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ABSTRACT

Bureau D., W. Hajas, C.M. Hand and G. Dovey. 2003. Age, size structure and growth
parameters of geoducks (Panopea abrupta, Conrad 1849) from seven locations in British
Columbia sampled in 2001 and 2002. Can. Tech. Rep. Fish. Aquat. Sci. 2494: 29 p.

Geoducks samples were collected from seven locations in British Columbia in 2001 and
2002. Total weight, shell length and shell weight were measured and shells were aged.
Summary statistics, age frequency distributions and growth curves are presented for each sample
location. Relationships for shell length/age, total weight/shell length, total weight/age and shell
weight/age were calculated for all samples.

Age frequency distributions showed strong recruitment events between 1992 and 1994.
Results of growth models indicated fast growth in the first 10 to 20 years of life, followed by a
long period with virtually no growth, except for a slow thickening of the shell with age. Growth
rates and maximum size attained by geoduck populations varied between sample locations.

RESUME

Bureau D., W. Hajas, C.M. Hand and G. Dovey. 2003. Age, size structure and growth
parameters of geoducks (Panopea abrupta, Conrad 1849) from seven locations in British
Columbia sampled in 2001 and 2002. Can. Tech. Rep. Fish. Aquat. Sci. 2494: 29 p.

Nous avons prélevé en 2001 et 2002 des échantillons de panopes a sept stations en
Colombie-Britannique. Nous avons mesuré le poids total, 1a longueur de la coquille et son poids,
et nous avons déterminé 1’age des coquilles. Pour chaque station d’échantillonnage, nous
présentons des statistiques sommaires, les distributions des fréquences d’age et les courbes de
croissance. Nous avons calculé pour tous les échantillons les relations longueur de la
coquille/age, poids total/longueur de la coquille, poids total/age et poids de la coquille/age.

Les distributions des fréquences d’age font ressortir des €pisodes de fort recrutement
entre 1992 et 1994. Les résultats des modeles de croissance révelent une croissance rapide
pendant les 10 a 20 premiéres années de la vie, suivie par une longue période de croissance
pratiquement nulle, a part un lent épaississement de la coquille avec le temps. Les taux de
croissance et la taille maximale atteinte par les populations de panopes variaient d’une station
d’échantillonnage a I’autre.



INTRODUCTION

Geoducks (Panopea abrupta, Conrad 1849) are large bivalves found in soft substrates in
depths ranging from the intertidal zone to greater than 100 m (Jamison et al. 1984). They range
from Alaska to the Gulf of California in the Northeast Pacific (Quayle 1960, Coan et al. 2000).
A dive fishery for geoducks started in British Columbia (BC) in 1976 and has grown to be the
most valuable fishery for any species in the province, with a value of $43.8 million in 2001.
Harvest by dive is focused in beds between 3 - 20 m depth, and harvesters prefer to fish
populations in substrate mixtures of sand and crushed shell over combinations of shell fragments
and gravel.

The geoduck fishery is managed on a precautionary, sustainable yield basis with annual
harvest quotas calculated as one percent of the estimated virgin biomass (Hand and Bureau
2000). The one percent exploitation rate is within the range of 0.75% to 2% suggested by age-
structured yield modelling (Breen 1982). Values of input parameters for mortality and
recruitment were estimated from a limited number of biological samples that were collected from
Southern coastal areas (Breen and Shields 1983), where early harvesting was concentrated.
Since the early 1980’s, the proportion of the coast-wide geoduck harvest that occurs in the North
Coast has steadily increased. Several authors stressed the importance of collecting biological
samples over a broader geographical range in order to provide estimates of growth, mortality and
recruitment rates in all areas fished and thus address uncertainties in stock assessment (Harbo ez
al. 1983, Campbell and Rajwani 1998, Orensanz et al. 2000, Bradbury and Tagart 2000). A
broad-scale geoduck sampling and ageing program was initiated in BC in 1993, and is ongoing.
Bureau et al. (2002) reported on age, size structure and growth parameters of geoducks from 34
locations throughout the BC coast that were sampled between 1993 and 2000. Orensanz et al. (in
prep) reviewed recent recruitment trends in BC geoduck populations from the published
literature.

The present manuscript is a sequel of the report by Bureau et al. (2002) and reports on
new biological data obtained in 2001 and 2002. Age and size distributions and growth
parameters of geoducks from seven locations in BC are presented. In 2001 and 2002, three
samples were collected from the West Coast of Vancouver Island, three from the Inside Waters
and one from the Queen Charlotte Islands.

