the decline in population through the years which could provide
important contrast, given that it is the only one of the predator species that has shown
significant declines in population size over the time series. Predation mortality and/or increased
competition for Atlantic menhaden from striped bass have been proposed as a factor in
weakfish population declines (NEFSC 2009). Weakfish also had more robust data to support
modeling efforts, and are solely managed by the Commission, so information on the ecosystem
effects of Atlantic menhaden fishing on weakfish would be more relevant to management.

Marine Mammals

Overall lack of data and taxonomic resolution in marine mammal diet data limits incorporation
of marine mammals as predators for multispecies/food web/ecosystem models of Atlantic
menhaden. A paper by Smith et al. (2015) is the only broad, systematic review of marine
mammal diets (i.e., consumption rates) for the US Atlantic Coast; note that it also includes
some studies outside of the area. The paper develops annual consumption rates of marine
mammals on key marine species. In the paper, marine mammal diet compositions were
allocated to 12 standard prey groups of similar taxonomy (squid, mesopelagic fish, clupeids,
scombrids, small gadids, large gadids, shrimp, zooplankton, benthic invertebrates, sandlance,
flatfish, and miscellaneous fish). Because the data for diet composition were from a wide array
of references using multiple sampling types (mostly scat and stomach analysis from bycaught
and stranded animals), finer taxonomic resolution was not possible for this systematic review of
marine mammal diets that included ~110 papers and reports. A literature review in web of
science showed no additional research papers (from 2008-2018) with information on Atlantic
menhaden in marine mammal diets. Of the 110 articles reviewed by Smith et al. (2015), only 3
studies specifically identified Atlantic menhaden in the diet. All 3 studies were on bottlenose
dolphin. Bottlenose dolphin are the only species of marine mammal with adequate taxonomic
resolution in the diet data to support inclusion of dolphins as a predator in a multi-species
model; however, the proportion of Atlantic menhaden in bottlenose dolphin diets (4% or less)
suggests that they are not important predators of Atlantic menhaden.

Prey Species

The key ERP predators identified here are generalists, consuming a wide range of other prey
items in addition to Atlantic menhaden. The ERP models of intermediate complexity include a
pool of “other prey biomass,” but also allow for the modeling of other, specific prey species in
addition to Atlantic menhaden. To identify an additional key prey species to be modeled
explicitly, the ERP WG used similar criteria to what was used for key predator identification.
Atlantic herring was chosen as an alternate prey species because it was a major component of
the diets of the key predators. In addition, unlike several other prey species — such as bay
anchovy, sand eels, and benthic invertebrates — Atlantic herring was recently assessed with an
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age-structured model. As a result, reliable catch data, indices of abundance, age structure,
biomass, and fishing mortality were available.

4 LIFE HISTORY

4.1 Atlantic Menhaden

See the single-species benchmark stock assessment for a more thorough discussion of Atlantic
menhaden life history. Sections from that assessment have been abbreviated below.

Stock Definitions
Atlantic menhaden inhabit nearshore and inland tidal waters from Florida to Nova Scotia,
Canada. Atlantic menhaden are considered a single stock. Historically there was considerable
debate relative to stock structure of Atlantic menhaden on the US East Coast, with a northern
and southern stock hypothesized based on meristics and morphometrics (Sutherland 1963;
June 1965). Based on size-frequency information and tagging studies (Nicholson 1972 and 1978;
Dryfoos et al. 1973), the Atlantic menhaden resource is believed to consist of a single unit stock
or population. Genetic studies (Anderson 2007; Lynch et al. 2010) support the single stock
hypothesis.

Migration Patterns
There have been several studies examining Atlantic menhaden migration patterns (Roithmayr
1963; Dryfoos et al. 1973; Nicholson 1978; ASMFC 2004). Adults begin migrating inshore and
north in early spring following the end of the major spawning season off the Carolinas during
December-February. The oldest and largest fish migrate farthest, reaching southern New
England by May and the Gulf of Maine by June. Adults that remain in the south Atlantic region
for spring and summer migrate south later in the year, reaching northern Florida by fall. In the
fall, Atlantic menhaden begin a migration to the Carolinas and spawn as a population in the
winter months, although spawning occurs along the migration route earlier in the year
(Ahrenholz 1991; Berrien and Sibunka 1999).

Historical tagging data from 1966-1969 was recently reanalyzed by Liljestrand et al. (20193,
2019b), which indicated that while the pattern of Atlantic menhaden’s movement was similar
to previous findings, the magnitude of movement during the winter in the northern region
differed. For example, previous literature (Roithmayr 1963; Nicholson 1971) stated that the
majority of Atlantic menhaden in the north migrate south to overwinter in North Carolina
whereas Liljestrand et al. suggested about 55% of Atlantic menhaden in the northern region
migrates southward. Therefore, there may be less southward movement of Atlantic menhaden
in the winter than previously described by the literature and more residency in the northern
area throughout the year.

Age and Growth
In 1955, the NOAA Laboratory at Beaufort, North Carolina, began monitoring the Atlantic
menhaden purse-seine fishery for size and age composition of the catch (June and Reintjes
1959). Scales were selected as the ageing tool of choice for Atlantic menhaden due to ease of
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processing and reading and an age validation study confirming reliable age marks on scales
(June and Roithmayer 1960). The Beaufort lab to date still ages all the reduction and bait fishery
samples. The maximum age used in this assessment is 10 years, although Atlantic menhaden
over age 6 are rarely found in the fisheries.

In the single-species assessment, a time-invariant relationship for length-weight was used.
Annual estimates of fork length-at-age were interpolated from the annual, cohort-based von
Bertalanffy growth fits with a bias correction in order to represent the population at the start of
the fishing year (March 1) for use in estimating population fecundity. Age-6 fish average around
375 mm in fork length and 600 grams in weight over the time series.

Maturity and Fecundity
Using data from the NEAMAP Southern New England/Mid-Atlantic Nearshore Trawl Survey to
evaluate maturity-at-age, it was determined that maturity is a length-based process as opposed
to an age-based process. A logistic regression was fit to the maturity and length data from the
commercial reduction fishery database. Time-varying lengths-at-age for the population were
used along with the logistic regression to provide time-varying maturity at age for 1955-2017
for the single-species assessment. Generally, 5-15% of age-1 fish were mature, approximately
50% were mature by age-2, and 95-100% were mature by age-5 (Figure 1).

Since SEDAR 40 (2015), work has been completed by VIMS (R. Latour and J. Gartland,
unpublished data) to address a single-species research recommendation and update fecundity
values for use in BAM. Based on the analysis of the study, Latour and Gartland concluded that
Atlantic menhaden are indeterminate batch spawners. Additionally, estimates of age-specific
annual fecundity for Atlantic menhaden spanning age-0 to age-6+ were provided for SEDAR 69
(2019). Female fecundity-at-age for each year was fixed in BAM and was based on a function of
mean weight by age for the population. The annual fecundity-at-age in year i (AFq) was

estimated as:
AF,; = RBF * WT,; * SF x PM; (4.1)

where RBF (relative batch fecundity) was 236.92 eggs/g ovary-free body weight, SF (spawning
frequency) was 11.70 spawns/season, and where WT,; (weight-at-age) and PM,; (maturity-at-
age) were the weight-at-age a and proportion of fish mature at age a for a given i at the start of
the fishing year (i.e., March 1). The updated fecundity values from Latour and Gartland resulted
in higher estimated fecundity from SEDAR 2015. Refer to the single-species assessment Section
2.6 and Appendix 14.1 for more details.

Natural Mortality
In the previous Atlantic menhaden stock assessment (SEDAR 2015), M was determined using
the method of Lorenzen (1996), which was scaled to an historical analysis done on historical
tagging data. Since SEDAR 40 (2015), the historical tagging data have been digitized and a new
analysis was conducted by Liljestrand et al. (2019a, 2019b), which provided updated values. The
new analysis uses methods that were not available during the original collection of the data set.
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For the 2019 single-species benchmark assessment (SEDAR), several methods for estimating M
were explored, including several age-constant M estimates and age-varying M approaches.
Ultimately, an age-varying but time-invariant approach using the methods of Lorenzen (1996)
and scaled to the new tagging estimates from Liljestrand (2019a, 2019b) was used. This
resulted in estimates of M ranging from 1.76 for age-0 fish to 0.72 for age-6 fish (Figure 1). See
SEDAR 69 (2019) for further details.

