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This study analyzed the geographic variation in the maturity schedule for the stock of

English sole (Pleuronectes vetulus) that occurs along the U.S. west coast. Also examined

was the influence of variability in the maturity schedule on the F35% target fishing rate,

which is used in setting annual catch quotas for this exploited fish stock.

The data for determining the maturity schedule were primarily from samples collected

by the National Marine Fisheries Service during the 1995 bottom trawl survey conducted

June-September off of California, Oregon, Washington, and British Columbia. Logistic

regression analyses of the data showed that the maturity versus length relationship for

English sole varied significantly between sampling locations. Stepwise analyses of the

data found that bottom type, latitude, depth, and bottom temperature were significant

factors influencing the maturity versus length relationship. Regression analyses of age at

length from subsamples of the data indicated that latitude, depth, and bottom type had

significant effects on the growth rate of English sole. On a coastwide basis the length at

fifty percent maturity was estimated to be 23.3 cm and the age at fifty percent maturity

was estimated to be 4.6 years.
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Monte Carlo simulation experiments were conducted to explore how variability in the

maturity schedule for English sole is transformed into variability in estimates of F35%.

Random values were generated for the age at fifty percent maturity and the maturity slope

coefficient for each of 10,935 combinations of eight factors. From these simulated data

F35% values were derived and summarized for each experimental treatment as an average

F35% value and coefficient of variation. The summary statistics were then transformed

and analyzed using forward stepwise linear regression to determine the relative

importance of different factors and factor combinations. In the model for the average

F35% only four factors plus a quadratic term were required to account for 90% of the

variability in the data, whereas in the model for the coefficient of variation in F35% all

eight factors, plus an interaction term and a quadratic term, were required to account for

90% of the variability in the data. In both models the age at fifty percent maturity and the

age at fifty percent selection were the two most important explanatory variables.
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VARIATION IN THE MATURITY SCHEDULE FOR ENGLISH SOLE AND

ITS INFLUENCE ON CALCULATING THE F35% TARGET FISHING RATE

CHAPTER ONE: INTRODUCTION

Problem Statement

Stock assessment is the science of determining the potential productivity of a fishery

resource. Fisheries managers base their decisions about the management and development

of fisheries using information from stock assessments, and accurate information permits

fisheries managers to make better management decisions (Gulland, 1983). The

complexity of stock assessment research will vary depending on the type of ecosystem

involved, the quality of the fishery and the objectives defined. The role of the stock

assessment scientist does not stop after providing a single assessment, but requires

continual review and monitoring of the fishery to verify the accuracy and reliability of the

stock assessment information.

This thesis study reviews the stock assessment concept known as F35%, which is used

in managing groundfish fisheries, in particular as it is applied to the US West Coast

fishery for English sole (Pleuronectes vetulus). F35% is defined as the target fishing rate

that reduces the spawning potential per female to 35% of its virgin or unexploited level

(Clark 1991). The Pacific Fishery Management Council (PFMC) uses the F35% target

fishing rate to estimate annual catch quotas for many of the groundfish stocks along the

US Pacific Coast (PFMC 1994). An estimate of F35% is combined with an estimate of the
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current exploitable stock biomass to determine the annual catch quota,

Catch Quota = F35% x Exploitable Stock Biomass .

Catch quotas are often calculated on the basis of this form of equation, but use of the F35%

target fishing rate is relatively new. Historically, other targets have been used.

The fishing rate that produces the maximum sustainable yield (Fmsy) depends

crucially on the relationship between the spawning stock size and the recruitment of new

fish produced by that spawning stock, the so-called spawner-recruit relationship (Ricker

1958). For most stocks the spawner-recruit relationship is highly variable and poorly

defined. Frinax which is an alternative to the FMSY fishing rate, maximizes the yield-per-

recruit (Beverton and Holt 1957) and is independent of the spawner-recruit relationship;

hence it ignores whether there is enough spawning biomass left to support future

fisheries. Gulland and Boerma (1972) proposed the F0.1 target fishing rate, defined as the

fishing rate where the slope of yield-per-recruit curve as a function of fishing mortality

falls to 10% of its original value. A drawback to F0.1 is that it can cause depletion in the

spawning stock if fish recruit to the fishery before they mature (PFMC 1994).

The F35% Target Fishing Rate

Clark (1991), examined whether it is possible to calculate an exploitation rate from

life history parameters that will provide a yield near the maximum sustainable yield

(MSY). He demonstrated the applicability and reliability of the F35% target fishing rate.

Using life history parameters typical of groundfish, Clark found from simulation models

that 75% of the MSY was achieved when the spawning biomass is maintained in the
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range of 20-60% of the unfished level. He concluded that fishing rates that reduce the

spawning biomass to 35% of the unfished level would maximize the minimum yield.

In 1993 Clark published a follow-up paper concerning the F35% fishing rate target. He

used the same approach as in his 1991 paper but allowed annual recruitment to be

stochastic rather than being completely deterministic. He simulated the behavior of a

fishery operating under a variety of fishing rate targets and found that a target fishing rate

of F40% would generate sustainable yields close to MS Y, but without causing depletion to

the spawning stock. The Pacific Fishery Management Council continues to use the F35%

fishing rate, however.

The maturity schedule is an important factor in determining the value of F35%. Clark

(1991) shows that F35% will be large if recruitment is delayed relative to maturation

because the fish are then given time to spawn before experiencing fishing mortality.

However, when maturation occurs after recruitment, fish experience elevated mortality

prior to first spawning so that F35% will be small.

For the stock of English sole off the U.S. coast there is considerable uncertainty

regarding the maturity schedule (Sampson 1993). Comparison of maturity versus length

data presented in Harry (1956) with similar data collected more recently by the Oregon

Department of Fish and Wildlife (ODFW) indicated a large shift in the length at 50%

maturity. This apparent shift in maturity may be an artifact of the ODFW data, which

included few small fish due to their unmarketable size.
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Pacific Coast English Sole

English sole are considered one of the most valuable fish caught by bottom-trawl in

Hecate Strait, British Columbia (Fargo and Sexton 1991) and they have also been an

important component of the trawl fishery off Oregon and Washington. Spawning occurs

off Oregon during September to April at depths of less than 100 m (Kruse and Tyler

1983). English sole eggs are released in coastal waters where they metamorphose to

benthic stages (Gunderson et al. 1990). The spawning season tends to be prolonged

because different individuals spawn at different times (Kruez and Tyler 1983). The larvae

are advected to estuaries and nearshore habitats where they continue to develop through

late summer. Most of the English sole that are 55 mm total length (TL) or less are found

in the estuaries (Gunderson et al. 1990). The juveniles migrate to deeper water when they

attain 75 mm (TL) and there grow to maturity (Ketchen et al. 1983, Gunderson et al.

1990). Polychaetes and amphipods are considered to be the main food for English sole

(Kravitz et al. 1976).

The first large commercial landings of English sole by Oregon trawlers were made in

late 1930's (Barss 1976). Since that time landings have fluctuated generally in size and

value (Harry, 1956; Fargo and Sexton 1991). There was a large decrease in demand for

English sole after World War II that was reflected in a sudden decrease in the catch

(Barss 1976). The fluctuations in landings during the last 40 years were also related to the

interannual variation in recruitment (Fargo and Sexton 1991). The stock of English sole

off Oregon and Washington supported landings of about 1,300 metric tons during the

period 1987-91 and as of 1993 the stock was believed to increasing (Sampson 1993).

Previous studies have shown that environmental factors can influence the growth,

maturity, and recruitment of English sole (Kruse and Tyler 1983; Kruez et al. 1982;
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Peterman and Bradford 1987). It follows therefore that the F35% target fishing rate for

English sole will be subject to many natural sources of variation. In this current study I

assume for simplicity that sampling errors associated with estimates of the maturity

schedule are the primary source of variation and uncertainty in calculations of F35%,

although future studies may demonstrate that variations in growth or natural mortality are

even more important.

Thesis Objectives

There have been few published studies of the suitability of F35% as a target fishing rate

and I am unaware of any published studies that investigate whether F35% can be estimated

with sufficient accuracy to serve as a reliable management target. The overall goal of this

thesis research was to assess the variability in the maturity schedule for English sole and

analyze the influence of this variability on estimates of the F35% target fishing rate. In

Chapter 2, I analyze sample data to measure the maturity schedule for English sole and in

Chapter 3, I examine how variability in the maturity schedule is transformed into the

calculated values for F35% .
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GEOGRAPHIC VARIATION IN THE MATURITY SCHEDULE FOR ENGLISH

SOLE, PLEURONECTES VETULUS

Saud Al-Jufaily
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Introduction

Rates of sexual maturation differ from one fish species to another. Within a given

species the fish cannot reproduce until they reach a certain size or age, which is known as

the size or age at first maturity (Leaman 1991). Many factors can influence the size at first

maturity, including food availability and water conditions (Martinze et al. 1993). Also,

many studies have shown that the number of eggs spawned by a fish will differ with its

size and age, with older fish tending to produce more eggs than smaller and younger fish

(Falk and Hansen 1991). However, older fish are generally less abundant than younger

fish because of longer exposure to natural sources of mortality and greater vulnerability to

fishing, hence the contribution to spawning by older fish may be less than the

contribution by younger fish, even though there are proportionally more mature older

individuals having greater fecundity.