Further analyses of the samples collected from un-harvested geoduck beds will lead to
new estimates of natural mortality rate. Additional analyses of all sample data will be conducted
to investigate the effects of geoduck density, fishing history and habitat characteristics (current,
exposure and substrate) on growth and recruitment rates of geoducks. Results of these
investigations will be published in future documents.

METHODS
Field and laboratory methods used in this study were identical to those used in Bureau e?

al. (2002) and are only summarized here. Analytical methods and growth models used were also
identical to Bureau et al. (2002) and are detailed below.



SURVEY SITES AND FIELD METHODS

Biological samples were collected at seven locations along the coast of BC in 2001-2002
(Figure 1, Appendix 1). Survey sites included a variety of fishing histories and management
histories (Table 1) (Hand et al. 1998a, 1998b, 1998c¢; Harbo et al. 1992, 1993, 1995). The
sample from South Round Island was collected from an un-surveyed virgin bed while the others
were collected during biomass surveys on previously harvested beds.

Surveys conducted in 2001 and 2002 used a stratified random design, where geoduck
beds were treated as strata and transects were randomly placed within them. Survey locations
were based on harvest log maps, submitted by harvesters, that identified locations of commercial
harvest. In 2002, substrate mapping, using QTC-View, an acoustical remote-sensing tool, was
used before the surveys to help define the extent of beds. Transects were assigned by
Department of Fisheries and Oceans (DFO) personnel onto charts a priori, in order to reduce
possible bias that might be encountered under field conditions. Secondary sampling units on
transects consisted of 2x5 m quadrats surveyed systematically along the transects. Information
collected at each quadrat included the number of geoducks observed, depth, substrate type, and
dominant algal species. Field survey methods are described in detail in Hand and Dovey (1999,
2000) and Dovey and Hand (in prep).

Biological samples were generally collected on the last day of each survey. The South
Round Island sample location was not surveyed for density. The sample from Rolling Roadstead
was collected in 2002 but the area was surveyed in 2001. Approximately 150 clams were
collected at each of three sub-sample sites within each survey area, for a total of 450 clams
collected per survey. Experienced commercial geoduck harvesters collected all samples. In
2001-2002, the majority of sampling locations were selected by randomly choosing from eligible
surveyed transects. A transect was considered eligible if it contained a 100m section with
enough geoducks to comprise a sub-sample. At each sample location, divers attempted to
sample the entire depth range surveyed and to sample non-selectively from the entire size range
of geoducks. Geoducks less than 3 to 4 years old are likely under-represented in the samples
because their small siphon shows are hard to detect. Extremely small geoducks that are
associated with adults often pop up when the adult is harvested, and these are collected. Divers
used standard geoduck commercial fishing gear, i.e., surface supplied air (hookah) and a
“stinger” (high-pressure water jet), to harvest the geoducks. The sampled geoducks were placed
into dive bags (juveniles kept in a separate small bag), brought to the surface, and tagged. The
tagging technique involved drying the shells with a jet of air and gluing a plastic tag with a
unique identification number using cyanoacrylate gel glue. Samples were then transported live
to licensed processing plants.



LABORATORY MEASUREMENTS

Morphometric Measurements

After the geoduck samples arrived at the processing plant, morphometric measurements
were obtained by staff of Archipelago Marine Research Ltd. Draining time prior to weighing
varied from several hours to two days, depending on shipping time from the harvest location.
Total wet weight was obtained and shell length and width were measured using callipers while
the animal was still in the shell. The geoducks were processed for body meat and the empty
shells sent to the Pacific Biological Station for further processing. Shells were cleaned, dried,

“weighed and separated into individual valves prior to being measured again for length and width
using callipers. Where a significant portion of a shell was broken, the shell weight was obtained
by multiplying the weight of the intact valve by two. In cases where both shells were broken, the
shell weight was not recorded. Shell length and width measured at the Pacific Biological Station
were used for the analyses conducted in this paper.

Shell Ageing

Geoduck ageing was conducted using a validated technique, following methods presented
in Shaul and Goodwin (1982). The left valve of each geoduck was cut through the umbo using a
water-cooled diamond blade rotary saw. If the left valve was damaged or lost, the right valve
was used. The cut surfaces were dry polished using 400 and 600-grit wet/dry diamond
sandpaper mounted on rotating disks. The polished surface was then etched by applying a few
drops of 1% hydrochloric acid solution for approximately one minute to reveal the annular rings,
after which it was rinsed with distilled water. A peel of the etched surface was then made by
applying a few drops of acetone and taking an impression of the annular rings on acetyl cellulose
film (acetate). Each peel was then projected through a microscope and the number of annual
growth rings counted and recorded. Shell preparation and age validation procedures are
discussed in greater detail in Shaul and Goodwin (1982) and Noakes and Campbell (1992).

