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Executive Summary

The blue crabGallinectes sapidyiss an icon for the Chesapeake Bay region and
supports the most valuable commercial fishery in Chesapeake Bay. Ecologically, blue
crab is an important component of the Chesapeake Bay ecosystem. tidbgst

scientific information available is needénlsupport sustainable use of this resource is
critical. Since 2011, Chesapeake Bay blue crabs have been monitored annually using
estimated abundance and exploitation rates from the Chesapeake Bay Blue Crab Winter
Dredge Survey (WDS) along with target gméshold female abundance and

exploitation rate reference pointderivedfrom updated runs othe 2011 assessment
model. Initially, the population showed a strong recovery after the new management
regime was implemented in 2008 to reduce fishing mortality rates on females.
However, the pos2008 increase in abundance was sHoréd, with abundance and
catches declimgthrough the 2010s and 2020s. Additionally, updates to the 2011
assessment model indicated declining stock productivity with assoctiadges to
biological reference points. Further, additional work with the 2011 assessment model
found instability in the estimation of the stogkcruitment parameters that are

important components of reference point calculations. The decline in abundarate
fishery catch were the primary impetus for conducting this new stock assessment. This
report describes the results of the 2026 Chesapeake Bay Blue Crab Stock Assessment
and is organized by the Terms of Reference (TORS) thatdegetopedby the

management agencieand approved by the Chesapeake Bay Stock Assessment
Committee (CBSAC)

TOR 1Critically review and estimate life history parameters and vital rates of blue crab
in the Chesapeake Bay that are relevant to the stock assessment. In particular, the
assessment should evaluate the extent and scale of interannual variation in life history
parameters and vital rates of blue crab in the Chesapeake Bay.

The team reviewed the literature on blue cratwlogy andife history in Chesapeake

Bay and throughout its range. Substantial work has been done exploring reproductive
dynamicsand habitat usagsince the 2011 assessment. lretburrentassessment, we
conducted new analyses to estimate lengtieight relationships, natural mortality,
overwinter mortality,size at recruitment, antemale maturity and growthThese new
relationships were subsequently used in the-saxd lengthbased stock assessment
model (SLAMbhat uses fishendependent and fishendependent data from 1994

2023

TOR 2Describe and quantify patterns in fishemglependent surveys to develop indices

of abundance and characterize the size composition of the population. Analyses should
include: (1) A comprehensive evaluation of the utility of fisirefgpendent surveys to
inform the stock assessment; (2) Consideration of index standardization which may

iv
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include effects of environmental and abiotic factors on survey catches; and (3)
Characterization of uncertainty in indices of abundance.

We considered eight surveys and developed new, mbdskd indices for surveys with
sufficient length and sexspecific data. For surveys with designs that used random
sampling (WDS, Virginia Institute of Marine Science (VIMS) Trawl Survey, Chesapeake
BayMultispecies Monitoring and Assessment Progf@hesMMAP, we used spab-
temporalmodels to estimate the indices, and for those with fixed site designs (Maryland
Trawl Survey including the SERC Trawl Survey, and PEARL Pot Survey), we used
generalized aditive models.The indices were used to represent the population in
specificmonths because the sampling frames of the surveys were generally monthly.
Additionally, the length and sex composition of crabs in each survey was quantified. To
avoid having recruitment occur over an extended period from surawiater, we chose

to represent reruitment as a pulse in the winter for modeling purpes€o facilitate

this representation of recruitment, we censored the size distributions of the surveys for
AugustJanuary to remove the new recruits. The uncertainty of the indices of abundance
was estmated.

The estimated indices were largely concordant and showed initial declines between the
early 1990s and early 2000s. After management changes to conserve females in 2008,
surveyindicesinitially increased However, gice 2010, most surveys have shown a
declining trend in abundancdndices of abundance were somewhat different across
surveys and across months within a survey.

TOR 3Describe and quantify patterns in catch, effort, and CPUE. Analyses should
include: (1) Estimation of catch and effort for each jurisdiction; (2) Evaluation of the
utility of a commercial CPUE index in the assessment; (3) Examination of the impacts of
reparting changes and trends in CPUE; (4) Evaluation and quantification of bycatch
and/or discard mortality, and recreational harvest using available data from the
jurisdictions; and (5) Characterization of uncertainty in the data.

We characterized monthly catch, effort, and catch per unit effort (CPUE) for each
management jurisdiction (Maryland, Virginia, and the Potomac River) for-2023.

Time series in our analysis began in 1994 because mandatory comntandiabs

reporting wasavailable forall jurisdictionssince that yearCatches were separated into

six fleets: Maryland Pot, Maryland Trotline, Virginia Pot, Virginia Dredge, Potomac River,
and peeler (aggregated across gears and jurisdictions). The fleets represent fishing
modes with different selectivity and monthly patins of harvest. To estimate total

! Throughout this report, landings will refer to commercial fishery removals that are landed. Catch will
refer to landings that are expanded fdeaddiscard and recreational harvest.

\Y
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catches reported commercidlndings were increased to account for recreational
harvest and dead discards of blue crabs in the commercial fisheries using new
approaches. The sex ratios and size compositions of the catch for each fleet were
estimated using several data sources including esafive commercial monitoring,
dealer monitoring, and concomitant survey daBdue crab commerciaffiort and CPUE
were not consideredufficientlyreliable to carry forward in analysésr this
assessment

Catches showed different patterns over time across fleets and sexes within a fleet. The
differences in trends in the catch mainly occurred before 2010. Since 2010 catches have
declined across all fleets. Characterizing uncertainty of the catch is diffexduse

reporting of commercidiandingsis considered to be a census. However, the catch has
uncertainty due to known reporting anomalies and expansion®édin dead discards

and recreational harvest. Estimates of this uncertainty were used in subseque

analyses.

TOR 4Evaluate the feasibility of, and if possible, implement blue crab stock assessment
models that operate on suénnual time steps and/or at spatial resolutions lower than
that of the entire Chesapeake Bay to better represent population dynamics.

We developed a new seand lengthstructured stock assessment mod&ILAMJor
Chesapeake Bay blue crabs that includes recruitment, growth, and fishing and natural
mortality. The model was spatialyggregated and represented the whole Chesapeake
Bay. The model operates on a monthly time step with recruitment happening each
winter in February to coincide with the timing of the W&®I included the years 1994
2023 Natural mortality wasength-specific, and we used the WDS and an index of
abundance rather than estimates of absolute abundance as was done in previous
assessmentssrowth followed a Gompertz growth model with a modification for female
maturation growth. Fishery selectivity was based on minimum size limit regulations,
which differed over years and months across fledthe model was implemented in
RTMB.

The SLAM model was fitted sexspecific fishergatch sexspecific fishery proportions

at length, sexaggregatedsurvey indices of abundancandsurvey proportions at sex

and length The modeincludedsurvey indices from the WDS, VIMS Trawl Survey,
Maryland Trawl Survey, ChesMMAP, and the PEARL Pot Survey. We prioritized fitting
the WDS because it is thought to best reflect Chesapeakavidkeyblue crab abundance
because it was specifically designed as a blue crab survey and it covers the largest
spaial extent

The SLAM model was able to converge and had diagnostics that did not indicate any
substantial issues. The SLAM model fit the catch time series better than the 2011

Vi
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assessmennodel, but it still had some sespecific residual patterns. Tmeodel was
able to fit the survey indices and send lengthcomposition data relatively well
without substantial sexspecific residual patterns

Estimated fishing mortality rates differed by sex with female fishing mortality rates
declining over time but those for males staying relatively high. In the early 1990s,
female fishing mortality rates were about equal to those for males, but by the mid
2000s female fishing mortality rates were lower than those for matesomitantly

with regulations to conserve more females around that time. Estimated recruitment
showed a declining pattern over time with substantial interannual variability. Two
periods of low recruitment were estimated: 192807 and 201-2023. Estimated male
and femaleabundance of harvestabigized blue crabs differed in their patterns over
time with females increasing and males decreasing since 1994. Mature female
abundance approximately doubled between 1994 and 2010, whereas male abundance
did not increase. After 2@, estimated abundance of both sexes declined by about
50%.

TOR 5Characterize uncertainty in assessment estimates (mortality and abundance).

We characterized uncertainty in assessment usisiggnptotic standard error95%
confidence intervalsand through sensitivity analyse$ key growth, natural mortality,

and WDS selectivity parameterd/ost parameters and model quantities were

estimated with relatively high precision (coefficient of variation < 30%). Sensitivity
analyses indicated that trends in estimated fishing mortality rates and abundance were
not sensitive to alternative valuder fixed parameters Estimated abundance and

fishing nortality rates were relatively insensitive to alternative values of natural
mortality and WDS selectivity parameters but were highly sensitive to alternative
growth parameters. The alternative growth parameters, however, resulted in
substantially worse t$ to the data than the base model.

TOR 6Update the sesspecific catch survey models used in the 2011 benchmark stock
assessment with relevant new data. Characterize major changes in assumptions
between the 2011 assessment model and the 2023 model.

We updated the 2011 stock assessment model and compared the results to the 2023
model. In addition to changes in model structure, the new assessment approach
calculated catch and indices of abundance differently than was done in 2011.

Trends in thenput data were generally similar between the two assessment
frameworks. Similarly, trends in estimated abundance were similar. However,
estimated abundance was higher in the new model, with much of the difference due to
alternativeassumptions of WDS selectivaf/recruitsthat influenced the fraction of

ageO blue crabs that are observed in the WDS.

Vii
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TOR 7Based on assessment model results recommend appropriate biological reference
points for management. To extent possible, evaluate the appropriateness and utility of
(1) Aggregate bayvide reference points; (2) Sex specific reference points; and (3)
Recruitnent reference points.

We adopted a spawning potential ratio approach (SPR) for calcufatiagapeake Bay
wide biological reference points. We developed threshold and target reference points
for male and mature female abundance and fishing mortality rates. We dhosas

the basis for the threshold reference points, whéueywrepresents the fishing mortality
rate that would be expected to reduce the lifetime reproductive potential to 40% of the
unfished level. Abundance threshold reference points represent the expected
equilibrium abundance under median recruitment and theetinold fishing mortality

rate reference points. Segpecific target fishing mortality rates were calculated as 75%
of the threshold values, and target abundances were calculated assuming median
recruitment and the target fishing mortality rates.

We also develope@hesapeake Bayide recruitment reference points to indicate
extended periods of low recruitment that would be of sufficient concern that
management action may be warranted. The lower threshold recruitment reference
point was defined as the-§r running average recruitment ompared to the 28
percentile of estimated recruitment during 192023.

TOR 8Evaluate stock status relative to recommended reference points.

Male and female fishing mortality rates in the most recent year were below the
threshold fishing mortality rate reference point indicating that overfishing was not
occurring relative to the recommended threshold. However, overfishing was estimated
to haveoccurred in some previous years. Fishing mortality rates were also less than the
target levels in recent years.

Mature female abundance was estimated to be slightly aboved¢semmendedarget
in 2023, but it was near theecommendedhreshold in 2022. In contrashale
abundance has been below the target and threshold since 2020.

Threeyear average recruitment was below trecommendedhreshold for 2022 and
2023, but it was above the threshold for all previous years.

TOR 9ldentify relevant ecosystem and climate influences (such as habitat,
environmental drivers, prey availability, and predation/cannibalism) on the population
dynamics and fisheries and, to the extent possible, explore other analyses that support
the assessmd.

We conducted analyses and investigations to identify potential ecosystem and climate
effects on Chesapeake Bay blue cratd®e considered effects of blue catfislet@lurus

viii
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furcatug, effects of temperature on blue crab growth and overwinter mortality, and
effects of hypoxia. Additionally, we characterized spatial temperature patterns in
Chesapeake Bay. Survey CPUE for blue crabs was lower when blue catfish abundance
was high in regns where blue crab and blue catfish overlap.

The estimated effeabdf blue catfishon blue crab recruitment increased over time and
may have caused recruitment to be about 8% lower than it would have been in the
absence of blue catfish. However, across most of the time series, the effect of blue
catfish was estimated to be < 5%.

Overwinter mortality was estimated by length and sex for Maryland and Virginia
separately using data on dead crabs observed in the WB{8nates were combined to
produce Chesapeake Bayde estimates Overwinter mortality was higher for larger
blue crabs and varied substantially over timel@6Chesapeaked~wide). Overwinter
mortality rates were higher in years with severe winters.

Substantial efforts were made to develop a temperatdependent growth model.
However,apparent periods of higgrowthin the spring and late summer that were
evident in the Maryland and VIMS trawl survegsild not be described by our
temperaturedependent growth models.

We evaluated whether survey indices were related to hypoxic volume using data from
ChesMMAP and the WDS. We did not find clear relationships between survey CPUE and
hypoxic volume either of the surveys evaluated.

TOR 10ldentify existing data sources and gaps, and, to the extent possible, characterize
the uncertainty in the relevant sources of data.

We described the main data gaps that were identified in the 2026 stock assessment
process. The data gaps that were considered most influential included blue crab
growth, drivers of recruitment, recreational harvest and bycatch mortality, spatial
differences in survey trends and size distributions, natural mortality, and the WDS
catchability and selectivity.

TOR 11Report on the status of research recommendations from the most recent
benchmark assessment. Identify and prioritize research recommendations for future
work.

We described the work that has been done to address the research recommendations
from the 2011 benchmark assessment and the 2017 update of that model. Additionally,
we provide recommendations for future research to address knowledge gaps that were
identified in this assessment.
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Conclusions

We addressed all of the TORSs for the Chesapeake Bay blue crab stock assessment and
developed new approads for estimating catch and survey indieesl a new modefor
estimating blue crab abundance and fishing mortality ratéstimates fromhe new

stock assessmeimdicatethat female abundance remained above the levels of concern
observed in the early 2000s, but it has been declining since 2010. Male abundance has
been relatively lowelative to the recommended reference poirdsring the lasfive

years. Fishing mortality rates were above the new reference points in many years
before 2010, but after 2010, fishing mortality rates were below the target for females
and below the limit for males. The most concerning pattern is the-teng decline in
recruitment. While we explored several potential causes of declining recruitment, we
did not identify a likely cause. The new reference points and stock assessment approach
have improved our understanding of blue crab dynamics in Chesapeake Bay ane provid
useful information for guiding sustainable management.
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Terms of Reference

The 2026 Chesapeake Bay blue crab stock assessment was funded by grants from the
Maryland Department of Natural Resources and the Virginia Marine Resources
Commission through the Atlantic States Marine Fisheries Commission and by support
from the NOAA Chepeake Bay Office and the Potomac River Fisheries Commission.
The three management agencies jointly developed the following 11 specific terms of
reference (TORs$hat wereapproved by the Chesapeake Bay Stock Assessment
Committee (CBSAGnNd this reports organized according to the TORs.

TOR 1: Critically review and estimate life history parameters and vital rates of blue
crab in the Chesapeake Bay that are relevant to the stock assessment. In particular,
the assessment should evaluate the extent and scale of interannual variation in life
history parameters and vital rates of blue crab in the Chesapeake Bay.

TOR 2: Describe and quantify patterns in fishery-independent surveys to develop
indices of abundance and characterize the size composition of the population.
Analyses should include: (1) A comprehensive evaluation of the utility of fishery-
independent surveys to inform the stock assessment; (2) Consideration of index
standardization which may include effects of environmental and abiotic factors on
survey catches; and (3) Characterization of uncertainty in indices of abundance.

TOR 3: Describe and quantify patterns in catch, effort, and CPUE. Analyses should
include: (1) Estimation of catch and effort for each jurisdiction; (2) Evaluation of the
utility of a commercial CPUE index in the assessment; (3) Examination of the
impacts of reporting changes and trends in CPUE; (4) Evaluation and quantification
of bycatch and/or discard mortality, and recreational harvest using available data
from the jurisdictions; and (5) Characterization of uncertainty in the data.

TOR 4: Evaluate the feasibility of, and if possible, implement blue crab stock
assessment models that operate on sub-annual time steps and/or at spatial
resolutions lower than that of the entire Chesapeake Bay to better represent
population dynamics.

TOR 5: Characterize uncertainty in assessment estimates (mortality and
abundance).

TOR 6: Update the sex-specific catch survey models used in the 2011 benchmark
stock assessment with relevant new data. Characterize major changes in
assumptions between the 2011 assessment model and the 2023 model.

TOR 7: Based on assessment model results recommend appropriate biological
reference points for management. To extent possible, evaluate the appropriateness
and utility of (1) Aggregate bay-wide reference points; (2) Sex specific reference
points; and (3) Recruitment reference points.

TOR 8: Evaluate stock status relative to recommended reference points.
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TOR 9: Identify relevant ecosystem and climate influences (such as habitat,
environmental drivers, prey availability, and predation/cannibalism) on the population
dynamics and fisheries and, to the extent possible, explore other analyses that
support the assessment.

TOR 10: Identify existing data sources and gaps, and, to the extent possible,
characterize the uncertainty in the relevant sources of data.

TOR 11: Report on the status of research recommendations from the most recent
benchmark assessment. Identify and prioritize research recommendations for future
work.
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Introduction

The blue cral§Callinectes sapidyisupports important commercial and recreational

fisheries throughouChesapeake Ballaryland, Virginia and the Potomac River

Fisheries Commission are the management jurisdictions for blue crab in Chesapeake

Bay. The management actions of the three jurisdictions are coordiregeause they

are signatories to the Chesapeake Bay Blue Crab Fishery ManagemefNPan (

Chesapeake Bay Program 199The FMP provides recommendations for the

management of commercial and recreational fishing of blue crab in the Bay FMP

32Kt A& adG2 YlLylr3IS o0ftdzS ONIroa Ay GUKS [/ KSal LIS
protect its ecological value, and optimize the leins N dzi At AT I GA2Yy 2F (GKS
blue crab FMP adheres to the principles proposed for Chesapeake Bay FMPsréhat we

developed by the Chesapeake Bay Program in 1998, in which precautionary

management and protection of critical habitats argtilighted. Regulations and

management actions are complementary across the jurisdictions but recognize age

specific and segpecific differences ihabitat useand historical fishing patterns.

Assessment History

Studies of the dynamics of blue crab in Chesapeake Bay began as early as the late 19
Century. Considerable efforts were made in subsequent years to understand blue crab
populationdynamicsan Chesapeake Bay. These initial studies documented growth,
spawning periodicityand population variability. However, the fitsbmprehensive
stockassessment of blue crab Chesapeake Bayas conducted in 199'R{golo et al.

1997. Rugolo et al1097) used indexased approaches and a simple production

model in their assessment. They indicated that stock abundance had been high in the
1980s and had declined to more average abundances over the subsequent decade. The
stock was characterized as moderngtéo fully-utilized at the exploitation levels then
occurring. Rugolo et al. (1997) recommended establishing and maintaining a fishing
mortality rate reference point that ensured escapement of at least 10% ofitifished
spawning potential. Although finding no cause for alarm, Rugolo et al. (1997)
recommended no further increases in fishing effort or fishing mortality.

Following the Rugolo et al. (1997) assessment, Miller and HAg®$)(revisited the
assessment of the blue crab fishery to develop threshold and target reference points.
Miller and Houdg1999)recommended a hierarchy of target levels to address
sustainability, efficiency, and recovery scenarios. Targets were derived from 1) reported
catches and effort in the commercial fishery, 2) statistics from fishretgpendent
surveys, and 3) knowledge thie biology of blue crab. Miller and Hou(E999)
recommended a longerm potential yield of ~36,000 metric tons (Mdbout80 million

Ibs) and fishing mortality rate§~)< 0.9yr'. A second target level equivalent to F=x6

1 was recommendetb ensure that the maximum reproductive potential per crab would
be obtained over the long term. A recovery target was also recommended of Fr<£0.5
to help build the stock in the case of recruitment overfishing.
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on the status and future trends of the blue crab fisheries. In 1998, BBCAC enda@sed th
findings of its technical work group that indicated that there were signs that the crab
population was not in a healthy condition. SpecificBIBCAC identified the following
indicators of concern:

T a
/0

Overall abundance for all age groups was down,

Fishing mortality was increasing,

Fishing effort was at near record levels,

Spawning stock biomass was below the lbegn average,

The average size of crabs was decreasing,

Fisheryindependent surveys showed a decreasing percentage of-&ezmkrabs,
The reproductive potential of the population was of concern because of the
reduced size of males and lack of mature females.

O¢ O¢ O« O¢ O¢ O¢ O«

This consensus view motivated the development of a new management framework for
the Chesapeake Bay blue crab fisherMsl¢r 20010. The framework recognized the

need to distinguish between threshold and target reference poigteecifically, the
framework identified biomassand exploitationbased threshold reference points that
bounded a zone of sustainable exploitation. Within this zone of sustainable
exploitation, researchers recommended a target exploitation rate that sotmtiouble

the current spawning potential of the blue crab population. In making these control
rules functional, empirical evidence and elementary per recruit analyses were combined
to determine values for the threshold and target reference points.

Miller et al. 005 produced the next full assessment of the blue crab stock and its
fisheries in Chesapeake Bay. These authors reviewed key life history parameters for
blue crabincludingdirect and indirect estimates of the rate of natural mortaligyefvitt

et al. 2007. Miller et al(2005)recommended abandoning the M = 0.3y15 value

used by Rugolo et alLl997) in favor of a revised M=0y3! estimate. This increased

level of M was useth the 2005assessment, although assessment results retaining the
former lower estimate were presented for comparison purposes. The 2005 assessment
used an individuabased yield per recruit model to estimate fishery reference points
(Bunnell and Miller 2005 The changes in M and in the methodological approach

yielded new values for the target and threshold reference points, although the
definitions of the reference points (i.e., 20% and 10% virgin spawning potential) were
maintained. However, Miller et gR2005) expressed these referenpeints not in terms

of instantaneous rates (e.g., F) but in terms of the target and threshold exploitation
fractions (U) equivalent to the 20% and 10% spawning potential ratios. Specifically,
Miller et al. (2005) calculatl values of Wge=0.46 and Wreshol=0.53. Miller et al.

(2005) maintained the definition of the overfished threshold as the abundance
equivalent to the lowest abundance observed in Dleesapeake Bayinter dredge

survey but expressed this value in terms of absolute abundance rather than as a
standardized value. To assess the status of the blue crab stock against these reference
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points, Miller et al. (2005) used a catshirvey modelCollie and Sissenwine 1983
modified to include multiple fisherindependent surveys. Based on this new
framework, Miller et al. (2005) concluded that the blue crab stock in 2005 was not
overfished nor was it experiencing overfishing.

Several modifications to the management framework were madthbyChesapeake

Bay Stock Assessment Commit{€BSAC) between 2005 and 2011. Perhaps most
significantly, stock status was determined annually using a purely empirical approach.
The abundance of crabs was estimated using the winter dredge survey and the
exploitation fraction is calculated as the hasteluring the year divided by the observed
winter dredge survey abundance at the beginning of the year. ZDB&catchsurvey
model was not uset the annual determination of stock status. In 2008 an interim
abundance target was established, equal to 200 million cr@BSAQ008. This figure
was based on analyses of the relationship between winter dredge stnassd

estimates of abundance and harvest, and abundance and recruitment. Moreover, in
2008 CBSAC noted that management actions had yet to achieve the target exploitatio
rate and recommended adoption of management policies that focused on conserving
female crabs.

Concerns over declining abundances in the-2000s, particularly related to adult

female blue crabs, together with advances in assessment methodologies led to the next
blue crab stock assessmgMiller et al. 2011) This assessment considered life history
parameters in more deptfHewit et al. 2007)developed index standardization
approaches for the fishery independent surveys and applied time series methods to
adjust for historical changes in how catches were repo(teabarty and Miller 2004)

Most importantly, the 2011 assessment brought forward a newséxS OA FA O OF (G OK ™
multiple survey analysis assessment mgq@&3CMSAo address management concerns

and interests in protecting the spawning stdskiller et al. 2011)An important advance

in this assessment was the integration of the assessment model and the determination
of biological reference points, so that each became inherently compatible, overcoming a
concern with the 2005 assessment that analyzed these twmitapt elements

separately. The biological reference points were also estimated using a maximum
sustainable yield approach. The 2011 assessment went through independent peer
review by the Center for Independent Experts (CIE) which determined it repesktme

best scientific information available for management. Subsequently, the 2011
assessment transitioned to an operational assessment that was regularly updated
starting in 201y Maryland DNR and VIMS scientists and reviewed by CBSAC annually
until 2024 The reference points servedthe basis of management of blue crab in
Chesapeake Bay since 2011.

Since 2011, Chesapeake Bay blue crabs have been monitored annually using estimated
abundance and exploitation rates from the Winter Dredge Survey and target and
threshold female abundance and exploitation rates from the 2011 assessment model.
Initially, the population showed a strong recovery after the new management regime
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that was implemented in 2008 to reduce fishing mortality rates on females. However,
the post2008 increase in abundance was sHoréd, and abundance and catches have
declined through the 2010s and 2020s. Additionally, subsequent updates to the 2011
asessment model indicated declining stock productivity with associated changes to
biological reference points. Further, additional work with the 2011 assessment model
found instability in the estimation of the stogkcruitment parameters that are

important components of reference point calculations. The declines in abundance and
fishery catch were the primary impetus for conducting this new stock assessment.

TOR 1. Biology and Life History
1.1. Stock Structure

Recent studies suggest that blue crab consists of one genetically panmictic population
extending from Chesapeake Bay (the northerost site used in the analysis) to the US
Gulf of Mexico. Macedo et al. (2019) found very low levels of genetic differemtiati

from 16 microsatellite loci along with high genetic diversity among ten estuaries that
were studied from Chesapeake Bay to Lower Laguna Madre, TX (Macedo et al. 2019). A
similar microsatellite study of blue crab in South Brazil used nine markers amnd! limu

levels of genetic differentiation among the four blue crab populations examined along
740 km of the Brazilian coast (Lacerda et al. 2016) demonstrating high gene flow across
broad geographic regions for blue crab. High similarit@alfinectes sapiduReovirus 1
(CsRV1) between the U.S. Atlantic coast and Gulf of Mexico also supports high levels of
genetic connectivity (Zhao et al. 2023), although those authors suggested human
mediated movement as a potential cause of their results. Previously, MoMilekson

et al. (1994) used a protein electrophoretic approach to quantify the genetic variability

in samples collected from Texas to New York. That research indicated moderate genetic
structuring, with spatial patchiness of several loci evident throughloe range.

However, the findings also indicated that a high level of regional gene flow acted to
diminish population structure. These researchers revisited the question of population
structure within the blue crab using multiple genetic markers and iggin length

fragment polymorphism analysis of mitochondrial DNA (McMillankson and Bert

2004). The genetic results indicated no clear split between Gulf of Mexico stocks and
Atlantic coast stocks, similar to the findings of Macedo et al. (2019). Howere was

a cline of genetic diversity within the Atlantic coast with the New York samples

exhibiting significantly lower diversity than more southerly stocks (McMikckson

and Bert 2004). Whether this pattern is also present in microsatellitkkenamused by
Macedo et al. (2019) is unknown as estuaries north of Chesapeake Bay were not
included in the Macedo et al. (2019) analy3Sisus, at the genetic levddjue crab

populations cannot be differentiated into distinct stocks.

Studies of larval distributions provide evidence for the presenceafgelydiscrete
Chesapeake Bay stock. After behaiched near the Bay moutharvae are advected to
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the continental shelfwhere they develop and enténe estuaryas megalopa€Epifanio

2007) While the precise details of the physical context and behavioral mechanisms
employed by larvae to return to estuaries are not fully understood, what is known
suggests that large scale exchanges of labetereen estuariesre likely not typical.

The prevailing oceanography of the regions suggests that only the Chesapeake Bay and
more northerly populations (i.e., coastal bays and Delaware Bay) are sources of
potential recruits to Chesapeake Bay. This sugghsat population interchange is
restricted.However, Colton et al. (2014) found evidence of recruitment synchrony over
time from New York to Floridavhich could be caused by interchange of larvaa or
common response to largecaleenvironmental drivers

Aspects of the physical environment and behavior of zoea suggest that the exchange is
likely not a persistent feature of the dynamics of the different populations. Female crabs
release zoea near the mouth of coastal Atlantic estuaries. Natunewicz andi&pifan
(2007 found that zoea occur in distinct patches 9.8.5 km diameter in the vicinity of

the mouth of Delaware Bay. Modeling by Garvine etl#197) indicated that some

larvae return to Delaware Bay using upwelliagorable wind events. However, these
modeling studies also indicated that a portion of zoea are advected southward in a
buoyancy driven coastal current. These larvae may represent patertruits to the
Chesapeake Bay population. Studies of recruitment in the Chesapeake Bay stock
indicate a similar picture to that found for Delaware. Roman and Boic2889 found
patches of zoea associated with the Chesapeake Bay plume linantater study

Biermann et al. (2016) found evidence for diel vertical migration of zoea, suggesting this
as a mechanism for local retentiom. a numerical analysis Johnson and H&89@

estimated that only 13% of released zoea remained in the Chesapeake Bay and that the
remaining zoea (87%) are advected out to sea. Johnson and Hess (op. cit.) calculated
that 29% of the zoeal production returns to the Chesapeake Bay. It is importaatdo n
that these figures do not include zoeal mortality, which is likely to be substantial, and
thus represent an upper bound.

From this review, we conclude that there is sufficient evidence to support the
assumption that the blue crab population in Chesapeake Bay comprises a unit stock, at
least for assessment purposes. This does not imply that there is no exchange with or
subsdy from neighboring populations; rather it assumes that the dynamics of the
Chesapeake Bay population are determined intdyngnd not from subsidies or
exchanges with other populationBopulations can be genetically walixed while also
having demographic independence. For example, very few juvenile and adult blue crabs
tagged in Chesapeake Bay have been recaptured outside of Chesapeake Bayqr<1%
tens of thousands of tagged blue crafSubsidies and exchanges do likely occur with
genetic and evolutionary implicatiomswe are simply assuming that they are not
significant enough to affect population dynamics. However, we note that such subsidies
and exchanges are likely to be mamgportant when the size of the Chesapeake Bay
population is small.
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1.2. Growth

Information on blue crab growth expanded substantially prior to the 2011 assessment
(Miller et al. 2011). Publications on lipofus@iased agingJu et al. 200}l molt-process
modeling Brylawski and Miller 20Q@and stock enhancement effortZg¢har et al. 2008

all contributed new information available for that assessment. Additional research
through 2026 has further refined the established dynamics and the possible influences
of prey availability on growth (Seitz et al. 2005), habitat use (Ralph et al. 20t3),
environmental conditions (Glandon and Miller 2017; Glandon et al. 2018; Glandon et al.
2019b).

The physiology and energetics of growth in blue crab were summarized by Smith and
Chang2007). However, documenting the growth dynamics of blue crab and other
crustaceans in the field is difficult because of the lack of structures for aging. Lipofuscin,
a complex lipeprotein builds up in posinitotic tissues of all organisms as a result of
intracellular reactions to protect cells from oxidative stresses. Ju e1299 developed

a biochemical assay to quantify the level of lipofuscin in blue crab eye stalks. By
measuring the lipofuscin level in na@lividing tissues, such as nervous tissuestal.
(1999)were able to estimate physiological age. Validation studies have been conducted
that permit the absolute level of lipofuscin to be correlated with chronological age
based on crabs raised in both the laboratory and in artificial pohwl®{ al. 1999 Crabs
raised in artificial ponds were held at ambient conditions, allowed to forage on naturally
abundant prey and sampled on several occasions over 18 months. Information on the
sizes of known age crabs from the ponds were fit to a von Bertalanffytigifovction.
Puckett et al. 2008 used the lipofuscin assay to age fleeng crabs in the Chesapeake
Bay. These authors concluded that the pedleft crab and the hard crab fisheries
generally harvest bluerabs less than 18 months of agapofuscinbased aging has
remained a research method and has not been adopted for routine monitoring of the
Chesapeake Bay blue crab populatihre to high variability in the relationship between
lipofuscin levels and age

Smith 997) developed a discrete mgdtocess model for blue crab in Chesapeake Bay.
He used empirical relationships developed for crustaceans to develop a specific
parameterization for blue crab. Using this approach, Smith (1997) estimated von
Bertalanffy parameters that best described the growth trajectory. These model
parameters yielded estimates of sizes at the onset of overwintering in the first, second
and third years of crabs measuring 32.5, 107.5 and 147.6 mm carapace width (CW).
Brylawskand Miller 2006) conducted laboratory experiments to directly estimate the
parameters of the Smith (1997) molt process mod€hese authors incorporated their
parameter estimates into a simulation model demonsimgtthat variationin winter
temperatures couldilter the timing of recruitment to the fishery by up to 10%. Further
discussion of molt dynamics and pasaturity growth is presented in section 1.3.

Research efforts to assess the feasibility of stock enhancement for blue crabs in
Chesapeake Bay generated additional information on growth. Growth data are available
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from two components of this project: (1) growth of early life stages during the
development of aquaculture technologies and (2) growth of larger juveniles and adults
from experimental field releases of hatchemgared animals. Zmora et aRq05

cultured juvenile crabs in a hatchery from captive spawning adults; zoea greiv to 1
stage juveniles (C1) in approximately one month, and from C1-ibst&ge (~20 mm

CW) in the subsequent month. Although no quantitative estimates are given, Zmora et
al. (2005) noted striking variability in growth rates among individuals in a singlé.broo
Releases of hatchemgared blue crab juvenilgg$-30 mm CW)nto shallow water

habitats of the upper and lower Chesapeake Bay provided an opportunity to estimate
growth rates of freeranging animals under natural conditiori3ayvis et al. 20Q9ines

et al. 2008. Similar to previous studies, growth was temperatdependent with peak
growth rates of 1.2 mm CWbbserved in July. A deterministic growth model based on
field data prediced that juveniles recruiting in fall will enter the hard crab fishery during
late summer to early fall of the following year. Growth rates of hatclieayed animals
appear to be representative of wild crabs; paired experimental releases of hatchery
rearedand wild cohorts showed no difference in observed growth rates (Johrtsain e
2011).

Field studies indicate that blue crab growth rates can vary spatially and temporally

within the Chesapeake Bay. Seitz et al. (2005) quantified juv@a82 mm CW) blue

crab growth across upriver and downriver areas and between vegetated and
unvegetated habitats within a Chesapeake Bay subestuary. Growth rates were highest in
upriver unvegetated habitats, whereas in downriver areas juveniles exhibited higher
growth in vegtated (seagrass) habitats (Seitz et al. 2005). Growth was positively
associated wittprey availability, specifically clam dendiiyacomabalthicaand Mya

arenarig, and exhibited strong seasonal variation, with maximum growth during spring
summer months and minimal growth during falinter months (Siz et al. 2005). Ralph

et al. (2013) examined the relationship between juvenile blue crab density and seagrass
bed percent cover between the western and eastern shores of the Chesapeake Bay.
Ralph et al(2013) reported regional differences in juvenile size structure, with fewer

but larger juveniles on th€hesapeake Baastern shore and higher densities of smaller
juveniles on the western shore. These patterns were hypothesized to reflect differences
in growth rates and habitat residence time, whereby fagjeswing juveniles may

transition more rapidly out of vegetated habitats, resulting in lower densities but larger
sizes in some regions. However, Ralph et al. (2013) emphasizes that additional research
is needed to more fully resolve the effects of habitat complexity on growth rates and
population structure.

More recent work has quantified the effects of environmental shifts, including warming
water temperatures and increasiqg h, ion blue crab growth and related processes
such as food consumption, shell properties, and growing season length. Glandon and
Miller (2017) demonstrated that juvenile blue crabs exposed to warmer waghQq
relative to an ambient 28°teatment) exhibited significantly higher food consumption
and faster growth via shorter intanolt periods. In a subsequent study, Glandon et al.
(2018) found that elevated temperature was also associated with an 8.5% reduction in
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carapace thickness and decreased shell mineral content, particularly the percent weight
of highmagnesium calcite (HMC). In contrast, incregsed led to higher shell

magnesium content and increased HMC, indicating that temperature and acidification
may exert opposing influences on shell mineralization. Together, these findings suggest
a potential tradeoff between enhanced growth and shell integftihyckness and

mineral composition) under warmer conditions. However, these effects were observed
in juvenle crabs, and responses may differ adult life stages (Glandon et al. 2019b).

Warming water temperatures may promote more rapid growth and an extended
growing season for Blue Crab (Glandon et al. 2019&ihgprojections from downscaled
climate modelsn combination with estimates of overwintering duration and overwinter
survival probability, Glandon et al. (2019b) estimated that future winters could be up to
50% shorter and Blue Crab overwinter survival could increase by approximately 20%.
These changs would reduce seasonal mortality and extend the period of favorable
growth condiions. However, Glandon et al. (2019b) also miateat the extent to which
such increases in productivity are realized ktly dependon interacting ecological
conditions and fishery management policy.

