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ABSTRACT 

Accurate assessrnent of sheHfish populations is integral to effective stock 

management. Estimates of cwent inventories, and predictions of fùtwe stocks are desired 

b y inventory managers. 

The northern Strait of Georgia wild oyster survey was the result of cuncerns 

regarding the possible over-harvest of oyster populations. The survey was conducted over 

a period of three years h m  1994 to 1996 by a survey tearn commissioned by the Hahoose 

first nations, and was located in the Desolation Sound area of the south-central coast of 

British Columbia. The purpose of the survey was to examine the growth patterns of the 

incurnbent wild oyster population. 

The goals of this papa are twofold. The first goal is to provide a comprehensive 

analysis of the data collected over the three years of the study. The second goal is to 

examine the survey design in order to determine optimal sampling techniques which could 

be used in fbture studies. 
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Chapter 1 

Introduction 

Wild, self-maintaineci populations of the introduced Pacific oyster (Crassosirea gigas) are 

spread widely throughout the territories of the Kiahoose and Sliammon First Nations in the 

northem Strait of Georgia and adjacent waters of British Columbia. Pacific oysters are 

harvested both çommercially for domestic and foreign sale and non-çommercially as a f d  

fishery. During recent years, the commercial Pacific oyster fishery in British Columbia has 

had an annuai harvest of around 5,000 metric tonnes with a " farmgate" value of between 5 

and 6 million dollars;' while estimates of non-commercial harvests are unavailable, they are 

believed to be much lower. 

In 1994, as part of the negotiations of a Joint Stewardship Agreement between the 

Alliance Tribal Council of the Klahoose and Sliammon First Nations and the British 

Columbia Ministry of Agriculture, Fisheries and Food, discussions were held regarding 

CO-management of the existing oyster populations within First Nations' territories The 

First Nations representatives felt that the wild oyster harvest was excessive, and that 

harvest rates should be reduced to levels that provideci long-tenn sustainability. In the 

course of these discussions it became apparent that many of the stock management 

decisions rested upon the poorly known details of year to year changes in abundance and 



Point 

Figure 1.1 : Map of Desolation Sound area of mid-south coastai British Columbia showing 

locations containhg test plots (Momell 1996). 

size composition of oyster stocks. As part of an attempt to address questions regarding 

these details in the Klahoose and Sliammon territories, a three year study was initiated. The 

results of the individual yean of the study have been reported by Morne11 (1994, 1996, and 

1997). 

The study was wnducted in the ten locations in the northern Strait of Georgia 

shown in Figure 1.1. Al1 the field work was carried out by a tearn made up of Mike Morrell 

(field biologist), Dave Nikleva (fisheries coordinator for Klahoose First Nations), fishery 

staff mernbers of the two First Nations, and other workers hired f?om the two 

cornrnunities. The study had three separate parts: population density, recruitment, and 

growth. The goal of the density study was to track changes in the densities of oysters by 

size and by weight. The aim of the recruitment study was to provide estimates of the 



arnount of settlernent of new spat (juvenile oysters). The growth study was designed to 

yield estimates of year-to-year growth of individual oysters. 

The purposes of this report are to provide a comprehensive analysis of the data 

arising fiom the h e e  years of the study and to examine whether a more efficient design 

could be incorporated into fiiture studies. 

1.1 Outline of the Three Suweys and their Protocols 

The field work began on 20 July 1994. The field crew spent 3 days visiting al1 the study 

areas, making preliminary choices of plot locations. Within each of the ten locations s h o w  

in Figure 1 . l ,  a permanent study plot was established. During this initial period a 

methodological protocol was established, and standard field data f o m  were developed. 

Al1 the plots were Iocated in known oyster habitat within the temitories of the Klahoose and 

Sliammon First Nations. 

It is important to emphasize that the plots were not selected with the intention of 

using them to estimate oyster densities or total populations over a larger area. The plots 

were chosen to study population processa (recruitment, growth and mortality). The study 

designers hope that the results will provide valid indices of rates of population change for 

each study area. If the objective had been to estirnate average densities and total standing 

stock over a large area, the method of plot selection would have been quite different. 

1.1.1 Density Survey 

For the density part of the study, oyster populations on the study plots were sampled in 

order to estimate population densities by weight and by numbers in each of 5 size classes. 

Plot locations were selected in 1994 in areas known to be good oyster habitat. The areas 

that were chosen were ones that the field workers thought would be subject to a range of 

different harvest rates (based on a-sibility, degree of pollution and proximit-y of 



settlernents). Within those areas they selected patches of f k l y  homogeneous habitat and 

oyster density. The goal was to have plots in which they could efficiently mesure the 

population variables of interest with high precision with a reasonable amount of sarnpling 

effort. 

Most plots were approximately rectanguiar or oval in shape and measured 1 OOm or 

more along the long mis; the m e y o r s  atternpted to include 1000 to 2000 square metres of 

area in each plot. Where oysters occut~ed in discrete patches of about the nght size (Stag 

Bay, Pendre11 Sound), they included entire patches. Where oysters were distributed in 

bands along the shore (Lloyd Point, Squirrel Cove Bay, Von Donop Inlet), they chose the 

long axis of the plot parallel to the shoreline in order to encompass appropriate habitat and 

determineci the plot width on the basis of oyster distribution. Additionally, in plots where 

the edge was cleariy defined, the lateral boundary was chosen to be a line past which no 

oysters were visible. In plots where the edge was not clearly defined, the lateral boundary 

was chosen by eye so as to include within the plot boundary approximatety 95% of the 

available oysters. Where oysters were more or less uniformly distributed over an area much 

larger than the prefmed plot size (Sutil Point East, Hemando Reef, Siammon Beach, 

Harwood Island, Savary Island), the surveyors laid out rectangular plots of uniform width 

within the larger area. 

