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Abstract
Accurate classification of maturity status and estimation of size at 50% maturity for male crabs are
important to the management of North Pacific crab stocks, which form the basis of several economi-
cally valuable fisheries. We demonstrate a straightforward maturity classification approach applied to
male Tanner crabs (Chionoecetes bairdi), based on the use of log-transformed chela height distribu-
tions calculated via kernel density functions. The linear equation defining the relationship between
the minima of these chela height distributions, and the midpoint of the corresponding carapace width
bins is then used to estimate the incidence of maturity by size group across the population. We dem-
onstrate the performance of this approach relative to two other currently applied methodologies.
Finally, we apply this method to assess annual size at 50% maturity in eastern Bering Sea male
Tanner crabs, and spatiotemporal trends in this parameter. We demonstrate the existence of high
interannual and spatial variability in this population metric and find evidence of a decline in size at
maturity in the western stock.

Key words: Chionoecetes bairdi, morphometric maturity, maturity classification, Bering Sea, bimodal
distribution, distribution minima

Introduction
The eastern Bering Sea stock of southern Tanner crab, Chionoecetes bairdi, supports a regionally
important fishery targeting mature males based on size-based criteria, and is managed in part based
on estimated male mature biomass (Zheng and Pengilly 2011). Estimating male maturity at size,
which may vary due to endogenous and exogenous factors (Somerton 1981; Otto and Pengilly 2002;
Burmeister and Sainte-Marie 2010; Siddon and Bednarski 2010), is thus important for effective fishery
management.

Physiological definitions of maturity are unlikely to be useful in this context. While male Tanner crabs
may become physiologically mature, and begin producing spermatophores at a carapace width (CW)
of 50–60 mm, functional maturity, when a crab is actually able to successfully complete the mating
act, generally occurs at larger carapace sizes (>60 mm; Adams 1982; Paul et al. 1983; Stevens et al.
1993). This disconnect between physiological and functional maturity means that any index based
on physiological maturity would likely overestimate reproductive potential.

OPEN ACCESS

Citation: Richar JI and Foy RJ. 2022. A novel
morphometry-based method for assessing
maturity in male Tanner crab, Chionoecetes
bairdi. FACETS 7: 1598–1616. doi:10.1139/
facets-2021-0061

Handling Editor: Tanzy Love

Received: May 23, 2021

Accepted: September 2, 2022

Published: December 22, 2022

Copyright: © 2022 US government. This
work is licensed under a Creative Commons
Attribution 4.0 International License (CC BY
4.0), which permits unrestricted use,
distribution, and reproduction in any
medium, provided the original author(s) and
source are credited.

Published by: Canadian Science Publishing

RESEARCH ARTICLE

FACETS | 2022 | 7: 1598–1616 | DOI: 10.1139/facets-2021-0061 1598
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
13

.5
9.

13
6.

17
0 

on
 0

5/
02

/2
4

mailto:jon.richar@noaa.gov
http://dx.doi.org/10.1139/facets-2021-0061
http://dx.doi.org/10.1139/facets-2021-0061
http://creativecommons.org/licenses/by/4.0/deed.en_GB
http://creativecommons.org/licenses/by/4.0/deed.en_GB
http://dx.doi.org/10.1139/facets-2021-0061
http://www.facetsjournal.com


Male Chionoecetes spp. crabs become functionally mature upon passing through a second maturity
event subsequent to attaining physiological maturity (Conan and Comeau 1986). This consists of a
terminal molt to a morphometrically mature state, characterized by a greater chela height (CH) to
CW ratio (Somerton 1980; Conan and Comeau 1986; Keller et al. 2016). Hemolymph molting
hormone levels indicate that morphometrically mature males are effectively terminally molted, with
limited or no potential for further molting (Cormier et al. 1992; Tamone et al. 2005, 2007).
Following this terminal molt, males are hypothesized to possess a competitive mating advantage
conferred by this increase in chela size, even against larger-bodied, small-clawed crabs
(Sainte-Marie and Hazel 1992; Stevens et al. 1993; Sainte-Marie et al. 1997; Mayrand et al. 1998).

