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Abstract

Fisheries surveys are widely used in the stocksassent process by providing time
series of relative abundance and recruitment stineiSyrveys also provide biological
data that have the potential to improve stock ptmes by providing alternatives to
the use of spawning stock biomass as a measuteal eproductive potential. The
objective of the present work is to illustrate wais sources of error in survey data,
using examples from bottom trawl surveys and tovige innovative methods for
identifying and minimising these errors. In Chapierthe current work is framed
within the existing literature and an overview igem of the different sources of error.
The next six chapters consist of papers that haee published, are in press, or under
review with peer-reviewed journals. These paperssisd of case-studies, each
exploring a different source of error. In Chaptera2method for summarising the
precision of a length-frequency distribution is g@eted and recommendations are
given on the sample sizes required to achieve ticlgaprecision level. In Chapter 3,
the variability in the assignment of maturity stagdé plaice Pleuronectes platessa
L.) and whiting Merlangius merlangusdl.,..) is examined, using statistical techniques
developed in the social sciences. In Chapter 4splad¢ial variability in the age-length
structure of haddockMelanogrammus aeglefinuk,) is explored and a new method
for comparing age-length keys is developed. In @ap, the spatial structure in the
length-weight relationships of whiting and hadd@ek analysed using geostatistical
tools. In Chapter 6, the spatial trend in the satxorof megrim (epidorhombus
whiffiagonis,Walbaum) is explored using generalized additive efiody techniques.

In Chapter 7, spatial trends in the proportion @ftume cod Gadus morhual..) are
investigated. In the concluding Chapter 8, theescdlvarious errors is reviewed in
the light of the current work and recommendatiamrssmpling design are proposed.
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Chapter 1

General introduction

1.1. Structure of thethesis

This thesis consists of a general introductionofie##td by five papers that have been
published or are in press with peer-reviewed jolsri@end one paper that is under
review, the last chapter provides a synthesis. Edcthe papers covers a subject
related to variability and bias resulting from maasnent error or sampling error on

bottom trawl surveys. A glossary of terms is pr@ddn Appendix A, page 106.

1.2. Purpose of bottom trawl surveys

Bottom trawl surveys are widely used to collectomfation on a variety of
parameters of fish stocks. Surveys are used instbek assessment process to
calibrate or “tune’age- or size-based population models. Surveyspatsade crucial
information on the strength of the incoming yeaassl before it enters the fishery.
This is particularly important in terms of foredast stock development in the short
term and giving advice on future catch options. Tél@bility of stock assessment
results is greatly influenced by the precision ofvey abundance estimates (Smith
and Gavaris, 1993; Beae¢ al.,2003).

Bottom trawl surveys are also increasingly usedprtovide abundance estimates
independently of commercial data (Bearteal., 2005). Due to unknown levels of
misreporting and/or discarding, many sources of mencial data are regarded as
unreliable. In addition to this, data from commal@ources may lack spatial detalil
while at the same time commercial fisheries tentatget specific locations such as
spawning aggregations. Therefore, data from comalesources are likely to be
significantly biased samples of the population.sT¢en result in biased estimates of
the age structure or other biological parametées mhaturity, sex ratio or condition.
For this reason, commercial sources are often taidai for providing reliable
biological data. While survey data are sparser tt@anmercial data, survey data are
collected under controlled circumstances and cawige spatially detailed biological
information.

Time series of biological data have the potentiaptovide improved estimates of

reproductive potential. Historically, the spawnstgck biomass (SSB) has been used
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as an index of reproductive potential (Beverton BHiott, 1957). However, up-to-date
information on age composition, maturity, conditemmd sexual dimorphism can help
to provide more sensitive indices of reproductiateptial than SSB estimates alone
(Marshall et al., 1998; Marteinsdottir and Thorarinsson, 1998; Sewtal., 1999;
Marshallet al.,2003; Tomkiewiczet al.,2003a; Marshalkt al.,2006). For example,
SSB estimates do not take account of changes inasiexor fecundity, while female-
only SSB or total egg production estimates are eptually better proxies for
reproductive potential. Additionally, trends in @i rates and maturity can be used
as an indication of over-exploitation. For examplee collapse of the Northwest
Atlantic cod Gadus morhuppopulations was preceded by a significant reduciin
age and length at first maturity (Hutchings, 2005).

Including information other than SSB in fisherielvi@e does not necessarily improve
projections, however. The error around estimatestafk parameters will increase as
the number of parameters used in this estimateases. Each of the steps involved in
the estimation of stock parameters, has a certaiouat of error associated with it
(Figure 1.1). The economist John Maynard Keynegeported to have said that he
would rather be approximately right than exactlyomg, but in order to weigh up
accuracy versus precision, it is necessary to staled and quantify all sources of

error that are involved in the collection and as&\f biological data.

1.3. Typesof error

There are two main types of error. Random errarelated to the precision of an
estimate: it is the variability between replicaperiments. It is not always necessary
or possible to perform replicate sampling in orideestimate random error. Analytical
(Zar, 1999), Bayesian (Malakoff, 1999), or re-sangltechniques (Efron and
Tibshirani, 1993) can be used to estimate this tfperror. The second type of error,
systematic error or bias, is related to the acquod@an estimate: it is the difference
between the true parameter value and its estinvaiieeé. Both random and systematic
errors can result either from sampling error or sneament error. Sampling error is
determined by the sample size and the variabifithe parameter. Measurement error

is due to the measuring device or to observer error
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1.4. Sampling error

Gear selectivity By the time the fish arrive on the deck, the gknis already highly
biased (Gulland, 1966). Although not all fish ip@pulation are equally vulnerable to
the fishing gear, surveys are generally assumedstess age groups with equal
accuracy from year to year. However, if the sizagd distribution varies between
years, abundance estimates will be affected bedeasts are highly length-sensitive
tools (Godg and Sunnand, 1992). In addition to iniabundance estimates, bias can
also occur in estimates of length-at-age, sex-attiage and maturity-at-age for age
classes that are not fully selected by the geaffe@nces in size and behaviour
between the sexes can also result in differencesaiohability between the sexes
(Beverton, 1964; Rijnsdorp, 1993; Solmundssoral., 2003), an issue that will be
further explored in Chapter 6.

Knowledge on the selectivity of the gear can helgdrrect for some forms of bias
but selectivity itself can be quite variable, pautarly for fish that have a low
catchability (Godg and Sunnana, 1992).

Spatial structure- Most fish populations appear to be spatiall\st@red. Pennington
et al. (2002) have shown that fish caught together tenddet much more similar in
size than can be expected from a random sampleisdoh(2003) also noted a
clustering of fish of similar lengths and used dgetstical techniques to take this
spatial covariance into account for the estimatbriength frequency distributions.
Spatial structure, or clustering, has also beewrmks for age distribution (Smitt
al., 1992), sex ratio (Morgan and Trippel, 1996; Swa®97) and the proportion of
mature fish (Horret al., 1998; Bromley, 2000; Rochet, 2000). If trends ocoara
large spatial scale, bias may occur if samplingecage is incomplete. Spatial
structures that are small, compared to the scalsaaipling, result in increased
variability between stations. This between-stati@riability is often ignored, for
example Gulland (1966) states that the precisidmnesed for length sampling is
determined almost entirely by the number of spenBnexamined; he does not
mention the influence of the number of samplingat@ns on the precision. However,
Penningtoret al. (2002) have shown that the precision of a lengthe is almost
entirely determined by the number of locations dachpwhile the total number of

fish measured hardly influences the precision.
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Variability between stations or regions will be &pd for the following parameters:
age-length structure (Chapter 4); condition (Chaple sex ratio (Chapter 6) and
maturity (Chapter 7).

Subsampling- As it is often impossible to analyse every fistught, subsamples are
regularly taken from the catch. If the sample isetawithout thorough mixing or
randomisation, bias might occur. Head#sal. (2003) have shown that some catches
are not uniformly mixed; they found that that madbal sorting can take place in
seawater hoppers. This potential bias is easilydady for example by placing the
total catch in fish boxes and repeatedly halving ¢bntents of each box (by tipping
the contents of one box into two others) until tesired sample size is achieved.
Although it has not been tested whether this resala truly random sample, it seems
reasonable to assume that such subsamples arsarfatieve of the catch.

Two-stage sampling is a common way of subsamplingatch (Gulland, 1966;
Cochran, 1977). A representative sample is takepbtain a (presumably) unbiased
length frequency distribution of the catch. A sraabample is then taken for further
biological analysis such as individual weight, aggx and maturity stage. Often, this
biological sample is taken on a length-stratifiessib; a target sample number is
obtained for each length class. An age-length keynaturity-age-length key) is then
constructed for each stratum and applied to thenastd length distribution in that
stratum (Fridriksson, 1934). The implicit assumptics that the age-at-length
relationship is approximately constant within eatfatum (Cotter, 1998). However,
Chapter 4 shows that the age-at-length distributbbrnaddock Kelanogrammus
aeglefinug can vary strongly on a small spatial scale, iating that this assumption
might not always be valid.

The precision with which the length distribution thife catch can be determined
depends on the size of the subsamples. In Chaptar ethod is presented that
summarises the precision of a length distributalowing length data to be collected
to a pre-defined precision level. While length meaments can be collected quickly
and cheaply, further biological data tend to be Imenore time-consuming to collect.
It is generally assumed that the precision of thtareated age distribution improves
rapidly with increasing numbers in the aged sanfplatman, 1990; Kimura, 1997).
Oeberst (2000) has developed a cost function imatd the optimal number of age

readings. Gutreuter and Krzoska (1994) investigatiee precision of weight
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measurements and Rad al. (1999) evaluated various methods to estimate the
precision of maturity estimates. While these stsid@n give insight into the precision
of catch estimates, they give no information onghexision of population estimates,
because between-station variability is ignored.otgrg this covariance between
stations can lead to over-fitted models, misleadengr distributions and biased
estimates (Cotter, 1998).

1.5. Measurement error

Ageing error— There are a number of different types of measants associated with
surveys, each with its own measurement error. Thar é age determination has
received by far the most attention in the literatuss age determinations are both
subjective and central to most stock assessmenelsiod large number of papers
deal with ageing error and quality control (e.gadord, 1991; Kimura and Lyons,
1991; Richard=et al., 1992; Campanat al., 1995; Campana, 2001; Reeves, 2003;
Clark, 2004; Kimura and Anderl, 2005; Powet al., 2006). In general, random
ageing errors result in an underestimate of thebmrsof the most common age class
in the catch (Richardst al., 1992). This is because a certain percentage ofmntbet
common age class will be wrongly assigned to thightwuring age classes, the
reciprocal number of fish that will be wrongly agsd from the neighbouring age
classes will be lower because the numbers of fisthese age classes are lower.
Therefore, random ageing error tends to smoothifigrences in abundance between
age classes. It is possible to correct for thig typbias by modelling the age reading
errors (Richardet al., 1992). The effects of ageing errors on stock assests have
been investigated by Bradford (1991) and Reeve31(22003).

Systematic error can occur in species where tlsé giowth increment is unclear. If
ages are determined from an incorrectly definedistapoint, age determinations
will be consistently wrong by a constant amountteAdatively the periodicity of
increments might not be annual, also leading t®.b@ampana (2001) provides a
comprehensive overview of different types of ageergor, their magnitude and
guality control standards. Systematic ageing eroans be detected from consistent
differences between labs (e.g. Poweal.,2006) or by obtaining known-age material

(validation; e.g. Campana, 2001).
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Other sources of measurement erroErrors can occur in length measurements (e.g.
Gulland, 1966). Unpublished data by the author alsmw that consistent differences
between people repeatedly measuring the same saihpsh can be detected, even
when using electronic measuring boards. Howevesédldifferences were too small
to be significant with the sample size of 30 fisiattwas used in the experiment
(Gerritsen, unpubl.; Appendix B page 110). Gutreaied Krzoska (1994) state that
length can be measured with high precision, whiggit measurements are more
variable, particularly for small fish. They fountkt the precision of weight estimates
was mostly affected by surface wetness and movenwdrihe fish. Cotter (1998), on
the other hand, states that weighing variancesbeasafely ignored if surveys are
equipped with high-quality balances. UnpublishedkMoy the author suggests that
weighing errors on Irish groundfish surveys areeljkto be smaller than 1%
(Gerritsen, unpubl.; Appendix B page 110). A par@nthat is not usually associated
with measurement error is sex determination. Howevte can be difficult to
determine the sex of some young fish (Chapters @ @&n resulting in another
potential source of error. The assignment of mitisiages can also be somewhat
subjective. Maturity stages are usually assignéer afiacroscopic (visual) inspection
of the gonads. While this is generally acceptetheédess precise and accurate than
histological analysis, it is the only practical imad that allows large numbers of fish
to be analysed (West, 1990). Vitakal, (2006) found consistent differences between
the two methods in the estimated proportions matuethey also found that this bias
was negligible in samples taken just before thet sbh the spawning season.
Tomkiewiczet al.(2003b) also found the highest agreement betweetwibh methods
just before the spawning season. In Chapter 3y#nability in the assignment of
maturity stages is further investigated.

The objective of the present work is to illustraious sources of error in survey
data, using case studies from bottom trawl suragyito provide innovative methods

for identifying and minimising these errors.
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Figure 1.1. Diagram of the various steps involveddata collection and analysis of

fisheries data and the sources of error at each stiethe process. In age-based stock

assessment, one of the most important parametdys &stimated from trawl surveys

is an estimate of the numbers-at-age caught pdraffart. This information is used to

tune the stock assessment model. Other surveytli@taan be used in assessments

are maturity ogives, length-weight relationshipsdém length-at-age data. Survey

data can also be used to obtain fisheries-independbundance estimates and for

indices of reproductive potential other than Spawnbtock Biomass (SSB).






Chapter 2

Precision estimates and suggested sample sizenfyih
frequency data

This chapter is reproduced from the following omigi publication:
Gerritsen HD, McGrath D (in press) Precision estesand suggested sample
sizes for length frequency data. Fish Bull 105 (1)6-120 (2007)

2.1. Abstract

For most fisheries applications, the shape of gtlefrequency distribution is much

more important than its mean length or variances Tiakes it difficult to evaluate at

which point a sample size is adequate. By estimgadltia coefficient of variation of the

counts in each length class and taking a weightednnof these, a measure of
precision was obtained that takes the precisiaallifength classes into account. The
precision estimates were closely associated wighr#itio of the sample size to the
number of size classes in each sample. As a ruleuafb, a minimum sample size of
10 times the number of length classes in the samspteiggested, as the precision
deteriorates rapidly for smaller sample sizes. liseace of such a rule-of-thumb,
samplers have previously under-estimated the redusample size for samples with

large fish, while over-sampling small fish of treree species.

Key words: length frequency, precision, sampliegign, sample size.

2.2. Introduction

Length measurements are fundamental to many aspieftsberies science. However,
there is little formal guidance on the appropriaiee of a length sample. Such
guidance is of particular relevance when the nundfeiish available exceeds the
number that can be measured at a reasonable odsg sub-sample needs to taken.
Clearly, the required precision of a length samgépends on the purpose of
sampling. In order to identify modes of individugar classes for a length-based
assessment, the precision of the sample needsdaiteehigh. Sample sizes of more
than 1000 are necessary to identify more than the&fmodes in a typical length
distribution (Erzini, 1990). A sample size of aa$e 100 adult fish was recommended
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for age-based stock assessment purposes (AndemsoNeumann, 1996), although
the authors do not mention how they arrived atrnhisnber.

Regardless of the type of assessment that is tisedhape of the length frequency
distribution is of interest, rather than simple soany statistics such as the mean or its
variance. For this reason, it has proven difficidt quantify what constitutes a
representative or adequately precise length digtabh. Some studies have attempted
to find minimum or optimum sample sizes by compgrsamples to an expected
distribution (e.g. Miller, 1996; Gomez-Buckley al., 1999; Vokounet al., 2001).
However, the true distribution is usually unknowand dissimilarity from the
expected distribution does not necessarily indieatemprecise sample. In addition,
these methods only provide indirect measures afigion that are difficult to evaluate
objectively.

Thomson (1987) used the precision of a sample @iplio establish an appropriate
sample size. Thompson proved that a sample siZ&lofis sufficient to be 95%
confident that all estimated proportions in a nmatnial distribution are no more than
0.05 from the true proportion. However, Thomsonebathis figure on a worst-case
scenario, which, in the present case, is a lermgitpuency distribution that is evenly
apportioned over three size classes. As this istiettypical shape of a length
frequency distribution used in fisheries scienckprfison’s measure of precision is
too conservative in the vast majority of cases.

For most fisheries applications, it would be moseful to define the precision of a
length frequency sample as the mean precisiontbeeentire size range. However, it
appears that this approach has not been usedablisstan optimum sample size.
Such precision estimates might be used to obtainleaof-thumb for sample sizes
required to obtain a certain precision level of taéch at each location. In the present
paper we aim to: 1) Determine a rule-of-thumb fbtaining an appropriate sample
size when the number of fish available in a palicaample exceeds the number that
can be measured at a reasonable cost. 2) Exan@rgathple sizes taken in the past,

in absence of such guidance.

2.3. Materials and methods

Data were used from the Irish Groundfish surveyjcwtwas carried out on R.V.
Celtic Explorer in the waters around Ireland duridgtober and November 2005. The

catch was sorted into species and, if appropreiee grades, each of which were

10
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treated as a separate length sample. Length measoie were taken from all fish
and squid species that were caught. If the numbendividuals in a sample was
large, a sub-sample was taken by repeatedly trnaimgfethe sample from each fish
box into two other boxes and discarding one oféhd$is method ensures that the
entire catch is represented uniformly in the suibsa. At the time of the survey, the
samplers did not have any particular guidance erafipropriate sub-sample size, but
used their own judgement to decide on the sampée si

The precision of the number of observations in danfgth class of a random sample
can be estimated by assuming a multinomial didivbwSmith and Maguire, 1983).
If the precision in each length class is expressethe form of a coefficient of
variation (CV), an overall measure of precision tenobtained by weighting each
CV by the number of fish in each length class. Thsan weighted CV (MWCV)
provides a description of the precision over thiéremange of size classes in a length
frequency distribution.