As part of this assessment, we also investigagedjth-weightrelationships of blue crab
(Liang et al. 2026)Data from the ChesMMAP trawl survey and the PEARL pot survey
were used to estimate sespecific lengthweight relationships and to evaluate potential
changes over timeThe results indicated that males tend to weigh more than females
for CWs greater than about 9 ciffrigure 1.1)but that the lengthweight relationship

has not changed over time.

1.3. Reproduction

1.3.1. Molt to maturity

Blue crabs reproduce sexually, and males and females are sexually dimorphic and
exhibit different growth forms. The reproductive physiology and anatomy are reviewed
by Jivoff et al.Z007). Circumstantial evidence strongly suggests the presence of a
terminal molt in female blue crab/gn Engel 195&bbe 1974. Limited physiological
evidence suggests that theorgan does not degenerate as it does in other crabs that
exhibit determinate growth. RatheZmora et al(2009) found thatmolt-inhibiting
hormoneproducedby the Xorganalso stimulates vitellogenesihusenforangthe

terminal moltwhile coordinating reproductiorEvidence for a terminal molt in males is
less definitive than in females. There is some evidence for continued growth in males,
particularly as most of the largest crabs collected are males. However, similar to large
females, large males form limb budéi@n they lose an appendage, and such males are
often collected in the field suggesting that males molt infrequently at large sizes.

Growth of females associated with their maturation molt was investigated as part of this
assessment (Ogburn et al. 2026). Based on size distribddiaof pre-pubertal and

mature females in the SERC Tr&aivey, growth during the maturation molt appeared

to be larger than for juvenile molts (mean increas€Wof approximately 40%) with
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the percentage change @Wwell described by a decreasing linear function of-pre
pubertal CW(Figure 1.2). This increaseGhVfor the female maturation molt was
somewhat higher than the 32% increase€Owobserved by Tagatz (1968). Tagatz (1968)
noted that the growth increment at the molt to maturity was the largest increment and
that the maximum observed increment was 50%. Similarly, Haefner and Shuster (1964)
observed molt increments of up to 32% (N=5%éls) at the molt to maturity for pre
pubertal females held in field cages in Chesapeake Bay.

Lipcius and Seebo (2026) investigated changes in spine width for immature female,
mature female, and male blue crabs in Chesapeake Bay using measuremeks of

from tip to tip of the spines and from the base of each spine (NW).CWieelative to

the NW increased significantly after maturation for females with immature females
havingCWs about 28% larger than NWs and mature females ha®ing about 38%

larger than NWs, which supports the hypothesis that femglesv disproportionately
longer spines at thenolt to maturity. Similar to females, males also showed a change in
morphology associated with maturity, witbWbeing about 25% larger than NW for
immature males and about 39% larger for mature males

1.3.2. Age and size at maturity

Our limited ability to age blue crabs has precluded empirical development of maturity
ogives for blue crab. However, evidence from attempts to develop large scale
aquaculture of blue crabs at the Institute for Marine and Environmental Technology
indicatesthat females can mature within their first year under ideal conditiGiehnson

et al. 2008) In the field, given th€hesapeake Bannual temperature cycle and

typical megalopal settlement dates in August and September, it is unlikely that crabs
couldmature within their first year. It is more likely that they mature in the autumn of
the following year when they are 128 months of age. Those that do not matume
autumnlikely delay maturityuntil the following springand mature when they are 230
months old.

Hester et al. 1982 reviewed information on age at maturity in Chesapeake Bay. Their
review suggested two production schedules: those females originally hatched in May
reach maturity in 15 months (August) and spawn at24 months of age (May

August), and those crabsiginally hatched in August reach maturity in 21 months (May)
and spawn at 24 months (August). Hines etZ808 suggest that although females in
different parts ofChesapeakedy may mature at the same time, they differ in the

timing of larval release (see SectibB.3). Importantly, the time at which a female

molts to maturity mayaffect her terminal size; females that molt to maturity in summer,

2 This analysis was done very late in the assessment process such that modifications to
the growth models could not be made for males. Potentially modifying the male growth
model was added as a research recommendation.
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when temperatures are higher, are smaller than crabs that molt to maturity in cooler
seasons (Darnell et al. 2009).

We investigated size at maturation for female and male blue crabs as part of this
assessment. Ogburn et al. (2026) estimated relationships for the probability of
maturation for female blue crabs using data on immature andgareertal females in

the SERCrawl survey. The probability of maturation increased with increaSWgand
large immature females had higher probabilities of beingpubertal in MayJune and

in SeptembeiOctober than in JubAugust (Figure 1.3). Ralph et al. (2026b) estimated
the probability that a male blue crab was mature as a functio@Wfusing data from

the ChesMMAP trawl survey. The slope of the maturation curve veréidiffered
depending on the complexity of the model, and models that included a random effect
for station had a higher slope than those without a station effect (Figure 1.4). The size
at 50% maturity was estimated to be 105.5 naw with very low probabilities of being
mature below about 80 mm and > 95% probability of being mature once an individual
reachesl23 mm. Male maturity patterns based on specimens collected primarily in the
York River in the 1950s suggested that very few crabs were mature before 82 mm CW,
with 50% maturity at 107 mm CW, and more than 80% were mature by 117 mm CW
(Van Engel 1990; Jifet al. 2007).

In lieu of age data, research on the nemertean wo@arcinonemertes carcinophijlaas
identified the species as a suitable biomarker for relative spawning age and spawning
history for female blue crabs (Hopkins 19&Gfaham et al. 201 5chneider et al. 2023a
Pomroy et al. 2025). With this method, Schneider et al. (2023b) found that, in the
Chesapeake Ba8l to 92%of mature femaleson the spawning grounds in winter have
not spawned and will be entering their first spawning season. Moreover, by theo$tart
the spawning season, females with eggs are mostly primiparous, producing their first
egg mass (Schneider et al. 202dee1.3.4). Overall, these findings support a reliance
on one annual cohort of female blue crabs for reproduction each year.

1.3.3. Mating and spawning periods and locations

Mating typically occurs from MayOctober Hines et al. 2003 Mating pairs have been
reported widely throughout the Chesapeake Bay system. Mating success is high in
Chesapeake Bay, ranging from 98 to 100% (Hines 20@3 Wolcott et al. 208; Rains

et al. 2016, Schneider et al. 2024a). Following mating, females migrate toward the lower
Bay to high salinities that are conducive for egg developmBmKersley et al. 1998

Figure 1.%.

Female blue crabs are only able to mate during the period immediately following the
post molt stage after their terminal molt to maturity (see Sectio8.1). Thus, all
subsequent larval productiois thought toresult from sperm transferred by males

during this single receptive period. Sperm transfer is independent of male size (Wolcott
et al. 2005), however, males that mate frequerttignsfer less sperm which could

impact the number of zoea subsequently released by mated femiliegg et al. 2003
Kendall et al. 2002Nolcott et al. 2005). Thereforéf male exploitation is high, the
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resulting sex ratio may cause males to mate more frequently and pass fewer sperm cells
to females (Ogburet al.2019). This phenomenon has been a concern in Chesapeake
Bay; the amount of stored sperm in recently mated females was positively related to the
operational sex ratio (reproductively active males to prepubertal females) in the Rhode
River (Ogburn et al. 2@).However, in a simulation study, Rains et al. (2018) found that
fishing mortality rates had to be much higher than has been estimated in Chesapeake
Bay to cause sperm limitation because once males mathiey can mate many times,
whereas females arenty receptive for a relatively short window.

Stored sperm quantity varies substantially between individuals, seasonally, regionally,
and annually (Hines et al. 200&0olcott et al. 20050gburn et al. 201:40gburn et al.

2019 Rains et al. 2016chneider et al. 2024a). Female stored sperm quantity decreases
with brood production (Ogburn et al. 2018chneider et al. 2024a), however, under
current stored sperm quantities and production estimates on the spawning grounds,
sperm limitation is unlikely to decrease population level production in Chesajzzake
(Schneider et al. 2024a).

The behavior and migration timing of inseminated females can differ depending on their
mating location Kines et al. 2003Aguilar et al. 2006 Females that mate in the lower

Bay migrate continuously to the spawning grounds during the reproductive season
(Lambert et al. 2006b). Females inseminated in the upper Bay will migrate southward
towards the lower Bay in late fall, regardless of whenytheated. Current evidence
suggests that females inseminated in upper Bayestinaries produce their first broods

the year following mating, while females inseminated in the lower Bay may reproduce
the same year as they mated or the following year (Tugtexl. 2003). After

insemination, the female ovary has to mature and the sperm plug dissolve, therefore
spawning occurat least14 weeks after mating (Wolcott et al. 2005).

Once on the spawning grounds, females remain in higher salinity areas of the Bay
(Lambert et al. 2006b). Females are capable of producing multiple broods per season
(see 1.3.4). The length of the spawning season is temperature dependent and occurs
from May to September in Chesapeake Bay (Schneider et al. 2024b). Ralph et al. (2026a)
estimated the fraction obvigerousmature females by month using data from the VIMS
Trawl Survey, the Maryland Trawl Survey, and ChesMMAP. Although females were
observed withegg massem almost all months, the proportion peaked at about 50% in
June and July before decreasing to nearly zero by October (Figure 1.6). Hatching occurs
around nocturnal high tidelarvae swim towards the surfacand zoea are carried

seaward on the ensuing ebb currg(fipifanio 2007)

1.3.4. Fecundity

Blue crabbatchfecundity was reassessed in 2023 for Chesapeake Bay, including models
of fecundity that considered predictors beyo@W(Schneider et al. 2024a). The

average fecundity in 2023, 2.17 million eggs per female, differed substantially from the
previous estimateveragedrom 1986 and 1987, 3.2 million eggs per female, which was
used in the 2011 Chesapeake Bay Blue Crab 8gss#ssment (Prager et aB9Q Miller
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et al. 2011). The differendeetweenthe estimates is likely related to thraethods used

in Prager et al. (1990). In 1986, fecundity was estimated using a dry weight method,
producing an average fecundity of 2.6 million eggs per fepmaleever, in 1987

fecundity was estimated using a volumetric approach, producing an average fecundity
of 4.0 million eggs per female (Prager et al. 1990). The 1987 estimate was likely biased
high due to assumptions of the volumetric method; the 2023 estinweas produced

using the dry weight method and generated similar results to those found i 198
(Schneider et al. 2024a).

Fecundity in Chesapeake Bay is logarithmically relat€&Wtpgiven by Fecundity =

268,337 x @015 xCWwith a 1.038 bias correction (Schneider et al. 2024a). Models of
fecundity with additional parameters (i.e., month, egg stage, and spawning history)
explained 54% of the variation in the data and provided quantitative evidence for a
decline in fecundity with brood production. Moreover, fecundity in Chesapeake Bay has
a seasonal component, with lower values in the early season (Prager et al. 1990
Schneiler et al. 2024a)The positive relationship between fecundity and size between

the 1980s and 2020s, years when abundance was high and variable, respectively, quells
concerns about density dependent changes in fecundity posited by Wells (2009).

Two important studies experimentally quantified the number of broods per season in
blue crab. Dickinson et aR§06 quantified brood production of mature female blue

crab in estuarine waters in North Carolina. Dickinsbal. (2006 eld individual

females in minnow traps in the field, feeding them daily. For each crab, Diclehsbn
(2006)measured brood production and volume over 18 weeks. Their data inditiad¢

an average sized crab (127 mm CW) that is mature at the beginning of the spawning
season could produce eight clutches within a full spawning season spanning 25 weeks.
Additionally, Dickinson et al2006)reported that although larger crabs produced larger
clutches, they did so less frequently than smadiexbs such that the total reproductive
output was almost invariant with crab size. Other authors have reported similar results
for the North Carolina blue crab populationgrnell et al. 2000 Importantly, these
authors evaluated the effective larval production as a function of the brood number.
They reported a consistent decline in effective reproductive output such that the
percentage of embryos that developed normally declined by up to #0f the first to

the fourth brood. Darnell et a{2009)concluded that the majority of the reproductive
output of individual females derives from a few initial broods.

The number of broods produced per season or over a lifetime has not been
experimentally tested in Chesapeake Bay. However, Schneider et al. (2024b) applied the
relationship between brood production and temperature, derived by Darnell et al.

(2009), to theChesapeake Bay, which indicated that blue crabs in the Bay can produce
up to four broods per year. This method also indicated the blue crabs in North Carolina
can produce eight broods, which is one brood greater than the maximum brood
production experimendlly estimated in the early 2000s (Dickinson et al. 20@6nell et

al. 2009). Schneider et al. (2024a) derived lifetime potential brood production from
estimated fecundity and stored sperm quantity and found that under the most probable
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sperm to egg ratios (4:1 and 10dased on Ogburn et al. 201 ®lue crabs could

produce 6 to 24 broods over a lifetime. Given the low annual survival rate and reliance
of a single cohort of females for spawning (Schneider et al. 2023b), females most likely
produce 1 to 4 broods in Chesapeake Bay.

1.4. Larvae

Epifanio 2007 reviewed the biology and ecology of larvae. Briefly, larvae are
transported out of the Chesapeake Bay and onto the coastal $Rkethan and Boicourt
1999. Miller 0019 used a sizbased approach to estimate the mortality rate of this
life history stage. Millef2001a)estimated that the probability that an individual

survives the entire zoeal and megalopal period was 1.19% DQring their time at sea,
zoea molt several times before molting to the last larval stage, the megalopa, which re
enter the Chesapeake Bay. Time series of abundances of zoea and megalopae are
F@FAfFroftS FNRBY (GKS / KSa&al LIS toh rBonitoring progriid® 3 N> Y Q&
from 1979¢ 1998. These data were analyzed by Lipcius and Stockh&2@@2. ( These
authors report a decline in larval abundance by approximately an order of magnitude
over the period of sampling.

1.5. Juveniles

The juvenile period is a critical life history stage for blue crabs and juvenile blue crab
production is supported by a variety of structured nursery habitats such as marsh and
seagrass (Orth and van Montfrans 192002;Lipcius et al. 2007 For example, Ralph et
al. (2013) found that percent seagrass cover in Chesapeake Bay had a positive
exponential relationship with juvenile blue crab densities and the magnitude of the
relationship varied spatially and temporaliarshhabitats, including both native marsh
grasses and invasiBhragmites areimportant nurseries for juvenile blue crahbsut the
value of shoreline habitats was reduced when hardened (e.grappr bulkhead
shorelinesLong et al. 2011; Kornis et al. 2013hallow shorelines also represent critical
refuge habitat for juveniles against cannibalism by adult blue crabs (Hines et al. 2026).
Other studies have examined the importance of structured habitats and the relationship
between habitat and bluerab size and found that forage efficiency and predator
avoidance were tradeffs that helped determine when habitat shifts may occur for
juvenile blue crabs and not necessarily blue crab size as once thought (Bromilow and
Lipcius 2017; Hyman et al. 202%hese studies also demonstrate the importance of
habitat mosaics that can be utilized as blue crab grow and that seagrass, salt marsh, and
evenanon-nativered alga, GracilariavermiculophyllgWood and Lipcius 2022) function
to support blue crab production. In addition to structured habitats, turbidity also was a
determinant of high juvenile crab abundance though whether high turbidity provided
more prey or offered refuge from predation or arabination of the two is unknown
(Hyman et al. 2022).

The distribution ofCWs for recruits in the winter in Chesapeake Bay was investigated in
Wilberg and Drzewicki (2026) using data and estimates from Ralph and Lipcius (2014).
TheWDSdoes not sample all habitats where a@élue crabs can be found in the winter

44



2026 Stock assessment for blue crab in Chesapeake Bay

because it has a minimum sampling depth of 1.5 m, and shallower habitats have smaller
blue crabs, on average (Ralph and Lipcius 2Bli#es et al. 2026 A lognormal

distribution with a median of about 1.6 cm described the distribution of blue €ab

in winter well (Figure 1.7).

1.6. Adults

A considerable amount is known about the feeding ecolddgnsour and Lipcius 1991
Hines 200Y and the response to environmental and ecological conditiGedl et al.
2003a, b Liang et al., 2021; Ralph et al. 2024) of adult blue crabs. Research has also
focused on assessing their role in structuring estuarine ecosystdmeg et al. 1990
Hines 2007).

Size is a key characteristic of the adult population and is directly relevant to the fishery,
which targets adult crabs and puts a higher value on the largest crabs. Analysis of 50+
years of data from the PEARL Pot Survey (section 2.1.5) suggests@asigiécline in
average size for both males and females within the surveyardamuch of the decline

in male CW occurring prior to 199@bbe 2002Bevans, unpublished). The updated
analysidy Bevans (unpublisheduggests different trends in size eten males and
females. Changes in mean size could be due to growth, mortality, or both. Selective
harvest of larger males has the potential to impose evolutionary pressures that may
counter selection for larger body size, with potential consequencegefmoductive

output and longterm population dynamics (Ogburn et al. 2QTgburn 201R Due to

time constraints, we were unable to evaluate whether similar trends were observed in
the Maryland and VIMS trawl surveys, which also extend back to the 1960s and 1970s.
However, archaeological evidence suggests that large crabs were more common prior to
the development of modern fisheries (Rick et al. 201&Jerage sizes of male crabs
encountered in the PEARL Pot Survey have been at or below minimum legal size (127
mm) in the majority of years over the last three decadeghe mainstem spawning
grounds, size of mature females was positively correlated with abundance (lapcius
Stockhausen 2002)sing data from the VIMS trawl survéypciusand Stockhausen
(2002)demonstratedthat mature female size and abundance in the spawning
groundsconcurently dropped sharply in the early 1990s, suggesting
anamplifiedreduction in reproductive output. Abundance and sizereased after

major management actions in 2008.

1.7. Natural Mortality

Estimates of natural mortality (M) changed over the course of conducting blue crab
assessmentsThe Rugolo assessment used a value of M=0yBYfRugolo et al. 1997

In the 2005 assessmerdirect and indirect approaches were combined to estimate the
most likely value of M for blue crab in the ChesapeakevBtydetailsprovidedin

Hewitt et al. 007). Indirect estimates were developed using empirical estimates
involving estimates of von Bertalanffy K and Cpdrameters, ages at maturity and
longevity as well as temperatures at different times during the season. Estimates of M
based on these indirect measures ranged from@2335yrt. However, the distribution
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of values was centered around M=}r!. Hewitt et al(2007)combined these indirect
estimates with direct estimateapplication of Brownie tag return models ttata for
20022004 (Lambert et al. 200&). Tageturn based estimates of Mequired
assumptions about exploitation rates amdried from 0.420.87yr'. Based on both the
direct and indirect approaches, a value of M=r9was adopted as the most likely
value for the rate of natural mortalitijor the 2005 assessmenAll values used in
previous Chesapeake Bay blue crab stock assessmentésconsidered to be agand
sexindependent and constardver time

Since November 2001, Lipcius et(2D26a,bhave continued their tagecapture

studies of mature, female blue crabs in lower Chesapeake Bay. Lipcius et al. (2026a,b)
updated these data to provide revised estimates of survival and M. DuringZii¥], a
total of 5,542 blue crabs were tagged andeased. Between 219 and 802 blue crabs
were tagged annually. Of these, 917 (20.8%) were returned and 805 were used in
analyses. All but two were returned by commercial fishers. Informdtienretic

model canparisons indicated that a model with constant survival over time and tag
recovery rates that varied between 20@208 and 2002017 best explained the data.
The mean annual survival rate of mature female crabs was 0.10 + 00Ingan + SE),
and the mean recovery rates were 0.22+0.01 during 20028 and 0.08 + 0.004 during
20092017 (Lipcius et al. 2026a). The estimated survival includes natural and fishing
mortality, so M cannot be estimated from this approach without knowkd§the

fishing mortaity rate.

Lipcius et al. (2026b) used tagging data of mature females to estimate longevity and
applied the maximum age M estimator from Hamel and Cope (2022). Assuming that
mature females were 1.5 years old when they were tagged, the time between tagging
and recovey can provide an estimate of age. The longest time at large was 3.31 years
for 20092017, whereas for 2002008, 11 crabs were at large longer than 3.31 years,
ranging from 3.35 to 4.69 yearBhe three oldest and most reliable tags provide ages of
6.07,6.05 and 5.88 years old, which result in M estimates ranging@8@tyr* (Lipcius

et al. 2026b).Natural mortality is likely sizeased and is higher for smaller blue crabs
than for larger blue crabs (Bromilow and Lipcius 2017). Bromilow and Lipcius (2017)
quantified relative survival by size in a tethering study of blue crabs in the lower
Chesapeak Bay.

Overwinter mortality of Chesapeake Bay blue crabs (OWM) has been observed to vary
over time, associated with winter severity (Rome et al. 2@#uer and Miller 2010a)b

As part of the assessment, we conducted new analyses to quantify leangihsex

specific OWM rateduring 19942023 in Chesapeake Bay (Liang et al. 2026b). data
dead and live crabs from thH&DSwere used to estimate natural mortality during the
winter. OWM was estimated to be higher for larger crabs, but patterns differed among
immature females, mature females, and males. Mortality rates observed in the field
varied between 1% and 13% over the years, and they were higher for yeaiswsth
cumulative water temperature@_.iang et al. 2026b).

46



2026 Stock assessment for blue crab in Chesapeake Bay

TOR 2: Fishefindependent Data
2.1. Surveys

For this assessment, we evaluated the utility of 8 Hergn fisheryindependent surveys
that have operated in the Bay for at least 10 years. These surveys differed in gear,
survey design (randofwvs. fixedsite), temporal resolution, and length of the alzhle
time-series (Table 2.1). The surveys also have variable spatial coverage and resolution
that affects which statistical approaches might be appropriate (Figure 2.1).

2.1.1 Winter Dredge Survey

The Chesapeake Bay Winter Dredge Survey (WDS) has occurred in Maryland and Virginia
since the winter of 1989/1990. Historically, the survey is cooperatively conducted by
Chesapeake Biological Laboratory (CBL), Maryland Department of Natural Resources
(MD INR), and Virginia Institute of Marine Science (VIMS); since 1997, the survey has
been conducted by MD DNR and VIMS (Vglstad et al. 2000; Sharov et al. 2003). This
survey takes advantage of the torpid state that blue crabs enter at low water
temperatures, ypically < 18C (Van Engel 195Brylawski and Miller 2006; Smith and
Chang 2007), when growth, movement, and feeding stop, and individuals typically bury
into the sediments (Bauer and Miller 2C)0This period of inactivity provides a unique
opportunity to conduct a Chesapeake Baigle synoptic survey, and sampling typically
occurs between December and March.

WDS was designed as a stratified random survey. Survey design evolved over the first
few years, including various geographic stratifications and an exploration of sediment
based substratification (Rothschild et al. 1992). Since the 1991/1992 winter, meysu
has been conducted with three consistent, regional strata: the upper Bay & tributaries,
the mid-Bay, and the lower Bay (Figure 2.1). Stations are allocated each year in
proportion to stratum area; 1500 stations are sampled annually, with approximately
51.5, 33.0, and 15.5% of the sites allocated to the three strata, respectively. Further
substratification occurred independently within strata sampled by MD DNR and VIMS to
ensure consistentepresentation of smaller regions. Sampling in the lower Bay stratum
occurs monthly. Historically (through 2015), sampling occurred from November
February to account for potential impacts of the winter dredge fishery; from 2016 to
present, monthly sampligoccurred Decembévlarch. Sampling is restricted to waters

> 1.5m depth.

The WDS uses a modified commercial Virginia crab dredge, consisting of a singte 1.83
wide dredge with 15.2Zm long teeth separated by 7.6 cm, lined with a 1.27 cm mesh
liner and without the diver modification often used by commercial watermen. A single
tow is taken at each station. The dredge is towed along the bottom, with the current, at
a fixed speed (3 knots) for one minute, and the beginning and ending coordinates are
recorded with a differential GPS. All blue crabs collected during a tow are medsure
CWand sexed; maturity is recorded for all females and for males in Virginia.
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Temperature, salinity, and water depth are recorded. -Sgecific area sampled was
estimated as the product of tow distance and dredge width (1.83 m).

Efforts to estimate vessehnd yearspecific catchability coefficients have been

conducted in a variety of ways. Depletion experiments were conductedaraaually by

MD DNR and VIMS, though the specific design and logistics varied between the two
vesselsand over time (Wlstad et al. 2000; Sharov et al. 2003). Additionally, in 1998,
2009, 2013, 2014, 2016, and 2020, paired tows were completed by MD DNR and VIMS,
where a series of sites in the Potomac River or Pocomoke Sound were sampled by both
crews at he same time, sidéy-side (952 additional sites per year were sampled by

each vessel). Beginning in 2021 and occurring annually to present, an alternate
approach was taken: each vessel crew returned to a subset of sit€¥(20ditional

sites per yearalready sampled by the other vessel. Traditionally, the estimated
catchability coefficients from depletion experiments have been used, together with
estimates of towspecific area dredged, to estimate the absolute density of crabs caught
at each station (., as part of the annu&BSA@dvisory reportSharov et al. 2003).

We developed standardized WDS indices using the spatiotemporal approach described
below (section 2.2) We used data from 1993/1994 onwards in these analyses to match
the time-series of the assessment model. The standard survey sites, as well as sites
sampled during the paired tow experiments, were included in the analysis. A grid was
generated over theites included in the analysis, encompassing a total of 9,167 km

This is smaller than the area typically used for the WDS (9,8423trarov et al. 2003),

but likely represents, at least in part, differences between the idealized survey domain
and that which can actually be sampled effectively by the survey vessels.

Six vessels have been used over the entirety of the survey, with most of the vessel
changes occurring in the 1990s; VIMS has operated oRff{eBay Eagleontinuously
since 1998 and MD DNR has usedfié¢Mydra Annsince 2004. As the longest
continuously used platform, thR/V Bay Eagleas the base vessel for model
comparisons; the base vessel was switched toRRéMydra Annto estimate relative
catchabilities between the two vessels.

2.1.2 VIMS Juvenile Finfish & Blue Crab Trawl Survey

Since 1955, VIMS has conducted a trawl survey to monitor abundance trends in selected
finfish and invertebrate species in the southern portion of Chesapeake Bay (Fabrizio and
Tuckey 2016). Originally, the survey sampled only the York River, but it hasledpa
steadily; currently, the survey sampling frame includes the mouth of the Bay to just

north of the Rappahannock River, and to the freshwater interfaces of the York, James
and Rappahannock rivers (Figure 2.1). The survey employs a combination -cdficted
randomsite designs. Fixed sites in the three rivers (8 each in the James and
Rappahannock, and 9 in the York) are incorporated into a stratified random survey
design with four main strata (mainstem Bay, and the three rivers) with substrata based
on depth and river zone in the rivers and based on geographic region and depth in the
mainstem Bay.

48



2026 Stock assessment for blue crab in Chesapeake Bay

The survey design is implementetnthly, with some seasonal changes in the strata
sampled. The 66 river stations are sampled every month. Up to 45 mainstem Bay
stations are sampled monthly: 45 stations from May to November; 39 stations in
December, February, and April; and no mainsteay 8ations are sampled in January
and March.

A single tow is taken at each station. The trawl is towed along the bottom at
approximately 2.5 knots for 5 minutes, and the beginning and ending coordinates are
recorded. The catcls sorted by species and blue crabs were further categorized as
male, immature female, or mature female. Large catches weresanfipled with at

least 30 individuals from each sex and maturity state (male, immature female, mature
female¢ including egg stagemeasured to the nearest mm using an electronic
measuring board. The remming catch was counted and the size distribution of the- sub
sampled catch was expanded proportionally to the total number captured.
Temperature, salinity, and water depth are recorded. Assecific net geometry is

not recorded, we applied a fixed aage net width based on hediahe length. The net
width was estimated as 0.652 m hebde length (9.1 m and 5.8 m for tH/'V Fish
HawkandR/V Tidewaterrespectively), and the sigpecific area sampled was
estimated as theproduct oftow distanceand the fixed net width.

The trawl used in the survey changed over time, including the addition of a tickler chain
in 1973and a net linemn 1979. In 2015, the vessel used as the sampling platform for this
survey was retired; survey personnel used this opportunity to review and update the
survey gear (Fabrizio and Tuckey 2016). From January 1996 to May 2015, the survey
operated aboard the 8 R/V Fish Hawlusing a 9.An headline, 4seam, semi

balloon otter trawl with 38.1 mm stretcmesh body and a 6-sam mesh coeknd liner.
Survey operations moved to the 13 R/V Tidewateroutfitted with a 5.8m headline

trawl with 40 mm stretchmesh body and a 6-dim liner. This net is a scaled version of
the gear used for several other surveys operating along the U.S. East Coast, including
the NOAA Northeast Fisheries Science CenteioBoirawl Survey, Northeast Area
Monitoring and Assessment program (NEAMAP), and Chesapeake Bay Multispecies
Monitoring and Assessment Program (ChesMMAP). Paired tows (typically < 40 m apart)
were completedmonthly between April 2014 and May 2015 to calculate conversion
factors and ensure continuity of the tirseries.

Previous assessments have used annual population indices based on fall surveys (Rugolo
et al. 1997 Miller and Houde 199Miller 2001b; Miller et al. 2005) or spring surveys

(Miller et al. 2011). For this assessment, we developed standardized monthly indices of
total abundance using the spatiotemporal approach describeldw (section 2.2)We

used data beginning in January 1994 to match the tsmees of the assessment model.

The standard survey sites, as well as-pa@ed tows conducted during the dalation

cruises in 20142015, were included in the analysWe used the survey sampling grid

(2,990 kmd) as provided to generate the indices.

TheR/V Fish HawWwas the base vessel for model comparisons; the base vessel was
switched to theR/V Tidewateto estimate relative catchabilities between the two
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vessels. To improve index estimation during months when the full survey region was not
sampled, the VASSpatiotemporalmodel used a monthly timestep for the

spatiotemporal component, essentially allowing abundance to be smoothed across
months.

2.1.3 Chesapeake Bay Multispecies Monitoring and Assessment Pr¢GreeaMMAP)

Beginning in 2002, VIMS has conducted a bottom trawl survey that samplgavatele

and adult fishes and several invertebrate species throughout the mainstem of
Chesapeake Bay (Figure 2.1; Latour et al. 2003). ChesMMAP underwent a
comprehensive reviewral redesign, resulting in changes to the stratification, survey
timing, vessel, and gear beginning in 2019 (Latour et al. 2023). The survey employs a
stratified random sampling design, with four latitudinal and two depth strata (previously
five latitudinaland three depth strata, respectively). Sampling occurs four times
annually, in March, June, September, and November (previously five, bimonthly cruises
between March and November), with up to 80 sites sampled during each cruise.

A single trawl tow is taken at each station. The trawl is towed along the bottom at
approximately 3 knots for 20 minutes, and the beginning and ending coordinates are
recorded. The catch was sorted by species and blue crabs were further categorized as
male, immature female, or mature female. The first 25 individuals were measured to
the nearest 5 mm using an electronic measuring board and further processed for
individual weight (kg), maturity (males), and egg stage. Typically, the remainder of the
catch (m#e, immature female, and mature female) was weighed in aggregate and
individuals were measured; very large catches weresarpled, and the size

distribution of the subsampled catch was expanded proportionally to the total number
captured. Temperature ainity, and water depth are recorded. S#pecific net

geometry is recorded, so the sigpecific area sampled was estimated as pheduct of

tow distanceandaverage net width.

From March 2002 through April 2019, the 1:908R/V Bay Eagleas the sampling

platform, using a-seam bottom trawl, with 13 headline, 15.Zm stretch body

mesh, and 7.&m stretch coeend mesh During each of the five bimonthly cruises, up

to 80 stations were sampled. Beginning in June 2019, the survey moved to a larger,
more stable sampling platform, the 288 R/V Virginia outfitted with athree-bridle,
four-seam bottom traw] with a23.3m headline, 6- and4-cm stretchmesh

polyethylene webbing2.54-cm knotlessylon-lined codend, and a sweep made of 40.6

cm rubber disksas indicated above, this is a scaled version of the net used by several
other surveys operating along the U.S. East Coast. To account for the increased costs
associated with the new vessel, survey timing was adjusted to reduce sampling intensity
while mnimizing impacts on the data streams routinely provided for stock assessments.
It was determined that the spring (March) and fall (November) cruises could be
shortened to focus dely on the Maryland and Virginia strata, respectively.

Furthermore, the May and July cruises were replaced with a single June cruise. A series
of 15 @libration cruisesvere conducted from June 201® November 2022
approximately5r Rl @& | FG4SNJ 6KS O2YLX SiAz2y 2F GKS
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minimize disturbance effects. Specigsecific and lengtibased intercalibration

analyses of the two vesstthwl combinations were conducted to ensure continuity of
the survey time series (Latour et al. 2023). The new vass8l combination is more
efficient and catches a wider size range of individuals; as a result, the intercalibration
coefficients were applied to the oldeR/V Bay Eagleatches to account for the change
in catchability.

This survey had not been incorporated into blue crab stock assessments because the
length of the time series was too short during the last assessment (< 10 years). For this
assessment, we developed standardized indices of total abundance using the
spatiotemporal approach describdoklow (section 2.2)Given the seasonal changes in
blue crab distribution patterns and the temporal gaps between cruises, each month for
which survey data were available was treated independently. As a result, the length of
the monthly time-series varied: 2002023 for March, September, and November; 2002
2018 for May and July; and 202923 for June. The standard survey sites, withRiN¢

Bay Eagleatches expanded to account for the increased catchability of the new vessel
trawl combination, were included in the analysis. The survey domain encompassed
5,019 k.

2.1.4 Maryland Trawl Survegnd SERC Trawl Survey

For this analysis, the Maryland Trawl Surveys combines two independently conducted,
but similar, surveys. In 1977, Maryland DNR initiated a trawl survey of Eastern Shore
sites and tributaries (Maryland Trawl Survey). The survey was expanded in 1984 to
include the Patuxent and Chester rivers, and again in 2003 to include the Nanticoke
River, Little Choptank River, and Fishing Bay (Figure 2.1). Sites within each river system
are fixed and were selected based on patterns of commercial activity and habigat. Th
survey is conducted monthly from May to November, but coverage is inconsistent
temporally and spatially from year to year, particularly in the early part of the-time

series.

At each site, the trawl is towed for 6 minutes at a fixed speed (3 knots). Blue Crabs are
sorted and enumerated. Historically (197988), crabs caught in a tow were counted

and binned into predetermined size categories representing@gegel, and age2+

crabs; no size measurements were taken. Since 1989, each crab is measured to the
nearest mm and weighed to the nearest g; sex, maturity (females), molt stage, and
missing limbs are noted. Temperature, salinity, and water depth are also recorded.

The gear has been consistent throughout the tigegies: a 4.9n semiballoon otter

trawl with 3.2cmstretch mesh body2.8cm stretch mesh coebnd, and a 1.&m

stretch mesh linerThe trawl is outfitted with a 08mfoot-rope anda 0.5cmtickler
chain.No information on sitespecific tow distance or net geometry is recorded. An
average tow distance was estimated as duration (6 minutes) x speed (3 knots) and an
average net width was based on heliiae length (0.652 x 4.9 m). Thus, the fixed area
sampledwas estimated as tow distance x net width.
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The Smithsonian Environmental Research Center (SERC) initiated a bottom trawl survey
(SERC Trawl) of the Rhode River and adjacent upper Chesapeake Bay in 1981.1Figure
Hines et al. 1990). Four fixed sites are sampled, typically three times per month from
April through December; the Chesapeake Bay station was added in 1992 and its location
was moved several times prior to 2004.

At each site, the trawl is towed at a fixed speed (3 knots), aiming for 10 minutes; trawl
duration is recorded. Blue crabs are sorted and enumerated. Each crab is measured to
the nearest mm; sex, maturity (females), molt stage, and missing limbs are noted.
Temperature, salinity, and water depth are also recorded. Data for the period 1981
2000 were not included because crab measurements were not available in a digital
format.

SERC acquired a new trawling vessel in 2004. The gear has been consistent throughout
the time-series: a 4.9n semiballoon otter trawlwith 5-cm square mesh body;mMm

stretch mesh, and a 0-&m tickler chainNo information on sitespecific net geometry is
recorded. Tow distance was estimated as tow duraticthI4ninutes) x speed (3 knots)

and an average net width was based on hdiad length (0.652 x 4.9 m); sipecific

area sampled was estimated #e product oftow distanceandnet width.

