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PREFACE

The Fraser River Estuary Study was set up by the Federal and
Provincial Governments to develop a management plan for the area.

The area under study is the Fraser River downstream from Kanaka
Creek to Roberts Bank and Sturgeon Bank. The Banks are included between
Point Grey and the U.S. Border. Boundary Bay and Semiahmoo Bay are also
included but Burrard Inlet is not in the study area.

The study examined land use, recreation, habitat and water quality,
and reports were issued on each of these subjects.

Since the water quality report was preliminary, a more detailed
analysis of the information was undertaken by members of the water quality
work group. As a result, eleven background technical reports, of which
this report is one, are being published. The background reports are
entitled as follows:

- Municipal effluents.

- Industrial effluents.

- Storm water discharges.

- Impact of landfills.

-~ Acute toxicity of effluents.

- Trace organic constituents in discharges.
- Toxic organic contaminants.

- HWater chemistry; 1970-1978.

- Microbial water quality; 1970-1977.
- Aquatic biota and sediments.

- Boundary Bay.

Fach of the background reports contains conclusions and recommenda-
tions based on the technical findings in the report. The recommendations
do not necessarily reflect the policy of government agencies funding the
work. Copies of these reports will be available at all main branches of

the public libraries in the Tower mainland.
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Fiye auxiliary reports are also being published in further support
of the study. These coyer the following subjects:

- Site registry of storm water outfalls.
- Dry weather storm sewer discharges.

- Data report on water quality.

- Survey of fecal coliforms in 1978.

- Survey of dissolved oxygen in 1978.

Copies of these reports will be available from the Ministry of
Environment, Parliament Buildings, Victoria, British Columbia.

To bring this work together the water quality work group has pub-
1ished a summary report. This document summarizes the background reports,
analyzes their main findings and presents final recommendations. Some of
the recommendations from the background reports may be omitted or modified
in the summary report, due to the effect of integrating conclusions on
related topics. Copies of the summary report are in public libraries, and
extra copies will be available to interested parties from the Ministry of
Environment in Victoria.



ABSTRACT

Fecal coliform data collected by various government agencies and
the university community between 1970 and 1977 were reviewed. In
order to organize and compare data from different areas of the Fraser
River estuary, over one hundred sampling sites were grouped into 22
river reaches. The data were generally presented as annual geometric
mean values, 10th and 90th percentiles, and compared with the relevant
use criteria for each reach. Certain special data collection programs
were conducted to study specific problems associated with the design of
a monitoring program. These included investigations of variability on
cross sections of the river, through tidal cycles, and between days of
the week.

The data indicated an cbvious improvement in microbial water quality
subsequent to the start-up of the Annacis Island sewage treatment plant
in 1975. Chlorination of sewage treatment plant effluents during the
summer reduced fecal coliform counts below winter levels and provided
acceptable water for irrigation and swimming at Spanish Banks beaches,
adjacent to the study area. It was concluded that because of the diver-
sity of inputs, which include storm sewers and upstream sources, the
elimination of bacteriological contamination of molluscan shelifish in
the estuary was not presently feasible.

A rough comparison of coliform loadings from sewage treatment plant
(STP) effluents, storm sewer effluents, and the Fraser River upstream of
the study area indicated that STP effluents are the principal source of
coliform bacteria during the non-chlorinating months. Further studies
would be required to identify relative contributions from these three
major sources during chlorinating months.
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A summer monitoring program was designed to assess micrcbial
water guality at bathing beaches, in storm sewers, in sewage treat-
ment plant effluents, and in the Fraser River upstream of the'study
area. A winter monitoring program was designed to assess microbial
water quality in effluents and receiving waters during the period
when unchlorinated effluents are discharged into the estuary. The
principal relevant use of the Fraser River Estuary during the winter
is non-contact recreation. Although water quality criteria for this
use cannot be justified on the basis of measurable health hazards,
acceptable levels can be defined from an aesthetic viewpoint. Special
studies were recommended on the influence of the Fraser River on shell-
fish in the Strait of Georgia, and on the possible concentration of
pathogens in sediments.

Substantial information was obtained from this review despite the
number of agencies involved and the diverse purpose of their individual
data collection programs. However, it is recommended that in future one
or at most two agencies be responsible for coliform sampling in the
estuary, and that the data be reviewed annually by a committee with ex-
pertise in aquatic microbioclogy.
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MICROBIAL WATER QUALITY IN THE LOWER FRASER RIVER

1. INTRODUCTION

1.1 General Introduction

The Lower Fraser River, defined by the Fraser River Estuary Study
as extending from an eastern boundary at the confluence with Kanaka Creek
to a western boundary at Sturgeon and Roberts Banks, receives diverse in-
puts which may contain harmful microorganisms. These inputs include:
agricultural runoff which contains animal wastes, landfill leachates,
sewage treatment plant effluents which contain domestic sewage and indus-
trial wastewaters, and storm sewers which carry ground water and runoff
from urban areas. During periods of heavy rainfall, combined storm and
sanitary sewers may discharge material which has bypassed or been diverted
upstream of sewage treatment plants. +the receiving waters of the Lower
Fraser River dilute and transport these discharges to the sea, where various
factors including dilution by and bactericidal properties of seawater ulti-
mately reduce numbers of bacterial indicators of fecal pollution (coliforms)
to below detectable Timits.

There are several activities which may conflict with the use of the
Lower Fraser River for the assimilation of sewage wastes. The Recreation
Report of the Fraser River Estuary Study (38) has identified various sites of
present or potential recreational activities which could be affected by the
presence of pathogenic microorganisms. These activities include bar fishing,
hunting, boating, picnicking, beach activities, and swimming. Shellfish
harvesting, a potential activity on the banks adjacent to the Fraser River
mouth, requires a high standard of microbial water quality owing to the
ability of these organisms to concentrate bacteria and viruses during filter
feeding. Pathogenic organisms may be a potential risk to fishermen, who
frequently contact Fraser River water in the course of setting and retrieving
their nets.

Previous studies carried out by Hall et al (44) and B.C. Research (14)



have indicated that coliform leyels in areas of the Lower Fraser exceed
certain published criteria. In response to the concerns of various users
and to the warnings of previous investigators, the Water Quality Group

of the Fraser River Estuary Study placed a major emphasis on the compila-
tion and interpretation of unpublished coliform data from the Lower Fraser

River.

For this report we have compiled coliform data collected by various
agencies between 1970 and 1977 and entered it in EQUIS (Environmental
Quality Indicator Systems), a B.C. provincial government computer based
data storage and retrieval system. The data were grouped geographically
into various river reaches, and mean values compared both between reaches
and annually within each reach. Data from these reaches were compared
with published use related criteria and standards. An attempt was then
made to identify the major sources of fecal pollution, and to determine
how past and future changes in effluent treatment have affected and would
affect coliform levels. An attempt was made to determine whether imple-
mentation of various sewage treatment alternatives would affect coliform
levels in areas where relevant criteria were exceeded. Finally, various
approaches to a future monitoring program were discussed, including refer-

ences to previous studies on other river systems.

1.2 Introduction to Coliforms as Indicators
of Fecal Pollution

1.2.1 Disease~causing organisms in sewage
Effluents

Raw sewage contains many disease-causing organisms which originate
in the digestive tract; these organisms include representatives of bacteria,
viruses, protozoa, and fungi. Pathogenic organisms which have been isolated
from sewage include polio, hepatitis and Herpes viruses, bacteria which
cause typhoid fever, shigellosis, and salmonellosis; and stages of parasitic
Tife cycles such as Entamoeba histolytica cysts (amoebic dysentery) and

beef tapeworm eggs. The Salmonella group of bacteria, which are by far the
most common cause of infectious intestinal disease in temperate climates



(8), are consistently present in sewage treatment plant effluents. The
numbers of these pathogenic organisms are considerably reduced by efficient
sewage treétment processes and in particular, disinfecticn. Those pathogens
which remain after treatment are eventually reduced below detection limits
or eliminated in the receiving waters by one or more factors such as dilu-
tion, settling, low temperature, ultraviolet Tight, lack of nutrients,
predators, and high salinities. Under certain circumstances, pathogens may
accumulate and remain viable in estuarine sediments.

The detection of pathogenic organisms in receiving waters is tech-
nically feasible but impracticable and financially prohibitive (8, 49).
Large volumes of water must usually be processed in order to detect a single
organism and isolation methods frequently yield qualitative rather than
quantitative results. Moreover, the absence of recoverable pathogens is no
guarantee of safety due to the limitations of current sampling and analyti-
cal techniques. For these reasons public health microbiologists have sought
an indicator organism which was present in sewage in high numbers and which,
when isolated from the aquatic environment, would indicate the potential
presence of pathogenic organisms.

1.2.2 Coliforms as Indicators of Fecal Pollution

The beginnings of sanitary water microbiology date back to the nine-
teenth century, when Von Fritch in 1880 described Klebsiella pneumoniae and

K. rhinoscleromatis as organisms characteristic of human fecal contamination

(82). Soon afterwards Escherich described Bacillus coli (later Escherischia

coli) as a species which indicated the presence of fecal pollution. The
present definition of "coliform" is based on morphological and biochemical

criteria:

.......... the coliform group comprises all the aerobic and
facultatively anaerobic, gram-negative, non spore-forming,
rod-shaped bacteria which ferment lactose with gas forma-
tion within 48 h at 35 C. (5).



The definition includes representatiyes of the genera Escherischia,

Kiebsiella, and Enterobacter, which are present not only in the feces of
man and animals, but also in soils and plant material. Since coliform
bacteria (total coliforms) could originate from plant material, the "fecal
coliform" test was deyised. In this procedure coliforms of fecal origin
(intestines of warm-blooded animals) are differentiated from total coli-
forms by growth and lactose fermentation at the elevated temperature of
44.5C. Currently, both total and fecal coliform tests are commonly used.
However, the fecal coliform test is a more precise method for determin-
ing the presence of fecal contamination.

Recent reports (8, 79) have reevaluated the fecal coliform test
and have voiced concern that it includes thermotolerant colonies of
Kiebsiella. As a result it has been suggested (8, 19) that, in future,
the measurement of E. coli might replace total and fecal coliforms as an
indicator of fecal pollution.

Members of the coliform group are not usually pathogenic (with
the exception of Klebsiella pneumoniae and E. coli, in certain circum-

stances). The higher the number of coliform bacteria in a water sample,
the greater the possibility of the coincident presence of pathogenic
bacteria or viruses. However, it is recognized that there is no consis-
tent pathogen: indicator ratio in sewage or in waters which receive
sewage treatment plant effluents (49). The ratio changes according to
the level of disease in the population served by the treatment plant,
the type or degree of sewage treatment, the dilution rate or distance
from the point source in the receiving waters, the die-off rates, and
other factors (49).

Subject to the uncertainties noted above, the correlation between
coliform numbers in receiving waters and risk of disease incidence in
the population is clearly established with regard to waters used for
drinking or for shelifish harvesting (82). However, no agreement exists
on correlations between coliform numbers and diseases associated with
swimming or other types of aquatic recreation. Studies in Britain have



shown no causal relationship between incidence of polio and sea bathing;
the only evidence found of health hazards was four cases of paratyphoid
fever, all associated with beaches grossly polluted with fecal material
(8). Swimmers have a higher incidence of ear, nose and throat diseases
than non-swimmers (82), and Cabelli et al (18) have suggested that a
causative agent of ear infections, Pseudomonas aeruginosa, be monitored

in bathing areas. Fecal coliform counts have been correlated with the
jsolation of Salmonella (56, 59), and certain studies have demonstrated
epidemiologically detectable health effects when coliform counts reach
2300-2400/100 m1  (59). Cabelli et al (18) have demonstrated in an epi-
demiological study that measurable health effects are associated with
swimming in sewage polluted waters. The best correlations between gastro-
intestinal disease symptoms and indicator densities were found using E.
coli and fecal streptococci as indicators. It has also been suggested
(76) that large numbers of pathogenic bacteria are required to produce
disease symptoms, and that the minimal risk that exists for bathers comes
from chance contact with fecal material from infected persons. An excep-
tion was the occurrence in the Mississippi River of Shigellosis, a disease
which can be caused by the ingestion of only 10 to 100 organisms, in swim-
mers bathing in waters where the mean fecal coliform count was 17,500
organisms per 100 ml1 (65).

Despite the unclear relationship between coliform numbers and di-
sease incidence, both total and fecal coliforms are commonly measured in
waters used for swimming and recreation, as well as drinking and shellfish
harvesting. So far, several alternative indicator species have been
suggested but none, with the possible exception of E. coli, has been
generally accepted for the measurement of fecal pollution in aquatic en-

vironments.