The data collection took place at a rate of one plot per field day on the lower low 

tides tiom late July until early Septernber. At each plot a crew of 3 to 5 people collected the 

data according to the following protocol: On arrivai at the study plot on the falling tide, they 

either first established a centrai traverse line of the plot along the long axis and placed 

permanent markers at each end (in the first year), or they relocated this line (in the 

following two years). Using a random number table, they then selected a starting point 



Figure 1.2: Schematic showing sampling plan at a sîudy plot. 

from the length, say L, of the fixed interval used in the plot (usually 1 O metres). They then 

marked a series of points along this Iine every L metres. At each of the marked points along 

the traverse line, they measured the plot width along a Iine perpendicular to the centre line. 

Along each width line they chose a predeterrnined nurnber of points (usually three, but 

occasionally up to six) at random using a table of random numbers and located a quadrat of 

0.25 or i square metre at each of the selected points. A schernatic of the sampling pian is 

s h o w  in Figure 1.2. 

Within each quadrat, al1 the oysters were collected and classified into five size 

categories on the basis of the longest shell dimension. The size categories used were the 

same as the system used for classifjhg oysters for market. These size classes are seed, 

extra small, smail, medium, and large; which correspond to sizes of less than two inches, 

between two and three inches, between three and four inches, between four and five 

inches, and greater than five inches respective1 y. For each quadrat, the nurnber in each size 

class and the total weight of al1 the oysters not including the smallest size cIass was 

recorded. A sarnple data form is shown in Figure 1.3. 



I I / /  
Notes: 

<2" 2-3" 3 -4" 4-5" >Sn 
(number) (number) (nwnber) (number) (number) 

/ 2 3 

Figure 1.3 : Sample data fom used in the density survey. 



1.1.2 Recruitment Survey 

In each of the fust two years of the study, the field crews set out 30 Vexa plastic mesh 

bags of clean oyster shell cultch ("spat-catchers") dong the centre line of each plot to 

provide a substrate upon which oyster spat might settle. In 1995 the crews retrieved either 

ten, or half of the spat-catchers that could be located, and lefi the remainder for 1996. At 

that tirne, they also distributed another 30 spat-catchers on each of the plots. In 1996, the 

crews retrieved at least 10 spat-catchers fiom each of the plots. 

The spat-catchers f?om each site were processed separately. AI1 the Vexar bags 

were opened, and then broken and v w  small cultch sheils (those srnaller than 75 mm) 

were set aside. From the remaining shelIs, random samples (with qua1 nurnbers fiom each 

of the bags in a plot) of between 70 and 130 shells were taken. Al1 the seed oyster on each 

of the selected shells were then counted. The surveyors also measured the lengths of seed 

oysters on the cultch (using digital calipers to the nearest O. 1 mm) until a target number of 

lengths was achieved. This target was 240 in 1995 and 120 in 1996. A sample data form is 

shown in Figure 1.4. 

1.1.3 Growth Survey 

This experiment was conducted with the goal of measuring the growth of individual 

oysters. This study was conceived later, and did not commence until 1995. In that year, a 

total of 48 oysters were selected fiom areas close to the test plots. These 48 oysters were 

selected so that there were twelve each with maximum length measurements of as close as 

practically possible to 5 1,76, 102, and 127 mm (one inch intervals fiom two to five inches 

inclusive). These oysters were then each marked with nurnbered plastic tags attache- with 

stainless steel wire through a hole drilled through the wnbro of the shell. They were 

meâsured to the nearest O. 1 mm and three h m  each size class were placed in Vexar bags. 



Ad.3 17/pC KUHOOSE - SUMAMON WILD OYSTER STUOY 

& c c r ~ c d  RECRUKMENT DATA SHEET 

Figure 1.4: Sarnple data fom used in the reçniitment survey. 



KLAHOOSE . - - SLIAMMON WlLO OYSTER STUDY 
GROWTH DATA SHEET 

(7,A;l ""sion) Page / of / 

Date !/ 19x Location  recorde^$?^^ - 
Crew. @iP/L 

Figure 1.5: Sarnple data form used in the growth s w e y .  



The bags were lacd closed and stapled adjacent to the plot, two at each end of the centre 

line. 

In 1996, the field crew located the bags, then measured and replaced the tagged 

oysters. Any dead oysters were replaced with newly tagged ones of the appropriate size 

collected fiom near the plot. In addition, crews added three new tagged oysters in the 

smallest size class (around 5 1 mm). In 1997, the bags were again located and al1 the 

oysters were measwed. A sample data form is shown in Figure 1 S. 

1.2 Data Problems 

For a fist-tirne study of this size and smpe, it would be unusual for there to be no 

problems with the data. This project was not unusual, although most of the problems that 

did a ise  were of the type that were resolved with re-examination of the original data sheets, 

and by consultation with the field workers. There were three problems however that are 

worth reporting in detail, and which are listed below. 

The first problem was that in the first year of the study, two unforeseen issues 

arose which were deaIt with by the principals of the study, but which resulted in some 

small differences in the data between that year and the following two. The first issue was 

that, during the first year of the density study, the counts of oysters of less than one inch, 

and between one and two inches were recorded separately. In years two and three of the 

study, the smallest size category included al1 oysters srnaller than two inches. The second 

change was that for the first year, in four of the locations, the quadrat size used in sampling 

was one square metre, while in the others it was 0.25 square metres. In the latter two 

years, the quadrat size was standardized to be 0.25 square metres for al1 the locations. In 

order to standardize the data, the measurements for the one square metre quadrats were al1 

divided by four. The implications of doing this will be discussed briefly in the next chapter. 



The second problem occurred at the Savary Island test plot. in this location during 

1995 (the second year) there was some confusion in the recording of the weights for the 

density data Some of the records included the weight of the weighing pan, while other 

records were net of the weight of the pan. Unfortunately, despite the concerteci efforts of 

this author, the field biologist, and the fishery coordinator for the two First Nations, this 

data problem could not be resolved and this portion of the weight part of the density data 

had to be excluded fkom the andysis. 

nie third set of problems were perhaps the most damaging to the project. During 

the second and third years of the growth study, it became clear that there was a serious flaw 

in its design. Upon removing the tagged oysters fiom the Vexar bags and measuring them, 

i t was evident that many of them had not p w n  larger, and had in fact become smaller. 

