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Abstract

Increasingly, stock assessments for hard-to-age species such as crabs, prawns, rock lobsters,
and abalone are being based on integrated size-structured population dynamics models that
are fit to a variety of data sources. These data sources include tagging data to inform growth.
Diagnostic statistics and plots have been developed to explore how well integrated population
models fit the data types typically used for assessment purposes (index data, size- and age-
compositions, and conditional age-at-length data). However, such statistics and plots are not
available for tagging data, when these data are used to estimate growth. This paper outlines
two diagnostic statistics that can be used to evaluate fits to tagging data, and develops a
method based on ‘Francis weighting’ for weighting tagging data in integrated models. For
illustration, the methods are applied to Aleutian Islands golden king crab (Lithodes
aequispinus) in Alaska, and tiger prawns (Penaeus semisulcatus and P. esculentus) in
Australia’s Northern Prawn Fishery. Some degree of growth model mis-specification was
revealed for P. semisulcatus, and there were conflicts in the data for the tiger prawns. The
standard errors for the estimates of mature male biomass for golden king crab were larger
when the tagging data were downweighted based on the proposed weighting method. This
serves to emphasise that assessments and their interpretations can be impacted by how
tagging data are weighted.
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Highlights
* Assessment results can be sensitive to the assumptions for data weighting.
* Tagging data may be overdispersed relative to the commonly assumed Bernoulli
likelihood.
* ‘Francis weighting’ can be extended to apply to tagging data.
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1. Introduction

There is an increasing trend towards the use of integrated size-structured stock assessments
for species that are difficult to age (Punt et al., 2013). For example, assessments for crab
stocks off Alaska are based on size-structured population dynamics models that often divide
the population into new and old shell crab (i.e. crab that did and did not moult the previous
season; e.g. snow crab Chionoecetes opilio; Turnock and Rugulo, 2014; and red king crab
Paralithodes camtschaticus; Zheng and Siddeek, 2014) while the assessment of tiger prawns
(Penaeus semisulcatus and P. esculentus) in Australia’s Northern Prawn Fishery (NPF) is
based on a sex- and size-structured population dynamics model (Punt et al., 2010; Buckworth
et al., 2015).

Integrated size-structured stock assessment methods make use of several sources of data.
For example, assessments of golden king crab Lithodes aequispinus in the Aleutian Islands,
Alaska, include data on landings in numbers, the size-composition of the landings, the size-
composition of observer records for all crab arriving on deck, catch-rate indices for the
retained component of the catch, and tagging data (Siddeek et al., in press). In contrast,
assessments of tiger prawns in the NPF are based on weekly catch and effort data, survey
indices of abundance, survey and commercial size-composition data, and tagging data.
However, it is not uncommon for information in data sources to be in conflict with each other
to some extent (e.g. Richards, 1991). Thus, each data type (and each data point within each
data type) included in a stock assessment needs to be assigned a weight. In principle, this
weight should relate to the deviation between the data point and its expected value (Punt, this
volume), although on occasion weights reflect a subjective evaluation of the reliability of the
data type (e.g. ICCAT, 2013). However, it is not straightforward to objectively select
weights, and history reveals that data weighting can be influential on assessment results (e.g.,
Richards, 1991).

The primary purpose of the tagging data in the assessments of Aleutian Islands golden
king crab and of tiger prawns in the Northern Prawn Fishery is to allow growth (rather than
fishing mortality) to be estimated. The component of the likelihood function for the tagging
data (Punt et al., 2009) is:

al (Sq[xﬂ]m /ZSJ'[XT’]&J = P(C,1R.T)) )

where T is the time-at-liberty for the i™ recapture, X is the size-transition matrix (which
specifies the probability of growing from one size-class to each of the same or larger size-

classes), R is size-class in which the i recapture was when it was released, C, is the size-

class in which the i recapture was when it was recaptured, and S ; 18 the selectivity of an

animal in size-class j (logistic for the example applications reported here). The size-transition
matrix can separate the processes of moulting from those of growth given moult (e.g., Zheng
and Siddeek, 2014) or represent the combined effects of moulting and growth given moult
within a single model (e.g., Punt and Kenndy, 1997; Haist et al., 2009)). The form of the size
transition matrix for the case in which moulting is modelled explicitly is:

X=XQ+II-Q) 2)

where Q is a diagonal matrix with values given by the probability of moulting, X' is a
matrix where each column is for a size before moult and each entry in each column is the
probability of growing to that size given the size being represented by the column, and I is
the identity matrix.