Under the assumption of a multinomial distributitimee standard deviatiow;j of the
number of fish in a sample that are length categoan be estimated by:

(2-1) 0; =+/Np (1_ pi)
wheren is the total number of fish in the sample @nis the proportion of the sample
that is length. The coefficient of variation (CV) of the number fegh at length, is
given by:
22) cv =20

n

and the mean weighted coefficient of variation (MWG@s given by:
o

(2.3) MWCV =) pcCV, =%

The highest possible value of the MWCYV results fratength frequency distribution

that is evenly distributed over a large numberiné €lasses. The numbers of fish at

each length class are then Poisson distributedavstfandard deviation that equals the

square root of the number at length (Zar, 1999¢ theoretical maximum MWCV is

therefore given by:

(2.4) MWCV =(n/c)™®

wherec is the number of size classes in the sample. Tihermam MWCYV is zero and

would result from a distribution where all obsergas fall within a single length

11
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category. Therefore, the MWCYV estimates will alwégsbetween zero and the curve
described by Equation (2.4).

2.4. Results

During the 2005 survey, a total of 2332 length daspvere taken for 80 different
species of fish and squid. In most cases, the sasipé was limited by the number of
individuals in the catch. However, 596 samples wEemed too large to measure all
individuals and sub-samples were taken. The mesliarsample size was just under a
quarter of the total catch (by weight), while 90%he sub-samples were smaller than
half of the total catch. The four most common sged¢hat were sub-sampled were
poor cod Trisopterus minutys blue whiting Micromesistius poutasspuhaddock
(Melanogrammus aeglefinuand Norway poutTrisopterus esmarKii

The estimated MWCV of the sub-samples was clossedp@ated with the ratio of the
number of individuals measured to the number oftierclasses in the sample (Figure
2.1). The MWCV appeared to follow an exponentiaiveuthat was close to the
maximum MWCYV given by Equation (2.4). The MWCYV deased very rapidly with
increasing sample size up to sample sizes of ardOntimes the number of length
classes in the sample, after which the sample wiaeld need to be increased
considerably for a moderate further improvemenprecision. If the sample size is
taken as 10 times the number of length classe&endtstribution, an MWCV of
around 0.25 can be expected; a sample size oihstthe number of length classes
would result in an MWCV of 0.10 and a sample sizel®5 times the number of
length classes would be necessary to reduce the MW ©.05.

The mean sample size in the sub-samples takeneosuitvey was just under nine
times the number of length classes per sampleltiresin a mean MWCV of 0.33.
However, there was quite a large spread in the asipes (Figure 2.1), so some
samples were measured with very low precision, evbthers had excessively large
sample sizes. The range of sample sizes was bet@vend 24.7 times the number
of length classes (2.5% and 97.5% quantiles), tieguin a range of MWCVs
between 0.14 and 0.61. With a minor increase inrgfthe sample size might be
increased to 10 per length class for each sub-gamgdulting in an MWCYV of around
0.25 for all samples. Considering that the preaisiteteriorates very rapidly for

sample sizes of less than 10 per length classphammim sample size of 10 times the
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2.SAMPLE SIZE FOR LENGTH DATA

number length classes in the sample is suggestedrake-of-thumb in the present
case.

The previous analysis shows that, in order to oltae¢ same level of precision for all
sub-samples, the sample size should be directlggptional to the number of size
classes. In absence of specific guidance on thelsasize during the 2005 survey,
the chosen sample size was only weakly correlatede number of length classes in
the sample for haddock and poor cod, while no 8@t correlation was found for
blue whiting and Norway pout (Figure 2.2). The safgeire also shows that the
MWCYV in sub-samples tended to increase with thenreagth of the fish in the
sample. This indicates that samples of fish wittarge mean length tended to be

sampled with lower precision than samples of smé&Bé of the same species.

2.5. Discussion

Length distributions that result from combiningumber of different samples, exhibit
greater variation than expected under the multiabmiodel given in Equation (2.1)
(Smith and Maguire, 1983). Fish populations arealigunot uniformly mixed,
therefore individual samples are not random sanfpdes the population (Pennington
et al., 2002). The simple multinomial model does not takeount of the between-
sample variability and will therefore underestimdke total variance. However,
Equation (2.1) does provide an unbiased estimateéhefvariability within each
sample; this is the variability that would occuoiie could repeatedly take a random
sample at the same location and time and measase tWithout error. This is the
variability that is of interest when deciding wheththe sample size is large enough to
estimate the length distribution from a particulaul with a certain precision.
Therefore, the MWCYV is a suitable measure for éxisrcise.

In order to obtain a precise population estimatds iimportant to maximise the
number of sampling locations due to the considerbbtween-sample variability that
is usually present (Penningtat al., 2002). These authors suggest maximising the
number of sampling locations at the expense of nbhenber of fish measured.
However, the number of hauls is often limited bgqbical considerations, and length
measurements can be obtained quickly and cheaplgreiore, it seems prudent to
sample enough fish from each haul to obtain a kedgtribution that is representative
of that catch at that particular location. Detailefbrmation of the length distribution

at each station can be valuable for exploratorg daglysis, such as investigating the
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2.SAMPLE SIZE FOR LENGTH DATA

spatial structure in the data. Nevertheless, tampming level might not be strictly
necessary for a precise population estimate ofetingth frequency distribution for an
age- or length-based assessment.

The samples in Figure 2.1 included a large ranggpeties and size categories of fish,
but the variability in the MWCV was small after lagg account of the sample sizes.
This suggests that the MWCV is not very sensitivetlte exact shape of the
distribution and can be predicted with high premsiat least within the range of
length distributions encountered on the survey. iAimTmum sample size of 10 times
the number of length classes in the sample appedrs a reasonable compromise
between effort and precision in the present case.

The current analysis has focussed on sub-samplinggisurveys; however the same
principles can be applied to any data collectiarmfbich the shape of the distribution
is of interest. The desired precision level forstheases will depend on a number of
factors. For certain species that are of little owrcial or scientific interest, but
which might span across a large number of lengikses, the suggested sample size
of 10 per length class might be excessive. Likewese the MWCYV is directly
proportional to the number of length classes indémple, the choice of the interval
of the length classes will determine the precisi@lthough increasing the size of
length intervals will reduce the MWCV, this willgelt in a loss of information which
is undesirable. The cost of sampling, the detajuired and the purpose of the data
collection need to be considered before the redurecision level can be determined
for other applications than the present example.

Without formal guidance on the sample size, thepdamizes chosen were, at best,
weakly correlated with the number of size classethé samples. It appears that the
samplers underestimated the required sample sizgafaples with large fish, while
samples of smaller fish of the same species weee-sampled. This might be related
to the fact that the volume of a sample increaststive cube of its mean length, so a
sample size of large fish might appear to be latige@n the same number of small fish.
In addition, samples with large fish tend to beegprout over a larger number of size
classes, thus requiring higher sample numbers.

In practice, it will be difficult for a sampler &stimate both the number of size classes
and the number of fish in a sample. Therefore, Maine Institute in Ireland is
developing a software application that allows sarglto examine the length

frequencies of the samples directly after they hbgen measured. The software
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estimates the weight of the suggested sample sizeedch distribution. As size
distributions tend to be similar on consecutivelfathe sampler can get an insight
into the required weight of an appropriate sampieshich species and size category.
The information contained in a length frequencytribigtion is largely a function of
sample size. The present method allows the amdunfasmation to be quantified in
terms of precision, allowing samplers to make imfed decisions on the sample size
that is required to obtain an adequate estimatkeofength frequency distribution of a
particular catch.
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Figure 2.1. The mean weighted coefficient of vasia{MWCV) for 596 sub-samples
was closely related to the sample sizedivided by the number per length classes in
the sampled). A good fit was obtained for the power functiadicated by the solid
line; its parameters are given at the top of thetplThe dashed line indicates the
theoretical maximum MWCYV (Equation 2.4). The histog show the distribution of
the samples on both axes.
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the number of length classes in the samples fodbeld (Melanogrammus aeglefinus)
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and poor cod (Trisopterus minutus), but not sigaifitty so for blue whiting

(Micromesistius poutassou) and Norway pout (Trieapd esmarkii) (top row). There
was considerable variation in the MWCV, which ctated with the mean length of
fish in the samples (bottom row). The solid linegresent linear regressions and the
dashed lines indicate the sample sizes and MWCWwvibald have resulted from a

sampling scheme where the sample size was chodea 10 times the number of

length classes in the distribution. The coeffigent determination, R are given

together with their p-values.
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Chapter 3

Variability in the assignment of maturity stagetice
(Pleuronectes platesda) and whiting Merlangius
merlangud..) using macroscopic maturity criteria

This chapter is reproduced from the following omigii publication:
Gerritsen HD, McGrath D (2006) Variability in thessignment of maturity
stages of plaice Rleuronectes platessd. .) and whiting Merlangius
merlangus L.) using macroscopic criteria. Fish. Res 77: 72-7
doi:10.1016/j.fishres.2005.08.007

Earlier versions of the paper have been preserddté following conferences:
Gerritsen H, McGrath D (2005) Improving the coreigly in the assignment
of maturity stages. ICES Annual Science Conferenrsberdeen 20-24
September 2005. ICES CM 2005/Q:32
Gerritsen H, McGrath D (2005) Variability in thesagmment of maturity
stages of plaice. Institutes of Technology Scieand Computing Research
Colloquium, Carlow 26-27 May 2006.

3.1. Abstract

This study investigates if a macroscopic maturigie can be applied consistently, by
examining the variability between and within terople who repeatedly assessed the
sex and maturity stages of 80 plaideleuronectes platessa.) and 79 whiting
(Merlangius merlanguk.) gonads. In most cases, agreement within assesss not
significantly higher than agreement between assgssoggesting that variability was
random and not due to differences in interpretafidns finding was supported by the
fact that a significant bias was only found for @ssessor. Some maturity stages were
assigned quite consistently, while other stage®wet defined objectively enough to
be assigned reliably, even when fish were assespedtedly by the same person. For
both species, well-defined maturity scales withdewtages would be preferable over
scales that distinguish a larger number of matwstages. As maturity staging will
always contain a form of subjective judgement,hibidd be subject to continuous

quality control measures.
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Keywords: maturity scale; reproduction; operataoeroperator bias; quality control,

quality assurance.

3.2. Introduction

Operator error is potentially a significant factormany aspects of data collection in
fisheries science. While any measurement error Idhbe subject to some sort of
guality control mechanism whereby accuracy, prenisind bias are being monitored,;
this is particularly important when subjective eria are used to quantify a variable.
Although even measures such as fish length can daweerce of operator error (King,
1995) this is more likely to be a problem for paetens like fish age and maturity
stage, where subjective judgements play a large. rdhere is a large body of
literature available on the quality control and lgyaassurance in the field of age
reading (Kimura and Lyons, 1991; Campaet al., 1995; Eltink et al., 2000;
Campana, 2001; Kimura and Anderl, 2005). Howewubg literature on the
assignment of maturity stages to fish gonads isrtionited. Most work seems to be
concerned with routine validation of maturity stagi The most widely used method
to determine the maturity stage of fish is visuadraination of the gonads, applying
macroscopic criteria, a selection of which is usuahlidated by histological analysis
(West, 1990). This work is published mostly as vimgkdocuments or reports, with a
few exceptions (e.g. Tomkiewiaz al., 2003b; Claereboudit al., 2005). However,
apart from validation (a measure of accuracy), qaglity control program should
also include measures of precision and bias. Measof precision should include
variability between as well as within assessorsjciwican only be obtained by
repeated assessment of the same sample. Bias e®ashether disagreement is
systematic and differences between workers are rdwslt of differences in
interpretation of the maturity scale or whetheradigement is random. This
information can be used to improve the design ofunitg scales and to monitor
training or calibration exercises.

It appears that only one study has been publishedghich precision of maturity
staging was investigated (ICES, 2005a). In thishgto2 images of herring gonads
were sent to a number of laboratories to be assdsgerarious people. The study
concluded that agreement was higher for maturiglescthat distinguished fewer
stages, but no correction was made for the fadtdahecale with fewer stages has a

higher amount of chance agreement. No comparisens made within assessors, nor
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3. ASSIGNMENT OF MATURITY STAGES

was it investigated whether disagreement was rammlosgstematic. Additionally, the
use of photographs might not be an accurate reftect assigning fresh material.

The current study investigates whether macroscoturity scales can be applied
consistently by examining the variability in thesg®mment of maturity stages to fresh
samples of plaiceRleuronectes platesda) and whiting Merlangius merlangus.).
The study will address the agreement of individosturity stages, agreement
between and within workers and check whether desagent is random or
systematic. Histological validation will not be adssed in the current study but will

be the subject of future work.

3.3. Methods

Two samples of plaice were taken during the Irisbu@dfish Survey, carried out in
2004 by the Marine Institute. Additionally, two spies of whiting were taken during
the Biological Sampling Survey, which was undertake 2005 by the Marine
Institute. The first plaice sample was taken onCictober in ICES area Vla-South
(north of Ireland); the second sample was taker dfovember in ICES area Vlig
(Celtic Sea). Both samples were selected from ehcaf about 150 plaice, which
were sorted into the available maturity categorfasund seven fish were chosen at
random from each available sex and maturity categw that the sample contained
approximately equal numbers in each category. Pite samples contained a total
of 40 fish. At the time of sampling, many plaicedhalready started gonad
development for the next spawning season, whiagtssteound January (Armstroeg
al., 2001), so a variety of maturity stages were ablaBoth samples of whiting
were taken in ICES area VIIj (Celtic Sea) on 4 Nmarqust before the peak of
spawning for whiting. During that time nearly allatarity stages except spent fish
were present. The whiting samples were taken frarateh of around 300 fish and
contained 40 and 39 fish respectively from the eaoibavailable maturity stages. The
fish were tagged with complex codes to ensure #sessors would not remember
individual fish. The assessors were not aware tiwate were approximately equal
numbers of fish from each maturity stage.

The maturity of the fish was assessed using thentascale given in Table 3.1. In
both plaice samples, maturity stages F1, F2 anavéi4 identified for females and
stages M1, M3 and M4 were found for males. Forcglamaturity stages F3 and M2

are usually not distinguished but the numberingnantained for consistency with
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other species. In the whiting samples, maturitgesaFl to F5 were identified for
females and stages M1 to M4 for males.

The plaice samples were assessed by four peopte teaallow for comparisons
between workers. The samples were then stored igi¢rat 4°C in a sealed plastic
bag to keep them as fresh as possible. The nextliagamples were assessed again
by the same set of people to allow for comparisaithin, as well as between,
assessors. The whiting samples were assessed d® ibople, both samples were
assessed twice by each person on the same dag; sheyples could not be stored
overnight as they tended to deteriorate more rapidhn plaice. There was some
variation in the experience of the workers concerierson A, who had a number of
years of experience in the assessment of matuiikyes, trained all others except
person C, who was trained independently. All othrexd little previous experience in
maturity staging. Training took place while at sms#ng both fresh and photographic
material.

To examine the agreement between two people ofasgithe same sample, Cohen
(1960) proposed a coefficient of agreement, kapgach takes into account that a
certain amount of agreement between two judges tnighexpected by chance.
Cohen’s kappa is, in other words, the proportioagreement after chance agreement

has been removed. It is given by:

where p, is the observed proportion of agreement gmds the proportion of
agreement expected by chance. For a comparisoreéetpersons A and B usimg
categoriesi(= 1, 2, ...,n), the proportion of agreement expected by chasggvien

by:
B2) p.= Zn: Pai [Py,

wherep,; is the proportion of the sample that person Alaites to categoryandpy,

is the proportion of the sample that person Blaitgs to category. Kappa ranges
from -1 to 1, wherec = -1 indicates complete disagreement and 1 indicates
complete agreement. Cohen’s kappa is widely usdldeirsocial and medical sciences
where nominal and ordinal scales are used regularly

The interpretation of kappa can be sensitive tonasgtric or systematic disagreement

and to very high or very low prevalence (Schus2€04). Systematic disagreement
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will be tested for using binomial tests (see beloM) cases of extreme prevalence
occurred as the samples were selected to havexapately equal numbers in each
maturity category. Additionally, the use of kappequires the assumption of
independent ratings (Cohen, 1960). This assumpdomet, as each sample only
contributes to one paired rating for each comparewd the assessors worked without
knowledge of the others’ results. The fact that Bgsessors assess the same samples
does not contravene the assumption of independ€ua®en’s kappa was originally
proposed for the use of nominal scales and angilemeter, weighted kappa, was
later introduced to deal with ordinal scales (CqQhE®68). The maturity scale is an
ordinal scale as one maturity stage follows thet,f&xwever for the current study no
distinction will be made between a disagreement owvasecutive points on the scale
(e.g. F1-F2) or points further apart (F1-F5), tfene unweighted kappa is appropriate
in the present case.

Differences between correlated kappa values caevhiiated by bootstrapping the
pairs of observations (Efron and Tibshirani, 198®Kenzieet al., 1996). For each
kappa value, 1000 bootstrap replications were padd and confidence intervals
(CI) were generated for the differences between hamtstrapped kappa values. The
95% CI were estimated from the percentiles of tihiter@nces. If the CI did not
include zero, the difference was considered latgan zero and kappa values were
significantly different at the 5%. For differendestween two mean kappa values, the
means were calculated for each bootstrap replitaiod otherwise the same
procedure was followed.