2.  METHODS

2.1 MPN Technique

The most commonly used method for estimating numbers of total and
fecal coliforms in estuaries is the "Most Probable Number" (MPN) technigue.
This technique involves the inoculation of various dilutions of a water
sample into several (usually 3 or 5) test tubes containing a suitable
nutrient broth and inverted fermentation tubes. After an incubation
period at a selected temperature, the tubes are recorded as positive or
negative for growth and gas production. The MPN calculation from these
results is based on the proportion of positive and negative tubes at each
dilution, and the accuracy of the MPN value depends on the number of tubes
used. The MPN value, which is derived from certain probability formulae,
is a high estimate of the actual coliform numbers and the disparity between
the actual number and the estimate diminishes with increasing numbers of
tubes in each dilution examined (5).

An abbreviated description follows of the MPN method for measuring
total and fecal coliforms in waters of other than drinking water quality

(5).

2.1.1 Total Coliforms

a) Presumptive Test

A series of lactose broth or lauryl tryptose broth
tubes {a minimum of 3, preferably 5) are inoculated
with quantities of water in a decimal dilution series,
the selection of portion sizes to be dependent on the
experience of the analyst with regard to the quality

of the water. The tubes are incubated at 35C, and
examined after 24 and 48 hours for growth and gas
formation, indicating the fermentation of lactose.
Presence or absence of growth with gas formation after
48 hours constitutes a positive or negative presumptive

test, respectively.



b) Confirmed Test

A11 cultures showing a positive reaction to the
presumptive test are transferred to confirmatory
medium (brilliant green lactose bile broth in
fermentation tubes or Endo or Eosin methylene blue
on agar plates). A positive reaction for lactose
formation on confirmatory medium after the appro-
priate incubation period indicates a positive con-
firmed test. Water samples from other than
drinking water supplies, such as the Fraser River
water samples, are usually taken through the pre-
sumptive and confirmed tests.

¢} Completed Test

Two or more typical coliform colonies are trans-
ferred from Endo or EMB agar to lactose broth or
lauryl tryptose broth, and to a nutrient agar slant.
Gram stained preparations are obtained from those
cultures which ferment lactose within 48 hours.

The presence of gram-negative non sporeforming rod-
shaped bacteria in these constitutes a positive
completed test. The completed test is selectively
employed and usually restricted to verification of
counts in waters to be used as a drinking water

source.

2.1.2 Fecal Coliforms

The fecal coliform test is used to differentiate between coli-
forms of fecal origin (intestines of warm-blooded animals) and coli-
forms from other sources. The presumptive test is carried out in the
same way as for total coliforms. Transfers are then made from positive
presumptive tubes to EC medium, and the tubes incubated for 24 hours
at 44.5 C + 0.2 C. Gas production within the 24-hour incubation
perioa constitutes a positive fecal coliform confirmed test, and
indicates the source of the coliform bacteria to be the intestines of

man and other warm-blooded animals.



2.1.3 Statistics of the MPN Technique

For statistical presentation of coliform data, the geometric
mean (recreational areas, swimming beaches) or median (shellfish
harvesting areas) value is usually chosen to represent the central
tendency of results from a number of samples. Pipes et al (62)
have found that the negative binomial and lognormal distributions
provide the best fit for coliform samples obtained periodically
from flowing water. They observed that the negative binomial gave
a better fit when there were a large number of zero counts and a
few extremely high values. The lognormal gave a better fit when
the counts were more tightly grouped about the mean. Use of the
geometric rather than the arithmetic mean minimizes the effect of
individual extreme values and generally provides a lower estimate
of coliform densities.

It should be emphasized that MPN values are an approximation
of the true coliform density, and have the inherent limitation of
considerable variability and hence low precision (16). The accuracy
of the MPN depends on the number of dilutions in the decimal series
and on the number of tubes, usually 3 or 5, in each dilution.
Theoretical confidence 1imits are available (5) for the MPN of each
possible code, made up of the number of positive tubes in each
dilution in the three and five tube tests. For example, the code
5, 2, 0 in the five tube test (i.e., five position reactions in the
10 ml dilution, two in the 1 ml dilution, 0 in the 0.1 ml dilution)
has an MPN of 49/100 ml and 95% confidence 1imits of 17/100 ml and
130/100 ml. For the various possible MPN values obtainable by the
5 tube test, lower confidence limits vary between 8.3 and 40% of
the MPN estimate and upper confidence Tlimits vary between 227% and
362% of the MPN estimate. For the 3 tube test, Tower and upper
confidence Timits vary from 2.8% to 25% and 224% to 555%, respectively.

MPN values are calculated on the assumption that coliform
bacteria are randonly distributed in a water sample. Cochran (28)
has shown that the logarithm of replicate MPN estimates are approxi-
mately normally distributed with a standard deviation of 1.77 (5 tube



test) and a mean close to the logarithm of the bacterial density of
the population. As the precision of the single MPN value is rather
lTow, attempts have been made to determine the precision of replicate
MPN values. Using the logarithmic distribution and Cochran's
results McCarthy (55) has calculated the expected range of 10 repli-
cate five tube MPN's. This expected range lies between 41% and 240%
of the true coliform number, indicating that some replication does
not necessarily produce higher precision in the MPN estimate.

2.2 Escherischia coli

The membrane filter procedure for thermotolerant E. coli (32)
is not a "Standard Method" in the strict sense of the phrase, al-
though the accuracy, precision, and selectivity have been evaluated
and found satisfactory with various marine waters on the northeast
coast of the United States.

Appropriate volumes of water sample are filtered through a
sterile membrane, such that 20 to 80 colonies will result. The mem-
branes are placed on the agar surface of mTEC Medium plates, and
incubated at 35C for 2 hours (a resuscitation period for injured cells).
MTEC Medium is composed of the following reagents: Proteose peptone,
5.0 g; Yeast extract, 3.0 g; Lactose, 10.0 g; NaCl, 7.5 g3 KZHP04,

3.3 g; KH2 PO4,
cholate, 0.1 g; Brom cresol purple, 0.08 g; Brom phenol red, 0.08 g;

1.0 g; Sodium Tauryl sulfate, 0.2 g; Sodium desoxy-

Agar, 15 g; Distilled water, to one liter. After the two hour
resuscitation period, the filters are incubated in a 44 C waterbath
for approximately 22 hours, and aseptically transferred from each
plate to a filter pad saturated with urease reagent. After 15 to
30 minutes all yellow colonies are counted, indicating the number of
thermotolerant E. coli in the sample volume tested. Yellow colonies
may be confirmed as E. coli by transferring them to nutrient agar
plates and incubating for 24 hours. A negative oxidase test on the
nutrient agar cultures and no growth or colour change on Simmon's
citrate agar is positive confirmation as E. coli.
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2.3 Ratios of Microbial Indicators

Ratios of microbial indicators are, in some cases, used to
obtain information on the sources of coliform bacteria in receiving
waters. The higher the ratio of fecal coliforms to total coliforms,
the more Tikely it is that the principal source of coliforms is
fecal material.

It has been suggested (39) that human fecal material may
be distinguished from fecal material of other warm blooded animals
by the use of the fecal coliform: fecal streptococcus ratio. This
premise is based on the observation that there are higher numbers
of fecal coliforms than fecal streptococci (ratio > 4.0} in human
feces. Conversely, there are lower numbers of fecal coliforms than
fecal streptococci (ratio < 0.7) in the feces of other warm blooded
animals. Results from the measurement of FC:FS ratios in receiving
waters must be interpreted with care, due to the ubiquitous nature
of some species of fecal streptococci and the differential die-off
rates of the two groups of bacteria.

Fecal coliform: fecal streptococcus ratios and fecal coli-
form: total coliform ratios have been measured in the Lower Fraser
River by Hall et al (44). Their findings will be discussed in the
RESULTS Section of the report.

2.4 Methods of Collection and Analysis of Fraser River

Coliform Samples

The Fraser River data which are analyzed in this report
consist primarily of confirmed total and fecal coliform values
measured by both the 3 tube and 5 tube MPN techniques. The majority
of the samples were analyzed in the B.C. Public Health Laboratory,
the B.C. Research Council laboratory and the Environmental Engineer-
ing Laboratory, Department of Civil Engineering, University of
British Columbia. The data, which were compiled by staff from the
B.C. Ministry of Environment {Water Investigations Branch) and the
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Federal Inland Waters Directorate {Water Quality Branch), were
collected from various sources including the Greater Vancouver
Regional District, the Pollution Control Branch, the Water
Investigations Branch, the Westwater Research Centre, the Richmond
Health Unit and the Boundary Health Unit.

It was found that these coliform data had been collected
at over one hundred sites in the Lower Fraser River area. For
purposes of organization and comparison of data between geograph-
ical areas, these sites were grouped into 22 reaches which are
illustrated in Fig. 1. The bathing beaches which were located
adjacent to the study area and which were regularly sampled for
coliforms are indicated in Figs. 2 and 3.

The form which the data take in the results section
depends in part on the forms in which the data were submitted by
the participating agencies, and on the statistical capabilities
of the EQUIS computer programs. Every attempt has been made to
present the data in terms of the relevant use criteria, which may
be based on arithmetic means, geometric means, medians, and/or
percentiles. Bathing beach data have been presented in terms of
the arithmetic means, geometric means, and 90 percentiles; yearly
reach summaries include geometric means, 10 and 90 percentiles.
Monthly reach summaries contain single values or arithmetic means
which are generally insufficient in numbers to permit valid seas-
onal comparisons. Monthly summaries are not discussed in detail
and are located in Appendix B. Coliform values in effluents are
presented as median values and ranges, as received from the GVRD
offices. An attempt has been made to estimate the feasibility of

analysis of variance and trend analysis using these data.

There are certain limitations to the interpretation of
data which have been collected by various agencies and entered into
a central computer bank. For example, conditions such as tide,
rainfall, water temperature, or salinity may have been noted by
the field investigator but are unobtainable or difficult to obtain
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Figure . 2 Location of sampling stations at Tsawwassen Beach and Jetty.
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by the person who is interpreting the computer printout. Addit-
ionally, the field investigator may have had a problem-solving
approach {i.e. investigation of cross-sectional variability or
variability with depth) which is not apparent on the computer
printout. Finally, samples collected and analysed by different
agencies will have undergone different storage conditions, and,
conceivably, different methods of analysis. The large number of
results obtained will mitigate against errors in the assessment
of average conditions. However, to relate bacteriological con-
ditions to particular circumstances, such as slack tide and summer
temperatures, would have entailed an accurate recording of the
relevant physical and chemical parameters.

3. RESULTS

3.1 Sources of Indicator Bacteria

3.1.1 \Upstream Levels

Little published or unpublished information exists on coliforms
in the Fraser River upstream of the study area, above the influence
of the major sewage treatment plant effluents discharged at Annacis
Island, Lulu Island, and Iona Island. Reports by Rusch (66) and the
B.C. Research Council (9, 11, 14) indicate that the maximum upstream
penetration of Annacis Island effluent occurs at the Port Mann
Bridge, on a winter high flood tide. Coliform bacteria upstream of
this point originate primarily from STP effluents of communities
such as Langley and Maple Ridge, and from agricultural runoff.

Two studies have indicated that coliform levels at Hope are
relatively low and increase progressively with distance downstream.
Hall et al (44) in their study conducted from February through May,

1973, found that arithmetic mean values of fecal coliforms in
MPN/100 ml were 130 at the Hope Bridge, 775 at the Mission Bridge,
and 2570 at the Pattullo Bridge. Clark (25) summarized coliform data
entered in EQUIS between 1970 and 1975, and found that median fecal
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coliform levels were 80, 110, and 2,200 in reaches at Hope, Chilli-
wack, and Vancouver, respectively.

Figure 4 shows yearly summaries for fecal coliform data col-
Tected between Hope and Mission from 1970 to 1976. In this period
geometric means for fecal coliforms ranged from 50 to 380/100 ml.
Yearly summaries for Reach 1, Barnston Island (Fig. 5) show that,
from 1971 to 1975, geometric means of fecal coliform values ranged
between 150 and 400/100 ml.

It is impossible to calculate coliform loadings from the
Fraser River upstream of the study area with any accuracy, due to
the paucity of data. As an approximate estimate, assuming dis-
charges of between 700 m° s~ (25,000 cfs) and 5,700 m g7
(200,000 cfs), and geometric mean fecal coliform values of between
100 and 400/100 ml1, potential loadings would range from 6 x 1013

fecal coliforms/day to 1.9 x 1015 fecal coliforms/day.

Coliform Toading values may also be presented in terms of
"population equivalents" (75), defined as the daily per capita con-
tribution of coliform organisms in untreated waste. The total coli-
form contribution per capita per day has been determined as 1.6 x 10"
coliforms/person/day; 20% of this figure, 3.2 x 1010, is generally
considered to represent the fecal coliform contribution per person
per day. Converted to population equivalents, fecal coliform load-
ings from upstream sources range from approximately 2000 to 60,000.