The SERC Trawl Survey was not included in previous assessments because the length of
the consistent time series (following the vessel change) was too short during the last
assessment (< 10 years). Here, given the similarity in design and operation, g sur
was included with theMarylandTrawl Survey as an additional river system. For this
assessment, we developed standardized indices of total abundance using the gamlss
(Rigby et al. 2019pamework describedbelow (section 2.2)Given the seasonal changes
in Blue Crab distribution patterns, each month for which sufficient survey data were
available (MayOctober) was treated independently to avoid estimation of
spatiotemporal interactions. River system was included as a random effect with 10
levels and thearea sampled was included as the effort offset. A truncated dataset
(20042023) was used to maximize coherence in river systems sampled eachilyear.
final index was generated using a fixada tow of 1,500 rh

2.1.5 PEARL Pot Survey

Since 1968, crab pots have been used to monitor the crab population at three fixed sites

near Calvert Cliffs, MD (Figuzel). Historically, this survey (sometimes referred to as

the Calvert Cliffs Pot Survey, the Abbe Pot Survey, or the PEARL Pot Survey; this later

name is used herein) was conducted by George Abbe at¢heemy of Natural

{ OASYO0SaQ 9aildza NAYS wSa S;lhowever, theSegear8hiNJ 2y (1 KS t
center, now known as the Patuxent Environmental and Aquatic Research Laboratory
(PEARL), YR ! 006SQa adz2NBSes gl a OUNIYAaFTSNNBR (2 a?
survey was conducted annually until 2011; gaps in funding led to interruptions in the

time-series in more recent years (202013, 2020, and 2022023), but operations

resumed in B24.
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Sampling occurs approximately biweekly from June through November; pots are fished
for 24 hrs, typically twice each week (Abbe 1973; Abbe and Stagg 1996; Abbe 2002). At
each site, 10 pots were deployed in a single, unattached string at about 4 m depth
(1971-1981); beginning in 1982, 5 pots were deployed in two, unattached strings at
about 2 and 4 m depth. Catches were aggregated by site and survey round; individuals
were enumerated by sex and measured to the nearest mm.

The PEARRotuses commerciadtyle peeler crab pots with 2-&m wire mesh, two

entrance funnels, and no cull rings. This design retains a wider range of crab sizes than
would a standard hard crab pot, but still primarily targets larger juvenile and adult
individuals. 8rvey effort was reported in petlays per site per round of sampling, with a
maximum of 20 poetlays per site per round.

This survey was not included in previous stock assessdastto its small regional
footprint. For this assessment, we developed standardized indices of total abundance
using the gamlisgRigby et al. 2019yamework described above. Given the seasonal
changes in blue crab distribution patterns, each month for which sufficient survey data
were available (JunBlovember) was treated independently to avoid estimation of
spatiotemporal interactions. Site was Inded as a fixed effect with 3 levels, sampling
day was included with a penalized smoothing function, andgsots was included as the
effort offset. The final index was generated to reflect 20-gays.

2.1.6.MarylandJuvenile Striped Bass Survey

Maryland DNR has operated a seine survey designed to monitor the status ofghung
the-year striped bass in Maryland tributaries of Chesapeake Bay since 1954 (Figure 2.1).
Sampling occurred at 22 fixed sites in July, August, and September usingna 80.5

1.24-m bagless beach seine of untreated-&Mn bar mesh. Blue crabs, not a primary

target of this survey, were enumerated but no data were retained on the sex or size
compositionsThis survey was excluded from further analydie to a lack of sex and

length observations

2.1.7.VIMSJuvenile Striped BaS&ineSurvey

VIMS has conducted a similar survey focused on yaditige-year striped bass in
Virginia tributaries of Chesapeake Bay (Figui¢ since 1967, with a gap from 1973
1979 due to lack of federal support. Sampling occurred at 18 index stations and 22
auxiliary stations approximately-ieekly between June and September. Historically, a
30.5m x 1.8m bagseine with 6.4mm mesh was usedn 1986, the gear was changed
to match that of the Maryland Juvenile Striped Bass Survey.

The VIMS Juvenile Striped Bass Seine Survey began enumerating blue crabs by sex and
measuring individuals in 2015. It was determined that the length of the time series was
too short to inclde this survey in this assessment, but this decision should be
reconsidered during future assessments.
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2.2. Index standardization

The previous assessment (Miller et al. 2011) developed standardized indices using a
delta-generalized linear model framework with survey design and environmental
variables as potential model covariates. Indices were developed fod amge agel+

crabs foreach year and survey included, as the assessment model wasaagd with

an annual time step.

As blue crabs, like most crustaceans, are difficult to age, there was interest in
developing a lengtiibased assessment mod&ecausenany life history characteristics

are highly dynamiand changemongseasmsin Chesapeake Bay, and abundant survey
data are available yeaound, a monthly timestep was deemed appropriate.

Additionally, many of the surveys have a mosthecific sampling frame. Thus, the

current assessment model framework, sard lengthbasedand with a monthly time

step, required data for each month and survey. For each survey, we developed an index
of total abundancdacross length bins and sexés) each month and used survegnd
month-specific sex and length distributions to apportion thdex of total abundance to
each Icm size and sex bin used in the assessment model.

Recruitment of megalopae into Chesapeake Bay occurs over a protracted season
(typically approximately July to November: Lipcius et al. 2007); however, the current
stock assessment model set recruitment in February to reflect the accumulation of
recruits oer the entire season and because the only Chesapeakevigiysurvey

occurs in winter. As a result, recruits needed to be excluded from the indices from
surveys that occurred prior to the timing of recruitment in the model. Based on patterns
in lengthfrequency distributions (Figure 2.2), we used a size cutoff of 35 mm in all
August surveys and 65 mm in surveys occurring from September through January to
censor the late summer through early winter recruits.

All indices were developed using modieised approaches. Two general approaches

were used to standardize survey indices: surveys with rangibendesigns were

analyzed usingpatiotemporal deltageneralized linear mixed modelshile those with
fixed-site designs were analyzed using generalized additive mddetmrdless of

analytical approachAlC, BIC, and model diagnostics were used to assess model
performance All analyses were run in R version 4.5.1 (R Core Team 2025) using RStudio
version 2025.05.{Posit Team 2025).

Index standardization of surveys with a randsite design was conducted using a
spatiotemporal framework. We applied a spatial dedeneralized linear mixed
modelling approach using the vectautoregressive spatitemporal (VAST) package
(version 4.0.0Thorson and Barnett 2017). VAST is frequently applied for index
standardization to account for latent spatial and spatiotemporal autocorrelation in
survey data (e.g., Thorson et al. 2015; Thorson 2019).

54



2026 Stock assessment for blue crab in Chesapeake Bay

The two linear predictors gmnd p) separately model encounter probability:J@nd
positive catches @) as a function of temporal, spatial, & spatiotemporal effects, as well
as vessel, density, and catchability covariates. For obsernialmeations, and timet;:

R 1 6 1 { b-1Mb-0bB 0b-T0Q O 9 Hj M)
and

n'Q 1 o 1 i b-1iHb-0 b 0b-"1 (Eq. 2.2)
wheref F YIRNBLINBASY i &SI N Ayl § BNBLANSIAS yHA BIR (3T
N} yYR2Y FASftRa 604KAOK Oly 068 )\yulsy\lmJNBué L a |
-NBLINBaSyild aLI GA2GSYLIRNIf NYYR2Y FASEtRa O06KA
RSOAIGA2YA FNRBY (GKS 20SN:KEYRMNBIGNG 8BSy & LIBPSAE ¢
STFSOYRRNBLINSASYU RSyaAde O20 NARI GSa 6O NRLFof
0NHzST dzy RSNI & Ay13y ANBIINBIREYE0 DI IGPKRE oAt AGe O2 gl
GKFGO FNB GK2dzAaAKGO G2 FFFSOG 3ISEFENI LISNF2NXYEFyOSO

The total number of blue crabs per site was the response variable, with a fixed year
effect, vessel as a fixed catchability covariate (if necessary), ansjpgitefic area

sampled (in k) as an offset. A Poisstink functionwas used for the

presence/absence portion of the deltaodel; we considered lognormal, gamma, and
generalizeedgamma distributions for the count portion. Once an appropriate distribution
was choserbased we fit 11 models to determine which spatial and spatiotemporal
random effects structures were supported, including whether the spatial correlations
reflected isotropy or anisotropy (Table 2.2; Gartland and Latour 2024). The standardized
index from thesespatiotemporal models represents a minimumualdance within the

survey domain, assuming a catchability of 1.

Index standardization for fixesite surveys was conductersing the generalized

additive models for location, scale, and shape (GAMLSS) regression frameswogk

the package gamissdrsion 5.412: StasinopouloandRigby 2028 This approach

extends the GAM structure (Wood 2017) to encompass a wider range of distribution

families for the response variable, including zerflated distributions, and to allow for
RAAUNAOGdzGAZ2Y LI NI YSOGSNE O0S@2¥yRS&ySADHSOEYR I_ H
usuallykurtosis) to be modeled as a function of covariates (Ragim/Stasinopoulos

2005 Stasinopoulos et al. 2017)he general form of the model was:

VoG O B i & (Eq.23)

where"Qis the monotonic link functior® w is the expected value of the response
variable,is the fixed effects matriX, is the vector of fixeekffects, and is the

smoothing function for continuous covariatelhe total number of blue crabs per site

was the response variable, with a fixed year effect, site (fixed or random), sampling day
as a penalized smoothing function (if necessary), and effort as an offset variable. For
each survey, a full model was fit ugiall count distributions available in the gamlss
package. The preferred distribution was determined primarily based on AIC and
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diagnostic plots; in a few cases, when the preferred distribution was not stable and
resulted in extremestandard errorsuncertainty inthe predictionswasquantified using

1,000 nonparametric bootstrapped samples (Efron and Tibshirani 1993), resampled with
replacement. As compared to the minimum abundance indices provided by the
spatiotemporal models, the standardized index generated by these gamlss models
represents the average number of crabs for a given effort.

We used Kendall rank correlations to explore amargl withinsurvey consistency.
Kendall_ is a nonparametric measure of correlation based on the ramier of two
variables. To evaluate amoisgrvey coherence, we compared each pair of surveys that
occurred within a given month. For example, in February, the WDS and VIMS Trawl
surveys were copared for all years where both surveys occurred. No correlation was
estimated for June ChesMMAP and PEARIstiHueysbecauseonly two years of

overlap were availale. For withirsurvey consistency, correlations were run depending
on survey designVDS, with only one monthly index per year, was compared across
years.Forthe VIMS Trawl, with monthly indices yeaund, comparisons were by

month (e.g., Jamaryto Felyuary, Felsuaryto March); if a survey did not occur for a
given month, the comparison was excludddhe MD Trawls and PEARL Pot, with
monthly indices in the summer and fall, were also compared by month, but months
without a survey were excluded from comparisons.

We calculated the yeaspecific proportion of male recruits using data from th®©%/
Recruits in the Swere individuals less than 6.5 cm. Each tow was treated as a cluster,
and a cluster sampling estimator was applied using the methods from Nelson (2014) to
estimate the standard error of the proportioliVe used a cluster sampling estimator
because thenumber of male and femaleecruitswas not independent within tows

2.3.Results
2.3.1.Winter Dredge Survey

Overall, 50,024 standard stations (151877 stations yt) were included in this analysis;
the inclusion of additional paired tows brought the total number of stations sampled to
50,364. The number of stations sampled annually was highest at the beginning of the
time-series, settling to just over 1500 stationstypy 2005. Catch ranged from214

crabs tow!; 45.5% of tows had at least one crab. Across the standard and comparison
stations, 109,750 crabs were collected, ranging fre@80 mm CW.

The generalized gamma distributiaras choserior modeling the nonzero data.
Evaluation of the random effects provided support for the inclusion of spatial and
spatiotemporal random fields in both linear predictors, with anisotropy in the spatial
correlation functions.

The WDS index of abundance, representing a minimum abundance in the Bay, ranged
from 48 million (in 2001) to 180 million (in 2012) blue crabs, with a mean abundance of
about 90 million (Table 2.3). The timseries exhibits distinct patterning, with a dedi
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in late 1990s, an uptick in the mitb late-2000s, followed by a more recent decline
(Figure 2.3).

2.3.2.VIMS Juvenile Finfish & Blue Crab Trawl Survey

Overall, 34,648 standard stations (66337 stations yt) were included in this analysis;
including the additional tows completed during the calibration cruises (ZIIb)

brought the total number of stations sampled to 35,789. The number of stations

sampled annually was fairly consistent across most of the-teries, with < 1100

stations sampled in only 6 years (1994, 1995, 2001, 2002, 2018, and 2020). Catch ranged
from 0-1205 crabs tow; 63.0% of tows had at least one crab. Across the standard and
comparison stations, 297,481 crabs were collected, ranging fr@Qlmm CW.

The gamma distributiowas chosetfior modeling the nonzero data. Evaluation of the
random effects provided support for the inclusion of spatial and spatiotemporal random
fields in both linear predictors, with anisotropy in the spatial correlation functions.

The VIMS Trawl index of abundance, representing a minimum abundance south of the
Rappahannock River, was variable. Abundance estimates were generally quite low in
colder months (JanuaryMarch, December) and higher in warmer months, averaging
0.3 million(in January) to 7 million (in June) blue crabs (Table 2.4). This is due at least in
part to a reduction in the availability of overwintering crabs to the trawl gear. Distinct
seasonal patterning is evident in the monthly indices (Figure 2.4). Most months
exhibited a decline in late 1990s, but patterns in more recent years diverged. In the
spring and early summer, the indices primarily exhibited an uptick in thetmldte-

2000s, followed by a more recent decline; indices representing late summer months
generally stabilized after a slight uptick in the rREA00s; in the fall, indices primarily
continued to gradually decline.

2.3.3.ChesMMAP

Overall, 7,686 standard stations (2385 stations yt) were included in this analysis.
Sampling intensity was higher in the early part of the time series: between 2002 and
2018, 308400 stations were typically sampled each year; since 2019, with the change in
survey platform and design, ~ 240 stations hagerbconsistently sampled each year.
Catch ranged from-2,807 crabs tow; 49.7% of tows had at least one crab. Across alll
standard stations, 37,094 crabs were measured, ranging fr@209mm CW.

Models with the Poisson link in the first linear predictor did not consistently converge,

soalogit link was used for several months. The distribution that received the most

support for modeling the nonzero data varied by month (T&xX@. Evaluation of the

random effects generally provided support for the inclusion of spatial and

spatiotemporal random fields in both linear predictors (except in May), with anisotropy

in the spatial correlation functions in most months (Tabs).

¢tKS / KS&daa!t AYRSE 2F | odzyRIyOSs NBLINBaSyidAy
was variable. Abundance estimates were generally quite low in March, with an increase
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in scale and variability in all other months, averaging 0.7 million (in January) to 5.5
million (in November) blue crabs (Table 2.6). This is due at least in part to a reduction in
the availability of overwintering crabs to the trawl gear. The monthlyceslwere

relatively consistent through time: generally increasing from 2002 to about 2010,
declining to the lowest values in the m10s (Figure 2.5). Since 2015, indices have
been above the minima but generally lower than average and highly variable.

2.3.4.Maryland Trawl Surveys

Overall, 8,370 standard stations (3484 stations yt) were included in this analysis.
Catch ranged from-897 crabs tow; 74.1% of tows had at least one crab. Across all
stations, 203,257 crabs were measured, ranging fre22@ mm CW.

The distribution that received the most support for modeling the nonzero data varied by
month. The beta negative binomial was chosen for May, June, September, and October,
while the negative binomial type Il was chosen for July and August.

The MD Trawl Surveys index of abundance, representing the average number of blue

crabsper 1500 Y al NBf I yYRQ&a UGUNROdzil NAS&a> 41 a G NRI
in the summer and decreased in September and October; the average in October was

8.4 blue crabs per 1500%ms compared to 33.6 in July (Table 2.7). Patterns in the

monthly indices were generally consistent through time: generally increasing from 2004

to about 2010, declining to the lowest values in the 8@l 0s, and increasing to a

relatively stable, intermediate level to present (Figure 2.6).

2.3.5.PEARL Pot Survey

Overall, 810 stations (2386 stations yt) were included in this analysis. As the data were
aggregated by round of sampling, these stations represented/d®2potdays fished;
annual potdays were consistently above 556'ymtil 2011; effort has generally

declined in more recent years. Catch ranged fro883 crabs per sampling round
(equivalent to 0.05 to 16.65 crabs pday?); at least one crab was taken each sampling
round. Across these stations, 203,257 crabs were measured, ranging fr@0628m

CW.

The negative binomial distributiomas choserior modeling the nonzero data for all
months (type | in June and type Il for the remaining months).

The PEARL Pot survey index of abundance, representing the average number of blue
crabs per sampling round off Calvert Cliffs, MD, was variable. Indices were generally
lower in June and November compared to the other methods during which the survey
occurred the average in November was 2.3 crabs per round as compared to 6.2 in
August (Table 2.8). Patterns in the monthly indices were variable without clear trends
(Figure 2.7).

2.3.6.Coherence among and within surveys
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The number of surveys occurring in a given month was variable, ranging from just one

(January, April, December) to a maximum of four (July, September). Kenaia#d

from a slight negative correlatior(04, VIMS Trawl and PEARL Pot in November) to a

moderate positive correlation (0.46, ChesMMAP and MD Trawls in September), likely
NEFTfSOGAYT RAFFSNBYOSa Ay (KS adiNdd&daQ aLJ dAa
demographics of blue crabs sampled by the various surveys (Figure 2.8). Coherence

within a survey was generally higher than among the surveys (Table 2.9).

TOR 3: Fishergependent Data

There are a number of recreational and commercial blue crab fisheries in Chesapeake
Bay. Here we review the development and current status of the principal fisheries.
Because management regulations vary among the jurisdictions, we present each
jurisdictionseparately. While recreational fisheries data remain limited, some progress
has been made in characterizing these fisheries which has been used to update the
estimates used in the current assessment.

Kennedy et al. (2007) reviewed the history of commercial fisheries for blue crab along
the Atlantic and Gulf coasts of the United States. The commercial crabbing industry
dates t01873 (Sette and Fiedler 1925). Van Engel (1999) suggested that the growth of
the commercial fishery at this time resulted from the successful development of
methods for shedding and shipping crabs out of the region. The decline of landings in
New York andNew Jersey created a demand for crab meat that further encouraged
developmen and expansion of the fishery. In response to the developing fishery, the
States of Maryland and Virginia mandated oversight of the fisheries by their respective
state agencies (Van Engel 1999; Kennedy et al. 2007). Virginia vested authority over the
blue crab fishery to the Virginia Board of Fisheries in 1898. The situation in Maryland
was more fluid until 1939 when the Maryland Commission of Fisheries was created.
Under theMaryland and Virginia Potomac River Compact of 19&&eational and
commerciafisheries in the Potomac River are managed by the Potomac River Fisheries
Commission which is charged with the establishment and maintenance of a program to
conserve and improve the fisheries resources in the river.

During the early development of the crab fishery, crabs were harvested principally by
dipnet, trotlines, and scrapes (Van Engel 1999). Use of dredges to harvest overwintering
crabs was limited to Virginia. Wire mesh crab pots were introduced in 1928gimig(jr
although they were not legalized in Maryland until 1941. Crab pots became the principal
gear for hard crabs after World War Il and remain so today.

The first regulations for the fisheries recognized gear, region, and season differences.
The establishment of a closed winter season occurred early in the history of the fishery.
Local winter closures occurred in individual counties in Maryland as eatB0&2s(Van

Engel 1999), but it was not until 1930 in Maryland and 1932 in Virginia that the winter
closure of the fishery was broadly enforced. Minimum size limits on crabs were also
established relatively early. The first successful implementation ofmoimi size limits
occurred in 1916, which Van Engel (1999) credited to a lack of relevant biological
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information and a focus on the oyster fishery prior to this date. While effort controls
were more common in the early years of the fishery, harvest controls in the form of
daily bushel limits were instituted in the 2010s and are now in place throughout
Chesapeake Bay.

3.1. Virginia

Commercial fishing for blue crabs in the Commonwealth of Virginia is regulated by the
Virginia Marine Resources Commission (VMRC). There are a variety of gear types that
can be legally used to harvest crabs within the Commonwealth, but crab pots, peeler
pots, and (prior to 2008) crab dredges predominate. Crab pots, which represed#%0

of annual harvest, can be fished in both the mainstem of Chesapeake Bay and in the
tributaries. No person may place, set or fish more than a combined total of 425 hard
crabpots (500 hard crab pots prior to 2008) in Virginia tidal waters. Peeler pots are
FAAKSR 2y | Y2NB aSlraz2ylftf olaira yR OFyYy
emptyfor shedding crabs seeking shelter. Historically, crab dredges were restricted to
the mainstem of the Chesapeake Bay during winter months (Decegiarch), but

the crab dredging season has been closed since 2008 as part of the fdoedeab
conservation strategy.
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fishery, pot limits for each crab pot license with lower pot limits in the tributaries,

season limits, daily time limits, a Sunday prohibition on crabbing, spawnictusaies

(654,246 acres of mainstem Chesapeake Bay and oceanfront), and cull rings in crab pots

to allow escapement of small crabs. Output controls on the fishery include minimum

aATS tAYAGEA O0pé OMHDT OYUOL TF2NJ YlefaBd I YR AYY (
softshell crabs), prohibition on harvest of dark sponge crabs (having a brown or black

egg mass) during spawning periods, and (since 2013) bushel limits on total daily harvest

for each hard crab pot license category. For a complete listing ofatigus, see the

VMRC websitehftps://mrc.virginia.gov/regulations

(@]
(0p))
@)

Regulatory changes in Virginia in the wake of the 2008 Blue Crab Fishery Disaster that
have continued through 2023 include annual closure of the winter dredge fishery,
reduced maximum pot limits, increased minimum size limits for peeler ¢eddde 3.1)

a waiting list for latent licenses, and earlier closures of the spawning sanctuaries. In
2013, daily bushel limits were established for all hard crab pot licenses.

Virginia also has a recreational crab fishery, allowing crabbing with hand line, dip net, or
two commercialstyle crab pots without a license, and with crab traps/pounds, trotline,

or up to five commerciastyle crab pots with paid licenses. Recreatiomabbers must

follow most of the same rules as commercial crabbers.

3.2. Maryland

The state of Maryland recognizes both commercial and recreational fishery sectors.
Currently, in the commercial fishery Maryland prescribes seven legal methods for
harvesting blue crab: scrapes, dipnets, trotlines, handlines, seines, bank traps, and pots
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(https://dnr.maryland.gov/fisheries/pages/requlations/bay regs.aspowever, the

fishery is dominated by the hard crab pot fishery and the trotline fishery. There are
numerous temporal and spatial regulations that limit when, where and how these gear
types can be used. The hard crab pot fishery is seasonal as aofdswillh regulation

and the life history of the crab. Like the pot fisheryaryland the trotline fishery is

also seasonal. The trotline fishery is limited principally to the tributaries in Maryland,
where pot fishing is banned. The number of pots or length of trotline is regulated by the
commercial license that each waterman holds.e Timited crab catcher license allows

for the commercial use up to 50 crab pots. The tidal fishing license and crab harvester
license permit waterman to employ up to 30€ab pots. Two additional authorizations,

the CB6 and CB9, increase the number of pots allowed to 600 and 900 respectively. All
commercial licenses allow for use of scrapes and unlimited trotline length. As noted in
the description of the Virginia fishes, Maryland implemented a strategy to conserve
female spawning stock. This has involved mid and late season bans on the harvest of
female hard crabs in Maryland waters and bushel limits, which correspond to season
and license type. Minimum size limitave changed over time and change during the
year (Table 3.1). Maryland also has reduced harvest of mature females with daily bushel
limits that depend on license type and time of year.

3.3. Potomac River Fisheries Commission (PRFC)

Under the Maryland and Virginia Potomac River Compact of 1958, recreational and
commercial fisheries in the Potomac River are managed bi?Rfe@vhich is charged

with the establishment and maintenance of a program to conserve and improve the
fisheries resources in the river. Commercial gear types include crab trotlines, crab pots,
and peeler traps.The dominant gear type in the Potomac River is crab pots; the PRFC
has established regulations limiting the number of pots that can be used in the crab pot
fishery and is regulated by the commercial license type of each commercial fisher. The
highest pot license type allows for the use of up to 475 crab pots (500 hard crab pots
prior to 2008). In addition to pot limitations, tHeense to fiskcrab pot gear isestricted

by limited entry. The maximum number of licenses was set at 500 licenses in 1995 but
was decreased to 400 licenses in 2005 as a method to decrease the number of crab
pots.

Recreational crabbing in the mainstem of the Potomac River is managed by a sport
crabbing license which allows a fisher the use of up to 5 crab pots, a 1,200’ trot line, 20
collapsible crab traps, dip nets and handlines. Fishers are able to recreatmaally
without a license with reduced gear limitations (up to 2 crab pots, a 600’ trot line, up to
10 collapsible crab traps, dip netsxd handlines). Both licensed and unlicensed
recreational fishers have daily bushel limits of no more than 5 dozen habd,c2 dozen

soft crabs and 2 dozen peeler crabs may be harveséegerson per day. Recreational
fishers must follow most of the same rules as the commercial sector such as size limits,
seasons, time limitand the use of cull rings.
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As with other jurisdictions, since 2008 the PRFC has implemented commercial daily

bushel limits (ranging from 8 to 24 bushels, varying by season, market category, and

license type), late season bans on female harvest, reduced maximum crab pot limits,

and ncreased minimum size limits. Many of the regulation changes have continued
GKNRdZAK HnHod | NAR2dz8 YAYAYdzy aA1 S fAYAGA 6p
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bloomingcrab, or the female crab in which tlegg pouch or bunion has been removed

of any size apply to both the commercial and recreational fisheries. The Potomac River

historically remains closed to crabbing from 1 December to 31 March each year. See the

PRFC website for a full listing of regulaidmitps://prfc.us/).

3.4. Fisherydependent Data
3.4.1.Commercial Harvest

Reportedcommercial landing adjusted for dead discards and recreational harvest are
shown in Figure 3.2.

Virginia

In 1993, Virginia instituted a mandatory daily harvest and effort reporting program for
commercial fishers. Data reported are consistent with the Atlantic Coastal Cooperative
Statistics Program standards. Data are checked for quality control on a routine a
consistent basis, and compliance and oversight procedures are in place to ensure
accurate reporting. VMRC staff have low confidence in reported landings from 1993, the
first year of the reporting program, but data quality is consistent from 1994/1995

onward. Howeverlandings werenot reported by sex until 1996; therefore, data are
considered most reliable from 1997 onwards.

There is a portion of the catch in each jurisdiction that is reported without sex
informationfrom 1997 onwardsThis was more common before reporting harvest by
sex became mandatory in all jurisdictioike unclassified market category was

removed in 2022, requiring harvest of hard crabs to be reported by sex from that year
forward. For the periods before and after 2008, we calculated monthly averages of the
proportion of males and female crabs in the dattata and applied that ratio to the

total harvestof unsexed crabs in each month and year. We chose to calculataruie
post-2008 sex ratios to reflect any changes in availability or fishing patterns before and
after the 2008 Fishery Disaster.

I 2YYSNOALFf  FA &K $aNEngshiiSpelieNdind Sadrket KateBdry@aldig
with location of harvest, type and amount of gear fished, hours fished, and disposition
of harvest. Reports are due by the fifth of the month following harvest. Reports were
first submitted on standardized paper forpthen an online system was introduced in
2009 as an alternative. Since 2022, all crabbing reports must be submitted online to
increase efficiency of data collection for management. If a fisher does not submit a
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report for a month, they receive followp emails and letters. Commercial fishers found
out of compliance for nomeporting are not eligible to purchase their commercial
licenses in the following year until they submit all missing reports.

Commercial fishers are able to report cdabdingsin various units bushels, barrels
(equivalent to three bushels), and pounds are most commonly used for hard crabs while
bushels and number of crabs are most common for peeler and softshell crabs. VMRC
uses standard conversions to convert all harvesadatpounds (0.475 Ibs per crab and

40 Ibs per bushel for hard crabs, 0.2083 Ibs per crab and 37.5 Ibs per bushel for peeler
crabs, 0.2167 Ibs per crab and 37.5 Ibs per bushel for soft crabs; 1 Ib k§)4Bdbuyer
sampling program in 2018017 updated some conversions for hard crabs (0.3796 Ibs

per crab for male hard crabs (excéyd. 1 male} 0.307 Ibs per crab for female hard

crabs) from 2018 on, but all other conversions have been consistent since 1993.

+ A NHA YA I QEandidgadety weMIprbvidéd in pounds of unclassified hard crabs
(until 2022, when that market code was deprecated), hard female crabs, hard male
crabs, and unclassified peeler and softshell crabs by month and year for three gear
groupsg crab dredge, peeler pognd crab pot and all other gears. Number of trips per
month and year were also provided. Any confidential data (fewer than three harvesters
contributing per data point) were removed, but these make up less than 150,000
pounds (less than 0.07% of total hast) across the time series.

Maryland

Commercial harvest datare collected by the Maryland Department of Natural

Resources (MDNR) via logbook or electronic reporting. Logbooks are a daily record that
are mailed to the department monthly, while electronic reports are submitted daily.

Data collected from each harvestacludes date, location, gear used, maximum

amount of gear deployed, amount of gear used on the day of fishing, hours spent
fishing, andandings Landingsan be reported in bushels, pounds, or number of
individuals. Catch is ftirer defined by market categoryNo. 1 males, No. 2 males,
Females (mature), Culls/Mixed, soft crabs, and peeler crabs. The Culls/Mixed category is
mostly lower quality male hard crabs. Prior to 2008, when female bushel limits were
implemented, bushels ithe Culls/Mixed category could be made up of both male and
female hard crabs, but based on dealer sampling and the harvest location of most
Culls/Mixed bushels, it was likely that Culls/Mixed were 90% male hard crabs. From
2008 onward, Culls/Mixed werelahale hard crabs. The distinction between No. 1

(larger) male and No. 2 (smaller) male hard crabs is arbitrary and based on market
conditions at the time and place of harvest.

Landingss converted to pounds using a conversion of 40 pounds/bushel for hard crabs
and 2.5 pounds per dozen for soft and peeler crabs. To convert pounds to individual
crabs, Maryland has used a conversion of 0.42 pounds/crab for No. 1 and No. 2 male
hard crabsombined, 0.31 pounds/crab for female hard crabs, 0.31 pounds/crab for
Culls/Mixed hard crabs, and 0.2083 pounds/crab for peelers and soft crabs. Conversion
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values for hard crabs come from the average size of legal crabs in the MDNR summer
trawl survey and the MDNR Cooperative Commercial Blue Crab Data Collection Survey.
While Cull crabs are male, there is no identifier in the data to select for what the marke
would consider a Cull. They are, however, recently shed and lighter than No. 1 and No. 2
hard crabs, so they were assigned the female weight conversion as a proxy.

Reporting is mandatory for license renewal in the following year, but tissg&l a small
fraction of crabbinegligible licensesvho do not report. For summarized annual landings
reported publicly byMaryland DNRnonreporting licenses are assigntshdingsbased

on the reports of other crabbers with the same license type in the same month.
However, the montkspecific landings in this assessment were not adjusted.

Electronic reporting started in 201&nd its usage has increased since then, but overall
reporting procedures and requirements have remained unchanged since 1994.

PRFC

Commercial crab harvest from the mainstem of the Potomac River is reported to the
Potomac River Fisheries Commission. Data are reported by individual commercial fishers
on a daily basis via paper reports submitted to the Commission each week. These
reportscollect information on dailfandingsincluding license type, gear, area fished,

port, effort, and market category. Market categories include Male No. 1, Male No. 2,
Females (mature), and Mixed bushel. Mixed bushels were allowed to be reported until
2010when it became mandatory to separate bushels by sex. Mixed bushel hard crabs
were assigned a sdyased on recent sespecific datausing the same methods

explained for Virginia

Landingsan be reported in pounds, bushels, or number of crabs. All hard crab harvest

is converted into pounds using a conversion of 40 pounds per bushel and 72 crabs per
bushel. Soft and peeler crab harvest is converted into pounds using the Chesapeake Bay
wide average of 0.2083 pound per crab.

Any confidential data (fewer than three harvesters contributing per data point) were
removed, but these make up less than 25,000 pounds (less than 0.0003% of total
harvest) across the time series.

3.4.2.Catch Per Unit Effort

Time series of fishery CPUE can be considered as an index of abundance, when

appropriately adjusted for factors other than abundance that can impact catch rates

(Maunder and Punt 2004). Such indices can be useful, particularly in situations when

independerti & dzNJSeéa I NB dzyl @l AflofSy O2yFt AOGAy3AZ
of the resource. Although removals and effort data are available from each jurisdiction,

several considerations regarding effort gave pause to the consideration of CPUE series

as additional abundance inzes First,determiningan appropriate unit of effort in the
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blue crab fisheries is namivial. Number of trips is straigHbrward to calculate, but the
characteristics of a trip can vary widely. Other effort metrics could be pensans,

soak time, number of pots, dredge duration, length of trotline. Comparisonsss gear
types or combining infrequently used gear types into a single fleet can present
challenges. Additionally, the effort data available for the Chesapeake Bay blue crab
fisheries are generally considered less reliable than other data components. F
SEI YLX S aK2dzNBE FTAAKSRéE YIFEé 65 AyiSNLINBGSR
spent on the water, time spent actively working gear, soak time) and may not reflect
what is intended by the analysts. Similarly, the number of pots fished appehes to
inconsistently reported as either the number of pots that are checked during a
particular trip, the total number of plots deployed, or the maximum number of pots
allowed based on license type.

Given the uncertainties in the effort data and availability of multiple fgjghlity, large

scale fishery independent surveys, and early indications that the model would be able to
reasonably reconcile the data and estimate stock dynamics with fishdependent

indices, we did not pursue standardized fishery CPUE series as additional indices of
abundance for use in the assessment.

3.4.3.Biological Sampling of Commercial Harvest

Virginia

In 201617, the Virginia Marine Resources Commission conducted a seasonal study on
biological information from the commercial blue crab fishery in Virginia waters. From
late-summer 2016 through midummer 2017, technicians intercepted crabs at docks or
local seafood buyers using a megdtiage random sampling design. Technicians recorded
the total number of bushels harvested and total bushel weight, as well as individual blue
crab widths, weights, sex, and maturity of a minimum ot8fbs per bushels per

market grade. Market grades, which were assigned by the dealer, included males, light
males, females, and females with sponge. Widths were taken with fish measuring

boards and weights taken with digital scales. A total of 226 commercial intercepts were
condwted, sampling 10,088 crabs from eight water body systems.

Maryland

Since 2002, the Maryland DNR has recruited crabbers to be a part of the Commercial
Blue Crab Data Collection Prograark(a, the Maryland Sentinel Fishery Program;

Fegley et al., 2006). Watermen could work either independently, after going through a
short training session, or carry a DNR observer aboard. Watermen who worked
independently were asked to record tii&\ sex, life stage (peeler, soft, ebgaring),

and maturity (females only) of each crab for a sample of 75 crabs and to do this one day
per week throughout the season. They also recorded the total number of crabs caught
per unit of gear until they reached their sample of 75 crabs. Observers collected the
same data on all crabs caught but for their entire day aboard the fishing vessel, including
data on crabs that are not allowed to be retained. Data have been collected from crab
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pots, peeler pots, trotlines, and scrapes. Sampling has taken place in the mainstem
Chesapeake Bay from the Susquehanna Flats to the state line and in most major
tributaries.Data are also available from limited dealer sampling in the early 2000s.

Potomac River

ThePRF@oes not collect biological data on the commercial harvest. However, some
limited data for the Potomac River are available from the Maryland Sentinel program.

3.4.4. Calculation ofg¢herycatchlengthand sexcompositions

Virginia

To inform the length compositions for the Virginia pot fishery, we used data from a
buyer sampling prograrhat occurredin 20162017 The biological data were further
aggregated by month sex, and length Hiength bins ranged from-10 19+ cm where

the first bin included all crabs less than 2 cm, and the 19+ bin included any blue crabs 19
cm and larger. Proportions at length and sex were calculated for each month and year.

There were no data from the Virginia winter dredge fishery to inform its length and sex
composition, so we used data from tNéDSfrom the same location as the winter

dredge fishery (specifically the lower bay stratum)nform the catch composition.