Kappa quantifies agreement but it does not give arigrmation on whether
disagreement is random due to bias. One assesgbt imierpret the maturity scales
in a systematically different way from the othergdsagreement might be random. If
disagreement is random, the number of fish that agsessor assigned to a certain
categorywith which a second assessor did not agree, shooddoe significantly
different from the number of fish that the secosdessor assigned to this category
with which the first did not agree. If this differee is significant, disagreement could
be systematic and might result from a differencéhiinterpretation of the maturity
scale. As the number cases of disagreement incaelyory is generally low (n<10),
a binomial test is appropriate to test for a systendifference (Zar, 1999). The
binomial test was performed separately for eadh@favailable categories. To reduce

the risk of type | error (false positive), a Bomtari correction for repeated tests was
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applied to the significance level (Bland and Altm&895). Withk categories (one test
for each category) and an overall significance llefeé%, the significance level for
each individual testy, is given by:

(3.3) a, = 005(k-1)

All computations were performed in the R environin@®enablest al.,2005).

3.4. Reaults

Table 3.2 shows the total of all pair-wise comhbad between assessors by maturity
stage for the plaice samples. There was some végiab the assignment of male and
female plaice at the early maturity stages. This mainly due to one person, assessor
G. Stage F4 was assigned with the highest consistenplaice, while there was
considerable disagreement between stages F1 andoFZnale plaice, most of the
disagreement was between stages M3 and M4. TaBlest®ws the figures for
whiting. The most consistent maturity stage for tmigi was F5, with high
disagreement between F2 and F3 for females andh@rbli and M2 for males. In
general, most of the disagreement was confinedottsecutive maturity stages,
indicating that the distinction between these stagas not clearly defined.

Kappa values were calculated for comparisons betveeel within assessors (Table
3.4 and Table 3.5). To test if there were diffeesnin agreement between the first and
second time the samples were assessed (e.g. digderaoration of the samples), the
mean kappa values for all comparisons within thhst fassessment, were compared
with those within the second. For plaice samplbé, mean kappa value was 0.83 for
the first time and 0.76 for the second time the gam were assessed. For plaice
sample Il, mean kappa values were 0.70 for thd frsd 0.73 for the second
assessment. Neither of these differences was isignif (bootstrapped difference,
p>0.05). Whiting sample | had a higher mean kapglaefor the first assessment
(0.71) than for the second (0.60) but whiting sariphad a lower mean kappa value
for the first assessment (0.65) than for the sedO®m®D). Again, neither difference
was significant at the 5% level. Therefore, thexenss to be no reason to assume that
there were any differences in agreement betweeridteand the second time the
samples were assessed.

To examine if agreement within assessors was higier between assessors, the
differences in the mean kappa values for compasisathin and between assessors

were evaluated. For plaice sample |, the mean kappge for comparisons within
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assessors was significantly higher than the oversdbn kappa value between
assessors (0.89 and 0.80 respectively; bootstragiffedence: p<0.05). For plaice
sample II, the mean kappa within assessors wadyrnbar same as the mean kappa
between assessors (0.70 and 0.71); the differeasenat significant. As both whiting
samples were assessed by the same set of peaplsartiples were combined; the
mean kappa within assessors was higher than betassessors (0.70 and 0.65
respectively) but this difference was not significa

The most experienced workers, A and C, obtainetidnidgcappa values for within-
assessor comparisons than most others, althoughsass D and F also scored highly
(Table 3.4). Person C scored low kappa values dowden-assessor comparisons and
appeared to assign some maturity stages in a @iffavay from the others: for the
first time plaice sample | was assessed, a sigmfisystematic difference was found
between persons A and C (two-tailed binomial tesf.01), for the second time the
sample was assessed systematic differences founegdre B and C and between C
and D (two-tailed binomial test, p<0.01). In evease, person C was more likely to
assign stage F2 and less likely to assign F1 thamthers. Assessor C can therefore
be considered to be biased towards the others.igwifisant systematic differences
were found in any of the other comparisons. Anofienson that deviated from the
general pattern was assessor G (plaice samplé&dheement was very low for all
comparisons with this assessor and particulariiwiperson G. This indicates that

person G was generally inconsistent in the assighwfamaturity stages.

3.5. Discussion

An important assumption of the study is that thmstfiime the samples were assessed,
was independent from the second assessment. Althinegworkers were aware that
they were assessing the same sample twice, theimgnt was designed to make it
difficult for anyone to remember individual fishh@ fish were labelled with complex
codes and samples contained few very small, vegelar otherwise distinctive fish.
The two whiting samples were given in a differerdes than the assessors were told
to expect but this was not noticed by anyone savithgal codes or fish were not
remembered. The first and second assessment of smauple can therefore be
considered independent. It is also implicitly asedrthat the condition of the samples
did not deteriorate over time. There is little i@ago assume that they did, as the

mean agreement did not decrease significantly for ef the plaice or whiting
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samples. It can therefore be assumed that comparibetween and within the
assessors are valid.

Variability appeared to be high for certain matustages, while others appeared to
be quite well defined. It is assumed that fish itier sex at maturity stages 1 and 2
will not spawn in the current season and thatisitl 6f stage 3 and higher are mature.
Therefore the most important distinction is betwstages 2 and 3. For plaice there
was little disagreement between the assignment afura and immature fish.
However, for whiting, there was considerable valigbbetween the immature
females (F2) and maturing females (F3). This cqatbntially have a large effect on
the estimate of the proportion of mature fish ie gopulation. In the present case,
maturity stage F3 was quite rare in the catche%ofs<4o this effect is probably small
for the current survey. However, these results llgghthe importance of timing of
sampling. Size frequency analysis of the oocyteplatte and whiting (Gerritseet
al., unpublished data; Appendix B page 110) shows \thaliogenic cells in plaice
quickly reach a relatively large size. On the oth@&nd, in whiting there is no obvious
gap in the size range between pre-vitellogenic \atellogenic cells. It is therefore
more difficult to distinguish females with vitellegic cells (F3; mature) from those
without vitellogenic cells (F2; immature) in whign

One person, assessor C, was shown to be biasedd®wee other assessors. It is
interesting to note that C was trained indepengiendim the others. If person C is
omitted from plaice sample |, mean kappa within betiveen assessors is no longer
significantly different. So, with the exceptionmérson C, there does not seem to be a
higher agreement within assessors than between. tfidns suggests that the
disagreement found was almost entirely due to ahamd not due to differences in
interpretation of the maturity scale. This has anhar of implications, firstly, it is
unlikely that the consistency of most assessorsbmmuch improved by further
training; some maturity stages simply could notalsigned consistently, even when
samples were assessed repeatedly by the same .p@rstime other hand, it should be
possible to address the issues of systematic dieagmt (assessor C) and major
inconsistency (assessor G) by calibration exer@sdsadditional training.

For the purposes of quality control, it would beweseful to repeatedly assess a
number of maturity samples each time they are ciglte However comparing more
than two assessors or repeatedly assessing theass@sEsor is quite time consuming

and might not be possible on a routine basis. Aalthlly, unlike age reading, it will
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not be possible to return to the maturity samples assess them again if agreement
falls below a certain threshold. On the other h@ndould be feasible for two
assessors to note maturity stages independentdadi other as part of the normal
sampling procedure. This information would be vhlaao monitor the progress of
training or calibration exercises. It would alsatthute to finding a realistic value of
kappa at which agreement is considered adequatbeAnoment this is not possible,
as too few samples have been assessed so far.

Hunter and Macewicz (2003) suggested that matsdgles could be improved by
reducing the number of classes and focussing omtst reliable characteristics. The
present study seems to confirm this; maturity statpat were not unequivocally
defined could not be distinguished consistently Hredefore the value of a maturity
scale with a large number of stages is doubtfué $tudy on herring gonads (ICES,
2005a) also seems to support this finding. A matwcale that distinguishes between
virgin, maturing, spawning and spent fish might @egood compromise between
gleaning detailed information and obtaining comsistresults. The current findings
will most likely generalise to other species inastlareas as most maturity scales are

based on similar criteria.
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3.7. Tables

Table 3.1. Macroscopic maturity scale for plaicalagadoids. Adapted from Bromley
(2000) and Tomkiewicz al.(2003b).

Females Males

F1 Ovary small, contents translucentM1 Testes tiny, translucent and
nearly colourless undeveloped

F2  Contents blurred translucent, M2 Gadoids: lobules developing but
pinkish, no oocytes visible still pinkish and translucent.

Plaice: no stage M2

F3  Gadoids: ovary opaque, contents M3 Testes developing, creamy white
yellow, individual oocytes not yet and opaque. Testes less than 50%
visible. Plaice: no stage F3 of full size

F4 Ovary contains opaque oocytes, M4 Testes filling but no sperm
clearly visible when ovary is cut visible when cut

F5  Ovary contains hydrated cells butM5 Sperm visible when cut but testes
does not run do not run

F6 Like stage 5 but runs under M6 Testes run under moderate
moderate pressure pressure

F7  Ovary slack, contains slime and M7 Testes can be quite small, fluid

sometimes remaining oocytes

remaining in sperm duct

Table 3.2. Tally of all pair-wise comparisons betwessessors by maturity stage for

the combined plaice samples. Percentages of raweagent are given.

Plaice M1 M3 M4 F1 F2 F4 Agreement
M1 105 13 1 19 3 0 74%
M3 126 49 10 3 O 63%
M4 150 1 3 O 74%
F1 74 83 O 40%
F2 141 10 58%

F4 169 94%
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3. ASSIGNMENT OF MATURITY STAGES

Table 3.3. Tally of all pair-wise comparisons betwessessors by maturity stage for
the combined whiting samples. Percentages of raeeagent are given.

Whiting M1 M2 M3 M4 F1 F2 F3 F4 F5 Agreement

M1 50 15 2 2 0 2 1 0O O 69%
M2 9 9 O 0 O 2 0 0 26%
M3 12 34 0 O 0 1 O 21%
M4 4 0 0 1 1 0 54%
F1 3 4 0 O 0 43%
F2 77 46 2 O 59%
F3 46 8 0 44%
F4 32 10 59%
F5 61 86%

Table 3.4. Kappa values for comparisons betweervatidn assessors A-G for plaice
samples | and Il. Kappa values above the diagonalfeom the first time the samples
were assessed; below the diagonal are the valuesthfe second assessment.

Comparisons within assessors are shaded.

Plaice | f'assessment Plaice Il * &ssessment

2"%assess A B C D 2%assess A E F G
A 091 0.97 0.70 0.97 A 0.88| 0.84 0.76 0.66
B 0.79] 0.79| 0.73 0.94 E 0.8¢ 0.67| 0.72 0.60
C 0.70 0.66| 0.90 | 0.67 F 0.76 0.7 0.81| 0.63
D 094 0.73 0.71 0.94 G 0.64 0.64 0.6] 0.42

Table 3.5. Kappa values for comparisons betweenvaitiin assessors I-K whiting
samples | and Il. See Table 3.4 for further degimip

Whiting | 1*' assessment Whiting I*' assessment

2" assess | J K 2%assess | J K
| 0.54| 0.71 0.6 | 0.76 | 0.59 0.62
J 0.66| 0.59| 0.65 J 0.59 0.81 | 0.67
K 0.74 0.74| 0.70 K 0.56 0.94| 0.76
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Chapter 4

A simple method for comparing age-length keys risvea
significant regional differences within one stodk o
haddock Melanogrammus aeglefinus)

This chapter is reproduced from the following omigii publication:
Gerritsen HD, McGrath D, Lordan C (2006) A simplethod for comparing
age-length keys reveals significant regional défexes within a single stock
of haddock elanogrammus aeglefinudCES J. Mar. Sci. 63: 1096-1100
An earlier version of the paper has been presetadhe ICES workshop WKSDFD:
Gerritsen H (2005) Modelling age-length keys. ICESrkshop on Sampling
Design for Fisheries Data (WKSDFD). Pasajes, Sda®February 2005

4.1. Abstract

A multinomial logistic model is presented as a tfwsl comparing two or more age-
length keys. The model provides an objective wafiiiton missing values and can be
used for estimating uncertainty and visualising-ieggth keys (ALKs). An example
of haddock Melanogrammus aeglefinus) in ICES Division Vla (West of Scotland)
is used to illustrate that significant regionalfeliénces in the proportions of age
classes-at-length can exist on a small spatiabsddiese differences were caused by
regional variation in both length-at-age and reatibundance-at-age. As the length-
at-age data are not normally weighted by the loa&dh rate (abundance), the ALK of
the combined age data can result in strongly biastichates of numbers-at-age. In
the present case, the use of unweighted age datl wave resulted in an over-
estimate of recruitment of nearly 200% and an wedémate of the spawning stock
biomass of 15%. Comparing ALKs using this metholll mave several applications in

fisheries science.

Key words: age-length key; multinomial logistic netidsampling design; haddock.

4.2. Introduction

Most fisheries stock assessments are based onaéssiraf numbers of fish per age
class. Sampling for age data generally takes maca non-random (length-stratified)

basis where sampling targets are set by lengtls.ckdditionally, a larger random
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4. REGIONAL DIFFERENCES IN AGELENGTH KEYS

sample is taken to obtain the length frequencyhefdatch or landings. To estimate
numbers at age, the aged sample is raised to thiddgngth frequency using an Age-
Length Key (ALK), which consists of the proportioas age for each length class
(Fridriksson, 1934). The length-stratified samplstgategy ensures that fish from a
wide range of sizes are represented in a relatsmlgll aged sample.

All age-at-length data from an entire stock areemftombined without weighting
under the assumption that differences between ¢@a#s or regions can be
disregarded (e.g. ICES, 2005c). Differences in séectivity among gears should not
influence the proportions of age classes at a gieegth, assuming that within each
length class the probability of capture is indemsmdof age. However, regional
differences in the length-at-age distributions deéhthe potential to result in a biased
ALK. These differences might be caused either byiatian in length-at-age
distributions or by variation in relative abundarafethe age classes. For example,
fish of a certain age might have a larger meantkeigone area than another, due to
differential growth rates or size-specific migraticAdditionally, in certain length
classes, proportions of young fish might be higihenursery areas than elsewhere,
simply because they are locally more abundanttivelto other age-classes.

Various methods have been applied to test for rdiffees between ALKs. Hayes
(1993) and Horbowy (1998) both suggested compandiyidual cells of the ALKs
using multiple Fisher’s or Chi squared tests. Alifjlo the application of these tests is
straightforward, the interpretation of the resustsiot, as there are as many p-values
as the number of age and length classes that asedeved. Additionally, any cells
that do not contain enough data, have to be omisigthe tests can only be applied to
large data sets. Dwyet al. (2004) took a different approach and suggestedyaypl

a two-dimensional Kolmogorov-Smirnov test. This rggezh only requires a single
test to compare two ALKs. However, the two-dimenaidkolmogorov-Smirnov test
is not widely available in statistical packagesr does it appear to be the most
parsimonious solution. Rindorf and Lewy (2001) &bl multinomial models of
continuation-ratio logits to aged data. This apphohas many advantages, however
Rindorf and Lewy’s model required a polynomial ftion to be defined to allow
every possible type of distribution to be modellétbwever if one makes the
assumption of normality in the length-at-age dusttions, Rindorf and Lewy’s

method can be greatly simplified by removing thech#or arbitrary smooth functions.
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4. REGIONAL DIFFERENCES IN AGELENGTH KEYS

The assumption of normality in length-at-age duttions is routinely being made,
either with constant variance over the age groupgadance proportional to mean
length (e.g. Schnute and Fournier, 1980; Labord83;1Rosenberg and Reddington,
1988). However, in contrast to these studies, thieeat assumption of normality is a
weak one and applies only to the population fromctvisample was drawn, not the
aged sample itself (which is non-random) or evem ¢htch (which is often size

selective).

The suggested approach allows for multinomial kgisiodels to be applied, testing
for differences between ALKSs. In addition, the misdsan be used to predict missing
values, estimate uncertainty and help visualise #LRhe method will be illustrated

by examining the variability in ALKs of haddock tbe west of Scotland (ICES

Division Vla) through the application of multinorhienodels to age-at-length data
from the 2004 Irish Groundfish Survey.

4.3. Methods

Logistic models with a binomial error distributiane widely used in fisheries science
to describe the relative proportions of two ovepiag distributions. Examples
include size selection ogives for fishing gearcdiding ogives and maturity ogives.
In the case of ALKSs, there are mostly more than twerlapping length-at-age
distributions and therefore a multinomial logistiodel is required to describe the
proportions of age-at-length. Multinomial modelsndae fitted by maximising the
product of the conditional binomial trials simuléausly (Beare and McKenzie, 1999;
Rindorf and Lewy, 2001). Alternatively the S-PLUS®d R packages provide the
function multinom() which fits multinomial log-linear models via neunaetworks
(Venables and Ripley, 1994). Some examples of d&capplying multinomial
models to age-at-length data are provided in Appe@dpage 114.

Multinomial model selection, testing and estimatman be carried out in a similar
way to generalised linear modelling (McCullagh ahelder, 1989). Model selection
allows one to identify which factors contributersigcantly to the explanatory power
of the model and to test for differences betweegiores, gear types etc. Model
estimation can be used to interpolate missing alliés a regular occurrence that for
certain length classes in the total length freqyemo aged samples are available.
These gaps in the data need to be filled in tacat numbers-at-age for the relevant

length classes. The multinomial logistic model jxieg an objective way to do so.
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4. REGIONAL DIFFERENCES IN AGELENGTH KEYS

Here, ALKs of haddockMelanogrammus aeglefinds) were obtained from the Irish
Groundfish Survey, carried out by the Marine Ingétin October and November
2004 on RV “Celtic Explorer”. Data from ICES Diwsi Vla (West of Scotland) were
selected to illustrate the method. The area waslelivinto three depth strata: shallow
(<75m), medium (75m-125m) and deep (>125m). Samptargets of five age
samples per cm length class were set for eacheostifata, so a separate ALK was
available for each stratum. Fish ages were deteunioy sectioning the sagittal
otoliths through the nucleus and counting the numobayaline rings.