3.1.2 Sewage Treatment Plant Effluents

a) Background Information

The upstream levels discussed in the previous section
are augmented from two major sources, sewage treat-
ment plant effluents and storm sewers. Detailed
information on these sources can be found in the
Fraser River Estuary Study reports entitled Municipal
Effluents (21) and Stormwater Discharges (37). In

order to estimate the relative contributions to the
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receiving waters from these sources, a brief
description and -summary of coliform data from
effluents and storm sewers is included in this
report.

Figure 6 shows the location of the sewage treat-
ment plants in the study area and indicates the
maximum discharge which is allowed under the
Pollution Control permit. In practice, the vol-
umes discharged from the sewage treatment plants
are usually considerably less than those allowed
by permit (21). Some general information on the
three major sewage treatment plants at Annacis
Istand, Lulu Island, and Iona Island is found in
Table I. Each STP presently has primary treat-
ment, followed by chlorination from May to
September, inclusive. Previously, Annacis Island
effluent was chlorinated continuously from May,
1976 to September, 1977 and Lulu Island effluent
was chlorinated continuously from January, 1974
to September, 1977. The present chlorination
period was chosen in order to 1imit the discharge
of pathogenic organisms during the season of
maximum recreational use of the estuary and
adjacent swimming beaches. The two major STP's
on the Fraser River main arm also have dechlorin-
ation facilities to reduce the concentration of
residual chlorine which is potentially toxic to

migrating salmon.

The effectiveness of chlorine as a disinfecting
agent is well known. The effect of chlorination
on total coliform counts at the Annacis Island

STP outfall is shown in Fig. 7. This figure shows
monthly median, maximum, and minimum coliform
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counts for effluent samples which were tested

twice daily. Total coliforms, rather than fecal
coliforms, have been measured in sewage from the
sewage treatment plants which discharge into the
Fraser River. Median total coliform counts in
Annacis Island effluent ranged from 3.3 x 106/100 ml
to 3.5 x 107/100 ml during non-chlorinating months,
and from 7.5 x 10% to 1.5 x 10%/100 m during chior-
inating months. Fecal coliform counts, which would
be approximately 20% or Tlower than total coliform
counts would therefore range from 6.6 x 105/100 ml
to 7.0 x 106/100 ml during non-chlorinating months
and 1.5 x 102 to 3.0 x 103 during chlorinating
months. The variability as indicated by the ranges
was high, particularly in April and October as STP's
do not necessarily change from chlorination to
non-chlorination or vice versa on the first day of
the month. A similar pattern occurred at Lulu Island
and Iona Island, where median total coliform counts
in unchlorinated effluent were generally in the order
of 106 and median values in chlorinated effluent
were generally in the order of 103. This reduction
of approximately 103 in coliform values agrees with
published results on the effectiveness of chlorin-
ation (52) and is related to the concentration of
added chlorine and the contact time between the
chlorine and the sewage. Increased coliform dieoff
might be obtained by increasing one or both of these
factors.

Coliform Loadings from Sewage Treatment Plants

In the Municipal Effluents Report (21), daily total
coliform loadings have been calculated for each

month in 1977 at Annacis Island, Iona Island and
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Lulu IsTand. It should be emphasized that, in
order to make comparisons with fecal coliform
loadings from other sources, total coliform numbers
should be reduced by approximately 80%. Geometric
mean, maximum, and minimum daily coliform loadings
are extracted from the Municipal Effluents Report

and presented in Table I1I. Loading values were
obtained by multiplying the geometric mean of
approximately 50 coliform measurements per month

by the monthly geometric mean of daily average flow
measurements (calculated from a continuous flow
record). Geometric and arithmetic means of flow
measurements were similar for the month at each
sewage treatment plant.

Table II indicates an obvious difference in coliform
Toading values between chlorinating and non-chlorin-
ating months at all three sewage treatment plants.
At Annacis Island, means of daily coliform Toadings
12 40 4.67 x 10"3 tot
forms/day (10-300 population equivalents) in the

ranged from 1.24 x 10 total coli-
period January to September, 1977. Data available
for one full month of non-chlorination (December,
1977) shows total coliform loadings of 1.7 x ]O]G/day
(100,000 population equivalents). Means of daily
coliform Toadings in the chlorinating months of
January to September at the Lulu Island STP ranged
from 4.0 x 100 t0 1.19 x 10'3 coliforms/day (0.25

to 75 population equivalents). Means of daily coli-
form loadings for the non-chlorinating months of
November and December were 8.1 x 1015 and 6.5 x 10
coliforms/day (50,000 and 40,000 population
equivalents) respectively. Means of daily coliform

15

loadings for chlorinating (June to September) and
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non-chlorinating months at the Iona STP ranged
from 5 to 8 x 101] coliforms/day (3 to 5 popu-
lation equivalents) and from 7.3 x 1015 to 1.7 x
1016 coliforms/day (46,000 to 100,000 population
equivalents) respectively, excluding the trans-
itional month of May.

Although confidence Timits have not been calcu-
lated for the effluent loading data, the ranges
indicate considerable variability, particularly
in changeover months between chlorination and
non-chlorination. The variability in Annacis
Island and Lulu Island loading calculations is
primarily due to variability in coliform numbers,
rather than variability in flow. At Iona Island,
variability in flow also contributes to variabil-

ity in Toading calculations.

In summary these data clearly indicate large
differences, primarily due to chlorination patterns,
in the microbial water quality of STP effluents
which discharge into the Lower Fraser River. Hydro-
Togical conditions during these periods of chlori-
nation and non-chlorination may also influence
coliform concentrations in receiving waters. The
current chlorination period between May and Sept-
‘ember includes the peak of Fraser River runoff,
which occurs between May 1 and July 16 (81). There-
fore, the period of minimum coliform concentration
in effluents corresponds to the period of maximum
diTution of effluents in receiving waters.

Since many factors influence coliform dieoff and/or
recovery in receiving waters it is difficult to
predict seasonal trends. Data collected after
November, 1977 should be examined to determine
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whether the lack of chlorination at Annacis and
Lulu Island STP's during the winter has resulted
in higher receiving water coliform counts than
previously recorded.

3.1.3 Storm Sewers

Another major source of coliform bacteria in the Lower Fraser
River is storm sewers, which carry runoff from commercial, indust-
rial, agricultural, residential, and open space land use areas.

In addition to storm sewers there are outfalls from combined
sewers which discharge stormwater and sewage to the Fraser River
at times when the combined input exceeds the flow capacity of the
sewage treatment plants. The volumes discharged by storm sewers
are variable and dependent on precipitation, runoff, the time
between storms, and tidal stage in some cases. Little is known
about coliform levels in storm sewers which discharge into the
Fraser River. The available information is presented and inter-
preted in a Fraser River Estuary Study report entitled Stormwater
Discharges (37). In order to assess the relative contribution of
various coliform sources which discharge into the Fraser River
study area, certain information from the storm sewer report is
summarized here.

There are approximately 175 storm sewer outlets which discharge
effluent into the North and Main Arms of the Fraser River.
Ferguson and Hall (37) have estimated approximate daily coliform
loadings for each municipality in the Lower Fraser River area.
These loadings were calculated from the proportion of each of five
land use groups in each municipality, the average annual precipi-
tation for each municipality, a runoff coefficient for each land
use group, and Titerature values for stormwater pollutant concen-
trations for each land use. The limitations in this loading calcu-
lation, which are described in the stormwater report (37), include
the use of literature values rather than values from the Fraser
River study area, the lack of information on the effect of variable
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intensity and duration of storms, and the problems inherent in calculat-
ing daily loadings from annual runoff values. The approximate estimate

of Toadings from storm sewers was 5.65 x 1013 fecal coliforms/day (1700
population equivalents) to the Lower Fraser River area, including the
North Arm and the Main Arm. Total coliform loadings were ten times as
high as fecal coliform loadings.

Results are now available from a fecal coliform survey of stormwaters
carried out during dry weather from July to October, 1978 (27). The data
were grouped and the geometric mean, arithmetic mean, 10th and 90th percen-
tiles calculated for storm sewers in urban sites, agricultural sites, indus-
trial sites, commercial sites, and waste disposal sites. In order of decreas-
ing geometric mean values, fecal coliform concentrations at the sites were
ranked as follows: urban > agricultural > industrial > commercial > waste
disposal. The individual storm sewers which contained the highest fecal
coliform numbers were all located in areas designated as urban, specifically
at the Fraser View Golf Course (greater than upper measurable limit of
240,000/100 m1) and Sti1l Creek at 22nd Street (92,000/100 m1). These levels
may indicate cross connections between storm sewers and sanitary sewers. A
rough calculation, based on coliform counts and flow measurements from the
September, 1978 stormwater survey, showed a dry weather loading of 2.6 x 10]2
fecal coliforms/day (80 population equivalents).

3.1.4 Landfill Leachates

Detailed information may be found in the report by J.W. Atwater entitled
Impact of Landfills (6). The coliform levels in landfill leachates are deter-
mined to a great extent by the local disposal practices of sewage sludge and
septic tank pump-out. 1. Limited data on coliform concentrations and leachate
flow indicate that landfills discharge fewer coliforms than storm sewers,
water upstream of the study area, or sewage treatment plant effluents.

Kay, B.H. Senior Environmental Microbiologist. Environmental Protection
Service. Personal Communication.
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Data available from a very limited sampling of 3 Teachate sites
indicated Toadings as follows: Kerr Landfill site, 1.3 x 108
fecal coliforms per day; Stride Landfill site, 4.6 x 107 fecal

coliforms per day; Port Mann Landfill site, 2.7 x 108

fecal
coliforms/day (converted from a total coliform measurement by
a factor of 0.2). Together these three landfill sites contribute

a total of 0.01 population equivalents.

3.2 Relative Contributions from Sources of Coliform Bacteria

It is impracticable, given the Timited data on coliform
levels upstream of the study area and in storm sewers, to calcu-
late accurately the relative contributions of sewage inputs to
the Lower Fraser River. The very limited information available
indicates that, during months of non-chlorination, the input of
coliforms is higher from sewage treatment plants than from storm
sewers and upstream sources. During months of chlorination,
there are insufficient data to show a significant difference be-
tween the three sources. In order to better determine the rela-
tive significance of various coliform sources, a calculation of
storm sewer loadings using data coliected from the study area
rather than literature values would have to be made. This is
intrinsically difficult as coliform levels may vary radically
during the progress of a storm and depend on the frequency and
intensity of rainfall. Furthermore, manual sampling is of Timited
practical application and automatic sampling of storm sewers is
technically rather complex (31).

Additional data must also be collected in order to calculate
upstream levels with a greater precision than the range specified
above. Accurate loading calculations for both storm sewers and
upstream coliform inputs are difficult to obtain due to flow
reversal during certain stages of the tide. An additional problem
in developing relative loading estimates is the fact that total
coliforms have previously been measured in STP effluents, and can-
not be accurately compared with fecal coliform loadings from
other sources.
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3.3 Levels of Indicator Bacteria in Receiving Waters

of the Lower Fraser River

3.3.1 Location of Reaches and Uses Within Fach Reach

Figure 1 shows the location of the 22 reaches in which
coliform data from the Lower Fraser River have been grouped.
These data have been interpreted by comparing the annual geo-
metric mean values for each reach with published criteria and/
or standards of microbial water quality. Criteria may be
defined variously as "....the scientific data evaluated to
derive recommendations for characteristics of water for spec-
ific users" (76) or "a standard, rule, or test on which a
judgement or decision of something can be made" (58). Although
criteria and standards are, by definition, synonymous, the
latter term when applied to water quality usually designates a
1imit which, when exceeded, may lead to future action, legal

or otherwise.

Water quality criteria are generally related to water
uses such as industry, irrigation, recreation, domestic con-
sumption, or use by aquatic organisms. More specifically,
microbial water quality criteria are related to various uses
which may cause man to ingest or contact pathogenic organisms;
these uses include drinking, shellfish consumption, swimming,
recreation, and irrigation. Table III briefly summarizes
certain information from the Recreation Report of the Fraser
River Estuary Study (38), and indicates that recreation other
than swimming is the principal activity relevant to microbial
water quality criteria in the 22 reaches. At several locations
in the Lower Fraser River, irrigation water is obtained from
ditches which are linked by floodgates to Fraser River water.
Swimming occurs at beaches adjacent to the study area.

