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PREFACE

The Jonah Crab Benchmark Stock Assessment and Peer Review Report is divided into
two sections:

Section A —Jonah Crab Benchmark Stock Assessment Peer Review

PDF pages 4-26

This section provides a summary of the Jonah Crab Benchmark Stock Assessment results
supported by the Peer Review Panel. The Terms of Reference Report provides a detailed
evaluation of how each Term of Reference was addressed by the Stock Assessment

Subcommittee and provides recommendations from the Panel for further improvement of the
assessment in the future.

Section B — Jonah Crab Benchmark Stock Assessment
PDF pages 27-240
This section is the Jonah Crab Benchmark Stock Assessment report that describes the

background information, data used, and analysis for the assessment submitted to the Peer
Review Panel.
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EXECUTIVE SUMMARY

The Jonah Crab Stock Assessment is data-limited, preventing estimates of population size,
fishing mortality rates, and determinations of overfishing and overfished statuses. The
assessment explores other Status Determining Criteria (SDC), relying primarily on fishery-
independent (Fl) survey and fishery-dependent (FD) indices of abundance.

Despite the limited availability of current data, there is considerable urgency for the assessment
due to a very steep, three-year, decline in landings. Commercial landings have declined 51% in
three years, after an unprecedented 30-fold rise in landings. Although the recent decline is not
well-detected in Fl stock indicators, there is some evidence of declining fishery CPUE, creating
substantial concern and uncertainty for the status of the stock. Given the mixed signals, the
status of the Jonah Crab stock is highly uncertain.

Current conditions closely resemble early stages of the collapse of the Canada Jonah Crab
fishery in the early 2000s. In the first three years of the crash, Canada landings dropped 58%.
Within five years, landings fell 97%, and stock biomass could no longer support a fishery. Fl
trawl indicators had not fully captured the signals of a rapidly declining stock. However,
declining fishery CPUE was observable preceding and during the landings crash.

Given the high level of uncertainty in the status of the Jonah Crab stock, the Panel strongly
recommends close monitoring of annual stock indicators in the next few years. Annual
indicators can determine whether sharply declining recent landings are signaling the start of a
‘bust’ phase of a boom-and-bust arc, or are due to fishery and market-related factors
uncoupled with Jonah Crab abundance.

In the following report, we evaluate the assessment work by Term of Reference, and provide an

Advisory section that may be useful to the Board for making decisions on future management
actions, and for setting the direction of research and assessment efforts.
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TERMS OF REFERENCE

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

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

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

c. Consideration of data strengths and weaknesses (e.g., temporal and spatial scale,
gear selectivities, sample size),

d. Calculation and/or standardization of abundance indices.

Data collection for the assessment was comprehensive and thoroughly assembled. The Stock
Assessment Subcommittee (SAS) presented 53 fishery-independent (Fl) survey indices covering
four life stages (young-of-the-year, recruit, post-recruit, spawners) and five regions (IGOM,
OGOM, ISNE, OSNE, Coastwide). Indices included: five young-of-the-year (YOY) indices (an
additional three surveys were evaluated but not included); and 48 post-YOY indices (plus 20
evaluated but not included). Four fishery-dependent (FD), exploitable-size, male crab CPUE
indices were presented covering four regions (IGOM, OGOM, ISNE, OSNE).

The SAS presented data source variance where appropriate and necessary. While error
estimates were presented in tabular form for the CFRF VTS results and trawl survey estimates,
having those estimates on their corresponding figures would be useful.

The inclusion (and exclusion) of all the data sources presented was well justified. In addition to
tracking the mean sizes of the largest 5% of exploitable males, it would be informative to see
the full-size distributions of crabs (by sex if available) from annual Fl and FD collections.
Continued monitoring of potential changes in size distributions may be important for detecting
overfishing. Importantly, size compositions could yield initial estimates of mortality rates using
length-based catch curves and estimates of spawning potential ratio (SPR) as growth
parameters are further refined. Further investigation into defining the instantaneous natural
mortality rate (M) will be essential for future population models and interpreting mortality
rates derived from simple catch curves.

The SAS did a commendable job describing the strengths and weaknesses of the data and how
they vary across the four stocks, particularly during the review workshop. The calculations and
standardization of all indices were all detailed and appropriate to help interpret complex
fishery-dependent data (e.g., the Direct Residual Mixture Model CPUE). Some presentation of
raw vs. standardized metrics could be helpful in the future to understand the magnitude of
improvements and also what factors were most influential to CPUE metrics and their
interpretations. Overall, this was an impressive body of work and the Review Panel is grateful
for the breadth of knowledge and attention to detail presented by the SAS.

2. Evaluate empirical indicators of stock abundance, stock characteristics, and fishery
characteristics for their appropriateness to monitor the stock between assessments.

The Review Panel recommends continued monitoring of all current indicators of stock
abundance, and stock and fishery characteristics. However, the SAS’s prioritization of
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importance of indicators was difficult to interpret from the assessment document. Upon
discussion with the SAS, opinions varied regarding the most informative indices in providing
management advice. Further exploration and the accompanying rationale would be extremely
useful in making the management decision process transparent and repeatable.

The utility of any indicator depends on its relationship to the true measure of abundance or
underlying rate (e.g., fishing mortality). Fishery-independent data sources for Jonah crab can
be difficult to interpret if the efficiency of the sampling gear is unknown or thought to be low.
Similarly, fishery-dependent measures of abundance, such as commercial landings per unit
effort, often require substantial analyses to isolate the effects of economic factors from
measures of abundance. The Review Panel recommends additional work by the SAS to
separate the essential from the desirable indicators.

Several proposed indicators of stock status were considered less useful for either measures of
overall stock status or future modeling efforts. Measures of YOY settlement, while important
region-wide indicators of the ecosystem, can rarely be related to the spawning biomass that
produced them or their subsequent recruits to the fishery. Measures of crab biomass and
length frequencies for legal and sublegal males, as well as mature females are likely to be
critical for future modeling efforts.

Trawl surveys were typically the most valuable data stream since they are likely to be the only
synoptic measure of relative density for most stocks. As noted elsewhere, capture efficiency
was likely to be low and dependent on unobservable variations in behavior of the crabs.
Collaboration with harvesters is encouraged to obtain their perspectives on changes in
catchability especially with respect to seasonal factors and spatial distribution. Further
development of fishing area maps (composite, not individual harvesters) could be helpful for
interpreting fishery-independent surveys.

Details of the trawl survey estimates should be presented for each stock area. Over the past 15
years, the NEFSC allocated about 380 stations per year over 82 strata. Since the crab stock
areas bisect some of the strata, there is a possibility that the number of stations in a stock area
is very low in some years. ISNE seems to be prone to lower station numbers with consistent
patterns of CV>0.70 in many years. Various model-based methods of ‘small area estimation’
may be useful, although not yet applied to NEFSC or other surveys in the crab stock areas.

Efforts should be made to document empirical sex ratios in Fl and FD collections. There is also
need to monitor for changes in survey-specific ‘operational sex ratios’ as potentially important
early warning signals of overfishing, given the predominantly male crab fishery. In this regard,
the abrupt decline of Jonah Crab in Canada (DFO 2009) suggests further collaboration with
Canadian colleagues and harvesters would be useful to evaluate early warning signs that may
be evident in retrospect. The post-mortem analysis should also consider evidence of recovery,
or lack thereof.

In view of the potential sensitivity of the stocks to rapid collapse, the use of Kendall’s method
for evaluating overall trend may not allow for detection of important short-term trends. More
‘adaptive’ measures of local trends such as LOESS smoothers or Generalized Additive Models

(GAMS) should be explored.
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Preliminary examination of Jonah crab prices, in conjunction with Landings Per Unite Effort
(LPUE) measures, strongly suggest the need to incorporate economic factors when interpreting
LPUE trends. Low CPUE when prices are at record highs may be indicative of low availability in
traditional fishing areas, or reduced overall abundance. Results of a Rhode Island trip-level
LPUE analysis conducted during the review meeting were informative. Continuation of such
analyses is strongly encouraged for subsets of data deemed reliable.

For metrics most useful to tracking crab population dynamics, the Review Panel recommends
focusing on synoptic trawl surveys with high efficiency gear (e.g., the NEFSC winter survey,
1992-2007); LPUE models informed by economics and harvester inputs; and expansion of the
CFRF ventless trap survey to all harvesters, particularly if a design component could be
imposed.

3. Evaluate the methods and models used to estimate population parameters (e.g., F,
biomass, abundance) and biological reference points, including but not limited to:

a. Evaluate the choice and justification of the preferred 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 (e.g., choice of CVs, effective
sample sizes, likelihood weighting schemes, calculation/specification of M, stock-
recruitment relationship, choice of time-varying parameters, plus group
treatment).

The SAS evaluated the utility of several data-poor methods based on rates of change in fishery-
independent indicators and measures of relative exploitation. Fishery-independent (Fl)
indicators included one or more trawl surveys in each stock area. In OSNE, the SAS defined
relative exploitation as the ratio of landings to the relative abundance from the NEFSC bottom
trawl survey. The SAS conducted fishery-independent index-based methods (IBM), called
‘Islope’ and ‘Plan B’, and a relative exploitation method called ‘Skate’. All of the methods rely
on an adjustment of current landings in response to some measure of recent rates of change in
fishery abundance index. Islope and Plan B rely on the slope of the indices. The Skate method
adjusts catches in response to the ratio of recent exploitation rates to a historical period judged
to be a period of stability.