This problem was caused by abrasion due to the winter storms that are experienced in this 

area. Compounding these difficulties were problems with missing Vexar bags of oysters 

and high mortality rates of oysters in certain bags (likely because they were more exposed). 

Of the 480 oysters tagged and bagged in the first year, only 126 were retrieved in the 

second year. Preliminary results h m  this part of the study will be presented in Chapter 4 

where it will be evident that unfortunately, no meaninfil conclusions are available for this 

part of the study. 



Chapter 2 

Density Data Analysis 

This chapter will detail the exploration and the resulting analysis of the density data for both 

the counts of oysters present by size ciass and the total weight of oysters in the quadrat. In 

both cases, a model for analysis will be developed and evaluated. Additionally, both the 

count and weight data will be analyzed together with the weight serving as the response 

variable and the count data sening as the predictor variables. 

2.1 Analysis of the count data 

Figure 2.1 shows the mean density for each of the 150 location by year by size class 

combinations. In order to help us understand the rasons behind the differences in the 

densities that are apparent in Figure 2.1, one approach is to fit the data to a model that 

includes the factors that interest us such as year, location, their interaction, and possibly 

others as explanatory variables. 

Before fitting a model, it is h t  necessary to examine the data for homoscedasticity 

- Le. is the variability of the data the same regardless of the mean density (or some other 

factor). This evaluation was conducted using a simple technique whereby the sample mean 

and sample standard deviation were calculated for each of the 150 combinations. The 

resulting 150 pairs of numbers were then plotted as shown in Figure 2.2. 



1 2 3 4 5  1 2 3 4 5  

size class 

Figure 2.1 : Plot of mean density per square metre calculated separately for each of the 150 

year by location by size class combinations. Each line represents a year. Each sub-plot is 

for one location. 



10 20 30 
sarnple mean 

Figure 2.2: Plot of sample standard deviation against sarnple mean for ail 150 year by 

location by size class combinations. 

The clear upward trend indicated by the points in Figure 2.2 reveals that the m a l  

regression / ANOVA analysis using linear mdeling techniques is not appropriate with this 

data (the estimates are still unbiased, but not hlly efficient). In order to analyze this data 

using classical linear modeling techniques (as requested by the clients), it is necessary to 

transform the data so that the resulting data is homoscedastic, and at least approxirnately 

normally distributed. An appropriate transformation should be suggested by theoretical 

considerations - if our knowledge of the data provides us with them- In this case, since the 

data are made up of counts of oysters in fixed area quadrats, it would be more natural to 

assume that they follow a Poisson rather than a normal distribution. It is also however that 

the data itself should suggest an appropriate transformation. 



log(samp1e mean) 

Figure 2.3: Plot of log(samp1e standard deviation) against log(samp1e mean) for al1 150 

year by location by size class combinations. 

To aid us in finding the relationship between the rnean and variance (which will 

indicate an appropriate transformation), logarithms of these values are plotted against each 

other as shown in Figure 2.3. Montgomery ( 1 997) advises that a slope of one in this graph 

indicates a logarithrnic transformation of the data is appropriate, while a slope of one-half 

implies a square-root transformation. See Hinkelrnann and Kempthome ( 1994) for a 

complete discussion of variance stabilizing transformations. One can see from the graph 

that the slope lies somewhere in between these two values. Ln fact, a least-squares fitted 

line through these points has a slope of approximately 0.80. It might be suggested that a 

fiactional root transformation would be appropriate. However, the clients felt that this 

would be somewhat arbitrary and not easily understood, and volunteered a preference for 

either a square-root transformation, or a logarithrnic transformation. 



2 3 4 5 

sample rnean 

Figure 2.4: Plot of sarnple standard deviation against sarnple mean for al1 150 year by 

location by size class combinations after square root transformation of the data. 

As a brief aside, the point mentione in the introduction regarding standardizing this 

data so that al1 the measurernents are per quarter square metre should be addressed. It is 

unlikeIy that the relationship between the mean and the variance is preserved by this 

standardization. This is unfortunate, but within the confines of the linear mode1 fiamework 

there is little else that can be done. 

In deciding which of the two transformations to choose, the sirnplest and most 

practical approach is to choose the one that stabilizes the variance most effectively. Figures 

2.4 and 2.5 show resulting plots of sample standard deviation against sample mean after 

the data has been subjected to the square rmt and the logarithmic transformations 

respectively. As the logarithrn of zero is not defined, the convention of adding the mallest 

observable non-zero value to each observation before taking the logarithm is followed. In 

this particular case, that srnallest non-zero value is 0.25, due to the earlier discussed 





different location and year combinations will not be the same, this factor is nested within 

each location and year combination. 

Using the factors listed above, the following model is fitted separately for each of 

the five size classes: 

where 

Oysteq, = 

and indices: 

number of oysters in location j, during year k, in traverse 1, at width point 

m; 

fixed effet due to size class; 

fked effêct due to location j; 

fixed effêct due to year k; 

fixed effet  due to the interaction between location j and year k; 

random effm due to the traverse point, distributed as N (O, O: ) ; 

random effect representing al1 other sources of variation, disûibuted as 

N(o ,&);  

j = 1 .. 1 0 (locations), 

k =  1..3(years), 

= 1 ..T,,(the nurnber of traverse points within a particular year 

location); 

rn = 1 .. W,k, (the number of width points within a particular year, location, 

and traverse point). 

Al1 the effects were significant with exception of the year by location interaction 

term for size class four, which had a pvalue of 0.65. Although the width point within 

traverse factor was not included in the model, examination of the residuai graphs in 

appendix 1 makes it apparent, that this factor (and possibly its interaction with traverse) has 

significant effects upon the density of oysters. This effect that cm Vary considerably, even 



within the same location over years. Linking variables such as vertical displacement h m  

chart datum (a tide height of zero metres), or substrate type are likely confounded with 

width point, and tùture studies may find it fiuitfùl to explore methods of including those 

variables within the scope of their study. 