Shellfish harvesting is a potential activity at Sturgeon
Bank, Roberts Bank, and in the Boundary Bay area; these waters
are presently closed for this use due to high fecal coliform

levels. Commercial fishing is a major industry on the Lower
Fraser River, and entails frequent contact with Fraser River water.
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3.3.2 Microbial Water Quality Criteria

Certain past and/or current water guality standards
and criteria are listed and described in Table IV. The most
stringent standards are applied to untreated drinking water
and specify that, as a maximum permissible limit, 90% of
samples in a consecutive 30-day period should be negative for
total coliforms (30). It is exceedingly unlikely that water
in the Lower Fraser River will ever be used or required for
drinking, and it is also unlikely that, given the diverse
sources of sewage inputs, the drinking water standard will ever
be achieved. The next most restrictive standard is for shel]-
fish harvesting, which requires that the fecal coliform MPN in
water samples not exceed 14/100 ml, and that not more than 10
percent of samples exceed 43/100 ml (22). The shellfish harvest-
ing standard is very stringent because these organisms concen-
trate pathogens during filter feedingand shellfish may be eaten
raw. This 14/100 m1 value is based on epidemiological evidence
Tinking the incidence of typhoid fever with coliform populations
of shellfish and shellfish waters (73). The standard for shell-
fish harvesting is probably not achievable in the Lower Fraser
River area, and will be discussed in a future section on the
effects of various sewage treatment alternatives on receiving
water quality.

There is no agreement on the necessity of bacterial stand-
ards for swimming waters, and on the levels of total or fecal
coliform bacteria which represent a potential hazard to swimmers.
In 1968 the National Technical Advisory Committee to the U.S.
Department of the Interior (74) recommended that logarithmic
means of fecal coliforms in swimming waters should not exceed
200/100 m1, with no more than 10% of the samples exceeding
400/100 ml. This is the standard which is currently enforced by
the B.C. Ministry of Health (29). The Committee on Water Qual-
1ty Criteria (76) reviewed the epidemiological evidence Tinking
disease incidence and swimming, and stated that no “"specific
recommendation is made concerning the presence or concentrations
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of microorganisms in bathing water because of the paucity of
valid epidemiological data." A similar view is taken in Great
Britain, where there are no bacterial standards for recreational
waters (8). When considering the relative merit of these seem-
ingly divergent viewpoints, there are two questions which might
be considered. Firstly, should standards such as the 200/100 ml
value be applied, despite the limited supporting epidemiological
evidence, in order to ensure a high standard of microbial water
quality at beaches? Secondly, do the aesthetic considerations
associated with swimming in fecally polluted water suggest the
application of a water quality standard, despite the low risk
of infection by pathogenic organisms?

Water quality criteria have been described for irrigation
waters and raw waters for public water supplies. The Committee
on Water Quality Criteria, 1972 (76) recommended that irrigation
waters contain a maximum fecal coliform concentration of
1000/100 m1, and that jrrigation waters with lower coliform
densities contain sufficiently low concentrations of patho-
genic microorganisms so that no hazards to animals or man result
from their use. These criteria are based on the isolation of
Salmonella from irrigation waters containing fecal coliforms at
a concentration of approximately 1000/100 mi or more.

Canadian Drinking Water Standards and Objectives (30)
specify that, for treated public drinking water supplies, the
maximum permissible density of fecal coliform bacteria in the
raw water be Tess than 1000/100 ml in 90% of samples over a
consecutive 30-day period. The Committee on Mater Quality
Criteria (76) recommended that fecal and total coliform densi-
ties in public water supplies before treatment should not exceed
2000/100 m1 and 20,000/100 ml, respectively. These criteria
are based on the observation that, at fecal coliform concen-
trations greater than 2,000/100 mi, Salmonella, Poliovirus,

and ECHO viruses have been detected (76) in public water supplies.
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It is unlikely that Lower Fraser River waters will be used for
this purpose in the foreseeable future, as water supply in
nearby mountainous watersheds is plentiful.

Bar fishing, hunting, boating, picnicking, and nature study
are the most common forms of recreational activity in the 22
reaches of the Lower Fraser River study area. Published microb-
ial water quality criteria for recreation other than swimming
(non-contact recreation) are even more debatable than swimming
water criteria. In 1968, the National Technical Advisory
Committee (74) recommended that geometric means of fecal coliform
counts in waters used for non-contact recreation should not exceed
1,000/100 m1, and that no more than 10% of these water samples
should exceed 2,000/100 m1. They also recommended that fecal
coliform counts in all waters should average less than 2,000/100 ml
and should not exceed 4,000/100 m1. Conversely, the Committee on
Water Quality Criteria (76) concluded from their investigations
that "criteria concerning the presence of microorganisms in water
for general recreation purposes are not known". Presently, the
non-contact recreation criteria are not enforced by the U.S.Environ-
mental Protection Agency, and there are no B.C. Provincial or
Canadian Federal standards or criteria for non-contact recreation.

Although criteria for non-contact recreation cannot presently
be supported by epidemiological evidence, recommendations have been
made on less quantifiable considerations such as aesthetics. Such
an approach was taken by one of the groups convened by the World
Health Organization in 1972 to develop environmental health criteria
(72). They recommended that “samples with fecal coli MPN's of
greater than 2,000 per 100 ml should be deemed heavily polluted
and objectionable. Fecal counts of between 1,000 and 2,000 would
indicate distinct pollution and be suspect. Counts of 50 to 200
per 100 ml would indicate slight pollution and counts of less
than 50 be considered highly satisfactory."
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In the case of the Lower Fraser River reaches where recre-
ation other than swimming is the major activity, the annual geo-
metric mean values can only be compared with general aesthetic
categories such és those described by the WHO Committee. It
should be pointed out that these categories do not represent
Canadian Federal or B.C. Provincial standards or criteria, and
that these categories cannot be related to known health hazards
resuiting from contact with pathogenic organisms.

3.3.3 Annual Geometric Means and Percentiles
for Each Reach

Figures 5 and 8 to 12 show annual summaries including geo-
metric means and 10 and 90 percentiles for each of the 22 Lower
Fraser River reaches from 1970 to 1977. These annual summaries
have been prepared from data stored in the EQUIS computer, com-
piled from various government agencies and university scientists.

Annual summaries have been prepared in order to give an over-
view of coliform levels in the various reaches, and in order to
make rough comparisons geographically between reaches and between
years within each reach. There are various reasons why confi-
dence limits cannot be assigned to these data, and the data cannot
be used for trend analysis or statistical comparisons. These
reasons are discussed and certain selected reaches are examined in
detail in the following section.

Historically, coliform values have not usually been subjected
to rigorous statistical analysis, and they have been generally
presented in terms of means, medians, and/or percentiles which are
then compared to the appropriate criteria, based on use. In the
case of the Fraser River reach data, the geometric mean of the
fecal coliform values has been chosen as the most appropriate meas-
ure of central tendency, and has been compared to the subjective
criteria previously described for non-contact recreation. Early in
the 1970 to 1977 period, total coliform samples were collected more
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frequently than fecal coliform samples; by 1977 the latter test
was more generally used and considered superior for the detection
of fecal material. Annual summaries for total coliform values
are presented in Appendix I.

Reaches 2 (Port Mann Bridge), 4 (North End Annacis Island),
12 (Cannery Channel) and 16 (Mitchell Island) contain insufficient
fecal coliform data to be included in temporal or spatial compari-
sons. There is also insufficient fecal coliform data in reach 3
(Pattullo Bridge); this reach is of considerable interest due to
its location upstream of the major sewage treatment plants, and
because of the discontinuation of the Braid Street sewer in 1977.
The geometric means of the few values obtained from 1976 to 1977
were approximately 100/100 m1 (Fig. 5); these numbers agree with
the results from a 24 hour sampling series carried out by the
Inland Waters Directorate in January, 1978 (24). On this occasion
fecal coliform counts in samples from two depths near the Pattullo
Bridge were below 200/100 ml except at high slack tide, when val-
ues were as high as 900/100 ml.

Moving down the mainstem 1in the direction of the Annacis
Island sewage treatment plant, geometric means in reach 5 (Annie-
ville Channel Upstream) were below 1000/100 m! from 1974 to 1976,
and below 250/100 m1 in 1977 (Fig. 8). The geometric mean in
reach 6 (Annieville Channel Downstream), which is located just
downstream of the Annacis Island effluent pipe, ranged from 1000
to 2000/100 ml1 in 1974 to 1976, and below 1000/100 m1 in 1977
(Fig. 8). Geometric mean values in reach 7 (Annacis South End)
ranged from 1000 to 2000/100 ml in 1973 to 1975, and were below
10007100 m1 in 1976 to 1977 (Fig. 8).

It might be expected that the discharge of large volumes of
effluent from the Annacis Island STP would result in a localized
increase in fecal coliform numbers. However, the data did not .
indicate a rise in geometric mean values in the reaches adjacent
to Annacis Island after the start-up of the sewage treatment plant
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from 1975 to 1977. This may reflect the effects of continuous
effluent chlorination from May, 1976 through September, 1977

on receiving water quality. For this reason, the values for

1978 will be of considerable interest. It is also important to
observe that, although geometric mean values in this area were
usually well below the "grossly polluted” aesthetic criterion

of 2000/100 ml, 90th percentile figures were often exceedingly
high. The considerable variability in fecal coliform concen-
trations is largely due to changing effluent concentrations as

a function of volume, tide, discharge, chlorination patterns and
treatment efficiencies. Geometric means of fecal coliform values
at reach 8 (Tilbury Island) were below 1000/100 ml from 1971 to
1977, with the exception of higher values from 1973 to 1974

(Fig. 8). Considerable variability in fecal coliforms was ob-
served (24) in a 24 hour sampling series at Tilbury Island in
February, 1978; hourly samples from two depths ranged from 100

to 2300 fecal coliforms/100 m1. Moving further downstream to
reaches influenced by Delta, Ladner, and Lulu Island sewage treat-
ment plants, geometric means of fecal coliform values in reach 9
(Deas Island) ranged from 1000 to 2000/100 ml in 1973 to 1977,

with the exception of higher values in 1975 (Fig. 9). The sample
size for reach 10 (Kirkland Island) is small and Fig. 9 indicates
geometric means of approximately 1000/100 m1 from 1970 to 1977,
except for 1973 and 1975 (>2000/100 ml1) and 1977 (< 1000/100 m1).
Geometric means at reach 11 (Steveston Island) ranged from 500 to 2500/100 ml
in 1972 to 1975, and were below 1000/100 m1 in 1976 to 1977 (Fig.9).
Intensive sampling (24) carried out at this reach indicated 24 hour
ranges of approximately 400 to 2000 fecal coliforms/100 ml in
December, 1977 and 50 to 750 fecal coliforms/100 mi1 in September,
1978. Variability at this site is also reflected in 10 and 90 per-
centile values ranging from 100/100 m1 to >2000/100 m1 in 1976

and 1977 (Fig. 9). Geometric means for reach 13 (Sand Heads) were
below 1000/100 m1 with the exception of values between 1000 to
1500/100 m1 in 1972 to 1974 (Fig. 10).

Reaches 14 to 18 are Tocated on the North Arm of the Fraser
River, which currently does not directly receive any sewage treat-
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ment plant effluents. Preyious to the Annacis Island hookup in
1975 the North Arm received effluents from the municipalities of
Burnaby and New Westminster; low dilution rates in the North Arm
resulted in high coliform values which were reported by previous
studies {44). Presently, storm sewers and combined overflows"
are a potential source of fecal material, and sewage from Annacis
or Iona could conceivably enter the North Arm during certain con-
ditions of tide and river discharge.

The Timited data from reach 14, Queensborough, shows geo-
metric mean fecal coliform values between 2000 and 5000/100 ml in
1973 to 1975, and below 1000/100 ml in 1976 to 1977 (Fig. 10).

At reach 15 (CN Rain North Arm} geometric mean values ranged from
1000 to 4000/100 ml in 1971 to 1975, with the peak value occurring
in 1973 (Fig. 10). In the years 1972 to 1974, 90th percentiles
were very high, ranging from 20,000 to 30,000 MPN/100 ml. Geometric
mean fecal coliform values in this reach were Tess than 1000/100 ml
in 1976 to 1977.

Geometric mean fecal coliform values in reach 17 {Oak Street)
ranged from 2000 to 5000/100 ml in 1970 to 1975; the geometric mean
was less than 2000/100 ml in 1976 and less than 1000/100 ml in 1977
(Fig. 11). At reach 18 (Wood Island) geometric mean values ranged
from 2000 to 6500/100 m1 in 1971 to 1975, and from 1000 to 2000/100 ml
in 1976 to 1977 (Fig. 11)}. The Wood Island reach is located suff-
iciently close to the Iona Island STP that effluents may affect
coliform concentrations on an incoming tide. In summary, fecal col-
iform values for each of the four North Arm reaches were lower in
1976 to 1977 than in previous years, indicating that previous high
values were caused by effluents subsequently redirected to sewage
treatment plants.