Multinomial logistic models of the following formeve fitted:

4.1 A~L+S+L.S

where A is the predicted age distribution at lenigtim stratum S. L was fitted as a
continuous variable, S as a factor and L.S is &raction term. The significance of
the factor stratum in the model was tested by comgdhe initial model to a model
without that factor. The difference in residualisace of these nested models was
tested against the difference in the model degsédsedom ¢) using the Chi-square
test (Collett, 2003). For the current analysis, elgsses of 4-year-olds and older were
combined into a single plus-group. As catches gfdup fish were scarce and did not
overlap in size with the other age classes, thay waitted from the analysis.

All haddock from Vla are considered to be a singfieck and for the purposes of
stock-assessment it is common practice to usegéesikLK to obtain numbers-at-age
without weighting the age data in any way (ICESQRf). For the present study,
numbers-at-age in the survey catches were estimaietivo ways: firstly by
combining all age data without weighting and setpihg weighting the age data by
the relative abundance in each stratum. The relathundance in each stratum was
estimated from the catch numbers per unit effoRWYE), multiplied by the surface
area of each stratum. The unit effort is a stantlaittihour trawl, towed at 3kn. The
length frequency data were expressed as CPUE aigthted by stratum surface area
in all cases to obtain an unbiased length frequémrcthe combined strata.

Standard errors for the numbers-at-age estimates el@ained using a bootstrapping
routine (Efron and Tibshirani, 1993). The indivitldish in the aged sample were
treated as independent sampling units and re-sanijtl® times. This approach, as
opposed to re-sampling within length classes, eanltin length classes without data,
therefore a multinomial model was fitted to thead&r each bootstrap iteration.

Standard errors were estimated from the standawihtten of the bootstrapped
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estimates from the modelled data. The length 8istions were assumed to be known

without error.

4.4. Results

A very highly significant stratum effect was foufmr a model that contained data
from all three stratayf=133.3;v=16; p<0.001). When the shallow stratum was
omitted from the dataset, the stratum effect wadonger significant ;(2:9.2; v=§;
p=0.32). However, if either one of the other stratere omitted, the stratum effect
remained highly significant. This indicates thag #hLK of the shallow stratum was
significantly different from the ALKs of two othestrata and that the ALKs of the
deep and medium strata were not significantly deffe from each other. Figure 4.1
shows the observed and modelled proportions ataagelength distributions. The
figure indicates that the main difference betwd®en dtrata lies in the proportions of
one-year-olds in length classes 25-35cm, which wemesiderably higher in the
shallow stratum than in the other strata.

In the medium and deep strata, two-year-olds wgraibthe most common age class
in the catches (Table 4.1). In the shallow stratane-year-olds were most abundant,
relative to other age classes. In addition, themteagth-at-age appeared to be higher
for most age classes in the shallow stratum thaharothers (Table 4.2). Combining
all aged data into an ALK without weighting, resualtin estimated catch numbers for
one-year-olds that were nearly twice as high (88 fier unit effort) as the estimate
using age data weighted by abundance (47 per tioit;eTable 4.2). If the present
data were used as an absolute estimate of the sgpatock biomass, the unweighted
estimate would have resulted in an under-estimatheospawning stock biomass by
15%, assuming a knife-edge maturity at age two §CHO05c).

The main reason for the bias in the unweighted Aappears to be that fish from the
shallow stratum were over-represented in the samplCatch rates in the shallow
stratum were around 8 times lower than in the mmadind deep strata, but the sample
numbers for age were actually higher in the shabtratum (Table 4.2). As the one-
year-olds in the shallow stratum were relativelyradant (compared to other age
classes) and, on average, about 2cm larger theeinther strata, the proportions of
one-year-olds at length were over-estimated in nepg classes of the unweighted
ALK.
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4.5. Discussion

The multinomial model used here, is a special cddbe methodology presented by
Rindorf and Lewy (2001). It eliminates the needpply a polynomial function to the
length classes, which improves the transparencysanplicity of the model. A model
with A age classes only requir@gA-1) model parameters; the apparently complex
shape of the model (e.g. Figure 4.1) results froenadded proportions of the various
age classes.

The assumption of normality applies not to the agath but only to the underlying
population because the model uses proportions datgrgth), not length-at-age
distributions. This is most clearly demonstratedthe binomial logistic case, for
example a discard ogive. The symmetric s-shapedectitat describes a discard
ogive, results from the proportions of two overlaygp distributions: one length
distribution of discards and one of landings. Iftbdistributions were strictly normal
(at least in the area of overlap) with equal varegra logistic binomial curve would
describe the proportions-at-length exactly, regamsllof any size selection in the
sampling. For most binomial applications the asdionpof normality cannot be
made, however the proportions-at-length still temdollow an s-shaped curve that is
closely described by the logistic curve (McCullegid Nelder, 1989; Collett, 2003).
The multinomial case expands on the binomial mbglalescribing the proportions of
more than two overlapping distributions. Unlike mdnnomial applications, length-
at-age distributions do tend to be approximatelymadly distributed with similar
variances (e.g. Schnute and Fournier, 1980; Labod®83; Rosenberg and
Reddington, 1988).

Sexual dimorphism in growth could result in bimgdeance not normal, length-at-age
distributions. In this case, it might be advisatdesample the sexes separately, as is
feasible for some flatfish that can be sexed witltsssection. Alternatively, one can
apply an age-sex-length-key, which should restdne normal length-at-age
distributions; the factor sex could then be adaetthé multinomial model.

The model appears to be a useful tool to deteaifgignt differences between ALKSs,
although the likelihood of finding these differeacwill, of course, depend on the
number of fish sampled. The model is also usefuloftaining confidence limits or
variance estimates and it can deal with missingtteclasses: if no aged data exists

for a certain length class, the model can prediietexpected proportions of the age
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classes for that (or any other) length class. énftitiure, the model might be expanded
to include seasonal changes, for example by fitingoth curves through a time
variable.

The current example shows that there can be adeginee of spatial variability in
ALKs, which can result in strongly biased nhumbersige estimates. This has many
implications for the unit-stock and dynamic poat@sptions that underlie many age-
based stock assessments. Many stocks are knowavt rursery areas or age- or
size-specific migration and will therefore have ioe@l differences in the age
structure. If the number of age samples is propodii to the local abundance of fish,
the estimates will be unbiased, but otherwise gexlaamples should be weighted by
the abundance in each region before they are cadbmto an ALK to avoid bias.
These considerations apply to survey data, as aglto data from commercial
sources, where data from many regions are ofterboed without weighting.

In the present case, the consequences of usingweighted ALK would be a large
bias in the estimated abundance of one-year-old fiéany stock assessments use
survey indices in a relative sense and this biaghtrive corrected by a catchability
parameter. However if the bias changes from yegetr due to year class effects,
changes in survey design or other mechanisms, théréoe implications for the
assessment and management advice. If this survey weed in an absolute sense
(e.g. Beareet al., 2005) the consequence of the bias would have basarly two-
fold over-estimate of the 2003 year class and atergstimate of the spawning stock
by 15%.
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4.7. Figureand Tables
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Figure 4.1. Proportions-at-length of age groupsol4t+ in the three depth strata and
the length-at-age distributions estimated by apgyALK models to the total catch
length frequencies. The circles represent the oleskrproportions with their
individual 95% confidence intervals and the curvespresent the predicted
proportions from the multinomial models. The shaofethe stacked bars correspond
to the different age classes. The proportions cé-pear-olds were higher in the

shallow strata than in the other strata for lengthsses up to 35cm.

Table 4.1. Summary statistics of the three depétasin ICES area Vla. Given for
each stratum are the surface area (in nautical s)ilehe number of stations; the

catch per unit effort (CPUE) and the number of ssimpled for age reading.

Area (nm) Stations CPUE Nos aged
Vla Shallow 4000 18 59 96
Vla Medium 5400 17 460 62
Vla Deep 2700 6 455 41
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Table 4.2. Estimated numbers-at-age and mean lsrgjthage for individual strata
and for the combined area after application of vinégl and non-weighted ALKSs.
Weighting the ALKs resulted in considerably lowstireates for the number of one-
year-old fish. Standard errors were obtained by tstbapping and are given in
brackets. Numbers-at-age and lengths-at-age wetairsdd by applying the ALK to

the catch length frequency in each stratum.

Age class
Stratum 0 1 2 3 4 5

Numbers-at-age (per unit effort)

Vla Shallow 1 (5) 21 (2) 18 (3) 13 (3) 3) )
Vla Medium 3 (0) 71(19) 226(24) 91(17) 40Kl 30(7)
Vla Deep 2 (0) 34 (8) 160 (22) 36 (14) 93 (20) 129 (21)

Numbers-at-age for combined strata (per unit éffort
Vla - not weighted 2 (1) 88 (10) 121 (10) 46 (6) 34 (5) 36 (5)
Vla — weighted 2 (1) 47 (10) 143 (13) 53 (9) (3» 43 (6)

Mean-length-at age (cm)

Vla Shallow 14.2 (3.1) 26.7 (1.4) 32.1(0.8) 34.8 (0.7) 36.0(1.2) 37.4 (3.5)
Vla Medium 15.1 (0.3) 24.6 (0.5) 27.0(0.2) 31.0 (0.4) 33.3 (0.7) 36.0(0.9)
Vla Deep 13.8 (0.3) 24.7 (0.7) 27.7 (0.4) 31.7 (0.8) 31.9 (0.6) 33.2 (0.5)
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Chapter 5

Significant differences in the length-weight redaships
of neighbouring stocks can result in biased biomass
estimates: examples of haddoékelanogrammus

aeglefinusL.) and whiting Merlangius merlangud..)

This chapter is reproduced from the following omigii publication:
Gerritsen, HD, McGrath D. (In press) Significantfeliences in the length-
weight relationships of neighbouring stocks canultegn biased biomass
estimates: examples of haddodkelanogrammus aeglefinuk.) and whiting
(Merlangius merlangus L.). Fish Res. XX XX-XX.
doi:10.1016/j.fishres.2007.01.004

5.1. Abstract

Length-weight relationships of fish are often usadestimating biomass or to obtain
an index of condition. Although large-scale spatiahds are known to exist, it is
often assumed that length-weight relationships @tovary significantly within stocks
or between neighbouring stocks. The present studgmmed length-weight
relationships of 1334 haddockvViélanogrammus aeglefinusand 1186 whiting
(Merlangius merlangyscollected on a groundfish survey in the wateaiad Ireland

in 2004. Additionally, condition indices were estited for individual fish and for
length frequency samples to summarise their lemggight relationships. The length-
weight regression showed a significant area eféext no differences between the
sexes. The condition indices showed a moderateabsatucture for both species:
around 25% of the variability could be explainedtbg location of the samples, the
rest of the variability was due to other sourcesndth-weight relationships did not
appear to vary significantly within stocks, howewdgiferences between stocks were
significant. In the present case, a bias of upO%b ould occur in biomass estimates
as a result of applying length-weight relationshgpsone stock to length data of a
neighbouring stock.

Key words: length-weight; condition; haddock; whgj biomass estimate.
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5.2. Introduction

Length measurements can be obtained quicker anceruadlarger range of
circumstances than weight measurements, therefoliemised number of weight
observations is often used to construct a lengtighvteelationship. This relationship
can then be used to convert length distributiobs weights for biomass estimates. A
widely used relationship between length (h cm) and weightW; in grams) is the
power function:

(5.1) wW=al’

This relationship can also be used to estimate rditon index. By keeping
parameterb constant for a species or stock, parametecan be estimated for
individual fish and used as a condition index (Aisd@ and Neumann, 1996).

The parameters and b can either be estimated by linear regression enlaly-
transformed variables (Ricker, 1975) or by nondineegression of non-transformed
variables (Haye®t al., 1995). The two methods differ in their assumptionsthe
error structure. Linear regression on the log-ti@mnsed variables assumes that the
errors in the observed weights are log-normallyrithgted and multiplicative, while
non-linear regression assumes a normally distrthudeditive error structure (Hayes
et al.,1995). Linear regression results in a bias dueedogarithmic transformation:
the model passes through the geometric mean, rdtharthe arithmetic mean, but
this can be adjusted using a simple correctiorofg@prugel, 1983).

Many biological parameters are known to vary oveals geographical ranges (e.qg.
Armstrong et al., 2004; Gerritseret al., 2006). Nevertheless, for stock assessment
purposes, length-weight relationships are oftemirassl to be uniform for an entire
stock. When data are sparse for a certain stoclgtheweight relationships from
neighbouring stocks are sometimes applied (e.gSICE04b). However, regional
differences in the length-weight relationships aonddition indices of fish are known
to exist (Brodziak and Mikus, 2000; Ratz and LIp2203). These differences could
potentially bias biomass estimates. It is presemtigiear to which extent differences
exist within stocks or between neighbouring stodkse aim of the present study is to
investigate the spatial variability in length-wetigklationships and condition indices
of haddock elanogrammus aeglefinuand whiting Merlangius merlangysin the
waters around Ireland and quantify the potentitdad$ this regional variation might

have on biomass estimates.
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5.3. Methods

Length and weight data were collected on the 200G IGroundfish Survey. This
survey is carried out annually on the RV “Celticporer” in the months of October
and November. The 2004 survey covered 161 stadomsnd the Irish and Northern
Irish coasts in a depth range from 10 to 250m. Tingaook place during daylight
hours for 30 minutes at 3kn of speed over the gtousing a GOV trawl (ICES,
1999). The survey area was divided into 14 strhtsed on ICES Divisions and
bottom depth. Each ICES Division was divided intallow (<75m), medium (75m-
125m) and deep (>125m; where present) depth bdfidaré 5.1). The catch was
speciated, weighed and samples were taken forHemgiasurements. Additionally,
biological samples were taken on a length-stratifiasis to obtain the age, round
weight, sex and maturity stage of individual fightarget of five biological samples
per cm length class was set for each stratum. &hgth of the fish was measured to
the nearest cm below the total length and roundylhtsiwere recorded in grams.
Haddock and whiting were the most abundant commakgycexploited demersal
species caught on the survey. Individual weighteewecorded for 1334 haddock and
1186 whiting.

Values in the length-weight relationships that welgiously spurious, were removed
from the dataset after examination of plots of i@ and log-transformed variables.
These spurious values amounted to less than 0.2fe afbservations. In addition, all
fish under 15cm were omitted, as the precisiorhefweighing scales was considered
too low for fish at those sizes. The residuals frtimear models of the log-
transformed lengths and weights were approximatelynally distributed and their
variance appeared constant over the range of #digbor variable. Therefore linear,
rather than non-linear modelling techniques werpliag. No bias correction was
applied, as the length-weight relationships werly enaluated relative to each other
and not in absolute terms.

A stepwise linear regression procedure was emplayedentify influential variables
(Draper and Smith, 1998). The Akaike Informationit€ion (AIC) was used to
evaluate the improvement of the model when addimdyapping a term (Sakamoéd
al., 1986). The predictor variables for(weight) that were evaluated, were the main
effects In(length) stratum stock bottom depth age and sex and all possible

interactions between them. Age classes of threesyaad older were collapsed into
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one group due to the low catch numbers at these d¢pe termén(length)anddepth
were fitted as continuous variables, the testnatum stock,age andsexwere fitted
as factors. Most gonads were inactive and smalhattime of sampling; therefore
information on the maturity stage was not inclu@sdan explanatory variable. The
term stratum is likely to be correlated with the ternmisttom depthand stock
Therefore, the terms made available to the modelsided eithestratumor bottom
depthandstockbut never all three terms.
Due to the relatively low numbers of biological gdes at each station, it was not
possible to accurately estimate both parameterm fiequation (5.1) for each
individual haul. Therefore, in order to obtain infation on the length-weight
relationship on a fine spatial scale, parambteras estimated for the combined data
of the entire survey and the condition index (pagamna) was then estimated for
individual fish by solving Equation (5.1). The camah index for individual fish was
used to estimate variability in the condition adiwviduals within hauls.
The condition index was also estimated for entmegth samples for which only a
bulk weight was available by solvirgn the following equation:
(5.2) Wy = azn: Ly

i=n
WhereWyik is the bulk weight of a sample nilength measurements (i = 1,2,...,n).
This sample condition index was used to investitjagevariability between hauls and
the spatial structure in the condition. Spuriouli@a and samples of less than 10 fish
were removed, leaving in 108 hauls for haddock Bh2l hauls for whiting. At some
stations the fish were graded into size classes)trieg in two or more length samples
per haul. For the current analysis, these sampk® wombined, resulting in one
sample condition index per location. It was consdethat this bulk condition index
was a more representative measure of the condifibsh in a particular haul than the
average condition index of individual fish taken part of the length-stratified
sampling scheme for biological samples. The re&sothis is that the latter is a non-
random sample of the catch, while the former casstf a large number of
individuals, thus incorporating more of the indivad variation in condition.
The spatial structure of the sample condition inde&s investigated using
geostatistical methods (Rivoiraet al., 2000). Station positions were taken as the
midpoint of the trawl and projected onto a plansgis transformation of longitude

based on the cosine of latitude. Distances betvetations were calculated as the
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shortest distance between two points, regardlesthefpresence of landmasses.
Experimental variograms were computed using codigenrin the R environment (R-

Development-Core-Team, 2005). A lag spacing of 1088mm was used; this

distance is close to the mean distance of eaclorstad its nearest neighbour. The
maximum distance for which the variograms werewdated was 200nm, which was
just over half the maximum distance between statiddo weighting was used

because each sample condition estimate is derreed & single sample weight and a
number of length measurements. The precision ofetenate does therefore not
necessarily improve with larger sample numberstrdpy was assumed in the

geostatistical models, this assumption was testedhbestigating the presence of
trends in the data by plotting the condition indiegainst bottom depth, latitude and
longitude. Linear and spherical variogram modelsewigted and evaluated using the
goodness-of-fit statistic, which was weighted bg ttumber of pairs in each distance
bin (Rivoirardet al.,2000).