A terminal molt to morphometric maturity poses several concerns for fishery managers. Fisheries
may remove sexually mature, morphometrically immature, males from the stock before they have
attained full reproductive competency. Conversely, crabs that reach morphometric maturity below
the legal size limit will never be available to the fishery (Conan and Comeau 1986). Further, these
small but morphometrically mature males may impose genetic drift on the stock, leading to a general
reduction in size at terminal molt and an increasing proportion of males that will never attain either
legal or industry-preferred size (Sainte-Marie et al. 2008). Finally, maturity at size estimates are an
important data input for calculating mature male biomass in the stock assessment (Stockhausen
2021). For these reasons, and because size at maturity may vary interannually due to environmental
factors (Burmeister and Sainte-Marie 2010; Dawe et al. 2012), it is important that size at maturity is
assessed annually to facilitate optimal management, and to monitor for sustained shifts in size at
maturity.

Morphometric measurements are nonlethal, can easily be conducted in the field environment, and
may be used to identify mature individuals in crustaceans (e.g., Brown and Powell 1972; Donaldson
et al. 1981; Conan and Comeau 1986; Pinheiro and Fransozo 1998; Jadamec et al. 1999; Fernández-
Vergaz et al. 2000). In the case of Chionoecetes spp., the disproportionate increase in CH relative to
CW with the terminal molt suggests an intuitive way to distinguish immature and mature males in
a population, as it drives the bifurcation of data into two “clouds”, an upper cloud representing
morphometrically mature, large-clawed crab, and a lower cloud representing small-clawed, immature
crab (Fig. 1). Over the past three decades, multiple procedures have been developed to exploit this
morphometric difference, with varying levels of statistical rigor (e.g., Somerton 1980; Conan and
Comeau 1986; Stevens et al. 1993; Warren 1994).

Although these procedures can be effective, they are not without shortcomings. A notable issue with
methods commonly applied for Chionoecetes spp. crabs, such as the program MATURE (Somerton
1980) and Discriminant Function Analysis (DFA; Conan and Comeau 1986; Sainte-Marie and
Hazel 1992; Sainte-Marie et al. 1995), is the requirement for a priori classification of crabs within a
sample into groups with a known maturity status via other preliminary means (e.g., visual testes
assessment). Consequently, these procedures may be problematic to apply in cases where the investi-
gator lacks samples with known maturity statuses from which initial conditions for the given classifier
may be derived (Warren 1994; Rugolo et al. 2005). In response, mixture of regressions procedures
have been developed and applied to crustacean data for maturity classification on an exploratory basis
(Warren 1994; Turner 2000; Rugolo et al. 2005; Murphy 2019). This approach, however, requires
carefully selected initial values for the model parameters, and the investigator may be required to
follow an iterative analysis process involving many runs, capped by a subjective decision as to the final
“best fit”. Finally, some authors have employed the ratio of CH to CW to classify mature males
(Stevens et al. 1993; Tamone et al. 2005; Tamone et al. 2007). Although this procedure offers the dual
advantages of being both intuitively simple and computationally easy to apply, variability in the
CH/CW ratio, both within and among years, leads to crabs on the lower extreme of the
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morphometrically mature cloud, and upper extreme of the immature cloud being likely to be
misclassified (Rugolo et al. 2005). Complicating matters, the rate at which this occurs itself varies
interannually across the time series (Rugolo et al. 2005).

In this paper, we outline a novel procedure; the distribution interval derived (DID) maturity cutline,
which addresses issues identified with existing procedures for defining classification cutlines. We then
provide basic comparisons of the performance of this new method relative to existing methodologies.
Finally, we apply this procedure to calculate annual male size-at-maturity estimates for the eastern
and western stocks of Tanner crabs in the eastern Bering Sea (EBS).

Methods

Data
Morphometric data for male Tanner crabs were obtained from the National Marine Fisheries Service
(NMFS) eastern Bering Sea (EBS) bottom trawl survey, which has been conducted with standardized
methods since 1982 (Lang et al. 2018). The EBS survey samples 375 stations on a regular grid (details
in Lang et al. 2018). Both CH and CW were measured to the nearest 1 mm from a subsample of the
catch in 1990-2007 and in 2009, and to the nearest 0.1 mm in 2008 and 2010–2019.