ANALYTICAL METHODS

Shell Length - Age Relationship

The relationship between geoduck shell length and age was described using the von
Bertalanffy, or LVB, growth model (von Bertalanffy 1938, in Quinn and Deriso 1999) (Equation
1).

Lity=L [1-e "™+ ¢ Equation 1

Where:

e Lislength at age ¢

¢ L, is the mean length of very old geoducks

e Kkis a shape constant (Brody growth parameter)



® {pis a phase-variable
e £ ~N(0,0,%) is a normal variate

Initially, values for the independent parameters of Equation 1 were fitted simultaneously
using maximum likelihood methods (Bain and Engelhardt 1991). For samples with many young
geoducks, the fitted value of #) was between —1 and +1. However, in samples where there were
few young geoducks, the fitted-values of 7, were too large (positive or negative) to be credible.
The parameter #y was therefore set to zero for all the samples data sets, in order to fit the curves
through the origin, and L, xand o estimated again.

Total Weight — Shell Length Relationship

An allometric growth model (Equation 2) (Quinn and Deriso 1999) was used to describe
the relationship between total weight and shell length:

W=alf* e Equation 2

Where:

W is the total weight of a geoduck
L is the shell length of a geoduck
« and B are parameters

£, ~N(Q, 0'22) is a normal variate

By taking the natural log of Equation 2, the linear relationship was:
log(W) = log(a) + £ *log(L) + &, Equation 3

Originally & and f were estimated as independent variables. However, Bureau et al.

(2002) observed a consistent relationship between the estimated values of «and £ (Figure 2),
which was described by:

log(f) = 0.5140-0.07231* log() Equation 4

The values of «and £ obtained from 2001-2002 data fit the relationship described by
Bureau et al. (2002) (Figure 2). Therefore, for consistency and more comparable results, the
same relationship between a and £ (Equation 4) was used in analyses of 2001-2002 data.

Since f# was a function of &, Equations 3 and 4 were combined to give a weight-length
relationship with one less site-specific parameter value to estimate. For each sample data set,
maximum likelihood methods were used to simultaneously estimate values for czand o
Equation 2 indicates that, for a given length, the weight was assigned a lognormal distribution,
therefore the estimated mean weight was larger than the weight that would be estimated if



variability was ignored (& = 0). Both upper and lower 95% confidence bounds were determined
for the fitted total weight - shell length data.

Total Weight - Age Relationship

Combining the equations for the shell length — age relationship (Equation 1) and the total

weight — shell length relationship (Equation 2), the equation for the total weight-age relationship
was:

W = * (Loo * (1 - e—K(t-tO)) + 81)'8 * 682 Equation 5

e £ ~N(0,0,%) is a normal variate

e £, ~N(0,0,%) is anormal variate

As mentioned previously, 7, was set to zero and £ was treated as a function of a.
Maximum likelihood estimates were used to simultaneously estimate five model parameters.
-Two of the model parameters, 0; and &3, were used to describe variability.

Mean weight for a given age was calculated from 10,000 combinations of & and &,
representing equally probable ranges of values. First, 100 values of both & and & were
generated corresponding to cumulative probabilities of 0.005, 0.015, 0.025,... 0.995. A value of
W was then calculated for each of the 10,000 combinations of & and &,. The mean value of w
approximates the average of the 10,000 values.

Bootstrapping was used to produce 95% confidence bounds for the mean weight. The
10,000 weight estimates were re-sampled with replacement 1,000 times and the mean calculated
for each re-sample. Each re-sample was of size N, the size of the original sample over which the

parameters were being estimated. The 0.025 and 0.975 quantiles of the resample-means were
used as 95% confidence bounds.

Shell Weight - Age Relationship

As in Bureau et al. (2002), an allometric model was chosen to describe the shell weight —
age relationship:

)
SW = y(Age * g% Equation 6
Where:
SW is the shell weight of a geoduck

Age is the age of a geoduck
yand & are parameters

e & ~N(0,0,") is anormal variate



By taking the natural log of Equation 6, the linear relationship was:
log(SW) =log(y) + J * log(Age) + ¢, Equation 7

The allometric model offered a good fit to the data as the model kept increasing with age
and did not reach an asymptote over the domain of the data. Bootstrapping was used to estimate
confidence bounds of the parameters.

RESULTS

AGE

A total of 3,059 geoducks could be aged out of the 3,082 collected in 2001-2002,
representing a 0.75% loss. Losses were attributable to shell breakage during transport and/or
processing, or to the loss of identification tags from the shells.