In order to quantify the influence that the regiod#ferences in the length-weight

relationships might have on biomass estimates,ragpdength-weight regressions
were obtained for each stratum. These relationshigre then used to estimate the
weight of a “standard” length distribution of maduish. This length distribution was

the average catch length distribution of maturk, fassuming knife-edge maturation
at 25cm for both species. This corresponds roughtiie knife-edge maturation ogive
at age two that is applied for stocks of both wigtiand haddock around Ireland
(ICES, 2004a; b). Confidence limits were estimafemin the quantiles of 1000

bootstrap replications from the length-weight datsing the sampling stations as
bootstrapping units (Efron and Tibshirani, 1993).

5.4. Reaults

A simple linear model within(length) as only predictor variable foin(weight)
resulted in a high coefficient of determinatiorf, Bf around 0.98 for both species
(Figure 5.2). The residuals did not show any obsipatterns, nor did the locally
weighted running line smoothers that were fittecbtigh the residuals (loess with a
span of 25%; Figure 5.2; Hastie and Tibshirani,@99his suggests that the linear
model provides a good fit.

The stepwise regression procedure identifieflength) as the main explanatory

variable forIn(weight) for both species, resulting in a very large reductn the
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residual sum of squares (Table 5.1). For both sgedhe factoistratumwas the
second term in the stepwise procedure to be indlinte the models; it resulted in a
highly significant reduction in the AIC. Inclusiaof the termstratumresulted in a
larger reduction in the AIC than the inclusion lo¢ termsstockand/orbottom depth
either with or without an interaction term. Thentsrstockand bottom depthwere
therefore omitted from further analysis as theyenléely to correlate with the term
stratum

The next terms that were added to the model irstiygwise selection procedure were
age and the interactioni(length).ageand In(length).stratum(Table 5.1). Adding
these terms reduced the AIC for both species, heitaissociated reduction in the
residual sum of squares was very low. This suggesisthese terms have a limited
additional explanatory power. No terms were dropgedng the stepwise procedure
and the termsexcould not be included at any stage without incregghe AIC,
suggesting that this factor does not have signifiexplanatory power.

The sample condition index varied significantlyvbe¢n strata (ANOVA, p<0.02 for
haddock and p<0.001 for whiting), confirming thehly significant stratum-effect
found for the length-weight relationship. The mdangth of the samples did not
influence the condition index (ANOVA, p=0.94 and(p28 respectively), suggesting
that the sample condition index is not influencedtbe size composition in the
samples.

The variograms for the sample condition index sk@olarge nugget effect for both
species of around 75-80% of the sample varian@ri(€i5.3). This indicates that 75-
80% of the variation is either due to factors ottiean location or takes place on a
smaller scale than the sampling resolution. Needéetis, the condition indices are not
entirely independent of their spatial location; péas taken close together were more
similar than samples further apart. The variograodeh for haddock increases slowly
over the entire range, suggesting a large-scaledtie the data. The whiting
variogram stabilises around 150nm after which #sloot increase further, indicating
a large-scale structure. Data were too sparse riolesively determine if anisotropy
existed. However, no patterns could be discerneenwitotting the condition indices
against depth, latitude or longitude (data not stjpwherefore there was little reason
to suspect that the assumption of isotropy wasteal.

The condition indices of the individual fish wersed to test if the nugget effect

observed in Figure 5.3 was due to variation on allemscale than the sampling
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resolution or due to variation within hauls. Fodtack, the mean variance, weighted
by sample numbers, within the hauls was 78% ofnlean variance of all individual

condition indices, for whiting this figure was 73%his suggests that the nugget
effect is not likely to be due to the scale of gwmpling resolution, but due to

variability that is independent of sampling locatioThe remaining 22-27% of

variability is due to spatial factors.

The ICES working groups for stock assessment (ICE®4a; b) distinguish three

haddock stocks and four whiting stocks in the wateound Ireland (Figure 5.1). The
haddock stocks are allocated as follows: West otl&cad; Irish Sea; Celtic Sea plus
West of Ireland. For whiting, the Celtic Sea staskconsidered separate from the
West of Ireland stock. Figure 5.4 shows biomassmeseés obtained by applying

separate length-weight relationships for each wgmatto the average length

distribution of mature fish in the catches. Thenhéss estimates for haddock were
highest using length-weight relationships from thWeest of Scotland stock. For

whiting, the highest biomass estimates were cardist obtained from Celtic Sea

length-weight relationships. The lowest biomassyeste was obtained from a length-
weight relationship from the West of Ireland. Thesition of the 95% confidence

intervals suggests that differences between sontbeoftocks are significant, while

differences within stocks mostly fall within oveplaing confidence intervals.

5.5. Discussion

The linear model appeared to fit the data well #ral residuals did not show any
patterns. The linear shape of the relationship iespthat life-history events like
maturation do not influence the length-weight rielahip, at least not at the time of
sampling. In linear regression, all observatione assumed to be independent.
However, sampling took place in a grouped way: esampling station provided a
number of length- weight observations. If the olbaBons within hauls are strongly
correlated, this assumption might be violated d&edviariances might not be estimated
correctly. Lai and Helser (2004) suggest using dinenixed-effects models for
grouped samples but the sample sizes are ofteantadl to allow separate models to
be fitted to data from individual stations. The adan the sample and individual
condition indices suggested that there was somrelation within the hauls but that
most (around 73-78%) of the variability was duetieer factors than location. So for

the purpose of variance estimation, the observatioould be assumed to be
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effectively independent. However, for the purpofesiimating biomass, the spatial
structure does appear to be significant.

The analysis showed that, after(length) the factorstratum appeared the most
influential variable. Although the stratificationaw based on bottom depth, the term
bottom depthtself did not reduce the residual sum of squanash when added into
the model for either species. The factor age mmlay a small role, suggesting a
possible year-class effect. The interaction teroggyest that not only the intercept,
but also the slope might differ between strata agpel classes. However, these effects
are very small compared to the stratum efféicts also interesting to note that the
term sex was not a significant variable at any pinitthe stepwise selection procedure
for either species. This suggests that there argigroficant differences between the
sexes in their length-weight relationship at tineetiof sampling.

The variograms of the sample condition index showet there was a moderate
spatial component in the distribution of the coieditindices: stations that were close
to each other were more similar than stations watige distance between them.
However, most of the variability does not dependlaration, but is due to other
sources of variation. This might explain why notsdarends could be discerned in
the condition of fish of either species: the coioditdid not appear to vary with depth,
longitude or latitude in a straightforward way. Tbleserved variability is therefore
possibly due to a more complicated set of parametean spatial factors alone.
Temperature has been linked to variation in cooditf cod (Lloret and Rétz, 2000;
Yaragina and Marshall, 2000; Chouinard and Swai®22 Ratz and Lloret, 2003).
However, these authors refer to variation in terappge on a much larger spatial scale
than covered by the present study. Local differenae other environmental
conditions, food availability and parasites coulsbgplay a role (Lambert and Dutil,
1997; Yaragina and Marshall, 2000), as well asviddial differences in energy
allocation (Chouinard and Swain, 2002).

The length-weight relationships of some neighbaystocks varied enough to result
in significantly different biomass estimates wheppleed to the same length-
frequency distribution. On the other hand, the fergeight relationships within the
stocks generally did not appear to vary signifigarin the current study, the largest
difference in biomass estimates was between tlgtHemeight relationships obtained
from the West of Ireland and Celtic Sea whitingck The estimated weight of the

average length distribution of mature fish per hawér the entire survey was 28.4kg
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using the West of Ireland length-weight relatiopshwhile the estimated weight of
the same length distribution of whiting was 31.3lgjng the Celtic Sea relationship.
This is a difference of 10% (bootstrapped 95% atenfce limits of 6-15%). Although
the magnitude of this error is relatively small dther errors involved in stock
assessment (e.g. Gerritsehal., 2006), it is certainly not insignificant. Consiawey
the relatively low cost of obtaining precise lengthight relationships, it seems
worthwhile to ensure that this bias is avoided Eemgjth-weight data are only applied
for areas from which they were obtained.
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5.7. Figures

CeIFic Sea

Figure 5.1. The survey area. The crosses repredensample locations. The survey
covers ICES Divisions Vla, Vlla, VlIb, Vlig and }yBach of which was stratified into
shallow, medium and deep (where present) depthand
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Haddock Whiting
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Figure 5.2. Linear models and residuals of the teageight relationship for haddock
and whiting. All data combined. The parametamsnd b refer to equation (1), Ris
the coefficient of determination. A locally weightenning-line smoother (loess) with

a span of 25% was fitted through the residuals.
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Haddock Whiting
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Figure 5.3. Normalised variograms for the sampl@&diton index of haddock and
whiting. The dots indicate the values of the expental variogram and the numbers
indicate the number of paired observations in edidtance bin. The solid line is the
model with the optimum goodness-of-fit (gof). Thedeh parameters and gov are

given in the bottom of the plots.

49



5. REGIONAL DIFFERENCES IN LENGTHWEIGHT RELATIONSHIPS

Haddock Whiting
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Figure 5.4. Biomass estimates obtained by applyseparate length-weight
relationships for each stratum to the same leng#tridution of mature fish. The
error bars indicate the 95% confidence limits, ob&l by bootstrapping. The strata
are indicated by their ICES Division followed byNs.or D for the shallow, medium
and deep strata. The shallow stratum in Vila washir divided into an eastern (e)
and western (w) part. The stocks are identified\t§co for West of Scotland; ISea for
Irish Sea; Wire for West of Ireland and CSea fag @eltic Sea. Differences within

stocks appeared to be limited, but some consigiffatences existed between stocks.
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Table 5.1. The terms and interactions that werdeadto the linear model using a

stepwise selection procedure.

Haddock

Term Adf®  ASS  RSS  AICY Fe P

null 1333 9731

+In(length) 1 9586 14.6 -2233 87565 <0.001**
+stratum 13 1.2 134 -2322 9.1516 <0.001***
+age 3 0.3 13.1 -2347 10.248 <0.001***
+In(length).age 3 01 129 -2355 4.6027  0.003**

+In(length).stratum 13 0.3 12.6 -2361 2.4407 0.003*

Whiting

Term Adf*  ASS RSS  AIC® F° P

null 1185 806.4

+In(length) 1 790.6 15.8 -1749 59226 <0.001***
+stratum 13 2.7 13.1 -1950 18.958 <0.001***
+In(length).stratum 13 1.0 121 -2016 7.2279 <0.001***
+age 3 0.1 12.0 -2020 3.0524 0.028*
+In(length).age 3 0.1 119 -2022 25532 0.054

& Change in degrees of freedom when the term iscadde
b Change is the sum of squares.

¢ Residual sum of squares.

9 Akaike Information Criterion.

° F-statistic.

" Result of the F-test. P<0.001 ***: P<0.01 **; P88.*
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Chapter 6

Differences in depth distribution between male and
female megriml{epidorhombus whiffiagonisValbaum)
associated with differences in life-history stragsg

This chapter has been submitted to the Journalsif Biology as:
Gerritsen, HD, McGrath, D, Lordan, C (Submitted)ff€iences in depth
distribution of male and female megrinLepidorhombus whiffiagonis
Walbaum) associated with differences in life-higtstrategies. J Fish Biol
XX XX-XX

An earlier version of the paper has been presetdeitie FSBI Annual International

Symposium:
Gerritsen, H, McGrath D (2006) Spatial structurebmflogical parameters in
fish populations: Life-history strategies and thex satio of megrim. FSBI

Annual International Symposium, Aberdeen, 10-14 20006.

6.1. Abstract

The sex ratio in the catches of megribegidorhombus whiffiagonisialbaum) on
groundfish surveys varied systematically with defptbmale megrim dominated the
shallow catches, while males were more common tichea from deeper waters. This
pattern was consistent over five surveys that faake off the west coast of Ireland in
autumn and spring of the years 2003-5. The obseinegd was not likely to be an
artefact of sampling, nor was it likely that spammimigrations or differences in
preference for temperature, oxygen or salinity daxplain the trend. Although size-
selective fishing pressure or size-specific halptaterences could play a role through
differences in mean size between the sexes, therpsitin sex ratio remained after
size had been taken into account. The most likghyamation, relates to differences in
foraging activity between males and females. Ireptd achieve a large size and high
fecundity, females require a higher food intakenthmales; therefore they have
different requirements from their habitat, resytiin differences in the depth
distribution between the sexes. An understandinghef mechanisms behind these

patterns can improve sampling design and inforhmefies management advice.
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Key words: flatfish; megrim; sex ratio; life-hisyothabitat selection

6.2. Introduction

The sex ratio of fish can be difficult to estimaaes, differences in morphology and
behaviour between the sexes can influence theahahtlity (Trippel, 2003). These
differences in catchability between males and fesare particularly common in
flatfish (Beverton, 1964; Rijnsdorp and Wittham&805), although they have also
been noted for other species (e.g. Armstratgal., 2004). It is important to
understand differences in behaviour and morpholmgween the sexes if one aims to
obtain unbiased samples from a population, for etanfior the purpose of stock
assessment.

Sex ratios close to 1:1 are very common in najp@eents generally invest equally in
male and female offspring as neither sex has atseteadvantage over the other
(Fisher, 1930). If the sex ratio in a populatiomd even, the average reproductive
success of individuals of the minority sex will lngher than that of the majority sex.
Natural selection will then favour parents who istveiore resources in the minority
sex until a balance of equal allocation of resosittemale and female offspring is
restored. However, if the sexes suffer differenttaliy rates after parental care has
ceased, this will not lead to a selective advant#gearents who invest more in the
minority sex because the increased average repiedwsticcess will be offset by the
higher mortality. In this way skewed sex ratios aase.

Skewed sex ratios are not uncommon in survey omoertial catches (e.g. Hannan,
2002; Robson, 2004; Kinet al.,2006). In some cases, these skewed sex ratiod migh
not reflect the sex ratio in the population, bwguie from differences in catchability
between the sexes (e.g. Armstroeigal., 2004; Rijnsdorp and Witthames, 2005).
However, apparent differences in mortality ratee also commonly observed
(Beverton, 1964; Fahy and Fannon, 1991; Laedal., 1996; Sancheet al., 1998;
Landa and Pineiro, 2000) and it is unlikely thattsudlifferences are an artefact of
sampling. In addition to this, differences in distition of the sexes have been noted
for many species, resulting in spatial tends inrtbex ratio (Trippel, 2003). Some of
these trends might be the result of differencesnigration behaviour during the
spawning season (e.g. Warnes and Jones, 1995; MarghTrippel, 1996; Stonet
al., 1999). However, trends in sex ratio have also lmdserved outside the spawning

season for a number of flatfish species (SwainMadn, 1996; Swain, 1997; Poulard
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et al.,1999; Gonzéalez and Paz, 2005). In many of theses¢ahe sex ratio was found
to vary with bottom depth. Bottom depth, in tum piiten related to temperature, prey
distribution, productivity, dissolved oxygen levesalinity and sediment type (Swain
and Morin, 1997) and is therefore a useful indicafchabitat for groundfish.

Swain (1997) found that differences in temperaforeferences between male and
female American plaiceHippoglossoides platessoidedetermined the differences in
their distribution. He suggested that females mmlkfer warmer waters, as it allows
them to have a higher growth rate. Swain and M@®06; 1997) also found that
females of the same species had a larger stocle ridvagn males, possibly reflecting
more intensive foraging activity amongst femalehie Tsex ratio of megrim
(Lepidorhombus whiffiagonisn the Celtic sea and the Bay of Biscay has aksen
observed to vary with depth, but no explanation basn proposed as yet (Boon,
1984; Poularekt al., 1999).

Megrim are an valuable by-catch of the Irish mifistieries and are caught in large
numbers on the groundfish surveys that are undamtddy the Marine Institute in
waters around Ireland in the 1st and 4th quartexasch year. The highest densities of
megrim are usually found close to the continentaak (100-300m; Sanchezt
al.,1998; Poularcet al., 1999). Spawning of megrim to the west of Scotléaidces
place between February and April (Anon., 2001).Buit (1984) found that megrim
to the west of Scotland mainly prey on fish (mosttyat and small gadoids) and small
crustaceans. Similar results were obtained for meirthe Celtic Sea (Trenkel al.,
2003). Significant differences in growth betweereseappear after the age of two,
around the time of first maturation: females graastér and reach older ages and
larger sizes than males (Lanetaal.,1996; Landa and Pineiro, 2000).

Spatial trends in the sex ratio of megrim mightobserved for a number of reasons.
We propose the following hypotheses: (1) Spatiehds in the catches might be an
artefact of sampling as males and females coujgbrekdifferently to changes in the
geometry of the gear and the available light ded#int depths. (2) Males and females
might display differences in their migration paterto and from the spawning
grounds. (3) Males and females might respond iffily to abiotic variables like
temperature, dissolved oxygen or salinity. (4) leafigh might have different depth
preferences than small fish or they could be selglgtremoved from certain areas by
the fishery. Due to sexual dimorphism in growthg&afish tend to be females, so the

trend in sex ratio with depth could be a consegegerather than a cause, of the size
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distribution of megrim. (5) Females might have d@iéint feeding habits to males,
resulting in different habitat requirements and-¢f@re different depth distributions.
The current paper is aimed at describing the peter the sex ratio of megrim in
Irish waters and attempting to identify the mechars that cause these patterns.