The maturity schedule for a fish stock can have an important influence on the

management of the stock. For many of the stocks managed by the Pacific Fishery

Management Council (PFMC), annual catch quotas are chosen to achieve a target fishing

rate that will reduce the spawning potential per female to 35% of its virgin or unexploited

level (PFMC 1994). This fishing level is known as F35% (Clark 1991). The numerical

value of F35% depends on the maturity schedule as well as the age-specific schedules for

growth, survival, and vulnerability to fishing.

It should be relatively easy to determine the maturity schedule for a fish stock. One

simply obtains samples of fish and measures the proportion that are mature in each age or

size class. However, it can be very difficult to obtain samples that are representative of

the entire fish stock. For example, if fish tend to form schools just prior to spawning, then

samples of fish removed from these spawning aggregations may produce



9

disproportionately larger numbers of mature fish and samples of fish from elsewhere may

yield unusually large numbers of immature fish. Also the sample timing is important.

Hunter et al. (1992) argue that fish sampled during the spawning season will lead to

biased estimates of length at 50% maturity because the gonads of spent fish are similar in

appearance to immature gonads and spent fish are therefore more likely to be

misclassified as immature. Hunter et al. (1992) recommend that sampling to determine

maturity should be conducted shortly before the onset of the spawning season.

In the study described in this chapter I examined the geographic variation in the

maturity schedule for the stock of English sole (Pleuronectes vetulus) that occurs in the

waters off the coasts of California, Oregon, and Washington. In a recent assessment of

this stock, Sampson (1993) estimated the length at 50% maturity to be 23 cm, whereas

Harry (1956) presented data indicating the length at 50% maturity to be 30 cm. The

samples from which Sampson derived his estimate were collected almost exclusively

from commercial catches of English sole landed in Coos Bay, Oregon and they contained

few small fish. The samples from which Harry determined a maturity versus length

schedule were taken exclusively from the waters directly offshore of Astoria, Oregon,

approximately 370 km north of Coos Bay. The objectives of the study described in this

chapter were (1) to resolve the apparent discrepancy between the maturity versus length

relationship for English sole reported by Sampson (1993) and Harry (1965) and (2) to

determine the maturity versus age relationship for English sole off California, Oregon,

and Washington.
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Materials and Methods

The samples of fish for this project were collected by personnel from the National

Marine Service (NMFS) during the 1995 groundfish assessment survey of the continental

shelf resources off the coast of California, Oregon, Washington, and British Columbia.

The samples were taken from the tenth of June to the third of September starting in the

south and going north. This survey used a standard bottom trawl, which was deployed at

haul sites selected randomly along transect lines running east to west, from a depth of 55

to 366 m. A thorough description of the survey design and sampling protocols is provided

in Zimmermann et al. (1994). The samples of English sole used in this study were

collected from 34 haul locations ranging from 34° 44', off California, to 49° 14', off

Washington, and depths ranging from approximately 60 to 220 m (Figure 2.1, Table 2.1).

English sole were also caught at numerous other haul locations during the survey, but

were not retained for this study. Staff from the NMFS provided us with data on the

location, bottom type, bottom depth, and bottom temperature for each haul. Equal

numbers of fish were not collected from each haul.

Only female English sole were used in this study. Frozen samples of fish were thawed

in the laboratory and then examined for length and maturity stage. Each female was

measured for total length to the nearest millimeter from the tip of the closed mouth to the

pointed part of the caudal fin, and then dissected for visual classification into one of three

maturity categories: immature, maturing, and spent. Fish were designated as immature if

they had small ovaries that contained no eggs. These fish were easy to identify from the

appearance of the ovaries, which were thin and pink to red in color. Fish were designated

as maturing if the ovaries contained clearly visible eggs. Spent fish were ones that had

already spawned and released their eggs. The ovaries in spent fish are similar in
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Figure 2.1. Locations of the 34 samples of English sole collected by the NMFS
during the 1995 triennial bottom trawl survey.
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Table 2.1. English sole samples collected during the 1995 NMFS west coast bottom
trawl survey.

Haul
Average
Length
(mm)

Total
No.

No.
Mat. Lat.

(°N)
Long.
cwo

Bott.
Dep.

(m)

Bott.
Type*

Bott.
Temp.
(°C)

7 221.7 6 6 34.72 -120.74 71 12
8 251.7 33 33 34.72 -120.79 90 12

39 211.7 10 9 35.60 -121.25 95 42 9.2
48 244.1 10 7 35.93 -121.52 121 33 8.9
49 243.6 11 6 36.07 -121.63 109 33 8.9
54 260.0 10 6 36.47 -122.00 217 33 7.7
58 220.7 10 10 36.72 -121.94 97 12
57 247.9 22 12 36.78 -121.86 77 12 8.9
63 212.5 10 10 36.92 -122.19 94 12 8.5
65 238.3 10 6 37.06 -122.44 98 32 8.4
22 245.0 9 2 37.91 -123.00 72 31 8.6
27 228.8 57 33 38.26 -123.21 98 31 8.4

148 260.0 14 14 42.40 -124.56 82 12 8.0
147 249.0 15 8 42.42 -124.54 68 12 8.2
151 227.2 48 34 42.72 -124.59 84 12 7.4
157 248.3 26 26 43.08 -124.80 221 13 7.3
164 242.8 39 36 43.44 -124.46 108 12 7.8
92 270.0 110 85 43.57 -124.28 76 32 7.9

186 255.0 24 20 44.38 -124.73 136 22 7.5
182 278.3 36 19 44.41 -124.28 71 12 7.5
187 230.0 11 11 44.43 -124.61 118 22 7.4
188 252.1 26 22 44.75 -124.25 82 12 7.5
127 265.0 60 30 44.92 -124.18 99 32 7.5
203 277.0 29 28 45.10 -124.18 126 12 7.4
205 255.0 31 20 45.11 -124.11 92 23 7.5
231 250.0 23 22 46.60 -124.28 12 7.5
180 258.3 36 30 46.91 -124.48 78 32 7.4
190 232.0 31 17 47.24 -124.56 68 32 7.2
195 260.0 29 23 47.41 -124.63 78 32 7.2
234 262.8 38 26 48.40 -125.13 99 32 6.8
251 239.3 85 26 48.62 -125.07 90 32 8.0
292 235.0 45 21 49.08 -126.15 64 32 8.9
293 238.3 80 25 49.09 -126.14 61 32 9.0
294 250.0 50 21 49.26 -126.45 71 22 9.1

*Bottom type codes given in Table 2.2.
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appearance to ovaries in immature fish, depending on how recently spawning occurred. If

spawning was very recent, the spent ovaries will be softer than the immature gonads.

For determining the relationship between maturity and age, interopercula were used to

age subsamples of the English sole. Interopercula are thin flat bones that form part of the

upper gill plate. According to Hyman et al. (1980) interopercula are better for aging

English sole than scales or otoliths. Palman (1956), El-sayed (1959), and Valladoild

(1927) also report a preference for using interopercula rather than scales or otoliths.

Interopercula have two zones of growth for each year: a relatively clear zone during the

period of the rapid summer growth and a translucent zone during the period of slow

winter growth (Smith and Nitsos 1969, Cleve and El -rayed 1969). The age of a fish is

determined by counting the translucent winter annuli. After the interopercula were

removed from the fish they were put in warm water for one minute to help remove any

attached fleshy material. The interopercula were then soaked in alcohol (70-100%) to

ease the reading of the annuli. Counting of the annuli started from the center of the

interopercula. The first annulus is normally found within 5-10 mm of the center (Cleve

and El-sayed 1969). The fish were aged by putting the interopercula under a dissecting

microscope using low magnification. All fish larger than 290 mm or less than 195 mm

were aged; between those two lengths every fifth fish was aged.

Model Selection

Forward stepwise regression methods were used to analyze the relationship between

maturity versus length and the relationship between length versus age. The Generalized

Linear Interactive Modeling system (GLIM version 3.77) (Baker and Nelder 1985) was

used to fit a series of models of increasing complexity to each of the observed sets of
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data. The auxiliary variables associated with each of the samples from the NMFS bottom

trawl survey were treated as discrete factors rather than as continuous variables (Table

2.2). To measure the statistical significance of different factors and factor combinations I

examined the change in "deviance" that occurred as factors were added to the model. In

GLIM the deviance is used to measure how well the model fits the observed data. The

deviance statistic is distributed approximately as a chi-square random variable if the

model is correctly specified (McCullagh and Nelder 1983).

To test the statistical significance of a factor when it was added to the model I

calculated an F statistic using the formula

F = ( Change in Deviance) / ( Change in d. f .)
Deviance / d. f .

where the deviance and degrees of freedom (d.f.) in the denominator are from the more

complex model. I then examined the probability level (the p-value) of the F statistic. The

forward stepwise selection procedure continued until the addition of new factors or

interaction terms did not result in any F statistics that had p-values less than five percent.

Interaction terms were not added to a model unless the main effects were already in the

model.

Maturity versus Length

A logistic regression model was used to describe the sigmoid relationship between

proportion mature and length. The length measurements were grouped into 10 mm

increments and the numbers of mature fish and the total number of fish were tabulated by
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Table 2.2. Auxiliary variables examined in the analyses of the maturity versus
length and age versus length relationships.