Habitat
Estuarine and nearshore waters along the Atlantic coast from Florida to Nova Scotia serve as
important habitat for juvenile and/or adult Atlantic menhaden. Adult Atlantic menhaden spawn
in oceanic waters along the continental shelf, as well as in sounds and bays in the northern
extent of their range. Winds and tides transport larvae shoreward from the shelf toward
nursery grounds in the estuaries. After hatching from buoyant eggs, the larvae are transported
by ocean currents to fresh and brackish-water estuaries where much of the early development
takes place. Juvenile habitat is unconsolidated bottom consisting mostly of sand and mud, with
various mixtures of organic material. In more northerly areas, juveniles can be found in rocky
coves, with mixtures of cobble, rock, and sand bottoms. Sub-adult habitat is found in
temperate, nearshore marine and estuarine areas that have a bottom composition of sand and
mud, and more organic material than in marine areas. Adult habitat ranges from a bottom
composition of sand, mud, and organic material to marine sand and mud with increasing
amounts of rocks in the more northerly areas. Adults appear to prefer water temperatures near
18°C; adult migrations and movement may be attributed to seeking waters within a certain
temperature range.

4.2 Atlantic Herring

Stock Definitions
Atlantic herring (Clupea harengus) is a schooling pelagic clupeid which ranges from North
Carolina to Labrador in the Western Atlantic. In US waters the Georges bank-Gulf of Maine
stock are fall spawners that range from NC through the Gulf of Maine (GOM) and out to
Georges Bank (GB). There are two main spawning components for this meta-stock, one
centered on GB, and the other in coastal portions of the GOM (Shepard et al. 2009; NEFSC
2012; NEFSC 2018a).

Migration Patterns
When not spawning, these sub-components intermingle in the summertime along the Maine
coast with the GB component located both in the inshore GOM and offshore on GB. Sometime
after spawning in their respective areas, both sub-components travel south to overwinter from
Block Island Sound to the Virginia Capes. Return migration back to their summertime feeding
grounds occurs in early to mid-spring. There is thought to be some mixing between the GOM-
GB stock and the adjacent Canadian 4WX stock. While the rate of mixing is unknown, the
magnitude is thought to be rather small (NEFSC 2018).

Age and Growth
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Life span is generally thought to be 14 years for Atlantic herring in the absence of fishing (NEFSC
2018). The average size-at-age of Atlantic herring has declined over time, most notably for
older ages; the average weight at age of an age-8 fish from 1965-1986 was 0.35 kg, while the
average weight at age of an age-8 fish from 1995-2017 was 0.2 kg. The time-series average was
0.28 kg (Figure 2).

Maturity and Fecundity
Atlantic herring are 65% mature at age-3, 90% by age-4 and 100% mature by age-5 (Figure 2;
NEFSC 2018a). Atlantic herring lay sticky sinking eggs over gravel or sand in shallow portions of
the GOM and GB in the fall with larval settlement and recruitment to Age 1 occurring in the
early spring. As such the birthdate for all cohorts occurs January 1st in any given year (NEFSC
2018a).

Natural Mortality
Atlantic herring are important prey items for a variety of fish, birds, mammals, and other
predators (NEFSC 2018a). Some of these predators, such as striped bass and bluefish, are also
important predators of menhaden. Despite this, the most recent assessment for Atlantic
herring assumed a 0.35 natural mortality static across age and year based largely on model
diagnostics and a lack of change in consumption by important predators (Figure 2) (NEFSC
2018a).

Habitat
Atlantic herring are a pelagic species found in the open ocean, but the benthic zone is especially
important for their reproduction. In U.S. waters, herring spawn mainly in two areas: the Gulf of
Maine and Georges Bank/Nantucket Shoals. Spawning grounds are located in high-energy
environments with strong tidal currents and high salinity. Eggs require water temperatures
ranging from 7 to 15°C and depths from 5 to 90 m, and will not survive if covered by mud or
fine sand.

Larvae have been observed in depths up to 1,500 m, but are generally found in depths in the 41
to 220 m range and temperatures below 12.5°C in the Gulf of Maine, Georges Bank, and
southern New England. Juveniles are commonly found in waters with temperatures from 2.5 to
14.5°C, depths between 4-300 m, and salinities ranging from 20 to 32 ppt. Adults occupy the
same geographic range and similar habitats as juveniles, but typically prefer more saline (> 28
ppt) waters.

4.3 Striped Bass

Stock Definitions
Atlantic striped bass (Morone saxatilis) are found along the eastern coast of North America
from the St. Lawrence River in Canada to the St. Johns River in Florida (ASMFC 1990). Atlantic
striped bass are anadromous, returning to their natal rivers to spawn. As a result, the Atlantic
striped bass population includes multiple biologically distinct stocks. Stocks which occupy
coastal rivers from the Albermarle Sound/Roanoke River system in North Carolina south to the
St. Johns River in Florida are believed to be primarily endemic and riverine, as historical tagging
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data suggest they do not presently undertake extensive Atlantic Ocean migrations as the more
northern stocks do.

The habitat of the coastal migratory striped bass population includes the coastal and estuarine
areas from Maine through Virginia and the coastal waters of North Carolina. The coastal
migratory striped bass population is assessed and managed as a single stock, although it is
known to be comprised of multiple biologically distinct stocks, predominantly the Chesapeake
Bay stock, the Delaware Bay stock, and the Hudson River stock.

Migration Patterns

Atlantic migratory striped bass exhibit two types of migration: a spawning migration in late winter
to early spring where mature adults move from ocean waters to the spawning grounds at the
heads of estuaries and in their tributaries (Shepherd 2007; Zurlo 2014), and a north-south
migration in coastal ocean waters during the rest of the year, with fish moving northward into
New England and Gulf of Maine waters during the summer and southward to waters off of
Virginia and North Carolina during the winter (Kneebone et al. 2014). Juveniles remain in their
natal estuaries until they are about three years old, when they begin to leave the estuaries and
join the coastal migratory population (Nichols and Miller 1967). The extent of the migration that
individual striped bass undertake varies depending on the sex, size, and stock of the fish (Hill et
al. 1989; Secor and Piccoli 2007; Callihan et al. 2014).

Age and Growth

Generally, longevity of striped bass has been estimated as approximately 30 years, with a
maximum observed age of 31 years based on otoliths (Secor 2000). Striped bass are capable of
attaining moderately large size, reaching as much as 125 pounds (57 kg) (Tresselt 1952), and fish
weighing 50-60 pounds (23-27 kg) are not exceptional (Figure 3). Growth rates and maximum size
are significantly different for males and females. Both sexes grow at the same rate until 3 years
old; beginning at age-4, females grow faster than males. Females grow to a considerably larger
size than males; striped bass over about 30 pounds (14 kg) are almost exclusively female (Bigelow
and Schroeder 1953).

Maturity and Fecundity
Female striped bass begin to mature at age-4. They are 45% mature by age-6 and 100% mature
by age-9 (Figure 3; NEFSC 2019). Males mature at younger ages, reaching 100% maturity by age-
4 (NEFSC 2013).

The number of mature ova in female striped bass varies by age, weight, and fork length. Jackson
and Tiller (1952) found that fish from Chesapeake Bay produced from 62,000 to 112,000
eggs/pound of body weight, with older fish producing more eggs than younger fish. Raney (1952)
observed egg production varying with size, with a 3-pound (1.4 kg) female producing 14,000 eggs
and a 50-pound (23 kg) specimen producing nearly 5,000,000.

Natural Mortality
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Striped bass are a long-lived species, suggesting natural mortality is relatively low. In the 2013
benchmark assessment, age-specific M estimates for ages 1-6 were derived from a curvilinear
model fitted to tag-based Z estimates (assuming Z=M) for fish younger than age 3 from New York
and tag-based M estimates (Jiang et al. 2007) for age 3-6 striped bass from Maryland calculated
for years prior to 1997 (NEFSC 2013). This resulted in a maximum M-at-age of 1.13 for age 1 fish
declining to M=0.19 for age-6 fish (Figure 3). M for ages 7+ was assumed equal to 0.15, consistent
with Hoenig’s (1983) regression on maximum age.

An increasing prevalence of mycobacteriosis in the Chesapeake Bay since 1997 could be causing
increases in natural mortality (Ottinger and Jacobs 2006). Although fish who are infected with
the disease show overall decreased health (Overton et al. 2003), the slow progression of the
disease may take years to become lethal in infected fish, thus allowing for multiple spawning
opportunities, making determination of the population level impacts of the disease difficult
(Jacobs et al. 2009). Various hypotheses have been put forward to explain the increasing
prevalence of mycobacteriosis, including lack of forage and increasing water temperatures in
Chesapeake Bay (Jacobs et al. 2009).