91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

117
118
119
120
121
122

123

124

125
126
127

128
129

130

131

132
133

Equation 1 treats each recapture as a Bernoulli trial, i.e. each tagged animal is treated as a
single data point, independent from all the others. However, there will be overdispersion if
tagging is such that some of the tagged animals are pseudoreplicates. This can happen if
groups of tagged animals are released together and hence may have moved together and
hence been subject to the same environmental conditions and prey fields. Consequently, the
growth and probability of recapturing an animal are not independent of those for some of the
other tagged animals. To account for overdispersion, the size-composition data used in the
current configuration of the assessment methods for the two example fisheries are
downweighted, but this is not currently the case for the tagging data. Accounting for this
overdispersion requires that the right hand side of Equation 1 is raised to a power (equivalent
to multiplying the logarithm of the right hand side of Equation 1 by an overdispersion factor).
Several approaches (e.g., McAllister and Ianelli, 1997; Francis, 2011; Punt, this volume) have
been developed to estimate overdispersion factors for size-composition data, and these
approaches have been used to weight the size-composition data for Aleutian Islands golden
king crab and tiger prawns in the NPF. However, methods have not been developed to
explore whether the growth model is mis-specified, whether there is overdispersion, and how
tagging data used in size-structured stock assessment methods should be weighted.

This paper provides diagnostic statistics for evaluating the fits to tag-recapture data within
size-structured integrated assessment models and for estimating an overdispersion factor for
weighting tagging data. The approach follows the spirit of the approach of Francis (2011).
The proposed diagnostics and weighting factors are illustrated using Aleutian Islands golden
king crab and P. semisulcatus and P. esculentus in the NPF. These two cases were selected
because although the assessments are both based on size-structured models, that for Aleutian
Islands golden king crab is male-only, has an annual time step, and considers 5 mm size-
classes. In contrast, the assessments for P. semisulcatus and P. esculentus are based on a sex-
structured model that has a weekly time-step and 1 mm size-classes.

2. Material and Methods

2.1 Diagnostic statistics

Two diagnostic statistics are considered. Both statistics are computed by time-at-liberty. The
first diagnostic statistic is a comparison of frequencies of observed numbers recaptured by
size-class versus the model-predicted distribution for size-classes at recapture. The latter
distribution is:

P,=3 p(jlk) 3)

where P; is the expected number of recaptures in size-class j, and p(j|k;) is the probability

that the i individual (which was released in size-class class k) was recaptured in size-class j
(see Equation 1).
The second diagnostic statistic involves plotting the observed mean recapture size, P™,

versus release size-class L, along with the expected distributions of size-at-recapture, as a

function of size-class-at-release, characterized by the expected (mean) size-at-recapture P,

and the standard error of the observed mean size-at-recapture SE [}_’L], ie.:

B = szp(j |L); SEIP,] =\/Z(Zj -B)/N, (4)

where Zj is the mid-point of size-class j, and N, is the number of releases of animals in
size-class L.
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2.2 Data weighting

Francis weighting (Francis, 2011) involves defining the overdispersion factor for catch size-
composition data as the inverse of the variance of the standardized residuals for the mean size
of the catch. By analogy, the weight W that should be assigned to the tagging composition of
the likelihood is given by:

W™ = var[(P"” - I%L) / SEU%L]] )

In common with the diagnostic statistics, the weighting factors can be computed
separately by time-at-liberty and by sex.

Data weighting would entail applying standard methods for weighting compositional data
(e.g. Punt, this volume) and the above method for weighting the tagging data iteratively until
convergence occurs. If the data are in conflict, it may be that this process will not converge
and the weights for some subsets of the data will increase without limit while the weights for
other subsets will be reduced to zero (Punt, this volume).

2.3 Applications
2.3.1 Aleutian Islands golden king crab
Siddeek et al. (in press) outline the stock assessment model used for golden king crab in the
Aluetian Islands region. In relation to the tagging data, rectangular, king crab pots were used
to capture crabs for tagging in all experiments, with the exception of the 1991 experiment
where smaller, conical pots were used. Tagged animals were released during summer (July —
September) before the fishery started. Location, date, and fishing depth were recorded for
each pot retrieved. Upon pot retrieval, the carapace lengths (CL) of crabs were measured to
the nearest millimetre and shell condition (old or new) recorded. Isthmus-loop (“spaghetti”)
tags were used to tag crabs (Gray, 1965), and tagged crabs were released on or adjacent to the
capture location. The majority of tag recaptures were obtained from the fishers during the
commercial pot fishery. The tagging data used in the analyses comprised CL-at-release, CL-
at-recapture, and time-at-liberty. The tagging records were restricted to male golden king crab
releases in the size range 101 — 185 mm CL given the size-range included in the population
dynamics model. There were 27,131 tagged crab releases in this size range, with a 6.33%
overall return rate.