6.3. Materials and methods

Data were collected on three IBTS Irish Groundfstwrveys, carried out on RV
“Celtic Explorer” in October and November of 20@804 and 2005 as well as two
Biological Sampling Groundfish Surveys, carried am RV “Celtic Voyager” in
February and March of 2004 and 2005. On both susegies, trawling took place
during daylight hours using a GOV trawl (ICES, 199Bhe gear was towed over the
bottom at 3 knots for 30 minutes. The dataset waseld to the area west of Ireland
from 51°N to 54°N where all surveys had a goodiapbedverage (Table 6.1).

The entire catch was generally sexed and measarék thearest cm below the total
length. Occasionally, sub-samples of the catch wered and measured if the catch
was very large. Megrim were sexed by holding tisé fip to the light and checking
for the presence of ovaries. Small fish were digsked their sex was unclear. This
method of sexing was verified by dissecting alhfis a sample of 150 megrim after
they had been sexed in the normal way (the peradrs sexed the fish were not
aware that their work would be checked). In therergample, only one mistake was
found so the error rate in sexing of this sample lgas than 1%.

A length-stratified sample of megrim was taken freath catch for the determination
of age, weigh, sex and maturity. The maturity stageere determined by visual
examination of the gonads. In autumn it can beadiff to distinguish mature-resting
gonads from virgin gonads, so maturity data from geriod needs to be treated with
caution. In addition to this, the assignment of enalaturity stages is based on
somewhat subjective criteria and immature and sfisht can be confused, even
during the spawning season.

Generalised Additive Models (GAM; Hastie and Tilvahi, 1990) with a binomial
link function were fitted to the proportion of fetas, weighted by the numbers of
observation in each sample. The following explanateariables were evaluated:
depth, latitude, longitude, surveand season As only one of the surveys extended
into deep water, the models were fitted to dataoupOOm depth. A cubic regression

spline with 4 degrees of freedom was used as a tbnfaaction. Separate smooth
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functions were fitted for each season or surveéke factors were included in the
model. The Un-Biased Risk Estimator (UBRE) score waed to evaluate the trade-
off between the model degrees of freedom and thimdee explained by the various
models. The mcgv package in R 2.1.1 was used tanfit evaluate the models (R-
Development-Core-Team, 2005).

Data on temperature, dissolved oxygen and saliméyr the bottom were obtained
from a CTD dataset from the International Counoil the Exploration of the Sea
(ICES) oceanographic database (ICES, 2006a). Ttesetawas limited to the same
geographic area as covered by the survey dataddtaeavailable for the period 2003-
5 were sparse; therefore all data from 1991 to 208 combined. The deepest

measurement at any CTD station was taken as aogam measurement.

6.4. Results

The depth distributions of male and female megrmm shown in Figure 6.1. The
highest catch rates of females were around 125-1&bite the highest catch rates of
males were around 200-300m. The female distributdtiended further inshore than
the male distribution. The males appear to outnurfdraales from depths of around
200m and more, however any information from deppiester than 250m is based on
a single survey only.

The GAMs indicate that inclusion of any of the paeters into the model resulted in
a reduction of the UBRE score, compared to the medid an intercept only,
indicating that there were significant trends widlepth, longitude and latitude,
although the latter only reduced the UBRE scoregmatly (Table 6.2). The model
with the lowest UBRE score, despite its large nundfelegrees of freedom, was the
model that contained a separate smooth functioddpth for each survey. However,
Figure 6.2 shows that the differences between garee seasons were slight and no
systematic differences between seasons were apparall surveys, the proportion
of females in the catches decreased from near unitye shallow catches to around
50% at 150m. The most recent survey extended ie¢éper water and it appears that
the proportion of females continued to decreasd wipth after 200m, although
males never fully dominated the catches.

During the autumn surveys, 97% of fish that weentdied as mature, were ripening,
but not ready to spawn yet: vitellogenesis hadtexfabut none of the oocytes were

hydrated. During the spring surveys, most matush fivere either in spawning
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condition (33%) or recently spent (60%). This sigggehat the autumn surveys took
place before the spawning season had started argptimg surveys took place during
the latter part of the spawning season. FiguresB@vs that in the shallow regions,
where males are scarce, virtually no ripe femalegewcaught in spring; nearly all
mature females in these areas were spent. Spawaargs to occur at depths greater
than 100m with the largest proportion of spawniaigéles found around 125m.
Figure 6.4 shows that bottom temperature displaysttong trend with depth which
was reversed between spring and autumn. The sgue fshows that in spring the
levels of dissolved oxygen near the bottom tendelet highest in shallow areas, but
in autumn this trend was not clear. Lastly, théng#iglwas quite variable at depths up
to 200m; in deeper water the salinity was quitdlstaThe relationship between sex
ratio and depth did not show a seasonal patteris therefore unlikely that this
relationship is driven by gradients in temperatliee oxygen and salinity gradients
were quite variable and it is unlikely that eitr@drthese variables can explain the
strong and consistent differences in depth distioibubetween the sexes of megrim.
Females are generally more common in the larger dasses due to differences in
growth, so size-specific habitat selection or speeific fishing mortality might
account for the trend in sex ratios. However, witkize classes, the proportion of
males in the catches still tended to increase daghth (Figure 6.5), so the difference
in the depth distribution between the sexes parsfier size has been taken into
account. This suggests that the trend in sex regionot be fully explained by
differences in mean size between the sexes: thefsine fish is a better predictor of

its distribution than its size alone.

6.5. Discussion

The present results allow a number of hypothesd® tejected. The first hypothesis
states that the observed trends in the sex ratimexrim are an artefact of gear
selectivity. It is possible that there are differes in catchability between males and
females. However, the sex ratios in the catche® wet only biased, they showed a
strong trend with depth. For this to occur, maled temales would have to respond
differently to variations in the gear that occutttwdepth. The geometry of the net
varies with depth and differences in vertical swimgnbehaviour might exist between
males and females, resulting in varying levels aitleability (e.g. Rijnsdorp, 1993).

However, although the door- and wingspread arengtyorelated to depth, the
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headline height decreased by less than 5% for @86m increase in depth in the
present study. Therefore, it is unlikely that veati swimming behaviour is
responsible for the observed trends. Another ingmbrtactor regarding catchability of
flatfish is visual avoidance of the net (GibsonD2p As the available light will vary
strongly with depth. However, there is no evidetweuggest that male and female
megrim have vastly different visual capabilities,tte amount of light that penetrates
at depth is unlikely to explain the observed tremdsex ratio. Lastly, although the
same gear type was used in all studies that idettifends in the sex ratio of megrim
(The present study; Boon, 1984; Warnes and Jo88%, Poularcet al.,1999) similar
trends were observed using a number of differeasels and gear modifications. So,
although it cannot be ruled out entirely, it isikely that the observed trend in sex
ratio is an artefact of gear selectivity.

The second hypothesis, stating that the trendsexnratio might be explained by
differences in the spawning migrations of males femdales, can be refuted by the
fact that the same pattern was found before (autaoraeys) and during (spring
surveys) the spawning season. However, it was isurgrto find mature females at
depths where males were nearly absent during the&wrspg season. Figure 6.3
indicates that these females were recently speaggesting that they migrated there
after spawning. A broader temporal coverage dutimg entire spawning season
would be necessary to resolve the details of mmraturing the spawning season.
The third hypothesis relates to abiotic variablesorder to explain the consistent
differences in the distribution of males and fersatée abiotic variables would have
to display a seasonally consistent gradient witptldeNone of the three variables
examined (temperature, oxygen and salinity) digdastrong, consistent trends, so it
is unlikely that the trend in sex ratio is drivendny of these variables.

The fourth hypothesis states that the trend inraga is a consequence of differences
in growth; size selective fishing could skew thex satio in certain areas or,
alternatively, the habitat preference of megrim mighange with size. The mean
length of megrim in the survey catches does tenddorease with depth (Boon,
1984). However, Figure 6.5 shows that the trendex ratio remains apparent after
size has been taken into account: both small aige l@males dominated the catches
from shallow areas, while males of all size classese relatively more common in
the deeper catches. So the size difference bettheesexes alone cannot explain the

differences in distribution, although it might haaveonfounding effect.
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6. REGIONAL DIFFERENCES IN SEX RATIO

The last hypothesis points towards differenceseding activities between the sexes
as an explanation for the differences in habitkcs®n. This could not be tested with
the available data, but evidence from the litemindicates that food intake of many
female flatfish is higher than that of males (Lozd®92; Stoneret al., 1999;
Villarroel et al., 2001). In many flatfish species, females grow owly larger, but
also faster than males, while producing a largeowrh of gonadal material (Pauly,
1994; Rijnsdorp and Witthames, 2005). Thereforee omight assume that it is
common for female flatfish to have higher energyuieements than males.
Differences in feeding behaviour are likely to desw different distributions of male
and female megrim, either due to prey availabitityhigher levels of competition
forcing females towards the margins of their dittion.

The cost associated with high growth rates for femamight include increased
exposure to predation (Milinski and Heller, 197&fiR 1982; Abrahams and Dill,
1989; Holtby and Healey, 1990). Flatfish tend towsdl camouflaged when they are
not actively swimming, therefore it might be pautarly advantageous for flatfish to
reduce their foraging activity. However, as feciymds directly related to size
(Rijnsdorp and Witthames, 2005), females might h@vaccept the costs of a high
growth rate in order to maximise their reproductivgput. The reproductive output of
male flatfish does not seem to increase once acalrisize has been reached
(Rijnsdorp and Witthames, 2005), therefore, malgghtitake advantage of reduced
predation risks by reducing their food intake (Rgorp and Witthames, 2005).

In summary, it appears that the observed tren@xnratio with depth is not likely to
be an artefact of sampling. The lack of seasorfdrdnces suggests that the trend in
sex ratio is not related to spawning activity eitiéo abiotic factors were identified
as likely causes for the trend in sex ratio. Althlodocalised size-selective fishing
pressure or size-specific habitat preferences npyt a role through differences in
mean size between the sexes, the patterns in sexemain after size has been taken
into account. The most likely explanation for thgseterns is related to the higher
energetic requirements for females, resulting iffeddnces in habitat selection.
Although the present data provide no direct evidefmr this explanation, it is
supported by a large amount of evidence from tieedliure.

Although the trend in the sex ratio of megrim wastigularly pronounced, it is likely
that males and females of other flatfish speciespldy similar differences in

distribution. Sexual dimorphism is common in flakfj particularly species attaining a
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large size (Rijnsdorp and Witthames, 2005). Asedéhces in growth rate are likely to
impact on the distribution of the sexes, one cgreekto find spatial trends in the sex
ratio of these species.

An understanding of the differences in habitat &ede and life-history strategies of
males and females can improve sampling design afiodm fisheries management
advice. Many flatfish stocks are assessed with@itnguishing between the sexes,
despite well-known differences in weight-at-ageg(dCES, 2005b). Any bias in
sampling due to differences in distribution betwdbe sexes can therefore have
important consequences on the stock assessmeninderstanding of the differences
between males and females is also required fongkeof female-only spawning stock
biomass estimates, which might provide an imprane@éx of reproductive potential
(Marshallet al.,2003; Marshalkt al.,2006). Finally, an understanding of life-history
strategies might give an insight into the effectcbfinges in the fishery or in the

ecosystem.
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6.7. Tablesand figures

Table 6.1. Summary statistics for the five survesgsl.

Survey Year Period Number of Depth Spatial coverage
code Stations Range Latitude Longitude
IGFS03 2003 Oct/Nov 150 37 - 289 50-56°N 12-6°W
BSS04 2004 Feb/Mar 89 36 - 177 51-56°N 11-6°W
IGFS04 2004 Oct/Nov 160 35 - 253 50-56°N 12-6°W
BSS05 2005 Feb/Mar 36 60 - 185 51-54°N 11-9°W
IGFS05 2005 Oct/Nov 140 66 - 549 50-56°N 13-6°W
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6. REGIONAL DIFFERENCES IN SEX RATIO

Table 6.2. Generalized Additive Models for the iggo (R). The smooth function is

indicated by s(); if the factors Season or Surveyewncluded in the model, separate
smooth functions were fitted for each of the seasorsurveys, each with 4 degrees of
freedom (df).

Model Null Deviance  UBRE
Model Null df.  df. deviance explained score
R~s(Depth) 124 4 681.6 37.9% 2.748
R~s(Depth by Season) 124 8 681.6 43.0% 2.297
R~s(Depth by Survey) 124 20 681.6 47.7% 2.140
R~s(Longitude) 124 4 681.6 18.0% 2.945
R~s(Longitude by Season) 124 8 681.6 22.7% 2.851
R~s(Longitude by Survey) 124 20 681.6 30.7% 2.572
R~s(Latitude) 124 4 681.6 2.1% 3.557
R~s(Latitude by Season) 124 8 681.6 14.2% 3.118
R~s(Latitude by Survey) 124 20 681.6 31.9% 2.506

CPUE
o

o

iiﬁﬁﬂﬂhLL

Depth (m)

50-
75-100
150-200
300-400

100-125
125-150
200-300
400-500

Figure 6.1. The average catch per unit effort (CRPUEmMbers per half hour trawled;
all surveys combined). Although the sexes generallgrlap in their depth
distribution, the females are more common in tredlstv hauls while males dominate

the deeper hauls.
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Figure 6.2. The observed sex ratios at depth withic regression splines with 4
degrees of freedom. Smooth curves for individualesis are shown as dashed lines
and the solid line represents the common curvelfiosurveys. Similar trends in the

sex ratio were observed in all years and seasons.
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Figure 6.3. The proportions of immature, ripe (dpening) and spent fish in the

samples taken in spring. Sample sizes by deptk al@sshown between brackets.
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Figure 6.4. Temperature, dissolved oxygen and gwlimear the bottom in the study
area during autumn and spring. The trend in botttemperature was reversed
between the two seasons. Oxygen levels showedichwi¢gh depth in spring, but no
strong trend in autumn. Salinity levels were valgabp to bottom depths of around
200m after which they stabilised.
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Figure 6.5. The sex ratio by size class (2cm itis)v The proportion of males
increase with depth for all size classes from 18Gom.
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Chapter 7

Spatial patterns in maturity: Co@&dus morhua..) in
the Irish Sea

This chapter is an extract of the following origlipablication:
Armstrong MJ, Gerritsen HD, Allen M, McCurdy WJ, ébeJAD (2004)
Variability in maturity and growth in a heavily defted stock: cod (Gadus
morhua L.) in the Irish Sea. ICES J. Mar. Sci. ®3:112

See Appendix D, page 116 for details on authorship

7.1. Introduction

Along with the physiological changes that take plashen fish mature, their
migration patterns also tend to change with matmaMature fish might migrate to
spawning grounds, while immature fish of the sarge elass do not, resulting in
regional variation in the proportion mature-at-age.samples are taken from
commercial sources, which tend to target spawnggyegations, maturity estimates
might be biased. An example of cod in the Irish 3@l be used illustrate and
quantify this bias.

7.2. Methods

A time-series of data on length, age, maturity aed of cod was available from
eleven groundfish surveys of the northern Irish fBelslarch of the years 1992-2002
using the RV “Lough Foyle” operated by the Departiimef Agriculture and Rural
Development in Northern Ireland. The gear used avasck-hopper otter trawl with
an average headline height of 3m and average dwead of 40m. The surveys
comprised of 45 fixed-position stations with a skaml tow distance of 3nm at 3 knots
of speed over the ground. In most cases, the ardtah of cod was aged and their sex
and maturity stage were determined. On relatively bccasions, catches were so
large that the most abundant size classes had wulbeampled. Subsampling took
place on a length-stratified basis: all fish wereasured and up to 25 fish were
retained for biological analysis (age, sex and migdu The subsample was evenly
spread out over the size range available. Subsagplifected mainly the smallest
size classes: overall, one third of one-year-oldsewetained for biological analysis,

85% of two year olds and virtually all older fisrexe sampled. A total of 3849 cod
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7.REGIONAL DIFFERENCES IN MATURITY

were sampled for biological analysis. Three gedgapegions were specified based
on prior known aspects of cod biology and distiigrut Regions 1 and 3 (Figure 7.1)
represent areas with high egg production duringsgfevning season, whilst region 2
is characterised by a low abundance of cod eggsh@\ et al., 1993; Foxet al.,
1997).

Age classes were assigned according to the nuniltiegnslucent rings in the sagittal
otoliths, which were sectioned through the nucleermpedded in clear resin and
viewed by transmitted light under a binocular msmape. Maturity stages were
assigned by visual examination of the gonads (BswE954). Fish were considered
mature when they had started producing clearlyctigtdée amounts of milt or yolked
oocytes or if they appeared spent. This definitmin maturity was considered
appropriate for surveys taking place close to thakpf spawning and was supported
by histological studies of ovary development irshriSea cod in 1995 and 2000
(Armstronget al.,2001; Anon, 2002)

7.3. Results and discussion

Virtually all cod first matured either at the agetwo or three: over the entire time
series, less than 0.5% of the one-year-olds inciehes were mature, more than
99.5% of the three-year-olds were mature and abkriproportion of the two-year-
olds were mature. Figure 7.1 shows the mean priopsrof mature two-year-old cod
for each station over the period 1992-2002. Foh Iseixes, the highest proportions of
mature two-year-olds were found to northwest aral éast of the sampling area,
which largely corresponds to regions 1 and 3.