Density interval derived (DID) cutline procedure
Our procedure uses a kernel density estimator (KDE) to define the distributions in CH that
distinguish crabs that have and have not undergone the terminal molt. KDE is a nonparametric pro-
cedure for estimating the underlying probability density of a given dataset, and offers the advantage

Fig. 1. Natural-log chela height and carapace width data for 2008, 2010, 2012, 2014, 2016 and 2017 cutoff at ln(carapace width) = 3.9, with intervals used for
calculating distributions and maturity cutlines developed using Distribution Interval Derived (DID), mixture of regressions and ratio approaches.

Richar and Foy

FACETS | 2022 | 7: 1598–1616 | DOI: 10.1139/facets-2021-0061 1600
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
13

.5
9.

13
6.

17
0 

on
 0

5/
02

/2
4

http://dx.doi.org/10.1139/facets-2021-0061
http://www.facetsjournal.com


of being able to determine the shape of the density without the constraints imposed by assumptions
concerning the shape of the underlying distribution. The basic kernel density estimator has the
equation

f̂ kdeðxÞ =
1

nhD
Xn
i=1

K

�
x − Xi

h

�
(1)

where n is the sample size, Xi are data points, x is the location at which the density is being esti-
mated, K is the kernel, a symmetric, typically positive function which when integrated will be equal
to one, and h is the bandwidth, a smoothing parameter (Scott 1992; Deng and Wickham 2011). For
calculating kernel densities, we used the density function in R version 3.4.3 (R Development Core
Team 2017). This implementation of the KDE calculation process provides high accuracy, while
remaining computationally efficient (Deng and Wickham 2011). To generate a kernel density esti-
mate, the density function spreads the mass of the empirical density function over a grid of
n ≥ 512 points prior to employing the fast Fourier transform to convolve this initial approximation
with a discretized kernel.

Data for CH and CW measurements obtained from males of all shell conditions sampled
during surveys in 2008, 2010, 2012, 2014, 2016, and 2017 were pooled and linearized via natural
log-transformation. Data were then subset into 24 ln(CW) size intervals at ln(CW) intervals of
0.025 to allow full coverage of the overlap region between the two distributions, while maximizing
minima sample size (Fig. 1). We then sequentially applied kernel density estimation to the ln-chela
height data for each subset interval, and the minima of the resulting density distributions were
used to define the boundary between maturity classes for the given interval (Fig. 2). The two dom-
inant modes within each extracted distribution were employed to set boundaries for the region
within which the search algorithm would seek minima, to prevent it from identifying minima in
the distribution tails. The cutline delineating the two maturity classes was then estimated as the
best-fit linear regression of the minima in the ln(CH) distributions (the division between imma-
ture and mature crabs within a CW interval) against the midpoints of those CW intervals
(Figs. 1, 3).

Sensitivity analyses were conducted to evaluate the effects of changing the widths of the intervals used
to subset data, as well as setting alternative upper and lower boundaries for the region over which
intervals were taken from. For the former, interval widths of 0.02, 0.05 and 0.1 ln(in) were used, while
for the latter lower boundaries of 4.35, 4.40, 4.45 and 4.50 ln(in) and upper boundaries of 6.675, 4.725,
4.775 and 4.825 ln(in) were evaluated.