Geometric mean fecal coliform values for reach 19 (North Arm
Jetty N. Side) varied from approximately 500 to 1500/100 ml in 1971
to 1977 the variation appeared to be random, with the Towest value
occurring in 1977 (Fig. 11). By far the highest number of coliform
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samples, ranging from 241 to 429/year, were collected in reach 20,
South Side North Arm Jetty. Geometric mean fecal coliform levels
were low in this reach, and did not exceed 500/100 ml except in

1973, when the geometric mean value was between 500 and 1000/100 ml
(Fig. 11). Ninetieth percentile values at this reach were high
relative to the low geometric means, and probably indicate the inter-
mittent influx of Iona Island effluents. Geometric mean fecal coli-
form values in reach 21 (South Side Iona Jetty) range from 1000 to
2000/100 m1 in 1971, 1974 and 1975; values in 1972, 1973, and 1976
were 2000 to 3000, 3000 to 4000, and <1000, respectively (Fig. 12).

Reach 22 (Dinsmore Island) is located on the Middle Arm of
the Fraser River. Geometric mean fecal coliform values ranged from
2000 to 4000/100 ml1 in 1971 to 1975, and were between 1000 and
2000/100 m1 and <1000/100 m1 in 1976 and 1977, respectively (Fig.12).

In summary, this overview of annual means in each reach suggests
some overall patterns of fecal coliform concentrations in the Lower
Fraser River. In the Fraser River Main Arm, geometric mean coliform
values in 1976 to 1977 were invariably below the "grossly poliuted”
Tevel of 2000/100 m1 and generally below the "suspect"” Tevel of
1000/100 m1. There was no obvious increase in geometric mean values
in reaches adjacent to the Annacis Island effluent pipe. High 90th
percentile values in the Main Arm and indeed throughout the study
area indicate periodically high sewage concentrations due to certain
conditions of tide, discharge, rainfall, season, and effluent chlorin-
ation. Annual summaries for all North Arm stations and the Middle
Arm station indicate that geometric mean coliform values have generally
changed from "grossly polluted" levels above 2000/100 ml in 1970 to
1975 to below 1000/100 ml in 1976 to 1977. It is reasonable to suggest
that this change has been effected by the diversion of effiuents
discharged to the North Arm to sewage treatment plants and in particu-
lar the Annacis Island STP constructed in 1975.

Due to various factors such as inequality of sample size and
non-representative sampling regimes, the above conclusions are sub-
jective and result from a descriptive interpretation of the data.
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Several reaches will be examined in further detail and the problems
in assigning confidence 1imits to coliform data from the Lower
Fraser River described.

3.3.4 Detailed Analysis of Reaches 9, 18, and 20

The sample sizes and distribution of samples throughout the
year varied greatly throughout the 22 Lower Fraser River reaches
and the 7 years of sample collection. Reaches 9 and 18 (Deas Island
and Wood Istand), which had relatively high numbers of coliform
samples, were chosen to assess the feasibility of further statisti-
cal analysis of Fraser River coliform data. The data from these
two reaches were exceedingly variable. Coliform samples were col-
lected by three different agencies on random days during the year;
samples were collected mainly in the morning and mainly during the
summer months, particularly in the North Arm station at Wood Island.
The usefulness of further statistical analysis was assessed by ask-
ing three questions: Are the MPN estimates consistent between
agencies and can results from the three tube and five tube tests be
grouped together? Are there distinguishable differences in coliform
values obtained by sampling at different depths? Can diurnal, tidal,
and seasonal changes be determined?

The validity of the MPN estimates was verified by determining
the probability of occurrence of the MPN values reported for reaches
g and 18. MPN estimates were found to be improbable in less than 1%
of the Fraser River data; this agreed with results reported in the
literature which showed that, due to the frequent occurrence of
certain combinations, 49 out of 219 possible MPN codes occurred 99%
of the time (83). The data in these two reaches was also checked to
determine whether the correct dilutions had been selected in each
MPN series. Incorrect dilutions occurred infrequently and were
occasionally found for coliform counts lower than 100/100 ml.
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Of the three agencies collecting data in reaches 9 and 18, two
used the three tube MPN method and one the five tube method.

In the 7 year period for which data was reported in reach 18,
only 6 out of 188 samples were analyzed by the five tube method.
The geometric mean fecal coliform value for the five tube analy-
ses was 216/700 ml as compared to 3121/100 ml for the three tube
analyses; despite the better precision of the former test,

these results were eliminated due to small sample size and poor
agreement of mean values with the results from the three tube
test.

Data were grouped from 1970 to 1977 and comparisons were
made of samples collected at the surface and a depth of 15 feet.
The Vimited results (Table V) suggest that counts at reach 9
were somewhat higher in surface than depth samples, and that
counts at reach 18 were roughly equivalent in samples from both
depths.

It is not possible to determine diurnal or tidal patterns
in the data because of the Timited number of sampling days for
each reach.

Seasonal patterns were examined by grouping the data into
summer (April to September) and winter (October to March) cate-
gories, which correspond approximately to present periods of
chlorination and non-chlorination at the major sewage treatment
plants. Results for reach 9 are shown in Table VI, and indicate
higher winter values for all years except 1977. The sample size
of winter values in reach 9 is not sufficiently large to assign
confidence Timits to seasonal means; seasonal comparisons are
not made for reach 18 due to the absence of coliform data for
the winters of 1975 to 1977. Reach 20, Southside of North Arm
Jetty, was also examined for seasonal patterns because of the
large number of fecal coliform samples {1166) which were collected
over the 7 year period. This examination revealed that, although
more samples (10-12) were collected on any given day, the number
of days sampled within the year were not generally higher than



57

TABLE V Fecal coliforms /100 m1 at O and 15 feet, data pooled
from 1970 to 1977.
Reach # S
Depth Arithmetic Geometric Number of Samples
Mean Mean
0 2535 1514 165
15 feet 1252 734 53
Reach # 18
Depth Arithmetic Geometric Number of Samples
Mean Mean
0 6133 2628 136
15 feet 5328 3595 52
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TABLE VI Fecal coliforms/100 m? in summer and winter
at reach 9, Deas Island.

Year Season Arithmetic Geometric Number of Samples
_ Mean Mean
1971 Summer 522 343 13
Winter 1215 1181 2
1972 Summer 773 549 28
Winter 2750 2628 4
1973 Summer 1391 963 23
Winter 2051 1720 8
1974 Summer 2220 1128 32
Winter 4297 3057 18
1975 Summer 3064 2018 11
Winter 5418 3611 11
1976 Summer 1454 1170 11
Winter 3627 3249 11
1977 Summer 2309 1353 11

Winter 1366 956 9
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for the other reaches. Fecal coliform values in reach 20
were usually higher in winter than in summer, although small

sample sizes in the winter months made statistical comparisons
difficult.

Low MPN values of below 100/100 ml occurred commonly in
reach 20 during the summer months. These low values appeared
to be correlated with high salinities, suggesting that tidal
influences might mask seasonal differences in this reach.

3.3.5 Feasibility of Statistically Determining

Annual Trends

The results from the detailed analysis of reaches 18 and
20 indicate that sampling days were not randomly distributed
throughout the year, with higher sampling densities frequently
occurring during the summer months. Upon examining the 1976-
1977 data for all reaches, we found that sampling days were
randomly distributed throughout the year for main stem reaches,
and concentrated during the summer months for North Arm reaches.
The results alsoc indicate that values were generally lower in
summer than in winter, suggesting that annual geometric mean
values for North Arm stations do not necessarily represent a
true annual mean and may be biased toward lower summer counts.
The possibility of grouping the data from several adjacent
reaches in order to increase the sample size was investigated.
It was found that samples were usually collected from adjacent
reaches on the same day, and therefore grouping the data did not

effectively increase the sample size for annual trend analysis.

It may be concluded that due to insufficient sample size
and non representative sampling regimes, annual trends cannot
be statistically determined for the 22 Fraser River reaches.
It should be noted, however, that a discernible trend toward
lower values is observed in all North Arm reaches; this trend
is apparent whether annual geometric mean values or seascnal

geometric mean values are compared.
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3.3.6 Ratios of Fecal Coliforms to Total Coliforms

The ratio of fecal coliforms to total coliforms has been
used to determine the relative importance of fecal inputs as
sources of coliform bacteria. Hall et all (44) in 1973 found
that median FC:TC ratios varied from 0.11 - 0.29, and that
there were no obvious downstream trends. They found that the
highest ratio occurred at the Fraser Street Bridge on the North
Arm (Reach 16}, and the Towest ratio at the two stations clos-
est to the Strait of Georgia. Comparison of these ratios to
values observed in other river systems Ted the authors to con-
clude that a large percentage of the coliform bacteria in the
Fraser River resulted from fecal inputs. Murphy (59) observed
that FC:TC ratios averaged 0.14 in unpolluted streams, with
ratios of 0.20 occurring in direct proximity to sewage outfalls.
Fecal coliform to total coliform ratios were calculated for 15
reaches in 1977, using values obtained from the same water sample.
The results are shown in Table VII, which lists sample size,
range, arithmetic and geometric mean FC:TC values. The highest
geometric mean ratios occurred on the main arm at reaches 11
{Steveston Island), 6 (Annieville Channel Downstream), 12(Cannery
Channel), 8 (Tilbury Island) and 10 (Kirkland Island) with val-
ues of .41, .36, .35, .33, and .31, respectively. A1l North Arm
stations had a geometric mean ratio of less than 0.15, with the
exception of reach 14 (Queensborough), with a geometric mean
ratio of 0.31. This difference in Main Arm and North Arm values
may result from the direct input into the Main Arm of fecal bac-
teria from sewage effluents. Fecal coliform to total coliform
ratios were extremely variable, with maximum values of 1.0 occur-
ring in 14 out of 15 reaches examined. The variable ratio be-
tween fecal and total coliforms suggests the sporadic input of
fecal material into all reaches, and suggests the continued use
of the fecal coliform, rather than the total coliform analysis as
the most suitable indicator of fecal contamination.
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TABLE VII Fecal coliform to total coliform ratios in water sampies from
Fraser River reaches, 1977.

Reach # Number of Range FC:TC Arithmetic Mean Geometric Mean
Samples Ratios FC:TC Ratio FC:TC Ratio
5 9 .03 - 1.0 .35 24
6 .06 - 1.0 .43 .36
8 10 .08 - 1.0 .48 .33
9 20 .01 - 1.0 .22 12
10 6 .08 - 1.0 .40 31
11 6 18 - 1.0 .48 41
12 6 A7 - 1.0 A1 .35
13 7 .15 - .53 .26 .23
14 10 01 - 1.0 .56 .31
15 9 .00 - 1.0 .35 .1
16 9 .03 - 1.0 .25 .15
17 8 .02 - 1.0 .21 .05
18 22 .00 - 1.0 .21 .10
19 39 .01 - 1.0 .25 N

22 28 .01 - 1.0 .19 .10
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3.4 Results from Other Studies

Clark and Drinnan (26) used a randomized pairs test to test
for differences in coliform counts between: a) all coliform data
in the study area and the area upstream of the study area to Hope
b) all sites in the study area and neighbouring sites plus next
neighbours c¢) several non-neighbouring key reaches.

The data was pooled from 1970 to 1977, and therefore the
results do not necessarily represent conditions after the imple-
mentation of the Annacis Island sewage treatment plant.

Their results indicated that, from 1970 to 1977, both
total and fecal coliforms were higher in the study area than in
the reach between Hope and the study area. The random pairs test
for total coliforms showed that total coliform counts increased
with distance down the Main Arm. Total coliforms in the North
Arm increased moving downstream from the trifurcation point to
the Oak Street Bridge, and thereafter decreased towards the mouth,
presumably due to salt water dilution. The Middle Arm (Reach 22)
had Tower levels than reaches upstream and the Wood Island reach,
and the south side of the Iona jetty (Reach 21) had higher levels
than the North side of the jetty (Reach 20).

The Timited data available for fecal coliforms showed
that the reach downstream of Annacis (Reach 6) and the Deas Island
Reach (9) had higher counts than adjacent reaches on either side.
Counts at Queensborough Bridge were higher than counts at the
Pattullo Bridge, and Oak Street Bridge counts were higher than
upstream North Arm counts. Fecal coliform counts in the Middle
Arm were Tower than those in the North Arm, and were greater south
of the Iona Jetty than north of the Iona Jetty. For both the Main
and North Arms, there was some indication of marine dilution of
fecal coliforms.