Habitat
Atlantic striped bass move between a variety of habitats in their life cycle. Generally, spawning
and early development occurs at the heads of estuaries and in their tributaries, fish mature in
estuaries, and move into the ocean as adults. Habitat selection and migratory behavior in
striped bass is influenced by temperature and photoperiod (Able and Grothues 2007; Wingate
and Secor 2007; O’Connor et al. 2012; Manderson et al. 2014). Striped bass are not usually
found more than 6 to 8 km offshore (Bain and Bain 1982). Fishery-independent and fishery-
dependent data suggest striped bass distribution on their overwintering grounds during
December through February has changed significantly since the mid-2000s, with the migratory
portion of the stocks moving well offshore in the U.S. Exclusive Economic Zone (EEZ, >3 miles
offshore) (NEFSC 2018).

4.4 Bluefish

Stock Definitions
Bluefish (Pomatomus saltatrix) are a coastal, pelagic species found in temperate and tropical
marine waters throughout the world (Goodbred and Graves 1996; Juanes et al. 1996). Bluefish in
the western North Atlantic are managed as a single stock (NEFSC 1997; Shepherd and Packer
2006). Genetic data support a unit stock hypothesis (Graves et al. 1992; Goodbred and Graves
1996; Davidson 2002). The management unit is defined as the portion of the stock occurring
along the Atlantic Coast from Maine to the east coast of Florida.

Migration Patterns
Bluefish spawn offshore, and juveniles settle in estuarine and nearshore shelf habitat (Kendall
and Naplin 1981; Marks and Conover 1993; Able et al. 2003). Traveling in loose groups of fish
aggregated by size, bluefish typically migrate north as far as Maine in the spring/summer and
south as far as Florida in the fall/winter (Wilk 1977; Klein-MacPhee 2002; Shepherd et al. 2006).
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Age and Growth
The maximum observed age for bluefish is 14 years (NEFSC 2015). Bluefish grow nearly one-
third of their maximum length in their first year (Richards 1976; Wilk 1977). Estimates of L
from the literature range from 87 cm — 128 cm (Lassiter 1962; Barger 1990; Terceiro and Ross
1993; Salerno et al. 2001; Robillard et al. 2009). Bluefish average weight is 5-6 kg at ages 6+
(Figure 4). There is no evidence of sexual dimorphism in growth.

Maturity and Fecundity
Bluefish mature quickly, with approximately half of the population mature at age-1 and close to
one hundred percent mature (97%) by age-2 (Figure 4; NEFSC 2015). Bluefish are characterized
as iteroparous spawners with indeterminate fecundity and spawn continuously during their
migration (Robillard et al. 2008). This results in distinctive spring and summer cohorts within a
year.

Natural Mortality
In past stock assessments, a value of 0.2 has been assumed as the instantaneous natural mortality
(M) for bluefish over all ages and years (Figure 4; NEFSC 2015). This is in the range of estimates
from age-constant methods based on maximum age or growth parameters such as Hoenig
(1983), Jensen (1996), Hewitt and Hoenig (2005), and Then et al. (2014).

Habitat

Bluefish larvae occur near the edge of the continental shelf in the south Atlantic Bight, in open
oceanic waters in the mid-Atlantic Bight, and over mid-shelf depths farther north (Shepherd and
Packer 2006). Spring-spawned larvae are subject to advection to northern waters by the Gulf
Stream (Shepherd and Packer 2006). Adult and juvenile bluefish are found primarily in waters
less than 20m deep along the Atlantic coast (Shepherd and Packer 2006). Adults use both inshore
and offshore areas of the coast and favor warmer water temperatures although they are found
in a variety of hydrographic environments (Ross 1991; Shepherd and Packer 2006). Bluefish can
tolerate temperatures ranging from 11.8°-30.4°C, however they exhibit stress, such as an
increase in swimming speed, at both extremes (Olla and Studholme 1971; Klein-MacPhee 2002).
Temperature and photoperiod are the principal factors directing activity, migrations, and
distribution of adult bluefish (Olla and Studholme 1971).

4.5 Spiny Dogfish

Stock Definitions
Spiny dogfish (Squalus acanthias) are a small shark species that inhabit both sides of the North
Atlantic and North Pacific Oceans, mostly in the temperate and subarctic areas. Spiny dogfish
are considered a unit stock in the Northwest Atlantic Ocean (US and Canadian waters), ranging

from Labrador to Florida, and are most abundant from Nova Scotia to Cape Hatteras (Rago et
al. 1998).

Migration Patterns

Spiny dogfish are highly migratory (Compagno 1984) and migrate north in the spring and
summer and south in the fall and winter. In the winter and spring, they congregate primarily in
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Mid-Atlantic waters but also extend onto the shelf break of southern Georges Bank. In the
summer, they are located farther north in Canadian waters and move inshore into bays and
estuaries. By autumn, spiny dogfish have migrated north with high concentrations in Southern
New England, on Georges Bank, and in the Gulf of Maine. They remain in northern waters
throughout autumn until water temperatures begin to cool and then return to the Mid-Atlantic.
Juvenile spiny dogfish school by size until sexually mature and then aggregate by both size and
sex.

Age and Growth
Spiny dogfish are long-lived. The maximum recorded age for this species was 35 years for males
and 40 years for females in the northwest Atlantic (Nammack et al. 1985). Female spiny dogfish
are larger than males and can reach up to 125 cm in length (NEFSC 2006). L~ has been
estimated at 100.5 cm for females (Nammack et al. 1985), corresponding to a weight of 5 kg at
the oldest ages (Figure 5).

Maturity and Fecundity
Spiny dogfish mature late and have low fecundity. Female spiny dogfish reach sexual maturity
at 12 years (~75 cm) (Figure 5), while males reach sexual maturity at six years (~¥60 cm). Mating
occurs in the winter months and the pups are delivered on the offshore wintering grounds.
Females give birth every two years with litters ranging from 2 to 15 pups. While carrying one
litter, the female will begin developing eggs for the fertilization of her next litter. After an 18- to
24-month gestation period, pups are released live and fully formed at about 20-33 cm (Burgess
2002).

Natural Mortality
Natural mortality for spiny dogfish has been estimated at 0.092, based on a maximum expected
age of 50 years (Rago et al. 1998) (Figure 5).

Habitat
Spiny dogfish are predominately epibenthic species, with no known associations to any
particular substrate, submerged aquatic vegetation, or any other structural habitat (McMillan
and Morse 1999). Data from fishery independent surveys can be used to define habitat based
on water temperature and depth on the Atlantic coast. Juvenile and adult spiny dogfish showed
similar patterns in habitat preference. Both life stages are most commonly caught in waters
with bottom temperature ranges from 6-17°C, and bottom depth ranges from 10m — 150m
(ASMFC 2002).

4.6 Weakfish

Stock Definitions
Weakfish (Cynoscion regalis) can be found along the Atlantic coast from Florida through
Massachusetts, but the core of their distribution is from North Carolina to New York. Genetic
data suggest weakfish are a single stock (Graves et al. 1992; Cordes and Graves 2003), but tagging
data and meristic/life history information suggest there may be spatial structure or sub-stock
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structure in the population (Crawford et al. 1988). However, since stock boundaries could not be
determined with confidence from the available literature, weakfish continued to be assessed and
managed as a single species within this range (ASMFC 2016). Tringali et al. (2011) found that
there was an active zone of introgressive hybridization between weakfish and sand seatrout (C.
arenarius) in Florida, centered in the Nassau and St. Johns Rivers, with the genome proportions
of “pure” weakfish estimated at 48% in Nassau County and 17% in Duval County, and that “pure”
weakfish were rare southward.

Migration Patterns

Weakfish exhibit a north-inshore/south-offshore migration pattern, although in the southern
part of their range they are considered resident. Shepherd and Grimes (1983) observed that
migrations occur in conjunction with movements of the 16-24° C isotherms. Warming of coastal
waters during springtime triggers a northward and inshore migration of adults from their
wintering grounds on the continental shelf from Chesapeake Bay to Cape Lookout, North Carolina
(Mercer 1983). The spring migration brings fish to nearshore coastal waters, coastal bays, and
estuaries where spawning occurs. Weakfish move southward and offshore in waves as
temperatures decline in the fall (Manderson et al. 2014; Turnure et al. 2014).

Age and Growth

The historical maximum age recorded using otoliths is 17 years for a fish collected from Delaware
Bay in 1985 (ASMFC 2016). Weakfish growth is rapid during the first year, and age-1 fish typically
cover a wide range of sizes, a result of the protracted spawning season. Lowerre-Barbierri et al.
(1995) found length at age to be similar between sexes, with females attaining slightly greater
length at age than males. Estimates of L. ranged from 89.3 cm — 91.7 cm depending on study
area (Hawkins 1988; Villoso 1990; Lowerre-Barbierri et al. 1995). Weakfish in the catch averaged
5-6 kg at the oldest ages (Figure 6).