The oldest recorded age in the 2001-2002 samples was 145 years (Table 2) at Parry Pass
in the Queen Charlotte Islands while the youngest was 2 years at S Round Island. Mean age
ranged between 19.6 at Marina Island and 54.0 at NE Barkley Sound.

Age frequency distributions showed prominent modes of younger age-classes in all
samples except Parry Pass (Figure 3). Four out of the seven samples contained more than 50%
of clams <20 years old (Table 3). Only two samples had fewer than 11% geoducks <20 years
old: Parry Pass and NE Barkley Sound. The proportion of geoducks >100 years old was less
than 5% for all samples.

WEIGHT AND SIZE DISTRIBUTIONS

Mean total weight of 2001-2002 samples ranged from 599.6 g at Winter Harbour to
1,111.3 g at Marina Island which had the lowest age (Table 2). The heaviest geoduck sampled
was 2,579 g at Rolling Roadstead. Between 83 to 100% of geoducks were <1,500 g (Table 4,
Figure 4).

Mean shell length ranged from 119.4 mm at S Round Island to 150.7 mm at Marina
Island (Table 2). The largest geoducks found were 193 mm at Rolling Roadstead and Marina
Island.

Mean shell weight ranged from 102.8 g at Winter Harbour to 233.9 g at Parry Pass which
also had the heaviest shell sampled (686 g) (Table 2).



GROWTH

The von Bertalanffy growth model for shell length — age relationships indicated rapid
growth in the first 10 years of life, followed by a long period of slower growth (Figure 5).
Values of model parameters varied between sample locations (Table 5). Asymptotic length (L)
ranged from 127.0 mm, at S Round Island, to 163.2 mm, at Rolling Roadstead, and values of the
Brody growth coefficient (k) ranged from 0.1562 at Parry Pass, to 0.2593 at Marina Island. Of
the samples collected in 2001-2002, geoducks from Marina Island were the fastest growing while
those from Parry Pass were the slowest growing.

The relationship found between a and £ values of the allometric total weight — shell
length relationship (Figure 2) (see Methods section) indicated that, as the intercept of the linear
growth model (log(a) Equation 3) increased, the slope of the relationship, £, decreased (Table 5).
Total weight — shell length growth patterns therefore ranged between samples from fast initial
growth (weight gain) that changed little as the shell increased in length (e.g. S Round Island), to
slow initial growth followed by an accelerated rate of weight gain as the shell gets larger
(e.g. Rolling Roadstead) (Figure 6).

Total weight — age relationships showed variability in both growth rate and maximum
size attained between samples (Table 5, Figure 7). As with shell length, Marina Island showed
the fastest growth of the 2001-2002 samples. Rolling Roadstead showed the largest estimated
asymptotic weight (TW,,) at 1301.6 g while Winter Harbour had the lowest at 702.1 g. Growth
in weight was rapid during the first 10 years of life, slowed down between 10 and 20 years and
geoducks generally reached asymptotic weight by age 20 (Figure 7).

Log-transformed plots of the allometric shell weight — age relationships (Figure 8)
showed a good model fit for geoducks older than 5 years. For geoducks younger than 5 years,
the model overestimated shell weight. Model parameters showed variability between sample
locations (Table 6).

DISCUSSION

This paper is the second to discuss age, size distributions, and growth parameters of
geoduck samples that were collected in BC in the last 10 years. Bureau et al. (2002) presented
similar analyses on 34 geoduck biological samples collected in BC between 1993 and 2000. In
addition to individual sample analyses, Bureau et al. (2002) also analyzed data by geographical
areas. For the present paper, geographical area analyses were not performed as the number of
samples involved was considered too small.

AGE

A total of 3,059 geoducks were aged in 2001-2002, bringing the total number of
geoducks aged in BC since 1993 to 15,907. Sample loss was much lower for samples collected
in 2001 and 2002 (0.75%) than for the samples collected between 1993 and 2000 (9.6%) (Bureau



et al. 2002). The lower sample loss can be attributed to improved tag retention resulting from
the new practice of drying shells with an air jet instead of a towel. Also, in 2002, juveniles with
fragile shells were kept in separate cages on the boat and sent directly to the Pacific Biological
Station for processing, in order to avoid breakage that results from transport and handling of the
shells at processing plants in Vancouver. In the past, some juveniles sent to the plants were
crushed, so that shell loss may have been higher for juveniles than for older clams. This bias in
shell breakage may have led to an under-representation of young clams in earlier samples.
Sending the juveniles directly to the Pacific Biological Station should provide a better
representation of young geoducks in the samples.