Procedural comparisons
We assessed the performance of our method against two alternative procedures, which have
previously been applied to classify maturity status in crabs: mixture of regressions (Warren 1994;
Rugolo et al. 2005) and the ratio of CH to CW (Stevens et al. 1993; Tamone et al. 2005, 2007). For
the mixture of regressions approach, log-transformed data from the 2008, 2010, 2012, 2014, 2016,
and 2017 surveys for crabs of all shell conditions were pooled. Models were fitted using the R package
’mixreg’ following the removal of crabs with ln(CW) <4.3. This last step, taken only for calculating the
mixture of regressions cutline itself, was made because smaller crabs introduce nonlinearity to the
data set that may otherwise confound the algorithm used to fit the model, leading to inconsistent
cutline calculations. As per Rugolo et al. (2005), the cutline parameters were calculated from the linear
model output using the equations
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Fig. 2. Sample distributions at given intervals, with minima for each interval (vertical blue lines).
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b0c = b0m1 �
σm2

σm1 + σm2
+ b0m2 �

σm1

σm1 + σm2
, (2)

and

b1c = b1m1 �
σm2

σm1 + σm2
+ b1m2 �

σm1

σm1 + σm2
(3)

where b0c is the cutline intercept, b0m1 and b0m2 are the intercepts for the linear models m1 and m2
fitted by mixture of regressions, b1c is the cutline slope, b1m1 and b1m2 are the slopes for the respective
linear models, and σm1 and σm2 are the model standard errors.

In applying the ratio approach, we employed ratios of 0.18 (R18), as previously employed on several
occasions (Stevens et al. 1993; Tamone et al. 2007; Lang et al. 2018), and for further comparison,
0.17 (R17), which may be more appropriate for eastern Bering Sea Tanner crabs (W. Stockhausen,
NOAA-Alaska Fisheries Science Center, pers. comm.). These were applied to the same data as used
in the DID and mixture of regressions approaches.

Finally, as an initial application of the DID cutline, we examined variability in annual size at
50% maturity in the current Tanner crab management districts in the EBS (east and west of 166⁰W
longitude) during 1990–2019. The DID cutline was applied to data for shell condition 2 (SC2) males
only, as SC3 and 4 males (when mature) are understood to have made the terminal molt in prior
years. Following maturity classification, crabs were binned into mature and immature categories by
10 mm CW increments for data from each district – year combination. This increment successfully
addressed issues with small sample sizes during some years while maintaining procedural consistency
throughout. The proportion of mature males was calculated for each bin, while crabs in bins<50 mm
CW were assumed to be 100% immature. This cutoff is consistent with the smallest crabs classified as
morphometrically mature by the currently applied ratio procedure. Size at 50% maturity was calcu-
lated using logistic regression in the R package nlme (Pinheiro et al. 2017). For purposes of compari-
son, size at 50% maturity time series were also created for the mixture of regressions and ratio
approaches using identical procedures to those just described.

Results

Cutlines
Although there was minor residual curvilinearity, the relationship between ln(CH) minima
(indicating the immature/mature division) and the midpoint of ln(CW) bins was well fit by a linear
model (Fig. 3, Table 1). Consequently, the DID cutline reliably separated the large-claw and
small-claw “clouds” in each year investigated, with minimal impingement on either cloud within
the region of overlap, and was generally robust to interannual variance in allometric growth
(Figs. 1, 4).

Relative to the ratio-based cutline, our approach increased the likelihood of small carapace crab being
classified as being mature (Fig. 4), although this may be addressed using a reasonable size cutoff, as
we did. Both ratios demonstrated a tendency to classify more smaller crabs belonging to the superior
“large-clawed” cloud as immature, relative to the DID approach (Fig. 4). Relative to classification
results for the DID approach, apparent misclassification of large-clawed crabs is greatest for R18,
and continues to be an issue until the upper range of (CW) within the region of overlap between
the two data “clouds”. Conversely, R18 exhibits reduced classification of small clawed males as being
mature at the upper range of carapace sizes in the inferior cloud(s) compared to both R17 and DID
approaches (Fig. 4). Relative to R18, R17 exhibited reduced rates of classification of large-clawed
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crabs as immature at smaller sizes, although more large-clawed males were still classified as immature
relative to the DID approach. However, R17 classified more small clawed crabs at larger sizes as being
mature relative to either R18, or the DID approach.