Data from the Maryland portion of th&/DSwere removed. Data were aggregated
across months for each year of tiéDS November and December from the previous
year were combined with January through March of the following year. Proportions at
length and sex werealculated for each year. Immature females were not included
because they are not allowed to be retained.

Across all jurisdictions and fleets, mature females smaller than 7 cm were removed
because they were extremely rare and unlikely to be retained.

Maryland and Potomac River Fisheries Commission

To inform proportionsat-length (i.e.,CW and-sex of the fishery catch in Maryland, the
Potomac River, and the Bayide peeler/soft shell fishery, we used data from the
Maryland Sentinel Fishery Monitoring Program. Through this program, biological data
were collected from commercially caughtilcrabs by state biologists and commercial
fishers starting in 200@Fegley et al. 2006YVe only used biological data collected by
state biologists because they were thought to be more accurate and they sampled mo
crabs per trip. Blue crabs were identified to sex and maturity (for females) and
measured for theiCWas they were brought onboard the commercial vessels prior to
culling. Shell condition (peeler, soft, and buckram) and presence of eggs was also
recorded.

To represent the length and sex distribution of blue crabs harvested by the commercial
fishery, we filtered the data to only retain blue crabs that meet the minimum size limit

and other retention regulations from each jurisdiction and date (T8blg This

approach accounts for changes in size limits for hard, peeler, softshell, and sponge crabs
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within a year and throughout the entire time series. Any crabs not deemed legal were

not included in the length composition data. Immature females were, therefore,

removed from all fleets except the peeler fleet. Some blue crabs were classified as

GodzO§ NHEY AYRAOF(GS ON}YXoa GKIFG KFE@S NBOSyuGfe v
hardened. We treated buckram records the same as those for hard crabs. Add|t|onally,

S GNBFGSR ONl}oa OfllaaAFTASR a aaz2Ffi¢e GKS atl
dead or as mature femaletsaanng eggs were removedA very small fraction of thélue

crabs (€.04%of total catch) had an incorrect millimeter to inch conversion and were

removed CWin both units was present in the data base).

For Maryland, the biological data were aggregated by month, length bin, sex, and gear
to represent different fleets (pot, trotlines, and peeler). Length bins ranged fram 1

19+ cm where the first bin included all crabs less than 2 cm, and the 19+hided

any blue crabs 19 cm and larger. We did not use length or sex composition data from
PRFC or Virginia to inform the peeler length and sex compositions because these data
were generally not available. This approach assumes that the length and sex
comypositions for the VA and Potomac River peeler fisheries are similar to those from
Maryland For the Potomac River, only length composition information from beat

pots was used because the fraction of catch from other gears was very small.

3.4.5. Estimation of@hddiscards

Discard mortality estimates for Chesapeake Bay blue crab pot fisheries are limited and
have not been used in previous assessments. The 2013 Florida blue crab stock
assessment used 10% discard mortality for crab pots based on a2P0@0rapping

study in Bmpa Bay. Walters et al. (2025) used a reflex action mortality predictor
method to predict discard mortality of blue crabs and found that mortality was highest
(14%) in high salinity areas in the summer. Lower mortalities were predicted in low
salinity ares in the summer (2%) and in both high and low salinity areas during the
winter (4% and 6%, respectively.this assessment, dead discards refer to crabs that
were recorded dead, and we assume that dead crabs are discarded.

Fordeaddiscardin the Virginia dredge fishery, crab injury rates from Lipcius et al.
(2013) were used. This study, which was conducted with commercial crab dredgers,
estimated that theincidental mortalityof a commercial crab dredge over one day was
13.1% under the conditions that most closely matched the-pd®8 dredge fishery
(sandy habitat and with divers on the dredge).

To produce estimates of dead discards in tieer fleets we usedreported dead crabs
from the Maryland Sentinel Monitoring Program. For each year, sex (males and mature
females), and gear (hard pots, peeler pots, or trotlines), we calculated the proportion of
dead blue crabs in the observations. We assumed these daddencountered in the
gearwould be discardedThe proportion of dead discardisr each year, sexand gear

was multiplied by the year, sex, and gepecific total catch t@stimatethe amount of

dead discards in pound¥he same yearly proportion wased each month of a given
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year.The amount of dead discards in poundasadded to the total catch tgalculate

total catch with approximateleaddiscard includedThere were no data to inform the
proportion of dead discards for pots in Virginia waters or the Potomac River, so we used
the estimates of proportion dead discards for males and mature females in the
Maryland pot fleet.

3.4.6.Recreational Harvest

The 2011 benchmark assessment calculated recreational harvest, sexes combined, as
being 8% of Chesapeake Baigle commercial harvest. This value was based on several
studies conducted in 2001, 2002, 2005, and 2009 (Ashford et al. 2009; 2010a; 2010b;
2013a;and 2013b). Upon reisiting these studies, the 8% value, which was not reported
by Ashford et al., could not be replicated, and it ignored reported differences in harvest
between jurisdictions and sespecific regulations among jurisdictions. Ashford and

Jones (20012002) did not consider sex differences in recreational harvest, but the
fishery takes place almost exclusively in tributaries where the harvest is skewed towards
males relative to the overall fishery.

The studies were conducted in both Maryland and Virginia in 2001 and 2002, but only in
Maryland in 2005 and 2009. The estimates from the 2002 study were regarded as being
unusually low, especially for Virginia. The 2001, 2005, and 2009 studies providead sim
results for Maryland, so the 2001 study was relied upon for the relative distribution of
the recreational harvest between the states.

Since the last assessment, a tagging study by Semmler et al. (2021) estimated the
recreational harvest of male blue crabs in Maryland.

The Ashford et al(2001)study estimated that recreational harvest was 5.02 million

crabs in Maryland and 2.1 million crabs in Virginia. From Maryland commercial landings

data and MDNR Cooperative Blue Crab Commercial Survey data, harvest in tributaries

where the recreational flsery takes place, is skewed 75:25 towards males. Splitting the

Maryland estimate into males and females resulted in male recreational catch being

11% of commercial harvest of males, and female recreational catch being 3.7% of

female commercial harvest. The Potomac River recreational fishery was considered
AAYAEIFNI G2 alNREflFlyRQa [yR (GKS &aFYS FTNIOlA2VYa
commercial were applied to that jurisdiction.

These estimates were considered representative of the 18338 period, before the
recreational harvest of female crabs was banned in Maryland and the Potomac River.
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of male commercial harvest was almost identical to the Ashford et al. (20093

2010k 20133 and 2013b) studies and suggested that applying the estimate of 11%

specific to male recreational harvest was reasonable for the period of-gB&ent,

after femalespecific crabbing regulations were implemented.
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The annual sex composition in the Virginia commercial harvest from tributaries has been

50:50 male:female, so that was applied to the recreational fishery, as well. Ashford and

W2ySa oHnnmo SaGdAYIFOGSR +ANBAYAI &3 Hnnm NBONE
Virginia. An equal division of males and females resulted in male recreational harvest of

5.1% of commercial male harvest and female recreational harvest of 1.7% of

commercial female harvest.
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estimates were used for the entire time series.

3.4.7.Characterizing Uncertainty

Virginia

Virginia audits harvest data by validating harvester reports against seafood dealer
records, with staff confirming the correct information to resolve any inconsistencies

found. Records are not kept of how many errors are found, so reporting error rates are
not available.

Uncertainty was higher in 1994996, the first few years of mandatory harvester
reporting, as harvesters adapted to the new requirements. In 1B885, harvest by sex
was not collected. Staff believe records from 1997 forward to be the most reliable.

In 2008, blue crab licensees who had not reported harvest for several preceding years
were placed on a license wait list until the population grew to exceed the target. It is
believed that some commercial fishers reported harvest when they had none in twrde
maintain eligibility in case harvest histompuld be used as a license requirement again

in the future. It is estimated that this practice ended by the time daily bushel limits were
introduced in 2013, but 2068010 were the years this would have lmemore

prevalent.

Maryland

While reporting is mandatory for license renewal, there are still licensees that do not
report crab harvest. These licensees may report harvest in other fisheries and satisfy the
reporting requirements. Nomeporting licensees that are assumed to be activéhe

blue crab fishery, are assigned harvest based on their license type and month.

In the fall of 2008, daily bushel limits for females were established based on harvest
history. Someommercial fishes, wanting the highest possible bushel limits, began
over-reporting their catch (CBSAC 2009). Despite bushel limits being based on license
type starting in 2009, overeporting persisted, and likely is still a bias in the data. This
was mostly an issue fane reporting of female hard crabs and not for male hard crabs
or peelers.
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PRFC

The PRFC does not collect any seafood dealer reports, only harve§tahata
commercial fishersCollection of only harvest data prevents the PRFC from auditing the
data beyond staff confirming and/or correcting any outlier data.

Harvest data have been collected via paper reporting since 1964. Monthly harvest data
were available beginning 1986. Monthly harvest data by market category were first
available in 2000.

TOR4: Stock Assessment Model and Uncertainty
4.1.Model structure

The Sex and Length Structured Assessment Model (SLARDdsapeake Bajue crab

is length and sexspecific. Hereafter, length indicate€W. The model includes a

variety of potential selectivity and growth patterns. The modémglemented using
monthly time step. SLANM fitted to data onsexspecificcatch,sexspecificlength
composition of the catch, survey indices, and length and sex compositions of the survey
indices. The model tracks the population abundaatéength in three sexmaturity (X)
categories: malegna), immature femalegif), and mature femalegnf). The model
estimates abundance, recruitment, fishing mortality ratesrvey selectivity, and survey
catchability The model includes several potential selectivity functions and a stochastic
incrementbased Gompertz growth modeiodified for blue crakspecific female growth
patterns The model ismplemenid in RTMB (Kristensen 2028)odel variables are
described in Table 4.1.

4.1.1.Recruitment

Recruitment of aged blue crab®ccurredin February to coincide with the WD8he
model was specified to only estimate recruitment in February, but the specific month
can be adjusted if neede®ecruitment in each yeaR() was estimated as individual
parameters that were constrained to be normally distributed on the &mgle.

Recruitment in each yeasex, and length bi(R,x) was calculated as thgroduct of the
proportion at sex for recruitdl( ), the estimated total recruitmentR;), and the
proportions at length of recruitsy(),

Yar YN,

The proportion of male recruits was estimated on the logit scale, and the proportion
female (| ) was calculated ab p I .1l waszero.

Sizedistribution of recruits

The proportions at length for recruits followed a lognormal distribution with mean and
standard deviation (SD) parameters,
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where 3 wasthe normal cumulative distribution functiohwasthe upper limit of a

length bin,by wasthe width of each length bir, wasthe loge-scalemean length of

recruits, and, wasthe log-scalestandard deviation%D of the length distribution of

recruits. The firstbiwasl G YAy dzaé 3INRdzL) GKIFG Ay Of dzZRSa AyR
limit of the first length bin, and the last length bivasl & LJt dza ¢ 3INR dzLJ G KF G Ay
individuals greater than the lower limit of the largest size bihe parameters of the

initial size distribution of recruits were estimated outside of the model using data on the

size distribution and estimated abundance of recruits in vegetated and unvegetated

shallow and deep habitats during 20MVi{berg and Drzewicki 2026; Figure)1lThe

initial size distribution parameters were assumed to be constant over time.

4.1.2.Abundance at length

The abundance ahales and immature femaldsy length bin K, x) was the sum of
recruitment and the abundance of individuals that survive and grow to that size class,

0 i Y A B Opprn Oppp OppQ AR,
where "0y, ; wasthe probability oftransitioning from bina to bin| for time stept and
sexx, Wy  wasthe total instantaneous mortality rate for crabs in length Bipsexx,
and timestepd, U  ; wasthe overwinter mortality ratg(as a proportionjor crabs in
length binl, sexx, and timestem. The order of operations within a time steyas
overwinter mortality, total instantaneous mortality, growth, and then recruitmefihis
representationof the lengthbased population dynamics generdifiows standard
approaches in sizbased population model$(int et al. 20Q; Punt et al. 2013Cao et
al. 2017)with the exception of including overwinter mortalityDverwinter mortality

only occurred in February of each year and was calculated exterhelhgét al.
2026D.

For mature females, the modelas similar tathat of males andmmature females, but
it did not include recruitment or growtlof mature femalesandGincluded females that
transition from immature to matur€ Oy, ),

0 Fn Orm P Opn QM Oisi VUrr P Uap Q M°

For mature femalesthe molt to maturity serves as a functional terminal malfter
which they are thought to no longer grof@mith and Chang 2007

The initial abundance by sex and lengih () wasassuned to bein quastequilibrium

with respect to recruitmentgrowth,overwinter mortality,and fishing mortality rates in
the first year of the model. Specifically, abundamn@escalculatedby applying the
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population dynamicever monthly time steps for &ive-yearperiod using the growth,
fishing mortality, and overwinter mortality rates from the first yearhe calculations
startedwith mean recruitment in the second month of the first year,

VI T 4
Thequastequilibrium abundancevas then calculated by projecting the population
forward using the total mortality rates for each timestep

4.1.3.Growth

We used asexspecificstochasticGompertz growth modahat was modified for female
maturation (Figure 4.1)ecause ibetter matched the pattern olower growth at
smaller sizes and more growthiatermediatesizes tharavon Bertalanffy modeBlue
crabsare likely not able to grow as fast as would be expected by a von Bertalanffy
model when they are smabecause their growtls constrained bya relatively constant
growth per molt and the need for an intermolt period between mdBsinnelland

Miller 2005 Brylawskiand Miller 2006) The probability ofrowing from one length bin
to another during a time stewvas based on the timelength and sexspecificmean
growth increment and its distribution. The calculations assume that the startingvaize
the midpoint of a length bin. The growth incrememas assumed to beormally
distributed. For malegthe growth increment was calculated as the difference between
the cumulative distribution at the upper and lower bounds of a length bin,

a ahwrp b,

O ki a w ahwp b e

A f
wherew ;; was the mean growth increment for an individual in a size bin with lower
limit &. Negative growth (i.e., individuals shrinking in tH@W) was not allowed and the
proportion of crabs in a length bin that were expected to grow < 0.5 cm remained in
that length bin,

O ki —horr b
The largest length (18m) binwas an aggregate length birepresenting all individuals
that lengthand larger,

Opip P abwgp b,
The probability of an immature female créfansitioning from one size bin to another
and remaining immaturevas similar to growth of males but also incladeansition due
to maturation. The transition probability for immature females was the product of the
probability of transitioning from length bia to length bindand the probability of
maturing during time step t at length bin

O ik O o alwpih a ahwrp b
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wherel  was the probability of maturatiofFigure 4.2) The probability of
maturation was estimated externally (Ogbwrhal. 202¢ and was month and length
bin specific. The lower right diagonal element@f ;; was specified to be zero to
indicate that immature females in the largest size bin would become mature that
month, and'Qy, 5 was specified to be on®@uring DecembeMarch we assumed that
blue crabs will not grow or mature, ar@éwas represented by an identity matrigr
males and immature females

The mean growth incrementascalculated using a discrete approximation of the
differential equation version of the Gompertz growth model,

W j a — O Qraé® 0TI ,

where®p and®y were the Gompertz growth model parametefEhe mean increment
was calculated by projecting the growth ovenmmnthly timestep using 10 submestep
steps to reduce projection error. Each month was assigngegarameters that were
constant over time and the same for both sex&able4.2). The values fo; were
determined byiteratively adjusting the parameters until the model could match changes
in the first mode of the length distribution in the WDS, the Maryland Trawl Survey, and
the VIMS Trawl surveylhe values of the other parameters of the Gompertz growth
model are in Table 4.3The®y parameters of the Gompertz modedere calculated as

a function of the asymptotic maximum siZe () and the Gompert®; parameters,

Wp (I)F,(‘] ¢ "0

The variance of the growth incremewss calculated at the midpoint of each length bin
assuming thatx andbx were random variables,

@
G

C C

” HF]F] d ” R d

where the standard deviation fofx,, ., was the product ofxand the coefficient of
variation ofagx (0w ),

” h (I) 6(b ’
and” j was the correlation betweem:x andbyx. Similarly, the standard deviation of
btx, » ,was the product ob:x and its coefficient of variation,

» r WROW .

» represented additional variance that was needed to accurately describe the width of
the length composition for smaller crabs
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The probability that amimature femaleat lengtha becomes anaturefemale at length
awas the product of the maturing and the probability of growing to lengthcbin

Or fi a © ahyh e a ahw h, . [ R
wherew was the mean amount of growth upon maturation for length &iand
wosp Was the SD of growth upon maturation for length birDuring December

March, we assumed that female blue crabs will not grow or mature, @gd;; was
represented by a matriaf zeros

Thew was calculated as a decreasing linear function of starting length (Ogburn et al.
2026),

wherel was the intercept anl was the slope of the relationship of the proportional
increase iIMCWupon maturation(Table 4.4)The values of tHe andf parameters
were chosen by slightly modifying those from Ogburn et al. (2026) until the length
distribution of mature females in the WDS was approximately mat¢fhadle 4)

nowp Was calculatd using a constant CV of 2¥arger values caused the length

distribution of mature females to be wider than observe@iven the parameters of the
growth model and female maturation, the model predicted that most females would
mature during their first fall after recruitment (Figure 4.3).

4.1.4 Mortality

The total instantaneous mortality rat&)(was the sum of natural mortalityM) and
fishing mortality ) summed over fleets),

AT VT - B O T
whered € 0 was the month associated witihme stept.

There is evidence thatatural mortalityis higher forsmallerblue crabscompared to
larger blue crab$Bromilow and Lipcius 201 &)Ve developed lengtibased stimates of
M using informatiorfrom Bromilow and Lipcius (201¥able4.5), Lipcius et al. (2026b),
and profiling over values within the modglection 4.2)Natural mortality was
calculated as the product of a scaled decreasing funaifarlative natural mortality
from the estimates in Bromilow and Lipcius (2017) and a reference level that was
constant for larger sizes (Figuted),

0 0 0 0 Q® vod

0 0 "Q® uvwa

whered  was a decreasing function of length, = was 0.75, andd  was 0.65/9

mo (Figure 4.4) These values were selected by doing a grid search over a range of
values ford and0  and finding the ones that minimized the objective function
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for a previous version of the base mo@€&hble 4.6) The decreasing portion of natural
mortality was only applied to lengths 5 cm becaus® cmwas the size of the largest
crabs in Bromilow and Lipcius (201F$timates of lengtibased natural mdality were
only applied in the months of April through Decembercause overwinter mortality
was described separately

For February we usedength- and sexspecificestimates of overwinter mortality to
representcombinednatural mortalityduring JanuarnMarch. Estimates of yearsex,
and lengthspecific overwinter mortality0 p; from Liang et al. (202§ were
smoothed using a GAMith 5 knotsto provide estimates for missing size bardd to
reduce variability caused by low sample sizes

a € WQpi Qi 0,

where™Q  indicated separate smoothers over length bins for each combination

of year and sex. Smoothing was done on thedogle to ensure positive values. In only
a few estimates, mortality was estimated to be greater than 1. These cases were
specified to be equal to 1, but they were for se&x classes of crabs where the model
estimated very few individuals (very largenmature females and very small mature
females).

We included six fleets in the model based on gears and crab condition: pots in Maryland
(Maryland pot) trotlines and all other noipot gears in Marylan@aryland trotline)

pot and all nordredge gears in Virgin@irginia pot) all gears in the Potomac River
(PRFCXhewinter dredge fishery in Virgini@/irginia dredge)and the peeler fishery

(soft and peeler condition crabspmbinedacross all jurisdictions. We chose to separate
peelers into a distinct fleet because they halrferent minimum sizeegulations that

were represented withseparateselectivity patters. The fleets were disaggregated
because regulations and blue crab availability differ among the jurisdictions and gears
and data availability differs among these fledtshing mortalityvas the product of
length, year, and monthbased selectivity for each fleet)(and the fishing intensity

(F*, i.e., the fully selected fishing mortality ra@uring each time step fagachfleet,

Ok { R Oh-
Thelog-scalefishing intensites were estimated asee parametergor each month with

a nonzero catch for a given sex and fle€tor months with zero reported catches, the
fishing intensities were assumed to be 2RDe., €9).

Fishery selectivitjollowed anincreasing logistic functiofor males and immature
females

RER ——  ARAR
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where p1 was the slope parameteasind pz was the inflection point parameter. We
initially tried using domeshaped selectivity functions for the peeler fleet, but they did
not improve model fit.

We were unable to estimate fishery selectivity paramet&@msultaneously with the
other parameters so they were fixed based aninimum sizeegulations for eacfieet
and sexMature females do not have minimum size limiighe commercial fisherieso
selectivity wasssumed to bd.0 for all length bindrishery selectivitparameteisfor
the peeler fleetwere the same fomales and immature femaleslistorical changes in
size regulations ardescribedn Table3.1, and we adjusted the value p# for a given
month or yearbasedon regulation change(Table4.7; Figures 4.8.10. To improve the
selectivity curve for specific fleetwe iteratively addedatonstants top. and refit the
model The values fop2 with the lowest objective functiofrom an earlier version of
the base modelvere chosen.

4.1.5.Catch at length

Catchesd jj ;) were calculated using the Baranov catch equatioodified for
overwinter mortality,

o hh R . . a o
O Rk — P Q "™ Ufr P U RRR

We assumed that overwinter mortality occurred before fishing mortaldverwinter
mortality was only norzero in MarchTotal catch in weight for eactex in eaclileet
andstep (Y; ) was the sum of the product of fleeaind sexspecific catch and mean
weightfor a length bin and sei 5 ),

“Yirh B ORrR0 fi-
The estimated proportions at length for a time step and fle?letﬁgﬁ) are calculated as

the catch in a length bin and sex divided by the total catch in numbers for the fleet in
that time step,

4.1.6.Indices at length

Expected survey indice$}; ) at length and sewere calculated as the product of
catchability hi ). survey selectiviti( yr ), and abundance,

Qrr N Rl RRRO kA,
where catchability can vary by montm@(t)) and survey 0 . Catchability varied across
sexes except for th&/DS where all sexes were assumed to have the same catchability
and thePEARL pot survey where males and immature females ags@med to be

equal. Tieseassumptios were made becauséhe WDS surveys almost all of
Chesapeake Bay and femataturity datawere not collectedfor the PEARL pot survey.
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We assumed that the winter dredge survey occurred on the first day of February, before
overwinter mortality occurredChesMMAP was split into two different indices:
ChesMMAP 2002018 and ChesMMAP 20923 (ater referred to as ChesMMAP old

and ChesMMAP new). This was done because the newer gear has higher selectivity of
smaller crabs. This allowed us to estimate different selectivity curves for each period.

Survey selectivitjunctions differed across the surveyBarameters were constant over
months and sexes for ChesMMAP and the PEARL Pot SBuwregy selectivity was
modeled usingn increasingpogistic functionwith parameters that differed among
surveys but were constant over months and seseesept for the MD trawl and the VIMS
trawl surveys. Both of these surveys tmmmewhat different monthly length
distributions in late springarly summer (Maryland Trawl: Maljly; VIMS Trawl: April
July) sowe used Bsplineswith 4 knotsto providemore flexibility.For the rest of the
year for these two surveys, we fixed selectivity to be equal to 1 for all lengthTdes.
basis matrix of the splin@ad I SY SNI G SR dza A y 3 spliéPackagea ¢ TFdzy Ol
(R Core Team 2025). A parametersassociated with each degree of freedpbut the
first parameterwasfixed to be zero so that selectivity and catchability would not be
confounded Selectivitywasthen calculated as the matrix product of the basis matrix
and the parameters,

i . 0g p/max@g f ,

wherei . was survey selectivity for a month and survByyas the spline basis matrix,
andg j was the vector of spline parameterhe selectivity curvevas scaled to its
maximum sdhat it has a maximum of one. All survey selectivity parameters were
estimated excepthose for the WDS and Maryland and VIMS trawl surveys after July
The increasing selectivity for the first length bin of the WDS was too steep to be stable
when estimated in the model. Therefore, it was calculated using data from Ralph and
Lipcius (2014as described in Wilberg and Drzewicki (2026)

The total index value for a time steyas the sum of the survey index over lengths and
sexes,

Q@ B B Gan.

The index proportion by length and s&x (- ) were calculated aithe survey index for a
length and sex divided by the total index,

4.1.7.0bjective function

Model parametersvere estimated by minimizing the objective functidh)(whichwas
the sum of thenegative lodikelihood components for each data source and penalties
on deviations from median recruitment

fl Bega, B ¢aprs Bea BeEappp, €00 nNQg,
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where¢ @y was the negative log likelihood for the catéhf@ ; was the negative log
likelihood for the proportions at length in the catch.@;; was the negative log
likelihood for the survey indices, @ ; was the negative log likelihood for the
proportions at length and sex in the surveysg was the negative log likelihood for the
recruitment sex ratio, ang € j was the penalty on recruitment deviations.

A lognormal negative log likelihood functiamas used for the observed catch, total
indices, and recruitment sex ratio.vitas implemented using thénormfunction in
RTMB with observations andgtimates on the logscale,

taoB ™ Id ¢, ,

whereobs was the observed value at tinteest was the estimated value at timg and

, Was the assumed legcale standard deviation. Missing valvgaNES O2 RISRE I a4 4
and the negative log likelihoodas only calculated for time steps with positive observed
values. The penalties for recruitment deviations also were modeled as normal on the

loge scale.The assessment model was able to estimate the sex ratio of redruitskut

it typically estimated values that weweell outside the range of observations from the

WDS Therefore, we also fitted the model to data on the sex ratio of recruits from the

WDS.

LogscaleDswere assumed knowior the catch, total indices, and recruitment sex
ratio likelihood functions. For the catclog-scaleSDsvere assumed to b8.1 for all

time steps, sexes, and fleefBhis value was chosen to primarily represent uncertainty
from deaddiscards and recreational catdror the total indiceshe SDsvere the same
over time but differed enongsurveys taepresent their ability to track Chesapeake Bay
wide trends in abundancéVe prioritized fitting theWDSbecause ihas the &rgest
amount of overlap with the blue crab populati@md was designed to monitdine

whole blue crabpopulationin Chesapeake Bay. Therefadtayas giverthe lowest
standard deviation of 0.23ower values were tried because the precision of the WDS
index is < 0.1, but these models resulted in extremely large standardized resilials
other surveys had standard deviations fixed at Ode D for the proportion of male
recruitswasyearspecific(Figure4.11).

The negative log likelihood for the length compositisres modeled using a

multinomialdistribution. The implementation of the multinomial negative log likelihood
functionused0 KS Ydzf GAY2YALf FdzyOdAazy Ay wé¢a. GAGK
sex and estimated proportions at length (or proportions at length and sex),

caa B a€@BQy p Bae@Qr, p BQraé "y ,
wheres was the gamma functiordiwad (0 KS a2 0 & S-aI8®yRér y dzy o S NA
numbersat-length and sex (i.e., observed sample proportions multiplied by the

assumed effective sample sizin Table 4.8 andnhywas the estimated proportionst-
length or proportions at length and seandi was either length bin within a sex or
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length bin across lengths and sex®@ge tested models that used a robust multinomial
likelihood function(Fournier et al. 1990]ut it had apoor fit to the sex compositions of
somesurveys with low observed proportions

Calculation of thenegative log likelihood functions for th@oportions at length and sex
for the catch and the surveys usegternally calculatedalues of the effective sample
sizes to weight the observed data. Effective sampledeseribes how informative the
length composition datavould beif it came from a truly random sampl&he length

and sex compositisfrom the catch and the surveys do not come from a truly random
sampling It has been suggested that using the number of trips is a bettertoveorm
effective sample size famomposition likelihood weightinfCrone and Sampson 1998;
Truesdell et al. 2017). We calculated the number of trips for each gear and timestep to
estimate effective sample size foatch length distributions from the Maryland pot,
Maryland trotline, PRFC, and peeler fle€iable4.8). We used the number of trips
sampled by monttirom the Maryland Sentindtishery Monitoring Prograrior these

fleets. For the Virginia pot fleet, we did not have information on trips, so instead we
used the total number of cikzs sampled divided by 50 in each timestep where data were
available from the Virginia biosampling program. For the Virginia dredge fishery, the
effective sample size was fixed at 15 for each timestep. We used similar methods to
estimate effective samplezes for the surveysofF the WDSthe largest of all surveys
effective sample sizeas fixed at 250. We chose weight the WDS lengtland sex
composition data highediecause it has the highest sample size, largest spatial
coverage, and likely tracksdhrue population abundance better than any other survey.
For the remaining surveys, vealculdaed the effective sample sizasthe number of
stationsthat observed blue crab®r each timestepnultiplied by aweighting term of

0.25 (Tablet.8). The weighting term was chosen such that there were few length and
sex composition standardized residuals > 10, and the model was able to track the WDS
index.

4.2.Model selection process

Threemaincriteria we used for determining laasemodel included: 1) thénal

parameter estimates had relativelysmall maximum gradient componen#.05), 2)

the model hal an invertible hessian andald produce standard erra of parameter
estimates, and 3) the correlations among the parameter estimates were not too high,
ds Tt uThemost importantcriterion for the final base model selection wias

match theWDSndexbecause iis a weHdesigned survey that should accurately track
population abundanceAdditionally, we also compared the values of the negative log
likelihood for theWDS indexand length and sexcompositionamongmodels.

The criteria to determine a base model evolved throughout the model development
process. Furthermore, extensive work was done to determine the proper weighting of
datasets Models wereinitially evaluated based on how well they fit both the MD and
VIMS trawl length compositions because tlweytained the most information about
growth among thedatasets because they provide monthly length compositions during
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springfall. However higher weighting of these survegaused a worse fit to th&/DS It
became a priority among the group to improveetit to the WDS indexso we down
weighted the other surveydata (and the sexand length composition of the WDI8)
relation to the winter dredge survefhigher survey CVs and lower effective sample
sizes) Final values of effective sample size were iteratively determined, and the best
model was able to match the winter dredge survey index as close as poshkitdalso
matchingthe remaining data sourceslativelywell.

Much of our model development focused on estimating temperatdependent

growth, which was ultimately unsuccessful. We began by modeling growth using a von
Bertalanffy model with th&K parameter as a function of cumulative growing degree
days. However, this model tended to overestimate growth of small crabs and
underestimate growth of large crabs. Therefore, we switched to a Gompertz growth
model, which was better able to match the appnt sizedependent changes in the
survey length compositions durinige year. We attempted several types of
temperaturedependent growth with Gompertz models including models with linear
increasing b as a function of temperature and b as a normal (i.e., domed) function of
temperature. We also attempted models with thesttibution of the growth increment

as normal or lognormal. Ultimately, weuldnot find a temperaturedependent growth
function that matched the observed monthly changes in the length composition
because temperaturelependent models consistently underastited growth in the

spring and overestimated growth in the summer and fall (seesB@Rd 10. Because

of this inability to fit the data, we chose to usenthly,temperatureindependentb
parameters for the Gompertz increment model that used a normal distribution for the
growth increment. After including additional variance in the growth increment, we
were able to track monthly changes in the survey length distributions reasonably well.

With our final growth model, w made a concerted effort tthoroughly explore the
parameter space for the growth parameters to besttch themonthly changes in the
length compositions across surveysieWDS MarylandTrawl Surveyand VIMSTrawl
Qurveyconsistently observed the widest size range of blue grabsve selected models
based on how well they matched the sexd length compositiors over time. Because
our initial efforts to estimatehe growth parameters within the modelere
unsuccessfylwe extensively tested combinationsmdrametervaluesfor the growth
model(Tablest.2 and4.3). This included increasing and decreasing the parameters in
small increments for different model runs. For the Gompterg parametes, values
were iteratively determined based on patterns in the data.

We also conducted thorough testing of natural mortality and maturity parameters
because they were unable to be estimated by the modeaiange of alues ofb

and0  were tested to deciden the final values thaallowed the model tdestmatch
the data(Table4.6). Our criteron for selectng the best parameter valuegasthe

overall negative log likelihood valuettie model. The intercept, slope, and variability of
growth associated with thenaturation molt relationshigor femaleswere also tested
(Table4.4).We ran >100 versions of the model with slight modifications to all growth,
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natural mortality, and maturation parameters (Tab%g and4.3) to understand how
each changaffected model fit.

4.2.1.Jitter Analysis

To test model stability, we conducted jitter anadgsA jitter analysis runs replicates of

the base model with starting parameters values that weérawn from a uniform

distribution and could be up t8.5% smalleor larger than originastartingvalues. This

was done to ensure that the model conveyen the sameobjective function valuand

that a better solution (i.e., lower objective function value) was not fo(ikarp et al.
2022).Replicates that converge odifferent solutionsindicateinstability in model

estimation We ran jitter analyess for three versions of our base model that altered

which surveys and survey months were included. A final base model was chosen based
on model diagnostics and jitter performance results.

In preliminary jitter runs, we found that parameters associated with PEARL catchability
and ChesMMAP selectivity were the most problematic to estimate and likely

contributed to model instability that led to runs that converged on alternate solutions.
Therdore, we tested three variations of the base model that removed the PEARL pot
survey and included different combinations of months to find a model that produced
more consistentonvergence in th@tter analysesThe three base model variants that

we looked at were referred to as: 1) Limited PEARL and limited ChesMMAP model, 2) No
PEARL and full ChesMMAP model, and 3) No PEARL and limited ChesMMAP model.
Models with limited ChesMMAP only included the months May, June, July, and
September for that survey. Miels with limited PEARL only included the months of

June, July, August, and September for that survey. Models with no PEARL removed the
PEARL Pou8/ey from the data inputs and estimation. We considered three factors
when choosing the final base run: hetbase model should be able to match the data,

2) thejitter analyses shouldonverge on the same solution >85% of the time with both

20 and 50 iterations, 3) the base model should include as much data as possible.

4.2.2Simulation SelTest

To verify functionality and model performance, we ran a simulationtsstf For each of
the three base models, parameter estimates were used to simulate data sets. Each data
set used the same values for abundance and fishing mortality rates but hackdtffe
observation errors. Simulation runs were compared using relative error. 20 simulations
were run, and the relative error for total abundance, fishing mortality, and recruitment
were summed across sex. general, the three base models appear to be Eab
estimating abundance and fishing mortality as expeatéti relatively low biasMedian
relative error(as a metric of biasyas very similaacross the three base ruriable

4.11). There were small amounts of bias across the three runs, where abundance and
recruitment were slightly underestimated and fishing mortality was slightly
overestimated. When relative error was assessed by sex (aggregated over base runs),
mature females wer¢he most biased. This bias exibtscause the original estimates
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used to simulate data sets had sgpecific residual patterns for catch, which were not
present for the simulated data sets

4.3. Results
4.3.1.Convergence

The base moddiad 2,639 estimated parameters.dppeared to converge on a unique
solution with a maximum gradient component of B4Yassociated with théogit of the
proportion male for recruits)andall except one otheparameter had first partial
derivatives < 0.00INo parameters were estimated to be on their upper or lower
bounds.The model was able to estimate the variarm®/ariance matrix by inverting the
Hessian, and the maximum absolute value of correlations among parameters of 0.91
(spline parameters for Maryland Trawl Survey selectiviylly 80 parameters had
correlations withd s 1&; fishing intensity and spline selectivity parameters were the
only ones that exceed 0.Klost model parametergstimates were reasonabjyrecie
with only 12 parameters having CVs > 0.3 (all survey selectivity paramelass).
objective function andralues of thandividual likelihood components are listedTiable
4.10

4.3.2. ModeFit
Fishery

For all fleets and sexes, the model fitted the observed catch well (Figured 23R The
model was able to match seasonal patterns for all fleets and sexes. The pattern for
most of the fleets was an increase in catch during the summer months followead b
decrease in the fall. In contrast, the Virginia dredge fisinexy the only fishery that
occurred in winter. For many of the fleet and sex categories, catch declined over time
with the strongest declines in the Virginia dredge fishery, which wasalos2008, and
the peeler fishery. All fleets and sexes had lower landings in recent years compared to
the beginning of the time series. Standardized residuals across all fleets were small
(between-0.75 and 0.5; Figure 4.24 and Drzewicki and Wilberg)2@26 most fleets

had the largest standardized residuals in the 11890s. The model tended to fit male
catch better than that of females for all fleets except for the Virginia dredge fleet and
the peeler fleet as indicated by lower negative log likelthoalues (Table 4.10).