Mean ages observed in the current study (19.6 to 54.0 years) are within the range of
earlier BC samples (14.5 to 72.2 years) (Bureau et al. 2002). Mean age at Parry Pass 2002 (48.0)
was lower than that of samples from the West coast of the QCI (51.7 to 72.2 years) but within
the range of mean ages found on the East coast of the QCI (31.0 to 49.7 years) (Bureau et al.
2002). Mean age of samples collected from the Inside Waters was within the range reported for
that region (Bureau ef al. 2002). The sample from NE Barkley Sound had the highest mean age
(54.0 years) of all samples reported to date for the West Coast of Vancouver Island.

Comparison of re-sampled locations

Four samples collected in 2001-2002 can be compared to earlier samples collected in the
same or nearby locale.

The Winter Harbour area was surveyed in 1996 and again in 2002, due to growing
concerns related to sea otter predation on geoducks in the area. Sub-samples collected at Winter
Harbour in 2002 were taken from the same locations as the 1996 samples. Mean age decreased
from 49.0 years in 1996 (Bureau ez al. 2002) to 33.1 years in 2002. Two mechanisms may
explain the drop in mean age: removal of older geoducks from the population or recruitment of
young geoducks to the 2population. If the age frequency distribution is expressed in absolute
terms (geoducks per m” for a given age group) by normalizing the distribution by the overall
density estimate, geoduck densities for a given age group can be compared between years. The
biological sample is assumed to be representative of geoducks counted in the density survey.
Plots of density of geoducks of various age groups (Figure 9) show that density of young
geoducks, especially 6 to 12 years, has increased between 1996 and 2002. Density of adult
geoducks showed either a slight decrease, no change or even slight increase between 1996 and
2002, depending on the age group. The increase in density of adults of some age groups was
unexpected and suggests that sampling errors associated with spatial variability occurred.
Although attempts were made in 2002 to sample the same locations as in 1996, the harvest
locations were not marked and the samples may have been collected from slightly different
areas. Therefore, it appears that recruitment was the main cause of the decrease in mean age at
Winter Harbour.

Mean age in a market sample from Rolling Roadstead, in 1981, was 35.2 years (Harbo et
al. 1983) and decreased to 20.0 years in 2002. Density at Rolling Roadstead in 1984 was 0.89
geoducks per m? (unpublished data) and decreased to 0.30 geoducks per m? in 2002
(Appendix 1). We applied the 1984 density data to the 1981 age frequencies, assuming that



density was the same in 1981, to calculate the density of geoducks of different age groups. The
same was done with 2002 density and age data. Density of geoducks <10 years increased from
0.035 in 1981 to 0.155 geoducks per m? in 2002 while density of geoducks >10 years decreased
from 0.855 in 1981 to 0.145 geoducks per m? in 2002. Two factors therefore acted to decrease
the mean age at Rolling Roadstead: recruitment and removal of old clams from the population
by the fishery and/or sea otters. Between 1982 and 2002, 1,145,856 kg of geoducks (63% of
total landings for the bed) were harvested at Rolling Roadstead.

Mean age at Marina Island decreased from 36.7 years in 1992 (southern bed, unpublished
data), to 19.6 years in 2002 (northern bed). Since only 16,125 kg of geoducks (5% of total
landings) were harvested at the northern Marina Island bed between 1992 and 1994 (after which
the bed was not fished), removal of old clams from the population by the fishery is unlikely to be
the cause of the decrease in mean age. Another explanation for the decrease in mean age would
be increased recruitment. Density at Marina Island in 1992 was 0.23 geoducks per m? (Campbell
et al. 1996) while density in 2002 was 0.32 geoducks per m?, Combining densities with age
frequency distributions showed that recruitment was indeed the main cause of the decrease in
mean age at Marina Island. Density of geoducks <20 years tripled from 0.075 in 1992 to 0.224
geoducks per m” in 2002, while density of geoducks >20 years decreased slightly from 0.155 in
1992 to 0.096 geoducks per m” in 2002.

A sample collected from the commercial bed at Round Island in 2000 showed the lowest
mean age recorded for BC, at 14.5 years, and highest proportion of geoducks <10 years at 78%
(Bureau et al. 2002). A new bed was discovered less than 1 km south of the documented Round
Island bed, and slightly deeper, through bottom substrate mapping work. This new bed, named
South Round Island in this paper, had no reported landings and is believed to be a un-harvested
bed. A sample was collected off the South Round Island bed in 2002 to compare it to the 2000
Round Island sample and evaluate the effects of harvest on age frequency distributions. Mean
age at South Round Island was 40.6 years and only 17.4% of geoducks were <10 years. The age
composition between the two samples was therefore different. The Round Island bed was
harvested heavily between 1979 and 1994, after which the bed was closed to fishing. The low
proportion of old clams at Round Island suggests that the fishery removed most old clams from
the population. The low abundance of adults at Round Island could be partly responsible for the
strong recruitment peak seen at Round Island 2000. The recruitment peak observed at South
Round Island 2002 was not as strong as that observed at Round Island 2000, however, this may
be an artifact of the near-absence of older geoducks in the Round Island 2000 sample. No
density data are available for South Round Island so a comparison of recruit density cannot be
made. A decrease in the proportion of older clams was similarly shown in areas with a time-
series of samples, presented in Bureau et al. (2002).