Because of the large nurnber of parameters, examination of the numerical estimates 

of these parameters would be uninformative, and is not done here. It is instructive 

however, to examine the point estimates of median density per square metre of each 

location by year by size class combination resulting fiom this model. The reason that these 

estimates are for the median density is that they are derived by back-transfoming the 

predicted means which are in the logarithmic scale. Figure 2.6 displays those estimates in 

graphical fom, and table A.2.1 in Appendix II contains those estimates, as well as 

confidence htervaIs in tabular form. By examinhg Figure 2.6, the shapes of these cuves 

can provide us with some clues regarding recruitment, mortality, and growth rates. 

One of the common shapes is that of a horizontal sigmoid curve - a sideways 'S' 

shape. This is exhibited in the Sliammon Beach, Squimel Cove Bay, and Stag Bay 

locations. The l e h o s t  tail of the curve indicates recniitrnent. The drop of the cuwe in size 

class two (extra-small) is a result of the combineci effects of seed mortality and a rapid 

absolute rate of growth for the oysters in this size range. The densities increase over the 

next two size classes (small and medium), indicating a slowing rate of  growth and perhaps 

lower rates of mortality. The final downward slope of the rightmost part of the cuwe is a 

sign of mortality of the oysters in the large size class. 



size class 

Figure 2.6: Point estimates of median density per square metre resulting fiom fitting a 

mixed-effects mode1 to logarithmicaîiy transfomed data. Each line represents a year. Each 

sub-plot is for one location. 



Another cornmon shape is that of a shallow saucer, or shallow 'u'. This pattern 

might be seen in varying degrees in the Harwood Island, Savary Island, and Von Donop 

Inlet locations. These three locations d l  show decreases in density fiom the seed size class 

to a point which could be anywhere fiom size classes two to four, and then gradua1 

increases up to the large size class. 

Sutil Point East and Hernando Reef show some sirnilarity, especially when one 

considers their changes in distribution over the three years. For the first two years, they 

both show size class distributions in the pattern of the horizontal sigrnoid shape discussed 

above, but in the third year the lefbnost part of the tail ' flips around' ço that its dope is 

shallower. 

As mentioned above in the discussion for Sutil Point East and Hernando Reef, it is 

possible to examine al1 these c w e s  in order to identiQ changes over time. As an aid to 

judging whether apparent differences are truly significant Table A.2.2 in Appendix II lists 

the p-values which have not been adjusted for multiple cornparisions for differences in 

density within each location over the years 1994- 1995, and 1995- 1996. 

A simple approach to looking for changes over time is to identiw "pulses" of high 

density, visible as peaks in Figure 2.6. Lloyd Point has an easily seen pulse which was 

progressing through size class three during the course of the three year survey. Also, in 

Stag Bay, Sutil Point East, Haxwood Island, and Hernando Reef, a pulse can be seen that 

was apparent in size class one in 1995, and has partially progressed to size class two in 

1 996. Pendre11 Sound on the other hand shows very high annual pulses and rapidly 

declining densities al1 the way down to vimially zero for the large size class. This 

represents the classic case of hi& and continual recruitment accompanied by high 

mortality. 



Speculation is only possible at this tirne, but an interesthg topic for a future study 

might be to examine whether the harvesting of the larger six-class oysten "rnakes rmm" 

for higher recniitment in the following years. On the other hand, 1994 may just have been a 

poor year for oyster recruitment. This last postdate is supported by the apparently modest 

recruitment in 1994 in the Sutil Point East oyster bed, and is contradicted by the very high 

densities of size class one and two oysters in the Pendrell Sound bed. 

Additionally, Table 2.1 lists estimated percent of mode1 variation attributable to d l  

the effects in the model when al1 the effects are fitted in a completely random effects model. 

It is clear that as the size classes of the oysters increase, the overall variation decreases 

while the percent of variation unexplained by the model increases. This table also provides 

more specific suggestions regarding the sources of variability. The rapid decline in 

variability due to year and to the location by year interaction implies that temporal effefts 

become less important as the oysters increase in size. The relatively constant proportion of 

overall variability attri'butable to traverse suggests that the within bed variability remains 

somewhat constant as the oysters grow larger. The large proportion of variation due to the 

location for size classes two and three is pualing, but might be caused by the population 

dynamics being very different in Pendrell Sound and Lloyd Point. Table 2.1 also makes it 

clear that much of the variability in density has not been explained by the factors in the 

model. 

Table 2.1 : Percent variation explained by individual components when a completely 

random efkts  model is fitted. 



2.2 Analysis of the weight data 

The process of anaiyzing the total weight of oysters in the quadrat data used the same ideas 

as the analysis of the count data. The weight data was fïrst examineci for homoscedasticity 

by plotting the sample mean and sample standard deviation of the weight for each of the 

year by location combinations as seen in Figure 2.7. 

An upward trend is clearly evident in Figure 2.7. This upward trend is supported 

by Figure 2.8, a plot of the log(samp1e means) versus the log(sarnp1e standard deviations) 

of each year by Location combination. This time, a least-squares fitted line through these 

points has a slope of 0.76. That this relationship between the mean and standard deviation 

is so similar to that of the counts data is not surprising, since these weight data will be 

greatly influenced by counts of the two heaviest size class oysters - both of which 

exhibited a relationship between the mean and standard deviation. Therefore, as before, a 

transformation will be necessary in order to use the classical Iinear modeling techniques. 

Figure 2.9 shows the plot of sample mean versus sample standard deviation of al1 the year 

by location groups after performing a logarithmic transformation of the data. Because the 

dataset contains quadrats with a weight of zero, it is necessary to first add the srnailest 

observable weight value of 0.05 kg to al1 the weights before calculating the logarithm. 