The SAS concluded none of the index-based methods were applicable to Jonah crabs in any
stock area. Justifications included the short duration of the time series, the high variability of
survey estimates, and the wide range of catch recommendations. Perhaps most importantly,
the relationship between total catch (or rates of removal) and population response has not
been validated for any index or stock area. An Ensemble method, based on the median of
alternative estimates, was also judged inappropriate.

The Review Panel largely agreed with the SAS’s conclusions. Longer time series may improve
the utility of such methods. However, the general increases in multiple indices over the period
in which landings have also increased much more rapidly, suggests fishing mortality is not yet a
major factor controlling stock dynamics. However, very recent declines in several fishery-
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dependent (FD) indicators could be early warning signals of increased exploitation. Without
further analyses and the benefits of hindsight and additional data, the Review Panel concluded
that further work on Index-Based Methods would not be particularly useful.

The Review Panel suggested that future work on IBMs should be subordinate to the
development of other modeling approaches. Further consideration should be given to the
application of Catch Survey Analyses (CSA). Such dynamic stage-based models have the
advantage of being simple and readily interpretable. Initial attempts to apply these types of
models were not successful, often because the size frequency data necessary to identify pre-
recruits from recruits was insufficient for the range of years included in the assessment. A
related concern is a general lack of knowledge on the molt increment of pre-recruit sized crabs.
This is important because CSA requires information on the number of unexploited animals
growing into the recruited size range between years. Further examination of existing
experimental data and perhaps other experiments may be useful for improving the utility of
CSA in at least some areas.

Probably the single most impactful advancement towards generating Jonah Crab population
parameters is the development of an unbiased ageing method, based on a thorough
examination of marine crustacean ageing research and techniques (e.g., Kilada et al. 2017,
Fairfield et al. 2021). At a minimum, simple catch curves of Fl and FD age compositions would
be feasible, yielding highly informative mortality estimates and providing much insight into
Jonah Crab population dynamics. More complex population models and operating models
would naturally evolve. The Review Panel does recognize the difficulties in ageing crustaceans.
Given the substantial upside of unbiased ageing for practical applications in management, we
feel it is worth investigating the method further for Jonah crab.

The Review Panel was impressed with initial results from a Length Based Spawner per Recruit
(LBSPR) model parameterized in response to a request from the Panel. Such models often
require substantial “borrowing” of growth parameters and natural mortality assumptions from
other stock areas and/or related species. Current data are insufficient to support full
implementation of the LBSPR approach. However, the Review Panel recommends further
development of an LBSPR model in order to guide monitoring efforts and analyze relationships
among surveys and landings data. For example, the expected ratio of males to females at
length under varying levels of fishing mortality could be derived and monitored routinely to
derive static estimates of total mortality by sex. Alternatively, some data suggest that
availability of female crabs to the fishery and fishery-independent surveys varies seasonally. If
so, an LBSPR model could be useful to interpret such anomalies and distinguish seasonal
migrations from changes in mortality rates.

4. Evaluate the diagnostic analyses performed - e.g., sensitivity analyses to determine
model stability and potential consequences of major model assumptions, and
retrospective analysis.

Overall, the SAS presented thorough diagnostics for the analyses they performed while

balancing the length and level of detail of the report. Additional diagnostics on model
selections (e.g., table of AICs) and their interpretations regarding the magnitude of various
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factors would have been helpful and interesting, especially in the sections on the CFRF VTS
catch rates and the Direct Residual Mixture Model CPUE.

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

In general, the SAS did not formally evaluate the implications of precision of estimates, in part
due to the lack of model-based approaches available to limited Jonah crab data. There was
however substantial discussion of the relative merits of indices, particularly with respect to
their utility for various index-based methods.

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

The SAS was unable to develop analytical models of abundance or exploitation. Reasons
included concerns about measurement error in abundance indices and insufficient knowledge
of basic crab biology, particularly growth. The Review Panel agreed that a credible model could
not be developed at this time. A simple catch-survey analysis model may be a useful starting
point to explore the feasibility of creating a dynamic model. The Review Panel noted that static
models, such as within year depletion models, would be useful for generating biomass and
fishing mortality rates. Such models could be useful even when they fail, because results could
indicate the relative magnitude of fishing mortality rates. Ultimately, Jonah crab models useful
for management will depend on additional years of data, especially from recently initiated data
collection programs.

The Review Panel noted that female Jonah crab are uncommon in the fishery, owing largely to
the minimum size limit and associated trap vent sizes. In addition, selectivity of smaller sized
crabs may be low in fishery-independent surveys, particularly trawls with rockhopper gear. As a
result, there are relatively few data streams that would allow application of sex-based methods
for mortality estimation. More importantly, there are relatively few empirical measures that
could provide early warning signs of overexploitation. The Review Panel encourages further
development of monitoring programs that allow for monitoring of size composition of male and
female abundances, and evidence of reduced egg production. Ventless traps may be useful,
particularly if the current CFRF Ventless Trap Survey could be expanded to the larger fishery.
See TOR 8 for more details.

7. Evaluate the choice of reference points and the methods used to estimate them.
Recommend stock status determination from the assessment, or, if appropriate, specify
alternative methods/measures.

While exploitation-based or abundance-based reference points were not yet feasible given
essential life history gaps and data constraints, the SAS was able to present numerous
indicators and other important fishery and biological background that provided information
about stock status. A number of favorable factors exist, such as a cohesive, coastwide,
regulatory framework implementing a protective minimum size limit (MSL) that appears to
conserve most mature male crabs, particularly in the region where the fishery primarily
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operates. Furthermore, the fishery selectivity appears to operate at even larger sizes than the
MSL, given discussions with the SAS and from a preliminary, post-hoc, Panel-requested, length-
based Spawning Potential Ratio (LBSPR) analysis. Importantly, the fishery also does not select
female crabs, providing a significant moat to the potential depletion of female spawning
biomass. The obvious danger to the stocks’ reproductive potential would occur from male
depletion and sperm limitation.

An evaluation of stock SPR using the LBSPR approach is a promising status determining criterion
for Jonah Crab, given its minimal data requirements. For Jonah Crab, the LBSPR analysis only
requires further refinement of growth parameters and natural mortality assumptions, and can
be explored for both FD and Fl survey size compositions for both sexes.

Fishery-Independent (Fl) stock indicators, in bulk, tend to portray a population at higher levels
of abundance than at the start of survey time series’ (Table 1). However, the positive signals
are assessed across a time span up to 42 years, and should be interpreted with caution since
there appears to be a regime shift occurring circa 2010.
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Table 1. Graphic depiction of ordinal measures of relative abundance indices by stock area and year. Lowest 25% quartile is coded red,

interquartile range is coded in yellow, and highest quartile (>75%ile) is coded green. Each index is coded separately. Shorter time series may

create bias when compared to longer time series.
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Although long-term Fl indicators are positive, we see a clear, sharp decline in recent fishery
landings and other highly concerning, corroborating, fishery metrics. Jonah Crab landings have
declined 51% in the most-recent three-year period (2019-2021) in the OSNE, even while market
prices have increased. While we acknowledge other industry and market factors need to be
investigated, it is highly concerning to see similar, recent, sharp declines beginning in 2019 in
the fishery-dependent (FD) CFRF CPUE, the generally declining FD CPUE in the DRM analysis,
and the sharp recent decline in the post-hoc, Panel-requested investigation of directed FD CPUE
from Rl trip level data (Figure 1). There were also large single-year drops in FI CPUE in the
NEFSC OSNE trawl in Fall 2019 and Spring 2020.

Figure 1. Rhode Island commercial Jonah Crab CPUE (harvest per fishing day) of a
harvester group targeting Jonah Crab. (Analysis is preliminary)

Figure 2. Commercial harvest CPUE (kg/trap) of Jonah Crab during the collapse of the
Canada fishery landings that occurred primarily from 2001 to 2004.
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It is very worrisome that the extremely rapid collapse of the Canada Jonah crab fishery in the
early ‘00s occurred without noticeable declines in Fl indicators (see Canadian Science Advisory
Report 2009/034). Canada landings declined by 58% in the first three years of the fishery
collapse, comparable to the current, three-year, 51% drop in OSNE landings. Although Canada
Fisheries and Oceans (DFO) Fl trawl indicators did not capture the deteriorating condition of the
stock, declining fishery CPUE was observable preceding and during the landings crash (Figure 2).

8. Review the research, data collection, and assessment methodology recommendations
provided by the Technical Committee 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.

The Technical Committee presented a number of research priorities in their report and, upon
the Panel’s request, further refined their highest priority research recommendations to
improve future Jonah crab stock assessments. The Review Panel thoroughly discussed the High
Priority Short-term topics proposed by the TC. The Review Panel recommends the highest
priority should be given to determining how to best interpret fishery-dependent data along
with potentially new metrics (see pg 47 of Jonah Benchmark Assessment Report). In light of a
new indicator brought forward (catch per trip) and the new, higher, resolution fishery
dependent data streams (e.g., VMS data) this avenue of research is likely to provide the most-
timely improvement in future assessments.