Variable

Latitude (°N)

Bottom Depth (m)

34

60

Bottom Temperature (°C) 6

Bottom Type 12
13
22
23
31
32
33
42

35

70

7 8

Levels

36 37

80 90

9

38

100

42 43

110

44

120

45

130

46 47

210

48

220

49

Mud,
Mud,
Clay,
Clay,
Sand,
Sand,
Sand,

gentle slope
moderate slope
gentle slope
moderate slope
no slope (flat)
gentle slope
moderate slope

Cobble, steep slope

length class for each sample. In the analysis with GLIM the variable for the number of

mature fish was treated as a binomial random variable and the variable for the total

number of fish as binomial denominator. The variable for the length class was treated as a

continuous variable. The set of models that were fitted to the data had the general form

Log (
N

R
R

) = A + B x Length ,

where R is the number of mature fish in a given category, N is the total number of fish in

that category (the binomial denominator), and A and B are parameters that could depend
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on any or all of the auxiliary variables (Table 2.2). The predicted length at which 50% of

the fish are mature is given by

The parameter B is equal to four times the slope of the logistic curve at the point where

length is equal to L50%

In a preliminary analysis of the maturity data, separate logistic models were fitted to

each of the samples and estimates for the parameters A and B were derived for most of

the samples. The parameters were inestimable for certain small samples in which all the

fish were mature or there were two or less length classes present. These samples were

excluded from further analysis. The pooled deviance and degrees of freedom from the

remaining samples were used in the denominator for calculating the F statistics in the

stepwise process of model selection. This model with separate A and B parameters for

each sample was the most complex model considered in the analysis but it provided the

most precise representation of the observed data.

Age versus Length

In standard analyses of growth the length measurements are treated as the dependent

variable and age is treated as the independent variable. In this study, however, length was

treated as the independent variable and age as the dependent variable. This was done in

order to be consistent with the analysis of the maturity data, in which length was used as

the primary independent variable, and because the length measurements were deemed to

be known with much greater precision than the age measurements. In general, fish ages
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cannot be determined with perfect accuracy and there will be variation in age readings

between different readers, and between readings by the same reader made at different

times (Jearld 1983).

Preliminary examinations of scatter plots of the age and length data indicated little

evidence of significant curvature in the age versus length relationship. As a consequence

the von Bertalanffy growth equation, which is traditionally used to model length as a

function of age, was considered to be needlessly complicated to represent the age and

length data in this study. Instead, the set of models that were fitted to the data had the

general form

Age = A' + B'x Length+ E ,

where the estimated intercept and slope parameters (A',B') could depend on any or all of

the auxiliary variables (Table 2.2) and c is a normally distributed random error with mean

zero and constant variance. In GLIM the deviance for this type of model is identical to the

residual sum of squares in standard linear regression.

In the forward stepwise regression process the deviance and degrees of freedom used

in the denominator for calculating the F statistics were the values associated with the

model that was being tested at the current step. At the conclusion of the stepwise process

the final model selected was tested for non-linearity in the relationship between age and

length by treating length as a discrete variable rather than as a continuous one.
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Results

There were a total of 1,084 English sole in the samples obtained from the NMFS

bottom trawl survey and 704 of these fish were classified as mature. The lengths of the

fish ranged from 150 to 360 mm and the length at 50% maturity appeared to lie between

230 and 240 mm (Figure 2.2). There were very few fish longer than 300 mm.

160

in In 1/1 tn 11 tre tin tn in in inin N CT ,-1 en in N c:h II en in,( ,-4 - N N N N N en en eri

Length (mm)

Figure 2.2. Overall length frequency and percent mature in the English sole
collected during the 1995 NMFS bottom trawl survey. The shaded bars represent the
numbers of mature fish, the unshaded bars represent the total numbers of fish, and the
dotted line indicates the percent mature.
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In the preliminary analysis, in which separate logistic models were fitted to each

sample from the NMFS trawl survey, the estimated values for L50% and the slope

coefficient were quite scattered (Figure 2.3) with the estimates of L50% ranging from

201.5 mm to 262.0 mm and the estimates of the coefficients from 0.0222 to 1.718. The

logistic model parameters were inestimable for seven of the NMFS trawl survey samples

because they consisted entirely of mature fish. These samples were excluded from further

analysis. The remaining 27 trawl survey samples had a pooled deviance of 142.5 with

193 degrees of freedom (Table 2.3).

In the forward stepwise model selection process all four factors (bottom type, depth,

latitude, and bottom temperature) were significant at the 0.05 probability level but the

most significant single factor was bottom temperature, although depth was also highly

significant (Table 2.3). This temperature factor had a slightly more significant effect

when added as separate L50% terms than as separate slope coefficients. At the second step

of the selection process the latitude factor, when added as separate L50% terms, produced

the most significant improvement in the fit to the data. At the third step of the process the

bottom type factor, when added as separate slope coefficients, was the most significant

factor. At the fourth step the bottom type factor, when added as separate L50% terms,

produced the most significant improvement in fit. At the fifth step the depth factor was

added as separate L50% terms. At the sixth and seventh steps the factors latitude and

depth were added as separate slope coefficients. After this step only three degrees of

freedom were available and adding more terms to the model would not produce a

significant improvement in the deviance (p > 0.05).
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Figure 2.3. Estimated maturity schedule parameters for 26 samples collected during
the 1995 NMFS bottom trawl survey. One sample, haul 231 in which 22 of 23 fish were
mature, was excluded from this figure due to its unrealistically small parameter values,
L50% = 15.6 mm and slope = 0.013 / mm.
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Table 2.3. Stepwise forward selection of the best model for maturity versus length.
The F statistics were calculated by the ratio of the change in deviance over the change in
degrees of freedom, all divided by the ratio of the deviance of the first model
(LENG.HAUL+HAUL) over the degrees of freedom of the first model. For example,
4.225 is equal to (142.51-286.02)/(193-239)/(142.51/193). The number of degrees of
freedom were determined by the number of length classes in the sample data less the
number of estimated parameters

Model Deviance d.f. Test for F P

LENG.HAUL+HAUL 142.51 193

Bottom type (B)
Separate L50s 286.02 239 L50s 4.225 9.79E-13
Separate slopes 285.25 239 Slopes 4.202 1.20E-12

Depth (D)
Separate L50s 313.57 237 L50s 5.265 2.78E-16
Separate slopes 314.59 237 Slopes 5.297 2.15E-16

Latitude (L)
Separate L50s 248.76 234 L50s 3.510 2.45E-09
Separate slopes 252.00 234 Slopes 3.617 9.72E-10

Temperature (T)
Separate L50s 327.75 242 L50s 5.120 1.25E-16
Separate slopes 325.93 242 Slopes 5.069 1.94E-16

LENG+T 327.75 242

Temperature (T)
Separate L50s and slopes 316.22 239 Slopes I L50s 5.205 1.77E-03

Bottom type (B)
Separate L50s 278.98 236 L50s 11.01 1.53E-10
Separate slopes 278.51 236 Slopes 11.11 1.23E-10

Depth (D)
Separate L50s 299.38 234 L50s 4.803 2.10E-05
Separate slopes 300.43 234 Slopes 4.625 3.49E-05
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Table 2.3 (Continued)

Model

Latitude (L)

Deviance d.f. Test for F P

Separate L50s 233.93 231 L50s 11.55 1.96E-16
Separate slopes 236.56 231 Slopes 11.23 5.36E-16

LENG+T+L 233.93 231

Latitude (L)
Separate L50s and slopes 211.98 220 Slopes I L50s 2.702 2.93E-03

Bottom type (B)
Separate L50s 203.82 225 L50s 6.796 1.49E-06
Separate slopes 200.84 225 Slopes 7.469 3.31E-07

Depth (D)
Separate L50s 217.76 223 L50s 2.737 6.99E-03
Separate slopes 218.84 223 Slopes 2.555 1.14E-02

Temperature (T)
Separate slopes 228.50 228 Slopes 2.451 6.48E-02

T*L interaction
Separate L50s 223.04 229 Slopes 7.374 8.20E-04

LENG.B+T+L 200.84 225

Temperature (T)
Separate slopes 196.80 222 Slopes 1.824 1.44E-01
Separate L50s 186.16 214 L50s 1.807 5.50E-02

Bottom type (B)
Separate L50s 183.87 219 L50s 3.830 1.24E-03
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Table 2.3 (Continued)

Model

Depth (D)

Deviance d.f. Test for F P

Separate L50s 183.72 217 L50s 2.898 4.51E-03
Separate slopes 187.52 217 Slopes 2.255 2.52E-02

LENG.B+T+L+B 183.87 219

Depth (D)
Separate L50s 170.90 213 L50s 2.928 9.34E-03
Separate slopes 170.81 211 Slopes 2.211 2.83E-02

T*L
Separate L50s 183.75 218 L50s 0.163 6.87E-01

T*B
Separate L50s 178.45 217 L50s 3.670 2.73E-02

B*L
Separate L50s 176.32 216 L50s 3.408 1.87E-02

LENG.B+T+L+B+D 170.90 213

Temperature
Separate slopes 170.13 210 Slopes 0.348 7.91E-01

Latitude
Separate slopes 155.41 202 Slopes 1.907 4.05E-02

Depth
Separate slopes 164.59 205 Slopes 1.068 3.87E-01

T*L
Separate L50s 170.90 213 L50s 0.000
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Table 2.3 (Continued)