Although Figure 2.9 shows that this transform has not stabilized the variance perfectly, it is 

an improvernent over the earlier situation in that the relationship between the mean and 

standard deviation is not as clear-cut. 

The mode1 fitted for the weight data is: 

log%, + .OS) = p + L, + Y, + LY, + + 

where WjUm signifies the weight of the oysters in in location j, during year k, in traverse 1, 

at width point rn, and the remainder of the descriptions of the effects are the same as for the 

counts data analysis. 
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Figure 2.7: Plot of sample standard deviation against sample mean for the 30 year by 

location combinations of the weight data. 

Figure 2.8 : Plot of log(sarnp1e standard deviation) against log(sampie mean) for the 30 year 

by location combinations of the weight data. 
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Figure 2.9: Plot of sample standard deviation against sarnpIe mean for the 30 year by 

location combinations of the weight data after a logarithmic transformation of the data. 

The results of fitting this mode1 are slightly different than when the counts data was 

analyzed. The effects of location and year are both significant. However, the location by 

year interaction effect is not significant, with a p-value of 0.15. One possible 

interpretation of this lack of significance is that the biomass capacity of a particular 

location and year is invariant to differences due to changes in individual size class 

compositions which are caused in part by harvesting, as well as other sources of 

mortality. This would be encouraging in ternis of harvesting, in that it might suggest that 

removals fiom an oyster bed would be quickly regenerated. 

As was done before, point estimates of median weight per square metre have been 

computed, with the results displayed graphically in Figure 2.10, and in tabular form (with 

associated confidence intervals) in Table A.3.1 in Appendix III. Also, Table A.3.2 contains 

p-values for differences in weight within locations between years The results shown in 

Figure 2.10 are generally in accordance with the results of the count analysis. For example, 



the locations that showed a statistically significant drop in density of medium and large 

sized oysters between 1994 and 1995 show a corresponding drop in biomass per square 

metre, although as can be seen in Table A.3.2, the only significant differences for a one 

year change are Von Donop Inlet 94-95, and Hernando Reef and Sutil Point East for 95- 

96. This last point could possibly provide additional support for the thesis for the 

invariance of the biomass in a particular location and year. 

2.3 Analysis of the joint count and weight data together 

In this subsection a linear model is fitted which links the number of oysters in the four 

largest size classes to the weight mea~u~ed. This regression will yield estimated average 

weight per oyster. The following model is fitted: 

weight of oysters in location j, during year k, in quadrat 1; 

fixed effect due to location j; 

fixed effect due to year k; 

Number of oysters of size class m. 

random effect on size class, and is distributed as N (O¶ 0;) ; 

,= 1 .. 1 O (locations), 

k = 1 ..3(years), 

f = 1 ..T ,&he number of quacirats within a particutar year and 

location); 

In the foxmula above, the '1' (pipe) notation indicates that both tenns on each side of the 

pipe as well as their interaction are included, and is not an indication of a nested design. 

The results of this regression are that nearly al1 the effects are significant when tested at the 
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Figure 2.10: Point estirnates of median weight per square metre resulting fiom fitting a 

mixed-e ffects mode1 to logari thmicaily tmnsfonned data. 



five percent significance level, exceptions king the effects due to location and to the 

Iocation by year interaction and the coefficients for extra-small by location, small by year, 

medium by year, and srna11 by location by year. However, by far the most significant 

contributions to the model are h m  the coefficients of the two largest size classes and of the 

large class size by location interaction. 

Figure 2.1 1 shows the coefficients of weight per medium and large size oyster 

(with lines connecting the same years) resulting h m  fitting a separate model for each 

location. Note the missing point for Savary Island in 1995 due to the data errors discussed 

in the Introduction. To provide an indication of the variability, an average (over the three 

years) standard error bar is also plotted for each location. Most standard mors were in the 

range of .O 1 to .03, with some notable exceptions k ing  for the coefficient of large oysters 

in 1 994 and 1 995 in Pendrell Sound (both around .07), and for medium oysters in 

Harwood Island in 1994 (around .07), and Savary Island in 1996 (around -08). 

These graphs seem to show that the weight per oyster is fairly constant within locations 

over years for these two size classes. Some visible exceptions for the medium oysters 

appear to be in 1994 at Hernando Reef and Lloyd Point, and in 1996 at Squirrel Cove. For 

the large oysters, changes in the weight-size relationship might have +&en place in 1996 at 

Sliammon Beach. These differences may have been caused by naîural phenornena, or by 

selective harvesting. 

In Figure 2.1 2, the coefficients for each of the size classes in each location have 

been averaged over three years. A typical error bar has also been plotted at the top of the 

graph to give some idea of the variability. Most of the standard errors are close to the ones 

pictured, with some notable exceptions being those for H m o o d  Island, which were as 

high as .23 and . l9  for size classes two and three respectively, and at Sliarnmon Beach 

which had a standard error of .  17 for size class three. It is also worth mentioning that 
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Figure 2.1 1 : Estimates of average weight per medium and large size oyster (size classes 4 

and 5) over al1 locations and years with typical standard error bars for each location. 

although the coefficient for size class two at Savary Island was negative with a value of 

-0.066, it had a standard error of 0.33. 

Figure 2.12 also provides some indication of whether different locations have 

different weight-size relationships. It appears that for size classes two, three and four, there 

may not be great differences in this relationship. For size class five however, Harwood and 

Savary Islands may have a higher average weight per oyster and Lloyd Point and Pendre11 
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Figure 2.12: Coefficients of weight per oyster by size class with lines jouiing locations 

with bars showing typical standard mors. 



Sound may have a lower average weight per oyster. These results are not temibly 

surprishg since the large size class is open-ended, and natural consbaints as well as 

harvesting will have the most dramatic effeçts on the weight-size relationship. 