Residuals in the catch had very clear temporal or cyclical patterns that differed by fleet
and sex (Figure 4.24; Drzewicki and Wilberg 2026). For most fleets, male and mature
female residuals had opposing patterns. Males often had negative residualsfingic
overestimation) while mature females usually had positive residuals (indicating
underestimation), on average. However, this opposing pattern was not as clear in the
peeler fleet. Note that these residual patterns are an improvement over the previous
assessment that had stronger patterns of consistent bias in fits t@gegific catch

data. We believe the main improvement that helped reduce the residual pattern is that
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SLAM was better able to account for sspecific differences in the amount of time
before recruits entered the fishery, with females recruiting more quickly than males due
to different minimum size regulations and growth patterns.

The fit to the sexand lengthicompositions for the catch was more variable across
fleets, sexes, and tim@igures 4.2%.36) For all fleets except for the Virginia dredge
fishery, the model fit the male lengtompositions bettethan the femalesThe size of
standardizedesiduals for all fleets and sexes was usually less thandl® that these

are Pearson residuals as the way the model handled missing data precluded calculating
one-step-ahead residualsOnly immature females in the peeler fleet andles in the
Virginia dredge fleet had residuals large a40-15. Both sexes in both Maryland fleets
hadstandardizedesiduals that were §.5 at their largest. Both sexes from the Virginia
pot and PRFC fleets had the smallEsindardizedesiduals. Many of the fleets had
residual patterns that switched from over to underestimating mature females and
switched from under to overestimating males around the length bin of the minimum
size, for a given fleet. These patterns were especially appan the Mayland fleets.

For many of the fleetg;atches othe largest males wersomewhatoverestimated.

Surveys

For most surveys and months, the model was able to fit the indices relatively well with
model estimates usually within the 95% confidence intervals of the data (Figures 4.37
4.42; Drzewicki and Wilberg 2026). We selected thesttaje SDs of the surveys to
prioritize fitting to the Winter Dredge Survey because it is the survey that should most
closely tracked Chesapeake Baigle abundance given its design. The WDS had high
abundance in the early 1990s that decreased through the early 2000s. It increased aga
after fishery reductions and reached a high in 2010, but it has trended downwards since
then. The model was able to track much of the trend of the WDS, but it estimated
higher abundance than wadserved during the early 2000s. Similarly, 2012 was an
abnormally high recruitment year that no models we tried were able to match, but the
model was able to track the WDS index relatively well after 2012. The VIMS Trawl
Survey had many of the largest standized residuals, but it also had the most
observationgFigure 4.43). Standardized residuals did not have substantial patterns over
time for the winter dredge survey, VIMS trawl survey, and the newer time series of
ChesMMAP (2012023). The older time series of ChesMMAP (20028), Maryland

Trawl Survey, anBEARL Pot Survey had distinct cyclical residual patteatwere

similar to the patterns observed in the residuals of the catch time series.

Standardized residuals for the fits to the sard lengthcomposition were < 6 for most
surveys and sexes (Figures 44480), except for mature females in the older time series
of ChesMMAP (2062018), males in MD trawl, males in VIMS trawl, immaturedies

in VIMS trawl, males in PEARL pot, and mature females in the new time series of
ChesMMAP (2012023). Mature females were usually the best fit sex category across
all surveys. Across all surveys, effective sample sizes were highest in the latesgring
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summer months, so those months often had the best fits. Effective sample sizes were
usually smaller in the fall months, so this was a common place for misfits to occur. We
prioritized a model that had the best fit to the seand lengthcompositions of the

winter dredge, MD trawl, and VIMS trawl surveys because they were the most
informative surveys on growth patterns. The WDS had slight over estimation of mid
sized immature females and slight under estimation of larger immature females. Larger
mature femaks were also somewhat underestimated by the WDS. The MD and VIMS
trawl surveys were fitted well for all sexes and most years, except in the fall when
sample sizes were smaller. Misfits in certain months highlighted some data conflicts
between MD and VIMS3dwl surveys. This model did a much better job of
simultaneously matching the sex ratios of the catch and surveys than the 2011
assessment. However, data conflicts still remain between the catch and survey sex
ratios given the other model constraints (e.mortality rate and growth assumptions).

The model tracked the proportions by sex in the W8 slight underestimation of

males and mature females and slight overestimation of immature females, on average
(Figure 461). The estimated proportion male was on the low end of observations from
the WDS (Figure 4.62)

4.33. Model estimates
Survey Selectivity an@€atchability

Selectivity was estimated for all surveys except the WDS. The WDS was assumed to have
a very steep increase in selectivity in the first length bin (Figure 4.63; Wilberg and
Drzewicki 2026). The two sets of ChesMMAP indices and the PEARL Pot Survey had
constant selectivity over months, whereas the Maryland Trawl Survey and VIMS Trawl
Survey had selectivity patterns that differed among months (Figures/468). The

older time series of ChesMMAP (20PRQ18) had a steeper selectivity function than the
newertime series because the newer survey catches more small crabs, which is why the
survey time series was split. The Maryland and VIMS trawl surveys were estimated using
splines which allowed for greater flexibility, however, some months had selectivity
patterns with unique shapes. The differences in the length compositions of these two
surveys may be due to different size distributions of recruits in winter in Maryland and
Virginia, which appear to become well mixed by summer. FoiNmgmber, selectivity

was assumed to be constant at 1 for the Maryland and VIMS Traw! surveys because the
censoring of recruits from the data precluded estimation of the increasing limb and the
size distributions in both surveys were quite similar.

Seasonal patterns were apparent when examining monthly catchability estimates
(Figures 4.691.74). In many of the surveys, catchability for mature females followed a
different pattern over the year than males and immature females, likely due to
migration d mature females associated with maturation. Because the survey indices
had different units, comparison of values across surveys is not informative.
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Fishing Mortality

Fishing mortality rates that were aggregated over fleets and months differed by sex
(Figure 4.75). Fishing mortality of males decreased in the 1990s but averaged about 1.4
yrisince 2004. Mature female fishing mortality showed a declining trend over time with
values < 0.5 yrsince 2012. Fishing mortality rates for immature females also showed a
declining trend over time since the early 2000s.

Monthly fishing mortality rates had clear seasonal patterns during a year with F peaking
in the late summeffall for most fleets (Drzewicki and Wilberg 2026pr all fleets except
the Virginia dredge and peeler fleefsshing mortalitywas lower for femalethan

males Fishing mortalityates for females usually had a declining trend over time, but it
was relatively stable for males. Fishing mortakgs O for the Virginia winter dredge

fleet for both sexes after 200@&xcept for a small study in 201@)e to the closure of

this fishery.

Recruitmentand Abundance

Estimated recruitment averaged approximately 1.5 billion blue crabs per year (Figure
4.76). Estimated recruitment was highest in 1996 and 2010. A period of low estimated
recruitment occurred between 1998007, and estimated recruitment has declined
since2010 with the lowest level estimated in 2021.

Abundance of males and immature females showed wide swings each year associated
with recruitment and high natural mortality rates on small crabs (Figures4l.7g).
Abundance of mature females was lower in the first half of the time series and
increasedafter additional restrictions on fishing for females were implemented in 2008.
Harvestable abundance was higher for mature females than males (harvestable size

F LILINRPEAYI GSté& % MoOYO® 9&0GAYIFGSR FodzyRIFEyOS
1990s andemained low until the 2010s after which it increased to higher levels. After
about 2017, estimated abundance has declined. Estimated abundance of harvestable
sized males declined since the late 1990s but has not shown a clear trend since about
2005. Both exes showed seasonal fluctuations in harvestable abundance during the
year.

TORS: Estimation of Uncertainty
5.1. Estimation of parameter uncertainty

We estimated the uncertainty of the parameters using the asymptotic standard errors
from the estimated varianceovariance matrix. The uncertainty for quantities that
were a function of derived parameters were calculated using the delta method
(Kristensen 2026

5.2. Sensitivity Analysis

We conducted sensitivity analyses to evaluate the effect of alternative assumptions on
model estimates. We focused the sensitivity analyses on parameters that were fixed in
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the base model: growth parameters, maturation parameters, and natural mortality
parameters. For each of the parameters tested, the value of the parameter was
adjusted up and down for a different run. All other parameters were held constant at
the levels othe base run. Additional sensitivity runs tested the inclusion of the fit to the
recruitment sex ratio in the likelihood statemerat run that dropped all surveys except
for the winter dredge surveyand two runs that either doubled the amount of
recreatonal catch and dead discards or removed recreational catdle doublingthe
dead discardsin total 18 runs(not including the recreational and dead discard runs)
comparedby their objective function values arttie negative log likelihood components
for the winter dredge survey (Table 5.1). Additionally, we compared the estimated
abundance and fishing mortality rates to the base model.

Several model rundiadone or more of the likelihood components that were lower than
those from the base model run. For the growth parametérs (wy h, ), the overall

objective function was always larger. For runs where the likelihood components of the
winter dredge survey index or length and sex composition were better, the results were
not satisfactory because the fishing mortality rates increased teairstic levels. Some

of the model runs with alternative maturity parameter values had lower likelihood
components, but only one run had lower values for all three compon(stithtly
increasing the CV for the growth increment associated with female matuRy)s that
increased the slope or decreased the intercept of thkationship between CW and
growth increment associated with femateaturation improved theobjective function

All sensitivity runs with alternate natural mortalityvalues had loweroverall objective
functionsand sometimes théower values for th&eomponent for the winter dredge
survey index. The model run with the same natural mortality reference lével and

a decreased natural mortality scaling value was preferred by all three

likelihood components. The model with modified selectivity parameters for the winter
dredge survey was also preferred by all three likelihood components. For all models
where one or more of the likelihood components were lowéie tesults and diagnostic
plots were largely unchanged.aMid not change the base model frahe original
modelagreed upon by thassessmengroup due to time constraints

Comparisons of estimated abundance and fishing mortality rates indicated substantial
sensitivity to the growth parameter@igures 5.5.2), which was also observed during
model development. Models with parameters that caused faster growth estimated
lower abundance (runs 1 and 3) and models with parameters that indicated lower
growth (runs 2 and 4) estimated higher abundanikan the base model. Models 1 and

3 estimated extremely high fishing mortality rates in the first year as well such that they
were ot included in Figure 5.2. The other sensitivity runs had more modest effects on
model estimates and were generally within about 10% of the base model, which
indicates low sensitivity to the alternative values that were test@uke two runs that
altered the amount of recreational catch and dead discards did not produce estimates
of harvestable abundance or fishing mortality that differed substantially from the base
model (Figures 5.3 and 5.4).
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5.3 Retrospective Analysis

To determine whether retrospective patterns exist, three additional versions of the base
model were run with different terminal years (2020, 2021, and 2022 .could not set

the terminal year prior to 2020 because the older time series of the ChesMMAP would
not have enough years for the model to be staltlarvestable abundance and fishing
mortality were used to compare the base model to gterterruns There was some

bias evident in the retrospective analysis, with estimates of harvestable abundance
underestimated for the shorter runs and estimates of fishing mortality overestimated in
the shorter rungFigures % And 56). To measure retrospective pattespwe calculated
Mohnsm(Hurtado-Ferro et al. 201p This calculation quantifies the relative difference
between an estimate from the reduced time series and the same estimate from the full
time series. For harvestable abundance, Mohwgas-0.11 for females aneD.13 for

males. For fishing mortality, Mohmswvas 0.21 for males, 0.18 for immature females,
and 0.15 for mature females.

TOR 6: Comparison with previous assessment model

We conducted a set of analyses that provide context for understanding the results of
the new 2026 stock assessment for Chesapeake Bay blue crab. The full methods and
results are provided in Miller et al. (2026). The comparisons conducted were

1) GComparisons of the reported removals from the stock using assumptions and
approaches that were adopted in the 2005 and 2011 assessments with those used in the
current assessment. These analyses seek to understand possible impacts on our
understanding of ppulation trajectories of the changes in reporting

2) GComparisons of relative abundances from fish@rgependent surveys

developed using the desigrmased approach that predominated in the 2005 and 2011
assessments with those developed using the mdmeded approaches adopted in this
assessment. These analysegk to understand possible impacts on our understanding
of population trajectories of the changes in the analytical frameworks used to analyze
surveys

3) Gontinuity runs of the 2011 assessment model (Miller et al., 2011). These runs
usdl existing approaches to analyzing removals and fisiredgpendent surveys to

provide managers with an updated understanding of stock status relative to the current
reference points. We present results for models from thireenes: the original
assessment, the 1968023 period, and a shortened 192423 period that matches

that used in the current assessment. As a result of some numerical instabilities in the
applicationof the existinfg011SSCMSA model to data for the period 12823, we
present model results for the011SSCMSA model developed in both ADMB and in
STAN

4) Comparison ofestimatesfrom STAN models for the period 199823 that used
the prior approaches to fishergependent and fisherndependent data with parallel
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models that usenodified versions othe fisherydependent and fishesndependent
data developed for this assessment.

6.1. Patterns of removals

Each of the three different assessments have considered fiskegpgndent removals
from the population. However, each assessment has considered different periods of
landingsand different methods for calculating removals

The 2005 assessment considered landingd929¢ 2003 but only used dataf 1968

2003 in the CMSAMiller et al. 2005) Landings were assumed to be a census, and there
was no attempt to account faead discard or discardnortality. Catch is typically
reported in bushels and was converted to pounds and then nusyber the 2005 and

2011 assessmentbpsed on data from fishefpdependent surveys. The recreational
harvest was assumed to be a constant 8% of the commercial harvest, and thus the
commercal harvest data in each year was expanded by a factor of 1.08. To account for
changes in reporting practices, intervention analysis was used to adjust reported
commercial harvests in Virginia and in Maryland prior to their use in the CMSA. In
particular,these analyses focused on reporting changes in 19 in Virginia when
mandatory reporingwas adopted. In Maryland, the intervention analysis focused on
1981 when a statistical survey of catch was implemented and in 1994 when mandatory
reported was instuted.

The 2011 assessment considered landiiogd.950¢ 2009 but only used dataf 1968¢

2009 in the SSMCA. Landings were again assumed to be a census, and there was no
attempt to account for discard mortality. The recreational catch was assumed to be 8%
of the commercial catch. An intervention analysis was used to adjust reported
commercial harvests in both states prior to their use in the SSCMSA to account for
reporting changes documented above.

The current assessment uses data for 1§2023, a period in which reporting has been
mandatory and consistently implemented.e&d dscardgswere included in the

estimated removals based on observations of dead crabs in the Maryland Cooperative
Fishery Program dateéDeaddiscards were assumed to bE3.1%of the commercial
landings for thewinter dredge fishery in Virginia, which was still in operation during the
19942008 period. Studies on recreational harvest were reviewed and resulted-in sex
specificrecreational harvest as a fraction of commercial harvest that differed by year
and jurisdiction (Ashford and Jones, 2001, 2002; Ashford et al. 2009; Semmler et al.
2021). The current assessment also modified the approach for calculatirspseikic
harveg in years where it was not fully report compared to the 2011 assessment.

We compared reported removals from the Chesapeake Bay blue crab population for the
period of overlap between the 2005, the 2011, and the current assessment. The
commercial data in the 2005 assessment were notsmecific. Accordingly, in making

these canparisons, we assumed the sex ratio in the aggregate state specific catch data
was 50:50 for the estimates from the 2005 assessment. There are only minor changes in
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the reported removals in the different assessments (Figure 6.1). The consistency of
reporting methods since 1994 removed the need for any adjustments for reporting
changes, and only relatively minor adjustments removals resulting from the addition of
dead dscards and recreational harvest have been made.

The removals data for the different assessmemese strongly correlated, with the
distribution close to the 1;1 line (kige 61). The analyses presented here do not
provide strong evidence to expect differences in pattern among the three different
assessments based on the removals data used in each of the assessments.

6.2. Fisheryindependent survey CPUE data

Both the 2005 and the 2011 assessments as well as the current assessment make use of
three long standing surveys: tlWWDS(19902023), the VIMSrawl Qurvey (1968&; 2023)

and the Marylandlrawl Qurvey (19772023). However, the three assessments have
adopted significantly different approaches to the analyses of these surveys and
accordingly, to the use of data from these surveys in the assessment models.

Both the 2005 and 2011 assessments adopted a ddsaged approach to analyzing

data from the three surveys, particularly for the WDS. Mdabded analyses of the

winter dredge survey were presented in 2005 assessment (Miller et al. 2005), but the
resultsof these analyses were not used in the CMSA. The extensive, annual
experiments to measure catchability in the dredge survey meant that the assessment
team and others felt that the WDS gave highly reliaddematesof abundance, based

on the number of sitions sampled and the relative consistency of the design.
Ultimately, the index of recruited abundance from the WDS was assumegtesent
absolute abundance both the 2005 and 2011 assessments (i.e., the catchability of the
survey in the assessment model, g, = 1). This assumption was criticized by the reviewers
of the 2011 assessment in their report. Other concerns emerged over tige&0

history of the VDS that led the current assessment team teekaluate the role of the
WDS. For example, based the annual experiments, estimated catchabilities
increased over time likely not because catchabilities were increasing, but more
because vessel captains became better at undertaking the catchability experiments.
This led researchers to explore altative designs for the catchability experiments
(Wilberg et al. 2013). Ultimately, this body of evidence led to a decision to explore
modelbased approaches to developing survey indices in the current assessment.

Approaches to analyzing the three principal surveys differed. The WDS and VIMS trawl
surveys were analyzed with spatemporal models (Thorson and Barnett 2017). The
Maryland summer trawl survey was analyzed using gamlss modeling. These analyses
yieldedmonthlyindices ofabundance. To compare the current mothelsed estimates

and the traditional desigivased estimates, we developed composite inditem the
month-specific ones presented IMOR2.

1) WDS survey. The VAST model produced an index of abundance for February, the
mid-point of the WDS. Data were available for 12923. We standardized this
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composite index by dividing by the area of the VAST model domain, 9,167 km2, to
standardize the index to crabs/n

2) VIMS trawl survey. Monthly outputs from VAST were provided forgeeauit

sized crab® X cas WeY a@s fully recruited male and female crabs. The 2011
assessment developed indices based on the average relative abundance in the VIMS
trawl for April¢ June for three western shore tributaries. Accordingly, we developed a
new composite indxthat was the average of the VABiBlicesfor April-June. These
compositeindices related to the entire model domain, so indices were divided by the
area of the VAB model domain, 2990 kinto standardize the index to crabsfm

3) The MD summer trawl survey has undergone changes in deBigfiore 2004

the regions that were sampled vaed over time with the survey generally adding more
sampling locations The survey only became consistent after 2004, and thus gamlss
standardized indices are only available for 2@023. The composite index for pre
recruits was defined as gamiss index for October. In contrast the composite index for
fully-recruited maleand female crabs was defined as the average Wlayly index.

We comparel patterns in fisheryindependent surveyndicesused in earlier
assessments with those used in the current assessment to assess patterns thathay
to possible differences in results among the assessmehtdices were not consistent
between the current assessment and the 2005 assessment.

Figure 6.2 presents the relationships between the survey data used in the 2011
assessment and that used in the current assessment. For all three survey pairs, but
particularly of the VIMS trawl survey and the WDS, there are strong correlations
between thesurvey CPUE estimates for the two different time periods. The weaker fits
for the MD summer trawl are likely related to the shorter available time series (2004
2023) leading to an even more reduced overlap between MD summer trawl survey data
from the 2QL1 assessment with the current assessment (6 y&209©42009). In

general, the strong linear relationships between the two datasets suggest that
differences in fishemyndependent indices should not have a large effect on possible
differences in model aputs.

6.3. Continuity model runs
1) SSCMSA 1968023

The SSCMSA has been consistently updated by state biologists and academic
researchers since it was accepted as the best scientific information available for
management in 2011. Theodel continues to fit the time series about as well as it did
in the 2011 assessment

2) STAN 1962023 using 2011 assessment style indices

Efforts to fit the ADMB version of the model to the shorter time series, TR 3,
that is being used in the current assessment revealed some numerical stability issues in
the ADMB implementation. Accordingly, we developed a parallel modeling
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environment in STAN. We compared the ratio of parameter values from STAN to ADMB.
If the two models produced identical estimates, this ratio would be 1. Because of
differences in scale, we found it more convenient to report the comparison as the
log(STA:ADMB) ratio (Figure 6.3). Figure 6.3 shows that STAN produced parameter
values slightly less than those produced by ADMB for catchability coefficients (gs), as
well as for the stock and recruitment parameters.

The STAN model results in population trajectories that were broadly similar in pattern
and scale to those developed in ADMB. The abundance eaEprait stages estimated

in STAN closely resembled those estimated in ADMBré~&34. There was also a high
concordance in population trajectories for fullgcruited female and male crabBigure
6.5), as well as for the exploitation rates.

3) STAN 1992023 using 2026 assessment style indices

In this version of the model, we used the fishelgpendent and fishesndependent

data developed for this current assessment in place of the traditional désigad
approach. Fishery independent data were rescaled to have the same mean for the two
different approaches to account for differences in units among the surveys.

There were similar patterns in the log ratio of STAN:ADMB estimates that were evident
in the previous model. Estimates of precruit abundance from the STAN and the

ADMB implementation of SSCMSA did exhibit some differences. Similarly, estimates of
fully-recruited female and male abundances also differed between the STAN and ADMB
model implementations. This was particularly the case for-feltyuited male

abundance. However, these differences were not substantial and were consistent
differences in sda and pattern between the two models. Finally, there were also
differences in estimated exploitation rates for futlgycruited female and male crabs.

These differences were more substantial than for the abundance estimat¢sheydid

not suggest a fundamentally different understanding of the stock history.

4) Comparison between the updated 2011 base model and SLAM

The new model estimates abundance about twice as high as the old model (Figure 6.6).
This difference is most likely caused by different assumptions about the size distribution
of recruits, selectivity of the WDS, and lengitecific natural mortality. hnew model
assumes that the WDS only observes a relatively small fraction of th@ bige crabs in
winter (<10%), whereas the 2011 model estimated that the WDS abundance estimates
represent about 60% of the ageblue crabs in winter.

TOR 7EstimateReference Points

The previous Chesapeake Bay blue crab stock assessment (Miller et al. 2011) estimated
maximum sustainable yieldased reference points for females using a-sp&cific

version of a Ricker stogkcruitment model. The parameters of the sta@cruitment
relationship were estimated in the assessment model, but subsequent evaluations and
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simulation studies have suggested substantial difficulty in estimating these parameters
and the potential for bias.

Spawning potential ratio (SPR) reference points are widely used to manage fish stocks
around the world (Gabriel et al. 1989; Clark 1991). SPR estimates the fraction of lifetime
reproduction that should be realized when a stock experiences fishing myprtaltie

model typically estimates the spawning stock biomass (SSB) per recruit (SSB/R) that
would result when a stock is fished, and this value is compared to the SSB/R that is
estimated to occur when there is no fishing. However, despite the availadfility

method called lengtibased SPR (a dapmor assessment approach that uses an-age
based model and assumptions about mean lergfage and variability in lengtat-

age), SPR models have not generally been developed for keagtd models with

subannal time steps.

The management agencies responsible for managing blue crabs in the Chesapeake Bay
have requestedn evaluation of recruitment reference points to potentially provide
additional information for managementRecruitment reference points are not a

common feature of most fishery management systems, but recruitment is often
considered either explicitly through forecasts or implicitly when making management
decisions. Recruitment reference points have the ptied to allow proactive

management during times wharcruitment is lower than expected because there is

some lead time between when recruitment is observed in the Chesapeake Bay Blue
Crab Winter Dredge Survey (WDS) and the time when those recruits would begin to
enter the hardshell fisheries (autumn of thgear).

Thissectiondescribes an approach to estimate sespecific SPR reference points for the
Chesapeake Bay blue crab stock. The objectives are to 1) describe an approach for
estimation of sexspecific SPR abundance and fishing mortality rate reference points, 2)
apply the approales given the stock assessment model estimates, and 3) develop and
apply an approach for estimating recruitment reference points.

Methods
SPR approach

We developed separate SPR models for male and female blue crabs based on the
population dynamics equations of the lengimd sexbased stock assessment model
(SLAM). The SPR reference points are calculated separately for males and females. We
used 40% BR to calculate th#hresholdreference points based on the goal of having
reference points that are robust to potential climate effects on population dynamics
(Shertzer et al. 2024). Additional factors that led to the choice of 40% included the
recent decline in recruitment without an identified cause (see TOR 9) and recent
collapses of other crab stocks due to environmental changes (Szuwalski et al. 2023). The
target fishing mortality rate reference points were calculated as 0.7%0@fdRd the

target abundance reference points were calculated as the equilibrium abundance that
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resulted from median recruitment fished at the target fishing mortality rate (Restrepo et
al. 1998).

Recruitment occurs in February as is assumed in SLAM and recruits have CWs that
follow a lognormal distribution. After recruitment, abundaraelength changes each
month based on overwinter mortality, natural mortality, fishing mortality, and growth.
Owerwinter mortality is included using the mean €8vid sexbased survival rates

during 19942023 (Figure 7.1). The SPR models are implemented differently for males
and females because growth ceases with maturation for females and fishing mortality
for femdes is a function of CW and maturity.

The vector of abundaneat-length in the first month4 ) of a cohort is the product of
recruitment (Y), proportion of recruits that are sex(* ), and the vector of
proportionsat-length for recruits @),

Eq.7.1 1 v o,

The model for abundance calculates the abundance at each age as the matrix product of
growth and the elementvise product of abundance at the previous age, survival from
overwinter mortality, and survival from total instantaneous mortality,

EQ.7.2 1, ;1de FO™,

whereq Jwas the growth matrix (dimensions for the month associated with agegt,

was the vector of abundance in each length d?ﬂwas the vector of proportions that

die due to overwinter mortality for each length bwhich was the mean over 1994

2023) andd:  was the vector of total instantaneous mortality rate for the each length
bin. The model includes a specification for the maximum age, which is assumed to be
96 months. The total instantaneous mortality rate was the sum of the vector of length
based natuwal mortality ! ) and fishing mortalityy( ) rates,

Eq.7.3 Lo 4 34

Because SLAM has six fleets that differ in the fishing mortality rates among months and
years, characterizing fishing mortality for an SPR model is somewhat complicated. The
annual lengthbased patterns of fishing mortality rates in each month are catedlay

using a separable process in which the fishing mortality rate is the product of an overall
fishing mortality rate scalaf@ and the fishing mortality rate for each length bin and
month relative to that scalar during a yearg),

Eq.74 G 0

In this formulation, théOrepresents the maximum fishing mortality rate experienced on
a single length bin during a month within a year. Relative fishing mortalilyig
calculated for each year as the vector of lengghecific fishing mortality rates for each
month and fleet within a year, summed over fleets and divided by the maximum value,
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wherel A @& the maximum functiotaken over months and length bins

After calculation of the equilibrium abundance, lifetime equilibrium SSB can be
calculated as the product of abundanatlength ( ), weightat-length {0 ), maturity
at-length @ ; Figure7.2), and proportion mating within a month () summed over
months and length bins,

Eq.75 “Y'YS B B G0 6 1.

The proportion mating within a month was assumed to be two for ApoNvember and

zero for other months for males. This assumes that each male is able to mate twice per
month on average during Apilovember. The above equations are used to calculate
the fishing mortality rate (ke that is expected to achieve a specific fraction (X%) of
lifetime equilibrium reproductive potential. First, abundance and SSB are calculated
assuming no fishing mortality (i.6G=0). Next, a numerical search is conducted over
values of Oto find the value that achieves the prespecified X% of unfished SSB.

The goal of the abundance reference point is to compare the model estimated
abundance at a fixed point in time to the reference point. For the abundance reference
point, the calculations for abundance in E are conducted assumini@ "O,. The
abundance reference poinb () is then calculated as the sum of abundance in all ages
that corresponds to the month for which we want to compare abundance to the
reference point wheriO Oy,

Eq.7.6 O, B B 0.

For example, the abundance reference point is calculated for the month of February,
which involves summing abundance for tH€, 24", 26", and so on, monthly time

steps. For males, the abundance reference point includes all ages including recruits and
immature individuals.

A similar approach is used for females, but the abundance and SSB equations are
modified to account for the effect of maturation on growth. For immature females
(x=2), the abundancat-length calculations are the same as for males,{pt also
allows for maturation, which transitions females to the mature clas8),

Eq.7.7 den 1% 2446 p ke Q%% 8

For mature females (x=3), the vector of abundaatéength in the next time step
@ « 5 s the sum of the mature females at length that survive from the previous
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time step and the immature females that survive and become mature females that time
step,

o~ 4L -

Eq.7.8 4 e h e p k Q7+
e~ 4k
14 44 p ke Q7% 8
The separable function for fishing mortality is also slightly modified to allow for two
maturity classes of females that differ in their fishing mortality rates,

Eq.7.9 HO TN O N

Here,"Gis the maximum fishing mortality rate for a length bin and month within a year
across mature and immature females.

Egg production is used for the spawning potential calculations for females, where egg
production is the product of abundance of mature females at length, batch fecundity
given their length'QQ), and probability of spawning within a month summed over ages
and length bins,

Eq.7.10 YYO BB O pp O

We used the relationship of batch fecundity and carapace width of blue crabs from
Schneider et al. (2024a; Figure 7.3) except that we assumed female€%/amd

smaller could not reproduce. The probability of spawning within a month was

calculated as the proportion of mature females with eggs in a given month using data
from the Maryland Trawl Survey, ChesMMAP, and VIMS Trawl Survey. Similar to males,
FwandNxowere calculated, bulxs,only for females only includes mature females

(Figure 7.4).

Recruitment

The goal for the recruitment reference point was to provide a level of recruitment that
indicates impairment. We chose an empirical reference point as tigp2Bcentile of
estimated recruitment. The working group noted that individual years of low
recruitment were less concerning than multiple sequential years of low recruitment.
Therefore, the value of recruitment that is compared to the referepomt is the three
year running average of recruitment.

TOR 8: Estimatgtock Status

The achievedd and the estimated target anthresholdfishing mortality rate reference
points varied over time with different patterns for males and females (Fi§uije The
upper thresholdrosreference points averaged 0.54 nhéor males and 0.21 mbfor
females, and the targets were 0.41 rhfor males and 0.16 mbfor females. The

reference points for males are likely higher than those for females because males have
minimum size limits that are larger than tiiVat 50% maturation. Estimated were
usually less than théhresholdexcept for 1994, 1996, 2010, and 2011 for males and
1994 for females (Figui@?2)."Q relative to Rosdecreased over time for males and
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females, with females having a more consistent decline. In the most recent year, fishing
mortality rates were well below ththresholdor targetfishing mortality ratereference
points for males and females.

The Noswreference points averaged 862 million for males and 128 million for mature
females (Figur8.3). The abundance reference points fluctuated somewhat over time,
but less than the fishing mortality rate reference points. Estimated abundance was
usually higher than the Mblower thresholdreference point for females, but it was
usually lower than the N« reference point for males (FiguBe4). The status of males
relative toNsowappeared to decline over time and was lowest in 2021. The lowest
values for females were in 2005 and 2008. In the most recent year, abundance was
below Naossfor males but was slightly abowsfor females. The Kobe plots show
substantial change in the status of the population over time, which differed between
males and females (Figugeb).

Estimated recruitment varied substantially over time with a median of 1.49 billion blue
crabs (Figur&.6). Theower thresholdrecruitmentreference point was estimated to

be 1.19 billion blue crabs. Although the threear average recruitment was above the
lower thresholdreference point for most of the time series, it dipped below itha two
most recent years2022 and 2023.

TOR 9: Ecosystem effects on blue crabs

We evaluated several hypotheses related to ecosystem effects on blue crabs as part of
this stock assessment. Our principal lines of inquiry were related to blue catfish effects
on blue crab recruitment, characterizing temperature and salinity conditipataly

for Chesapeake Bay, estimating overwinter mortality and effects of winter severity,
effect of temperature on blue crab growth, and effects of hypoxia on blue crab
abundance.

9.1. Effects of blue catfish

Invasive blue catfisHdtalurus furcatusare found in every major tributary in the
Chesapeake Bay and are thought to contribute to the declines of native species. The
contribution of blue catfish predation to the decline of the Chesapeake Bay blue crab
population is unknown. Our goal was to iesate the effect of blue catfish on blue crabs

in Chesapeake Bay. The specific objectives were to 1) estimate the relationship between
blue catfish and blue crab catch per unit effort (CPUE) in four Chesapeake Bay
tributaries, 2) estimate potential future effects of blue catfish on blue crabs should they
become abundant throughout the oligand mesohaline regions of the Chesapeake Bay,
and 3) estimate the expected abundance of juvenile blue crabs that would hawve bee
present in the Chesapeake Bay in the absence of blue catfish during20235The

details of the analyses are provided in Sholes et al. (2026).
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9.1.1. Methods

The effects of blue catfish on blue crab were estimated using generalized additive
models (GAMSs) of towspecific blue crab CPUE as a function of blue catfish regional
relative abundance. The estimated relationship between blue crab CPUE and blue
catfish rdative abundance was then used to estimate the potential future effects of blue
catfish on blue crabs in the Chesapeake Bay and to estimate the level of blue crab
abundance in the absence of blue catfish. We estimated blue catfish relative abundance
to more accurately represent the number of blue catfish in each tributary. The analyses
for Objectives 2 and 3 used estimated blue crab abundance from the WDS, which we
adjusted using the estimated relationship between blue crabs and blue catfish from
Objectivel.

9.1.2. Results and Discussion

Estimated blue catfish relative abundance increased over time in each of the tributaries
(Figure 9.1). Blue catfish relative abundance first increased in the Rappahannock and
James rivers in the late 1990s. Blue catfish relative abundance growth occteethl

the York River around the eatlg-mid 2000s. The Rappahannock River generally had
the highest blue catfish relative abundance, and the Patuxent River had the lowest. All
tributaries reached their highest relative abundance at the end of the tienes (2023).
The highest estimated relative abundance in the Patuxent River was 2,121.5 blue
catfishkm? in October 2023. The highest estimated relative abundance in the York and
James rivers was in November 2023 and the Rappahannock River in October 2023 was
an order of magnitude higher at 12,964.7, 25,581.2, 46,165.2 blue cétfigh/
respectively.

Blue crab CPUE had a negative, almost linear relationship with blue catfish relative
abundance (Figure 9.2). Blue crab CPUE was estimated to decrease by about 90.4% on
average for an increase of 40,000 blue catfishfkm

The fiveyear average blue catfish relative abundance in the Rappahannock and James

rivers during 2012023 was 18,340 blue catfism®, which was used to represent

GKAIKE o0ftdzS OFOFAAK | 60dzyRFyOSd ¢KS LINBRAOGSF
abundance was high was 39% (8,980 blue crabylof theobserved blue crab CPUE in

the absence of blue catfish. Adjusting the WDS abundance estimate of juvenile blue

ONIo6a&a Ay f2¢ altAyAdGe ol GSNER o6& aKAIKE . f dzS
blue crab abundance, but the decrease varied over time. On average, juvenile blue crab
abundance was expected to decrease 13.7% in any given year with the largest reduction

of 42.2% occurring in 2012, and the smallest reduction of 2.0% occurring in 2001 (Figure

9.3). The amount of reduction directly reflected the proportion of juvenile blue crabs

that were found in low salinity waters each year.

Blue catfish appe&dto have a negative effect on juvenile blue crab abundance in the
Chesapeake Bay that generally increased over (fgure 9.4)After adjusting for a
blue catfish effect in the low salinity portions of the James, York, Rappahannock,
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Potomac, and Patuxent rivers, juvenile blue crab abundance was estimated to be 2.8%
higher, on average, in the absence of blue catfish. The largest difference between
observed juvenile blue crab abundance and adjusted juvenile blue crab abundance if
there had been no blue catfish present was 7.9% in 2023, and the smallest was 0.4% in
2015.

Our study provides the first estimates of the ChesapeakevBag effect of blue catfish

on blue crab abundance in low salinity waters (< 10 pale found a negative

relationship betweerblue catfish and juvenile blue crab abundance across several
Chesapeake Bay tributaries. The most likely mechanism for this negative relationship is
that blue catfish are consuming juvenile blue crabs. Estimatdsu# catfish

consumption of blue crab in Chesapeake Bay vary and are hard to compare. Hilling et al.
(2023) stimated that 400.7 metric tons of blue crab was consumedlbyg catfish in

0KS WIFYSa wA@SNI RAdZNAY3I Hampd ¢2 O2yBSNI | Aff
numbers, we calculated an average weight of consumed blue crabs using data on the
length frequency of consumed blue crabs from Fabrizio et al. (2025C%#Adeight
relationships (Liang et al. 2026a), which resulted in a mean weight of 0.032 kg/juvenile
blue crab. Applying this conversion factor to the Hilling et al. (2023) consumption
estimateresulted in approximately 13 million blue crabs consumed in 2015. These
estimates are difficult to compare or validate because they represent consumption of
blue crabs calculated for different portions of the James River, using different methods,
and for dfferent times.