In terms of absolute number of crabs classified as mature, of the three procedures the DID approach was
compared against, the mixture of regressions approach classified the most mature males that were also
classified as mature by the DID method (Table 2). Unfortunately, the poor performance of the mixture
of regressions cutline at smaller CWs lead to a high rate of reclassification identified as immature by the
DID approach as being mature. Consequently, estimates of sensitivity between the two methods are the
poorest seen in the presented comparisons. Specificity is, however, far better, with the DID approach
only reclassifying 243 crab the mixture of regressions approach classified as being mature (Table 2).
This discrepancy is due to the DID cutline’s previously noted minor tendency to classify large clawed
crab as immature. Due to the ratio-based approaches’ poorer performance classifying smaller large-
clawed males, comparisons of both gave markedly worse specificity estimates (Table 2). This is a result
of the tendency of both ratio-based approaches to essentially “high-grade” maturity estimates, leading
smaller large-clawed crab to be classified as immature at comparatively high numbers.

New shell male size at 50% maturity as defined by the DID cutline was highly variable across years in
both management districts (Figs. 5, S1–S7, S30–S36, Tables S1, S2), with an average size at maturity
of 99.2 mm in the western district, and 110.9 mm in the eastern district. Both of these estimates are
lower than both the currently recognized sizes at maturity for these stocks (103.0 mm CW for the
western district, 113.0 mm for the eastern district; Lang et al. 2018), and legal retention sizes
(110.0 mm for the western district and 120.0 mm CW for the eastern; Lang et al. 2018). Of some his-
torical interest, the eastern district average estimate does closely conform to the lower size threshold
for the pre-fishery recruitment size class (110–137 mm) used for management prior to 2011, but
was substantially below the legal retention size during that period (Fig. 5b). Furthermore, size at
50% maturity does not meet or exceed the period-appropriate legal size in any year for either district
(Figs 5b, 5d). Although consistent trends in size at maturity are absent in both districts, in the western
district, an abrupt decrease in size at maturity occurred in the period after 2012, with the smallest size
at 50% maturity observed during the time series (90.7 mm CW) occurring in 2016 (Fig. 5d).

Fig. 3. Distribution minima, with least-squares fitted cutline, and 95% confidence interval.
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Size at maturity estimates for the mixture of regressions and ratio-based procedures demonstrate
effects from the respective classification tendencies of the cutlines (Figs. 6, S8–S29, S37–S57,
Tables S3–S8). Due to the mixture of regressions cutline’s tendency to classify more small CW,
small-clawed crab as mature, size at maturity estimates for this procedure are consistently smaller
than the matching estimates for the other procedures (Fig. 6). This occurred despite the use of the
same minimum size threshold as used for the DID analysis (≥ 50 mm CW). Conversely, due to their
tendencies to high grade maturity classifications relative to either the DID procedure or the mixture of
regressions approach, annual size at maturity estimates for the ratio approaches are consistently
larger, with R18 giving the largest (Fig. 6). Interestingly, while magnitudes differ, all four approaches
yield similar trends within both districts (Fig. 6).

Of note is our use of 1 mm resolution data, most notably during the earlier years of the time series
investigated. Due to the lower resolution of these data, there is potential for size-at-maturity estimates
in these years to be less precise compared to estimates in those years for which high-resolution data
are available. This should be kept in mind when considering the affected size-at-maturity estimates.

Table 1. Cutline model parameters for baseline model, and models investigating sensitivity to variation in
interval widths.