Model

T*B

Deviance d.f. Test for F P

Separate L50s 170.90 213 L50s 0.000

T*D
Separate L50s 170.90 213 L50s 0.000

L*B
Separate L50s 170.90 213 L50s 0.000

L*D
Separate L50s 170.90 213 L50s 0.000

B*D
Separate L50s 170.90 213 L50s 0.000

LENG.B+T+L+B+D 155.41 202
+LENG.L

Temperature
Separate slopes 155.37 199 Slopes 0.018 9.97E-01

Depth
Separate slopes 142.64 196 Slopes 2.882 1.03E-02

B*L
Separate slopes 152.65 199 Slopes 1.246 2.94E-01

T*L
Separate L50s 155.41 202 L50s 0.000

T*B
Separate L50s 155.41 202 L50s 0.000

T*D
Separate L50s 155.41 202 L50s 0.000
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Table 23 (Continued)

Model

L*B

Deviance d.f. Test for F P

Separate L50s 155.41 202 L50s 0.000

L*D
Separate L50s 155.41 202 L50s 0.000

B*D
Separate L50s 155.41 202 L50s 0.000

LENG.B+T+L+B+D 142.51 193
+LENG.L+LENG.D

Temperature
Separate slopes 142.51 193 Slopes 0.059 9.81E-01

The following model was finally selected to describe the maturity versus length

relationship for the NMFS trawl survey samples,

PLn (-1
P

) = Length x (Bottom type + Latitude + Depth) +

Temperature + Latitude + Bottom type + Depth

where P is the proportion mature. Parameter estimates for this model and their standard

errors are given in Table 2.4. The slope of the maturity schedule differed among bottom
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Table 2.4. Parameter estimates and their standard errors for the selected model for
maturity versus length. The parameter estimates are based on length measurements in
mm. Temp (2) denotes the second temperature level in Table 2.2, and so on.

Parameter Estimate S.E.

Bott(1) -40.93 26.19
Bott(3) 1.412 13.66
Bott(4) 98.22 613.3
Bott(5) -328.7 1044
Bott(6) -49.56 27.61
Bott(7) -19.62 36.96
Bott(8) -228.1 573.8
Temp(2) 1.51 0.8695
Temp(3) 0.3272 2.292
Temp(4) 0.6359 0.6366
Lemp(2) 14.03 38.85
Lat(3) 44.05 20.00
Lat(4) -13.91 22.92
Lat(5) 268.8 1044
Lat(6) -11.72 14.32
Lat(7) 40.57 18.76
Lat(8) -9.058 13.47
Lat(9) -165.8 612.1
Lat(10) 40.4 20.55
Lat(11) 14.15 7.737
Lat(12) -19.41 15.8
Dep(2) 21.37 26.52
Dep(3) -10.62 13.66
Dep(4) 33.08 21.30
Dep(5) 37.81 21.58
Dep(6) -32.18 24.67
Dep(10) -49.38 29.80
Leng.Bott(1) 0.1868 0.1049
Leng.Bott(3) -.00506 0.0559
Leng.Bott(4) -0.3902 2.566
Leng.Bott(5) 1.495 4.763
Leng.Bott(6) 0.2141 0.1118
Leng.Bott(7) 0.09789 0.1519
Leng.Bott(8) 1.062 2.630
Leng.Lat(2) -.07568 0.1587
Leng.Lat(3) -0.1931 0.08453
Leng.Lat(4) 0.06854 0.1006
Leng.Lat(5) -1.242 4.7640
Leng.Lat(6) 0.04583 0.06074
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Table 2.4 (continued)

Leng.Lat(7) -0.1711 0.08184
Leng.Lat(8) 0.03928 0.0559
Leng.Lat(9) 0.6927 2.562
Leng.Lat(10) -0.174 0.08788
Leng.Lat(11) -.06429 0.03219
Leng.Lat(12) 0.07011 0.06434
Leng.Dep(2) -0.0954 0.1069
Leng.Dep(3) 0.04029 0.0559
Leng.Dep(4) -0.1529 0.08833
Leng.Dep(5) -0.1677 0.08786
Leng.Dep(6) 0.1282 0.101
Leng.Dep(10) 0.195 0.1217

types and latitude and depth classes, with the most rapid transition from immature to

mature occurring on sand with a flat slope and cobble with a steep slope (Figure 2.4a), in

the 45° latitude class (Figure 2.5a), and in the 110 and 220 m depth classes (Figure 2.6a).

The length at 50% maturity, which is proportional to minus the logistic intercept

parameter, differed among bottom types (Figure 2.4b), latitude classes (Figure 2.5b),

depth classes (Figure 2.6b) and bottom temperature classes (Figure 2.7). For the three

factors that affected the logistic slope as well as the intercept (bottom type, latitude, and

depth) the estimated slope and intercept parameters were highly correlated.
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Figure 2.5a. The effects of latitude on the slope of the maturity versus length
relationship.
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Figure 2.5b. The effects of latitude on the logistic intercept of the maturity versus
length relationship.
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Figure 2.6a. The effects of depth on the slope of the maturity versus length
relationship.
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Figure 2.6b. The effects of depth on the logistic intercept of the maturity versus
length relationship.
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Figure 2.7. The effects of bottom temperature on the length at 50% maturity as
indicated by adjustments to the logistic intercept parameter.
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Age versus Length - Results

As the first step in the forward model selection process a single line was fitted to the

age and length data. The deviance from this model (369.92 with 298 di.) was much

larger than one would expect by chance alone (p = 0.003), indicating significant

differences in age for a given length among the NMFS trawl survey samples. The latitude

factor was the most significant single auxiliary variable (Table 2.5) and it produced a

slightly better fit to the data when added as separate slope parameters than as intercept

terms. The bottom temperature factor was also highly significant. At the third step of the

selection process the depth factor, when added as separate slope parameters, produced the

most significant improvement to the fit of the model and at the fourth step the bottom

type factor, when added as separate slope parameters, was the most significant addition to

the model.

At this stage, when additional factors were added to the model, none of them resulted

in significant improvements in the deviance ( p > 0.05). The model at this stage had only

a single intercept term. Removing it from the model, to force the age versus length

relationship through the origin, produced a significant degradation in the fit to the data

(p< 0.001). When the length variable was treated as a class variable, thus allowing

complete flexibility in the shape of the age versus length relationship, the degradation in

the fit to the data was not significant (p = 0.0849), which indicates that it was not

inappropriate to use a linear model to represent the age versus length relationship.

The following model was finally selected to describe the age versus length relationship

for the NMFS trawl survey samples,

Age = intercept + ( Latitude + Depth + Bottomtype )x Length ,
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Table 2.5. Stepwise forward selection of the model for age versus length. The F
statistics were calculated by the ratio of the change in deviance over the change in degrees
of freedom, all divided by the ratio of the deviance of the more complex model over the
degrees of freedom of the more complex model.

LENG + intercept

Latitude (L)

Deviance

369.92

d.f.

298

F P

Sep. slopes 252.81 286 11.04 4.35E-18
Sep. intercepts 254.45 286 10.82 1.02E-17

Bottom type (B)
Sep. slopes 349.59 291 2.418 2.02E-02
Sep. intercepts 346.94 291 2.754 8.76E-03

Depth (D)
Sep. slopes 323.41 288 4.142 1.69E-02
Sep. intercepts 323.76 288 4.106 1.75E-02

Temperature (T)
Sep. slopes 314.95 294 12.83 8.99E-16
Sep. intercepts 314.79 294 12.87 7.96E-16

Model Deviance d.f Test for F P

LENG.L 252.81 286

Latitude (L)
Sep. intercepts and slopes 237.76 274 Intercept I Slopes 1.445 1.45E-01

Temperature (T)
Sep. intercepts 250.07 282 Intercept 0.772 5.44E-01
Sep. slopes 248.55 282 Slopes 1.208 3.07E-01
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Table 2.5 (Continued)

Model Deviance d.f. Test for F P

Depth (D)
Sep. intercepts 234.97 276 L50s 2.096 2.50E-02
Sep. slopes 230.33 276 Slopes 2.6937 3.65E-03

Bottom type (B)
Sep. intercepts 245.58 279 Intercept 1.173 3.18E-01
Sep. slopes 244.78 279 Slopes 1.308 2.47E-01

LENG.L+LENG.D 230.33 276

Depth (D)
Sep. intercepts and slopes 221.59 267 Intercept I Slopes 1.170 3.14E-01

Latitude (L)
Sep. intercepts 222.55 264 Intercept I Slopes 0.769 6.82E-01

Temperature (T)
Sep. intercepts 227.38 272 Intercept 0.882 4.75E-01
Sep. slopes 226.47 272 Slopes 1.159 3.29E-01

Bottom type (B)
Sep. intercepts 219.06 269 Intercept 1.977 5.84E-02
Sep. slopes 218.59 271 Slopes 2.911 1.41E-02

LENG.L+LENG.D+ 218.59 271
LENG.B

Bottom type (B)
Sep. intercepts 217.24 265 Intercept I Slopes 0.274 9.49E-01

Latitude (L)
Sep. intercepts 210.37 260 Intercept I Slopes 0.924 5.18E-01
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Table 2.5 (Continued)

Model

Depth (D)

Deviance d.f. Test for F P

Sep.intercepts 209.11 262 Inter. I Slopes 1.320 2.27E-01

Temperature (T)
Sep. intercepts 214.37 267 Intercept 1.314 2.65E-01
Sep. slopes 212.85 267 Slopes 1.800 1.29E-01

L*D
Separate slopes 217.07 269 Slopes 0.942 3.91E-01

L*B
Separate slopes 218.59 271 Slopes 0

D*B
Separate slopes 218.38 270 Slopes 0.260 6.11E-01

Regression through the origin

LENG.L+LENG.D+LENG.B 253.35 272 Intercept 43.094 2.65E-10

Length as a factor variable

LENG.L+LENG.D+LENG.B 148.08 198 Non-Linearity 1.292 8.49E-02
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Table 2.6. Parameter estimates and their standard errors for the selected model for
age versus length. The parameter estimates are based on length measurements in mm.
Lat(1) denotes the first temperature level in Table 2.2, and so on.