The assessment makes use of several data sources in addition to tagging data. Table 1 lists
the specifications for all of the data sources included in the assessments.

2.3.2 Northern Prawn Fishery

Punt et al. (2010) outline the stock assessment model for the two tiger prawn species in the
Northern Prawn Fishery. Tag-recapture data are available from experiments conducted in the
northwestern Gulf of Carpentaria in 1981 (Kirkwood and Somers, 1984) and in 1983 and
1984 (Somers, 1987; Somers and Kirkwood, 1991). In these experiments, prawns were
captured using chartered commercial prawn trawlers and tagged using numbered streamer
tags (Floy tags in 1981 experiments, Hallprint tags for the later experiments). With date of
release, species, sex, and size (mm CL), and presence/ absence of bopyrid parasites
Epipenaeon ingens recorded, prawns were released adjacent to the trawl runs where they
were captured. All recaptures were made by the commercial fleet.

In common with Kirkwood and Somers (1984), Somers and Kirkwood (1991) and Wang
et al. (1995), the data used in the assessment were restricted to animals that were at liberty for
at least two weeks and which were not infected (at release or recapture) by the bopyrid
parasites. Only prawns for which species, sex, size-at-release, size-at-recapture, and time-at-
liberty are known, were included in the analyses. Data were excluded for P. semisulcatus that
were extreme outliers in the growth curve analyses of Somers and Kirkwood (1991). Those
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authors ascribed these extreme data to measurement error. The sample sizes by week (the
time-step in the population model) are very small. Size results were thus pooled over time for
the first diagnostic statistic and a 4-week period (“month”) for the second diagnostic statistic.

Table 1 lists the full set of information used when fitting the population models for the
two tiger prawn species.

3. Results and discussion

3.1 Aleutian Islands golden king crab

Figure 1 shows the application of the first diagnostic plot (observed and model-predicted
frequencies of recaptured crab by recapture size-class) when the tagging data are assumed to
be Bernoulli trials (“unweighted” tagging data; solid lines). The model is able to mimic the
observed distributions adequately for animals at liberty up to the third year-at-liberty, with
the discrepancy between the observed and model-predicted distributions increasing with
increasing time-at-liberty beyond the third year-at-liberty. This latter result is, however, not
unexpected given sample sizes decline quickly with increasing time at liberty (Fig. 1).

The second diagnostic plot (Fig. 2) suggests that the model mimics the mean lengths-at-
recapture very well for animals at liberty for the first year-at-liberty (note that the observed
mean lengths-at-recapture are offset sightly to allow differences to be distinguished). The
expected lengths-at-recapture in Fig. 2 (and the equivalent plot for tiger prawns) are not

linear functions of the lengths-at-release because what is plotted is }_’L (Equation 4). This

would be a linear function of length-at-release if allowance was made for the possibility of
“shrinkage”, but that is not the case so p(L|L) can be substantial for several size-classes,

particularly the larger size-classes. For times-at-liberty greater than one year, p(j|L) is a

product of X over time which is not a linear transformation.

The discrepancies between the observed and model-predicted mean lengths-at-recapture
increase with increasing time-at-liberty. However, sample sizes get smaller with increasing
time-at-liberty (Fig. 1) so the predicted 95% confidence intervals for mean lengths-at-
recapture also get wider (Fig. 2). As a result, differences between observed and model-
predicted mean lengths-at-recapture appear less consequential when expressed as z-scores.
Application of Equation 5 to the results in Fig. 2 leads to weighting factors of 0.5, 0.2, and
0.35 for times-at-liberty of 1, 2 and 3 years (rounded from 0.536, 0.185, and 0.352). The
weighting factors computed using Equation 5 for times-at-liberty of 4, 5 and 6 years
exceeded 1; “underdispersion” is unlikely so the weighting factors were set to 1 in subsequent
analyses.

The fits to the frequencies of tag recaptures are essentially unchanged when the data are
downweighted (Fig. 1, dashed lines). Figure 3 shows time-trajectories of mature male
biomass (the population component used to provide management advice for crab stocks in the
Bering Sea; NPFMC, 2008), with asymptotic 95% confidence intervals when each tag is
assigned equal weight (i.e., default weighting) (upper panel in Fig. 3) and when the tagging
data for animals at liberty for 1, 2 and 3 years are down weighted by factors of 0.5, 0.2 and
0.35 (lower panel in Fig 3). The estimates of mature male biomass are very similar, but the
precision with which the estimates are obtained is lower (by between 0% and 14%) when the
tagging data are downweighted.