a.) baseline (interval 0.025) Estimate Std. error t-value p-value

Intercept −2.67411 0.13094 −20.42 8.60E-16

Slope 1.18884 0.02844 41.8 < 2E-16

Residual standard error: 0.02411 on 22 degrees of freedom

Multiple R-squared: 0.9876, Adjusted R-squared: 0.987

F-statistic: 1747 on 1 and 22 DF, p-value:< 2.2E-16

b.) interval 0.05 Estimate Std. error t-value p-value

Intercept −2.7683 0.1108 −24.99 1.02E-11

Slope 1.208 0.0238 50.76 2.25E-15

Residual standard error: 0.01795 on 12 degrees of freedom

Multiple R-squared: 0.9954, Adjusted R-squared: 0.995

F-statistic: 2576 on 1 and 12 DF, p-value: 2.246E-15

c.) interval 0.02 Estimate Std. error t-value p-value

Intercept −2.70341 0.11873 −22.77 <2E-16

Slope 1.19562 0.02579 46.35 <2E-16

Residual standard error: 0.02446 on 28 degrees of freedom

Multiple R-squared: 0.9871, Adjusted R-squared: 0.9867

F-statistic: 2149 on 1 and 28 DF, p-value<2.2E-16

d.) interval 0.1 Estimate Std. error t-value p-value

Intercept −2.6853 0.5943 −4.518 0.006292

Slope 1.1863 0.1277 9.291 0.000243

Residual standard error: 0.06757 on 5 degrees of freedom

Multiple R-squared: 0.9452, Adjusted R-squared: 0.9343

F-statistic: 86.31 on 1 and 5 DF, p-value: 0.000243
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Sensitivity analyses indicate that the DID procedure is modestly robust to varying the width of inter-
vals used for subsetting data (Figs. 7, 8; Table 1). Although the largest interval chosen (0.1) gave a
poorer fit to the derived minima and had wide confidence intervals (Fig. 7d), the final cutline was
very similar to the baseline when plotted against the raw data, albeit with some minor vertical dis-
placement (Fig. 8). Changing the upper and lower boundaries for the region from which data were
subset using baseline interval width settings had a greater effect on the final cutline. Increasing the
lower boundary increased the slope of the cutline, leading to substantially more small small-clawed
crabs being misclassified relative to the baseline (Fig. 9), while decreasing the upper boundary
reduced cutline slope leading to more large but small-clawed crabs being misclassified relative to the
baseline (Fig. 10). Despite the apparent changes in the cutlines associated in particular with alterna-
tive bounds, only limited effects were seen in the derived size at maturity estimates (Fig. 11).

Discussion
In this paper, we demonstrated a novel procedure for defining a maturity classification cutline for
crustaceans. This procedure employs analysis of CH distributions across a range of CW intervals
within the region of overlap between the data “clouds” taken to represent morphometrically mature
and morphometrically immature male crabs. We compared basic performance of this procedure

Fig. 4. Comparison of cutline procedures using 2014, 2016, 2017 and 2018 survey data for shell condition 2 male C. bairdi. Note high rate of classification of
small crab as mature by mixture of regression approach, and classification of crabs from superior data “clouds” as being immature by the chela height to carapace
width ratio-based procedures.
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Table 2. Contingency table comparing maturity classifications between the different procedures: DID (Density
Interval Derived), mixture of regressions, R17 (chela height/carapace width ratio = 0.17) and R18 (chela height/
carapace width ratio = 0.18).

Mixture of regressions

Mature Immature SE 95% CI

DID Mature 15543 243 Sensitivity 76.85 8.77 17.18

Immature 4681 11935 Specificity 98.00 9.90 19.40

R17

Mature Immature SE 95% CI

DID Mature 13871 1915 Sensitivity 91.59 9.57 18.76

Immature 1274 15342 Specificity 88.90 9.43 18.48

R18

Mature Immature SE 95% CI

DID Mature 12442 3344 Sensitivity 90.94 9.54 18.69

Immature 1239 15377 Specificity 82.14 9.06 17.76

Fig. 5. Interannual variability in size at maturity. (a) Annual maturity model curves for eastern district (b) corresponding time series of size at 50% maturity for
shell condition 2 male Tanner crab, with 95% confidence interval (c) annual maturity model curves for western district (d) and time series of size at 50% maturity
with 95% confidence interval for western district. For (a) and (c) horizontal line at 0.5 denotes 50% maturity. For (b) horizontal solid black lines at 110 mm/
113 mm denote regulation size at maturity for the eastern district for the time period, while horizontal dashed red line at 120/138 mm denotes the corresponding
legal retention size. For (d) horizontal solid black line at 103/110 mm denotes size at maturity for the western district for given time period, while horizontal
dashed red line at 110/138 mm denotes the corresponding legal retention size.
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against established procedures based on the ratio of CH to CW, and a mixture of regressions model.
Finally, we employed our cutline to calculate size at 50% maturity for Tanner crabs within the eastern
and western management districts of the eastern Bering Sea. Our procedure was found to be competi-
tive with established methods for classifying morphometric maturity in crabs. Results of our initial
analytical application demonstrated significant interannual variability in male size at maturity, and
suggested the existence of issues with current management tools for these stocks. The most notewor-
thy of these is the mismatch between our estimated size at maturity estimates for a population that
terminally molts, and the legal retention size for males in state harvest strategies, which suggests the
potential of genetic drift may exist.