Parameter Estimate S.E.

Leng.Lat(1) 0.04051 0.00603
Leng.Lat(2) 0.04264 0.00685
Leng.Lat(3) 0.04176 0.00520
Leng.Lat(4) 0.03879 0.00608
Leng.Lat(5) 0.04420 0.00848
Leng.Lat(6) 0.04019 0.00478
Leng.Lat(7) 0.03719 0.00347
Leng.Lat(8) 0.04262 0.00442
Leng.Lat(9) 0.04034 0.00668
Leng.Lat(10) 0.03280 0.00323
Leng.Lat(11) 0.03584 0.00375
Leng.Lat(12) 0.03628 0.00436
Leng.Lat(13) 0.03681 0.00404
Leng.Dep(2) -0.0106 0.00431
Leng.Dep(3) -0.0056 0.00397
Leng.Dep(4) -0.0123 0.00401
Leng.Dep(5) -0.0111 0.00562
Leng.Dep(6) -0.0044 0.00318
Leng.Dep(7) -0.0047 0.00650
Leng.Dep(8) -0.0049 0.00629
Leng.Dep(9) -0.0012 0.00758
Leng.Dep(10) -0.0009 0.00504
Leng.Dep(11) -0.0056 0.00325
Leng.Bott(3) -0.0039 0.00348
Leng.Bott(4) 0.00539 0.00657
Leng.Bott(5) -0.0008 0.00618
Leng.Bott(6) 0.00306 0.00270
Leng.Bott(7) -0.0084 0.00480
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Figure 2.8. The effects of Latitude on the slope of the age versus length relationship.
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Figure 2.9. The effects of depth on the slope of the age versus length relationship.
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Figure 2.10. The effects of bottom type on the slope of the age versus length
relationship.
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Parameter estimates for this model and their standard errors are given in Table 2.6. The

model suggests that the growth rates for English sole off the U.S. west coast vary with

latitude, depth, and bottom type. In general, fish of a given length tend to be younger at

high latitudes (Figure 2.8), younger at shallow depths (Figure 2.9), and younger on certain

bottom types (Figure 2.10).

Discussion and Conclusion

The analyses of the samples of English soles collected during the 1995 NMFS bottom

trawl survey indicated considerable variation in both the maturity versus length

relationship and the age versus length relationship. As a consequence it is difficult to

develop a single predictive model for the maturity versus age relationship for English sole

off California, Oregon, and Washington. The 34 samples examined in this study may not

accurately represent the characteristics of the entire population of English sole. On the

assumption that the samples were representative, however, I estimated the maturity versus

length relationship for U.S. west coast English sole to have a length at 50% maturity of

23.3 cm with a slope coefficient of 0.597 /cm. I estimated the overall age versus length

relationship to have an intercept of -2.72 years with a slope parameter of 0.315 cm / year.

Combining these two relationships yields a logistic maturity versus age relationship with

an age at 50% maturity of 4.61 years and a slope coefficient of 1.89 /year.

The apparent discrepancy in the length at 50% maturity for English sole reported by

Sampson (1993) versus Harry (1956), 23 cm versus 30 cm, is much larger than the range

of L50% values estimated for the samples from the NMFS bottom trawl survey, which

ranged from a low of 20.2 cm for haul number 57 off central California to a high of 26.2

cm for haul number 251 off southern British Columbia. The value for L50% reported in
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Sampson (1993) is very similar to the values found in the current study, but the L50%

value indicated by the data reported in Harry (1956) is much larger than the values found

in the current study, which suggests that there may have been a significant change in the

maturity schedule for English sole since the early 1950s when the samples for Harry

(1956) were collected. It is not unusual for English sole to reach 50% maturity at a length

of 30 cm, as indicated in Harry (1956). Based on trawl survey samples from Hecate Strait

off British Columbia, Foucher et al. (1989) estimated the length at 50% maturity for

English sole to range from 33 to 35 cm.

Besides measuring the maturity schedule for English sole, Harry (1956) also examined

data on length at age. Based on otolith readings he reported that English sole would reach

a length of 30 cm, the length he found for 50% maturity, at three years of age. By

contrast, in the current study the analysis of age at length predicts that English sole would

not reach a length of 30 cm until more than six and a half years of age. Thus it appears

that English sole off Oregon are now reaching maturity at a much smaller size and a much

younger age than during the late 1940s, when Harry collected his samples.

Other researchers have also noted apparent shifts in recent maturity schedules of

flatfish off Oregon compared to information reported in Harry (1956). Based on

commercial fishery data from Oregon and Washington collected during 1986-1991,

Turnock et al. (1993) estimated the length at 50% maturity for female petrale sole

(Eopsetta jordani) to be 30.6 cm, whereas Harry (1956) presented information indicating

it to be about 40 cm. Hunter et al. (1992) reported the length at 50% maturity for female

Dover sole (Microstomus pacificus) to be 33.6 cm for fish collected off Oregon, but Harry

(1956) presented information indicating it to be about 38 cm. That similar shifts would

occur in three flatfish species may be a reflection of general changes in oceanographic

conditions. Ware and Thomson (1991) speculated that changes in upwelling and primary
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production during the first half of this century caused a five-fold decline in the biomass of

pelagic fish species of the California Current system.

Although histological examination is the recommended method for maturity

identification (Johnson and Casillas 1991, Hunter et al. 1992) I did not use it in this study

because of its greater time, labor, and money requirements. Hunter et al. (1992) argue that

for best results in measuring the maturity schedule the samples of fish should be

collected just prior to the spawning season. In this study the samples of English sole from

the NMFS trawl survey were collected during June to the beginning of September, while

the English sole spawning period in the waters off Oregon is generally between

September and April (Kruse and Tyler 1983). I found no references to indicate the time of

English sole spawning in the waters off California and Washington, but it is probably not

very different than off Oregon given the generally similar oceanographic conditions found

off all three states. In all of the fish I examined I saw few fish that I classified as being

spent. I did not see any fish that appeared to be in spawning condition with ripe and

running eggs in the ovaries.

There is little indication in the results from the current study of any major problems

with misclassifying immature fish as mature and mature fish as immature. If such

misclassification occurred to any significant extent, I would have found appreciable

numbers of small fish classified as mature and large fish classified as immature.

The apprent trend of growth (age at length) with latitude may be an artifact of how the

samples were collected. Sampling during the NMFS cruise began in the south in June and

finished in the north in September, thus fish in the extreme north had three more months

of growth than fish collected in the extreme south.
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The selected model for the maturity versus length relationship suggested that the size

at 50% maturity varied with bottom temperature. In terms of gonad maturation

temperature can work either as a limiting factor or as a trigger. Kruez et al (1982) found

that maturation in English sole was positively related to bottom water temperature,

whereas Kruse and Tyler (1983) reported that spawning would not occur until the bottom

water temperatures exceeded 8 °C, even if gonadal development had been completed. The

temperature data examined in this study were for isolated locations at points in time and

may not accurately reflected the temperatures experienced by the fish during the time

span required to reach maturity. Because water temperatures change over time, and

because the fish can move, it is difficult to establish the mechanisms that account for the

apparent relationship between maturation and temperature.

In this study bottom type was an important factor for both maturity and growth of

English sole. Beaker (1988) also found that growth and maturity of English sole were

correlated with bottom type characteristics. His study found that male and female English

sole tend to live on separate bottom types, because the sexes have different energetic

needs. In the current study, I found several hauls in which all the fish were mature, which

suggests that there may be spatial segregation between mature and immature fish, perhaps

because of differing energetic requirements. In general, when fish are patchily

distributed, it is very difficult to obtain biological samples that accurately reflect the

attributes of the entire population.
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MATURITY SCHEDULE
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Introduction

Most fish stocks experience large year to year variations in recruitment, which are due

either to changes in fishery removals or to changing environmental conditions. Because of

recruitment variability, as well as the large geographic range and inaccessibility of most fish

stocks, it is difficult to measure accurately the vital characteristics of any given stock,

particularly the stock's size and growth rate. Success in managing a fishery will depend in

large part on the stability of the stock or stocks supporting the fishery (Gulland 1983). Many

fisheries are managed using annual quotas that are designed to produce target fishing rates

that will provide a high yield without causing the stock to be overfished. These target

fishing rates may not be easy to measure with a high degree of accuracy.

Various methods have been used for calculating target fishing rates; each has advantages

and disadvantages. The goal of all these target fishing rates is to catch a reasonable amount

of fish from the stock but without causing any loss in the stock's long-term productivity.

The instantaneous rate of fishing mortality that produces the maximum average yield in the

long term is often described as FMSY (Clark 1991). FMSY depends very much on the

relationship between spawning stock size and the recruitment produced by this spawning

stock, the so-called spawner-recruit relationship (Beverton and Holt 1957, Ricker 1958).