3.2 Northern Prawn Fishery

The solid lines in Figure 4 show the application of the first diagnostic plot to the two prawn
species (and by sex) when the tagging data are assumed to be Bernoulli events. This
diagnostic plot is based on data aggregated over time given low sample sizes. The fits to the
data for P. semisulcatus (upper panels in Fig. 4) are fairly poor, with evidence that the model
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overpredicts growth. In contrast, the fits to the data for P. esculentus (for which sample sizes
are larger) (lower panels in Fig. 4) are much better.

Figure 5 shows the results of applying the second diagnostic approach by prawn species
and sex. The over-prediction evident in Figure 4 is clear from the upper two sets of panels in
Figure 5, with the model predictions consistently exceeding the observed mean lengths-at-
recapture. The model mimics the observed mean lengths-at-recapture well for P. esculentus,
as might be expected from Fig. 4.

The calculated weighting factors for all months, sexes and species are approximately 1 so
there is no justifications for reducing the weights. However, the results in Fig. 4 are
suggestive of conflicts in the data. Consequently, the assessment was conducted
unrealistically increasing the weight assigned to the tagging data by a factor of 1,000 (Fig. 4,
dashed lines). The model is now able to mimic the tagging data well. However, the fits to the
length-frequency data (Fig. 6) deteriorate quite markedly for some species, sexes, and length-
frequency types when the tagging data are upweighted. In addition, the selectivity pattern for
P. semisulcatus on large individuals is reduced substantially when the tagging data are
substantially upweighted.

3.3 General comments and thoughts

This paper has provided two diagnostic statistics that can be used to evaluate the ability of
size-structured assessment models to replicate tagging data and also outlined a way to weight
tagging data when these data are included in an assessment along with several other data
sources. The results in Figures 4 and 6 show that the fits to length-frequency and tagging data
can be in conflict. It is well known that models that fit to size-composition data can be very
sensitive to assumptions about growth, especially when the parameters of the growth model
are pre-specified (e.g. Aires-da-Silva, and Maunder, 2012). However, this is the first example
that shows that the results of size-structured integrated stock assessments can also be
sensitive to the weighting of tagging data.

While it would be ideal to report both plots when reporting assessment results, plots such
as Figs 2 and 5 are more informative than plots such as Figs 1 and 4 because model mis-
specification could be missed in the latter plots if, for example, growth of smaller animals
was over-estimated while that of larger animals was under-estimated.

The statistics and plots outlined in this paper could be extended. For example, Figs 2 and
5 indicate measures of uncertainty as +1.96 standard errors. However, the matrix X is usually
lower triangular (because most crustaceans do not shrink following a moult). Consequently,
for short times-at-liberty, the modal number of size-classes an animal (particularly a large
individual) may grow will be O (i.e. it is most likely to remain in its size-class-at-release),
which suggests a non-symmetric distribution for the size-increment and hence the mean size-
at-recapture. Such a distribution could be computed using the quantiles of the distribution for
the size-increment from the matrix X. Figs 2 and 5 (and methods such as those of Francis
(2011) and Punt (this volume)) focus on the mean age/length (for composition data) or mean
length-at-recapture (for tagging data). However, similar statistics could be developed to
explore whether the model is able to adequately mimic the variation in the length-at-
recapture. A statistic to make this comparison has been developed for age/length data
(“Andre Plots” in the rd4ss package [Taylor et al., 2014] that compares the observed and
model-predicted variances of the size- or-age-compositions under the assumption that the
model-predicted variances are F-distributed). However, unless the number of recaptures is
high (which is unlikely to be the case for tagging data), the power of such a statistic is likely
to be low, and the statistic consequently uninformative.

In common with all diagnostics plots and statistics, the suggestions in this paper indicate
potential problems, but cannot prove that the model is adequate if the diagnostics do not
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provide evidence for model mis-specification and/or overdispersion. Patterns of residuals
(such as those for P. semisulcatus in Figs 4 and 5) could be suggestive of model mis-
specification, i.e. in the case that the von Bertalanffy growth curve is an inadequate
representation of growth. In the case of prawns, there is evidence that the growth rate varies
cyclically during the year in some species (e.g., Somers, 1988; Xiao and McShane, 2000;
Lloyd-Jones et al., 2012), but this is not accounted for in the assessment model for NPF tiger
prawns. Whether differences in growth seasonally are sufficient to generate the types of
patterns evident in Figs 4 and 5 is beyond the scope of the present paper. We note, however,
that seasonality in growth was not found to be significant in blue endeavour prawns,
Metapenaeus endeavouri, caught in the same fishery (Buckworth, 1992). Moreover, patterns
in residuals may reflect issues with other aspects of the model and be unrelated to the tagging
data and the model of growth.