Additional research topics recommended by the Review Panel include: 1) potential expansion
of the CFRF ventless trap sampling, 2) examination of the now defunct (ending in 2007) NEFSC
Winter Bottom Trawl Survey (Terceiro 2003, NEFSC 2019), 3) more detailed evaluation of
female data, and 4) development of interim measures for evaluating ‘stock health’.

1) The CFRF ventless trap research provides an intermediate design between fishery-dependent
and fishery-independent data collection. Increasing its spatial extent would be valuable,
especially in Southern New England (SNE) where current trawl surveys catch very few Jonah
crabs. Consideration of expansion and a thoughtful design approach (e.g., stratified random
within current fishing grounds) may provide an improved index of abundance through time.

A broad-based program might include of one or more ventless traps deployed by all harvesters
over the course of the regular fishing operations. While such a survey would not include
random selection, ancillary data, such as historical survey, observer data, and new VMS data
could be used to generate appropriate weighting factors for relative estimating abundance.

2) Crabs are scarce in the current NEFSC trawl survey in SNE. However, reasonable catches in
the previously conducted NEFSC Winter Bottom Trawl Survey, suggest there may be data
available to provide historical context to Jonah crab abundance, and may facilitate a small,
strategic, and likely cooperative survey utilizing a gear that effectively catches crab (including
females) and does not have concerns regarding behavioral interactions with lobster.

3) Similarly, a more exhaustive examination of the currently available female data (including
male/female sex ratios, LBSPR) will likely prove to be an informative metric of stock health.
Along with the addition of metrics on females, continued research is warranted on repeatable
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and transparent methods to better summarize multiple indicators for each of the four stocks.
Formalizing the methods will support decision making into the future until more quantitative
methods are available.

4) Lastly, the Review Panel would like the TC to consider a more formal approach to incorporate
harvesters’ Local Knowledge (LK) to provide context to best interpret fishery dependent data.
While we recognize fisheries agency staff have good interactions with harvesters, developing a
repeatable and consistent metric(s) of local knowledge could lead to improved interpretation
and “buy in” from harvesters on assessment outcomes.

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

It is unlikely that sufficient research will be completed to support a stock assessment within the
next five years. Up to 10 years may be needed to complete the many tasks identified by the
Stock Assessment Subcommittee and Reviewers. New time series of fine-scale spatial data
from the fleet should be particularly informative for future assessments. Moreover, potential
new surveys, critical laboratory experiments, and more extensive analyses of existing data have
been proposed. Sufficient time is needed to summarize and evaluate these projects before
conducting a formal assessment.

The proposed interval for the next assessment poses problems for planning. In order to
maintain a focus on the assessment, the Review Panel recommends an interim meeting within
five years. The purpose of the meeting will be to summarize ongoing work and to set a date for
the formal assessment. A meeting coupled with a review of ongoing status derived from
indicators, will help fine tune ongoing projects, drop projects unlikely to be useful, and allow for
consideration of candidate modeling approaches.

The Review Panel also expressed concerns about the lack of a decision process that will be
necessary before the next assessment. Experience with other crustacean stocks suggests that
rapid collapses can occur, particularly when the underlying biology of the stock and patterns of
fishing mortality are not fully understood. Preliminary analyses reported at the review meeting
suggest declines in catch per unit effort from a subset of directed harvesters in the Offshore
Southern New England stock. To address these concerns the Review Panel emphasizes the
need to:

e Identify and prioritize candidate indicators of relative abundance and fishery
performance.

® Conduct a formal annual evaluation of important indicators, and

o Develop a methodology for making decisions based on ordinal data. Analyses by the
SAS showed the utility of binning data into 3 bins corresponding to the first quartile, the
inter quartile range, and the fourth quartile.

Ideally, the methodology would identify the probability of observing the observed trends in

indicators. Simultaneous drops in multiple indicators may be indicative of true declines or
coincidence. Randomization tests may be helpful for distinguishing between these alternatives.
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Concomitantly the SAS, in collaboration with managers, will need to define appropriate actions
in response to indicator patterns. For example, a decision rule might be to reduce catch by 10%
if the probability of observing the observed trend is less than 5% due to chance alone, and to
reduce catch by 25% if the probability level is less than 1%. The probability thresholds for
decisions and the magnitude of management measures should not be ad hoc. Instead,
simulation testing or some form of MSE will be necessary and should be considered by ASMFC.
This problem is, of course, not unique to Jonah crabs. Therefore, evaluation of national and
international research may be helpful.

ADVISORY REPORT

A. Status of the Stock

The Stock Assessment Subcommittee (SAS) brought forward a large assemblage of Jonah crab
data in a cohesive and thorough manner. At present, the availability of data was not sufficient
to estimate population parameters and biological reference points in order to determine
traditional overfishing and overfished statuses. Other status determining criteria (SDC) were
explored, including important fishery and biological background and trend analyses of 53
fishery-independent (Fl) survey indices and four fishery-dependent (FD) indices. Interpreting
stock status was difficult because longer-term trends in stock indicators appear positive, but
disturbing, recent indicators signal a potentially, sharply declining stock. The conflicting
indicators depicted an uncertain stock status for Jonah crab.

A number of favorable factors exist, such as a cohesive, coastwide, regulatory framework that
implements an appropriate minimum size limit (MSL) that reduces harvest of immature crabs.
Furthermore, the fishery selects crabs at even larger sizes than the MSL, based on discussions
with the SAS and supported by a preliminary Length-Based Spawning Potential Ratio (LBSPR)
analysis requested by the Review Panel. Importantly, the fishery also does not select female
crabs, which provides a significant moat to the potential depletion of female spawning biomass.
Given these fishery dynamics, the larger danger to population reproductive productivity would
occur from male depletion/sperm limitation.

Fishery-Independent (Fl) stock indicators, in bulk, tend to portray a population at higher levels
of abundance than at the start of survey time series (Table 1). However, the positive signals are
assessed across a time span up to 42 years, and should be interpreted with caution since there
appears to be a potential regime shift occurring circa 2010, when young-of-the-year
recruitment indices become conspicuously elevated in the GOM. When examining indicators
over a shorter-term, post-regime-shift time span (2010-2021), there are much fewer positive
(>75t™ percentile) index values in the terminal years (2020, 2021) across the range of indices
(Table 2).
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Table 2. Graphic depiction of ordinal measures of relative abundance indices by stock area and year from 2010-2021. Lowest 25% quartile is

coded red, interquartile range is coded in yellow, and highest quartile (>75%ile) is coded green. Each index is coded separately. Shorter time

series may create bias when compared to longer time series.
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Although long-term Fl indicators appear positive, we see a clear, sharp decline in recent fishery
landings and other highly concerning, corroborating fishery metrics. Jonah crab landings have
declined 51% in the most-recent three-year period in the OSNE, even while market prices have
increased. While we acknowledge other industry and market factors should be investigated, it
is highly concerning to see similar, recent, sharp declines in the fishery-dependent (FD) CFRF
OSNE CPUE beginning in 2017, the generally declining FD CPUE in the inshore RI DRM analysis,
and a recent decline in the post-hoc, Panel-requested, investigation of directed FD CPUE from
Rl trip level data (Figure 1). There were also large single-year drops in FI CPUE in the NEFSC
OSNE trawl in Fall 2019 and Spring 2020.

It is particularly worrisome that the extremely rapid collapse of the Canada Jonah crab fishery in
the early 2000s occurred without noticeable declines in Fl trawl indicators (DFO 2009). In the
first three years of the Canada fishery collapse, crab landings declined by 58%, comparable to
the current, three-year, 51% drop in OSNE landings. Although Canada Fisheries and Oceans
(DFO) FI trawl indicators did not fully capture the deteriorating condition of the stock, declining
fishery CPUE was observable preceding and during the landings crash (Figure 2).

Given a data-limited assessment lacking population estimates and biological reference points
(BRPs), generally conflicting long- versus short-term indicators, and recent, declining fishery
signals, the Panel considers the status of the Jonah crab stock to be highly uncertain and
recommends close, annual monitoring of stock indicators to further evaluate recent signals.

B. Data and Assessment

Data collection for the assessment was comprehensive and thoroughly assembled. The SAS
presented 53 fishery-independent (Fl) survey indices covering four life stages (young-of-the-
year, recruit, post-recruit, spawners) and five regions (IGOM, OGOM, ISNE, OSNE, Coastwide).
They included: five young-of-the-year (YOY) indices (an additional three surveys were evaluated
but not included); and 48 post-YOY indices (plus 20 evaluated but not included). Four fishery-
dependent (FD), exploitable-sized, male crab CPUE indices were presented covering four
regions (IGOM, OGOM, ISNE, OSNE).