For both sexes, the proportion of mature two-ydds-avas higher in the spawning
areas (regions 1 and 3) than in region 2 for nealllyength classes (Figure 7.2).
Within this age class, length only appeared to plaginor role: a small two-year-old
fish was almost as likely to be mature as a lakge-year-old fish (Figure 7.2).
Similar regional patterns were found over the yd&igure 7.3): in most years the
highest proportions of mature two-year-olds werenfbin regions 1 and 3.

As maturity within the two-year-olds was virtualiydependent of length, the bias
caused by length-stratified subsampling would haeen minimal (Morgan and
Hoenig, 1997) and the proportions of mature twor@ds in the samples will
accurately reflect those in the catches withoutied to raise the samples to the total

length distribution.
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If the catches are considered to be representativeach area, an index of abundance
can be obtained by multiplying the surface areaawh region by the mean catch rate
per standardised tow. This can be used to obtéiimaes of maturity-at-age over the
survey area, weighted by the abundance in each (dedde 7.1). If all areas are
included, the estimated proportion of mature twaryalds over all years is 63% for
males and 30% for females. However, if sampling baty taken place on the
spawning grounds, as might happen when samplestaken from commercial
sources, these estimates would have been muchrh@fté for males and 60% for
females. This is an extra 30% mature at the ageoffor both sexes. As the as two-
year-olds contributed around 40% of the total wewftcod in the survey catches, the
spawning stock biomass (SSB) estimate might thexeli® overestimated by 12%
(average over all years). On a yearly basis, tbtengial bias varied from 6% to 16%
of the SSB, is this would be estimated directlyrirthe survey.

Cod in the Irish Sea appear to have fairly wellhtkesd spawning areas e.g. in contrast
to whiting in the same area (Gerritseh al, 2003) and a large proportion of the
population is at an age class where both maturenamature fish are found. The
example given above is therefore possibly a wasecscenario. However any
species that undertakes a spawning migration asdha or more age classes with
both immature and mature fish, would be sensitiva bias in the proportions mature-
at-age if sampling is not carried out represengdyivor weighted appropriately. As
commercial fisheries tend to target spawning aggfegs, it might not be appropriate

to obtain maturity samples from commercial sources.
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7.4. Figuresand Table

55° N

Scotland

Scotland

54° N

Region 3

Region 2

Ireland
Ireland

53° N \ \ \ \ \ T
6°W 5°W 4°'W 3°W 6° W 5°W 4°'W 3°W

Figure 7.1. Average proportions mature of maledayl female (b) two-year-old cod
over the period 1992-2002, represented by the greg of the pie charts. The size of

the circles represents the average sample numberbaul.

22 il WP T
¢ o [t 1 [ [l
i i U

Figure 7.2. Proportions of mature cod at age twathe biological samples for the
three geographical regions. The error bars reprégbe 95% confidence regions for

each length class. Data from 1992-2002 combined.
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Figure 7.3. Proportions of mature cod at age twathe biological samples for the
three geographical regions. The error bars repraégbe 95% confidence regions for
each length class. Data from 1992-2002 combineds&taples of female two-year-

olds were available for region 3 in 1994.

Table 7.1 Average proportions of mature two-year-obd by region and estimates
weighted by the surface area and mean catch ratsvofyear-olds in each region.
Data from 1992-2002 combined.

Surface Catch rate (nos per %2 hr)  Prop matuagea®
Region area (nm2) Males Females Males Females
1 2770 3.3 1.0 0.93 0.55
2 5400 3.8 3.6 0.37 0.24
3 2950 2.5 0.5 0.98 0.69
Weighted, regions 1, 2 & 3 0.63 0.30
Weighted, regions 1 & 3 (spawning areas only) 0.95 0.60
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Chapter 8

Comparison of the magnitude of errors involved in
parameter estimates from trawl surveys

An earlier version of the paper has been preseritedhe ICES Annual Science
Conference:
Gerritsen H, McGrath D (2006) An overview of sowcef bias and
uncertainty in trawl surveys: a biased overview avfors. ICES Annual
Science Conference, Maastricht, 19-23 Septembes.20&ES CM 2006/1:19

8.1. Introduction

In Chapter 1, an overview has been given of diffeemurces of errors that influence
the parameter estimates produced from trawl sur{@ysey outputs). These sources
of error were further explored through case studiethe following chapters. The
precision of length samples was described in Cingptend the errors in assigning
maturity stages were estimated in Chapter 3. Tiéfoar chapters concerned spatial
variability in the following parameters: the agedéh structure (Chapter 4); length-
weight relationship (Chapter 5); sex ratio (Chag@grand proportion of mature fish
(Chapter 7). These case studies provide insigbttime¢ nature of various sources of
error. However, it is not immediately apparent hibwwse errors will interact in the
errors of the survey outputs.
The overall error is the result of a combinationsafmpling error and measurement
error, each of which are determined by a numbefaofors. Sampling errors are
determined by the variability of the parameter &ydthe sample size (Zar, 1999).
Therefore, the number of observations at each sag@tation, the number of
sampling stations and the variability within andvioeen stations will all influence the
sampling error. The interaction of various sourcdéssampling error is further
complicated by the two-stage sampling scheme thatften used (Cochran, 1977).
Under this scheme, a sample of the catch is takegstimate the length distribution
and catch numbers. A smaller length-stratified dgatal sample is taken for the
determination of age, weight, sex and maturitynofividual fish. The total sampling
error is therefore influenced by:

1) The variability in the length samples within stasoand the sample size per

station
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i) The variability in the length samples between stati and the number of
stations sampled
lii) The variability in the biological samples withiragbns and the sample size
per station
iv) The variability in the biological samples betwee¢ations and the number of
stations sampled
The precision associated with these four factons ba assessed separately by
obtaining bootstrap estimates with different baoagping units. By using
observations on individual fish as bootstrappingsyrthe variability within stations
can be assessed. The variability between statians be assessed by using the
sampling stations as bootstrapping units: for damdtstrap iteration, stations numbers
are drawn with replacement and the data from tHectsl stations are used to
produce an estimate of the survey outputs. Theilgligion of these estimates is then
used as a proxy for the error distribution in thevey outputs (Efron and Tibshirani,
1993).
The main measurement errors that might occur are:
v) Ageing error
vi) Errors in assigning maturity stages
Measurement errors cannot be assessed using lappisty techniques, but they can
be simulated using a Monte Carlo approach (Efrod dibshirani, 1993). A
measurement error distribution is estimated andoansamples are drawn from this
distribution. These random samples are then usebittin a distribution of parameter
estimates of survey outputs from which an uncetyagstimate can be obtained.
Bootstrapping and Monte Carlo techniques can beboued to estimate the overall
error in the various survey outputs. Additionallige contribution of each source of
error to the survey outputs are investigated bgwailg only one source of error to
vary and keeping all other sources of error conistan
The influence of the various sources of error waty between stocks and surveys, so
they have to be assessed in each separate casgylé example will be given here

for one stock, west of Ireland haddock.

8.2. Methods

Data were collected on the Biological Sampling &yrin March 2005, which was

carried out to the west of Ireland. An estimatedltof nearly 17.000 haddock were
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caught at 38 sampling stations, 4,631 haddock wex@sured and the age, weight, sex

and maturity stages were determined for 573 fish.

Error estimates were obtained for the followingveyroutputs:

Catch numbers-at-age Hime series of catch numbers per unit effort framveys are
an integral part of the stock assessment modeld fegethis stock (ICES,
2006b). The initial model parameters are adjustade@l) until the model
outputs become consistent with the survey timeeseri

Mean weight-at-age 4Jsed in stock assessment to transform numberseata@
biomass estimate (Haddon, 2001).

Mean length-at-age sed in stock assessment to estimate the mean twatigige
from a length-weight relationship (Haddon, 2001).

Maturity-at-age -Used to estimate the proportion of the stock thawature, although
maturity data are usually not updated annually @CEO06b).

Sex ratio —Rarely used in stock assessment, even when diffeseim maturation,
growth and mortality between the sexes are knovexist (e.g. ICES, 2005b).

Catch weight of mature femalesAnalogous to female-only SSB, for stocks where
the sex ratio of mature fish is not constant owaef this is likely to be a more
sensitive index of reproductive potential than S&Bne (Marshallet al.,
2006).

In the present analysis, catch numbers-at-age aah fength-at-age were estimated

by applying the total catch length distributionaon Age-Length-Key (ALK) for the

whole survey area. Mean weight-at-age was estimiayedpplying a length-weight
relationship to the estimated mean lengths-at-dd@turity-at-age was estimated
using a Maturity-Age-Length-Key (MALK). Maturity vgaonly estimated for one-
year-old fish, as virtually all (99.5%) older fiskere mature. The sex ratio (by
numbers) was estimated by applying the proporticiemales at each length class to
the total catch length distribution. The catch vaeigf mature females was estimated
by multiplying the weight-at-age by the sex-ratteage and by the proportion mature-
at-age. For the purposes of this analysis, no apatratification was used as the
number of sampling stations in most strata was tkasa 10, which is too few to
perform bootstrapping routines (Efron and Tibshird®93). If, due to re-sampling,
gaps occurred in the ALK or MALK, the predicted pootions for the length class(es)
concerned were estimated by applying a multinortagistic model following the

methods described in Chapter 4.
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The Marine Institute recently took part in a numbgbtolith exchanges (Egaat al.,
2004; Duarteet al., 2005; Easet al., 2005; Worsge Clausest al., 2005; Woods,
unpubl.). Data from these exchanges were usedadotifythe measurement error of
age readings. This was done by estimating the atdrdeviations of the distributions
of the assigned ages around the modal ages assandisgrete normal distribution,
following Clark (2004). Figure 8.1 indicates thhetspread in the error distributions
tends to increase linearly with age. The positidnthe regression line could be
regarded as a measure of how consistently a specistock can be aged. No data
were available for haddock, but this species isamdgd as relatively easy to age.
However, in order to obtain a conservative estimidwe ageing error of haddock was
taken to be similar to megrim, a species whicloissalered to be moderately difficult
to age (Figure 8.1). The age reading error of hekldeas assumed to follow a

discrete normal distribution with a standard degia(SD) of:
(8.1) SD=05+ 005A

whereA is the canonical age.

The measurement error distribution of the assigrineémmaturity stages was also
estimated in a conservative way. Results from Ghaptsuggest that disagreement in
the assignment of maturity stages is largely caufito consecutive stages. The
measurement error in the distinction between matmd immature fish might
therefore be simulated by assuming the worst-caeeasio where maturity stage 2
(developing but immature) and maturity stage 3 Iyeanaturing) cannot be
distinguished and are assigned at random with dige¢ihood.

Other measurement errors occur in the effort eséisjan length measurements, in
weight measurements and in sex determination. Teegses were not considered in
the present analysis as they are likely to conteilwery little to the overall error. Pilot
experiments on length, weight and sex determinatroors suggest that none of these
are likely to have CVs of more than 1% (Gerritagmpublished).

The errors around the survey outputs were estimagédy bootstrapping procedures,
Monte Carlo simulation, or a combination of boththoels. Estimates of catch
numbers-at-age, weight-at-age, length-at-age, a@x and the catch weight of mature
females were obtained for each bootstrap and MGato iteration. The distribution
of these re-sampled parameter estimates was trehtasobtain error estimates for

the survey outputs. The uncertainty in the estimatiecatch numbers-at-age, mean
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weight-at-age and mean length-at-age were expresseda Mean Weighted

Coefficient of Variation (MWCV; Chapter 2). The stiard errors at each age class

were estimated from the standard deviations ofréhsampled parameter estimates

and expressed as CVs by dividing by the meansniden CV was then estimated by
weighting the CV at each age class by the catchbeusnn each age class. The CV of
the proportions mature and the sex ratio were tyrexstimated from the standard
deviation of the re-sampled parameter estimateslllyj the CV of the catch weight
of mature females was estimated from the standasdation of the re-sampled
parameter estimates, divided by the mean.

The relative contribution of various sources obesrto the overall error in the survey

outputs was quantified in the following ways:

Resampling individual length observationsFer this approach, individual length
measurements were taken as bootstrapping unitsjlaging the variability
that would occur in the survey outputs if all ldmgtamples were random
samples from the population and all other souréesror were non-existent.

Resampling length samples by statiohis approach uses the sampling stations as
bootstrapping units, re-sampling the length distidns. This acknowledges
the variability in the abundance and length disttitns between stations, but
ignores all other sources of error.

Resampling individual biological observationsThe individual biological samples
(age, weight, sex and maturity of individual fisk¢re used as bootstrapping
units. This approach estimates the errors in thr@eguoutputs that would
occur if individual biological samples were randosamples from the
population and ignores all other sources of error.

Resampling biological samples by stationThe sampling stations were used as
bootstrapping units and the sets of biological dampaken at each station
were re-sampled. This estimates the sampling énrtine biological samples
between stations and ignores all other sourcesof.e

Simulating ageing error -Random samples were drawn from the simulated ageing
error distributions and survey outputs estimated dach iteration. This
estimates the error in the survey outputs thatlaeeageing errors and ignores
all other sources of error.

Simulate maturity staging error Errors in the assignment of maturity stages were

simulated and random samples were drawn from ths¢rilgbition. This
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estimates the error in the survey outputs thatlaeeassigning maturity stages
and ignores all other sources of error. This sowoffcerror is only relevant to
estimates of maturity-at-age and estimates of thehcweight of mature
females.

Overall error —By simultaneously simulating and re-sampling adl televant sources
of error mentioned above, the overall error in th&rvey outputs was
estimated.

Figure 8.2 summarises the procedure for estimdtiagerrors for the various survey

outputs.

8.3. Reaults

Catch numbers-at-age Fhe main objective of most trawl surveys is toyie an
estimate of numbers-at-age per unit effort. FigBi® indicates that in the present
case, the catch numbers-at-age are estimated W@ a&f 22%. The figure also
indicates that if the variability in the length drgency distributions between stations
would be the only source of error, the CV of thichkanumbers at age would still be
20%. This suggests that the only way to signifigaimhprove the precision is by
reducing this variability between stations. Thigghtibe achieved by increasing the
number of sampling stations or by spatial straifien of sampling. The variability

due to the biological samples was relatively sr@\f<10%)

Mean weight-at-age The total error in this survey output is quiteadl (Figure 8.3).
It appears that no single source of error domintitegotal error. This indicates that
all of these errors would need to be reduced i@ further improve the precision.

Mean length-at-age- This survey output tends to be estimated withy vieigh
precision (Figure 8.3), it is quite robust to ararigbility between or within stations

and to ageing error.

Maturity-at-age-one- The proportion mature was also estimated witfh lgrecision
(Figure 8.3). Errors in the assignment of matusityges (staging error) did not seem
to contribute significantly to the overall errorhd largest source of error appears to

be due to the sample size and variability of tleddgical parameters.

Sex ratio— The proportion of females was estimated witthtpgecision (Figure 8.3).
The main source of error appears to result fromstiraple size and variability of the

biological parameters.
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Catch weight of mature femaledhis estimate is the result of combining estimates
catch rate-at-age, length-at-age, length-weighdtieiship, maturity-at-age and the
sex ratio. It is therefore not surprising that mawoyrces of error contribute to the
total error. The largest single source of error was sampling error in biological
samples between-stations. The error in assigningunha stages appeared to be

inconsequential.

8.4. Discussion

One of the conclusions that can be drawn from E@u3, is that the total error
estimate is often close to the largest single soofcerror. The reason for this is that
errors propagate quadratically (Taylor, 1997), ts® largest errors become relatively
more important in the total error estimate. Thisangethat the only way to improve
the precision of the estimates is to reduce thabdity in the main source(s) of error.
The smaller errors have a rapidly diminishing dff@t the overall error.

For the catch numbers-at-age estimate, the vatabiie to the length distributions
between stations was by far the most importantcgof error, suggesting that the
number of sampling stations needs to be increasedprove the precision. This is in
contrast to the findings by Kimura (1997), statthgt the precision of the estimated
age distribution improves rapidly with increasingwbers in the aged sample. Figure
8.3 suggests that increasing the biological sampi@bers would have very little
effect on the total error. This might seem surpgsibut one has to remember that it
not just the shape of the length distribution theries between stations, but also the
absolute numbers. The catch rate can vary quitenatieally between stations;
therefore a small number of stations with very higitch numbers can have a very
large influence on the catch numbers-at-age estifioatan entire survey. Most of the
work done on finding optimum sample sizes, igndhes between-station variability
(Flatman, 1990; Gutreuter and Krzoska, 1994; Kima&97; Oeberst, 2000). In the
present case, ignoring this source of error wowdehresulted in an overestimate of
the relative importance of the sample size of lgmal samples to the total error in
the catch-numbers-at-age estimate.

Another conclusion that can be drawn from Figur@ i8.that the variability in the
length distributions within stations only contribdta small error for all parameters.
This finding is in line with conclusions from Pengtonet al. (2002) and indicates

that the number of haddock measured at each statiay be reduced without
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significantly affecting the overall error in mostarameter estimates. However,
reducing the sample sizes might be undesirablprexsse length distributions at each
sampling location can be useful for fine-scale igpanalysis (Chapter 2).

Ageing errors seemed to have a small influence hen tobtal precision of most
parameters, despite the fact that the simulatemh@@erors are likely to be larger than
the actual ageing errors. However, ageing errortedd to result in biased estimates.
The catch numbers in the most common age clasedetadbe underestimated. The
mean length-at-age and mean weight-at-age tenddwze tander-estimated for age
classes that were older than the most common ags,clvhile they were over-
estimated for younger age classes (data not shdiviie random ageing error is
known, this bias can be corrected for by estimativegerror matrix (Richardst al.,
1992).