2.4 Summary 

For the data on counts of oysters, both similarities and differences were found in the 

distribution of oysters within size classes between locations. At present however, the 

mode1 only explains between 27 and 59 percent of the variabitity in the counts of oysters - 

indicating some room for improvernent. There may be some indication that removal of 

numbers of larger oysters encourages the settlernent of seed oysters. This last hypothesis 

might be supported by the relatively stable weight densities within locations. Finally, the 

weight-size relationship seerns somewhat similar between locations for al1 but the largest 

size class. 



Chapter 3 

Recruitment Data Analysis 

This chapter will explain the analyses perfiomed on the counts and the lengths parts of the 

recruitment data. 

3.1 Analysis of the count data 

Preliminary analysis of the count part of the recruitment data reveals that the mean and 

standard deviation are associated and that a logarithmic-transform is appropriate. The mode1 

chosen to fit to this data is: 

log(count,. + 1) = p + L, + Y, + LY,, + .rju + &,&,,, 

where count,,, signifies the count of the oysters in in location j, during year k, in v e x a  bag 

I ,  and for shelI m, the three capitalized factors signiQ fixed effects due to location, year, 

and their interaction respectively, rju signifies the random effect due to the vexar bag, and 

E~~],,, is the residual variation. 

Al1 three of the fixed effects in this model were found to be highly significant. 

Additionally, roughly 25% of the overall variation is explained by the random effect of the 

vexar bag. Figure 3.1 shows graphically the back-transformed fitted values resulting fiom 

this model. The Ieft end of each horizontal bar indicates the year of deployrnent, and the 

nght end of each bar indicates the year of retrieval. The only non-signi ficant change within 





falls between the two one-year settiement levels. The reason for this rnight be that the 

numerical c a . g  capacity of an area could decrease as the oysters increase in size. 

It is interesting to compare the results of this part of this part of the study with those 

of the counts part of the density survey. One would hope that years with relatively large 

measures of recruitment - density of seed (size class one) oysters in the density survey, 

and numbers per shell in the recruitment survey - would correspond for both surveys. In 

general, this is found to be true: Harwood Island and Sliarnmon Beach for example, both 

had a much higher density of seed oysters in 1995 than 1996, and both had much larger 

settlement counts in the 94-95 period than in the 95-96 perïod. However there is not always 

a correspondence - as in the cases of Squirrel Cove and Lloyd Point for instance, both 

these locations seem to reveal conflicting information in that the results fiom the density 

survey show a lower density of seed oysters in 1995 than 1996, but the results of the 

recruitment survey show higher numbers in the 94-95 period than in the 95-96 period. 

3.2 Analysis of the length data 

Figure 3.2 below shows the average length for the oysters that were measured as part of 

the recruitment sîudy. In most locations (exceptions king Hernando Reef and Sliammon 

Beach), the average length of the oysters after one year of growth seems to be about the 

same. It also appears that average lengtb over two years of growth is roughly twice the one 

year length growth. 

Figures 3.3 to 3.7 show the mean number of oysters per shell fiom O to 100 mm 

broken d o m  into size classes with a width of 2.5 mm (note that the vertical s a l e  varies 

between locations and that a number of locations without data have blank graphs) with a 

separate histograrn for each period of oyster settlement. These graphs give a rough visual 

feel for the distribution of the growth within each location and time period. For each 

location, a fourth histogram has been constructed by subtracting the 95-96 one year growth 
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Figure 3.2: Average length of oysters with one and two year growth periods fkom 1994 to 

1996. Each horizontal line indicates the tirne period encompassed by the estimate. 

fiorn the 94-96 two year growth (and zeroing any negative resulting numbers). This fourth 

histogram gives a very rough estimate for the growth of oysters in their second year of  life 

in these locations over the 1995- 1996 time period. 

3.3 Summary 

It appears that within locations, the level of reauitment is subject to signifiant year-to-year 

variation, while the amount of growth per oyster may be quite stable. The method of 



examining the growth of oysters in th& second year after settlement, as pictured in Figures 

3.3 to 3.7 is crude, but the use of a smoothing technique in future analyses could provide 

useful results. 
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Figure 3 -3: Oyster growth for the Harwood and Hemando locations. The height of the bars 

indicate average number of oysters per shell in that length interval. From top to bottom, the 

graphs show year one growth 94-95, years one and two growth 94-96, year one growth 

95-96, and imputed year two growth 95-96. 
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Figure 3.4: Oyster growth for the Lloyd and Pendre11 locations. The height of the bars 

indicate average number of oysters per shell in that length intewal. From top to bottom, the 

graphs show year one growth 94-95, years one and two growth 94-96, year one growth 

95-96, and imputed year two growth 95-96. 
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Figure 3.5: Oyster growth for the Savary and Sliammon locations. The height of  the bars 

indicate average number of oysters pet shell in that length interval. From top to bottom, the 

graphs show year one growth 94-95, years one and two growth 94-96, year one growth 

95-96, and imputed year two growth 95-96. 
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Figure 3.6: Oyster growth for the Squirrel and Stag locations. The height of  the bars 

indicate average number of oysters per shell in that length interval. From top to bottom, the 

graphs show year one growth 94-95, years one and NO growth 94-96, year one growth 

95-96, and imputed year two growth 95-96. 



Figure 3.7 : Oyster growth for the Sutil and Von Donop locations locations. The height of 

the bars indicate average number of oysters per shell in that length interval. From top to 

bottom, the graphs show year one growth 94-95, years one and two growth 94-96, year 

one growth 95-96, and imputed year two growth 95-96. 



Chapter 4 

Growth Data Analysis 

As mentioned in the Introduction, this part of the study suffered fkom severe data 

problems. Two of the problems, rnissing bags and high mortality rates wuld possibly be 

overcome by assurning that the causes of the problems and the level of growth are 

unrelated. The increased abrasion issue however cause. insunnountable problems in the 

data analysis. 

Table 4.1 below shows a typical example of the growth data fiom one of the Vexar 

bags in a location - in this particular case bag nurnber twenty three which was located at the 

Lloyd Point location. As can be seen in the rightmost column, many of the oysters showed 

a decrease in size fiom t 995 to 19%. Since these results do not in any way mirror what 

occurs in nature, this dataset was judged to be unusable. 