Maturity and Fecundity
Weakfish mature early, with 90-97% of age-1 fish estimated to be mature (Figure 6) Lowerre-
Barbieri et al. 1996; Nye et al. 2008). Although the majority of age-1 fish were mature, age-1
weakfish spawned less frequently, arrived later to the estuary, and had lower batch fecundity
than did older fish (Nye et al. 2008). Batch fecundity ranged from 75,289 to 517,845
eggs/female and significantly increased with both total length and somatic weight (Lowerre-
Barbieri et al. 1996). Weakfish have a protracted spawning season and individual fish spawn
multiple times in a season; spawning occurs from March to September in North Carolina
(peaking from April to June) (Merriner 1976), but the season is shorter (May to mid-
July/August) in Chesapeake Bay and Delaware Bay (Shepherd and Grimes 1984; Lowerre-
Barbieri et al. 1996).

Natural Mortality
Recent assessments of weakfish indicate natural mortality has increased over time (NEFSC 2009;
ASMFC 2016). Catch has declined significantly since the mid-1990s and remained at low levels in
recent years under restrictive management, while recruitment indices have been stable over the
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time series; however, the population has not recovered. ASMFC (2016) used a Bayesian model to
estimate time-varying natural mortality, and found that M was low (M=0.14-0.17) during the
1980s and early 1990s, but began to increase sharply in the late 1990s; it was estimated at 0.92-
0.95 from 2003 — 2013 (Figure 6). There are several hypotheses about what caused the increase
in M, including increasing predation or competition from increasing striped bass and spiny
dogfish populations and large-scale environmental drivers like Atlantic Multidecadal Oscillation,
but no definitive conclusions can be made (NEFSC 2009).

Habitat
Weakfish are found in shallow marine and estuarine waters along the Atlantic coast. They can be
found in salinities as low as 6 ppt (Dahlberg 1972) and temperatures ranging from 17°to 26.5° C
(Merriner 1976). Weakfish spawn in estuarine and nearshore habitats throughout their range,
and larval and juvenile weakfish generally inhabit estuarine rivers, bays, and sounds, commonly
associated with sand or sand/grass bottoms (Mercer 1983). Adult weakfish overwinter offshore
on the continental shelf from Chesapeake Bay to North Carolina.

5 FISHERY DEPENDENT DATA SOURCES

5.1 Marine Recreational Information Program (MRIP) Changes

Data on recreational catch for modeled species comes from the Marine Recreational
Information Program (MRIP, formerly the Marine Recreational Fisheries Statistics Survey or
MRFSS). MRIP uses a combination of effort surveys that are designed to estimate the number
of fishing trips taken in various regions of the US and dockside angler intercept surveys that are
designed to estimate catch-per-trip and size frequencies of recreationally caught species. Data
from these surveys are used to calculate total catch (broken down by harvest and live releases)
and the size frequency of landed fish. MRIP estimates are available from 1981 to the present.

Prior to 2018, the estimates of angler effort (i.e., angler trips) used to calculate annual
recreational catch and harvest of Atlantic striped bass were derived from the Coastal
Household Telephone Survey (CHTS), a random-digit-dial telephone survey. The CHTS was
replaced in 2018 by the mail-based Fishing Effort Survey (FES), due to concerns about the
inefficient design, coverage bias, and declining response rates of the CHTS. The CHTS and FES
were conducted simultaneously for three years (2015-2017), during which the FES produced
much higher estimates of fishing effort, and therefore much higher estimates of recreational
catch. The results of these years of “side-by-side” surveys were used to develop a calibration
model to convert historic CHTS estimates to the scale of the new FES.

All recreational data used in the ERP models has been calibrated to the new FES scale, and the

time series of biomass and F estimates used as input for some models for these species are
from assessments that used the new calibrated MRIP data.
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5.2 Atlantic Menhaden

The Atlantic menhaden commercial fishery has two major components, a purse-seine reduction
sector that harvests fish for fish meal and oil and a bait sector that supplies bait to other
commercial and recreational fisheries. Fishery-dependent data for the Atlantic menhaden
purse-seine reduction fishery, including landings, lengths, weights, and ages, have been
collected by the Beaufort Laboratory of the National Marine Fisheries Service since 1955. The
fishery has changed over the time series from peak landings in the 1950s and several processing
plants to lower landings, the implementation of a total allowable catch (TAC), and one
remaining processing plant in recent years. Bait landings and biosampling data including lengths
and ages were compiled by NOAA Fisheries historically, but have been housed and validated by
the Atlantic Coastal Cooperative Statistical Program (ACCSP) since 1985. The Beaufort
Laboratory does all the commercial ageing of Atlantic menhaden samples.

There has been a TAC for Atlantic menhaden in place since 2013. Landings in the reduction
fishery are currently at their lowest levels in the time series. In contrast, bait landings have
increased in recent years as demand has grown because of recent limitations in other species
used as bait (e.g., Atlantic herring). In 2017, coastwide landings were comprised of 74% from
the reduction fishery and 25% from the bait fishery. Recreational removals comprised 1% of the
coastwide landings and are combined with the bait fishery landings for the assessment.
Recreational removals are not well captured by MRIP; there is not a known directed
recreational fishery for Atlantic menhaden, although they may be caught by recreational
anglers for use as bait for other gamefish. A 100% mortality was applied to the reported live
recreational releases, so that total recreational removals were equal to the sum of landings and
live releases. Total removals have generally declined over time, from a high of 738 thousand mt
in 1956 to a time series low of 169 thousand mt in 2013. Total removals rebounded slightly
after that, with total removals in 2017 at 175 thousand metric tons (Figure 7).

5.3 Atlantic Herring

Fishery dependent data for Atlantic herring consists of catch and biological sampling for age,
length, weight, and spawning condition/fecundity (NEFSC 2018a). Landings are derived from
electronic logbooks reported by the harvesters and verified through dealer reports. At-sea
observers and portside samples measure both discards and incidentally landed bycatch,
respectively. Discards at-sea are generally low for the industrialized fishery for Atlantic herring.
Biological samples are also taken from the fishery at the time of off-loading. These samples are
processed for length, weight and later aged and staged. Resulting data are then available for
the stock assessment process.

Total removals of Atlantic herring peaked at 478 mt in 1968, before declining to a time series low
of 44.6 mt in 1983. Total removals were mostly stable from 1990 — 2010, averaging 114 mt, but
have declined in recent years to 50.2 million metric tons in 2017 (Figure 8).
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5.4 Striped Bass

Striped bass are a predominantly recreationally caught species, with recreational harvest and
release mortality making up approximately 90% of total removals in recent years. It is assumed
that 9% of striped bass that are released alive die as a result of being caught, so that total
recreational removals are equal to the recreational harvest plus 9% of the recreational live
releases. Live releases have accounted for 85 to 90% of the total recreational catch in most
years, with release mortality comprising 40-50% of the total recreational removals. The size
frequency of recreationally landed fish comes from MRIP and is supplemented with state
programs such as volunteer angler logbook programs. Data on sizes of striped bass released
alive come from state-specific sampling, volunteer angler logbook programs, and the American
Littoral Society (ALS) volunteer angler tagging program.

For the commercial sector, strict quota monitoring is conducted by states through various state
and federal dealer and fishermen reporting systems, and landings are compiled annually from
those sources by state biologists. Biological data (e.g., length, weight, etc.) and age structures
from commercial harvest are collected from a variety of gear types through state-specific port
sampling programs. Harvest numbers are apportioned to age classes using length frequencies
and age-length keys derived from biological sampling. Commercial discards were estimated
using tag return data from commercial and recreational sectors; for the Chesapeake Bay and
the Delaware Bay these estimates were scaled by estimates of discards from a short-term
observer program in the Delaware Bay.

Total removals were low at the beginning of the assessment time series due to the poor
condition of the stock and the restrictive management measures put in place to rebuild it
(Figure 9). As the stock rebuilt and regulations were eased, removals increased from a low of
1,580 mt in 1987 to a high of 37,391 mt in 2013. Removals were relatively stable from 2003-
2013, averaging around 34,000 mt, but began to decline after 2013. From 2014-2017, removals
averaged 27,375 mt due to a combination of stock declines and management action.

5.5 Bluefish

Bluefish is a predominately recreational species, with recreational removals making up about
85-92% of the total removals. It is assumed that 15% of bluefish that are released alive die as a
result of being caught, so that total recreational removals are equal to the recreational harvest
plus 15% of the recreational live releases. The proportion of bluefish released alive has
increased over the time series from about 20% in early years to about 65% in recent years.
Recreational landings are sampled for length as part of the MRIP program. The MRIP length
samples were used to expand recreational landings per half year. Recreational discards were
characterized using lengths from bluefish tagged and released in the ALS volunteer tagging
program, as well as information provided by volunteer angler programs in Rhode Island,
Connecticut, and New Jersey.