For most fish stocks this relationship has proven to be very difficult to measure. If

recruitment is relatively independent of spawning stock, then the target fishing rate can be

based on a yield-per-recruit analysis (Beverton and Holt 1957). F is the fishing mortality

coefficient that produces maximum yield per recruit for a given fixed age-at-entry. Due to
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its independence from a spawner-recruit relationship, F. in many cases can be larger than

FMSY (Deriso 1982, Clark 1991). As an alternative to FMSY and F., Gulland and Boerma

(1973) proposed Fa 1, which is defined as the fishing mortality rate for which the slope of the

yield-per-recruit versus fishing mortality curve falls to 10% of its value at the origin. A

drawback of Fa 1 is that it can cause depletion of the spawning portion of the stock if the fish

recruit to the fishery before they attain maturity (Clark 1991, Pacific Fishery Management

Council 1994).

Clark (1991) proposed a target fishing rate that overcomes the problems of F. and Fo.1

and that behaves much better than those targets over a wide range of circumstances. Clark

used simulation models with life history parameters typical of groundfish species to

determine a target fishing rate that would result in yields close to the MSY level without

depleting the stock or threatening the spawning biomass. He found that 75% of the MSY

could be achieved if the equilibrium spawning biomass was maintained in the range of 20-

60% of the unfished level, and he concluded that in general it was appropriate to try and

maintain the spawning biomass at 35% of the unfished level. He defined F35% as the

instantaneous fishing mortality rate that reduces the spawning potential per female to 35%

of its virgin or unexploited level. The calculation of F35% depends on the age-specific

schedules for growth, maturity, and recruitment to the fishery.

The Pacific Fishery Management Council (PFMC) uses the F35% target fishing rate to

derive annual catch quotas for most of the groundfish stocks along the U.S. Pacific coast

(PFMC 1994). Many of the groundfish species on the in this region are long lived and F35%
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values are typically in the range of 0.1-0.3 per year. In a recent assessment of the stock of

English sole (Pleuronectes vetulus) off Oregon and Washington, Sampson (1993) estimated

the F35% value to be more than 2.0 per year. He attributed this very large F35% value to the

presence of unusually large numbers of small females that were mature but unfished. For

any given stock the value of F35% depends on the maturity schedule, which is often

estimated from a limited number of samples. An apparent shift in the maturity schedule in

the fish can cause a big shift in the estimated relationship between spawning biomass and

fishing mortality; and therefore in F35% (Figure 3.1) with a larger F35% level associated with

earlier maturation.

Sampson estimated a maturity schedule for female English sole based on data collected

from the commercial fishery by port agents from the Oregon Department of Fish and

Wildlife. He noted that there had been a large shift in the maturity schedule compared to

data reported in Harry (1956). Sampson estimated the length at 50% maturity for English

sole to be 23 cm, whereas the data reported by Harry indicated it to be 30 cm. Maturity is

not the only potential source of variability in calculations of F35%. Weight at age and

availability to the fishery are also important factors, as shown below. In this study, for

simplicity, I assumed that variability in the maturity schedule for English sole is the primary

source of variability in the F35% target fishing rate and I used Monte Carlo simulation

techniques to examine the relationship between uncertainty in the maturity schedule and

uncertainty in F35%. These do not appear to be any published investigations of the sensitivity

of the F35% target fishing rate to variability in the input parameters that determine F35%.
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Figure 3.1. F35% is the instantaneous rate of fishing mortality that reduces the spawning
potential to 35% of the unexploited level. It can be greatly influenced by the maturity
schedule.



55

Materials and Methods

Mathematical Model for Spawning Biomass and Fzm

The main independent variables involved in the calculation of F35% are the population

numbers at age, the maturity at age, and the weight at age. Each variable has its own set of

input parameters. For convenience the variables and parameters, and the symbols used to

denote them, are listed in Table 3.1.

The spawning biomass (sb) for each age group (a) was calculated as the product of the

population size (n) times the average weight (w) times the proportion mature (m) using

sba =no xwa x ma ,

The total spawning biomass was calculated by summing the spawning biomass component

for each age class. For a given instantaneous rate of fishing mortality (F), the spawning

biomass relative to an unexploited stock is given by the ratio of the exploited total

spawning biomass over the unexploited total spawning biomass. The F35% fishing rate

target is the value of F that reduces the relative spawning biomass to 35%.
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Table 3.1. Definition of Variables and Parameters.

a Age

ma Proportion mature at age.

na Population number at age.

w a Weight at age.

sb Spawning biomass.

M Instantaneous rate of natural mortality.

sa Selectivity coefficient, relative vulnerability to fishing.

F Instantaneous fishing mortality for fully vulnerable age classes.

A Age at 50% maturity.

B Slope coefficient for the logistic maturity schedule.

C Slope coefficient for logistic selectivity schedule.

D Age at 50% selection.

R Number of fish recruiting to the fishery.

K Growth rate coefficient.

Woo Average maximum weight.

cvA Coefficient of variation for parameter A, expressed as a percentage.

cvB Coefficient of variation for parameter B, expressed as a percentage.
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The population size at age was modeled as the following function of the instantaneous rate

of fishing mortality,

na+i = na x exp [ (M+Fxsa)1 ,

where M is the instantaneous rate of natural mortality and sa is the age specific selectivity

coefficient, which measures the relative vulnerability to fishing. Selectivity was modeled

as a logistic function of age,

=1/11+exp[ Cx(a--D)}} ,

where D is the age that experiences 50% vulnerability and C is a parameter that is equal to

four times the slope of the curve at the point (s = 50%, a = D). In the most recent stock

assessment for U.S. west coast English sole (Sampson 1993) the fishery selectivity curve

was dome-shaped rather than S-shaped because the older fish did not appear to be fully

vulnerable to the fishery. In this study I elected to use the simpler logistic model for

selectivity because older fish make a relatively small contribution to the spawning biomass.

For example, based on the demographic parameters used in Sampson (1993) an unexploited

cohort of English sole reaches its peak spawning biomass at around four years of age and

spawning biomass declines rapidly with age thereafter.
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Weight at age was modeled by a von Bertalanffy growth equation with weight proportional

to the cube of length ,

wa = Woo x { 1 exp ( Kxa)}3 ,

where K is the growth coefficient and Woo is the asymptotic weight .

The proportion mature at age was modeled as a logistic function ,

ma =1/11-Fexp([ Bx(aA)]1

where A represent the age at which 50% of the fish are mature and B is a parameter that is

equal to four times the slope of the curve at ( m = 50%, a = A).

The total spawning biomass is a function of the instantaneous rate of fishing mortality ,

sb ( F ) = [ (na (F)x wa xma )] .

a

The F35% target fishing rate satisfies the following equations,

sb( F35% ) = 0.35 x sb ( 0)
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[Rxexp[(M+F355, xsa )xci]x Woox {1 exp( Kxa) }3 xma }

= 0.35 xE {Rxexp(Mxa)xlVeox[1exp(Kxa)]3 xma }
a

The parameters R and Woo cancel from each side to leave

{ exp [ ( M + F35% X Sa ) X a ] x [1 exp(K x a)]3 x ma 1

= 0.35 xIi{ exp(Mxa) x [1exp(Kxa)]3 xma }
a

Because F35% occurs in the summation of several exponential terms, it is impossible to

solve the above equation directly for F35%. However, F35% can be determined using

numerical techniques, given values for the parameters (M, A, B, C, D, K).

Variability in any of these input parameters will propagate into variability in F35% . The

focus of this study was the relationship between variability in F35% and variability in the

maturity schedule, which is controlled by the parameters A and B.

Monte Carlo Experimental Design

Monte Carlo procedures were used to examine the influence on F35% of variability in the

maturity parameters (A, B). Monte Carlo methods are general techniques for analyzing the

statistical properties of functions of random variables (Rubinstein 1981).
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For each of the parameters involved in the calculation of F35% (M, A, B, C, D, K) a

range of values was chosen that would likely encompass ones that would apply to the

English sole fishery off Oregon and Washington. For example, Sampson (1993) used a

value of 0.24 per year for the growth parameter (K) for this stock and I tried these values for

K: 0.02, 0.25, 0.30 per year (Table 2). Parameters M, C, D, and K were treated as fixed

(non-random), but parameters A and B were random variables, each with three levels of

relative variability (coefficients of variation). Parameter A, which represents the age at 50%

maturity, had five levels of expected values, parameter B, which controls the slope of the

maturity schedule, had three levels of expected values, and the remaining parameters each

had three levels. In the Monte Carlo experiment I examined the influence of eight factors

with a total of 10,935 different combinations (Table 3.2).

For each of the combinations of factors I generated 100 pairs of normally distributed

random values for the maturity parameters A and B, and then calculated the 100

corresponding values for F35% . The values for A and B were generated independently of

each other. To summarize the data for each experimental treatment I calculated the average

and coefficient of variation of the 100 values for F35%. The coefficients of variation were

expressed as percentages rather than fractions.

Because negative values for either A or B would not be realistic on biological grounds,

any negative values that appeared during the generation process were discarded and

replacement values were produced. The tail area of the normal distribution is roughly
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proportional to the standard deviation (Neter et al. 1989), hence negative values for A and B

were observed mostly when one or both coefficients of variation (cvA, cvB) were large

(50%). However, the total number of negative numbers that were regenerated to positive

values was negligible ; less than 1%.

Data Analysis

Stepwise linear regression techniques were used to find relatively simple combinations

of factors that would account for most of the variability in the independent variables; the

average F35% (denoted simply as F35 %) and coefficient variation for F35% (denoted as cvF35%

). However, preliminary examination of the F35% and cvF35% data indicated that they were

not normally distributed as assumed in standard linear regression. As a consequence, the

F35% and cvF35% data were transformed prior to the linear regression analyses. Routines

from the Statistical Analysis System (SAS 1989) were used to analyze the data.