Studies on levels of indicator bacteria in the Lower Fraser
River have been carried out by Hall et al (44) and the B.C. Research
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Council, for the Greater Vancouver Regional District (9-14).
Hall et al sampled bi-weekly from February - May, 1973 at
several stations in the Lower Fraser River area. They found
that the highest coliform counts occurred at North Arm stations
with peak values at the Fraser Street Bridge and Tower values
at downstream stations. Fecal coliform counts measured at

the Fraser River station during the study ranged from 3300 to
79,000/100 ml1, with an arithmetic mean value of 16,480/100 ml.
These measurements were taken before the Annacis Island hookup,
and the authors attributed the high North Arm values to dis-
charges at New Westminster and Sapperton. Hall et al found
that the fecal coliform to fecal Streptococcus ratios were

greater than 4 at all stations except Pattullo Bridge and Garry
Point, indicating human sources as the major input of fecal con-
tamination. They also analyzed previous Greater Vancouver Sewage
and Drainage District data and observed that the Towest values
occurred in June and July during high runoff. The most frequent
occurrence of higher values occurred in September and October,
corresponding with increased rainfall, decreased river flow and
water temperature.

Hall (43) investigated water quality conditions,
including fecal and total coliform concentrations, at Williamson
STough, Development Sidechannel, and three stations in Ladner Side-
channel from June, 1976 to May, 1977. Values at Williamson Slough
ranged from <2 to 790 fecal coliforms/100 m1, with a geometric
mean for 10 samples of 149/100 ml. Four measurements taken at
Development Sidechannel between January and May, 1977 ranged
from <2 to 350 fecal coliforms/100 ml, with a geometric mean
value of 100/100 ml. Fecal coliform values for 10 measurements
at each of three stations in Ladner Sidechannel ranged from < 2 to
35,000/100 m} (g.m. = 761/100 m1), <2 to 1700/100 ml(g.m.= 308/100
ml) and <2 to 1700/100 m1) (g.m. = 122/100 ml}. Fecal coliform
to total coliform ratios were generally high at these sites, indi-
cating fecal material as the predominant source of coliform bacteria.
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The sample size in this study was not large enough to determine
the presence or absence of seasonal patterns in coliform concen-
trations at the slough and sidechannel sites.

The B.C. Research Council (9,14) carried out studies for
the Greater Vancouver Regional District which specifically investi-
gated water quality conditions in the vicinity of major sewage
treatment plant effluent inputs. They found that total and fecal
coliform counts within the zone of influence of the Lulu Island
(Gilbert Road) STP were extremely variable, with higher counts
usually occurring in surface rather than in depth samples. Fecal
coliform counts ranged from a Tow of 54/100 ml at Canoce Pass to a
high of 17,000/100 ml at a site below Shell Road. At any particu-
lar site, high total coliform counts did not necessarily coincide
with high fecal coliform counts perhaps due to the presence of
agricultural wash from tidal flapgates and pumping stations in the
Shell Road area (7). Studies carried out by the B.C. Research
Council near Iona Isiand in 1973 (10) showed that the distribution
of coliform bacteria in water followed the effluent pathway, with
the highest values occurring near the outfall. Very high concen-
trations were noted in the sediment along the south side of the
Iona Jetty. Further investigations (13) showed that the highest
concentrations of coliform bacteria in sediments occurred directly
beneath the effluent plume. Values in March and October, 1974
ranged from 6.1 x 10% to 2.0 x 10% and from 2.5 x 10° to 1.1 x 10%
100 g sediment dry weight, respectively; the decrease in coliform
numbers in October was thought to result from effluent chlorination
during the summer months. The authors noted that the survival time
in seawater was sufficient to permit a coliform buildup in sediments,
and that E. coli appeared to adsorb preferentially to finer silt
particles. They concluded that the survival of fecal coliform bac-
teria in bottom sediments was likely related to nutrient availa-
bility.
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The B.C. Research Council carried out fecal coliform surveys
at sites near Annacis Island before and after the hookup of the
“Annacis Island sewage treatment plant (9,12,14). Values ranged
from 790 to 5400/100 ml in April, 1973 and from 330 to 2200 in
September, 1973. When these sites were revisited on four sampling
trips from July to December, 1975, there were no detectable changes
in water quality under average and high flow conditions. However,
under winter low flow conditions fecal coliforms were higher than
previous levels (values as high as 160,000 fecal coliforms/100 ml).
The authors noted that fecal coliform counts in the vicinity of
the Annacis Island sewage treatment plant were frequently above the
maximum recommended level for recreation (4000/100 ml).

Studies were carried out by the Water Quality Branch (24) and
Water Investigations Branch (3) in 1977 to 1978, specifically to
provide information required for the design of a monitoring program.
The WQB investigated variations in chemical and microbiological
indicators of fecal pollution through tidal cycles at four Lower
Fraser River sites: Steveston at Buoy S-21, Tilbury Island, New
Westminster at the Pattullo Bridge, and the Oak Street Bridge. Fecal
coliform counts and total bacterial counts by epifluorescence were
measured hourly for 24 hours using shipboard laboratory facilities;
the fecal sterols coprostanol and cholesterol were analyzed by gas
chromatography upon return of samples to the chemical laboratory.

Fecal coliform counts showed considerable variability with
stage of the tide at each site studied. At Steveston, fecal coliform
counts ranged from 500 to 2000/100 ml1 in December, 1977 and from
10 to 750/100 ml in September, 1978. The highest counts occurred
on the outgoing tide or near the time of low slack water. The higher
values at Steveston on the December sampling trip are attributed to
the lack of chlorination at sewage treatment plants and to low
river discharge. Data from the December, 1977 trip indicates that
changes in fecal coliform counts cannot be correlated with changes
in salinity. The Tilbury Island site was sampled in February, 1978
and fecal coliform counts ranged from 100/100 m1 to 2300/100 mi.
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At certain stages of the tide there were large differences in
counts between samples obtained at the surface and at one meter
above the bottom; highest counts at both depths occurred on the
outgoing tide. Coliform counts at New Westminster were similar

at two depths and ranged from approximately 100/100 ml to a maximum
of 900/100 ml at high slack tide. Fecal coliform counts from

the field trips to the Oak Street station (North Arm) were not
useable due to the presence of contaminating bacterial colonies.
Subsequent biochemical tests indicated that these bacteria were
members of the Enterobacter-Klebsiella group. Epifluorescent

counts were not related to fecal inputs and are not recommended
for use in a future monitoring program; coprostanol and cholest-
erol are a potential monitoring tool and will be discussed in the
section entitled: 'Suggested Studies’

The Water Investigations Branch survey was part of an interim
monitoring program for 1978, to provide information for the design
of a full scale monitoring program. They sampled intensively for
3 days in August and 3 days in November-December on cross-sections
at Steveston, Annacis Island, and the North Arm at the QOak Street
Bridge. The results showed an obvious seasonal difference between
the two sampling times, with higher values occurring in the winter
at all three locations. Geometric means in August for fecal coli-
form samples from Steveston, Annacis, and Qak Street ranged from
131-310/100 m1, 113-201/100 m1, and 381-626/100 ml, respectively;
geometric means in November-December at the same sites ranged from
2513-3309/100 ml1, 113-2025/100 m1, and 1469-1567/100 ml, respect-
ively. Cross-sectional variability was low at all sites except
at Annacis Island, during December, where high North Shore values
reflected the local influence of effluent from the Annacis Island
sewage treatment plant. Statistical analysis of these coliform
data showed no significant difference at the 95% probability level
in coliform counts due to the time of day that measurements were
taken (other than in relation to flow and tidal height) and no
difference in samples collected on weekends and weekdays. Two
replicates were taken at each sampling time and Tocation on a
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cross-section; the disparity between certain of these replicate
values indicates the difficulty in obtaining a representative value
from a small number of samples.

In summary, a published study by Hall et al (44) indicated
considerable variability in coliform numbers and showed that coli-
form counts were higher at North Arm than Main Arm stations before
the hookup of the Annacis Island sewage treatment plant. Investi-
gations by the B.C. Research Council demonstrated periodic high
Tevels of coliform bacteria in water and sediments adjacent to
certain sewage treatment plant effluents. Studies by the Water
Quality Branch and Water Investigations Branch documented tidal,
cross-sectional, and seasonal variations, which will be taken into
account in the design of a monitoring program.

3.5 Bathing Beach Data

There are several bathing beaches which are located in or
adjacent to the Fraser River Estuary study area; these are located
at Pitt Lake, Boundary Bay, Tsawwassen Beach, and the University of
British Columbia Endowment Lands. Coliform sampling at these bath-
ing beaches is primarily carried out by public health units, which
are associated with the B.C.Ministry of Health. These health units
serve municipalities such as Cloverdale, Delta, North Delta, North
Surrey, and White Rock (Boundary Health Unit); New Westminster,
Port Coquitlam, and Port Moody (Simon Fraser Health Unit). The
Greater Vancouver Regional District samples at three locations along
the Tsawwassen Jetty, and samples the University Endowment Lands
for the Boundary Health Unit. The Community Health Service of the
Municipality of Richmond samples bimonthly at three beaches in the
North, Middle, and Main arms of the Fraser River; these beaches are
currently posted as unfit for swimming. The Vancouver beaches,
which are not in the study area, are under the jurisdiction of the
Health Departnent of the City of Vancouver.

There is very little coliform data available for Pitt Lake,
the few samples collected between 1974 and 1977 had fecal coliform
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counts below 20/100 ml. Coliform counts in the Boundary Bay area
are described in a report by L.J. Alexander entitled: "Boundary
Bay, a Summary of Data on Water Quality and Aquatic Biology" (4).

Fecal coliforms have been measured at several stations near
Tsawwassen Beach, and at Spanish Banks in the U.B.C. Endowment
Lands. Samples are collected twice a week, at approximately high
tide, during months of maximum use (June, July, and August). These
data are compared by the Boundary Health Unit with standards set
by the B.C. Ministry of Health, which specify that geometric means
of fecal coliform counts should not exceed 200/100 m1, and no more
than 10% of samples should exceed 400/100 ml, during any consecu-
tive 30 day period. In practice, beach closures occur when geo-
metric means exceed the 200/100 ml standard. The small number of
samples collected each month and the inherent variability of coli-
form data preclude the application of the 10% limit for beach clos~-
ures.

The Tocation of the five sampling stations in the Tsawwassen
area is shown in Fig. 2. Four sampling stations are located along
the length of the Tsawwassen Jetty, and one sampling station is
located near Tsawwassen Beach, opposite Fourth Avenue. Three
stations are monitored by the GVRD, and two stations (including the
Tsawwassen Beach station) are monitored by the Boundary Health Unit.
For the purposes of this study, the five stations were grouped
and the area they encompassed treated as one reach; there were no
obvious spatial differences in fecal coliform values. Arithmetic
means, geometric means, and 90 percentiles have been calculated
for each month of sampling in the period 1973-1977 (Fig. 13). The
data show that all geometric mean values were well below the 200/100
ml standard. Ninetieth percentile values of fecal coliform counts
did not exceed 400/100 ml, with the exception of July, 1974.

Data from 1976 to 1978 for two stations located near Spanish
Banks in the U.B.C. Endowment Lands (Fig. 3) have been grouped and
are presented in Fig. 14. Geometric mean values were higher than
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those at Tsawwassen and exceeded the 200/100 ml standard in June,
1976; ninetieth percentile values occasionally exceeded the stand-
ard of 400/100 ml.

In 1975 Tower Beach in the U.B.C. Endowment Lands was closed
due to high fecal coliform levels. The closure resulted from the
combined effect of stormwater and septic tank effluent discharged
directly to the swimming area, and cogtaminated surface water dis-
charge from the Fraser River North Arm (45). The beach was reopened
in 1976, following corrective measures to eliminate the septic tank
effluents. '

In summary, the bathing beach data for the study area indi-
cated that Tsawwassen beaches are well within safe Timits for swim-
ming. Very little data are available for Pitt Lake, and it would
appear that this lack of information constitutes a data gap. High
90 percentile values at Spanish Banks are warning signs that these
beaches are approaching the borderline of the B.C. Health Standard.
It would be of considerable interest to determine whether the influ-
ence of the Fraser River North Arm currently results in high fecal
coliform counts at other beaches in the University Endowment Lands.
It should also be emphasized that the Vancouver beaches, although
not in the study area, can be influenced by Fraser River water
quality conditions during periods of high flow.