Commercial landings data were queried from the ACCSP Data Warehouse, which houses

commercial data from state and federal data collection programs, including dealer reports and
harvester reports. Biological samples were collected from commercial fisheries by the NEFSC

Ecological Reference Point Benchmark Stock Assessment 2019 59



port sampling program and state programs in Virginia, North Carolina, and Florida. Commercial
discards were assumed to be negligible.

Bluefish removals were highest at the beginning of the assessment time series, peaking at
84,200 mt in 1987; by 1993 landings had declined to 26,940 mt, and remained relatively stable
after that, averaging 27,000 mt from 1996 — 2017 (Figure 10).

5.6 Spiny Dogfish

Commercial fishermen catch spiny dogfish using longlines, trawls, and purse seines. Fishermen
target female spiny dogfish because the females grow larger than males and tend to school
together. The commercial fishery supplies the European food fish markets that use spiny
dogfish for fish and chips.

Spiny dogfish landings are reported in the stock assessment as a total from commercial,
recreational, Canadian, and distant water landings, or Northwest Atlantic Fisheries Organization
(NAFO) Areas 2-6 (Sosebee and Rago 2017). US landings include those from US and distant
water commercial fisheries and recreational landings and discards were obtained from MRIP.
Canadian and distant water landings were obtained from the NAFO catch statistics database
(Sosebee and Rago 2017). Landings were variable but high in the 1970s and then decreased
through the early 1980s. The National Marine Fisheries Service (NMFS) encouraged commercial
fishermen to target the bountiful stocks of spiny dogfish in the 1980s and 1990s when stocks of
other commercially valuable fish in the Northeast declined. Therefore, landings were high in the
1990s, peaking at 27.8 mt in 1996, and then in the late 1990s, landings declined (Figure 11). In
1998, NMFS determined that spiny dogfish were overfished and implemented stringent harvest
restrictions in federal waters to allow the stock to rebound. After federal and state regulations
were implemented in the early 2000s, landings declined to a low of 3.2 mt in 2003. As the stock
began to improve, landings began to increase in the 2010s. In 2017, commercial landings were
estimated at 11.1 mt (Figure 11). Commercial landings are comprised of about 98% female
spiny dogfish (Sosebee and Rago 2017).

5.7 Weakfish

For weakfish, the proportion of removals coming from the recreational sector has increased
over time, increasing from about 10% of total removals at the beginning of the time series to
approximately 50% of total removals in recent years. It is assumed that 10% of weakfish that
are released alive die as a result of being caught, so that total recreational removals are equal
to the recreational harvest plus 10% of the recreational live releases. The proportion of
weakfish released alive has increased over the time series from less than 10% in early years to
more than 90% in recent years. Recreational landings are sampled for length as part of the
MRIP program. The MRIP length samples were used to expand recreational landings per half
year. Recreational discards were characterized using lengths from the MRIP sampling of
released fish on headboat vessels; prior to that program, it was assumed that the length
frequency of fish released alive was the same as the length frequency of harvested fish.
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Weakfish commercial landings data came from state-specific harvest records collected through
a mandatory reporting system where available, or from the NMFS commercial landings
database. Estimates of commercial discards were developed from the Northeast Fishery
Observer Program data. Biosamples were collected through state sampling programs, and
pooled length frequencies were developed for sub-regions based on geographic location and
commercial size limits. Florida landings for both the commercial and recreational sector were
corrected for hybridization using the observed proportion “pure” weakfish in the catch from
Tringali et al. (2011).

Weakfish landings have declined significantly over the assessment time series; total landings in
2017 were 391 mt, just 2% of their 1986 value of 19,515 mt (Figure 12).

6 ATLANTIC MENHADEN INDICES OF ABUNDANCE

6.1 Fishery-Independent Indices

6.1.1 Background of Analysis and Model Description

When several population abundance indices provide conflicting signals, hierarchical analysis can
be used to estimate a single population trend. The abundance indices for Atlantic menhaden
were combined into regional composite indices using hierarchical modeling as described in
Conn (2009). This method assumes each index samples a relative abundance but that the
abundance is subject to sampling and process errors. It can be used on surveys with different
time series, but it does assume that indices are measuring the same relative abundance and
that the surveys have similar selectivities. The Conn method was also used to combine
individual abundance indices into regional indices in SEDAR 2015 and ASMFC 2017b.

6.1.2 Model Configuration and Results

The Atlantic Menhaden Stock Assessment Subcommittee (SAS) developed an Atlantic
menhaden young-of-year (YOY) index from 16 fishery-independent surveys and three regional
adult indices from various fishery-independent surveys: a northern adult index (NAD), a Mid-
Atlantic adult index (MAD), and a southern adult index (SAD). Refer to the single-species
benchmark (2019) for full methods for the indices of relative abundance in numbers to support
the BAM and MSSCAA models.

The NAD hierarchical biomass index predicted variable abundance throughout the time series
with notable peaks in 1999, 2002, and the mid-2010s (Figure 13). Despite the higher abundance
occurring in 2014-2015, the final two years of the index (2016-2017) indicate a decreasing adult
abundance. All three of the individual abundance indices used in the NAD indicated a declining
abundance in the terminal years. The MAD hierarchical index predicted high abundance in the
beginning of the time series followed by low abundance in the early 1990s (Figure 13). From
1985 until the Virginia’s Gill Net (VA GN) began in 1998, the MAD relied on only the Maryland
Gill Net survey (MD GN) and thus there are larger errors associated with those years. The index
then bounces around from the mid-1990s to the 2010s. Despite high abundance in 2014-2015,
the final two years of the index (2016-2017) indicate a decreasing adult abundance just like the
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NAD indicated. Both of the individual abundance indices used in the MAD indicated a declining
abundance in the terminal years. The SAD hierarchical index predicted high abundance in 1990
followed by low abundance from 1991-2004, followed by an increase to a high in 2006 (Figure
13). The index is variable from 2006-2015 with a low abundance in 2016 and a slight uptick in
the terminal year of 2017. All three of the individual abundance indices used in the SAD
indicated an increasing or neutral abundance in the terminal year.

To develop biomass indices for the surplus production models, the length frequencies from the
individual surveys were converted into weight frequencies using the time-invariant length-
weight relationship developed for the single-species benchmark (SEDAR 2019). The individual
GLM indices were converted into biomass using the weight frequencies and then combined
regionally using the methods of Conn (2009). Biomass Conn indices were very similar in pattern
to the Conn indices in numbers.

6.2 Fishery-Dependent Indices

The ERP WG developed two long-term indices of abundance for Atlantic menhaden: a
commercial reduction fishery CPUE index (RCPUE index) and a commercial bait fishery catch per
unit effort (CPUE) index, the Potomac River Fisheries Commission (PRFC) index. The Atlantic
Menhaden SAS considered fishery dependent indices of abundance in past assessments,
including the PRFC index, but did not use them in the single-species assessment due to
concerns about the reliability of the index as a measure of relative abundance. These concerns
included how to define a consistent unit of effort, the limited spatial scale (of the PRFC index),
the potential for hyperstability (of the RCPUE index), and other factors. Although the WG
acknowledged the SAS’s concerns about these indices, the long time series and the contrast
they provided, which the surplus production models required, outweighed the potential biases.

The two indices had similar trends since 1990, but showed differing trends from 1970-1990
(Figure 13). The ERP WG decided to use the RCPUE index for ERP model base runs because of its
larger spatial coverage, its consistently recorded unit of effort, its known variance structure,
support from supplemental analyses that showed relatively strong correlations with other
sources of data, and the ability to standardize the data through explanatory covariates (week,
factory, vessel size), among other factors. However, sensitivity analyses with the PRFC index
were conducted.

6.2.1 Commercial Reduction Catch Per Unit Effort (RCPUE) Index

A long-term index of abundance spanning 1955-2017 was generated for Atlantic menhaden
using catch and effort data from dealer reporting in the reduction fishery (RCPUE index). CPUE
was defined as landings (1,000 t) per net tonnage-days fished to account for variability over
time in fishing effort and size of fishing vessels used. An index of abundance (RCPUE) was
generated by estimating the year effects of a lognormal generalized linear model that predicted
CPUE as a function of year, week in year, and plant; week and plant were included in the model
to account for changes in the location and number of reduction plants over time and
seasonality of the fishery. A similar index using more detailed effort data contained in Captain’s
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Daily Fishing Reports spanning 1985-2017 was generated and found to be highly correlated (r =
0.92) with the long-term RCPUE index.