Given life history gaps and tempered confidence in synoptic indices, attempts to construct
population models were not detailed in the assessment. Trend analyses of survey and relative
exploitation indices were explored, showing mixed results between GOM and SNE regions, and
were fairly inconclusive from a coastwide perspective and for the important OSNE region that
supports the bulk of the fishery. Index-based methods were also explored and were not
recommended for management use, given the apparent disconnect between indices and
fishery removals, and concern regarding trawls as an appropriate survey gear for structure-
associated Jonah crabs.
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Challenges

Age and Growth

Assessing marine invertebrate fishery stocks is notoriously difficult, largely due to the prevailing
lack of ageing methods for invertebrates, especially crustaceans. The inability to age individuals
and characterize age distributions is particularly troublesome for assessments when the species
is long-lived, without highly conspicuous life stages that can be monitored practicably and
described using stage-based population models. Significant life history gaps still exist for Jonah
crab, particularly with respect to modeling growth and understanding longevity, that could
prove highly useful in developing length- or stage-based population models or developing other
SDC such as Length-Based Spawning Potential Ratio (LBSPR) modeling. Longevity is particularly
important, since maximum age is a powerful, useful predictor of natural mortality rate (M).
Growth rate and M are also key elements in constructing basic yield-per-recruit (YPR) and
spawner-per-recruit models that can produce fishing mortality-based reference points for
Jonah crab and reveal how vulnerable the stock is to overfishing.

Surveys

The SAS did an excellent job producing a long list of Fl relative abundance indices, based
notably on trawl surveys for all post-young-of-the-year (YOY) Fl indices. The potential
ineffectiveness of mobile trawl gears for capturing benthic, structure-associated Jonah crabs
was a prominent discussion point amongst the Panel and SAS. As an illustration of this
potential issue, one out of every five (21.3%) annual trawl index values was zero in the
assessment. Trawl ineffectiveness was especially pronounced in certain indices, particularly the
Northeast Fisheries Science Center (NEFSC) trawl indices in the ISNE and OSNE (to a lesser
degree than the ISNE). Such heavy reliance on trawls is a substantial concern for monitoring
Jonah crab indicators.

FD indices based on passive traps and pots offer promise as stock indicators. However, the
usual caveats need investigation, such as inter-specific (e.g., lobster) and intra-specific
interactions, shifting bait practices, gear saturation, hyperstability in catch rates due to
commercial fishing practices, regulation changes, and fluctuations in fleet composition
influenced by market factors. Taking these caveats into consideration, during the Review
Workshop, at the request of the Panel, the SAS produced a very promising FD catch-per-unit-
effort (CPUE) indicator using Rhode Island trip-level data subset to a core group of dedicated
Jonah crab harvesters. The CPUE was especially useful because it best incorporated the SAS’s
practical knowledge of their state fisheries as it relates to the aforementioned caveats. As seen
in the Canada DFO Jonah crab assessment, FD CPUE was effective at detecting declining crab
abundance during the landings crash in Canada in the early 2000s (DFO 2009).
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C. Population Dynamics

The assessment provided for a better understanding of Jonah crab population dynamics that
should hopefully aid future assessment efforts to estimate population parameters and
biological reference points.

Growth and Reproduction

Jonah crab growth rate was described by Huntsberger (2019) across multiple approaches,
including length frequency analysis of field collections, a probabilistic model based on
laboratory growth, and ageing of the gastric mill, a calcified structure in the digestive system.
Jonah crabs exhibited rather slow growth, taking at least four years, but most likely seven years,
to reach the fishery legal size (see Figure 2.7 from Huntsberger (2019)). The slower growth rate
does not imply great resiliency to fishing pressure.

The growth models also have value for potential length-based population modeling, YPR and
spawning potential ratio models for generating fishery reference points, and SDC models such
as LBSPR. Furthermore, direct ageing of individuals using the gastric mill method would enable
the SAS to determine fishing mortality rates from basic catch curves of age distributions, gain
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insight into Jonah crab longevity, and eventually construct desired age-structured population
models.

Size-at-maturity (SM50) estimates documented from a range of sources indicate the fishery
minimum size limit is specified at-or-above male SM50s, and far above female size-at-maturity
estimates. However, better knowledge of the Jonah crab reproductive biology, particularly
maturation rates (e.g., age-at-maturity), terminal molting, spawning frequency, reproductive
lifespan, operational sex-ratios, etc. would be useful to gain greater insight into crab population
dynamics and vulnerability to overfishing.

Stock-Recruit Relationship

Preliminary stock-recruit (s-r) plots requested by the Panel showed a potential relationship
between spawning and YOY indices. However, there are questions about the potential spatial
mismatch between GOM (YOY index) and coastwide indices (spawning abundance index)
(Figure 3). A s-r relationship seen between indices is encouraging for future population
modeling efforts.
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Figure 3. Stock-Recruit plots provided to the Panel during the Review Workshop. Independent
axes=Spawner indices, dependent axes=GOM YOY indices (ostensibly lagged, year+1).

D. Fishery

The Jonah crab fishery is dynamic, having recently expanded and shifted towards a more
targeted fishery in the past two decades, while also continuing to be strongly tied to the
American lobster fishery and its markets. The stock supports a substantial fishery, with recent
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ex-vessel values peaking at nearly $20 million (Figure 4). Jonah crab harvest is concentrated in
one particular region, in the northern area of Offshore Southern New England (OSNE), and is
prosecuted mainly by the Massachusetts and Rhode Island fisheries. Considerably smaller state
fisheries do operate throughout most of the Jonah crab distribution, from the Gulf of Maine to
the Mid-Atlantic.

Figure 4. Jonah Crab commercial landings and ex-vessel value.

Jonah crab landings grew substantially (30-fold) in the 2000s and 2010s, and have now declined
very sharply (-51%) in the three most-recent years of the assessment. The decline is similar in
scope to the beginning stages of the Canada Jonah crab fishery collapse in the early 2000s. In
the first three years of the Canada collapse, landings declined 58%. Within five years, landings
dropped 97%. In retrospect, Canada DFO concluded that biomass had been severely overfished
despite relatively low fishing pressure on a male-only fishery. The ASMFC stock assessment is
occurring at a critical time, since it is imperative to determine whether the current steep
decline is the start of a ‘bust’ phase of a boom-and-bust arc, or driven more by market factors.

The SAS brought forward two fishery-dependent (FD) CPUE indicators for the OSNE and ISNE
regions in the assessment. CPUE results were mixed, as the ventless trap survey CPUE showed a
three-year decline from 2017-2020 in the OSNE, while the Directed Residual Mixture Model
(DRM), Rhode Island CPUE showed a declining trend in the ISNE, but no trend in the OSNE. The
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ventless trap survey possessed a short time-series (2015-2020) and lacked a terminal-year CPUE
value for 2021. It is uncertain how well the modeled approach in the DRM performed for
identifying targeted trips. After trend analyses, the SAS recommended to not use DRM
indicators as measures of exploitable abundance.

Fishery-independent stock indicators, unfortunately, also provided a somewhat unclear
perspective on the most-recent three-year period, largely due to the low catchability issues of
trawl surveys (see Stock Status, Data and Assessment sections, and TORs for greater detail). As
seen in the Canada Jonah Crab Stock Assessment, Fl trawl indicators did not detect the rapidly
declining stock during the fishery crash in the late 1990s and 2000s (DFO 2009). However,
declining fishery-dependent CPUE was evident.

Jonah crab fishery-dependent CPUE analyses are challenging because measuring directed effort
is complicated by the mixed Jonah crab and lobster fisheries, and the interplay in fishing effort
for both species. Given this uncertainty, the Panel requested a fishery dependent analysis
during the Review Workshop that focused on a subset of directed, core Jonah crab harvesters.
Based on knowledge of the Rhode Island fishery, the SAS developed basic criteria to subset
fishery data to directed Jonah crab trips (>6,000 Ib landings) and to participants that were
active throughout the time-series. Preliminarily, it does appear that recent fishery CPUE has
declined in the OSNE. Further exploration into the directed FD CPUE should continue, with
emphasis on investigating caveats typical of FD analyses (i.e., changing market factors and
trends in catchability). The Panel also recommended applying the analysis to the
Massachusetts fishery data, and to include both as indicators to monitor annually over the next
few years, in order to understand the nature and severity of recent falling landings.

8000 -

6000 - /

e}
=}
1=}
S

e
Catch per day

14000 -

5000 -

12000 -

I ! ! 4000- ; 7 7
2010 2015 2020 2010 2015 2020
Year Year
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E. Future Guidance

The greatest value in this stock assessment may be measured by how well it propels the SAS
forward in generating eventual population estimates, reference points, and a clear stock status
determination in the ensuing benchmark assessment. Identifying target models and related
data needs should logically steer the future research and monitoring efforts of ASFMC partners.
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In this assessment, the SAS did a commendable job summarizing available life history
information, and constructing and vetting all possible survey and fishery indices. Looking
ahead, reasonable target models to pursue would be a Catch-Survey Analysis (CSA) or surplus
production model, given their simplicity and minimal data requirements. However, the main
barrier to pursuing these and any other population model is the absence of a synoptic Jonah
crab abundance index.

Developing a reliable index of abundance is a top priority for the next assessment. If the SAS
can further develop the fishery-dependent, directed CPUE in the OSNE, it could fuel first
attempts at surplus production modeling. The CPUE is useful because it leverages existing data,
and will ostensibly contain a moderately duration time series over a period of substantial
contrast in fishery effort and landings. Another direction is to pursue length-based models,
possibly using the GMACS (Generalized Model for Assessing Crustacean Stocks) platform. This
would likely require much more intensive fishery biosampling to complement the size
compositions in existing Fl trap and trawl surveys.