1 Measurement 1 Measurement 1 Change in length 

Table 4.1 : Growth data fiom Vexar Bag #23, located at Lloyd Point . 

(mm) in 1995 
1 

76.8 

(mm) in 1996 

79.0 

(1  996- 1995) 

2.2 



Chapter 5 

Discussion and Summary 

This chapter will discuss the adequacy of the cment methodology and suggest ways in 

which the methodology of the three different parts of the study çould possibl y be 

irnproved. It will also summarize the conclusions. 

5.1 Density Survey 

The first comment raises two concems regarding the way the oyster beds are selected in the 

current design. The first concem is that the selection of only one oyster bed in each location 

allows no calculation of between bed variability since the between bed and between location 

variability are completely confounded with each other. The second concern is that the lack 

of randomization in the selection allows no estimation of the average density in each 

Iocation (as opposed to the average density of a particular oyster bed in each location). If 

such estimates were desircd then a multi-stage stratified sampling design such as one 

described in Gillespie and Kronlund (1999), involving cataloguing oyster habitat in each 

location, might be suggested. 

The second comment is that systematic sampling appears to be a good idea. 

Cochran (1 977) shows that the systematic random sample is much more effective than the 

simple random sample in the presence of a linear trend. The densities of oysters within the 



beds do not follow a linear trend since examination of the plots in Figures A. 1.1 .a to 

A. 1.1 .e in Appendix 1 (standardized residuals versus traverse) show that in some locations, 

non-linear trends may be present. However, since there is a lack of consistency to these 

trends, even within the sarne location, it would be impractical to include them in the 

models. 

The third issue regarding the density study is whether there is a more efficient way 

of allocating o w  sarnpling effort within each bed. In 0 t h  words, would the estimates 

increase in efficiency if we sampled more (or les)  quadrats within each traverse point 

(along the same width line), acwmpanied by a decrease (or increase) in the number of 

traverse points. If we assume that the current design is reasonably close to a two-stage S RS 

design in which randomization is used in the selection of first-stage units (traverse points in 

this case) as well as in the selection of second stage units (width points), the following 

method outheci in Cochran (1 977) provides a usetùl approach. 

To optimize the allocation of sarnpling effort, the total cost (tirne in this case) is 

partitioned into two components: c,n which is proportional to the number of pnmary units 

(traverse points) in the sample, and c p n  which is prophonal to the total nwnber of 

second-stage units (quadrats) in the sample. The total cost c m  then be written 

C = c,n + cznm (5-1) 

This c m  be used to minimize cost for a fixed variability, or equivaiently to minirnize 

variability for fixed cost. The optimum value of m is found to be 

Where S: and S: represent variance among prïmary unit means, and among sub-units 

within primary units respectively (a: and O; in earlier notation). If cost per primary unit is 

expressed as a proportion of cost per second-stage unit (c, = a%) and variance arnong 

primary unit as a proportion of variance among sub-units ( S: = b~:), then the expression 

for the optimum value of m is sirnplified to 



Values for the proportion of variance, b, can be gathered fiom Table 2.1, and range fiom 

0.13 to 0.19 depending upon the size class. Upon discussions with the fisheries 

coordinator for this study, the value 0.20 was provided as a rough estimate for the value of 

a. In nearly al1 the locations, the value of M was fixed at 20. Using these values, the value 

of m,, ranges fiom 1.58 to 1.20. This implies that to reach the optimum, only one or two 

quadrats should be sampled within each traverse point, as opposed to fiom three to six in 

the current design. 

5.2 Recruitment Survey 

The same procedure regarding finding an optimal allocation of sampling effort that was 

used in the previous section can be applied for the recmitment survey. Ln this particular 

case, the primary units are bags and the secondary units are shells, and the problern to 

solve is to find an optimum nurnber of shells per bag for a !%ceci cost. The values of the 

constants a, b, and M are determined to by the same method as earlier. The fisheries 

coordinator provided a ballpark figure for a of 2. By examining the mode1 results, the value 

of b is estirnated at -34. The most comrnon vaIue for M in the study was also found to be 

12. Using these values and equation 5.3, the value of m, is found to be 2.8. Therefore the 

optimum number of shells in each bag on which to count oysters is the,  which is just less 

than the current value of m of four. 

Other suggestions for fiirther study within the recniitrnent part of the survey include 

applying kemel density estimation techniques towards estirnating the second year growth as 

was crudely done in Figures 3.3 to 3.7, and including a fourth year to allow comparision 

of two sets of data for growth over two years. 



5.3 Growth Suwey 

A challenging problem still exists in designing a survey to estimate growth of individual 

oysters. One suggestion might be to measure the growth of cultured oysters which are 

grown for consumption in trays, although these optimum conditions wouId not really be 

comparable to the conditions faced by oysters growing under natural conditions. 

5.4 Summary 

The results of Chapter two indicate that there may be some support for the idea that 

removal, by hmesting for example, may encourage settlernent of new spat. In Chapter 

three, it was found that although the level of recnlitment may be quite variable, the level of 

growth, at least for oysters in their first year, seems somewhat stable. The presentation of 

the prelirninary results of the growth study in Chapter four showed that the data are 

unusable. This chapter included a discussion of irnprovements to the protocol, and 

suggestions for fûrther analysis. 



Appendix 

Residual Plots 

This appendix contains two sets of residual plots. Both sets of graphs are basai upon 

fitting a rnixed-effects model using logarithmically transformed data and use standardized 

residuals. For the h t  set of residual plots, the residuals are plotted against the traverse 

point and for the second set, the residuals are plotted against the width point. Since each 

individual graph shows a set of residuals for one particular location by size class by year 

combination, each location will have fifieen individual graphs for each set of plots. 