6.2.2 Potomac River Fishery Commission Commercial Bait Catch Per Unit Effort (PRFC) Index

A long-term index of abundance spanning 1964-2017 was generated for Atlantic menhaden
using pound net landings and effort data collected by the Potomac River Fisheries Commission
(PRFC). The PRFC index was calculated as annual ratios of total pound net landings (in mt) to
total pound net days fished.

Landings with associated effort (pound net days fished) were available, but discontinuous
(1976-1980 and 1988-2018). During 1964-1993, the PRFC required a license for each pound net
and did not restrict number of pound net licenses sold. Since pound nets were expensive and
labor intensive to fish, it was reasonable to assume that each licensee would maintain stable
fishing practices and, as a result, number of licenses could approximate effort. When licenses
were capped at 100 in 1993, this estimator may have stopped representing effort in the same
manner as before the cap (fishermen may have bought more licenses than needed to keep
from being excluded from fishing). Prior to the imposition of the cap, licenses had steadily fallen
by half between 1985 and 1993 (to 72). After the cap was imposed, 100 licenses were issued
every year; however, not all 100 licenses were necessarily fished.

Previous single-species stock assessments (ASMFC 2004, ASMFC 2012b) used a linear regression
to fill missing years of effort. Recently, the PRFC obtained and computerized more detailed data
on pound net landings and effort, which allowed index values to be calculated for 1964-1975
and 1981-1987 (A. C. Carpenter, PRFC, personal communication).

To generate estimates of pound net days fished (DF) for missing years (those with only license
effort data), a linear regression was fitted to DF as a function of the number of licenses (L):

DF = 2794.5+ 19.214 - L (6.1)
which had an R? value of 0.505 and was significant at an a-level of 0.014 (n = 11).

Pound net days fished predicted by this equation were used to convert landings (in mt) per
license to landings per pound net days fished for years without pound net days estimates. A
trend was not evident for 1976 — 1978, so the regression intercept was used for pound net days
fished for years prior to 1979. For all other years (1979 — 1993), the equation was used to
estimate pound net days fished.

7 NON-MENHADEN INDICES OF ABUNDANCE

The single-species assessments for all of these species use multiple (often 5 or more) indices of
relative abundance. In order to keep the multispecies models tractable, the ERP WG consulted
with the other species’ TCs to select the most representative subset of indices. The ERP WG
limited the non-menhaden species to one index of recruitment and two age-0+ indices of
abundance, with one additional age-0+ index chosen for a sensitivity run.
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7.1 Atlantic Herring

The Atlantic herring TC recommended using the NEFSC fall bottom trawl survey as an index of
age-1+ abundance. This survey catches Atlantic herring across age-classes but does miss some
of the youngest Atlantic herring inshore in the GOM (NEFSC 2018a). This survey has been
operational since 1963.

Because of the vessel change from the RV Albatross to the RV Bigelow in 2009, the fall index
was separated in the most recent assessment. This results in two separate indices for Atlantic
herring: Fall Albatross 1985-2008 and Fall Bigelow 2009-present (NEFSC 2018a).

The ASMFC Summer Shrimp survey was selected as a sensitivity run. The Summer Shrimp
survey has operated with consistent gear and methodology in the Gulf of Maine since 1984. It
uses a combination of fixed and stratified random stations. Although the survey targets
northern shrimp, data for other species is also collected.

There is no dedicated YOY index for Atlantic herring.

The NEFSC Fall Albatross and Summer Shrimp surveys showed similar trends, increasing from
lower levels at the beginning of the time series and showing peaks in the mid-1990s before
declining again (Figure 8). The NEFSC Fall Bigelow has generally varied without trend since 2009
(Figure 8).

7.2 Striped Bass

For the recruitment index, the Striped Bass TC recommended the composite YOY index for the
Chesapeake Bay. The composite index was developed from two separate but methodologically
similar seine surveys conducted in the Maryland and Virginia waters of the Chesapeake Bay,
combined into a single index using the Conn (2009) method. The index represents recruitment
for the Chesapeake Bay stock, which is the major contributor to the coastal metapopulation of
striped bass. The index showed several strong year classes in the late 1980s and early 1990s, a
period of generally below average recruitment from the early 2000s to 2010, and strong year
classes in 2011, 2014, and 2015 (Figure 9).

For age-1+ indices, the Striped Bass TC recommended the Connecticut Long Island Sound Trawl
Survey (CT LISTS) and the MRIP CPUE index. Both of these indices have long time series with
good contrast in the data, and represent the coastal migratory metapopulation of striped bass,
unlike the spawning stock surveys, which represent individual stocks. The Maryland Spawning
Stock Survey (MD SSN) was selected as a sensitivity run, as it represents the Chesapeake Bay
stock and has a relatively long time series.

CT LISTS is a stratified random trawl survey that occurs in Long Island Sound; the fall

component of the survey was used to develop the index. Length frequencies were converted to
age composition information using regional age-length keys. The MRIP CPUE was developed
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from the raw intercept data collected by MRIP. Trip records were subset to trips that occurred
in ocean waters from Virginia through Maine from May — October. Striped bass trips were
identified using a guild approach as trips that caught either striped bass or another similar
species. Similar species were identified on a state-by-state basis as the species with the highest
Jaccard coefficient, which measures how often any given species is caught with striped bass
compared to how often they are caught separately. For most states, bluefish or Atlantic
mackerel (Scomber scombrus) were the most commonly co-encountered species. A negative
binomial GLM was used to develop the index from the trip data. Recreational harvest-at-age for
the ocean during those months were combined with the full recreational release-at-age
numbers (i.e., not scaled by the discard mortality rate) to develop age structure information for
this index. The MD SSN is a multi-panel gillnet survey that occurs on the spawning grounds in
the Maryland portion of the Chesapeake Bay during the spawning season. For more details on
survey methods and index calculations, see NEFSC (2019).

Both of these indices showed similar trends, starting out low at the beginning of the time series
and increasing through the 1990s (Figure 9). They peaked around the early 2000s and have
been gradually declining since. The MD SSN has varied without trend over that time period
(Figure 9); however, it shows the same expansion of the age structure during the 1990s and the
contraction in recent years that the CT LISTS and MRIP CPUE do.

7.3 Bluefish

For a recruitment index, the Bluefish TC recommended the composite YOY index developed
from state seine surveys that are conducted in bays and estuaries from Virginia to New
Hampshire, using the Conn (2009) method. The composite index showed years of strong and
weak recruitment at the beginning of the time series, with less variability in more recent years
(Figure 10).

For the age-0+ indices, the Bluefish TC recommended the North Carolina Pamlico Sound
Independent Gillnet Survey (NC PSIGNS) and the MRIP CPUE. These are the only two bluefish
indices that are not dominated by age-0 fish and are therefore able to provide information on
population age structure. In addition, the MRIP CPUE has the longest time series and widest
spatial extent of the indices used in the assessment. The TC recommended using the NEFSC Fall
Bottom Trawl Survey conducted on the R/V Albatross (NEFSC Fall Albatross) as a sensitivity run,
since it had the widest spatial extent of the fishery independent indices.

NC PSIGNS uses a stratified random sampling design, based on area and water depth, to deploy
arrays of gillnets with different mesh sizes. Sampling is conducted from mid-February to mid-
December, and all months are used in the index. Length frequency data were converted to age
composition information with seasonal age-length keys. The MRIP CPUE was calculated from
the raw intercept data collected by MRIP. The MRIP data were subset to directed bluefish trips;
that is, trips where the angler caught bluefish or reported they were targeting bluefish. Trips
from Florida to Maine from all months were included. A negative binomial GLM was used to
develop the index from the trip data. MRIP harvest-at-age for the ocean during those months
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were combined with the full recreational release-at-age numbers (i.e., not scaled by the discard
mortality rate) to develop age structure information for this index. The NEFSC has conducted a
stratified random bottom trawl survey since 1963 from North Carolina into the Gulf of Maine;
in 2009, the survey switched vessels from the R/V Albatross to the R/V Bigelow. This vessel
change resulted in changes to the trawl gear and survey protocol. NEFSC fall inshore strata from
Cape Hatteras, NC to Cape Cod, MA were used to develop separate indices for bluefish for the
Albatross and Bigelow years. For more information on these indices, see NEFSC (2015).

All three indices showed similar trends: a slight decline from 1985 to 1995 then a slight
increasing trend to 2005, after which the NC PSIGNS and MRIP CPUE have been mostly stable
(Figure 10).