Another avenue to explore is the viability of direct ageing of individuals using Huntsberger’s
(2019) gastric mill method. Direct ageing of specimens would be a game-changer, as it would
enable the SAS to generate first estimates of fishing mortality rates from age distributions, gain
insight into Jonah crab longevity and natural mortality rate, and enable pursuit of age-
structured population models. The time and effort needed to extract and age crab structures
will be important factors to consider in understanding its feasibility.

Immediate Steps

The Jonah crab stock is at a pivotal junction. Fishery landings are sharply declining (-51% in the
most-recent three years) following a two-decade period of unprecedented growth (30-fold
increase). Although Fl signals are inconclusive, it appears that fishery CPUE is declining,
corroborating the fall in landings. These conditions are highly concerning because they closely
resemble the early stages of the Canada Jonah crab fishery collapse in the early 2000s. There is
great uncertainty in whether the very large, recent decline in landings is the beginning of a
‘bust’ stage of a classic boom and bust arc, or merely a short-term drop caused by markets or
factors unrelated to Jonah crab abundance.

Given this uncertainty, combined with the lack of population estimates, fishing mortality rates,
and reference points, the Panel recommends the SAS/TC closely monitor stock indicators on an
annual basis to examine the nature and severity of the recent decline. In addition to any
indicators deemed important by the SAS, we highly recommend the ASMFC monitor the
directed, fishery-dependent CPUE for Rhode Island and Massachusetts fisheries. This core-
fishery CPUE index was preliminarily constructed by the SAS during the Review Workshop at the
request of the Panel. Continued development, exploration, and refinement to this fishery
analysis are recommended. Additional, potentially-important indicators to consider are
‘operational’ sex-ratios in Fl surveys and FD biosamples. Changes in baseline sex-ratios may
signal male depletion and resulting population-level sperm limitation, and could serve as
warning signals preceding a population decline.
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EXECUTIVE SUMMARY

Stock Structure

Four Jonah crab stocks were defined during the stock assessment based on a combination of
biological aspects, management considerations, fishery characteristics, and data availability.
These stocks include the Inshore Gulf of Maine stock (IGOM), Offshore Gulf of Maine stock
(OGOM), Inshore Southern New England stock (ISNE), and Offshore Southern New England
stock (OSNE).

Data

Commercial Landings

Validated commercial landings of Jonah crab are available coastwide back to 1981, but the
accuracy of the reporting and the location of where those landings were harvested is uncertain,
so this assessment focused on the landings since 2010. However, it is also important to
understand the context of the increases in reported landings over time and the changing
structure of the fishery. Coastwide landings register a steady increase over most of the time
series, but decreased from the record high in 2018 (22.8 million pounds) during the last three
years of the stock assessment (2019-2021). These changes are believed to be influenced by
relatively variable Jonah crab markets. Historically, Jonah crab has been a bycatch species in the
American lobster trap fishery, but in the last two decades, the fishery has shifted with regional
differences.

Most U.S. Jonah crab landings come from the OSNE stock which is considered a directed Jonah
crab fishery in recent years. From 2010 to 2021, annual landings for this region have accounted
for 70 to 85% of the total U.S. Jonah crab landings. The other three Jonah crab stocks are
considered to support bycatch fisheries that are primarily targeting American lobster. Landings
from the IGOM stock account for 9 to 24% of the coastwide landings from 2010-2021. The
OGOM and ISNE stocks have never exceeded 5% of coastwide Jonah crab landings for any year
between 2010 and 2021. Although these fisheries currently catch Jonah crab as bycatch, they
represent considerable potential growth of Jonah crab fisheries if they become a target species
in the future.

Commercial Size Compositions

Commercial biosample data were available from sea sampling and port sampling programs.
Data are still too sparse to calculate landings-weighted stockwide statistics, but snapshots of
data by stock and statistical area were evaluated for trends. Overall, trends in mean size
statistics are stable over the relatively short time series. General lack of trend seen here could
be a favorable indication of stock condition (i.e., stable exploitation) or it could indicate that
these data are unreliable indicators of stock condition, as appeared to be the case in other crab
stock assessments reviewed. These data should be revisited as potential indicators in future
stock assessments when longer time series are available and, ideally, there is sufficient
coverage to generate landings-weighted stockwide time series, but are not recommended at
this time for stock indicators.



Fishery-Independent Indices of Abundance

Five settlement indices of young-of-year (YOY) Jonah crabs were used in the assessment as
measures of year class strength. These included ME settlement surveys from three statistical
areas in ME waters (statistical area 511, 512, 513), the NH settlement survey (statistical area
513), and the MA settlement survey (statistical area 514). All surveys are in IGOM waters.
Indices that extend back into earlier periods in the early to mid-2000s show increasing trends
over time. All available indices agree on relatively strong year classes in 2012 and 2018.

Three post-settlement abundance metrics were used as measures of relative abundance
including recruit abundance, exploitable abundance, and spawning abundance. Recruit
abundance is defined as male Jonah crabs 90-119mm carapace width (CW). Exploitable
abundance includes all male Jonah crabs greater than these recruit sizes (120mm+ CW) and is a
measure of abundance currently available to the fisheries. Spawning abundance is defined as
female Jonah crabs 80mm+ CW. Three survey platforms provided these post-settlement
abundance indices including the MA Trawl Survey covering the IGOM stock, the ME/NH Trawl
Survey covering the IGOM stock, and the NEFSC Trawl Survey covering all four stocks (although,
determined to not be of utility for ISNE stock abundance indices). All three platforms have
separate surveys in the spring and fall.

Indices of each post-settlement metric across stocks generally show increasing trends over time
series covering historical periods back to the 1980s and 1990s. Indices in GOM stocks show
considerable, but brief pulses of abundance around the mid-2010s.

Assessment Methods

Given limitations of available data sets and poor understanding of life history characteristics
needed for traditional assessment approaches, data sets were used to develop empirical
indicators of stock conditions and fishery performance. These indicators provide a categorical
characterization of recent condition (positive, neutral, or negative) relative to historical levels.
The stock assessment terminal three years (2019-2021) are averaged to provide a smoothed
measure of recent stock condition due to interannual variability reflective, in part, of
observation error.

Stock abundance indicators include the YOY settlement, recruit abundance, exploitable
abundance, and spawning abundance indices. Fishery performance indicators include landings,
the number and proportion of pot/trap trips that landed Jonah crabs, and the number and
proportion of active (i.e., reported catch during the year) lobster/crab permits that landed
Jonah crab.

Stock Status

According to stock indicators, there have been declines in post-settlement abundance for the
IGOM and OGOM stocks from time series highs in the mid-2010s, but conditions in the last
three years of the time series are neutral or positive. The one exception is from the ME/NH
Trawl survey, but this is due to the shorter time series of this survey not capturing historical
lows in earlier years. Indicators for the OSNE stock also indicate neutral or positive post-
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settlement abundance conditions in the last three years of the time series. Indicators agree
across these stocks that abundance has not been depleted to historical lows. There are no
reliable abundance indicators for the ISNE stock and inference cannot be made about condition
of this stock’s abundance at this time.

YOY indicators generally indicate neutral conditions and do not indicate that recruitment in
GOM stocks will decline to historical lows in the near future. Settlement conditions are
unknown for SNE stocks.

Landings have steadily declined in the OSNE stock which is the primary stock with
targeted/mixed effort for Jonah crab and the stock accounting for the vast majority of
coastwide landings. This trend is believed to be influenced by factors other than available
abundance but should continue to be monitored closely. There was not sufficient information
to make statements about fishing mortality or exploitation with confidence and these
population parameters remain major uncertainties.
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TERMS OF REFERENCE

For the 2023 ASMFC Jonah Crab Benchmark Stock Assessment
Board Approved January 2022

Terms of Reference for the Jonah Crab Assessment

1. Characterize precision and accuracy of fishery-dependent and fishery-independent
data used in the assessment, including the following but not limited to:

a.

o

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.

2. Discuss the effects of data strengths and weaknesses (e.g., temporal and spatial scale,
gear selectivities, sample size) on model inputs and outputs.

3. Develop simple, empirical indicators of stock abundance, stock characteristics, and
fishery characteristics that can be monitored annually between stock assessments.

4. Develop models used to estimate population parameters (e.g., F, biomass, abundance)
and biological reference points, and analyze model performance.

a.
b.
C.

Describe stability of model (e.g., ability to find a stable solution, invert Hessian).
Justify choice of CVs, effective sample sizes, or likelihood weighting schemes.
Perform sensitivity analyses for starting parameter values, priors, etc. and
conduct other model diagnostics as necessary.

Clearly and thoroughly explain model strengths and limitations.

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.

If multiple models were considered, justify the choice of preferred model and
the explanation of any differences in results among models.

5. State assumptions made for all models and explain the likely effects of assumption
violations on synthesis of input data and model outputs. Examples of assumptions may
include (but are not limited to):

a.
b.

Choice of stock-recruitment function.

Calculation of M. Choice to use (or estimate) constant or time-varying M and
catchability.

Choice of equilibrium reference points or proxies for MSY-based reference
points.

Constant ecosystem (abiotic and trophic) conditions.
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6. Characterize uncertainty of model estimates and biological or empirical reference
points.

7. Recommend stock status as related to reference points (if available). For example:
a. Isthe stock below the biomass threshold?
b. Is F above the threshold?