The DID cutline permitted effective classification of morphometrically mature male Tanner crabs and
maintained effectiveness across crab pseudocohorts, demonstrating reduced susceptibility to variance
in crab allometric growth patterns arising from either endogenous or exogenous factors, or both,
relative to other methods (Rugolo et al. 2005). The DID approach offers the additional benefit of being
scalable based on the availability of data—the investigator may choose as many, or as few, intervals as

Fig. 6. Time series comparisons of size at 50% maturity estimates for (a) the eastern district, and (b) the western
district. Note that the mixture of regressions approach consistently provides the lowest size at maturity estimates,
while the ratio methods consistently provide the largest.
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the data permit. Furthermore, its application is comparatively user friendly and straightforward,
facilitating use by the wider fishery research community. It is recommended that if used, distributions
should be drawn from the full region of overlap between data point “clouds”. If the investigator wishes
to optimize their interval selection process, linear model confidence intervals provide a good metric
for comparison between models derived using different numbers of intervals, with the smallest CI
indicating the “best” interval for use.

Fig. 7. Sensitivity analysis evaluating effects of changing widths of intervals used to extract distributions from the data on cutline fit to minima.

Fig. 8. Sensitivity analysis evaluating effects of changing widths of intervals used to extract distributions from the
data on cutline fit to chela height data.
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Operationally, within the region of overlap between the data “clouds”, the DID approach demon-
strated reduced rates of likely classification errors at smaller CW values relative to the competing
approaches tested, which would otherwise lead to errors in estimates of maturity. In the case of the
mixture-of regressions approach, the observed tendency to classify smaller, small-claw crab as being
mature lead to consistent underestimates of size at maturity relative to the other procedures. If these
maturity estimates were then employed to calculate estimates of the mature male population, these
estimates would be markedly larger than would seem likely to actually be the case. The application
of a stringent size cut-off in data being analyzed using mixture of regressions may help to alleviate
the issue somewhat. However, this is not a perfect solution, as seen in our case where the same cutoff
used for the DID approach was not sufficient. It is important to note that the use of this cutoff in the
DID method was more a formality than an ironclad requirement to maintain analytical validity.

Fig. 9. Sensitivity analysis evaluating effects of changing lower bounds for extracting data distributions for min-
ima identification on cutline fit to chela height data.

Fig. 10. Sensitivity analysis evaluating effects of changing upper bounds for extracting data distributions for min-
ima identification on cutline fit to data.
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This issue also seems apparent in other applications of the mixture of regressions approach, and is
thus not an artifact of our specific implementation (Murphy 2019). While the DID cutline does
classify more large CW, small-clawed crabs as being mature than the mixture of regressions cutline,
this error is much easier to resolve during the analysis process than when small CW small-clawed
crabs as classed as mature, not least because these cases will be much more apparent. In the eventual-
ity that these crabs are missed during error checking, they should have minimal effect on maturity
calculations.

Conversely, the relatively large number of smaller, large-clawed males that are classified as immature
by both of the ratio-based approaches leads to comparatively large estimates of size at maturity for
both, which were consistent across the entire time series analyzed. Applied for population estimation
purposes, these would lead to reduced estimates of the mature male component relative to those
derived using the DID and mixture of regressions procedures. Of the two, R18, which is the ratio most
often seen used for Bairdi, consistently gave the largest size at maturity estimates (Tamone et al. 2007).
If fishery managers employed these estimates, they would potentially lead to especially conservative
management decisions. Furthermore, use of these cutlines in research may lead to, amongst other

Fig. 11. Comparisons of size at 50% maturity time series for sensitivity analyses focusing on effects of changing
the upper boundary for the region over which the intervals are derived. Here results for scenarios where the lower
boundary limit (LB) are specified as the given value are shown. Results for changing the upper boundary limit and
varying the interval width are very similar.
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concerns, overestimates of the prevalence of skip-molting, a phenomenon whereby immature crabs
skip a molt, as small, old-shell large-claw crab would be classed as being immature.