7.4 Spiny Dogfish

The NEFSC calculates a biomass estimate for spiny dogfish based on area swept from their
spring bottom trawl survey (Figure 11). The index does not have a value for 2014 due to
mechanical problems on the FSV Bigelow that delayed the spring bottom trawl and resulted in
the loss of critical strata for the index. The time series indicates that biomass was lower in the
late 1960s-1970s and then increased but was variable through the 1980s and 1990s. The index
decreased to a low in 2004 and has increased but been variable since then.

7.5 Weakfish

The Weakfish TC recommended using the composite YOY index developed from state trawl
surveys for juvenile finfish that occur in bays and estuaries from North Carolina to Rhode Island,
using the Conn (2009) method. The composite YOY generally varied without a strong trend,
being below average in the 1980s and most recent years, and above average from 1992-2006
(Figure 12).

The Weakfish TC noted that there were differences in trends between indices that occurred
offshore and indices that were conducted inshore, with offshore indices being more variable
and with weaker trends that were inconsistent with the inshore surveys. This may be due to
mismatches between survey timing and inshore/offshore movements of weakfish in some
years. Based on input from the Weakfish TC, the ERP WG decided to use the MRIP CPUE and
the Delaware Bay 30’ Trawl Survey (DE 30ft Trawl) as the base run age-0+ indices, both of which
are inshore indices, and the NC PSIGNS index as an inshore sensitivity run and the New Jersey
Ocean Trawl (NJ OT) as an offshore sensitivity run.

The MRIP CPUE for this assessment was calculated from the raw intercept data collected by
MRIP for states from North Carolina to New York. Weakfish trips were identified using a guild
approach as trips that caught either weakfish or another similar species. Similar species were
identified on a state-by-state basis as the species with the five highest Jaccard coefficients,
which measures how often any given species is caught with striped bass compared to how
often they are caught separately. For most states, Atlantic croaker (Micropogonias undulates),
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spot, and summer flounder (Paralichthys dentatus) were the most commonly co-encountered
species. A negative binomial GLM was used to develop the index from the trip data. MRIP
harvest-at-age for the ocean during those months were combined with the full MRIP release-at-
age numbers (i.e., not scaled by the discard mortality rate) to develop age structure
information for this index. ALS volunteer tagging data were used as a proxy for the length
frequencies of fish released alive for the period of years between the implementation of
coastwide minimum size limits and the implementation of the MRIP at-sea headboat sampling.
NC PSIGNS is described above for bluefish. The NJ OT is a stratified random trawl survey
conducted five times per year (January, April, June, August and October) in nearshore ocean
waters from the entrance of New York Harbor south, to the entrance of the Delaware Bay. A
GLM-based index was derived using a negative binomial distribution of the August and October
abundance data with mean depth and bottom salinity as the covariates. New Jersey’s age
length keys were applied to this survey’s mean catch at length indices to derive an index-at-age.
For more details on these indices, see ASMFC (2016).

The MRIP CPUE and the DE 30ft Trawl showed similar trends, increasing from the late 1980s
through the mid-1990s before declining to low levels (Figure 12). For the MRIP CPUE, the peak
in the mid-1990s never reached the levels of the index in the early 1980s. The NC PSIGNS index
showed a similar declining trend from the start of its time series in 2001 through 2017 (Figure
12). The NJ OT fluctuated without a general trend but did show a similar peak in 1994 (time
series high) and 1995, followed by low values for most of the rest of the time series with
smaller peaks in 2000, 2004 and 2011 (Figure 12).

8 SINGLE-SPECIES ASSESSMENTS AND STOCK STATUS

For the key predator and prey species, the most recent stock assessments were used to provide
estimates of population size, fishing mortality, and reference points. For species where the
terminal year of the most recent published stock assessment was prior to 2017 (namely,
bluefish and weakfish), preliminary assessment updates were used to provide biomass
estimates on the correct scale; the values from those assessment updates may not match the
final assessment update values used in management.

The single-species assessments use target and threshold values based on spawning stock
biomass, but the EWE models use total biomass. In addition, the scale of biomass and fishing
mortality are not the same between the EwWE models and the single-species models, so direct
comparisons with the target and threshold values are not possible. To address this issue,
spawning stock biomass targets and thresholds were converted to total biomass targets and
thresholds, and the percent change between terminal year B and F and target and threshold B
and F was calculated so that the EwWE model results could be scaled appropriately (see also the
sections on the EWE models for why this was necessary and how these values were used).
Reference points, B equivalents, and B and F scalars are shown in Table 3 and Table 4.
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8.1 Atlantic Menhaden

Atlantic menhaden are assessed with a statistical catch-at-age model, the Beaufort Assessment
Model (BAM). According to the 2019 benchmark stock assessment (see single species
assessment document), Atlantic menhaden were not overfished and overfishing was not
occurring in 2017, the terminal year of the assessment. The Frarcer Was defined as the median
of the geometric mean F on ages 2-4 from 1960 — 2012, and the Fruresnolp Was the maximum
value of the geometric mean F on ages 2-4, over that time series. The overfished determination
is based on total population fecundity. The spawning potential ratio associated with the Frarcer
and FruresHolp are converted into total fecundity values to represent the FECrarger and
FECrhresHoLp, respectively.

Total age-1+ biomass has fluctuated over time from an estimated high of over 6.8 million mt in
1959 to a low of 1.4 million mt in 1973 (Figure 14). Biomass was estimated to have been largest
during the late-1950s and late-2010s, with lows occurring during the 1960s, 1970s, and 1980s.
From 1980 to the present, biomass has increased in trend. Biomass likely increased at a faster
rate than abundance because of the increase in the number of older fish at age and an increase
in weight-at-age. Biomass in 2017 was 4.7 million mt.

Population fecundity (i.e., total egg production) was the measure of reproductive output used
to assess overfished status. Population fecundity (FEC, number of maturing ova) was highest in
the early 1960s and from the 1990s to the present (Figure 14). The largest values of population
fecundity were in 1955, 1961, and 2012. Throughout the time series, age-2 and age-3 fish have
produced most of the total estimated number of eggs spawned annually. Fecundity in 2017 was
estimated at 2.6 quadrillion eggs, above both the threshold (1.46 quadrillion eggs) and the
target (1.94 quadrillion eggs).

Fishing mortality rate over time was reported as the geometric mean fishing mortality rate at
ages-2 to -4 to account for changes in selectivity over time. Geometric mean fishing mortality
rate was highest in the 1970s and 1980s and has been declining since approximately 1990
(Figure 14). Fin 2017 (0.11) was below both the Fruresnorp (0.60) and the Frarger (0.22).

8.2 Atlantic Herring

Atlantic herring are assessed with a statistical catch-at-age model, the ASAP program from the
NEFSC Toolbox. According to the 2018 benchmark stock assessment (NEFSC 2018a), Atlantic
herring were not overfished and overfishing was not occurring in 2017, the terminal year of the
assessment. The F threshold is the Fmsy proxy, Faouser. The SSB target (the Busy proxy) is
calculated by using AgePro to project the population forward under F=Fao%spr until it stabilizes,
with recruitment drawn from the observed time series; the long-term equilibrium SSB under
these conditions is the SSB target. The SSB threshold is 50% of the SSB target. The ratio of SSB to
age-1+ biomass over the entire assessment time-series was used to convert the SSB targets and
thresholds to age-1+ biomass targets and thresholds for the ERP models that use total biomass.
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Total age-1+ biomass ranged from a peak of 2,035,800 mt in 1967 to a low of 169,860 mt in
1982 (Figure 15). Total biomass in 2017 was 239,470 mt. SSB showed a similar pattern, ranging
from a high of 1,352,700 mt in 1967 to a low of 53,084 mt in 1982 (Figure 15). SSB in 2017 was
141,473 mt, above the SSB threshold of 94,500 mt.

F was reported as the average F over ages 7 and 8, as those ages are fully selected by the
mobile gear fishery, which has accounted for the majority of total landings since 1986. F ranged
from a low 0.13 in 1965 to a high of 1.04 in 1975 (Figure 15). Fin 2017 equaled 0.45, below the
F threshold of 0.51.

8.3 Striped Bass

Striped bass are assessed with a statistical catch-at-age (SCA) model. According to the 2018
benchmark stock assessment (NEFSC 2019), Atlantic striped bass were overfished and
overfishing was occurring in 2017, the terminal year of the assessment. The reference points
currently used for management are based on the 1995 estimate of female SSB. The 1995
female SSB is used as the SSB threshold because many stock characteristics (such as an
expanded age structure) were reached by this year and the stock was declared recovered. The
SSB target is 125% of the SSB threshold. The F target and Fthreshold are defined as the F
needed to maintain the population at the SSB target and SSB threshold respectively. The
estimate of age-2+ biomass in 1995 from the single species model was used as the BruresHolp
proxy for the ERP models that use total biomass, and 125% of that value was defined as the
BrarceT proxy.