The reason for constnicîing these plots is to permit identification of correlations 

between the residuals and other variables. If a correlation is recognized, then an addition to 

the model of a factor may be called for. The following sets of plots al1 have a srnooth loess 

line superimposed over the residual points. The purpose of this line is to allow 

identification of trends when doing so by eye is difficult - when there are many tightly 

clustered points for example. Additionally, since the data is discrete and there will typically 

be many observations in each year by size by location combinztion with the same value, to 

allow the viewer to see large clusters of data, the points have been jittered. It is apparent 

that some trends are present - Slianunon Beach 1996, size class 1 in Figure A. 1.1 .c shows 

a ciear upward trend of the residuals against traverse points, and many of the plots for 

Squirrel Cove Bay in Figure A. 1.2.d show a hurnp of higher residuals against width point. 
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Figure A. 1 . 1  .a: Plot o f  residuals resulting fiom the mixed effects mode1 against traverse for 

the Harwood and Hemando locations. Each row shows size classes 1 -5 for a single year. 
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Figure A. 1.1 .b: Plot of residuals resulting fkom the mixed effects mode1 against traverse 

for the Lloyd and Pendre11 locations. Each row shows size classes 1-5 for a single year. 
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Figure A. 1.1 .c: Plot of residuals resulting fiom the mixed effects mode1 against traverse for 

the Savary and Sliammon locations. Each row shows size classes 1-5 for a single year. 
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Figure A. 1 . 1 .d: Plot of residuals resulting fiom the mixed effects mode1 against traverse 

for the Squinel and Stag locations. Each row shows size classes 1-5 for a single year. 
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Figure A. I . 1 .e: Plot of residuals resulting fiom the mixed effects mode1 against traverse for 

the Sutil and Von Donop locations. Each row shows size classes 1-5 for a single year. 



width point (m) 
Figure A. 1.2.a: Plot of residuals resulting fiom the mixed effects mode1 against width point 

for the H m w d  and Hernando locations. Each row shows size classes 1-5 for a single 

year. 



width point (m) 
Figure A. 1.2.b: Plot of residuals resulting from the mixed effects mode1 against width 

point for the Lloyd and Pendre11 locations. Each row shows size classes 1-5 for a single 

year. 



width point (m) 
Figure A. 1 -2.c: Plot of residuals resdting fkom the mixed effects model against width point 

for the Savary and Sliammon locations. Each row shows size classes 1-5 for a single year. 



width point (m) 
Figure A. 1.2.d: Plot of residuals resulting fiom the mixed effects mode1 against width 

point for the Squirrel and Stag locations. Each row shows size classes 1-5 for a single 

year. 



width point (m) 
Figure A. 1 -2.e: Plot of residuals resulting fiom the mixed effects mode1 against width point 

for the Sutil and Von Donop locations. Each row shows size classes 1-5 for a single year. 



Appendix II 

Numerical Density Results 

This appendix consists of  two tables - one for estimates o f  numerical density, and one for 

p-values of differences. 

A.2.1 Numerical density estimates 

Table A.2.1 below lists estimates of mean density for al1 size by year by location 

combinations based on the mixed effects mode1 fitted to logarithmically transfomexi data. 

The point estimates and the upper and lower boundaries of the 95% confidence intervals for 

the median density have al1 been back-transfomed, while the estimated standard error is in 

the logari thmic scaie. 

Table A.2.1: Estimates and confidence intervals of  numericd density per square metre. 



Table A.2.1 continued 



Table A.2.1 continued 

, Squirrel 
, Squirrel 
Squirrel 
Squirrel 

, Squirrel . 

Squirrel 
Squirrel 
Squirrel 
Squirrel 

94 
95 
95 
95 
95 
95 
96 
96 
96 

5 
1 
2 
3 
4 
5 
1 
2 
3 

1.67 
5.97 

0.20, 
0.29 

0.81 
2.93 

0.79 10.22 

2.94 
11.34 

0.15 
2.28 
1.43 
0.35 
5.70 
1.78 
4.15 

4.06 
2.90 
1.10 
8.84 
2.73 
5.88 

1.78 
6.79 
5.27 
2.26 
13.44 
4.02 
8.20 

- 
0.22 
0.24 
0.23 
0.20. 
0.15 
0.15 



Table A.2.1 continued 



A.2.2 Density differences between years 

Table A.2.2 below lists pvalues for the nul1 hypothesis that there is no difference between 

years in density in the same location and size class. No adjustment has been made for 

multiple comparkions. 

Table A.2.2: P-values for differences in numerical density per square rnetre. 



Table A.2.2 continued 



Table A.2.2 continued 



Appendix III 

Weight Density Results 

This appendix consists of two tables - one for estimates of weight density, and one for p- 

values of differences of weights in the same location, between consecutive years. 

A.3.1 Weight density estimates 

Table A.3.1 below lists estimates of mean density by weight in kilograms per square metre 

for al1 size by year by location combinations based on the rnixed effects mode1 fitted to 

logarithmically transfonned data. nie point estimates and the upper and lower boundaries 

of the 95% confidence intervals for the median density have al1 been back-transformed, 

while the estimated standard error is in the logarithmic scale. 

Table A.3.1: Estimates and confidence intervals of median weight in kilograms per square 

rnetre. 



Table A.3.1 continued 

Von 
Von 
Von 

94 
95 
96 

4 . 3 0  
2 . 2 6  
2.69 

2.99 
1.55 
1.77 

6.14 
3.26 
4 . 0 4  . 



A.3.2 Weight density differences between yeers 

Table A.3.2 below lists pvalues for the nul1 hypothesis that there is no difference between 

years in weight density in the sarne location. No adjustment has been made for multiple 

comparisions. 

Table A.3.2: P-values for differences in weight density between years. 

1 Von 1 94 1 95 1 0 . 0 1 4 8  1 

S tag 
Stag 
Sutil 

1 Von 1 95 1 96 1 0 . 5 3 5 7 1  

94 
95 
94 

95 
96 
95 

0 . 4 2 6 8  
O .  6013 

I 

O. 3886 
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