Our approach did not estimate the number of crabs consumed, but we did estimate the
number of juvenile blue crabs expected in the absence of blue catfish in the James River.
Fabrizio et al. (2025) estimated that 564,365 blue crabs were consumed annually by
blue catfish in the lower James River between 20080. Our estimated number of

missing blue crabs in the James River was about 1.6 million/yr during22218

However, this estimate assumes that the WDS has a catchability of one. If we adjust the
consunption estimate for the catchability of the WDSMirginiaduring 20182020
(approximately 0.15; Sharov et al. 2003), the estimated number of missing juvenile blue
crabs increases an order of magnitude to about 10.7 million individuals/yr. It should be
noted that the WDS catchability is representative of the wehmbpulation of blue crab

and the catchability of juvenile blue crab is unknown. The study area in Fabrizio et al.
(2025 199.2 kn?) was smaller than ours and that from Hilling et al. (2023) wagla

than ours. While this study, Hilling et al. (2023), and Fabrizio et al. (2025) estimate a
large number of blue crabs consumed by blue catfish, it is difficult to directly compare
our estimates of blue crabs removed with the past estimates due tordiffees in

sampling area, time, and methods.

The effect of blue catfish on blue crabs in Chesapeake Bay has increased over time
because of the increasing abundance of blue catfish (Fabrizio et al. 2025). We also
estimated increasing blue catfish abundance and an increasing effect of blue catfish on
juvenile blue crabs in Chesapeake Bay. For example, in 2023 we estimated that
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Chesapeake Bay juvenile blue crab abundance would have been 7.8% higher in the
absence of blue catfish. We expect the effect of blue catfish predation will continue to
increase as blue catfish continue to increase in abundance across Chesapeake Bay

(Nepalet al. 2019; Fabrizio et al. 2025).

If blue catfish become as abundant in all low salinity (<10 psu) regions of the
Chesapeake Bay as they are in the low salinity portions of the James and Rappahannock
rivers, juvenile blue crab abundance may decline substantially from recent levels. This
decline would likely vary over time depending upon the proportion of juvenile blue

crabs in low salinity habitats. In our results, the maximum decrease in Chesapeake Bay
wide juvenile blue crab abundance was 42% in 2012, and the averageBwésThe

portion of the Bay characterized by salinity <10 changes each year, and habitat use by
blue crabs changes each year such that the fraction of juvenile blue crab in low salinity
(<10 psu) changes each year.

9.2. Development ofDaily Temperaturelime Series for the Baya 4D
Interpolation Approach

Environmental parameters such as temperature and salinity were routinely collected
during the fisheryindependent surveys included in this stock assessment. These
monitoring efforts have yielded a big collection of data and insight into the habitat
conditions for blue crabs in the Bay. But this information is underutilized in
documenting the finescale variability of the tidal water of the Chesapeake Bay, partly
due to the challenges of integrating monitoring data collected at different frequencies
and locaions. The longerm, fixedstation seasonal monitoring conducted by the
Chesapeake Bay Program provides a spatially balanced representation of the Bay and
estuary. These monitoring data can be used to synthesize the environmental data
collected during thédlue crab surveys. In order to understand the variability of
temperature and the changing environmental suitability of the blue crab population, we
developed a spatiotemporal synthesis of the survey environmental samples with data
from the longterm fixedsurvey. We presented aB@imensional interpolation approach

to predict temperature at a daily frequency and fine spatial resolution over Chesapeake
Bay. Predictive performance was evaluated to be between 1 and 2 degrees Celsius using
a validation approachrhe resulting data could provide insights into the environmental
variability of the blue crab population, such as the changes in population growth and
recruitment. Details are provided in Liang et al. (2026c).

9.2.1. Material and Methods

The longterm Chesapeake Bay monitoring program is a comprehensive water quality
and habitat monitoring program. The program collects data at 133 stations in the Bay;
bimonthly in warmer months (May through September) and monthly throughout the
year, withvertical profiles collected at-fneter resolution. The program has assessed
water quality since 1984 by measuring nutrients and habitat conditions such as
temperature, salinity, dissolved oxygen, and water clgfigure 9.5)
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Thesurveys record water temperature, with coverages varying across surveys and years
(Figure 9.5). For the Winter Dredge Survey, environmental samples were collected via a
cable, with varying lengths depending on the state. The cable length is 50 feet in the
Maryland portion. Thus, the temperature reading was assumed to be the bottom
reading for the shallow portion of the Bay (<20 meters), and otherwise atleyith

until the length of the cable (~ 50 feet). The Virginia portion of the survey used-a 100
feet cable, but a 50 feet threshold was still applied, assuming the water column is mixed
during winter. For the Maryland Trawl Survey, temperature and salinity readings in the
trawl survey are taken at the end of the tow. Typically, they were taken a fetv fe

beneath the surface. For the VIMS Trawl Survey, both surface and bottom readings
were taken. Bottom reading was assumed to be taken at the recorded total depth. For
the ChesMMAP surveys, samples were taken at the bottom, and the recorded depth
and temperature were used. For the SERC Trawl survey, the bottom temperature was
recorded. For the MD seine survey and VIMS Seine surveys, surface temperature was
recorded. No environmental samples were available from the PEARL Pot Survey.

We developed an interpolator over depth, space, and time to aggregate the
temperature samples into @hesapeak8aywide growing degree day metric. First, for
each cruise and sampling station, water temperature was vertically interpolated among
the observed profiles. Only vertical locations within 2 meters of an observed sample
were interpolated. Extrapolation was liredl using the estimated bottom depth at each
station, which was the maximum of the observed depth. Next, the vertically
interpolated profiles were discretized into haifeter water layers, and for each layer,
the time series at a station were temporallydd-in to the daily resolution using linear
interpolation. Extrapolation was limited to within 15 days of the observed samples.
Lastly, within each day and depth layer, an inverse distance weighting spatial
interpolation was conducted to expand the samplieshe entire study region. The
spatial interpolation scheme was based on the Bay program tbneensional
interpolator (Bahner 2006).

The skills of the interpolation method were evaluated by de novo prediction at the
fishery independent survey locations using the spatially balancedttmngfixed

fortnightly monitoring data. The neighbor search algorithm was applied to identify the
nearest neighboring longerm monitoring data for each crab survey water quality
sample. Neighbor search was limited to 25 kilometers in space and 2 meters in depth.
The averages of the nearest neighbors were used to predict the observed water
temperature at he crab locations. Up to eight neighbors were retained in the search,
and when fewer than three neighbors were found, interpolation was not conducted.

¢CKS /KSalFLISIFTS . F& tNRPINFYQa AYGSNILIREFG2NI (8
spatial extent of the segment. Each voxel is defined by a pixel of varying size (from 5

meters to 1,000 meters) andreter vertical depth. The Bay is represented by 238,669

voxels for 77 management segments. THE hterpolator method was applied to all

available water temperature samples (including the crab survey samples and the long

term fixed station monitoring) to estimate the daily temperature at each voxel. The
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proportion of the daily volumes in the Bay with at least three neighbors was computed
for the Bay. Volumaveighted average temperature was computed for the entire bay for
each day between 1990 and 2024. Averaging was also conducted faread of the
bayrepresenting the shallow water, the open water, the deep water, and the deep
channel habitats of the Bay (U.S. EPA 2003).

9.2.2. Results and Discussion

The measured and interpolated water temperatures were compared to evaluate the
skills of the interpolation method. Limited spatiotemporal variability exists within the
chosen 4D neighborhood (Figure 9.6). The spatially balanced design of tkeriong
fixed stations monitoring provides a good framework to represent@hesapeak8ay
wide temperature dynamics.

The spatiotemporal variability of the survey coverage affected the 4D interpolation
algorithm (averages) to predict water temperature (Figure 9.7). For most of the Bay, the
interpolated water temperature was within 1.5 degrees Celsius of the observed
temperature in terms of root mean squared error (RMSE). The interpolation
performance was consistent spatially across the salinity regimes and survey
implementations. Occasionally, the RMSE can be as large as 3 degrees Celsius in a
sparsely sampled region.

Habitatspecific temperature anomalies from the seasonal averages of the shallow
habitat were computed for each habitat type of the Bay (shallow, open water, deep
water, and deep channel). A positive trend was observed in water temperature for each
habitat of the Bay (Figure 9.8). The bay hab#pecific temperature contrast (from the
shallow water) showed no trend, and some evidence of a thermocline in the deep water
and deep channel habitats during the warmer months (Figure 9.9).

9.3. Overwinter mortality

Natural mortality is a key parameter of population dynamics and stock assessment
models. Data on observed dead individuals can be used to estimatevéingang

natural mortality rates (Doering et al. 2021). In particutarerwinter mortality (OWM)

has been observed to vary over time, associated with winter severity (Rome et al. 2005).
The WDS collected mortality status on blue crabs. These data have been used to infer
the natural mortality of blue crabs due to the harsh winter ciiaas, i.e., OWM (Rome

et al. 2005). Estimates of OWM in the Chesapeake Bay were obtained previously using
the percentage of dead crabs caught during the WDS. This approach was based on
strong assumptions of independence and did not consideotregwinterhabitat

conditions, the potential effects of fisheries, and spatial autocorrelation. Moreover, raw
counts of dead crabs were only possible when field samples were collected and had
limited capability for predictions. We developed a Bayesian model agemative to

the independence assumptions and applied it to blue crabs in Chesapeake Bay during
1996-2024. The OWM estimates from the Bayesian model were used to infer the natural
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mortality of blue crabs by se&W, and maturity stage (for females) during winter. Full
details are provided in Liang et al. (2026b).

9.3.1. Materials and methods

Blue crabs were characterized as either dead or alive using timard protocols and

data handling procedures of the main survey. Individual biological variables were
recorded following the survey protocol. Size was defined at 10 mm bins and a plus bin
for crabs larger than 190 mm. Sex was defined as males, immature females, and mature
females.

In Maryland, data are collected from additional WDS sites focused on areas with high
blue crab abundance from the random sites in order to obtain large enough samples of
blue crabs to estimate mortality. These samples are taken at the end of the survey
when most of the OWM should have already occurred. Sites with high crab abundance
are selected, because tows with zero crabs have no information about mortality.
Virginia data were taken from the main WDS in late winter, generally during March,
when mostoverwinter mortality should have already occurred and dead blue crabs are
seen more frequently. The criteria for selecting the starting date were (1) they were as
late in the season as possible, and (2) there were enough crabs for estimates to be
meaningful (~200+yith as broad a habitat distribution as possible (several rivers +
mainstem sites). Analyses used interpolated temperature data from section 9.2.

Bayesian Model

OWM rates were estimated for Maryland and Virginia separately. Within each
state/region, the main variable was the percentage of dead crabs. The number of live
crabs and dead crabs were aggregated to estimate the percentage of dead crabs for

each stationThe average March OWM at length for each sex was estimated by

averaging the annual percentage of dead crabs across the years. Total OWM

(aggregated across sex and size categories) was also computed for each year and region.

A Bayesian generalized linear mixed model was developed to estimate the drivers of
OWM and make predictions of OWM in the assessment model periods without field
data. An interaction was assumed between sex and size categories to allow a separate
estimationof OWM for each sex. Environmental drivers such as winter severity index,
salinity, and dredge fishery effects were modeled as fixed effects. Because these drivers
were annual effects, random year effects were also assumed to account for the
potential pseido-replication of these covariates within years. Lastly, a spatial random
effects model wasised to capture latent environmental drivers of OWM that remained
homogenous over time and life stages. A Stochastic Partial Differential Equation prior
was assumed for the spatial random effects. Model comparisons were based on the
Watanabe&Akaike Informatin Criteria.

Chesapeak8aywide estimates of OWM at length for each sex and year were
estimated based on the abundance of crabs from Maryland and Virginia. The abundance
was estimated using the WDS samples for each state. A deagpd estimate was
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calculated, assuming simple random sampling within each state. The deptetsaa
catchability was used to correct the survey catch into estimated abundance. The
proportion of crabs in Maryland and Virginia was estimated for each sex, size category,
and year, and used as weights to compute the Bagie OWM.

9.3.2. Results and discussion

ChesapeakB8aywide mortality rates were estimated to be increasing with the size of

the crab and exhibited interannual variability (FigQr&0), which was consistent with

the state-specific results. For male crabs, smaller male crabs experienced lower rates of
OWM when compared with larger male crabs, which was also reported in Rome et al.
(2005). In Maryland, the OWM increased with size forasaln Virginia, the OWM

showed a concave relationship with size for males. For immature females, OWM
increasedwith size in Maryland and Virginia. For mature females, the OWM decreased
as a function of size for both states, after considering the statistical variability due to
small sample sizes at the extreme sizes.

Mortality rates observed in the field varied between 1% and 13% over the years (Figure
9.11). Mortality rates were relatively higher for years with harsh winter conditions,
defined as a WSI higher than 10. The effects of WSI tended to be stronger in Maryland,
where winter conditions are colder than in Virginia. Mortality rates for those winters
rose above 10%.

This analysis assumes that all blue crabs that die during winter due to natural mortality
sources can be observed by the WDS and that the WDS has equal catchability for live
and dead crabs. Because blue crabs are usually buried in the sediment during the
winter, dead crabs would generally not be as available to large scavengers as they would
at other times of the year. However, mortality due to predation would not be captured

in our estimation approach. We suspect that predation of blue crabs in wetew,

though. We do not have information about catchability of live versus dead blue crabs in
winter, but we expect it should be similar because live blue crabs are largely inactive at
this time.

9.4. Effects of temperature on growth

Temperature has been widely reported to affect blue crab groavti has been used in
models of blue crab growth (e.g., Bunnell and Miller 2005; Brylawski and Miller 2006).
Therefore, we attempted to include temperature effects in the SLAM model to help
describe seasonal patterns in growth and interannual variabilitys section describes
our unsuccessful efforts to link temperature to growth in this assessment.

Several different growth models have been used to describe blue crab growth including
von Bertalanffy models and maticrement models. Given its common usage in length
structured assessments, we began SLAM development by describing growth with a von
Bertalanffy increment model. The model was modified so that the K parameter of the
von Bertalanffy model was a lineacieasing function of growing degree days (GDD).
The von Bertalanffy model resulted in too much growth for small blue crabs in the
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spring and was not able to describe the change in the size mode of recruits from spring
to fall that is observed in the Maryland and VIMS trawl surveys.

To address the issue of too much growth of small blue crabs in the von Bertalanffy
model, we changed to a Gompertz increment model. The Gompertz model allows for
smaller individuals to have slower growth and for intermedisiteed individuals to have
the largest growth rates. The Gompertz model was better able to describe changes in
the size distribution of recruits over the course of the year than the von Bertalanffy
model.

We tried several versions of temperatudependent Gompertz models including one
where the Gompertb parameter was a linear increasing function of temperature and
one where theb parameter was a normal (dorghaped) function of temperature. The
normal function of temperature allowed for somewhat better fits to sprfali length
composition data than the linear functipbut neither model was able to describe the
seasonal changes in the size distribution of recruits. The general problem was that the
modek predicted too much growth in the summer and fall and not enough growth in
the spring. Ultimately, we abandoned using temperature to describe seasonal patterns
of growth and adopted montspecificb parameters for the Gompertz model.

This is a curious issue because severabkls®ed studies have found increased growth
with increased temperature. However, none of these studies included sjkimg
conditions in which blue crabs were coming out of their winter resting state. It is also
likely that the food availability for blue crabs in Chesapeake Bay varies seasonally in a
manner that was not replicated in the lab studies. Additional research on the effects of
environmental conditions on blue crab growth would be valuable for futemngth-

based assessments of Chesapeake Bay blue crabs.

9.5 Hypoxia effects

Blue crabs are considered well adapted to hypoxic conditions, with critical oxygen
concentrations (i.e., the oxygen concentration below which metabolic activity declined)
low relative to other crustaceans (Brill et al. 2015). However, blue crab exhibits
behavioral changes in response to hypoxia, typically avoiding areas with oxygen
concentrations <2 mg/L (e.g., Bell et al. 2083). Populatiorlevel impacts of this
avoidance, such as increased mortality, have not been reported. We conducted
correlative analyses to explore potential populatidavel effects of hypoxia on blue crab
abundance.

9.5.1. Methods

We used three annual metrics of hypoxia from the Chesapeake Bay Environmental
Forecast System (CBEFS), downloaded from
https://www.vims.edu/research/products/cbefs/hypoxolume/, December 2025,
including hypoxic duration (hd, in days), average daily hypoxic volume (avg hw),n km
and total annual hypoxic volume (tot hv, katays). For these metrics, hypoxia is defined
as oxygen concentrations < 2 mg/L; all metrics are based on outputs from computer
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models that continue to be improved. Daily hv and total hv were calculated from the
daily-averaged 3D model output following Bever et al. (20A8grage hv is the average
volume of hypoxic water on each day from June through September ancgfd

calculated from the daily estimates of hypoxic volume following Bever et al. (2013).

Two indices of blue crab total abundance were used to explore potential impacts of

hypoxia on the crab population based on plausible mechanistic and spatiotemporal

relationships between hypoxia and blue crabs. Both indices are based on spatiotemporal
modeB = LINEPGARAY3I SaldAYlI(iSa 2F YAYAYdzY | odzyRIY
Ralph et al. 2026 working paper for more information). The Chesapeake Bay

Multispecies Monitoring and Assessment Program (ChesMMAP) September index,
reflecting the crab populdt2y Ay (GKS .l &Qa YIAyaildSYs LINROJAR
potential impacts, as ChesMMAP is the only survey that samples in the hypoxia zone

during summer months. The Winter Dredge Survey (WDS), lagged by one year, provides

a cumulative view of potential ipacts in the following year.

9.5.2. Results

Relationships between blue crab indices and the three annual hypoxia metrics were
variable, with no consistent patterns (Figl#d 2. Based oKendallt, there were slight
negative correlations between the ChesMMAP September indices and all three of the
hypoxia metrics and moderate positive correlations between the lagged WDS indices
and the hypoxia metrics (Tab®l). Lack of clear, negative relationships between the
hypoxia metrics and abundance indices may be due in part to mismatches in the spatial
and temporal overlap between the primary hypoxic zone and the surveys. Refinement
of the indices, particularly asfanction of size and sex, may be needed to support

further work on impacts of hypoxia.

TOR 10: Data Gaps and Uncertainty

While many data gaps were identified in this stock assessment, several aspects of blue
crab biology and data quality were considered highly consequential for the stock
assessment modeling efforiThe research recommendations in section2ldescribe

efforts that would help fill in these data gaps.

Understanding blue crab growth is essential for developing an accurate length
structured model. We were able to develop a model that characterized changes in the
blue crab size distributions in surveys reasonably well, but important uncertainties
remain. Growth is also affected by maturation, particularly for female blue crabs.
However, information to estimate probability of maturing was only available for a small
portion of the Chesapeake Bay. It is possible thatlsesed patterns of female

maturation differ spatially, and that spatial differences may explain some of the lack of
fit of the model to some data set€hanges in growth and maturation in the model can
lead to very different estimates of fishing mortality rates.

Another major uncertainty that this assessment was not able to resolve was drivers of
recruitment. Recruitment has been declining over the last 10 years without a clear
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causal driver despite mature female abundance remaining at levels above previous
lower thresholdreference points. Previously, in the 2011 stock assessment, we
modeled recruitment as Rickerfunction of spawning stock size, but subsequent
studies indicated that the stoetecruitment relationship was not as well estimated in
the 2011 assessment as we thought at the time. Predation by blue catfish did not
explain the observed decline in recrmiént. It is possible that predation by other
predators may phaa role, but data on some potential predators (e.g., red drum) is
sparse and predation is poorly characterizeddditionally, we had intended to try to
characterize changes in juvenile blue crab habitat over time, but we were unable to
within the time frame of this assessment. Lastly, we did not focus on potential
oceanographic drivers of blue crab recruitmemichuse a currently ongoing parallel
study is investigating that topic.

Some of the key continuing uncertainties from previous assessments were that aspects
of fisheries removals are not fully characterized. In particular, recreational harvest is
widespread but we have few estimates of it for blue crabs in Chesapeake Biayat&s

for Virginia and the Potomac River are particularly sparse. We have attempted to
guantify deaddiscard for the first time, but these are likely underestimates because
they only used observed dead crabs from commercial monitoring data in Mary\&lied.
assumed similadeaddiscard for Virginia, but it is unknown how simildeaddiscards

are spatially in Chesapeake Bay, and work by Lipcius and colleagues has suggested
higher sexspecific mortality rates in pots in Virginia than what was observed in the
Maryland data. Lastly, blue crab regulations are complicated in that they are sex and
sizespecific and have changed frequently over the last 20 years. In order to estimate
the effects of these changes, data on the harvest by sex and size are needed. Additional
size and sex data from the catch would be beneficial for future assessments.

Although we had avealth of surveys to use for this assessment, they conflicted in some
important ways, particularly with regard to changes in the size distribution during the
springto fall. While it is likely that some of the differences observed are due to spatial
recruitment and growth differences, we have not yet been able to develop a spatial
model of blue crab dynamics in Chesapeake Bay that describes the data well enough to
use t for stock assessment or management evaluation.

Like almost all stock assessments, we have substantial uncertainty about natural
mortality. We modeled natural mortality as a sizependent process based on relative
survival from a tethering study in lower Chesapeake Bay. The degree to which the
tethering studywe usedaccurately represents relative survival spatially across the
Chesapeake Band how much it varies over time unknown Similarly, we have two
long-term tagging efforts for blue crabs that allow for some estimation of survival. This
assessment was hindered by the U.S. government shutdown, which caused us to not be
able to analyze the SERC tagging data. For the VIMS tagging data, it is difficult to
disentangle fishing and natural mortality. Furthermore, the VIMS tagging model
suggestedonstant survival of mature females in the lower Chesapeake Bay over
periods with very different fishing mortality rates, which remains perplexing.
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The WDS remains the most important data source for tracking the blue crab population
in Chesapeake Bay, but several important uncertainties were highlighted during this
assessment. Given the lenggpecific natural mortality and growth model, the model
was unable to generate enough crabs to match the observed catches when traditional
catchability values from depletion experiments were used (approximately@4)5 We

had to make three modifications to the model to address this issue: 1) we modified the
size distribution of recruits in winter, 2) we specified selectivity based on the observed
size distribution in the WDS and additional studies in habitats that are not sampled by
the WDS, and 3) we estimated WDS catchability in the m@atbelut 0.08) This resulted

in much higher recruitment and abundance in SLAM than in previous assessments, and a
lower idea of the WDS catchability. One issue is that the WDS does not sample in all
blue crab habitat in Chesapeake Bay, and the estimates from the \Wayssawere

only expanded to the areas sampled, which is one reason why catchability was
estimated to be lower. Catchability could also be lower than has been estimated in
depletion experiments because the catchability of the first tow is what is needed for the
assessment model, but depletion experiments estimate an average catchability by
repeatedly sampling the same area. If the catchability increases during the course of
the depletion experimentthe estimatewill be biased highWe have also had ongoing
discussions about potential effects of bottom type on catchability but have not been
able to determine whether bottom type affects catchability. Lastly, there has been
some drift in the survey design and implementation since it was initially developed in
the 1990s. The effects of drift in stratification were estimated to be small, but overall
changes in the survey implementation remain poorly understoble current

assessment still has issues resolving the sex ratios of the WDS and the catch as
evidencedby the residual patterns in the catcf.herefore, a new effort to document
current practices is needed, and a potentialenealuation of survey design could be
conducted using the wealth of information currently available.

TOR 11: Research Recommendations
11.1. Work done on previous research recommendations

11.1.1. 201XChesapeake Bay Blue Crab benchmark stock assessseatch
recommendations

1. Assessment models
a. The new SSCMSA is a substantial step forward as it provides integrated

estimation of reference points and stock status. However, a more
complete understanding of theensitivity of model outputs to
parameter values We also recommend awvaluation of the impacts of
uncertainty in parameter estimates on reference points

Wilberg et al. (2019) evaluated the development of Nd&¥ed reference points that

accounted for parameter estimation uncertainty. That analysis revealed that it is more
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difficult to estimate stockecruit parameters in the SSCMSA than was previously
thought. This finding was confirmed in a simulation study (Liang et al. unpublished).

b. 9@ tdzr S GKS STFFSOGa 2F LlaarofsS YA

aar
SELX FAY GKS AyloAatAade G2 YIFIGOK GKS aSE
6A4SE &aLISOATAO NI GA2 |G NBONHAGYSYy(ix &8

specific differences in catchability, alternative stock recruitment models).
The new lengthand sexstructured model estimates the sex ratio of recruits, but it does
not estimate sesspecific M. By allowing for sepecific growth and maturation, it
AYLINRPOYSR GKS Y2RStQa FoAftAde G2 YwidtedK G§KS a
dredge survey. However, the fishery catch residuals still had sorspeeiic
patterning.

N>

c. TheSFFAOIFIOe 2F It GSNYI 0A DS suEhmadatkeSNE mMA YRS
ChesMAPP samples, in assessment models should be evaluated.

The current assessment considered several additional surveys that were not used in the
2011 assessment, including ChesMMAP and the PEARLrvey.

d. The ecology and fisheries for blue crab exhibit considerable spatial
variability¢ much of which coincides with the divisions among
management jurisdictions. We recommeadaluation of spatially
explicit assessment models

Weinitially tried to develop a spatially explicit simulation molet had substantial
issuegnatching spatial survey data sets (Miller et al. unpublished). In retrospect, this
was likely because our growth model contained assumptions that did not match patterns
of blue crab growth in the Chesapeake Bay. For this assessment, we focused on
developng a length and sexstructured model on a monthly time step, and we did not
have sufficient time to also expand it to a spatial model. We used a-Hseteas

model to try to capture some of the spatial differences of several commercial fleets.

e. Additionallymodeling work that specifically represents the diversity of
fishery sectors, with different seasonalities and catchabiliti@®uld be
beneficial.

The current assessment model includes six fleets that represent different jurisdictions,
gears, and crab conditions (e.g., peelers). We also used a monthly time step to better
incorporate seasonality.

H® CAAKSNBETMRSLISYRSYG RIGLF
a. The monitoring of removals by the different fisheries has improved.
However, efforts to validate landings are currently inconsistently
implemented across jurisdictiongfforts to validate landings should be
a high priority. These approaches could include directing monitoring of
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purchases by wholesalers or by indirect expansion of sentinel fishery
data.

This was partially addressed. Virginia conducts limited validation of the catch. It remains
a research priority.

b. Although time series approaches to correcting landings for reporting
changes appear successful, their use for any future reporting changes
should be discouraged in favor difect empirical estimates of the
effects of the change from studies implemented contemporaneously
with the reporting change

The current model avoids this issue because it starts after mandatory reporting was
implemented in all jurisdictions in 1994.

c. We recommend that attention be given emsuring that the biological
characteristics of each fishery be quantified, and that the spatial and
temporal distribution of the removals be quantified

Additional data were collected and used in the assessment on the biological
characteristics of the catch. Also, the lengithd sexstructured model has a monthly
time step to account for the withipear temporal variation in catches by fleet. The
ongoingMD Sentinel Fishery Program provided information on the biological
characteristics of catches in MD and the Potomac River, and Virginia conducted
biological sampling of the catch in 2016 and 2017.

d. The recreational catch remains poorly described and its inter annual
variability is largely unknowiMonitoring programs and surveys to
quantify the recreational harvest should have a high priority.

SERConducted aagging studyin Maryland to quantify recreational harvest and fishing
mortality rates but similar information isiot availablefor Mrginia. This ontinues to be
a high priority

e. There have been efforts to improve information on the distribution and
dynamics of effort in the different fisheries exploiting blue crab in the
Chesapeake Bay. These efforts should be expandaddasistent
baywide coverage and continued.
As part of this assessment, we compiled available metrics of effort. However, these
metrics were thought to be too coarse to describe fishing mortality well in most cases.

0P CAAKSNEMAYRSLISYRSYG RIFGL
a. CAAKSNETAYRSLISYRSY (G adzaNBSea I NB ONRGA
the winter dredge survey. Continuing investmenis these surveys are
important for ongoing assessment efforts.
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There has beecontinued investmeni the winter dredge surveas well agffortsto
improve the survey over time.

b. Efforts to estimate gear catchability coefficients should be expanded.

In particular, these efforts should focus on the interaction between the

AL GAFf RAAGNRAOdzOAZY 2F ONIo6a |yR | NBI
Work on this has been dotlerough additional data collection in the WDS to allow
comparisons between the vessels. These new data were used in the VAST
standardization approach for the WDBOR 2lescribes the VAST modeling. However,
uncertainty remains regarding WDS catchability given the lower estimates relative to the
depletion studies.

c. Additional analysis of the survey time series to understand their
coherence, and their ability to track population variation would be
beneficial. A thorouglevaluation of survey efficiency and options for
enhancing their utilityshould be undertaken.

We evaluated the coherence of the monthly survey indices in TOR 2. Other than the
WDS, the other surveys do not have efficiency estimates.

d LYRAOSA F2NJ I 3Smn IyR NBONMzAGA | NB |
QELX 2N} GA2Y 2F FEGSNYI GAOBS AYyRAOSE 27
A previous simulation study attempted to track recruitment starting in the fall (Miller et
al. unpublished), but it was determined that this wasychallenging and became less
of a priority. All oFebruaryJulyindices include age zero blue crabs and they inform
recruitment.

4. Ecology and Biology
a wSaSIFNOK GKIFIG ljdd yiATASE &A1 SnTRSLISYRS
patterns in natural mortalitywould greatly improve future assessments.

Additionalwork has been done to evaluate sg@ecific natural mortality for small blue
crabs Bromilow and Lipcius 201Hines et al. 2096and an updated analysis of VIMS
tagging experiments asconducted to evaluate evidence for changes in M over time for
mature femalegLipcius et al. 2026. Liang et al. (202§ also evaluated changes over
time in overwinter mortality.

b. ! YRSNAGIYRAY3 2F INRBGGK a Ad I FFSOGa
different fishery sectors is uncertaiStudies of the temporal and
spatial variability in growthwould improve our understanding.
The lengthand sexstructured model includes growth using a Gompgrtavth model
that allowed us to track the population length distribution over time by sex. We were not
able to expand the model to also be spatial due to time constraints.
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c. The reproductive potential of the crab population likely varies with stock
abundance and the sex ratio on the stoBlesearch on the variability of
reproductive parameters (e.g., maturity, fecundity and batch
production) is a high priorityAdditionally, research on thienpact of
ENRFGARZY Ay GKS aSEnNIGAZ2 2y GKS
population would be beneficial.

Schneider et al. (20232024) conducted research on blue crab reproductive potential
and phenology. Additional work was done to understand the potential for sperm
limitation by Rains et al. (2016; 2018) and Ogburn et al. (2014; 2019). The group at
Smithsonian Environmental Researcht€ehas several additional studies to further our
understanding of reproduction. They have also developed methods to classify pre
pubertal crabs in the fielfDgburn et al. 2026)hich we hope to implement in other
surveys throughout the Bay.

d. Evaluation ohow productivity may have changed over time in
response to changes in availability of quality habitat
Several studies have looked at effects of habitat on blue crab abundance, but none have
linked those changes to population productivity. One study looked at the effects of
habitat on population density (Hyman et al. 2024); another assessed the impacts of
oyster reefs as nursery habitat (Lipcius 2023); additionally, ontogenetic variation in
seagrass nurseries was examined (Lipcius 2023).

5. Management
a. Coordination among management jurisdictions is commendable.
However, there remain important difference in the availability and
format of data. We recommend that efforts be implementednake
harvest and survey data widely available and consistently managed.
This would reduce time invested in daja/qc during the assessment
process and likely improve the reliability of future assessments.
Our group has discussed developangdata lub where data can be shared widely among
jurisdictions. We plan to investigate this further and to integrate it with planned updates
of the assessment model.

NB LJI

b. ¢tKS ASEmMaLISOATAO FLIWINRIFOK (2 YIylF3sSy$

implications for new decisions management has to make regarding the
future of the fisheriesManagement should engage stakeholders to
RSOSt2L) I @GAaAz2y F2NJ 0KS FAaAKSNE
approach.

There haenot beenanyformal efforts toengage stakeholders to informeference

points However, the three agencies have processes to gather public input on

managementrelated topics.
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c. There have been no efforts in this assessment to consider blue crab
management from an ecosystem viewpoimhe exploration of both the
impact of the ecosystem on the productivity of blue crab fisheries and
of the impacts of the blue crab fisheries on the ecosystem are
warranted.

Ecosystem effects were evaluated through studies to understand interactions with blue
catfish and overwinter mortality. Substantial efforts were made to model growth in
relation to temperature, but temperature did not seem to be the main driver for growth.
Hypoxia effects were also evaluated. An ongoing effort by NOAA is looking at physical
forcing effects on blue crab population dynamics.

11.1.2.Research recommendatiofrem the 2017 Chesapeake Bay Blue Crab update
stock assessment

In the conduct of this update, several potential improvements to data collection,
management and modeling were identified that are likely to improve model
performance. In addition, many of the research and modeling recommendations from
the last benchmarkteck assessment remain relevant for this update stock assessment.
This proposed list of recommendations is not exhaustive.

During the assessment update, the issues encountered were difficulty in duplicating
prior results, errors in the datasets, incomplete description of methodology, and
availability of data. Recommendations to address these issues include:

1 Increased cooperation and data sharing between state agencies and
academia, and a central repository of data and coding used in the
assessment.

Efforts to expand data sharing through the creation of a data hub were briefly
mentioned above. Through this assessment we have learnethinstatesare not able

to share data througl@oogleDrive. For this assessment we have set up a file sharing
system through ASMFC and we will evaluate whether it will be possible to maintain this
system into the future. Additional efforts will also be made to encourage CBSAC to
update this assessment modelayly which would require ongoing data sharing. All code
used to organize and process raw data, standardize indices, and run the assessment
model will be archived. Methodigve been bettedocumentedhan occurred in the
previous assessment

1 Documentation and standardization of VIMS methodology and estimates
for trawl efficiency.
The new methodology for the VIMS trawl surveglbeen well documented. However,
efficiency has not beersgmated.
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1 Development of efficiency estimates for the Maryland trawl survey.
Hficiency has not beersémated.

There was poor correlation between afeand agel+ for all indices. Understanding the
reasons for this would improve model performance and help if a shorter time step were
introduced. Recommendations include:

1 Thorough analysis of growth to identify seasonal (monthly) change in the
size range and overlap among a@and agel+ age classes and improve
agespecific index calculation and achieve better tracking of year classes
through time.

This was briefly described above. Growth was an important aspect of the new model
that was estimated each month. We have made progress understanding temporal
patterns in growth for each sex category. However, this model tracks proportions at
length and dos not evaluate agdased patterns in growthHowever, there is relatively
good consistency among the surveys and months included in the assessment model.

1 Evaluation of winter dredge survey results for Virginia and Maryland to
investigate whether they correlate with trawl survey indices in the two
states. This analysis could help develop more robust trawl indices by
better defining the temporal and spatiatiteria for data inclusion.

Survey indices at the monthly scale seem to be fairly consistent. We hoped to explore
spatial patterndurther but ran out of time. It remains a research recommendation.

1 Evaluation of other survey time series for potential inclusion in the
assessment, such as the Chesapeake Bay Multispecies Monitoring and
Assessment Program and the Maryland DNR cooperative commercial
data collection program.
We used both of these data sources in the new model.

1 Examination of gear efficiency differences between sampling vessels.
Relative gar efficiencyor the MD and VA vessel@as estimated usingVASTand data
on paired tows and tows in the same regionkijch is described iIROR 2TheVIMS
vesselvas slightly less efficietihan the MD vesselvith smaller differences than
indicated in previoudepletioncatchability experiments.

1 Additional formal evaluation of various forms of fishery independent
indices (GLM, GLMM, GAMs, etc.) to identify the most appropriate form
and standardize indices development.

Extensive work was done to consider standardization methods for all surveys. VAST was
used for surveys with designs that included randomly selected stations. Surveys such as
MD Trawl and PEARL Rotrveyshad GAMs applied. These decisions are described in
TOR 2.
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The accuracy of catch estimates has always been questioned due to changes in data
collection procedures, bias from reporters, unknown variability in the recreational
harvest, and unknown biases due to n@ported losses. Recommendations include:
1 Development of a system to verify catch and effort data reported by the
commercial fishery.
Thisis partially donebut efforts aredifferent in each jurisdiction. Corrections were not
applied to reported commercial catches.