4. DISCUSSION

4.1 Significance of Coliform Levels to Users of the
Lower Fraser River

This review of published and unpublished coliform data from
the Lower Fraser River has indicated considerable improvement in
fecal pollution conditions in the North Arm, and no obvious deterior-
ation of conditions in the Main Arm since the hookup of the Annacis
Island sewage treatment plant. Receiving waters close to the
Annacis Island sewage treatment plant may have periodically high
coliform counts, at high slack tide during winter low riverflow con-
ditions. Chlorination at the major sewage treatment plants, required
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to keep coliform counts at adjacent swimming beaches within accept-
able limits during the summer months, has resulted in large seasonal
differences in coliform counts at sites throughout the Lower Fraser
River. It should be emphasized that summer and winter geometric
mean values would be lower and higher, respectively, than annual
geometric mean values, upon which both spatial comparisons between
reaches and annual comparisons within each reach have been based.

When fecal coliform counts are compared to various water
quality criteria or standards based on use, it would appear that
all Lower Fraser River water is unfit for drinking, shellfish har-
vesting, or swimming, with the exception of the swimming beaches
adjacent to the study area at Tsawwassen and Spanish Banks in the
University of British Columbia Endowment Lands. Fecal coliform
counts at the former beach are well below the established swimming
standard of 200 fecal coliforms/100 ml; counts at the latter beach
do not generally exceed the geometric mean standard but occasionally
exceed the 90 percentile standard of 400/100 m1. Tower Beach,
also in the U.B.C. Endowment Lands, was closed for swimming in the
summer of 1975.

Reaches 15 and 16 include agricultural ditches which, by the
use of floodgates, can transport Fraser River water to agricultural
areas for irrigation (27). Irrigation water may also be obtained
from two Fraser River sloughs, Cohilukthan and Mason Slough, for
which fecal coliform values are not available. Data for reaches 15
and 16 show that annual geometric means are below the fecal coli-
form criterion for irrigation of 1000/100 ml. However, detailed
monthly reach summaries (Fig. B 15, B 16) indicate that annual geo-
metric means were derived from summer values only. Therefore, if
irrigation waters are taken from the North Arm in the period October
through April, it is not known whether the fecal coliform criterion
for irrigation is exceeded during these months. Counts obtained
directly from agricultural ditches would be more indicative of
irrigation water quality, due to additional inputs such as ground-
water and stormwater.
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Although it is unlikely that Fraser River water will be used,
in future, as a source of drinking water, shellfish harvesting is
a potential activity which is currently banned on the banks adja-
cent to the Fraser River mouth. Although there are very little
data available on coliforms in water overlying Sturgeon and Roberts
Banks, upstream values are considerably in excess of the current
fecal coliform standard of 14/100 ml for waters where shellfish
may be harvested. It is unlikely that any of the areas in the
Fraser River estuary will be opened for shellfish harvesting due
to the input of bacterial contamination from sources which are
difficult to identify and control.

A survey in July, 1979 (54} indicated that fecal coliform
levels at molluscan shellfish growing areas near Mayne Island
exceeded the standard of 14/100 ml. Low salinity values at the
sampling sites indicated that high runoff from the Fraser River
was responsible for these elevated levels. Further studies (see
4.3.7) are required to define the geographical extent of this
problem, to determine whether the elevated levels occur only during
high runoff, and to determine what remedial measures are feasible.

No criteria based on epidemiological studies have been
established for a major use of the 22 Lower Fraser River reaches,
that of aquatic recreation other than swimming. Lacking these
criteria, we have compared geometric mean values to aesthetic
guideTines {72). Annual geometric means of fecal coliforms for
all Fraser River reaches after 1975 were under "heavily polluted”
levels of 2000/100 ml, and most reaches were under "distinct pollu-
tion" levels of 1000/100 ml. Studies conducted in 1977 to 1978
(3, 24) have indicated that summer values were usually well below
1000/100 ml, and winter counts frequently above this level.

The question will now be asked as to whether the microbial
water quality of the Lower Fraser River and adjacent beaches can,
with practicable technology, be upgraded to allow the restoration
of shellfish harvesting, and to allow the continuec safety of the
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swimming beaches. It can be anticipated that continued population
growth in the Greater Vancouver Regional District and the Fraser
River valley will result in an inevitable increase in fecal pollu-
tion from agricultural sources, storm sewers, and sewage treatment
plants. In order to answer this question, it is necessary firstly
to examine the relative contributions from major sources of fecal
pollution. It was previously indicated in this report that during
months of non-chlorination, sewage treatment plants were the princi-
pal source of coliform bacteria. It may therefore be concluded
that an improvement in microbial gquality of sewage treatment plant
effluents may significantly improve the quality of receiving waters
during the winter months. This conclusion Teads to an examination
of the effects of various sewage treatment alternatives on effluent
quality.

4.2 Effect of Various Sewage Treatment Alternatives on

Coliforms in Effluents

Data have been presented in Section 3 of this report which
indicate the degree of reduction in coliform counts obtained by
present treatment at sewage treatment plants which discharge into
the Lower Fraser River. Several different publications (35, 71, 80)
review various sewage treatment alternatives and discuss their
effectiveness in removing pathogens and indicator organisms.

Primary treatment consisting of plain sedimentation without disin-
fection provides incomplete removal of organisms including viruses,
parasites, and bacteria. Laboratory and plant studies on the
effects of sedimentation (71) show from 0-69% removal of polio
viruses, 50% removal of beef tapeworm eggs, no removal to incomplete
removal of E. histolytica cysts, 50% removal of tubercle bacilli,

and 27-96% removal of coliform bacteria.

The most commonly used disinfection method in Canada is
chlorination. The degree of inactivation of bacteria, parasites,
and viruses is dependent on the residual chiorine level, effective-
ness of mixing , the contact time between the added chlorine
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containing compound and the effluent, and the pH during chlorination.
Current chlorination practices in B.C. and in Canada generally
achieve greater than 99% reduction of coliform numbers. Ninety-
nine percent or more of certain tested viruses and parasites can

be inactivated by chlorination (71), but the contact times and
residual chiorine levels must be higher than those currently used
in wastewater disinfection (80). Berg et al (15) observed that
quantities of combined chlorine which destroyed >99.999% of fecal
coliforms destroyed only 85-99% of the indigenous viruses. Satter
and Westwood (67) observed that chlorination of STP effluents dis-
charging into the Ottawa River produced a ten to fifty fold reduct-

jon in viruses, leaving a virus loading of 1 x 1010

viruses/day.
These studies indicate that low counts of coliform bacteria in
chlorinated effluents do not necessarily indicate the absence of
a potential public health hazard from pathogenic viruses. Limit-
ations on the concentrations of chlorine residuals remaining in
effluents after chlorination are necessitated by the toxicity,
both to man and to aquatic life, of certain chlorinated compounds.
Current information on toxicity of chlorinated effluents to marine
and freshwater organisms has been reviewed by Environment Canada
(80). Studies have demonstrated that chlorinated compounds are
acutely toxic to fish, and that reactions to these compounds can
interfere with normal patterns of spawning and feeding movements.
Because of the concern that chlorinated compounds might be delet-
erious to the salmon fishery on the Fraser River, chlorination is
presently Timited to the summer months and dechlorination is
carried out at both the Annacis and Lulu Sewage Treatment plants.
Dechlorination removes residual chlorine and there is some sug-
gestion that effluent that is chlorinated and dechlorinated is
less toxic than unchlorinated effluent (80). However, the long-
term effect on the aquatic ecosystem of chlorinated and dechlorin-
ated effluent by-products is as yet undetermined.

The various types of secondary treatment processes have
different effects on microbial quality of effluents. Laboratory
and plant studies (71) indicate that the trickling filter process



76

removes up to 94% of viruses, 30% of beef tapeworm eggs, up to
99.9% of E. histolytica cysts, 45% of tubercle bacilli, and 98%
of coliform bacteria. Similar studies (71) indicate that the
activated sludge process removes 53 to 99% of viruses, no beef
tapeworm eggs, an imcomplete number of E. histolytica cysts,
greater than 90% of tubercle bacilli, and 97% of coliforms.
Limited data available on the anaerobic sludge procéss (7n)

show 54 to 99.999% inactivation of viruses, greater than 50%
inactivation of parasites, 70 to 85% removal of tubercle bacillia,
and 25% removal of Salmonella.

Generally speaking, the various forms of secondary treatment
mentioned above do not achieve the degree of disinfection of
viruses, parasites, and particularly bacteria that is obtained by
chlorination. Chlorinated secondary effluents may contain chlorin-
ated organic compounds which are toxic to aquatic life, as may
chlorinated primary effluents.

In summary, chlorination with or without dechlorination
effectively inactivates bacteria, although it is considerably less
effective in the inactivation of viruses. The E.L.U.C. Secretariat
Report on sewage treatment at Annacis Island (35), the Environment
Canada report on Wastewater Disinfection in Canada (80), and a
study by Grabow (41) state that high pH lime treatment of effluents,
designed for phosphate removal, effectively inactivates viruses as
well as coliforms. The various conventional forms of secondary
treatment such as activated sludge, trickling filter, and anaerobic
digestion are less effective in inactivating bacteria, parasites,
and viruses.

Chlorination of effluents would considerably improve the
microbial water quality of receiving waters during the winter months.
However, during low flows toxic concentrations of chlorinated org-
anic compounds may result in a potential danger to migrating salmon.
In the summer months, all effluents from major sewage treatment plants
are chlorinated, with a resulting improvement of microbial quality
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over winter levels. Coliform counts during the summer months
suggest that, without a drastic change in coliform concentrations
in one or all of STP effluents, storm sewer effluents, or up-
stream inputs, there is no hope of restoring shellfish harvesting
adjacent to the Fraser River mouth. Geometric mean fecal coliform
counts at the adjacent Tsawwassen and Spanish Banks bathing beaches
are well above the shellfish standard of 14/100 ml, implying that
Sturgeon and Roberts Banks would also exceed this standard. Levels
of fecal coliforms at several sites in Boundary Bay also exceed

the shellfish standard (4).

Meeting the requirements for shellfish harvesting would
require extensive changes in processing the effluents from the
sewage treatment plants and may well require treatment of storm
sewer effluent and upstream inputs (from sources upstream of the
study area). It is therefore concluded that, given the present
effluent treatment technology and diversity of inputs into the
Lower Fraser River, shellfish harvesting is not currently a feas-
ible use of the estuary.

4.3 Recommendations for a Fraser River Monitoring Program

4.3.17 Complexities in System which Affect Dispersal

Before the various alternatives for a monitoring program
design are explored, we will develop a conceptual model which attempts
to describe the behaviour of coliform bacteria from source to sink
in the Fraser River estuary. Many of the pathways in this concept-
ual model are based on extrapolation from studies on other estuaries,
and on results from laboratory studies which investigate the effects
. of environmental variables on the growth of pure cultures of coli-
form bacteria. The conceptual model is illustrated by a simple
diagram in Figure 15.

Major inputs of fecal coliform bacteria to the Lower Fraser
River are effluents from sewage treatment plants, storm sewers,
combined sewer outfalls and river water upstream of the study area.
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Figure 15. Conceptual model of fecal coliforms in the Lower Fraser River.



Minor sources of fecal coliforms are landfill leachates, bird
droppings, feces of marine mammals, and discharges from boats.
Coliform bacteria may survive in estuarine sediments, re-
suspension of which may increase coliform concentrations in
overlying waters. With the exception of STP effluents, these
sources of coliform bacteria generally receive no treatment prior
to discharge into the Lower Fraser River.

The ratio of coliferm bacteria to specific pathogens in
effluents will depend on the nature of the input and the treat-
ment given to each discharge. For example, the most consistent
ratio is found in municipal effluents from large metropolitan
areas (20), because enteric pathogens occur at more or less con-
stant concentrations in high density populations. Subsequent to
chlorination, differential mortalities will alter the ratios of
fecal coliforms to pathogens. The greater the number of small
point sources such as septic tank effluents or boat discharges,
the more inconsistent the ratio between fecal coliforms and patho-
gens; for example, the septic tank discharge from the home of a
single infected individual may result in an abnormally low ratio.
Storm sewer discharges, which may contain fecal coliforms of
animal origin, will have a different fecal coliform to pathogen
ratio than inputs from human sources. In summary, the diversity
of sources and treatment of fecal inputs implies that no consistent
ratio between fecal coliforms and pathogens can be assumed to exist

in Fraser River receiving waters.

The fecal outputs described above will be dispersed and
diluted at varying tocations in the estuary dependent on river
discharge, tide, and wind conditions. Modelling studies of mass
transport of pollutants under tidally averaged and tidally varying
conditions have been carried out by Joy (51). Ages (1,2) and
Hodgins (48) have investigated tides and salt wedge intrusion into
the Lower Fraser River. The B.C. Research Council {9, 14) has
carried out dye and drogue studies to describe effluent movements
from the major sewage treatment plants at Iona Island, Lulu Island,

and Annacis Island.
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Water movement studies (10, 13) indicate that wind action is
of considerable importance in the dispersal of Iona Island efflu-
ents, and under certain conditions counteracts the prevailing north-
erly current. Winds blowing effluent to the south may create a con-
centration buildup over a large area of Sturgeon Bank. Under cer-
tain conditions, it is probable that Iona effluent may be trans-
ferred onto the shores of Western Burrard Inlet and Howe Sound (10).