Errors in assigning maturity stages appeared te kavy little effect on the estimated
proportion mature-at-age in the present case. i§tpsobably due to the fact that only
10% of all the maturity stages were assigned agesfaor stage 3, all the other
samples were either undeveloped or in an advanized of development, leaving
little scope for misclassification. This highlightee importance of the timing of
sampling for maturity: in autumn of the same y&8% of haddock sampled were
assigned stages 2 or 3, which would have led terg imprecise estimate of the
proportion of mature fish.

The catch weight of mature females was estimatet wisimilar precision to the
catch numbers-at-age estimate, despite the fattatharger number of parameters
need to be estimated to produce this survey oulfhé.catch rate of mature females
is likely to be a more sensitive index of reprodeeipotential than SSB as it does not
require the assumption that the proportion of neatfemales in a population is
constant over time (Marshadt al., 2006). Including more parameters in an index of
reproductive potential, for example fecundity esties, would further reduce the
precision of this estimate. However, if these adddl parameters are estimated with
reasonably good precision, the reduction on pregien the overall estimate might be
negligible.

If one aims to improve the precision of any of {he@rameter estimates, the most
efficient way of doing so would be to reduce theirmsource of error. For catch
numbers-at-age, the focus should be on reducinbdtweeen-station variability in the

length distributions. The simplest way to do tlsigad increase the number of stations.
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However, this would have large resource implicaiohhe alternative is to optimise
the spatial stratification around the variabilityg abundance and mean length,
assuming that this variability is related to thenpéng location. However, as most
surveys are directed at a number of species, amymge needs to be found between
the optimum sampling designs for the various tasgeties.

In the current analysis, the CV of the estimatedircaumbers-at-age was in the order
of 22%. This is consistent with the results of FMéARES study (Bearet al.,2003),
which found sampling CVs of estimated numbers-&-fag a number of surveys to be
in the range of 10-30%. The current Irish Grourtdf8urvey series has not been
running for long enough to be used as a time saiesbundance indices for the
assessment of West of Ireland haddock (ICES, 200&yever, its predecessor, the
Irish West Coast Groundfish survey, has traditignbeen used in the assessment.
Figure 8.4 shows that the inter-annual variatiothen numbers-at-age estimates from
this survey series is very large: five-fold increa®r decreases from one year to the
next were not uncommon. If one assumes that théo€Yhis survey series is similar
to the current estimate of 22%, one would expeet sbrvey to provide a good
description of the inter-annual changes in numbége for West of Ireland
haddock. However, data for species with a lessalbeirecruitment and lower catch
rates are likely to have a much higher noise-toigatio.

The EVARES study, evaluating the impact of reseasalveys on management
advice (Beareet al., 2003), found that stock assessment outputs forebent year-
classes tend to be very sensitive to survey infionaalthough the impact varies
between surveys. Information on recruiting yeassés is particularly important for
forecasting and management considerations (SmdhGavaris, 1993). Therefore the
precision of the survey data will have a significarfluence on the final assessment
estimates. The current results also show that gsrean provide additional biological
information with reasonable precision. This typeirdbrmation is readily available
for a large number of stocks (Tomkiewiet al., 2003a), and management advice
would benefit from inclusion of this information &mg as the uncertainty levels are

explicitly stated.

8.5. Overall conclusions

The previous chapters have highlighted the valuatitgmation that can be obtained

from standard fisheries surveys. There is a vasiuamof biological data available
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from these surveys (e.g. Tomkiewiezal, 2003a) but these data are mainly used for
recruitment and tuning indices. Detailed analy$ithe available survey data can lead
to increased understanding of the stock structuek lde-history of many stocks.
These analyses can be very cost-effective as nidsieocdata are already available,
while the findings can be great significance tddises science. Additionally, it is
very easy to conduct small experiments during sisvéhese can lead to valuable
insights at negligible costs. A particular strengthsurvey data is the fine spatial
resolution at which they are collected. The wor&sgnted here has highlighted some
of the spatial structures that exist in biologidata and the potential bias that might
occur if these spatial structures are ignored.

Past survey data can be used to optimise futueeatdiiection. However, the optimum
sampling strategy is an elusive target that vaoetsveen years, areas and stocks. In
general, it is nearly always best to sample asesgtatively as possible. For
example, it is inefficient to obtain a large numbébtoliths from an area where catch
rates are low, as the weighting that will be giverthose age data will be very small
compared to age data from an area with high cattgsr Unfortunately it is difficult
to predict the spatial distribution of fish and @xamon strategy is to collect a fixed
number of otoliths per size class. The advantadengjth stratified sampling is that it
ensures that the extremes of the distribution ammpsed while avoiding over-
sampling of the most common length classes. Howavevould be very useful to
critically evaluate the usefulness of ALKs verswmdom sampling or a third
possibility: random sampling within a small numhrsize categories (e.g. small-
medium-large). The present work has supplied angoesd some of the tools
necessary to conduct such an analysis.

Incorporation of more detailed biological infornati into the stock assessment
process, will inevitably lead to incorporation afditional sources of error: the rules
of error propagation state that the total randorarewill increase with each variable
that is added to a parameter estimate. This argumaht be used to argue that an
estimate of female-only SSB or Total Egg Product{@&kP) will always be less
precise than an SSB estimate alone. However, thee salles state that errors
propagate quadratically, therefore the largest cafaj of error will contribute
disproportionally to the total error estimate. Td¢fere, adding variables that have a
relatively small error, will increase the total @rrestimate only by a very small

amount. Female-only SSB or TEP estimates are ctuadyp a better index of
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reproductive potential than SSB alone and they tnigh reduce the precision to a
great extent as long as the sex ratio of fecundata are estimated with good
precision, relative to the other variables likecbgber unit effort.

Biological data can also be used in stock assedsiioenother purposes than
improving stock measures of reproductive potenfata on the age structure of a
stock can be indicative of the resilience of a lsttw a number of years of bad
recruitment. Changes in mean length-at-age, camjithaturity or sex ratio can all be
indicative of over-exploitation and it is essenti@t these parameters are monitored
and analysed.

In summary: surveys are a rich source of data #mgear to be under-utilised.
Biological data from surveys have to potential norease our understanding of the
stock structure and life-history of stocks and cantribute to the stock assessment

process.
8.6. Figures
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Figure 8.1. Standard deviation of the distributiohassigned ages around the modal
age of anglerfish (Duarte et al., 2005), megrim dkget al., 2004), blue whiting
(Worsge Clausen et al., 2005), whiting (Easey .e8I05) and cod (Woods, unpubl.).
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For each iteration estimate
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these survey outputs
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Resample length | Estimate mean weight-
frequencies by station | at-age
- Estimate

Resample individual | Estimate mean length- errors from
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Figure 8.2. Flow diagram of the error estimationopess. The total error was
estimated by including all sources of error. Théatige contribution of each source
of error was also estimated by only allowing onarse of error to vary and ignoring

all other errors.
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Figure 8.3. The estimated coefficient of variatioha number of survey outputs
resulting from a range of error sources. The sac@eswas used for all plots. L-ind
is the error in the survey outputs that is estirdaby resampling individual length

measurements. L-stat is the error estimate obtaifiesn resampling length

distributions by station. B-ind and B-stat are tlespective error estimates obtained
from resampling individual biological samples andsampling sets of biological
samples by station. Ageing and staging refer todineulated errors in ageing and
staging. The overall error is the error estimatatttakes all relevant sources of error

into account. See methods section for more details.
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Appendix A

Glossary of terms

Age-at-length- Age distribution by length class

AIC — Akaike Information Criterion, used to evaluate fit of a model versus the
number of parameters required, mainly used in Gdised Linear Models
(Sakamotcet al.,1986)

ALK — Age-Length Key, a matrix with proportions of baage class at each length
class

Bayesian statistics A statistical method that includes prior knowledg uncertainty
estimates and requires likelihood functions to x@ieitly defined

Bias— Difference between a parameter estimate andukevalue of the parameter

Bonferroni correction— Correction used when a number of independent thgges
are tested: the significance level for acceptinghelaypothesis is reduced to
avoid false-positive outcomes

Biological data— Demographic data from individual fish like agegight, sex or
maturity stage

Biomass- The sum of weights of individuals in a fish #toc

Bootstrap— Re-sampling, with replacement, from a dataseirder to simulate the
variability that would result from replicate sampléEfron and Tibshirani,
1993)

Bottom trawl survey See groundfish survey

Canonical age -Assumed ‘true’ age of a fish

Catchability— The efficiency with which a certain gear type aodfiguration catches
fish of a certain size, shape and behaviour

Commercial data- Data collected from catches of commercial fistexiessels

Confidence intervat Range of values within which the true value niiksty lies

CV — Coefficient of variation, a measure of precisaefined as the standard error
divided by the mean

Demersal- Living close to the bottom of the sea

Fecundity— Number of (viable) eggs produced by an individual

GAM — Generalized Additive Model, a combination of ripl# regression and
additive models (Hastie and Tibshirani, 1990)
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Geostatisticss A collection of statistical methods describingatal autocorrelation
among sample data, which can then be used in \&atypes of spatial models

GOV- Grande Overture Verticale, otter trawl usedB®n3 surveys (ICES, 2002)

GLM — Generalized Linear Model, generalisation of cadynleast-squares regression
(McCullagh and Nelder, 1989)

Groundfish survey A survey directed at demersal fish.

Histology— A technique to section and stain tissues forosimopic analysis.

Length-at-age- Length distribution by age class

Length-stratified sampling- Non-random sampling whereby a target number of
individuals are collected for each length classiallg for the determination of
biological parameters

Macroscopic maturity determination Determination of the maturity stage of a fish
by examining the gonads without visual aids

MALK — Maturity-Age-Length Key, a matrix with the protions of each age class
and maturity state at each length class

Maturity-at-age— Proportion of mature fish by age class

Maturity-at-length— Proportion of mature fish by length class

Maturity stage— Classification of development of the gonads. Matistages might
be assigned either by macroscopic or microsco@momaxation of the gonads

Maturity state— Distinction between mature and immature fish

Measurement error Error due to the measuring device or the intgtion of the
observer

Observer erro— Error due to the interpretation of the observer

Ogive — S-shaped curve, describing expected proportighade or length class,
usually describing maturity or size selection

Oocyte— Female reproductive cell

Otolith — Calcified structure, routinely used for age dmieation in fish.

Random error Variability between replicate samples

Recruitment- The addition of young fish to a stock.

Reproductive potentiat A measure that is assumed to correlate with theuat of
offspring that a stock produces, e.g. SSB or aneg@lproduction.

Re-sampling— Taking random samples from an existing dataasyally with
replacement

Sampling error Error related to the sampling design
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Selectivity -See catchability

Sexual dimorphism Differences in growth between the sexes.

SSB- Spawning Stock Biomass, the biomass of the ptpoof the population that
IS mature

Spline— A smooth function consisting of a number of poalynal functions

Stock assessmeniThe process of estimating the retrospective dgwveént of a stock
and making quantitative predictions about the curend future state of the
stock

Stratum— A subdivision of a population. This can be a ipatubdivision or a
categorical subdivision like in length-stratifiednspling. Within each stratum
sampling is usually random.

Subsample- A random sample from the catch (see also lesg#itfed sampling)

Systematic error See bias

Tuning— Use of an index of abundance to calibrate ansassent model. Time series
with constant catch efficiency (usually survey Jledee used to correct for
changes in efficiency in the commercial fleet byuating the initial model
parameters until it becomes consistent with the theries data.

Twostage sampling— Obtaining a random sample of the catch for lengt
measurements as well as a (non-random) lengthfigdabiological sample

Variogram— Geostatistical tool to describe spatial correfati

Vitellogenesis —Yolk formation in an oocyte, giving it an opaquellgeish
appearance

Year class -Group of fish of the same age
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Appendix B

Unpublished data by the author

There are a number of references in the main teMhpublished work by the author.
Below are some brief results of these experimeltis. first experiment investigated
the variability and bias in length measurementsigiglectronic measuring boards.
During the Biological Sampling Survey 2005, thremple were asked to repeatedly
measure three randomly selected samples of 30 nghifFigure 1). Electronic
measuring boards were used. These have a barcodado 1cm length class that is
read with a light pen (Figure 2). Person 3 consttesstimated the mean length to be
lower by around 0.5cm. The difference was not $icgmit using ANOVA or non-
parametric tests. Perhaps more interesting is #oe that there were significant
differences between the samples, which were selefttan a larger sample by
haphazardly selecting fish (P<0.05, t-test). Furtherk on subsampling techniques
will be carried out.

The second experiment examined the size distributbd oocytes at different
developmental stages (Figure 3). These data itestthat the gap in size between
previtellogenic and vittelogenic oocytes is muatgéa in plaice than it is in whiting.
This might explain why there was some confusionwbeh immature and early
maturing whiting ovaries in Chapter 3.

The last experiment was conducted to investigate grecision of a number of
weighing scales used on the Irish Groundfish SuB@6. The scales were calibrated
at the start of the experiment and calibration Wesigvere placed on the scales at
regular intervals to measure the deviation from ‘thee’ weight (Figure 4). Most
scales remained accurate within 1% over a two-dajo@. It is normal practice to

calibrate all the scales at the beginning of eash d
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Figure 1. Mean length of three samples of 30 wbjtin
measured three times by three people. Person 3
consistently estimated the mean length to be ar@usd

cm lower than the others.
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Figure 4. Deviation of a number of weighing scate®r time (Scales A: 45kg
capacity; 10kg calibration weight, the other scdiese 13kg capacity and a 200g
calibration weight was used). Deviation is theealiéince between the ‘true’ weight of

and the measured weight.
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Appendix C

Example R-code

# This is an example of the application of a multin
# age-length data as described in Chapter 4. The R
# is required to run this code, can be obtained fro

# www.R-project.org

# This code requires the package 'nnet' to be insta

require(nnet)

# Some age-at-length data
LENGTH=c(8,7,8,14,17,18,14,14,16,15,18,15,14,16,21,
19,14,16,13,16,13,14,15,16,16,19,15,21,25,14,21,20,
21,21,22,24,24,23,16,22,20,22,19,24,20,28,20,23,21,
23,21,15,24,19,17,17,18,21,20,26,20,18,20,20,22,21,
23,20,35,29,25,27,24,23,23,18)
AGE=c(0,0,0,1,2,1,2,1,1,1,21,1,1,1,1,1,1,1,1,1,11,1
1,1,1,1,1,1,1,1,1,1,1,1,2,2,2,2,2,2,2,2,2,2,2,2,2,
2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
AREA=c(1,2,2,2,1,2,1,1,2,1,1,2,1,1, 1,
2,1,1,1,2,2,2
2,2
1,1
1,2

PR

1
12!
2

121
121
1

e
NN P
N RN
NN

MNP P

NN N
RPN
N RN

2,2,1
0 2,2,1

1,21

2,2)
# Length classes for which you want to predict the
lengths=0:40

2
21
1

# The model
model=multinom(AGE~LENGTH)

# The predicted values
predicted=predict(model,data.frame(LENGTH=lengths),

# Or just predict missing proportions at age for 30
round(predict(model,data.frame(LENGTH=30),type="pro

# Plot data and predicted values
rawdata=table(LENGTH,AGE)/rowSums(table(LENGTH,AGE)
ages=labels(rawdata)$AGE
plot(NA,type="n',xlim=c(min(lengths),max(lengths)),
Length',ylab="Proportion-at-age")
for(i in 1:length(ages)){
lines(lengths,predicted[,i],col=i)
text(as.numeric(labels(rawdata)$LENGTH),rawdata[

# Compare ALK from 2 regions

modell=multinom(AGE~LENGTH+as.factor(AREA)) #this i
includes the factor area as an explanatory variable
model2=multinom(AGE~LENGTH) #this is the model with
anova(modell,model2,test="Chisq")

# This tests if modell is 'better' than model2

# No significant difference between the areas.
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Appendix D

Authorship of Armstrongpt al. (2004)

<(=Cefas

To whom it may concern Date 03 October 2006

Contribution of Hans Gerritsen to published paper on cod

This is to certify that Hans Gerritsen contributed at least 55% of the work to the
following paper:

Armstrong, M.J., Gerritsen, H.D., Allen, M., McCurdy, W.J. and Peel, J.A.D., 2004.
Variability in maturity and growth in a heavily exploited stock: cod (Gadus morhua
L.) in the Irish Sea. ICES J. Mar. Sci., 61(1): 98-112.

Although | was senior author, Hans contributed substantially to the development

of the study, completed the bulk of the analysis for the paper, carried out a
literature review, prepared the figures and drafted a significant part of the text.

Yours sincerely,

/M-T Prahrs—

Dr Michael J. Armstrong
Senior Fishery Scientist

Direct line 01502 52 4362
Email mike.armstrong@cefas.co.uk

Head office

Centre for Environment, Fisheries & Aquaculture Science
Pakefield Road, Lowestoft, Suffolk NR33 OHT, UK

Tel +44 (0) 1502 56 2244  Fax +44 (0) 1502 51 3865
www.cefas.co.uk

Cefas is an executive agency of Defra
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any other theses submitted or material publisheadgh collaborator in the project, should also be
submitted at this time.”

Candidate Name: Hans Gerritsen
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ThesisTitle: Estimating fish stock population parameters froridyo trawl surveys:

sources and magnitude of uncertainty

Supervisor (1): Dr David McGrath; Dr Pauline King
Supervisor (2): Dr Colm Lordan

I, the above named, certify that the thesis whiajyresents my own work.
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(Delete as appropriate)

Signature: : Date
(Student)

I/We, the above named Supervisor(s) certify thattttesis represents the candidate’s work.
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