Recruitment

Early studies of geoduck age samples concluded that recruitment rates were low (Breen
and Shields 1983, Fyfe 1984, Goodwin and Shaul 1984, Harbo et al. 1983, Noakes and Campbell
1992, Sloan and Robinson 1984). A review of published geoduck age data available in 2000
suggested that recruitment decreased over the last 60 years, long before the fishery started and
hence was due to other causes than harvesting (Orensanz et al. 2000). Recent geoduck age data
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(1993-2002) shows a reversal in recruitment trends of geoducks in BC (Bureau et al. 2002,
Orensanz et al. in prep).

Although a high proportion of young clams in a sample could merely reflect the absence
of older clams, many samples were dominated by geoducks <20 years old. The Winter Harbour,
Rolling Roadstead, Marina Island and Boatswain Bank samples had more than 50% of geoducks
<20 years old and over 25% of geoducks <10 years old. Harvest on these beds started at least 17
years before sample collections occurred. Therefore, most geoducks <20 years in the samples
have recruited to the beds after the start of the fishery. These results support the findings of
Bureau et al. (2002) who noted strong recruitment in some geoduck beds with long harvest
histories, and suggested that harvesting may not have a negative effect on recruitment as
proposed by Goodwin and Shaul (1984).

All samples from Southern BC collected in 2001-2002 showed a recruitment event
around 1992 to 1994. A strong recruitment pulse also occurred in many parts of the BC coast in
1988 (Bureau et al. 2002) suggesting that geoduck recruitment is sporadic, as indicated in other
studies (Fyfe 1984, Goodwin and Shaul 1984, Bureau et al. 2002, Orensanz et al. in prep).
Recruitment of another species of geoduck from New Zealand (P. zelandica) was also found to
be variable (Breen et al. 1991). Perhaps more importantly, these results suggest that conditions
that are favorable to geoduck larval survival and settlement may be widespread. Orensanz et al.
(in prep) back-calculated relative recruitment from the age frequency distributions presented in
Bureau et al. (2002) and concluded that the data were strongly suggestive of long-term trends in
recruitment, coherent on a very large geographic scale. Moderate to strong El Nifio events
occurred in 1987, 1992 and 1994 (Ware 1995). The appearance of strong geoduck recruitment
during or soon after El Nifio events suggests that large scale climatic patterns, such as El Nifio,
may have an effect on geoduck recruitment. A strong El Nifio event also occurred in 1997-1998.
The 1997-1998 year-classes should appear in geoduck age samples collected in 2003 and 2004
and it should prove interesting to further investigate the possible links between geoduck
recruitment and El Nifio events.

WEIGHT AND SIZE DISTRIBUTIONS

Mean total weights were within the range reported earlier for BC (Bureau et al. 2002)
except for the Winter Harbour sample which had the lowest total weight reported to date
(599.6 g). Marina Island had the highest mean weight (1111.3 g) and shell length (150.7 mm) of
the 2001-2002 samples despite the fact that it had the lowest mean age, suggesting that Marina
Island may be a productive area. Mean weight at Rolling Roadstead and Winter Harbour
decreased since they were last sampled. Possible causes for the decrease in mean weight, as for
mean age, are recruitment or removal of larger and older clams over time by the fishery.

Mean shell length values for the 2001-2002 samples were within the range reported for
BC (Bureau et al. 2002) except for the Winter Harbour (119.9 mm) and South Round Island
(119.4 mm) samples which showed lower mean shell lengths than previously recorded.
Substrate at South Round Island consisted of a soft layer of sand from 30-60 cm thick with a
harder layer of shell/rock below. Many clams were deformed, small and showed evidence of
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growing between hard objects which may partially explain the low mean size at South Round
Island. Mean shell weight was within the range reported for BC by Bureau et al. (2002).

Several authors have found differences in mean weight and/or shell length of geoducks
between sample locations or regions (Goodwin 1976, Goodwin and Pease 1991, Bureau et al.
2002). Evidence of variability in mean geoduck sizes between locations was also evident in the
2001-2002 samples from BC.