Model Selection

Forward stepwise selection procedures (Ramsey and Schafer In Press) were used to

determine the sequence of models of increasing complexity that, for a given degree of

complexity best accounted for the variability in each of the dependent variables. The

complexity of a model was measured by the coefficient of determination (R2). Initially the

eight factors were treated as continuous variables. At the first step of the selection process

the factor that produced the largest R2 value was selected. At the second step of the process

each of the remaining seven factors, plus the square of the factor selected at the first step,
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Table 3.2. Experimental design.

Variables Levels Values

A 5 1 2 3 4 5

cvA 3 10% 25% 50%

B 3 0.5 1 2

cvB 3 10% 25% 50%

K 3 0.2 0.25 0.3

C 3 0.5 1 2

D 3 3 5 7

M 3 0.2 0.25 0.3

were added to the model and the new factor (or quadratic term) that produced the largest

increase in R2 was selected. Interactions between two factors were not added to the model at

later steps unless both factors were already in the model as main effects. This process

continued until overall R2 values of at least 90% were obtained.

After the last step of the selection process I reanalyzed the data with the factors treated as

discrete variables rather than as continuous variables, thereby relaxing the assumption that

the dependent variables were linear functions of the independent variables. The difference

in R2 values between a model with continuous variables versus the same model with class
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variables is a measure of the nonlinearity in the relationship between the dependent and

independent variables.

To explore more fully the relationship between model complexity and explanatory

power, models were also fitted to the two independent variables containing all eight of

the basic independent variables. I then added all pairwise interactions of the basic

variables, and then added quadratic terms for all the basic variables (Table 3.3). I also

reanalyzed these same sets of models with the independent variables treated as discrete

variables.

Results

In 320 of the 10,935 experimental treatments (2.9%) the coefficient of variation for

F35% was greater than 50%, which was the largest level of relative variability for A and

B considered in the experiment (cvA, cvB). These unusually variable cases were almost

always associated with the largest level for the age at 50% selection (D) and the largest

slope coefficient for the logistic selection curve (C); they were usually, but not always

associated with the largest level of the age at 50% maturity (A) and the two largest levels

of relative variability in the age at 50% maturity. In general, larger values of F35% had

larger relative variability, but the linear correlation of F35% and cvF35% was only 0.261,

indicating that most of the variability in the values of cvF35% could not be accounted for
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byvariation in F35%.

The raw data for F35% and cvF35% were highly skewed to the right (Figure 3.2a and 3.3a).

When the data were transformed using the natural logarithm function, the transformed data

for cvF35% became symmetrically distributed (Figure 3.3b), but the transformed data for

F35% remained skewed to the right. The reciprocal transformation produced transformed

values for F35% that appeared to be more symmetrically distributed (Figure 3.2b) although

they were somewhat skewed to the left. For the linear regression analyses I decided to use

the logarithmic transformed values of cvF35% and the reciprocal transformed values of F35%.

Relatively few parameters and independent variables were needed to explain the variability

in the reciprocal transformed values of F35% (Table 3.4). With the independent variables as

continuous variables, a simple linear model with four terms (one for each of the factors D,

A, M, K) explained almost 90% of the variability. By contrast it took a model with 9 terms

to account for the same amount of variability in the logarithmic transformed values of

cvF35% . In general, much morecomplicated models were required to account for variability

in the F35% data than to account for the variability in the cvF35% data. For both independent

variables the first two factors to enter during the forward stepwise model building were D

and A, which are the parameters controlling the ages at 50% selection and 50% maturity.



Table 3.3. Summary of results from the regression models with all the basic
variables.

Indep. Variables Treated as: Continuous Discrete

Dep. Variables 1 / F35% log (cvF35 %)
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1 / F35% log (cvF35 %)

d.f. R2 R2 d.f. R2 R2

Basic terms 8 0.90 0.86 18 0.93 0.89

+ 2 Level inter. 36 0.96 0.93 158 0.99 0.98

+ Quadratic terms 44 0.98 0.96

When I fitted models to (1/F35%) and log (cvF35%) in which all of the eight basic

dependent variables were included, the pattern of results was similar to the pattern in the

stepwise analyses. For a given level of model complexity the model for F35% had greater

predictive power than the model for cvF35%. Also, there were small differences in R2

values dependent variables were not highly nonlinear functions of the basic independent

variables.
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Figure 3.2a. Average values of F35% obtained from 100 Monte Carlo replicates in each of
10,935 experimental treatments.
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In the forward stepwise regression analysis the following model was found to be the

simplest combination of the independent variables that would account for at least 90% of

the variability in the reciprocal transformed values of F35%:

(1/F35% )=-11+0A xA+13D xD +13,, xM+PIK xK+13D, xD2 +e ,

where .t is the intercept, the coefficients (pA, PD, (3D2) are estimated parameter values

(Table 3.5) associated with each of the independent variables, the independent variables

were treated as continuous, and e is approximately distributed as a normal random variate

with a mean of zero and a variance of 0.2505. When the independent variables in the above

model were treated as discrete (class) variables, the R2 value increased by only 0.002, which

indicates that the dependent variable (1 / F35%) was essentially a linear function of the

independent variables A, M, and K and a quadratic function of D.

The following model was found to be the simplest combination of the independent

variables that would account for at least 90% of the variability in the logarithmic

transformed values of cvF35% :

Log (cvF35% ) = + 13 A x A + f3D x D + 13A x cvA +pm xM+pcxC+ 13 p.c. X D*C

+PKx1C+PcvBxcvB+13A2 x A2 +13 xf3+E
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where .t is the intercept, the coefficients (13A, 13n, .... fiB) are estimated parameter values

(Table

3.5) associated with each of the independent variables, the independent variables were

treated as continuous, and c is approximately distributed as normal random variables with a

mean of zero and a variance of 0.0992 . When the independent variables in the above

model were treated as discrete variables, the R2 value increased by 0.021 (Table 3.4), which

indicates that the dependent variable (log [cvF35%]) was essentially a linear function of the

independent variables, although the departure from linearity was ten times greater than the

departure observed in the model for F35%.

The studentized residuals for the two selected models (Figures 3.4, 3.5) generally

conformed to the pattern that one would expect to see if the underlying random errors in the

models (the £ values) were in fact normally distributed. These were some unusual patterns,

however, particularly for small predicted values of (1/F35%) (Figure 3.4). The large positive

residuals for small predicted values of (1/ F35%) were generally associated with

experimental combinations in which the age at 50% selection (D) was equal to 7 (its

largest value) and the slope coefficient (C) was equal to 0.5 (its smallest value). The

larger negative residuals for small predicted values of (1/F35%) were also generally

associated with combinations in which D was equal to 7, but in this case C was equal to

2, its largest value. The model for(l/F35%) is not very accurate when the age at 50%

selection is large and the slope coefficient is either very small or very large.
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Table 3.4. Summary of results from the forward stepwise regression analyses.

Indep. Variables

Dependent variable: (1 / F35%)

Continuous

Discrete

R2

D 0.639 1

D A 0.766 2
DAM 0.857 3
DAMK 0.899 4
DAMKD2 0.920 5

DAMK 0.922 10

Dependent variable: log (cvF35%)

Continuous A 0.337 1

A D 0.566 2
A D cvA 0.740 3
ADcvAM 0.776 4
ADcvAMC 0.805 5
A D cvA M C D*C 0.846 6
ADcvAMCD*CK 0.867 7
ADcvAMCD*CKcvB 0.888 8
ADcvAMCD*CKcvB A2 0.899 9
ADcvAMCD*CKcvBA2B 0.909 10

Discrete A D cvA M C D*C K cvB B 0.930 22
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Table 3.5. Estimates and standard errors for the selected models for F35% and the

coefficient of variation in F35% (CVF35%)

Variable

Dep. Variable: (1 / F35%)
Intercept

PA

PD

PM

13K

PD2

Dep. Variable: log (cvF35%)
Intercept

PA

PD

13cvA

PM

Pc

PD*C

I3K

PcvB

PA2

13B

Estimate Standard error

10.154 0.073

0.444 0.003

0.493 0.0256

-13.045 0.117

-8.79 0.117

0.1357 0.0025

-3.816 0.037

0.8223 0.011

0.0634 0.004

2.649 0.018

4.803 0.074

-0.751 0.016

0.208 0.003

3.68 0.074

0.907 0.018

-0.066 0.002

0.174 0.005
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Figure 3.4. Random sample of 30% of the standardized residuals from the regression model
for (1/F35%) with independent variables A, D, M, K, and D2.
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Figure 3.5. Random sample of 30% of the standardized residuals from the regression model
for log (cvF35%) with independent variables A, D, cvA, M, C, D*C, K, cvB, A2, and B.
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Discussion and Conclusion

In the forward stepwise analyses all of the explanatory variables entering the model for

the average F35% also appeared in the model for the coefficient of variation in F35%

(cvF35 %). but additional variables were required to account for the much greater

variability in the cvF35% data. In both analyses the most powerful explanatory variables

were the age at 50% maturity (A) and the age at 50% selection (D). Clark (1991) also

found that the age at 50% maturity and selection were important determinants of F35%. He

showed that F35% would be large if recruitment was delayed relative to maturation

because the fish would then be given time to spawn before experiencing fishing mortality.