1 Quantitative assessment of undegporting rates.
There is no information to inform undegporting (or overreporting) rates. It is not clear
which issue is more relevant. We also dohmte a goodinderstanihg ofhow these
reporting issuesnay havechangel over time. This remains a research recommendation.

1 Improved documentation of sex ratio and the effect of shedding
mortality on reported harvest in the peeler/soft crab fishery.
There is no information on shedding mortalitypeeler operationdyut it is not believed
to be very importanbecause peelers are supposed to be reported at capture rather than
reporting softshell crabs at sal@fOR B $me ®x ratio information for peeler crabs is
availablein the MD sentinel program. However, we do not have information &lbm
fisheries ojurisdictions.

1 Estimation of incidental mortality and discard mortality rates for pots,
trot lines and other gears.
We produced estimates deaddiscardfor each gear using datan dead crabfom
the Maryland Sentinel Prograrthis work could be expanded because these are likely
minimum estimates.

1 Sensitivity modeling to test the effect of historical changes in harvest
reporting procedures.
This was not addressed because we started the model after mandatory reporting was
implementd in 1994. The last assessment had to correct for this issue because voluntary
reporting waspresentprior to 1994 in Virginia anchid-1980s in Maryland.

1 A baywide survey of recreational catch, with regular updates.
This is not available and remains a research recommendalibough Semmler et al.
2021 providesnore recent estimates for Maryland

Additional exploration of model sensitivity to model structure, parameters and inputs is
needed to better describe blue crab population dynamics. Recommendations include:
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T Ly@SaagAadaraarazy 2F G KSpecdfiedatBnhfaaa L322 NJ FAd
abundance indices, including evaluation of higher male natural mortality
and higher proportion of recruiting females as reasons.
Some exploration has been done to assess the poor fit tspsexfic catch and
differences in growth between males and females appears to be important. Because
growthis described on a monthly time step and selectivity patterns arspific it
does a better job matching the sex ratio of catch and the winter dredge silnaeyhe
previous SSCMA model

1 Investigation of the effect of alternative forms of the sspecific stock
recruitment relationship on productivity and biological reference points.
We did not use a stock recruit relationship in the model. Other research suggests stock
recruit parameters were not well estimated in the 2011 assessment model.

1 Modeling geaispecific selectivity as well as sgxecific growth rates to
guantify the sensitivity of model results to the partial recruitment
parameter.

We partially addressed this. Growth in the new model isspexific. We allowed for
gearspecific selectivity functions, but it was not possible for the model to estimate the
parameters. Instead, we accounted for annual and historical size regulatieashn
jurisdiction and gear in our specified selectivity functions.

1 Incorporation of finer scale processes, such as seasmhsexspecific
growth and mortality rates at shorter time steps as well and spatial
dynamics.

We accounted for this by estimating sex specific growth and mortality using monthly
time steps. This model was not spatially explicit, but that is an ongoing research
recommendation.

11.2. Research recommendations developed by the 2026 Chesapeake Bay
Blue Crab stock assessment team

During the stock assessment, the team developedipdated set of research
recommendations. The team notes thatthe current funding environment these
research recommendations will likely not be answered withadditional resources.
Furthermore, the research team strongly recommends that progress on addressing
these research recommendations be a collaborative effort among researchers. The
research recommendations are organized by TOR.

TOR 1

1. Improveunderstandng ofgrowth either through lab or field methods
(preferably field methodshat can track individuals over time
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TOR 2
6.

7.

8.

9.

a. Understand temperature and growth relationshhroughout the entire
year

. Better understand how many crabs are in shallow watket are not surveyed

by the WDS
Improve estimates of M

a. Potential analysisCombine catch data with WDS data and tagging data
to estimate changes in mature fematatural mortality

Improve understanding of the simpecific and monthly patterns of female
maturation and female growth at maturity and whether these processes vary
spatially

Improve understanding of the spatial patterns of recruitment and how they have
changed over time

a. Potential analysis: develop a VAST model to combine MD Trawl, VIMS
Trawl, and ChesMMAP to estimate spatial recruitment patterns over time

Standardize biological data collection across surveys (e.g., recofupestal
females across all surveys)

BEvaluate alternative ways to get length compositi@rsl indicegrom fixed site
surveys like the MD Trawl! suryey expand fixed site surveys to include random
stratified sampling locations

Reconsidedesign and estimators usddr the WDS The WDS now has a
substantial amount of information that can be used to evaluate modified designs
BEvaluate the potential consequences and needtfar current spatiakub
stratificationin WDS

10. Validate SERC methods for identifying-ptdertal females and determine the

time between when females begin to be identified as-ptertal females and
when they molt

11.Reconsider removing recruits from the surveys in the fall, and develop an

assessment model that allows for recruitment to occur over several months
instead of just one

12.Use a VAST model to estimate differences in catchability among surveys
13. Collect blue crab carapace width, sex, and maturity data in the seine sarvey

TOR 3

Maryland, and continue to collect it in the VIMS seine survey

14.Increase port sampling of commercial catohlength and sex composition
15. Better understand discards and discard mortality in the commercial fishery
16. Better understand recreational harvest

17.Conduct independent validation of catch reporting
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18. Review sexand marketspecific unit conversions used by jurisdictions for
harvest data

TOR 4

19. Attempt to model recruitment with a stoekecruit function which would allow
estimation of MSYased reference points

20.Develop a spatial model that allows for spatial patterns of fishing mortality and
growth

TOR 7

21.Develop and test harvest control rules to inform selection and use of reference
points

TOR 9

22.Improveunderstandng ofover winter mortalityof blue crabs in Chesapeake Bay

23. Estimate effects of temperature on growth; determine if effects of climate
change are apparent

24.Examine the effects of marine heat waves on survival during molting at all stages
from zoea to adults

25. Expand spatial analyses to estimate the effects of blue catfish on blue crabs

26. Projections of future salinities to forecast blue catfish expansion

27.Determine the effect of hypoxia on blue crab habitat use
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Tables

Table 2.1.Comparison of the fishempndependent surveys considered for inclusion in the stock
assessment: gear used, survey design (randanfixedsite), temporal resolution, and length

of the available timeseries. Surveys include: PEARL Pot (PEARL Pot Swanaggctby

Patuxent Environmental & Aquatic Research Laboratory (PEARL) at Morgan State University;
ChesMMAP (Chesapeake Bay Multispecies Monitoring and Assessment Program), at the Virginia
Institute of Marine Science (VIMS); Maryland Seine {\ad Juvenile Striped Bass Survey) and
Maryland Trawl (Blue Crab Summer Trawl Survey), both managed by Maryland Department of
Natural Resources (MD DNR); SERC Trawl, Smithsonian Environmental Research Center Trawl
Survey; VIMS Seine (VIMS Juvenile Stigsess Seine Survey) and VIMS Trawl (Juvenile Finfish

& Blue Crab Trawl Survey), both run by VIMS; and WDS (Winter Dredge Survey), cooperatively
conducted by MD DNR and VIMS.

Name Gear Design  Temporal resolution Years

PEARPot Peeler pot Fixed 2x monthly, Jua Nov 19682021
ChesMMAP Bottom trawl ~ Random 4-5 cruises, approx. bimonthly 20022023
Maryland Seine Beach seine Fixed Monthly, July- Sept 19542023
Maryland Trawl Bottom trawl  Fixed Monthly 19892023
SERC Trawl Bottom trawl Fixed 3x monthly, Apr Dec 20042023
VIMS Seine Beach seine Fixed Biweekly, JunSep 19672023
VIMS Trawl Bottom trawl Random Monthly 19552023
WDS VA crab dredge Random Annually 19902023
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Table2.2 Model parameterizations used to evaluate support for including spatjphtd
spatiotemporal ¥) random fields in the first (p1) and second (p2) linear predictors when
developing indices of abundance for surveys with ranesit® designs. Support for modeling
spatial correlation using geometric anisotropy (A) or isotropy (I) was also evaluated.

Model pl pl Correlation
ml w, & w, € A
m2 W, £ W, £ I
m3 w, & w A
m4 W, £ @ I
m5 w, & - A
m6 W, £ - I
m7 w w A
m8 @ @ I
m9 w - A
ml10 @ - I
mll - - -
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Table 2.3. Index of abundance from the Winter Dredge Survey (in millions of Blue Crabs,
representing the minimum dredgeable abundance in the Bay). Although the survey occurs over
several months in the winter, Blue Crabs are typically torpid and the surdey was assigned

to the median date at which the survey occurs annually (early February).

Year Feb
1994 86.30
1995 55.24
1996 120.73
1997 151.82
1998 71.60
1999 60.97
2000 65.74
2001 48.05
2002 55.66
2003 60.82
2004 61.16
2005 103.71
2006 93.95
2007 68.22
2008 74.47
2009 88.35

2010 164.35
2011 119.94
2012 187.38
2013 68.54

2014 72.04

2015 103.60
2016 125.20
2017 100.49

2018 89.44
2019 110.90
2020 91.35
2021 59.56
2022 59.06
2023 76.17
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Table 2.4. Monthly index of abundance from the VIMS Trawl index (in millions of Blue Crabs,
representing the minimum trawlable abundance in the Bay south of the Rappahannock River).
Survey operations did not occur in dany andFelruary 2018 and AgtandMay 2020.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1994 0.02 1.87 4.15 16.79 1290 7.43 554 7.29 3.61 526 4.16 1.70
1995 0.09 1.17 3.63 6.75 529 7.00 6.80 6.74 431 459 892 274
1996 0.31 2.76 5.33 1250 12.63 7.75 9.41 11.03 9.12 854 7.57 2.47
1997 0.11 1.70 7.69 9.00 7.10 6.51 11.25 10.10 7.72 6.34 4.88 2.56
1998 1.63 3.27 7.49 1267 7.09 6.37 599 489 3.14 287 3.72 4.29
1999 0.18 249 195 841 472 293 423 7.80 4.11 2.74 4.28 1.99
2000 0.30 0.53 b5.27 587 398 264 290 567 267 2.33 152 0.56
2001 0.32 277 3.06 445 6.47 584 757 6.82 421 3.02 2.01 1.52
2002 0.05 1.06 276 461 6.14 560 544 764 246 2.15 3.37 0.37
2003 0.24 048 1.14 542 355 277 456 452 331 3.27 299 1.27
2004 059 0.72 3.03 8.17 590 489 564 459 3.72 257 1.28 0.48
2005 0.15 050 123 275 447 235 254 273 1.89 211 3.67 1.00
2006 0.44 125 240 6.22 201 325 393 346 139 242 297 151
2007 0.61 037 189 190 242 359 193 281 135 1.35 2.85 1.57
2008 0.32 4.15 3.15 6.81 8.60 10.84 8.18 10.47 3.86 3.09 4.46 2.32
2009 0.13 1.20 2.14 1028 566 488 6.47 535 210 2.19 4.84 1.08
2010 0.14 1.03 124 455 448 984 7.02 6.83 4.34 3.05 533 1.02
2011 0.04 192 455 13.48 11.31 11.22 10.16 10.77 6.08 4.09 5.26 3.84
2012 0.54 4.08 10.07 13.18 12.25 17.48 8.13 8.11 2.26 1.43 1.19 041
2013 0.37 095 1.07 6.82 467 693 468 364 096 0.79 0.87 0.23
2014 0.04 0.95 0.98 264 6.98 6.27 6.62 4.18 211 192 529 2.23
2015 0.06 105 121 365 524 6.17 642 555 286 4.33 228 1.25
2016 0.20 0.31 157 464 343 456 219 281 1.24 224 1.05 0.79
2017 0.31 059 137 212 577 19.11 6.23 269 215 1.61 2.38 0.76
2018 - - 172 278 356 7.12 7.49 1158 958 569 9.25 571
2019 1.10 139 215 6.02 8.05 16.71 7.36 6.86 2.73 0.84 1.47 1.23
2020 0.77 122 1.71 - - 223 537 431 185 144 0.72 0.69
2021 0.32 0.34 070 132 224 164 265 165 1.17 052 0.94 0.72
2022 0.09 0.16 0.91 1.49 2.08 10.00 10.37 8.77 4.17 0.65 4.43 2.42
2023 1.05 167 6.65 539 652 632 737 6.90 280 0.66 1.33 0.76
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Table 2.5Most supported model parameterizations for each month of the Chesapeake Bay
Multispecies Monitoring and Assessment Program (ChesMMAP) survey, including the preferred

distributions for the first (p1) and second (p2) linear predictors, the supported sf&diand
spatiotemporal ) random fields, and the correlation structure of the spatial random field.

Month pl link p2 distribution pl p2 Correlation
Mar logit gamma w, £ w, € I

May Poisson lognormal w, @ A

Jun logit lognormal w, £ w, € I

Jul logit generalized gamma  w, ¢ w, A

Sep Poisson gamma w, £ w, € A

Nov Poisson lognormal w, € w, € A
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Table 2.6Monthly index of abundance from the Chesapeake Bay Multispecies Monitoring and
Assessment Program (in millions of Blue Crabs, representing the minimum trawlable abundance
in the mainstem Bay). Survey operations did not occur in Sep 2007, May 2009, Ma& 201

2012; survey design changed in 2019 from two cruises occurring in May and July to a single
June cruise.

Year Mar May Jun Jul Sep Nov
2002 0.73 1.56 - 2.14 4.03 5.33
2003 0.52 0.86 - 0.93 2.84 5.89
2004 0.32 0.76 - 3.07 0.77 3.54
2005 0.77 5.50 - 3.06 3.71 8.00
2006 1.15 2.61 - 7.02 5.60 8.41
2007 0.46 4.85 - 3.64 - 3.42
2008 2.72 3.31 - 5.36 7.48 12.38
2009 0.57 - - 2.93 3.11 6.31
2010 1.02 2.86 - 8.62 14.61 15.70
2011 1.57 5.41 - 7.22 9.47 6.24
2012 - 5.72 - 5.33 2.43 5.00
2013 0.09 3.15 - 2.02 0.11 1.72
2014 0.19 0.43 - 1.00 0.25 1.14
2015 0.19 131 - 2.31 3.40 6.67
2016 1.48 4.15 - 4.88 12.66 9.77
2017 0.53 6.13 - 6.09 1.33 1.66
2018 - 1.74 - 4.24 8.74 5.43
2019 0.20 - 4.48 - 0.60 3.09
2020 1.00 - 1.69 - 1.95 4.76
2021 0.49 - 2.18 - 0.59 2.02
2022 0.39 - 2.03 - 3.76 4.56
2023 0.31 - 1.31 - 0.74 1.10
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Table 2.7Monthly index of abundance from the Maryland Trawl Surveys (Blue Crab3.tow

Year May Jun Jul Aug Sep Oct
2004 1095 12.88 20.12 14.67 8.64 3.56
2005 11.14 2195 27.62 20.85 16.51 5.97
2006 - 15.08 1955 1749 1198 4.64
2007  7.47 13.45 17.10 13.62 5.17 1.79
2008 1251 17.15 2542 12.08 11.63 5.19
2009 1465 21.16 2865 28.70 17.47 6.98
2010 37.68 50.31 7146 3757 20.83 18.05
2011 38.09 57.41 5211 37.13 2118 12.35
2012 4853 51.98 4475 3098 13.15 7.73
2013 2423 23.66 20.14 1744 8.64 5.49
2014 1291 2897 28.18 18.17 944 4.00
2015 16.21 37.83 5358 35.03 1594 7.39
2016 23.78 36.40 41.78 57.42 2140 25.67
2017 23.19 26.02 3131 29.15 1451 7.98
2018 19.65 4234 36.29 2835 16.33 8.28
2019 3153 33.10 3385 3134 1444 1121
2020 - 2461 30.32 3847 16.38 12.16
2021 2040 23.12 26.68 23.79 1246 5.49
2022 20.00 2455 3192 2132 8.90 491
2023 19.21 2239 3052 27.14 1353 8.14
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Table 2.8Monthly index of abundance from the PEARL Pot Survey (Blue Crabs per sampling
round, equivalent to 20 petlays). No survey operations occurred in 22043, 2020, Nov
2017 & 2018, and 2022023.

Year Jun Jul Aug Sep Oct Nov

1994 4.10 8.63 5.47 5.58 4.91 5.60
1995 3.27 4.52 5.25 3.04 1.66 1.24
1996 1.90 7.11 7.34 2.38 4.64 1.11
1997 3.86 5.47 8.20 3.78 6.43 3.36
1998 2.77 2.18 3.49 2.71 4.00 1.22
1999 2.64 5.10 5.51 10.17 8.04 2.43
2000 4.15 5.04 3.78 2.93 2.62 0.90
2001 2.17 4.04 2.86 2.44 3.21 1.59
2002 2.97 4.73 5.52 3.73 6.38 1.10
2003 2.93 3.56 6.48 5.97 5.99 1.98
2004 3.46 3.24 5.86 4.95 7.30 1.41
2005 3.80 8.41 7.04 4.50 4.63 3.35
2006 2.89 11.09 7.99 6.95 6.69 1.83
2007 2.62 3.91 4.50 2.77 4.16 1.82
2008 6.29 10.90 7.81 6.40 6.87 3.96
2009 3.70 5.37 8.47 4.83 3.26 1.19
2010 4.20 7.05 9.04 6.22 9.97 7.26
2011 6.72 9.74 8.12 4.79 3.70 1.33
2012 - - - - - -
2013 - - - - - -
2014 2.10 3.18 4.15 1.35 1.40 0.51
2015 3.33 8.56 5.71 2.20 1.94 0.68
2016 2.21 5.81 8.82 4.79 4.98 2.49
2017 3.87 3.00 417 2.43 1.58 -
2018 2.17 3.79 7.28 9.34 4.62 -
2019 3.41 10.13 7.68 3.66 5.64 3.93
2020 - - - - - -
2021 2.33 3.04 3.91 3.21 3.62 3.41
2022 - - - - - -
2023 - - - - - -
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Table 2.9Kendall rank correlation coefficient)( comparing the standardized indices within a

given survey. The WDS (Winter Dredge Survey), with only one monthly index per year, was
compared across years. For VIMS Trawl (Juvenile Finfish & Blue Crab Trawl Survey), with

monthly indices yearound, compaisons were by month (e.g., Jan to Feb, Feb to Mar). The MD
Trawls, including the MD DNR Blue Crab Summer Trawl Survey and SERC Trawl Survey
(Smithsonian Environmental Research Center Trawl Survey) and PEARL Pot (PEARL Pot Survey),
with monthly indices ithe summer and fall, were also compared by month, but months

without a survey were excluded from comparisons.

Survey T
WDS 0.30
VIMS Trawl 0.51

Maryland Trawls 0.53

PEARPot 0.26
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Table 3.1. Regulations over years and months and within a year for hard, peeler, and sponge
crabs in the Potomac River, Maryland, and Virginia. Differences for sex categories (male,

immature female, or mature females) are indicated.

PRFC (Potomac River Fisheries Commission) Size Limits

females excepted

Time Period Hard Crabs Peeler Crabs | Sponge / Mature
Female Crabs
1968;2002 5.0" 3.25" No size limit
20032007 5.0" (5.5" from 3.5" No size limit
7/15¢11/30);
mature females
excepted
20082015 5.25" (5.5" from 3.5" No size limit
7/15¢11/30);
mature females
excepted
2015 Present 5.25"; mature 3.5" No harvest of sponge,

spawn, blooming
female, mother crabs,
or females with egg
pouch/bunion removed

Maryland Size Limits

Time Period Male Hard Crabs | Peeler Crabs | Notes
Prior to 2003 5.0" 3.0" (4/2x 7/ | Single size limit
14); 3.25" (7/
15t 11/30)
2002 pdPnhbh I AY|T Transition year
pdPHp€E | dz3
2003%;Present (Apr. | 5.0" 3.25" Seasonal limits begin
1¢Jul. 14)
200X Present (7/1§ | 5.25" 3.5" No harvest ofemales
11/30) with eggs after 2008

Virginia Size Limits

Time Period Hard Crabs (Male & Peeler Crabs | Softshell Crabs Mature
Immature Female) Females
Entire time series 5.0" T T No size limit

141




2026 Stock assessment for blue crab in Chesapeake Bay

end of season)

1996cPresent T 3.5"
2002;2007 3.0" T
2008 Present (1/1¢ 3.25" T
7/15)

200&;Present (7/16 3.5" T
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Table 4.1List ofselectedparameter names, abbreviations, and whetlgrantitiesare
estimated.Estimated quantities include the estimated parameters and values calculated from
estimated parametersAsterisls (*) indicate that some values are estimated and some are not.

Parameter Name Parameter Abbreviatior Estimated or not
Total recruitment per year R Yes
Proportion at sex x for recruits I Yes
Proportion at length bin for recruits n No
Abundance in timestep t, length bin |, 0 R Yes
and sex X

t NPOoOFOATfAGE 2F 3INJ O iy No
to | in timestep t, and sex x

Overwinter mortality in timestep t, 0 mi No
length bin |, and sex x

Total instantaneous mortality rate in (AT Yes
GAYSadsSL Gz tSy3adl

Equilibrium abundance in the first year 0 . Yes
for timestep t and sex x

Gompertz a parameter for each WOp No
timestep t and sex X

Gompertz b growth rate parameter for OF No

each timestep t and sex X

Variance of the growth increment for
each timestep length bin and sex
Maximum size parameter for each sex 0 No

» RER No

Variance of the Gompertz a parameter . No
for each timestep and sex

Variance of the Gompertz b parameter N No
for each timestep and sex

Additional growth variation ” No
Correlation between Gompertz a and "k No
parameters

Probability of maturation . No
Maturation molt slope 1 No
Maturation molt intercept i No
Maturation molt variance i No
Natural mortality 0 B No
Relative natural mortality 0 No
Reference natural mortality 0 No
Scaling term for natural mortality 0 No
Fishing mortality rate for each timestef Qi k Yes
length bin, sex, and fleet

Fishing intensity in each timestep, sex, G Yeg
and fleet

Length and fleet specific selectivity i No
Increasing logistic parameter 1 for eacl Nk No
fleet
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Increasing logistic parameter 2 for eacl Nk No
fleet

Total catch for each timestep, length 0 fik Yes
bin, sex, and fleet

Proportions at length in the catch for 0 i, Yes
each timestep, length bin, sex, and flee

Total catch in weight for each timestep “Y; Yes
and fleet

Estimated survey indices for each Q Yes
timestep

Catchability for each month, sex, and n A Yes
survey

Selectivity for each month, sex, survey i PR r Yes*
and length bin

Estimated survey indices for each Qi ki Yes
timestep, length, sex, and survey

Proportion by length and sex in the 0 R E Yes

survey index

144



2026 Stock assessment for blue crab in Chesapeake Bay

Table4.2. Values ofthe Gompertz parameterspecified for each month. These valuedof
were estimatedby iteratively modifying them until the model matched the monthly length
distributions in the WDS, Maryland Trawl Survey, and VIMS Trawl! Survey.

Month b

January 0.00
February 0.00
March 0.00
April 0.70
May 0.60
June 0.45
July 0.50
August 0.75
September 0.65
October 0.50
November 0.20
December 0.00

Table4.3. Values of growth parameter3 hese values were estimatéy iteratively modifying
them until the model matched the monthly length distributions in the WDS, Maryland Trawl
Survey, and VIMS Trawl Survey.

Parameter Males Immature Females Mature Females
0 15 15 1
L 0.1 0.1 1
h h
w RER 0.05 0.05 1
. 0.01 0.01 1
"k 0.25
15
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Table4.4. Female maturation growtparameters used in the model. These values were
estimatedby iteratively modifying them until the model matched the monthly length
distributions in the WDS, Maryland Trawl Survey, and VIMS Trawl! Survey.

Parameter Value
Maturation molt 0.70
intercept

Maturation molt slope  -0.035
Maturation molt CV 0.02

Table4.5. Values of relative natural mortality by length bin. Estimates of relative natural
mortality were calculated usinie relationship okurvivalversus length of tethered blue crabs
from Bromilow and Lipcius (2017)ength bin 6+ indicates the 6 cm and larger length bins.

Length Bin Relative Natural
(cm) Mortality

1 14.57
2 8.73
3 5.14
4 3.00
5 1.73
6+ 1.00
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Table4.6. Model runs withalternativevaluesfor the reference level natural mortalityd
and natural mortality scaling parameteb . Values were chosen based on the model run
with the lowestobjective functiorvalue polded).

Model Run 0 0 Objective Function
1 0.60 0.65 79921
2 0.50 0.55 81074
3 0.50 0.60 80815
4 0.50 0.65 80748
5 0.50 0.70 80544
6 0.50 0.75 80215
7 0.55 0.55 79915
8 0.55 0.60 79679
9 0.55 0.65 80196
10 0.55 0.7 79294
11 0.55 0.75 79142
12 0.6 0.55 79571
13 0.6 0.6 79363
14 0.6 0.65 79921
15 0.6 0.7 79044
16 0.6 0.75 79653
17 0.65 0.55 79322
18 0.65 0.6 79147
19 0.65 0.65 79008
20 0.65 0.7 78902
21 0.65 0.75 78828
22 0.7 0.55 79924
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Tabled.7. Fixed values dhe ) j fishery selectivityparameter(in cm)for increasing logistic
functions for each fleet. Parameters varied over year and month based on regulation changes
outlined in Table 3.1. Adjustments were made to improve shape of selectivity pattern for some
fleets by adding a constant. Adjusted valussdiin the base model where specified.

Heet Year Month Unadjusted P2 P2 ADJUSTE P2
P2 adjusted TROTLINE ADJUSTEI
POT (+0.5) (+0.65) PEELER
MD (see 1994t 2001 All 13.2 13.35
column for
specific fleet)
2002 Jart Jul 13.2 13.35
2002 AugDec 13.84 13.99
20032023 Jart Jul 13.2 13.35
20032023 July 13.52 13.67
20032023 Aug 13.84 13.99
Dec
VA (POT AND 19942023 All 12.7
DREDGE)
PRFC 1994¢2002  All 12.7
20032007 JargJun 127
20032007  July 13.34
20032007  AugcDec 13.97
2008;2015 JargJun 13.34
20082015  July 13.65
20082015  AugDec 13.97
2016c2023  All 13.34
PEELER (USIN 1994c2002  All 7.52
MD
REGULATIONS
20032023  JargJun 8.66
20032023  July 8.97
20032023  AugDec 9.29
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Table 4.8. Effective sample sizes for all fleets, surveys, and timesteps. Fleets include: Maryland
Pot (MD Pot), Maryland Trotline (MD Trot), Virginia Pot (VA Pot), Virginia Dredge (VA Dredge),
the Potomac River Fisheries Commission (PRFC), and the flestlGszombined over

jurisdictions and gears). Surveys include the winter dredge survey (WDS), the Maryland trawl
survey (MD Trawl), the Virginia Institute of Marine Science trawl survey (VIMS Trawl), the
Patuxent Environmental & Aquatic Research LaboyatBEARL) pot survey (PEARL), the
Chesapeake Bay Multispecies Monitoring and Assessment Prograr2@09ZChesMMAP

old), and ChesMMAP 202923 (ChesMMAP new).

Time| MD| MD| VA VA | PRFQ Peeler| WDS MD | VIMS| PEARl CheiM | ChesM
Step| Pot | Trot | Pot | Dredge Trawl | Trawl MAPold | APnew
1 0 0 0 15 0 0| 250 0| 0.25 0 0 0
2 0 0 0 15 0 0| 250 0 6.75 0 0 0
3 0 0 0 15 0 0| 250 0| 4.75 0 0 0
4 0 0 0 0 0 0| 250 0 9.5 0 0 0
5 0 0 0 0 0 0| 250 0| 13.25 0 0 0
6 0 0 0 0 0 0| 250 0 125 15 0 0
7 0 0 0 0 0 0| 250 0 125 15 0 0
8 0 0 0 0 0 0| 250 0| 11.75 15 0 0
9 0 0 0 0 0 0| 250 0 115 15 0 0
10 0 0 0 0 0 0| 250 0| 13.25 15 0 0
11 0 0 0 0 0 0| 250 0| 10.25 0.75 0 0
12 0 0 0 15 0 0| 250 0 4 0 0 0
13 0 0 0 15 0 0| 250 0| 0.75 0 0 0
14 0 0 0 15 0 0| 250 0| 4.25 0 0 0
15 0 0 0 15 0 0| 250 0 5 0 0 0
16 0 0 0 0 0 0| 250 0 8.5 0 0 0
17 0 0 0 0 0 0| 250 0 10 0 0 0
18 0 0 0 0 0 0| 250 0 9 15 0 0
19 0 0 0 0 0 0| 250 0 9 15 0 0
20 0 0 0 0 0 0| 250 0| 10.25 15 0 0
21 0 0 0 0 0 0| 250 0 8.5 15 0 0
22 0 0 0 0 0 0| 250 0 7.25 15 0 0
23 0 0 0 0 0 0| 250 0 10.5 0.75 0 0
24 0 0 0 15 0 0| 250 0 5 0 0 0
25 0 0 0 15 0 0| 250 0 4.5 0 0 0
26 0 0 0 15 0 0| 250 0| 12.75 0 0 0
27 0 0 0 15 0 0| 250 0| 13.75 0 0 0
28 0 0 0 0 0 0| 250 0| 17.75 0 0 0
29 0 0 0 0 0 0| 250 0| 17.75 0 0 0
30 0 0 0 0 0 0| 250 0| 18.25 15 0 0
31 0 0 0 0 0 0| 250 0| 205 15 0 0
32 0 0 0 0 0 0| 250 0| 205 15 0 0
33 0 0 0 0 0 0| 250 0 195 15 0 0
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120 0 0 0 15 0 0| 250 0] 11.25 0 0 0
121 0 0 0 15 0 0| 250 0 4.5 0 0 0
122 0 0 0 15 0 0| 250 0 8.5 0 0 0
123 0 0 0 15 0 0| 250 0 10 0 4.25 4.25
124 3 2 0 0 0 0| 250 0| 20.75 0 0 0
125| 14 12 0 0 1 12| 250 14 19 0 6.5 6.5
126 | 17 17 0 0 4 22| 250 13.75 19 15 0 0
127 17 25 0 0 5 26| 250 15 18 15 6.75 6.75
128 9 25 0 0 4 27| 250| 15.25| 17.25 15 0 0
129| 12 23 0 0 5 23| 250 14| 15.75 1.25 55 5.5
130| 22 13 0 0 5 17| 250 14| 13.25 15 0 0
131 21 4 0 0 0 2| 250 0| 10.75 0.75 15.75 15.75
132 1 0 0 15 0 0| 250 0| 4.75 0 0 0
133 0 0 0 15 0 0| 250 0| 225 0 0 0
134 0 0 0 15 0 0| 250 0| 8.25 0 0 0
135 0 0 0 15 0 0| 250 0 11 0 4.75 4.75
136 3 4 0 0 0 0| 250 0] 16.25 0 0 0
137| 13 8 0 0 3 8| 250| 13.5| 185 0 12.75 12.75
138| 18 19 0 0 1 27| 250| 14.75| 155 15 0 0
139| 17 28 0 0 1 29| 250 15.75 16 15 125 125
140| 19 28 0 0 4 36| 250| 14.75 16 15 0 0
141 19 27 0 0 5 34| 250| 15.75 14 15 11.75 11.75
142 | 22 22 0 0 1 15| 250 15.75 15 15 0 0
143 | 20 8 0 0 0 1| 250 0| 195 15 17.25 17.25
144 5 0 0 15 0 0| 250 0 6 0 0 0
145 0 0 0 15 0 0| 250 0] 4.25 0 0 0
146 0 0 0 15 0 0| 250 0 8.5 0 0 0
147 0 0 0 15 0 0| 250 0] 11.25 0 7.25 7.25
148 | 10 6 0 0 1 1| 250 0| 17.25 0 0 0
149 | 17 13 0 0 2 18| 250| 2.25| 16.25 0 10.5 10.5
150 21 17 0 0 0 29| 250| 145 19 15 0 0
151| 22 26 0 0 0 29| 250| 145| 185 15 11.75 11.75
152 25 28 0 0 0 32| 250| 13.25 17 15 0 0
153| 19 23 0 0 4 22| 250 15.75 14 15 11.25 11.25
154 | 28 18 0 0 5 13| 250| 13.75| 155 15 0 0
155| 24 1 0 0 0 2| 250 0| 115 0.75 16.5 16.5
156 0 0 0 15 0 0| 250 0 8.5 0 0 0
157 0 0 0 15 0 0| 250 0| 3.25 0 0 0
158 0 0 0 15 0 0| 250 0| 6.75 0 0 0
159 0 0 0 15 0 0| 250 0| 10.25 0 2.75 2.75
160 3 3 0 0 0 3| 250 0 16 0 0 0
161 11 17 0 0 2 12| 250| 10.25 16 0 125 125
162 | 20 24 0 0 1 35| 250| 13.75| 19.5 15 0 0
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163 | 22 21 0 0 2 29| 250 16.25| 14.75 15 11.75 11.75
164 | 21 21 0 0 1 36| 250| 15.25 15 15 0 0
165| 13 25 0 0 0 28| 250 12.75 11 15 0 0
166 | 24 14 0 0 0 7| 250| 10.25| 145 15 0 0
167| 16 1 0 0 0 1| 250 0| 14.25 0.75 12.75 12.75
168 1 0 0 15 0 0| 250 0] 11.25 0 0 0
169 0 0 0 15 0 0| 250 0 3.5 0 0 0
170 0 0 0 15 0 0| 250 0| 125 0 0 0
171 0 0 0 15 0 0| 250 0] 12.25 0 10.25 10.25
172 3 6 0 0 0 0| 250 0| 155 0 0 0
173| 10 15 0 0 0 11| 250 9.5| 19.75 0 9 9
174 14 23 0 0 0 22| 250| 145 22 15 0 0
175| 18 32 0 0 0 37| 250| 15.5| 20.25 15 9 9
176 | 17 24 0 0 0 25| 250| 14.25| 24.75 15 0 0
177| 15 24 0 0 0 24| 250| 15.5 18 0.75 13 13
178 | 16 14 0 0 0 7| 250| 13.5| 17.25 15 0 0
179 6 0 0 0 0 1| 250 0| 19.75 0.75 19 19
180 0 0 0 0 0 0| 250 0| 13.75 0 0 0
181 0 0 0 0 0 0| 250 0| 275 0 0 0
182 0 0 0 0 0 0| 250 0] 9.25 0 0 0
183 0 0 0 0 0 0| 250 0| 11.25 0 5.75 5.75
184 1 4 0 0 0 0| 250 0] 20.25 0 0 0
185| 16 19 0 0 0 9| 250 95| 215 0 0 0
186| 16 33 0 0 1 27| 250| 15.25| 20.75 15 0 0
187 | 21 32 0 0 2 32| 250| 15.75 20 15 10.25 10.25
188 | 24 39 0 0 0 40| 250| 15.75 19 15 0 0
189 | 26 35 0 0 0 28| 250 14| 15.25 15 9 9
190| 31 21 0 0 1 11| 250 14.75| 16.25 15 0 0
191 17 2 0 0 0 1| 250 0 21 15 14.25 14.25
192 0 0 0 0 0 0| 250 0 8.5 0 0 0
193 0 0 0 0 0 0| 250 0| 275 0 0 0
194 0 0 0 0 0 0| 250 0| 9.25 0 0 0
195 0 0 0 0 0 0| 250 0 9 0 7.25 7.25
196 4 7 0 0 0 2| 250 0| 165 0 0 0
197 | 14 17 0 0 1 14| 250 15| 195 0 8.75 8.75
198 | 31 31 0 0 1 34| 250| 15.75| 20.75 15 0 0
199 | 26 29 0 0 0 26| 250 15| 21.25 15 9.5 9.5
200| 35 33 0 0 0 37| 250| 17.25| 24.75 15 0 0
201| 29 30 0 0 0 29| 250 16.25| 19.75 15 14 14
202 | 26 19 0 0 2 8| 250| 15.25 18 15 0 0
203 | 17 2 0 0 0 0| 250 0| 20.75 1.25 175 175
204 0 0 0 0 0 0| 250 0] 9.25 0 0 0
205 0 0 0 0 0 0| 250 0 1 0 0 0
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206 0 0 0 0 0 0| 250 0 14 0 0 0
207 0 0 0 0 0 0| 250 0 12 0 7.75 7.75
208 4 7 0 0 0 1| 250 0| 22.75 0 0 0
209 20 27 0 0 1 9| 250| 14.75 20 0 12 12
210| 31 33 0 0 0 28| 250| 16.5| 22.25 15 0 0
211| 31 26 0 0 6 18| 250| 15.75| 21.5 15 10.25 10.25
212| 25 33 0 0 4 20| 250 16.25| 23.25 15 0 0
213 29 28 0 0 5 19| 250| 155| 18.25 1.25 11 11
214| 30 20 0 0 5 0| 250| 15.5| 18.75 15 0 0
215| 16 2 0 0 1 0| 250 0 22 15 15.25 15.25
216 0 0 0 0 0 0| 250 0| 14.75 0 0 0
217 0 0 0 0 0 0| 250 0| 5.25 0 0 0
218 0 0 0 0 0 0| 250 0 17 0 0 0
219 0 0 0 0 0 0| 250 0| 14.25 0 0 0
220 4 10 0 0 1 3| 250 0 23 0 0