Total age-1+ biomass of striped bass increased from a low of 38,149 mt in 1982 and increased
to a peak of 334,661 mt in 1999 before beginning to decline (Figure 16). Total biomass was
173,663 mt in 2017. Female SSB started out at low levels and increased steadily through the
late-1980s and 1990s, peaking later than total biomass at 113,602 mt in 2003 before beginning
to gradually decline; the decline became sharper in 2012 (Figure 16). Female SSB was estimated
at 68,476 mt in 2017, below the SSB threshold of 91,436 mt and below the SSB target of
114,295 mt.

Total F has been increasing for both the ocean fleet and the Chesapeake Bay fleet since 1990.
Total Fin 2017 was 0.31, above both the Fthreshold of 0.24 and the Ftarget of 0.20 (Figure 16).

8.4 Bluefish

Bluefish are assessed with a statistical catch-at-age model, the ASAP program from the NEFSC
Toolbox. Bluefish assessment data used for this assessment was from a preliminary assessment
update with data through 2017; for the final values, see NEFSC 2019b. The trends are the same,
with some small differences in magnitude between the preliminary update and the final 2019
update. In 2017, the preliminary assessment update indicated bluefish were overfished and
overfishing was occurring. The SSB target (the Bumsy proxy) is calculated by using AgePro to
project the population forward under F=Fruresholp until it stabilizes, with recruitment drawn
from the observed time series; the long-term equilibrium SSB under these conditions is the SSB
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target. The SSB threshold is 50% of the SSB target. The equilibrium age-1+ biomass from this
projection was used as the Brarger proxy for the ERP models that use total biomass, and 50% of
that value was the BrhresHoLp Proxy.

Total age-1+ biomass declined from the beginning of the time series until the mid-1990s before
beginning to increase; total biomass has trended downward in recent years (Figure 17). The
preliminary estimate of total biomass in 2017 was 117,107 mt. SSB has shown a similar trend,
with the preliminary estimate of SSB in 2017 at 107,282 mt, below the SSB threshold (Figure
17).

Fis reported as F at age 2, the age of full selectivity for bluefish. F declined over the time series
until 2008, when it began to increase (Figure 17). F has been above the F threshold for the
entire time series. The preliminary estimate of Fin 2017 was 0.34, above the F threshold.

8.5 Spiny Dogfish

Spiny dogfish are assessed using a swept-area biomass estimate derived from the NEFSC Spring
Bottom Trawl Survey. Biological reference points are derived from a stock-recruitment
relationship derived from the survey data and a population projection model. Based on the
2018 updated, spiny dogfish were not overfished and overfishing was not occurring in 2018
(NEFSC 2018b). The SSB target (Bwmsy proxy) is SSBmax, the biomass of female spiny dogfish
greater than 80cm that results in the maximum projected recruitment based on a Ricker stock-
recruitment model derived from NEFSC trawl survey data. The SSB threshold is 50% of the SSB
target. The SSB target is converted from the survey SSB CPUE scale (biomass-per-tow of female
spiny dogfish greater than 80cm) to total swept area SSB. The ratio of SSB per tow to total
biomass-per-tow over the entire time series was used to convert the female SSB target and
threshold to a total biomass target and threshold for the ERP models that use total biomass.

Estimates of total biomass have been variable over the time series, showing an increase from
the late 1970s to the early 1990s before declining (Figure 18). Total biomass has generally been
increasing since 2004, but 2017 was 414,900 mt the lowest value seen in the last 10 years.
Survey data by sex are not available prior to 1980, so the female SSB time series is more
limited. Female SSB is reported as the three year average of the annual survey estimates, so the
trend is smoother, but generally similar to the total biomass trend: declining from the early
1990s to the early 2000s, then increasing again (Figure 18). The year-specific estimate of female
SSB in 2017 was 24,400 mt, the lowest in the time series. However, the indices for all size and
sex classes decreased, likely indicating a year specific availability issue rather than a major
decline in biomass. The 3-year average of the female swept area SSB was 112,000 mt in 2017,
lower than in recent years but still above the SSB threshold of 79,644 mt but below the SSB
target of 159,288 mt.

Fis reported as female catch on exploitable female biomass; males make up a tiny component

of the overall fishery. Observer estimates of commercial discards are not available prior to
1990, so the time series of Fis shorter than the total biomass and SSB time series. F has
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generally been declining since the mid-1990s, but has been increasing in recent years (Figure
18). Fwas 0.20 in 2017, below the F threshold of 0.24.

8.6 Weakfish

Weakfish are assessed using a Bayesian statistical catch-at-age model that estimates a time-
varying natural mortality rate. Weakfish were found to be depleted in 2015 with total mortality
above the Z threshold, based on the 2016 benchmark assessment (ASMFC 2016). Biological
reference points for total mortality were developed using a SPR-based approach with natural
mortality set at the time-series average estimated by the Bayesian model. The SSB threshold
was developed by projecting the population forward under average M and no fishing mortality.
The SSB threshold was defined as 30% of that unfished SSB; 30% of unfished age-1+ biomass
was used as the proxy biomass threshold for the ERP models that used total biomass. A
preliminary assessment update was conducted in a maximum likelihood framework model
(ASAP, from the NEFSC Toolbox), using the previous time-varying estimates of M, in order to
incorporate the new MRIP estimates of recreational catch. The overall trend in F and SSB from
the preliminary update was similar to the benchmark assessment trends, but the scale was
somewhat different due to the higher recreational catch estimates.

The preliminary update indicates that total age-1+ biomass has declined since the beginning of
the time series, from a high of 33,457 mt in 1986 to a low of 1,634 mt in 2014 (Figure 19). The
population rebounded somewhat in the mid-1990s, but has been steadily declining since then.
The preliminary estimate of total biomass in 2017 was 3,210 mt, an increase since 2014, but
still well below the time-series mean. Spawning stock biomass showed very similar trends to
age-1+ biomass, since weakfish are 90% mature at age 1 (Figure 19). The preliminary estimate
of SSB in 2017 was 3,114 mt, below the SSB threshold of 8,815 mt.

Full F for weakfish declined through the early 1990s before increasing again; F spiked in 2008,
but has been below average since then (Figure 19). Fin 2017 was 0.23, below the proxy
FrhresHoLp of 0.93.

9 BEAUFORT ASSESSMENT MODEL (BAM) DESCRIPTION AND CONFIGURATION

The Beaufort Assessment Model (BAM) has been used to assess Atlantic menhaden since 2010
(SEDAR 2010; SEDAR 2015). BAM is a statistical catch-at-age model that estimates population
size-at-age and recruitment, using 1955 as the start year, and then projects the population
forward in time. The model estimates trends in the population, including abundance-at-age,
recruitment, spawning stock biomass, egg production, and fishing mortality rates. BAM was
configured to be a fleets-as-areas model with each of the fleets broken into areas to reflect
differences along the coast.

BAM estimates of age-1+ biomass have fluctuated over time from an estimated high of over

6,794,000 mt in 1959 to a low of 1,379,000 mt in 1973. From 1980 to the present, biomass has
been increasing in trend. Population fecundity (number of maturing ova, used as the metric for
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spawning capacity of the stock) was highest in the early 1960s and from the 1990s to the
present. Age-0 recruits of Atlantic menhaden were highest during the 1950s. An extremely
large year class was also predicted for 1958. Recruitment has appeared to be rather stable
during the late 1970s to the present. Fishing mortality rate over time was reported as the
geometric mean fishing mortality rate at ages-2 to -4, the dominant age-classes in the fishery,
to account for differences in selectivity patterns over time. Geometric mean fishing mortality
rate was highest in the 1970s and 1980s and has been declining since approximately 1990.

For more detailed information on the BAM configuration and results, see the single-species
assessment report.

10 SURPLUS PRODUCTION MODEL WITH TIME-VARYING r (SPMTVR) (SUPPORTING)

An alternative to explicit incorporation of ecosystem processes in stock assessments is the use
of single species models that implicitly estimate changes with time-varying parameters. Age-
and length-structured stock assessments often implicitly account for anthropogenic and
environmental effects on stock dynamics through the estimation of time-varying parameters
such as natural mortality, growth, selectivity, and catchability (Fu and Quinn 11 2000; Wilberg et
al. 2010; Wilberg et al. 2011; Methot and Wetzel 2013; Nielsen and Berg 2014; Xu et al. 2019).
In situations with less reliable data, the use of surplus production models with time-varying
parameters may provide an alternative to explicit modeling of ecosystem drivers (Nesslage and
W