However, if maturation occured after recruitment, the fish would experience elevated

mortality prior to first spawning so that F35% would be small.

In the model for (1/ F35%) the first variable to enter was the age at 50% selection,

which alone accounted for 63% of the variability in (1/F35%), and the second variable to

enter the model was the age at 50% maturity, which accounted for 13% of the variability

in the data. There was a substantial decrease in the predictive power associated with the

variables entering the model after the first two. Four of the eight primary explanatory

variables never entered the model. Neither the slope coefficient for the logistic selectivity

schedule (C) nor the slope coefficient for the logistic maturity schedule (B) had much

influence on the value of F35%. Also, the relative variability in the maturity schedule

parameters (cvA and cvB) had little influence which suggests that F35% is essentially a

linear function of the maturity parameters A and B.
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In the model for log (cvF35%) all of the eight basic explanatory variables appeared in

the model in addition to an interaction term (C*D) and a quadratic term (A2) . The first

explanatory variable to enter the model was the age at 50% maturity (A) which alone

accounted for 34% of the variability in the log (cvF35%) data, and the second variable to

enter the model was the age at 50% selection, which accounted for 23% of the variability

in the data. In contrast to the model for F35%, the relative variability in the age at 50%

maturity (cvA) had moderate influence on the value of cvF35%. The relative variability in

the coefficient for the maturity schedule (cvB) had only minor influence on cvF35%

however.

In the Monte Carlo experiments the random values for A and B were chosen

independently of one another, that is, they were uncorrelated. In general, estimates of A

and B would be derived from the same data and would tend to be correlated. Given that

the selected model for F35% did not contain terms for B, cvA, or cvB, it seems likely that

correlation between A and B would have little effect on this model. In the selected model

for cvF35%, the terms for B and cvB were of relatively minor importance, so that

correlation between A and B would probably not have much effect on this model either.

For the F35% target fishing rate to be an effective tool in fisheries management it

should be robust to measurement errors in the data from which it is derived. For

example, if measurement errors in the maturity schedule are amplified during the

calculation of F35%, then catch quotas subsequently derived using an inaccurate F35% value

might be so large that they would jeopardize the spawning potential of the fish stock, or



76

they might be unnecessarily small and cause economic hardship to the fishermen. In the

Monte Carlo experiments the coefficients of variation in F35% were generally smaller than

the coefficients of variation in the maturity schedule parameters but there were instances

in which the relative variation in the maturity parameters was greatly amplified. For

example, 50% relative variability in A and B produced 179% relative variation in F35% for

one of the experimental treatments observed in this study. It seems unlikely for this

particular case that F35% would be an effective target for management. Before fishery

managers routinely accept estimates of F35%, the estimates should be critically evaluated

to establish that they are not overly sensitive to measurement errors.

References

Beverton, R.J.H. and Holt, S.J. 1957. On the dynamics of exploited fish populations.
U.K. Minist. Agric. Fish. Fish. Invest. (Ser.2) 19:533 p.

Clark, W.G. 1991. Groundfish exploitation rates based on life history parameters Can. J.
Fish. Aquat. Sci. 48:734-750.

Deriso, R.B. 1982. Relationship of fishing mortality to natural mortality and growth at
level of Maximum Sustainable yield. Can. J. Fish.Aquat. Sci. 1982 39(7): 1054-
1058.

Gulland, J.A and Boerma, L. K. 1972. Scientific advice on catch levels. Fish. Bull., 71
(2), 1973.

Gulland, J.A. 1983. Fish Stock Assessment: A Manual of Basic Methods. FAO/Wiley.

Harry, G. 1956. Analysis and history of the Oregon otter-trawl fishery. Ph.D Thesis,
University of Washington, Seattle. 328 pp.

Neter, J.W. and Kutner, M.H. 1989. Applied Linear Regression Models, 2nd edition.
Richard D. Irwin, Inc., Boston. 667 p.



77

Pacific Fishery Management Council, 1994. Status of the Pacific coast groundfish fishery
through 1994 and recommended acceptable biological catches for 1995. 2130 SW
Fifth Avenue, Suit 224 Portland, OR 97201.

Ramsey, F.L., and Schafer, D.W., In Press. The Statistical Sleuth. Duxbury Press, North
Scituate, Massachusetts.

Ricker, W.E. (1958). Maximum sustained yields from fluctuating environments and
mixed stocks, J. Fish. Res. Bd. Can., 15:991-1006.

Rubinstein, R.Y. 1981. Simulation and the Monte Carlo Method. Wiley, New York.

Sampson, D.B. 1993. Assessment of the English sole stock off Oregon and Washington
in 1992; Appendix H. In Pacific Fishery Management Council, Status of the
Pacific Coast Groundfish Fishery through 1993 and Recommended Biological
Catches for 1994: Stock assessment and Fishery Evaluation. Pacific Fishery
Management Council, 2000 SW First Avenue, Suite 420, Portland.

SAS 1989. SAS/STAT User Guide: Release 6.09 Edition. SAS Institute Inc., Cary, NC,
USA.



78

Chapter 4

Summary and Recommendations

The objectives of Chapter 2 of this thesis were to determine the maturity versus age

relationship for English sole (Pleuronectes vetulus) and to resolve the apparent discrepancy

between the maturity versus length relationships reported for English sole by Sampson

(1993) and Harry (1956).

Logistic regression analyses of data from samples of English sole collected during a

1995 bottom trawl survey found that maturity variation among the English sole samples was

related to bottom type, latitude, and depth. These factors affected both the slope of the

maturity versus length relationship as well as the logistic intercept. Bottom temperature also

affected the logistic intercept. A linear regression analysis of age and length data from

subsamples of the trawl survey samples found that depth, bottom type, and latitude were

significant explanatory variables for the age versus age relationship. The high degree of

variability among the samples indicated that English sole are patchily distributed with

regard to their maturity status and their size at age, which implies that it will be difficult to

accurately measure the maturity and growth schedules for English sole.
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Based on 34 trawl survey samples collected from off central California to the southern

portion of Vancouver Island, the following formula was estimated for the relationship

between the proportion mature (P) and length,

In ( 1 ) = 13.88 + 05965 x Length (cm) ,

with standard errors of 1.130 and 0.0468 for the intercept and the slope parameter estimates

respectively. The age versus length relationship for these same samples was estimated to be

Age (years) = 2.717 + 0.3149 x Length (cm) ,

with standard errors of 0.4203 and 0.01715 for the intercept and the slope parameter

estimates respectively.

Sampson (1993) and the current study had very similar estimates for the length at 50%

maturity (about 23 cm), but they had very different estimates for the age at 50% maturity.

Sampson (1993) estimated the age at 50% maturity to be 1.1 years, while the current study

estimated it to be 4.6 years. The samples on which Sampson based his maturity schedules

were collected from the commercial fishery and contained few immature fish and very few

small fish. Because the commercial fishers discard small English sole. It is likely that the

commercial samples of English sole analyzed by Sampson contained faster growing

individuals and that older fish were underrepresented in the small size classes.
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The length at 50% maturity indicated in Harry (1956) (30 cm) was much larger than the

value (23 cm) estimated in Sampson (1993) and in the current study. The discrepancy is

much larger than one would expect to see due to random sampling error, despite the large

sample to sample variation observed in the current study. It appears that English sole now

are reaching maturity at a much smaller size and much younger age than they were when

Harry conducted his study.

Fishery scientists must be very careful when sampling fish to determine maturity

schedules, especially if they are to be used in the calculation of target fishing rates such as

F35%. Biased estimates of the age at 50% maturity will lead to biased estimates of F35% and

therefore bias in the estimation of catch quotas. Furthermore, if measurement errors in the

maturity schedule parameters are amplified during the calculation of F35%, then catch quotas

subsequently derived using inaccurate F35% values might be so large that they would

jeopardize the spawning potential of the fish stock, or they might be unnecessarily

restrictive and cause economic hardship to the fishers.

The objective of Chapter 3 of this thesis was to examine how variability in the maturity

schedule for English sole is transformed into variability in estimated values for F35%. Monte

Carlo techniques were used to generate estimates of the average F35% and the coefficient of

variation in F35% , given random values for the parameters that specify logistic maturity

schedule. A factorial experiment design was used with 10,935 combinations of eight

factors. Foward stepwise regression techniques were then applied to the simulated data to
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determine the importance of the different factors with respect to their ability to account for

variability in the average F35% values and the coefficents of variation in F35%.

The model selected for the reciprocal transformation of F35% , which accounted for 90%

of the variability in 1/ F35% , included terms for the ages at 50% selection and maturity, and

for the natural mortality and growth coefficients. The model selected for the logarithmic

transformation of the coefficient of variation in F35%, which accounted for 90% of the

variability in log(cvF35% ), included terms for the ages at 50% selection and maturity, for the

coefficients of variation in both maturity parameters, and for the natural mortality and

growth coefficients and the slope coefficients for the logistic selection and maturity

schedules.

The average values of F35% and the coefficient of variation in F35% were found to be very

large for some combinations of factors, particularly with large values for the age at 50%

selection and the slope of the selection versus age relationship. In the forward stepwise

procedures the two most important variables appeared to be the age at 50% selection and

the age at 50% maturity. Relative variability in the age at 50% maturity was also found to

have a strong influence on the coefficient of variation in F35% . This suggests that one

should be especially careful when measuring the maturity versus age relationship.
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