8. Other potential scientific issues:
a. Compare reference points derived in this assessment with what is known about
the general life history of the exploited stock. Explain any inconsistencies.
b. Explore, identify, describe, and, if possible, quantify environmental/climatic
drivers.

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.

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.

11. 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 Jonah Crab Peer Review

1. Evaluate the thoroughness of data collection and the presentation and treatment of
fishery-dependent and fishery-independent data in the assessment, including the following
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, sample size),

d. Calculation and/or standardization of abundance indices.

2. Evaluate empirical indicators of stock abundance, stock characteristics, and fishery
characteristics for their appropriateness to monitor the stock between assessments.

3. Evaluate the methods and models used to estimate population parameters (e.g., F,
biomass, abundance) and biological reference points, including but not limited to:
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a. Evaluate the choice and justification of the preferred 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 (e.g., choice of CVs, effective
sample sizes, likelihood weighting schemes, calculation/specification of M, stock-
recruitment relationship, choice of time-varying parameters, plus group treatment).

4. Evaluate the diagnostic analyses performed (e.g., sensitivity analyses to determine model
stability and potential consequences of major model assumptions, retrospective analysis).

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

6. 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.

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

8. Evaluate the choice of reference points and the methods used to estimate them.
Recommend stock status determination from the assessment, or, if appropriate, specify
alternative methods/measures.

9. 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.

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

11. 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

Cooperative interstate management of Jonah crab (Cancer borealis) in U.S. waters was first
implemented in 2015 with the adoption of the Atlantic States Marine Fisheries Commission’s
(ASMFC) Interstate Fishery Management Plan (FMP; ASMFC 2015). However, there has been no
stock assessment of U.S. Jonah crab to date, stock status is unknown, and there has been
limited science-based advice available to support management of Jonah crab fisheries.

The Jonah Crab Technical Committee (TC) met in August 2017 to review research projects and
discuss data limitations. This review identified limitations on understanding of basic life history
processes, but also identified several projects in progress that could help fill some information
gaps in coming years. The TC met again in April 2020 and reviewed ongoing research as well as
regular agency monitoring efforts. During this meeting, the TC recommended a more in-depth
review of available data to better understand limitations and identify stock assessment
approaches that could be supported with available data. Subsequently, the ASMFC American
Lobster Management Board (Board) tasked the TC in August 2020 with conducting a pre-
assessment workshop for Jonah crab and providing a report on available data and
recommended assessment approaches. A series of webinars was held November 16-18, 2020,
February 11, 2021, June 3, 2021, and June 29, 2021, to review and discuss available Jonah crab
data sets, potential assessment approaches, and remaining data limitations.

The TC's evaluation of the data sets, findings on potential approaches for a near-term stock
assessment to provide management advice, and research recommendations to advance future
stock assessments were provided in a pre-assessment report in July 2021 (ASMFC 2021). In
summary, the TC noted limitations in life history information, limitations with available index of
abundance information such as lack of overlap with the core fishery area and poorly
understood catchability, and limitations with landings data prior to 2006. Despite these
limitations, the TC did acknowledge the need for a full benchmark stock assessment to provide
information with which to manage the fishery as well as additional information on data needed
to improve future stock assessments. The TC presented these finding to the Board and
recommended conducting a benchmark assessment to be completed in 2023. The Board
accepted this recommendation and initiated an assessment at the ASMFC 2021 Summer
Meeting in August.

The TC and Jonah Crab Stock Assessment Subcommittee (SAS) met via webinar for a Data
Workshop June 13-15, 2022 to review the available data sets and discuss data development for
the assessment. The SAS than met again via webinar October 3-5, 2022 for a Methods
Workshop to review updates on data development and discuss potential assessment methods.
The SAS met a final time, in-person in New Bedford, MA April 18-20, 2023 to finalize
assessment results which the following report covers.

1.1 Brief Overview and History of the Fishery

Until recently, Jonah crab were predominantly a bycatch species in the American lobster
fishery—annual commercial Jonah crab landings were generally lower than 6 million pounds
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through 1996. Since then, as the lobster fishery has declined in southern New England (SNE)
and the market for crab has expanded, harvesters have pivoted to target Jonah crab in addition
to (or instead of) lobster. A mixed crustacean fishery now exists in which fishers seasonally
adjust their fishing strategies to target Jonah crab or lobster. Harvest pressure on Jonah crab
has increased substantially over the past two decades, with landings increasing steadily since
around 1996 (Figure 1). Between 2010 and 2021, annual landings of Jonah crab averaged about
16 million pounds, ranging between 12.0 million and 22.8 million pounds (2018). Total Jonah
crab commercial catch in 2021 was 12.2 million pounds, with a total ex-vessel value of about
$12.8 million.

The Jonah crab commercial fishery occurs predominantly in SNE. Most of the U.S. Jonah crab
commercial catch is landed in Massachusetts (54%, 2019-2021 average) and Rhode

Island (21%), and most harvest occurs offshore in NOAA Fisheries statistical areas (hereafter,
statistical area) 537 (50.6%), 526 (12.5%), and 525 (11.4%). Most Jonah crab commercial
landings are reported as having been caught in traps and pots.

Coastwide, commercial landings of Jonah crab are highest in the late autumn and winter
months (October to February). In an interview study, fishermen indicated that this seasonal
shift was driven by the lobster fishery—Ilobster are less abundant in winter, so harvesters
transition to target Jonah crab during these months (Truesdale et al. 2019a). Based on
interviews with fifteen Jonah crab fishermen from Rhode Island and Massachusetts, the
number of traps set to target Jonah crab over lobster increased by 73% in the winter compared
with the summer months. Fishing strategy adjustments made to transition between Jonah crab
and lobster include escape vent modifications, bait type, and fishing location changes.

A small Jonah crab claw fishery operates in Delaware, Maryland, and Virginia, wherein the
claws of large Jonah crabs are removed and the animal is returned to the ocean alive. Claw
harvest comes mostly from lobster vessels fishing in Lobster Conservation Management Area
(LCMA) 5 and accounts for less than 1% of the coastwide commercial landings.

There is no regulatory distinction between a lobster trap and a Jonah crab trap, and a vessel’s
target species can often not be determined from trip reports and dealer data. Inability to
identify a target species, and the recency of the development of the Jonah crab fishery makes it
challenging to characterize fishing effort, and there is little literature

describing the seasonal dynamics, fishing strategies, and socioeconomic aspects of the fishery.
Some anecdotal information has been summarized and may provide a starting point for
analyzing and characterizing the fishery (Truesdale et al. 2019a). Additionally, some model-
based approaches for standardizing catch-per-unit-effort (CPUE) in mixed crustacean fisheries
may serve as a path forward for estimating fishery catch rates (Maunder and Punt 2004;
Okamura et al. 2018). Quantifying fishing effort for Jonah crab versus lobster remains a data
need for future assessments.
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1.2 Management Unit Definition

The management unit for Jonah crab includes the U.S. Atlantic states from Maine through
Virginia, though the biological range of the species extends from Newfoundland, Canada to
Florida.

1.3 Regulatory History

The ASMFC coordinates the interstate management of Jonah crab in state waters (from 0-3
miles offshore). The ASMFC manages Jonah crab through the FMP, which was approved by the
Board in August 2015 under the authority of the Atlantic Coastal Fisheries Cooperative
Management Act (1993). Management authority in the exclusive economic zone (EEZ), which
extends from 3-200 miles offshore, lies with NOAA Fisheries. The FMP was initiated in response
to concern about increasing targeted fishing pressure for Jonah crab, which has long been
considered a bycatch species in the lobster fishery. The multi-species nature of the fishery
created a challenge for managing a Jonah crab fishery completely separate from the lobster
fishery without impacting the number of vertical lines and traps in state and federal waters.
Furthermore, a lack of universal permitting and reporting requirements made it difficult to
characterize catch and effort to the full extent in order to manage the fishery.

The goal of the FMP is to promote conservation, reduce the possibility of recruitment failure,
and allow for the full utilization of the resource by the industry. The FMP lays out specific
management measures in the commercial fishery to limit effort and protect spawning stock
biomass in the absence of a range-wide stock assessment. These include a 4.75 inch (120.65
mm) minimum carapace width (CW) and a prohibition on the retention of egg-bearing females.
To prevent the fishery from being open access, the FMP limits participation in the directed
Jonah crab trap fishery to lobster permit holders or those who can prove a history of crab-only
pot fishing. All others must obtain an incidental permit. In the recreational fishery, the FMP sets
a possession limit of 50 whole crabs per person per day and prohibits the retention of egg-
bearing females. Due to the lack of data on the Jonah crab fishery, the FMP implements a
fishery-dependent data collection program. The FMP also requires harvester and dealer
reporting along with port and sea sampling.

Addendum | was approved by the Board in May 2016, and states were required to implement
the management measures in Addendum | by January 1, 2017. Addendum | establishes a
bycatch limit of 1,000 pounds of crab per trip for non-trap gear (e.g., otter trawls, gillnets) and
non-lobster trap gear (e.g., fish and whelk pots). In doing so, the Addendum caps incidental
landings of Jonah crab across all non-directed gear types with a uniform bycatch allowance.
While the gear types in Addendum | make minimal contributions to total landings in the fishery,
the 1,000-pound limit provides a cap to potential increases in effort and trap proliferation.