GROWTH

The observed pattern of geoduck early rapid growth to near maximum size followed by a
long period of minimal growth was similar to observations reported in the literature (Andersen
1971, Goodwin 1976, Breen and Shields 1983, Harbo et al. 1983, Goodwin and Shaul 1984,
Noakes and Campbell 1992, Hoffman et al. 2000, Bureau et al. 2002). All growth parameters
estimated for 2001-2002 data were within the range obtained by Bureau et al. (2002) for 1993-
2000 data, except for L, at S Round Island which was the lowest estimated to date for BC at
127.0 mm. The sample from Rolling Roadstead had the highest L, recorded for the West Coast
of Vancouver Island (excluding Area 24) (Bureau et al. 2002). As noted by Bureau et al. (2002)
there was no relationship between growth rate (k) and maximum size reached (L,). Both fast
and slow growing geoducks can attain large (e.g., Marina Island and Parry Pass respectively) or
small maximum sizes (e.g., Boatswain Bank and S Round Island respectively).

Growth rates were variable between sample locations, even within a geographical region,
as observed in other studies (Harbo et al. 1983, Goodwin and Shaul 1984, Noakes 1992,
Hoffman et al. 2000, Bureau et al. 2002). For Inside Waters, Marina Island had the highest L
and TW,, recorded in the region to date while S Round Island had the lowest L., and k values. A
variety of factors have been suggested to explain differences in growth and mean size of
geoducks, such as: exposure (Breen and Shields 1983), substrate type (Goodwin and Pease
1991), primary productivity (Goodwin and Pease 1987), temperature (Noakes and Campbell
1992), current (Goodwin and Pease 1987, Hoffmann ez al. 2000) and possibly geoduck
population density (Bureau et al. 2002).

Values of arand f, of the allometric total weight — shell length models, are inversely
related so that as the intercept (log (@) of the log transformed allometric model (Equation 3)
increases, the slope (f) decreases. This translates in different growth rates (weight gain per
length increment) in early life, but the differences in weight-at-length diminish later in life as the
different relationships tend to converge. The converging point of the total weight — shell length
relationships was computed for each pair of locations sampled in 2001-2002. The converging
point of total weight — shell length relationships for each pair of locations was greater than L, at
those locations, therefore, differences in weight-at-length will remain present between samples.
Locations with a greater & will have a higher total weight for a given shell length.

Geoduck shell weight, unlike shell length or total geoduck weight, keeps increasing
slowly with age through a thickening of the shell over time (Harbo et al. 1983, Goodwin and
Shaul 1984, Sloan and Robinson 1984, Bureau et al. 2002). The allometric growth model for the
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shell weight — age relationships fitted data well for geoducks over 5 years of age, suggesting that
model parameters predict the shell thickening period of shell growth better than the early period
of shell length increase.

CONCLUSIONS

Geoduck age samples collected in 2001-2002 showed prominent modes of younger
clams, similar to samples collected in the 1990’s for other areas of the BC coast (Bureau et al.
2002). The trend of increasing recruitment during the last 20 years (Orensanz et al. in prep)
therefore appears to be continuing. Possible links between strong geoduck recruitment and El
Nifio events requires further study.

Data from the 2001-2002 samples further showed the potential for the fishery to remove
old geoducks from the population while some data showed recruitment events can decrease mean
age and weight in a population. The collection of more samples from areas that have been
sampled in the past would be valuable to help determine the effects of harvesting and recruitment
on geoduck age frequency distributions.

New data again showed differences in growth rates of geoducks between sample
locations. As proposed by Bureau et al. (2002) the appropriateness of using a single exploitation
rate in management of the geoduck fishery, given variations in growth rates between areas,
should be reviewed.

Although a considerable volume of geoduck age data has been collected in BC in the last
10 years, few samples have come from virgin, un-harvested, beds. Between 1993 and 2002, only
4 samples (out of 41 samples collected) have come from virgin beds (Tasu Sound, Moore Island
and Principe Channel in Northern BC and S Round Island in Southern BC). Age frequency
distributions from un-fished populations are required to calculate natural mortality rates.
Estimation of natural mortality rates of geoducks has been identified as a research priority by
Bradbury and Tagart (2000) and Harbo et al. (1983) because mortality rate is the parameter that
has the most influence on yield modeling (Bradbury and Tagart 2000). Therefore, collection of
biological samples of geoducks from virgin populations throughout the BC coast should be a
priority, especially considering that unfished populations are increasingly rare. Collection of
geoduck age samples from virgin beds has been scheduled for the 2003 field season.