The DID approach bears some similarities to the procedures employed by the MATURE program
(Somerton 1980; Zheng 2008). Notably, both approaches use fitting a line through a continuous
region of minimal data density to create the final cutline; however, they differ in the steps taken prior
to that. As previously noted, MATURE requires inputs for known mature and immature crab, from
which groups initial classifier lines are defined. These lines are then extended into a region of overlap
by iteratively assigning points in this region to the nearest classifier line and re-estimating the classi-
fier until no points switch lines (Somerton 1980). The average of these two classifiers is then taken as
an initial cutline, and this is then vertically translated within the bounds of the two classifiers until an
elevation is found that results in the fewest observations within its region (Somerton 1980; Zheng
2008). In contrast, the DID approach proceeds directly to identifying the regions of minimal density
once density intervals have been specified, and then immediately uses these to create the cutline.

From a statistical perspective, in comparison to the multiple-regression approach, the DID approach
does not inherently calculate certain useful auxiliary information, such as group membership
likelihoods by data point. Although, based on the distribution modeling procedures used, such infor-
mation may be extracted on an interval-by-interval basis from the calculated distributions. We
acknowledge that a weakness in the work we have presented herein is the minor curvilinearity
observed in our data and the distribution minima series calculated from it. Consequently, as a next
step, exploration of the use of limited nonlinear modeling may be appropriate. Our approach of fitting
a model to a sequence of distribution minima lends itself to such investigations. If successful, in addi-
tion to potentially providing a better performing and more accurate cutline, this may also allow for
the elimination of the requirement that data be natural log-transformed prior to analysis. This
approach will be explored as a possible refinement of the DID procedure in future research.

Spatiotemporal variability in annual size at maturity in SC2 male Chionoecetes spp., as was observed
here and in previous work (Somerton 1981; Otto and Pengilly 2002; Zheng 2008), may arise through
several processes, acting either singly or in concert, and doing so on multiple crab pseudocohorts.
Environmental conditions, particularly water temperature, have a pronounced effect on crab growth
and size at maturity, primarily through reducing molting frequency, and thus increasing age-at-instar,
and reducing the number of molts before terminal molt (Somerton 1981; Burmeister and Sainte-
Marie 2010; Dawe et al. 2012). Density-dependent effects have also been observed in male
Chionoecetes spp., primarily via mating competition, which has been hypothesized to delay the termi-
nal molt, and thus increase the size at terminal molt (Elner and Beninger 1995; Comeau et al. 1998).

An observation of note is that in many years our size at 50% maturity estimates were well below the
regulation legal retention sizes for both districts (Lang et al. 2018). Given that male Tanner crabs
are not likely to grow following their terminal molt, the present fisheries are harvesting from a limited
segment of the genetic population–that with traits favoring growth to larger sizes, potentially
imposing size-selectivity on the population. This carries the possibility of imposing harvest-induced
evolution if it continues across multiple generations, leading to issues including decreased size at
terminal molt, reduced mature biomass, and reduced genetic diversity, which may itself lead to reduc-
tions in stock adaptability (Sainte-Marie et al. 1995; Carver et al. 2005; Zheng 2008; Enberg et al.
2009). The decrease in size at maturity observed in the western district since 2012 suggests that this
may already be occurring. Further research into this issue, and careful monitoring in future years
should be a priority.

An additional priority for future research should be applying the methods of Tamone et al. (2007) to
the EBS region. This would provide a baseline “known” estimate for actual terminal
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molt/morphometric maturity against which estimates derived from allometric-based procedures
might be compared to establish rates of actual bias/misclassification in estimates, rather than the
relative rates as described in this paper.
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