221 | 17 22 0 0 2 15| 250 15.75| 22.25 0 12.75 12.75
222 | 29 29 0 0 0 28| 250 16 24 0 0 0
223 | 28 29 0 0 1 30| 250| 14.5| 22.25 0 13 13
224 | 25 31 0 0 0 30| 250| 13.25 23 0 0 0
225| 28 23 0 0 0 23| 250 16 14 0 55 5.5
226 | 26 23 0 0 0 13| 250 | 14.25| 125 0 0 0
227| 10 3 0 0 0 0| 250 0 11 0 115 115
228 0 0 0 15 0 0| 250 0| 5.25 0 0 0
229 0 0 0 15 0 0| 250 0| 3.75 0 0 0
230 0 0 0 15 0 0| 250 0| 875 0 0 0
231 0 0 0 15 0 0| 250 0| 8.75 0 1.75 1.75
232 3 9 0 0 0 0| 250 0| 16.75 0 0 0
233| 19 20 0 0 2 6| 250| 15.25| 19.75 0 10 10
234 | 18 24 0 0 1 12| 250| 15.75| 205 0 0 0
235| 28 31 0 0 1 21| 250| 145 19 0 11 11
236 | 27 26 0 0 2 15| 250| 14.25| 16.5 0 0 0
237 20 28 0 0 2 13| 250 | 13.75| 10.75 0 1.25 1.25
238 | 21 18 0 0 0 7| 250 13.25| 10.75 0 0 0
239 5 1 0 0 0 0| 250 0 9.5 0 8.5 8.5
240 0 0 0 0 0 0| 250 0 4 0 0 0
241 0 0 0 0 0 0| 250 0| 0.75 0 0 0
242 0 0 0 0 0 0| 250 0| 5.75 0 0 0
243 0 0 0 0 0 0| 250 0 8.5 0 2.25 2.25
244 2 0 0 0 0 0| 250 0| 12.75 0 0 0
245| 14 12 0 0 0 13| 250 11.75| 19.25 0 3.25 3.25
246 | 25 25 0 0 0 36| 250| 14.25| 16.75 15 0 0
247 | 24 31 0 0 0 41| 250| 16.75 20 15 5.25 5.25
248 | 20 27 0 0 1 36| 250| 14.5| 175 15 0 0
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249 | 21 26 0 0 0 32| 250| 15.75 14 0.75 2 2
250| 23 13 0 0 0 9| 250 12 15 15 0 0
251 6 0 0 0 0 0| 250 0 18.5 0.75 9.5 9.5
252 0 0 0 0 0 0| 250 0| 13.75 0 0 0
253 0 0 0 0 0 0| 250 0 1 0 0 0
254 0 0 0 0 0 0| 250 0| 11.25 0 0 0
255 0 0 0 0 0 0| 250 0 8.5 0 2.75 2.75
256 0 2 0 0 0 0| 250 0 14 0 0 0
257 | 10 10 0 0 0 13| 250| 12.25| 19.25 0 6.5 6.5
258 | 23 28 0 0 0 40| 250 15.75| 15.75 1.25 0 0
259 | 23 28 0 0 2 41| 250 16 18 1.5 8.25 8.25
260 | 28 28 0 0 0 43| 250 15 155 1.5 0 0
261| 18 27 0 0 0 36| 250 15.75 12.5 0.75 7.75 7.75
262 | 19 19 0 0 0 13| 250| 15.25| 16.5 1.5 0 0
263 | 11 3 0 0 0 0| 250 0 16 0.75 14.5 14.5
264 0 0 0 0 0 0| 250 0 10 0 0 0
265 0 0 0 0 0 0| 250 0 2.75 0 0 0
266 0 0 0 0 0 0| 250 0 5.25 0 0 0
267 0 0 0 0 0 0| 250 0 9.5 0 5.75 5.75
268 2 3 0 0 0 0| 250 0 15.5 0 0 0
269 9 10 0 0 1 13| 250 14| 13.75 0 10.25 10.25
270 19 26 0 0 1 33| 250 135 16.5 1.5 0 0
271 22 24 0 0 0 32| 250 16.5 15 1.5 12 12
272 23 29 0 0 0 39| 250 13 13 0.75 0 0
273 | 14 27| 24. 0 0 24| 250 16 9.25 1.5 9.75 9.75
46
274 | 13 11| 27. 0 3 14| 250| 15.25| 8.75 1.5 0 0
6
275 5 3| 21. 0 1 0| 250 0 8.5 1.5 15.5 15.5
92
276 0 0 0 0 0 0| 250 0 6.25 0 0 0
277 0 0 0 0 0 0| 250 0 1.75 0 0 0
278 0 0 0 0 0 0| 250 0 8.5 0 0 0
279 0 0| 17. 0 0 0| 250 0 9.25 0 4.25 4.25
78
280 4 2| 37. 0 0 2| 250 0 15 0 0 0
84
281 12 17 | 46. 0 1 16| 250 13.5| 14.75 0 14.5 14.5
58
282 14 18 | 19. 0 0 26| 250| 15.75 24 15 0 0
2
283 | 19 22| 6.3 0 0 31| 250 14 21 0.75 12.25 12.25
4
284 | 21 23 0 0 0 33| 250 14| 13.25 1.5 0 0
285| 15 24 0 0 0 27| 250 16.5 13 1.5 4 4
286 | 17 11 0 0 0 7| 250 15.75 10.5 1.5 0 0
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330 4 20 0 0 0 20| 250| 15.25| 12.75 15 15 15
331 5 18 0 0 0 19| 250 | 15.25| 13.25 15 0 0
332 6 17 0 0 0 22| 250 15| 105 15 0 0
333 4 18 0 0 0 17| 250| 5.75 6.5 15 4.5 4.5
334 1 11 0 0 0 5| 250| 14.25 4.5 0.75 0 0
335 2 4 0 0 0 0| 250 0| 7.25 0.75 7 7
336 0 0 0 0 0 0| 250 0| 6.25 0 0 0
337 0 0 0 0 0 0| 250 0| 125 0 0 0
338 0 0 0 0 0 0| 250 0 2 0 0 0
339 0 0 0 0 0 0| 250 0| 6.75 0 1.75 1.75
340 0 0 0 0 0 0| 250 0 11 0 0 0
341 3 6 0 0 0 4| 250| 14.25| 13.25 0 0 0
342 4 14 0 0 0 17| 250| 15.5| 20.25 0 15.25 15.25
343 4 14 0 0 0 16| 250 15.75| 21.25 0 0 0
344 4 17 0 0 0 20| 250 16| 21.75 0 0 0
345 2 12 0 0 0 11| 250| 14.75 15 0 10.25 10.25
346 5 15 0 0 0 9| 250| 145| 5.75 0 0 0
347 3 6 0 0 0 1| 250 0| 16.75 0 10.25 10.25
348 0 0 0 0 0 0| 250 0| 13.25 0 0 0
349 0 0 0 0 0 0| 250 0 55 0 0 0
350 0 0 0 0 0 0| 250 0 9.5 0 0 0
351 0 0 0 0 0 0| 250 0| 11.75 0 1.25 1.25
352 0 1 0 0 0 0| 250 0| 17.25 0 0 0
353 4 17 0 0 0 7| 250| 13.25| 16.25 0 0 0
354 2 16 0 0 0 11| 250| 15.25 18 0 12.25 12.25
355 4 14 0 0 0 9| 250 15.75| 21.75 0 0 0
356 2 14 0 0 0 10| 250| 15.25 19 0 0 0
357 4 21 0 0 0 13| 250 15| 15.25 0 6.75 6.75
358 6 15 0 0 0 5| 250| 145| 7.75 0 0 0
359 4 3 0 0 0 0| 250 0| 10.75 0 7 7
360 0 0 0 0 0 0| 250 0 6 0 0 0
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Table4.9. Percentage of model runs that converged on the same solution for three different
base model variations during jitter analysis. Note that the runs with 50 iterations were run on a
Linux operating system and the runs with 20 iterations were run Whralows operating

system.

Model Type 50 20

iterations iterations
Limited PEARL limited 100% 85%
ChesMMAP

No PEARL full ChesMMAP  100% 100%
No PEARL limited ChesMM/ 100% 95%
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Table 4.10. Table of negative log likelihood components for all data sourcean8d&ngth
compositions for the fishery are summed over time steps for each sexaSeiength
composition for surveys are summed across sexes and timesteps.

Data Source

Negative Log Likelihood

Objective function

Recruitment Deviations

Sex ratio of Recruits

Winter dredge survey index

Winter dredge survey seand lengthicomposition
MD Trawl index

MD Trawl sexand lengthcomposition

VIMS Trawl index

VIMS Trawl sexand lengthcomposition

PEARL index

PEARL seand lengthcomposition

ChesMMAP (20G22018) index

ChesMMAP (20G22018) sexand lengthcomposition
ChesMMAP (20192023) index

ChesMMAP (20192023) sexand lengthcomposition
MD pot catchength-compositionMales

MD pot catchength-compositionMature females
MD pot sexandcatchMales

MD pot sexandcatchMature females

MD trotline catchength-compositionMales

MD trotline catchlength-compositionMature females
MD trotline catchMales

MD trotline catchMature females

VA pot catcHength-compositionMales

VA pot catcHength-compositionMature females
VA potcatchMales

VA potcatchMature females

VA dredge catclength-compositionMales

VA dredge catclength-compositionMature females
VA dredgecatchMales

VA dredgecatchMature females

PRFC catdength-compositionMales

PRFC catdength-compositionMature females
PRFCatchMales

PRF@atchMature females

Peeler catcllength-compositionMales

Peeler catcllength-compositionimmature females
PeelercatchMales

PeelercatchImmature females

16697.64
48.68
-42.78
32.85
2556.15
58.42
2057.05
477.21
4711.67
63.02
5.66
65.31
392.82
8.88
81.24
1186.02
1354.12
- 356.85
-346.33
1324.25
2080.52
-337.84
-331.90
69.85
78.00
-298.81
-291.95
214.07
102.27
-85.79
-86.97
32.36
80.53
-338.73
-334.81
1799.55
1336.52
- 333.36
- 333.26
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Table 4.11. Table of relative error percentages from simulatioAestffor each of the three base models (names explained in
section 4.2.1). Relative error was summed across sexes and calculated for estimates of abundance, fishing mortality, and
recruitment.

Model Abundance Fishing mortality =~ Recruitment
BasegLimited PEARL and limited ChesMMAP) -4.10% 3.30% -2.90%
No PEARL and limited ChesMMAP -4.00% 3.20% -2.60%
No PEARL and full ChesMMAP -3.90% 3.00% -2.90%
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Table 5.1. Description of sensitivity analyses for the lestytinctured stock assessment model and objective function values and
selected negative log likelihood componeriifie shaded row represents the base model. Each additional row represents a different
run with the corresponding overall objective function valdie, the likelihood component for the winter dredge survey index

¢ , and the likelihood component for the winter dredge survey length and sex compositiég; i . Bold values
indicate likelihood components that were lower than the base run.

Maturation
Lo, bex Op,, Bo Bi growth CV Mies Mscale ppe £ nlljwps nllcwns

Run

Base 15 *1 0.05 0.7 -0.035 0.02 0.65 0.75 17982 32.9 2556.2
1 16 17987 25.5 2680.5
2 14 18388 37.1 2557.9
3 *1.2 18296 22.9 2712.3
4 *0.8 18754 40.6 2669.3
5 0.03 18018 34.3 2526.4
6 0.07 18000 29.5 2624.8
7 0.66 18542 33.5 2566.4
8 0.74 17329 30.2 2685.2
9 -0.039
10 -0.031 17432 29.8 2705.3
11 -0.037 18544 33.4 2578.9
12 0.01 18119 33 2568.4
13 0.025 17824 32.5 2550.7
14 0.7 0.75 17911 33.6 2567.6
15 0.6 0.75 17917 31.1 2556.6
16 0.65 0.7 17889 32.2 2553.6
17 0.65 0.8 17923 32.7 2559.6
18 5 1.8 17874 32.7 2534.9
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Table 9.1Kendall ranicorrelation coefficientt) comparingndices of blue crab abundance:
Chesapeake Bay Multispecies Monitoring and Assessment Pr¢GtaasMMAP) September

index and Winter Dredge Survey (WDS) index (lagged by one year) and three annual metrics of
hypoxia:hypoxic duration (hd, in days), average daily hypoxic volume (avg hv)naad total
annual hypoxic volume (tot hv, Kdays) all based on th€hesapeake Bay Environmental
Forecast System (CBERSgilable athttps://www.vims.edu/research/products/cbefs/hypoxic
volume/.

Hypoxia metric ChesMMAP September WDS

hd -0.014 0.216
avg hv -0.019 0.157
tot hv -0.019 0.161
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Figure 1.1. Estimated weight as a function of carapace width for female (F) and male (M) blue
crabs in Chesapeake Bay.
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Figure 1.2. Generalized additive model fits to proportion offpubertal female blue crabs by
month (panels) from the SERC Trawl Survey for-2028. The points indicate the observed
proportions that were prepubertal, and the lines indicate the modél fPoint sizes are scaled

to the number of observations in each size bin. The model did not include data for November
(month 11).
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0.48-

Grth proportion

0.36-

10 11 12
Immature carapace width (cm)

Figurel.3. Estimated relationship between carapace width and growth proportion for female
blue crabs. Growth proportion was estimated as the proportional difference between paired
percentiles of the preoubertal and mature female carapace width distributions. Hgaaint
represents the 8-95" percentiles in 5% increments.
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Figurel.4. Predicted probabilitfdashed ling)and 95% confidence interv@haded areg)ofa
male blue cralbeing of mature as a function of size for the chosen model, with size, month,
year, and station (as a random effect) included as predictor variables. CW is the crab carapace

width, measured as the distance between the tips of the lateral spines, in mm.
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Figure 15. Diagram of the blue crab life cyels it relates to salinity
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Figurel.6. Estimated proportion of mature female blue crabs that spawn in each month in

Chesapeake Bay from observations of females with eggs from a combination of surveys in
Maryland and Virginia.
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Figure 1.7. Observed and predicted size distribution ofGghkie crabs in winter in 1 cm
carapace width bins. The first bin is an aggregate bin of all crabs <2 cm.
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Figure 2.1.Spatial extent of the 8 surveys considered as part of this analysis: WDS (Winter
Dredge Survey); VIMS Trawl (Juvenile Finfish & Blue Crab Trawl Survey); ChesMMAP
(Chesapeake Bay Multispecies Monitoring and Assessment Progiairavl MarylandTrawl
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Survey); SERC Trawl, Smithsonian Environmental Research Center Trawl Survey; PEARL Pot
(PEARL Pot Survey); MD Seine (Maryland Juvenile Striped Bass Survey); VIMS Seine (VIMS
Juvenile Striped Bass Seine Survey).

Jan ] I Feb l I Mar I I Apr

2000 1
1500 4
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May [ Jun [ | Jul [ Aug

2000 4
1500 +
1000 4

Count

500 A

Sep I [ Oct I I Nov | I Dec I

2000 4
1500 4
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500 4

0 50 100 150 200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200
Size (mm CW)

Figure 2.2Monthly lengthfrequency distributions of Blue Crabs taken in the VIMS Trawl
(Juvenile Finfish & Blue Crab Trawl Survey), -P828. Vertical black bar represents thiee
cutoffs used to designate recruits (35 mm in Aug and 65 mm froml&ep
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Figure 2.3.Standardized indices of abundance from the Winter Dredge Survey (WDS), from the
spatiotemporal (VAST) model. Indices represent minimum dredgeable abundance within the
WDS sampling frame.
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Figure2.4. Standardized indices of abundance from the Juvenile Finfish & Blue Crab Trawl
Survey (VIMS Trawl), from the spatiotemporal (VAST) model. Indices represent minimum
trawlable abundance within the VIMS Trawl sampling frame (Virginia waters of Chesapgake Ba
south of the Rappahannock River). Note that recruits (< 35 mm CW in Aug and < 65 mm in Sep

Jan)
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Figure2.5. Standardized indices of abundance from Chesapeake Bay Multispecies

Monitoring and Assessment Program (ChesMMAP), from the spatiotemporal (VAST)

model. Indices represent minimum trawlable abundance within the ChesMMAP

sampling frame (mainstem Chesapeday). Note that recruits (< 35 mm CW in Aug and

< 65 mm in Sefan) have been removed prior to index standardization.
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Figure2.6. Standardized indices of abundance from MD Trawl Surveys (including the

Blue Crab Summer Trawl Survey and SERC Trawl Survey), from the gamlss model. Indices
represent count per average tow. Note that recruits (< 35 mm CW in Aug and < 65 mm

in SepJan) hae been removed prior to index standardization.
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re2.7. Standardized indices of abundance from PEARL Pot Survey (PEARL Pot), from

the gamlss model. Indices represent average count per round (268aa). Note that
recruits (< 35 mm CW in Aug and < 65 mm inXa7) have been removed prior to index

standardeation.
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Figure2.8. Kendall rank correlation coefficient, comparing the monthly standardized

indices between the surveys: WDS (Winter Dredge Survey); VIMS Trawl (Juvenile Finfish

& Blue Crab Trawl Survey); ChesMMAP (Chesapeake Bay Multispecies Monitoring and
Assessment Pgyam; MD Trawls, including the MD DNR Blue Crab Summer Trawl

Survey and SERC Trawl Survey (Smithsonian Environmental Research Center Trawl
Survey); and PEARL Pot (PEARL Abbe Pot Survey). The June ChesMMAP and PEARL Pot
correlation was not provided as ortlyo years of overlap were available.
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Figure 3.1. Map of fishery management jurisdictions in Chesapeake Bay. The three jurisdictions
are Maryland Department of Natural Resources (MD DNR), the Virginia Marine Resources
Commission (VMRC), and the Potomac River Fisheries Commission (PRFC).
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Figure 3.2. Estimated catcii blue crabdy sex and fleein Chesapeake Bay during 192@23.
Estimated catch includes adjustments for dead discards from the commercial fishery and
recreational catchNote that there was male catch in the Virginia dredge fishery, but the
amounts were smalland that male and immature female catches were assumed to be equal in
the peeler fishery.
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Figure4.1 Blue crab arapace width (cm) by age in months by &exn the stochastic

Gompertz growthBlue lines represent males and red lines represent females. Dashed
lines represent upper and lower 95% intervaighe size distributions
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Figure 4.2. Femalglue crabmaturity at carapace width (cm) for each month as
estimated external to the model.
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Figure4.3. Proportion of mature females at age in montiigen the female growth and
maturation models
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Figure 4.4. Natural mortalitymo?) by length bin in centimeters for each sex category.
Note that all sexmaturity categories had the same natural mortality for a given length
bin.
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Figure4.5. Fishery selectivity by length (cm) foaMland pot fleet Each panel
represents a month.
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Figure4.6. Fishery selectivity by length (cm) tbe Maryland trotline fleet Each panel
represents a month.
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Figure4.7. Fishery selectivity by length (cm) fargihiapot fleet. Each panel represents
a month.
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Figure4.8. Fishery selectivity by length (cm) fargihia dredge fleetEach panel
represents a month.
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Figure4.9. Fishery selectivity by length (cm) tbe Potomac River hard crab fleéach
panel represents a month.

188



2026 Stock assessment for blue crab in Chesapeake Bay

1.00-
0.75-
0.80-
0.25-
0.00-

‘IEIIJ-
;, EI?S-
U 0.50-
m 0.25-

EIEIIJ-

1.00-
0.75-
0.50-
0.25-
0.00-

Figure 4.10. Fishery selectivity by length (cm) for peeler fleet.
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Figure 4.11. Proportion of male recruits (line) during $2023 from the Winter Dredge
Survey estimated using a cluster sampling estimator with 95% confidence intervals
(shaded region).
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Figure4.12 Fit of total catch fothe Maryland pot fleet rales. Model estimasarethe
solid blue line witl®5%confidence intervals the shaded regioandthe observed
valuesare the black points witlwhiskers representing theonfidence intervals.
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Figure 413. Fit of total catch fothe Maryland pot fleet rature females.Symbols are
the same as Figure 4.12.

192



2026 Stock assessment for blue crab in Chesapeake Bay

2500 -
2000 - 4
—— ' y
2
o 1500 - |
(] L] !
= 1
‘G 1000- ¢
[ -
O
500 -
II“
LIBL;
L
0 4ol
o g o & B & ok
S o o S S P
Year

Figure4.14. Fit of total catch fothe Maryland trotline fleet malesSymbols are the
same as Figure 4.12.
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Figure4.15. Fit of total catch fothe Maryland trotline fleet mature females. Symbols
are the same as Figure 4.12.
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Figure4.16. Fit of total catch fothe Virginia pot fleet malesSymbols are the same as
Figure 4.12.
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Figure 4.17. Fit of total catch for the Virginia pot fleet mature females. Symbols are the
same as Figure 4.12.
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Figure4.18 Fit of total catch fothe Virginia dredge fleet males. Symbols are the same
as Figure 4.12.
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Figure 4.19. Fit of total catch for the Virginia dredge fleet mature females. Symbols are
the same as Figure 4.12.
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Figure4.20. Fit of total catch fothe PRFC fleet males. Symbols are the same as Figure
4.12.
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Figure 4.21. Fit of total catch for the PRFC pot fleet mature females. Symbols are the
same as Figure 4.12.
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Figure4.22 Fit of total catch fothe peeler fleet males. Symbols are the same as Figure
4.12.
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Figure4.23 Fit of total catch fothe peeler fleet immature females. Symbols are the
same as Figure 4.12.
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Figure 424. Standardized residuals over time for each fleet and sex category.
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Figure4.25. Standardized residuals for proportieaslength over time foMMaryland pot
fleet males. Negative residuals are red and positive residuals are blue. $izebobble

reflects size of residual.
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Figure 426. Standardized residuals for proporticatslength over time for Maryland pot
fleet mature females. Plot definitions are the same as Figutg. 4.
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Figure 427. Standardized residuals for proportieaslength over time for Maryland

trotline fleet males. Plot definitions are the same as Figug.4.
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Figure 428. Standardized residuals for proportieatslength over time for Maryland
trotline fleet mature females. Plot definitions are the same as Figl® 4.
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Figure 429. Standardized residuals for proportieaslength over time for Virginia pot
fleet males. Plot definitions are the same as Figug®.4.
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Figure 430. Standardized residuals for proportieaslength over time for Virginia pot
fleet mature females. Plot definitions are the same as Fig#g. 4.
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Figure 431. Standardized residuals for proportieaslength over time for Virginia
dredge fleet males. Plot definitions are the same as Fig® 4.
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Figure 432. Standardized residuals for proportieaslength over time for Virginia
dredge fleet mature females. Plot definitions are the same as Fig@ge 4.
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Figure 433. Standardized residuals for proporticatlength over time for PRFC fleet
males. Plot definitions are the same as Figugb4.
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Figure 434. Standardized residuals for proporticatslength over time for PRFC fleet
mature females. Plot definitions are the same as Figu2é. 4.
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Figure 435. Standardized residuals for proporticatslength over time for peeler fleet
males. Plot definitions are the same as Figugb4.
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Figure 436. Standardized residuals for proporticatslength over time for peeler fleet

immature females. Plot definitions are the same as Figu2. 4.
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Figure 4.37. Fit to the Winter Dredge Survey index over time. Observed values are the
points, whiskers are 95% confidence intervals on the data, and model estimates are the
line with 95% confidence intervals indicated by the shaded area. Month of theysimrve
the model is at the top of the paneAbundance units are thousands of crabs.
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Figure 4.38. Fit to early years of ChesMMAP index over time. Plot definitions are the
same as Figure 4.3&bundance units are thousands of crabs.

217



2026 Stock assessment for blue crab in Chesapeake Bay

5 6
0.15-
0.10-
0'05-:1 .,’I—valﬁl l_l—l
0.00- © 7
g i ’
]
To15-
3 0.10-
2o
G 0.05- %’ S ‘ggs#eg
S 000- R
2
= 9 10
0.15-
0.10-
0.05-
Ll_l'lll,‘Lll..LLlilll - z 'Llix, ._Lxxl.l*_x
000- 1 1 1 1 1 I' 1 1 1 1
> o x Q) > ° » > N
(190 q,QQ q,Q\ r&\ r@"b q,QQ (]90 (]9\ r&'\ (LQ'L
Year

Figure4.39. Fit to index over time by month foine Maryland Trawl SurvefPlot
definitions are the same as Figure 4.8bundance units arthousands otrabs per
tow.
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Figure 4.40. Fit to index over time by month for the VIMS Trawl Survey. Plot definitions
are the same as Figure 4.3%¥bundance units are thousands of crabs.
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Figure4.41. Fit to index over time by month for PEARIt SurveyPlot definitions are
the same as Figure 4.37.
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Figure 4.42. Fit to index over time by month for recent years of ChesMMAP. Plot
definitions are the same as Figure 4.8bundance units are thousands of crabs.
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Figure4.43. Standardized residuals over time for all surv@yBS is the Winter Dredge
Survey, MDTRAWL is Maryland Trawl Survey, PEARLPOT is the PEARL Pot Survey,
ChesMMAP_old is the early ChesMMAP survey, VIMSTRAWL is the VIMS Trawl Survey,
and CHESMMAP_new is the recent ChesMMAP survey.
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Figure4.44. Standardized residuals for proportieatslength over time fomales in the
Winter Dredge Surveylot definitions are the same as Figure 4.25.
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Figure4.45. Standardized residuals for proportieaslength over time foimmature
females in the Winter Dredge Surveylot definitions are the same as Figure 4.25.
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Figure4.46. Standardized residuals for proportieatlength over time fomature
females in the Winter Dredge Survdylot definitions are the same as Figure 4.25.
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Figure4.47. Standardized residuals for proporticaslength over time for males in the
old ChesMMAP Survey. Plot definitions are the same as Figure 4.25.
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Figure4.48 Standardized residuals for proporticaslength over time for immature
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females in the old ChesMMAP survey. Plot definitions are the same as Figure 4.25.
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Figure4.49 Standardized residuals for proporticaslength over time for mature

females in the old ChesMMAP Survey. Plot definitions are the same as Figure 4.25.
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Figure4.50 Standardized residuals for proporticaslength over time for males in the
Maryland Trawl Survey. Plot definitions are the same as Figure 4.25.
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Figure4.51 Standardized residuals for proporticaslength over time for immature
females in the Maryland Trawl Survey. Plot definitions are the same as Figure 4.25.
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Figure4.52 Standardized residuals for proporticaslength over time for mature

females in the Maryland Trawl Survey. Plot definitions are the same as Figure 4.25.
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Figure4.53 Standardized residuals for proporticaslength over time for males in the
VIMS TrawBurvey. Plot definitions are the same as Figure 4.25.
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Figure4.54 Standardized residuals for proporticaslength over time for immature
females in the VIMS Trawl Survey. Plot definitions are the same as Figure 4.25.
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Figure4.55 Standardized residuals for proporticaslength over time for mature
females in the VIMS Trawl Survey. Plot definitions are the same as Figure 4.25.
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Figure4.56 Standardized residuals for proporticaslength over time for males in the
PEARL Pot Survey. Plot definitions are the same as Figure 4.25.
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Figure 4.57. Standardized residuals for proportiatiength over time for all females in
the Pearl Pot Survey. Plot definitions are the same as Figure 4.25.
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Figure4.58 Standardized residuals for proporticaslength over time for males in the
new ChesMMAP Survey. Plot definitions are the same as Figure 4.25.
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Figure4.59 Standardized residuals for proporticaslength over time for immature
females in the new ChesMMAP Survey. Plot definitions are the same as Figure 4.25.
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Figure4.60 Standardized residuals for proporticaslength over time for mature
females in the new ChesMMAP Survey. Plot definitions are the same as Figure 4.25.
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Figure4.61 Model fit to the proportion of crabby sexmaturity categoryin the Winter

Dredge Survey over time. Red points are dhservedvaluesand thelines are the
modelestimates.
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Figure 4.62. Model fit to proportion of male recruits. Red points areotiserved
proportions from the Winter Dredge Survey estimated using a clustanpling
estimator, and he blue linesthe modelestimate Theestimatedproportion male vas
constant over time
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Figure4.63 Survey selectivity by length (cm) and sextiierWinter Dredge Survey
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Figure 4.64. Survey selectivity by length (cm) and sex for the older survey of ChesMMAP.
Each panel represents a month.
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Figure 4.65. Survey selectivity by length (cm) and sex for Maryland Trawl
represents a month.
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Figure 4.66. Survey selectivity by length (cm) and sex for VIMS Trawl

represents a month.
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Figure 4.67. Survey selectivity by length (cm) and sex for PEARL Pot. Each panel
represents a month.
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Figure 4.68. Survey selectivity by length (cm) and sex for new survey of ChesMMAP .

Each panel represents a month.
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Figure 4.69Estimated arvey catchability for each month and sex for the Winter Dredge
Survey.
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Figure 4.70Estimated arvey catchability for each month and sex for the older years of
ChesMMAP.
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Figure 4.71Estimated arvey catchability for each month and sex for Maryland Trawl.
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Figure 4.72Estimated arvey catchability for each month and sex for VIMS Trawl.
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Figure 4.73Estimated arvey catchability for each month and sex for PEARL Pot.
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Figure 4.74Estimated arvey catchability for each month and sex for the new years of
ChesMMAP.
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Figure 4.75. Estimated instantaneous fishing morality raféoyrfully selected sizes by
sex. Shaded regions indicate 95% confidence intervals.
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Figure 4.76. Estimated recruitment of blue crabs in Chesapeake Bay duringdZ®@4
Shaded region represents 95% confidence intervals.
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Figure 4.77. Estimated abundance over time by Aéxindances in 1000®f crabs.

255



2026 Stock assessment for blue crab in Chesapeake Bay

3e+05 -
o)
&}
c
@©
o
c
B 2e+05- sex
@©
@ Male
o
ol Mature Female
0
o)
>
P
@
I
1e+05 -

2000 2010 2020
Year

Figure 4.78. Harvestable abundance over time by sex. Shaded region represents 95%
confidence intervalsAbundancas in 1000®f crabs.
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Figure 5.1. Estimated abundanockEChesapeake Bay blue crabs by sex for each
sensitivity run. Mature females are in theft panel, and males with carapace widths
>13 cm is on the right. Model number (run #) corresponds to the values in Table 5.1.
The base model is indicated with the heavy black iimindanceas in 1000f crabs.
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Figure 5.2. Estimatefally selectedishing mortality rates for Chesapeake Bay blue crabs
by sex for each sensitivity ruffanell indicates males, panel 2 indicates immature
females andpanel 3 is mature femalesModel number (run #) corresponds to the
values in Table 5.1. The base model is indicated with the heavy black line.
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Figure 5.3Estimated abundance of Chesapeake Bay blue crabs by sex for sensitivity
runs that removed recreational catch and doubled the amount of dead dis¢aads

line) or doubled the amount of recreational catch and dead discéoilge line) Mature
females are in the left panel, and males with carapace widths >13 cm is on the right.
The base model is indicated with the heavy black line. Abundance units are numbers of

crabs.
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Figure 5.4Estimated fully selected fishing mortality rates for Chesapeake Bay blue crabs
by sex for runs that removed recreational catch and doubled the amount of dead
discards (red line) or doubled the amount of recreational catch and dead discards (blue
line). Paerl 1 indicates males, panel 2 indicates immature females, and panel 3 is mature
females. The base model is indicated with the heavy black line.
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Figure 55. Estimated abundance of Chesapeake Bay blue crabs by sex for each
retrospective run (run name indicates terminal y@&run). Mature females are on the
top panel, and males with carapace widths >13 cm is on the bottom. Abundance units
are numbers of crabs.

261



2026 Stock assessment for blue crab in Chesapeake Bay

Male
3- \
2- :.‘: "‘.
Y .“\'
1- 1V 4
0 -
Immature Female

3 -
=
[
g
o N source
2 — Base
=
T 2020
% 2021
IS 1-
)] 2022
£
-
2
L

0 -

Mature Female

3 -

2 .

1- /\/\

0 - 1 1 1 1

0 10 20 30

Year

Figure 56. Estimated fully selected fishing mortality rates for Chesapeake Bay blue crabs
by sex for each retrospective riyrun name indicates terminal year of ruifhe top

panel indicates males, the middle panel indicates immature females, and the bottom
panel is mature females.
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Figure6.2 Relationship between estimates of survey CPUES for the three principal surveys used in blue crab stock assessments in
the 2011 assessment (ssSCMSA) and the 2026 assessment. Each panel shows the relationship between CPUE estimates for a life
stage (r = rearit, f- recruited female, m= recruited male) for each survey where vt = VIMS trawl, (upper row), mdt = Maryland
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summer trawl (middle row), and wds = Winter dredge survey (lower row). Least squares regression fits are shown in each panel
together with 95% confidence intervals of the mean prediction.
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Figure 6.3. A comparison of key parameter values between an SSCMSA model coded in STAN and in ADMB. Values ofthe log ratio
0 indicate parameter values between the two models are identical. Log ratio values < 0 indicate parameter values esBiate by

are smaller than those estimated in ADMB, and value of the log ration > O indicate that STAN parameter values are greater tha
those estimated in ADMB
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Figure 6.4. Estimates of the abundance of-geruit (Rt)blue crals (millions)n Chesapeake Bay 192823 estimated by SSCMSA
models implemented in STAN (dashed line and grey shaded uncertainty bounds) and by DMB (solid points).
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Figure6.5. Estimates of the abundan¢®0 millions)of fully recruited female (left panel, salmon colors) and males (right panel and
teal colors) blue crab in Chesapeake Bay 12&33 estimated by SSCMSA models implemented in STAN (dashed line and grey

shaded uncertainty bounds) and by DMB (solid points).
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Figure 6.6. Estimated abundance from SLAM (the 2026 model) and the updated 2011
model.
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Figure7.1. Mean overwinter mortality rates (mé by sex and maturity categonsed in
the spawning potential ratio models. Overwinter mortality is only applied in March.
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Figure7.2. Blue crab batch fecundity as a function of carapace width from Schneider et

al. (2024) except that mature females 5 cm and smaller were assumed to not be able to
reproduce (i.e., batch fecundity was equal to zero).
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Figure8.1 Estimated fishing mortality rates that would result in a spawning potential
ratio of 40% (koo blackdashed lines), 75% oidr(gray dotdashed lines), and
estimated maximum fishing mortality rates (fidbolack lines and points) f@hesapeake
Bay blue crabs during 192023 by sex
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Figure 8.2Estimated stock statudlack line with black pointselative toupper

threshold (black dashed line) and target (gray-dashed linefishing mortality rate
reference points (foe) for Chesapeake Bay blue crabs during 12023 by sex
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Figure8.3. Estimated abundance reference points using the median recruitment with
the fishing mortality rate at théhresholdreference point plackdashed lines), target
reference point graydot-dashed lines), and estimated abundance (1000s; black lines
and points) for females and maldue cralsin Chesapeake Bay during 198a23

Abundancas in 10009f crabs.
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Figure 84. Estimated stock statu@N/Nlim; solid black line and black points)ative to
lower thresholdabundancgblack dashed line) and target (gray dtstshed line)
reference pointdor blue crabs in Chesapeake Baying 19942023by sex
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Figure 85. Stock status (hollow black points and lines) relativeipper thresholdishing
mortality rate andower thresholdabundance reference pointblackdashed linesjor

Chesapeake Bay blue crabs during 12023 by sex The value for the most recent year
is show with a large blue point.
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Figure 8.6Estimated recruitment (black points) and the thrgear running average
estimated recruitmentgolidblackline) compared to théower threshold threeyear
average recruitmen(BRP) of the 25percentile of estimated recruitment during 1994
2023 plackdashed line). The median recruitment during 12923 is plotted for
reference (dashed gyline). Recruitmentis in 1000s ofrabs.
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