Addendum Il was approved in January 2017, with associated measures required by January 1,
2018. Addendum Il establishes a coastwide standard for claw harvest. Specifically, it permits
Jonah crab fishermen to detach and harvest claws at sea, with a required minimum claw length
(measured along the bottom of the claw, from the joint to the lower tip of the claw) of 2.75” if
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the volume of claws landed is greater than five gallons. Claw landings less than five gallons do
not have to meet the minimum claw length standard. The Addendum also establishes a
definition of bycatch in the Jonah crab fishery, whereby the total pounds of Jonah crab caught
as bycatch must weigh less than the total amount of the targeted species at all times during a
fishing trip. The intent of this definition is to address concerns regarding the expansion of a
small-scale fishery under the bycatch limit.

In response to concerns regarding deficits in existing reporting requirements, the Board
approved Addendum Il in February 2018, which improves the collection of harvester and
biological data in the Jonah crab fishery. Specifically, the Addendum improves the spatial
resolution of harvester data collection by requiring fishermen to report via 10-minute squares.
It also expands the required harvester reporting data elements to collect greater information
on gear configurations and effort. In addition, the Addendum established a deadline that within
five years, states are required to implement 100% harvester reporting, with the prioritization of
electronic harvester reporting development during that time. Finally, the Addendum improves
the biological sampling requirements by establishing a baseline of ten sampling trips/year, and
encourages states with more than 10% of coastwide landings to conduct additional sampling
trips. The provisions of Addendum Ill went into effect January 1, 2019, however,
implementation of the requirement for commercial harvesters to report their fishing location
by 10 minute longitudinal/latitudinal square was delayed until January 1, 2021.

Federal regulations complementing the majority of measures included in the FMP and Addenda
| and Il became effective on December 12, 2019. Commercial measures included requiring a
federal lobster permit, a minimum CW, a prohibition on retaining egg-bearing females,
incidental catch limits, and federal dealer permitting and reporting requirements. Recreational
measures included a daily catch limit and a prohibition on retaining egg-bearing females. The
Jonah crab claw-only fishery is not directly regulated in federal waters; harvesters must abide
by state requirements.

In March 2022, the Board approved Addendum IV, which expands on the Addendum |l
reporting improvements by establishing electronic tracking requirements for federally-
permitted vessels in the American lobster and Jonah crab fisheries. Specifically, electronic
tracking devices will be required for vessels with commercial trap gear area permits for LCMAs
1, 2,3,4,5, and Outer Cape Cod to collect high resolution spatial and temporal effort data. The
addendum requirements seek to enhance data for the stock assessment, identify areas where
fishing effort might present a risk to endangered North Atlantic right whales, and document the
footprint of the fishery to help reduce spatial conflicts with other ocean uses like wind energy
development and aquaculture.

1.4 Assessment History

1.4.1 Previous Jonah Crab Assessments

The only stock assessments conducted for Jonah crab to date have been in Canadian waters.
The most recent was conducted for Lobster Fishing Area (LFA) 41 where a directed Jonah crab
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fishery started in 1995. In response to the developing fishery, a total allowable catch (TAC) of
720 metric tons that was not based on scientific advice was implemented for the fishery. This
TAC was fully or nearly caught in all seasons from the 1996-1997 fishing season through the
2000-2001 fishing season and was followed by a continuous decline in catch through the 2008
fishing season. Assessments were conducted in 2000 (Robichaud et al. 2000) and 2009 (Pezzack
et al. 2009). These assessments provided empirically-based stock indicators developed from
existing monitoring programs. Indicators included abundance indicators (fishery-independent
indices of abundance, fishery CPUE, and total landings) and fishing pressure indicators (number
of traps hauled and median size of Jonah crabs harvested). Indicators were categorized as
positive, neutral, or negative and used to provide qualitative characterizations of stock status.
In the most recent assessment, all indicators were negative relative to the previous assessment
time-period (1995-1999), except for median size. Abundance indicators from surrounding LFAs
where directed Jonah crab fisheries had not developed indicated no clear abundance declines
over the same time-period. Although the assessment notes some uncertainty in the cause(s) of
negative stock conditions, the results suggest the TAC was not sustainable and declines are due
to fishing down the biomass from the start of the fishery.

1.4.2 Other Crab Species Assessments

Assessing crab stocks can be challenging, as demonstrated by other assessments reviewed to
inform this assessment. Crabs generally lack age estimates, limiting the types of models that
can be used. Their growth is incremental, and growth rates can vary by size, age, or maturity
status. Some have a terminal molt. Further, selectivity of survey gear can be inconsistent based
on substrate type, temperature, interactions with other species, and life-history characteristics.
Below are summaries of selected stock assessments used to make management decisions for
other crab species.

Brown Crab Stock Assessment, EIFCA, 2019

The Eastern Inshore Fisheries and Conservation Authority’s (EIFCA) brown crab (C. pagurus)
assessment uses an indicator-based model and defines stock boundaries based on pre-existing
mixed-species fisheries management areas (EIFCA 2019). The primary fishery landing brown
crab is a mixed-crustacean pot fishery, which also targets European lobster (Homarus
gammarus). Unlike the Jonah crab fishery, female brown crab are regularly landed because
they are of similar size to males. The main data sources used in the assessment are commercial
trip reports (landings per unit of effort (LPUE)) and port sampling data. The stock is considered
stable based on the stability of LPUE data (pot hauls), and recruitment is sufficient to offset
harvest, though there was a slight decrease in the most heavily exploited zone. The assessment
acknowledges the challenges associated with using effort data in a mixed-crustacean fishery
(e.g. uncertainty in primary target species, species interactions impacting catch probability).
The EIFCA is looking into the efficacy of using Length Converted Catch Curve fisheries models
for future brown crab assessments but is concerned about violating assumptions of the model
(e.g., recruitment and natural mortality are consistent) and the application of these models to
crustaceans with incremental growth.
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Snow Crab Stock Assessment, DFO Canada, 2020

Fisheries and Oceans Canada’s (DFQ) snow crab (Chionoecetes opilio) assessment (DFO 2020)
uses a conditional, autoregressive, spatiotemporal model, and a logistic population model, and
utilizes fisheries management areas as stock boundaries. The main data sources used in the
assessment are commercial landings, commercial sea sampling, and environmental data. Sea
sampling data is used to create “age” classes. The fishery is male-only and targets hard shelled-
animals. Abundance is modeled using depth, substrate, temperature, and species composition
as covariates. The resulting index is used with a logistic population dynamics model to estimate
fishable biomass, carrying capacity, and Fusy. Size composition, female recruits, sex ratios, and
predator abundance are used as indicators.

Stone Crab Stock Assessment, FWC, 2011

The Florida Fish and Wildlife Conservation Commission’s (FWC) 2011 Stone crab (Menippe spp.)
assessment was conducted using the Gulf Coast of Florida as a management unit (FFWCC 2011).
The stone crab fishery targets two species of stone crab, and a hybrid. Specific stone crab
species abundance varies along the coast. This is a claw-based fishery where claws from male
and female crabs are removed, and the crab is returned to the water. Mortality rates of de-
clawed crabs is low if done properly but can be high if both claws are removed improperly.
Nearly all Florida stone crab landings (¥99%) come from the Gulf Coast. The assessment uses a
Surplus Production model and a modified DeLury depletion model to estimate recruitment
needed to offset fishing mortality (F) and natural mortality (M). The main data sources are
commercial landings, port sampling (claw size and stage), maximum age estimates, and octopus
catch rates in crab traps (stone crabs avoid traps with octopus). CPUE data (per trip and per
trap) are used as indicators. Assessment methods are limited due to a lack of fisheries
independent data, claw size not being correlated with crab size or age, and a lack of
recreational fishery data (unknown magnitude of landings).

Tanner and King Crab Stock Assessment, NPFMC, 2022

The North Pacific Fishery Management Council conducts assessments for several crab species
including multiple species of tanner and king crab (NPFMC 2022). Data used in the assessments
included multiple fisheries independent trawl surveys, commercial landings, bycatch from
dragger fleet, sea sampling, port sampling, and pot surveys (limited in scale). The 2022
assessment used several models depending on the data available for a given species, including
size and sex-based models (mature/immature, new shell/old shell), population dynamics
models, random effects models, length-based models (e.g., generalized modeling for Alaskan
Crab Stocks (GMACS)), and index-based models. Indicators were used for species with
insufficient data to run a model (e.g., mean weight and CW of landed crabs).

Blue Crab, CBSAC, 2022

The Chesapeake Bay Stock Assessment Committee conducts annual status updates of the 2011
benchmark assessment for blue crab in Chesapeake Bay (CBSAC 2022). The main data sources

Section B: Jonah Crab Benchmark Stock Assessment 6



used in the 2022 update were the Maryland Department of Natural Resources (MD
DNR)/Virginia Institute of Marine Science (VIMS) winter dredge survey, commercial landings,
and recreational landings. The assessment used a sex-specific catch, multiple survey model
with four stages, age-0 males, age-0 females, age-1+ males, and age-1+ females. Reproduction
was modeled using the abundance of age-1+ females in a Ricker stock-recruit model, and
population density was dependent on the number of age-1+ females and males. Estimates of
Bay-wide total abundance, recruits, adult female crabs, over-wintering mortality, and reference
points were generated.