The diagnostic statistics and the approach to weighting outlined in this paper are
heuristics and based on analogy with approaches used to weight age- and size-composition
data. Future work should consider the use of simulation studies to evaluate the performance
of these statistics and the weighting method, particularly in cases in which the model is mis-
specified (e.g., is based on a non-seasonal von Bertalanffy curve when this is not the case).

Finally, the assessments considered in this paper are based on the likelihood function
given by Equation 1. However, tagging data can be included in other ways in integrated stock
assessments. For example, the method of Haist et al. (2009) is used in New Zealand to
conduct assessments of rock lobsters and abalone (e.g., Breen et al., 2012; Fu et al., 2010).
This method assumes that the size-increment is governed by a truncated normal distribution
and allows for measurement error when fitting the tag-recapture data. In principle, the
approach of this paper could be applied to create diagnostic statistics to evaluate models
implemented using the method of Haist et al. (2009).
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Table 1. Data available for the stocks considered

Data type

Year range

Aleutian islands golden king crab
Retained catch in numbers in total
Retained catch in numbers by length-class
Total (retained + discarded) catch in numbers
CPUE (observer)
Groundfish bycatch in numbers by length-class
Tagging data (recaptures to 2012)

P. semisulcatus and P. esculentus
Weekly catch (mass) and effort (vessel days fished)
Fishery length-frequency data
Spawning survey indices
Spawning survey length-frequencies
Recruitment survey indices
Recruitment survey length-frequencies
Tagging data

1981 - 1984
1985 - 2014
1990 - 2014
1995 - 2014
1989 - 2014
1991, 1997, 2000, 2003, 2006 releases

1970 - 2014
2002 - 2003 (sex-specific)
2002 - 2014
2002 - 2014 (sex-specific)
2003 - 2014
2003 - 2015 (sex-specific)
1981 - 1984
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Figure 1. Observed tag recaptures (filled circles) versus model-predicted tag recaptures (solid
and dashed lines) by size-class at recapture for male Aleutian Islands golden king crab. Results
are shown for animals that were at liberty for between one and six years. N denotes the sample
size. The solid lines show results for the original weighting and the dashed lines those when
the tagging data are downweighted.
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Figure 2. Observed (open circles) and model-predicted (filled circles) mean lengths-at-
recapture versus release length for male Aleutian Islands golden king crab. The vertical lines
indicate 95% confidence intervals for model-predicted mean lengths-at-recapture. Results are
shown for animals that were at liberty for between one and six years. The model predictions
correspond to the model configuration in which the tagging data are treated as the outcomes
from Bernoulli experiments.
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19  Figure 3. Time-trajectory of mature male biomass for Aleutian Islands golden king crab.

20  Results are shown when the tagging data are taken to be the results of Bernoulli trials and when
21  the tagging likelihood is downweighted using Equation 5.
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Figure 4. Observed tag recaptures (filled circles) versus model-predicted tag recaptures (solid
and dashed lines) by size-class at recapture for two prawn species in Australia’s northern prawn
fishery by sex. Data are aggregated over time-at-liberty owing to small sample sizes. N denotes
the sample size. The solid lines show results for the original weighting and the dashed lines
those when the tagging data are upweighted 1000-fold.
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Figure 5. Observed (open circles) and model-predicted (filled circles) mean lengths at recapture versus release length for two prawn species in
Australia’s northern prawn fishery by sex. The vertical lines indicate 95% confidence intervals for model-predicted mean lengths-at-recapture.
Results are shown for animals that were at liberty for between one and six months. Results for female P. semisulcatus, male P. semisulcatus,
female P. esculentus, and male P. esculentus are respectively shown in each row (top to bottom). The model predictions correspond to the model
configuration in which the tagging data are treated as the outcomes from Bernoulli experiments.
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Figure 6. Observed (bars) model-predicted length-frequency distributions when the
observations and model-predictions are aggregated over time (weighted by their assumed
effective sample sizes). Results are shown for two species and two sexes (rows) and for three
types of length-frequencies (catch, left; spawning, middle; recruitment, right). The solid lines
show model predictions for the original weighting and the dashed lines those when the tagging
data are upweighted 1000-fold.
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