Further analyses of data presented in this paper and that of Bureau et al. (2002) will be
conducted to investigate effects of geoduck density, fishing history, substrate, exposure and
current on geoduck growth and recruitment.
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ERRATA

The following errors were found in Bureau et al. (2002):

The end of the last sentence on p. 16 is missing. The sentence should read: “This
suggests that differences in mean age between Northern and Southern BC may have been present
before the fishery and that other factors can play a part in building the population age structure.”

Table 17: For the 1981 Rolling Roadstead sample, the Total Weight and the Shell Length
data were reversed.
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Table 3: Cumulative percent age frequency of geoducks from seven locations sampled in
BC in 2001 and 2002.

Cumulative % Frequency of Geoducks

Year Survey S10yrs s20yrs $40yrs sB60yrs <80yrs <100yrs <120 yrs <140 yrs <160 yrs
Queen Charlotte Islands

2002 Parry Passage 2.3 8.0 38.9 80.9 90.5 95.9 99.1 99.8 100.0
West Coast Vancouver Island

2002 Winter Harbour 42.2 54.5 614 79.4 91.3 97.8 99.4 100.0

2002 Rolling Roadstead 51.7 703 84.9 92.6 98.6 99.8 100.0
2002 NE Barkley Sound 5.0 10.8 22.8 62.5 89.4 97.4 100.0
Inside Waters

2002 Marina Island 257 70.1 93.4 96.7 99.3 100.0
2002 South RoundlIsland 17.4 30.7 48.3 74.6 94.8 99.6 100.0
2001 Boatswain Bank 44.0 53.1 58.0 71.2 84.1 95.2 99.5 100.0

Table 4: Cumulative percent frequency of total weight of geoducks from seven locations
sampled in BC in 2001 and 2002.

Cumulative % Frequency of Geoducks

Year Survey s500g s<1000g s1500g s2000g =<2500g <3000g
Queen Charlotte Islands
2002 Parry Passage 3.6 52.8 94.3 998.5 100.0
West Coast Vancouver Island
2002 Winter Harbour 38.3 94.8 100.0
2002 Rolling Roadstead 11.7 57.7 90.7 99.0 99.8 100.0
2002 NE Barkley Sound 5.8 84.9 100.0
Inside Waters
2002 Marina Island 6.2 35.1 83.4 100.0
2002 South Round Island  22.7 79.9 99.6 100.0
2001 Boatswain Bank 31.6 85.5 99.3 100.0

Table 5: Parameter estimates for Length — Age, Total Weight — Length and Total Weight
— Age (combined model) relationships from geoduck samples collected in 2001 and
2002. Mean TW,, is the estimated mean asymptotic total weight estimated from the
combined growth model.

Von Bertalanfty (Length-Age) _Allometric (Total Weight-Length) Combined Model

Year Survey L. (mm) k sigma; n o B sigma, n MeanTW.(g) n
Queen Charlotte Islands

2002 Parry Passage 1456 0.1562 13.47 440 0.005420 2.438 0.1898 441 1052.6 440
West Coast Vancouver Island

2002 Winter Harbour 129.1 02298 11.72 494 0.001812 2639 0.2101 494 702.1 494
2002 Rolling Roadstead 163.2 0.2180 12.78 418 0.000803 2.799 0.2055 418 1301.6 415
2002 NE Barkley Sound 133.3 0.2374 10.67 501 0.003982 2.493 0.1900 502 813.8 501
Inside Waters

2002 Marina Island 158.0 0.2593 1550 304 0.002482 2.580 0.2144 308 1218.5 304
2002 South Round Island 127.0 0.1759 13.82 457 0.007992 2.371 0.2597 457 819.2 456

2001 Boatswain Bank 134.2 0.2420 14.27 441 0.001550 2.669 0.2161 449 778.3 440
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Table 6: Parameter estimates for Shell Weight — Age relationship of geoduck samples
collected in BC in 2001 and 2002.

Year Survey Y & sigmag n
Queen Charlotte Islands

2002 Parry Passage 12.04 0.7678  0.2303 439
West Coast Vancouver Island

2002 Winter Harbour 11.05 0.6514 0.2960 482

2002 Rolling Roadstead 20.20 0.7348 0.3326 396

2002 NE Barkley Sound 15.76 0.5544 0.3224 495
Inside Waters

2002 Marina Island 21.62 0.6973 0.3640 287

2002 South Round island 8.81 0.7826 0.4367 452

2001 Boatswain Bank 21.38 0.5373  0.2525 407
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Figure 1: Map of BC showing the locations of geoduck biological sample collections and
the number of sub-samples collected at each location (in brackets) in 2001 and 2002.
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