2 LIFE HISTORY

2.1 Migration

Catch rates of Jonah crab in traps targeting American lobster provide evidence that Jonah crab
migrate to deeper water in the winter and return to shallower water in the spring (Jeffries
1966, Krouse 1980, Truesdale et al. 2019b). However, analysis of catch rates from mid-Atlantic
trawl surveys indicated that Jonah crab move very little based on the consistency of Jonah crab
catch rates in relation to depth and temperature (Haefner 1977).

There have been two Jonah crab tagging studies, one conducted by Rhode Island Department
of Environmental Management (RI DEM; Ordzie and Satchwill 1983) and another conducted by
Massachusetts Division of Marine Fisheries (MA DMF) with the Atlantic Offshore Lobstermen’s
Association (AOLA; Perry et al. 2019). Both studies tagged male and female crabs, but females
were rarely recaptured in either study. The RI DEM study tagged 1,383 crabs in Rhode Island
Sound, Block Island Sound, and mid-shelf (offshore) south of Rhode Island, and had a 1.7%
return rate. All recaptures were tagged and recaptured in Rhode Island Sound. The MA
DMF/AOLA study tagged 32,294 crabs on Georges Bank (GB), and the inshore and offshore
regions of Gulf of Maine (GOM) and SNE, and had a 2.9% return rate. Movements in both
studies were generally limited, on the scale of a few kilometers, though a few individuals from
the MA DMF/AOLA study traveled between 100 and 416 km. Other Cancer crabs (e.g., C.
pagurus) have been known to move similar distances, though long-distance travel is more
common for female Cancer crabs, than male (Fahy and Carroll 2008). Movement between
offshore SNE and GB was observed in the MA DMF/AOLA study as well as some small-scale
seasonal movement patterns. While Jonah crab appear to be capable of moving long distances,
most evidence suggests their movements are generally limited, including seasonal movements.

2.2 Growth

Jonah crab growth has been examined in several recent studies, each of which focused on
different life stages of Jonah crab in distinct stock regions. A growth study including techniques
for age determination was completed by Huntsberger (2019) for Jonah crabs from the GOM.
Three independent methods of age determination were compared: (1) length frequency
analysis of crabs sampled periodically in wild nursery populations including young-of-year (YOY)
crabs, (2) building a probabilistic growth model informed with data from a laboratory growth
study, and (3) applying the method of direct gastric mill band counts from crabs collected in
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two contrasting temperature regimes along Maine’s coast. Length frequency analyses provided
size-at-age estimates for the first three year classes, clear size ranges for YOY (3.8-6.6 mm CW),
and showed correlation between YOY and legal size crabs four to six years later. For the
laboratory growth study, 464 Jonah crabs from mid-coast Maine between 3.1 and 143mm CW
were monitored in captivity for up to two years. The data collected were used to build a
probabilistic molt model estimating the growth of an individual male crab until it reached legal
size. Modeled growth of 1,000 crabs highlighted variability in growth, and males reached
minimum legal size at an estimated four to nine years of age. Finally, while gastric mill band
counts were found to have a one-to-one relationship with Jonah crab age in years, the
mechanism by which annuli are formed is not yet understood. Using this method, Huntsberger
(2019) estimated that Jonah crabs recruited to the fishery at four to ten years of age.

The molt increment models for males from the GOM study aligned with a laboratory-based
growth study conducted at the University of Rhode Island in 2016 and 2017 (Truesdale et al.
2019a), wherein molt increments were collected for 91 male Jonah crabs ranging in pre-molt
CW from 97 to 149 mm. This study also measured molt increments for 119 female Jonah crabs
ranging in pre-molt CW from 73 to 113 mm, finding that there were diverging trends in the
relationship between crab size and molt increment between the sexes: male molt increments
increased with size, while female molt increments became smaller with increasing size. This
sexual dimorphism in growth-per-molt aligns with historical growth description from Rhode
Island (Ordzie and Satchwill, 1983). Considering the Rhode Island study focused on crabs above
the size-at-maturity, it was hypothesized that the divergence in molt increment trends relates
to somatic investment in reproduction by females (Truesdale et al. 2019a).

The Rhode Island study also examined molting seasonality for mature male Jonah crabs via
year-round crab collection and observation, finding that the annual molt period was in June for
the inshore Rhode Island fishery. This molting seasonality aligned with the laboratory growth
observations from Huntsberger (2019), which saw a peak in molting in late spring and early
summer. Additionally, the Rhode Island study found that annual molt probability decreased
with increasing CW for male Jonah crabs (Truesdale et al. 2019a). A slowdown in growth with
increasing size for mature individuals is evident across studies; in the MA DMF/AOLA tagging
study, a few mature crabs had not molted after more than 700 days at large (Perry et al. 2019).
The intermolt period for crabs larger than the legal minimum size has not yet been estimated,
and the occurrence of a terminal molt for the species is not known.

2.3 Reproduction, Maturity and Fecundity

2.3.1 Reproduction

Cancer crab mating takes place immediately after the female has molted (Elner et al. 1985,
Christy 1987, Orensanz et al. 1995, Tallack 2007). The female crab is cradled by the male pre-
and post-copulation using his chelae and first two pairs of walking legs (Elner et al. 1985).
Males attain larger sizes than females (Carpenter 1978) and use their size advantage to guard
females from other potential mates and predators, as seen in other brachyurans (Christy 1987).
Sexual maturity in crabs is generally described based on gonadal development, which
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corresponds to physiological maturity (physiologically capable of producing eggs or sperm), and
morphometrically, by using changes in allometric growth patterns in a particular body part. In
crustaceans, morphometric maturity is often determined by male chela length or height, and
abdominal width for females (Hartnoll 1978, Lizarraga-Cubedo et al. 2008, Ondes et al. 2017).
Larger males out-compete smaller males for mating opportunities (Orensanz et al. 1995),
similar to other Brachyuran crabs (Sainte-Marie and Lovrich 1994, Sainte-Marie et al. 1997,
Comeau et al. 1998). Gonadal maturity may not be enough for Jonah crabs to mate successfully,
and morphometric maturity may be an important factor in determining reproductive ability
(Conan and Comeau 1986, Comeau and Conan 1992, Stevens et al. 1993).

2.3.2 Size-at-Maturity

Jonah crab size-at-maturity studies have been conducted from the mid-Atlantic Bight through
Nova Scotia, Canada (Carpenter 1978, Ordzie and Satchwill 1983, Moriyasu et al. 2002, Perry et
al. 2017, Olsen and Stevens 2020, Lawrence et al. 2021, ongoing investigations — see below).
Though methods and sample sizes vary over these studies, they generally show that males
mature at larger sizes than females, size-at-maturity estimates increase with increasing latitude,
and size-at-maturity estimates for inshore regions are generally smaller than estimates for
adjacent offshore areas (Table 1 and Table 2). Some of these studies also indicate that males
reach gonadal maturity before they reach morphometric maturity, whereas females reach
gonadal and morphometric maturity at roughly the same time. All maturity studies conducted
in the U.S. estimate Jonah crab to reach sexual maturity below the current U.S. coastwide-
Atlantic minimum legal size (120.65 mm CW) except for the GOM region, where male crabs are
estimated to reach maturity at 122 mm CW.

Ongoing investigations into geographic variations in size-at-maturity

Morphometric Jonah crab data collected between 2015-2021 by MA DMF, NOAA Northeast
Fisheries Science Center (NEFSC), and the University of Maryland Eastern Shore (UMES, Olsen
and Stevens 2020) were pooled to estimate the size at which 50% of Jonah crab reached sexual
maturity (SM50), by sex and region. Samples sizes by region and data source are shown in Table
3.

We examined the performance of three different statistical models against simulated data, a
broken stick model (Olsen and Stevens 2020), a two-line model with a logistic transition (Hall et
al. 2006) and the hierarchical clustering method described by Somerton 1980. The Somerton
method involves subjectively splitting the data into three subsets based on size (CW):
immature, mature, and unknown, where “unknown” individuals are of intermediate size and
span the size range where crabs are transitioning between juvenile and adult morphologies.
Linear regressions are then fit to both the immature and mature portions of the data set and
individuals of intermediate size are categorized as either immature or mature based on
nearness to the regression models extrapolated into the intermediate range. The regression
modes are then iteratively re-fit and the intermediate-sized individuals re-categorized until the
model stabilizes. The simulated data were built from two-line models with logistic transitions,
approximately parameterized by exploration of existing data. This model assumes that
individuals displaying mature morphology was a probabilistic process around transitional sizes
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and appropriately recognizes that all individuals will not switch to adult morphologies at the
same size due to biological and environmental variations within regions and discontinuous
growth processes.

Of the three models tested, the broken-stick model consistently under-estimated SM50. The
two-line logistic model, which matched the structure of the simulated data, often estimated
unbiased parameters, in aggregate, but was unstable and sometimes failed to converge. The
Somerton method can be sensitive to the subjective initial group classifications and produced
biased logistic parameters but unbiased derived estimates of SM50. Here, we present only the
results from the Somerton method and recognize additional modeling approaches need to be
devel