Water movement studies in the South Arm of the Fraser River
(9) indicated that effluent from the Lulu Island STP showed 1imited
lateral mixing, following the North shore in both the upstream and
downstream directions. Maximum upstream penetration of Lulu Island
STP effluents was 10 to 13 km, with surface water carried onto
Sturgeon Bank on an outgoing tide and directly into Georgia Strait
on lower low tides.

Several studies have been carried out by the B.C. Research
Council (9, 11, 12, 14) on effluent dispersion in the area of the
Annacis Island sewage treatment plant. They found that Annacis Island
effluents were dispersed, under various conditions, throughout the
estuary beiow the Port Mann Bridge including movement into Annacis
Channel, Ladner Reach, and Canoe Passage, as well as limited move-
ment into the North Arm and New Westminster Harbour (13). Dye studies
during conditions of Tow river discharge, no wind, and small tidal
fluctuations {13) showed that effluent dilution was usually 100 fold
at the outfall, with dilutions less than 10 fold during high slack
tide. Residence times of Annacis Island effluents in the estuary
were variable dependent upon conditions of river discharge and tide.
During freshet, there was no upstream movement of the river (14),
and the residence time (with the exception of increased residence
times in sloughs and sidechannels such as Ladner Marsh) was the same
as the time taken for the effluent to travel downstream into Georgia
Strait (11). Except during freshet the distance travelled upstream
was more dependent on tidal height at high tide and its difference
from the subsequent Tow tide, than on river discharge (14). The
maximum reported upstream incursion of Annacis Island effluents
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reached the Port Mann Bridge (9). These findings agreed with the
model developed by Rusch (66) which predicted that Annacis efflu-
ents would not be carried much further upstream than Port Mann on
the reverse tidal flow and even under extreme conditions would not
enter Pitt Lake. Except during freshet the distance travelled
downstream by Annacis effluent was controlled by the difference
between high and subsequent low tides (14)}. The residence time

of Annacis effluent in the tidal Fraser River was predicted to be
at least three tidal cycles from the point of upstream penetration,
and at least two tidal cycles from the outfall site (11). This
residence time will be longer during the period when low winter
flows combine with one or more low and high tides of similar
amplitude (11).

At certain tidal stages and locations in the estuary the
presence of the salt wedge may result in a salinity stratification
(2) of the water column, which can result in stratification of
effluents.

Coliform bacteria and pathogens which have survived primary
treatment and/or chlorination may be discharged directly to the
Strait of Georgia or be dispersed throughout the estuary and reside
for several tidal cycles in the Lower Fraser River. When sewage
treatment plant effluents are dispersed in recejving waters, indi-
cator species may be injured, killed or removed by various environ-
mental factors including salinity, temperature, predators, sedi-
mentation, solar radiation, and toxic chemicals. Although dieoff
of coliforms in Fraser River receiving waters has not been studied,
results from laboratory experiments and investigations on other
rivers give some indication of their fate in the estuarine environ-

ment.

Roper and Marshall (64) found that “hiological control agents”,
members of the natural microbial population, increased in numbers
in the area of a marine sewage treatment plant outfall and decreased
in numbers with increased distance from the outfall. Members of the

genera Vexillifera (amoeba) and Polyangium (myxobacteria) were
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efficient predators of coliform bacteria in laboratory cultures and
commonly occurred in seawater contaminated with sewage.

Various investigators (17, 40, 50, 61, 68) have studied
salinity, alone and in combination with other parameters, as a factor
in coliform dieoff. Brezenski and Winter (17) found that toxicity
varied with seawater concentration, and recommended that coliform
analysis begin within one hour of sample collection. Jamieson et al
(50) found that cultures of E. coli did not survive beyond 5 days
at salinities of 50/00, 200/00 and 350/00; at each salinity studied,
survival was longest at the Towest incubation temperatures
(4°%c > 25% > 37°C). Gerba and McLeod (40) found that the addition
of sediment to seawater cultures increased the survival of E. coli.
Sayler (69) observed that, in an estuarine environment, a signifi-
cant number of viable bacteria and fecal pollution indicators were
associated with particulate material. Savage and Hanes (68) found
that, in Taboratory experiments, seawater toxicity was affected by
biochemical oxygen demand, and demonstrated that fresh seawater with
an initial BOD between 1 and 10 mg/1 was not toxic to fecal and
total coliforms.

Chamberlain (23) developed a decay model for enteric bacteria
in natural waters, and concluded that coliform dieoff in seawater is

principally the result of Tight induced cell damage. The coliform
decay rate was found to be Tinearly related to light intensity rather
than solely ultraviolet 1ight. The author stated that 1ight may not
be the most important contributing factor to coliform diecff in
sediments or extremely turbid waters, and may operate jointly with
other factors such as predation.

The above studies show that coliform mortalities in receiving
waters can be caused by various interacting environmental factors.
Under certain nutrient and temperature conditions, coliforms may
reproduce in the aquatic environment (68). It is very difficult to
determine whether pathogenic organisms die or increase at the same
rates as coliform bacteria, and hence whether coliform bacteria are
good indicators of potential disease hazards associated with recent
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fecal contamination.

To summarize the conceptual model which attempts to describe
the pathways of indicator bacteria in the Lower Fraser River, fecal
contamination inputs originate from diverse sources which do not
necessarily contain fecal coliforms and human pathogens at any con-
sistent ratio. Dispersion studies indicate that, dependent on the
location of the sewage treatment plant, variocus specific areas of
the river are affected by fecal inputs; Annacis Island effluents
may be dispersed throughout much of the Lower Fraser. Coliform
bacteria from sewage treatment plants and other sources may reside
for as long as four tidal cycles in the estuary, and are subject to
dieoff and possibly regrowth as influenced by physical, chemical,
and biological factors such as salinity, sunlight, predation, and
sedimentation. Those bacteria which are not previously killed or
removed from the water column by sedimentation will reach Georgia
Strait, where large volumes of seawater will eventually dilute
indicator bacteria to levels below detectable limits. In the pro-
cess of transport from source to sink, certain coliform bacteria
will be carried by combinations of river discharge, tides, currents,
and/or wind to areas of recreational use, such as the bathing beaches
at the University Endowment Lands or Tsawwassen. The task of a
monitoring program is to measure fecal pollution indicators at -
these sites, and to determine whether there is a health risk to
recreational users. If such a health risk exists, pathways of indi-
cator bacteria may be traced and relative contributions from sources
examined, in order to implement remedial measures.

4.3.2 General Objectives of a Fraser River
Monitoring Program

A general definition of microbial water quality monitoring has
been provided by Barrow (8), as: "the regular and systematic measure-
ment of specified microbial populations in the environment to ensure
that particular criteria are not only being attained but maintained®.
The “specified microbial populations" are usually indicator



84

micro-organisms or chemicals which can be quantitatively related to
potential health hazards resuiting from recreational use, particu-
larly from activities which expose the upper body orifices to the
water (20). Water quality criteria or standards are ideally
developed from empirically derived relationships between indicator
densities and health hazards, dependent on use. The ultimate aim
of a monitoring program, as described above, is to identify princi-
pal sources of fecal contamination when criteria or standards are
exceeded, with a view to eventual remedial action. In the context
of the Lower Fraser River, the principal use which entails the risk
of disease from waterborne pathogens is swimming, with a consider-
ably lower and unquantifiable risk (perhaps none) from various
forms of recreation and industry which bring users into Timited
contact with Fraser River waters. Given the diversity of inputs
and present effluent technology, shellfish harvesting is not curr-
ently a feasible use of the estuary. Monitoring for the irrigation
water use should best be directed towards sampling the appropriate
agricultural ditches, and is not considered in this report.

A general objective for the Fraser River microbial water
quality monitoring program may be stated as follows: to monitor
various sites in the Lower Fraser River with regard to maintaining
microbial water quality at or above a suitable level for the appro-
priate use, with a view to identifying sources of contamination
when critical levels are exceeded. Specifically, the two uses for
which it is suggested that the estuary be monitored are swimming
and recreation other than swimming (non contact recreation), the
former activity assuming more importance than the latter.

4.3.3 Bathing Beach Monitoring Program

a) Objectives

The assumption will be made with regard to monitoring the
bathing beaches that until criteria resulting from epidemo-
Togical studies are developed {18) the current standard
of 200 fecal coliforms/100 ml will be used. Beaches at
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the University Endowment Lands and Tsawwassen will be
monitored to determine compliance with these standards,
and the relative inputs of fecal pollution to the study
area will be assessed in case of a need to implement
remedial measures. Due to the complexities of dieoff

and regrowth in receiving waters, pathways of fecal
material between sources and bathing beaches will not

be traced unless standards are exceeded and the source

of contamination cannot be identified. Monitoring the
quality of inputs to the bathing beaches will logically
be confined to the months of maximum use, May through
September. These months correspond to the period of
chlorination at major STP's, high river discharge, and
maximum 1ight intensity; the combined effects of these
factors reduce coliforms in receiving waters to well
below winter levels. The implications of this approach
are that, with regard to bathing beach use, there is no
need to monitor the North Arm and Main Arm of the Fraser
River and no need to monitor bathing beaches during the
winter months. However, assuming a need to define the
extent of high winter coliform levels in the MNorth Arm
and Main Arm, a monitoring program is suggested to assess
receiving water quality during the period October through
April. For the purpose of the monitoring program design,
vsummer” and "winter" are defined as chlorinating and
non-chlorinating months, respectively.

b) Parameters

Total and fecal coliforms, historically measured on Fraser
River water samples, are currently under some criticism

as suitable indicators of fecal pollution. Total coli-
forms, which do not specifically indicate fecal inputs,
have more or less been rejected according to reports in
the current literature. While total coliforms err on the
side of safety in relatively pristine areas, they provide
no information as to the magnitude or Tikely source of
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the problem near areas of urban population. There is no
sound reason for continuing the measurement of this para-
meter on samples from receiving waters, bathing beaches,
or effluents. The lack of consistent fecal coliform to
total coliform ratios in Fraser River water samples
further negates the use of total coliforms. The use of
fecal coliforms as sole indicators of fecal pollution

has also been criticized. Sayler et al (69) recommended
the re-evaluation of the coliform MPN estimate, and
suggested the measurement of specific bacterial pathogens,
viral pathogens, and environmental quality indicators.
Cabelli (20) stated that the isolation of microbial patho-
gens from waters used for recreation should be interpreted
cautiously in terms of risk assessment, and concluded that
there were no good, much less ideal, indicators available.
Escherischia coli has been suggested as a better indi-

cator than fecal coliforms, and studies by Cabelli et al
(18) showed a good correlation between E. coli counts and
incidence of gastrointestinal disease at swimming beaches.
The introduction of a new indicator as a component of a
monitoring program requires preliminary studies which
relate concentrations of the indicator with concentrations
of pathogenic species in effluents and/or receiving waters,
and preferably with disease incidence. The investigation
of possible indicators to replace or augment the fecal
coliform count will be described in the section on "sug-
gested studies.” Until more suitable indicator species
are defined, the fecal coliform test should continue to

be used. Current bathing beach standards are based on the
fecal coliform count, and would have to be changed should
this test be supplanted. It is hoped that the data col-
lected during a monitoring program would be reviewed
annually by a committee with expertise in aguati¢ micro-
biology, and that part of the task of this committee

would be the recommendation of new indicator species.
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This review of published and unpublished information has
indicated the need for information on certain physical
and chemical parameters to accompany the interpretation
of microbiological data from the Fraser River estuary.
The necessary information is as follows: sampling time,
depth, location, salinity, water temperature, river
discharge at Hope, tidal stage, and precipitation. In
cases when critical 1imits are approached or in special
studies which attempt to predict unusually high Tevels
of fecal pollution indicators, current direction and
velocity should be included in this Tist.

c) Sites
i) Beaches

Bathing beaches within the study area are located
at Tsawwassen, the University Endowment Lands, and
Pitt Lake. Examination of data from Tsawwassen shows
Tow and equivalent counts at all five stations and
suggests that their number be reduced to the two
currently sampled by the Boundary Health Unit. These
stations are located near the Tsawwassen Jetty and
at Tsawwassen Beach.

Fecal coliform counts at Spanish Banks are con-
siderably higher than those at Tsawwassen and 90
percentile values occasionally exceed B.C. health
standards. These results suggest that other sites
on the University Endowment Lands should be investi-
gated, particularly popular bathing areas such as
Tower Beach and Wreck Beach. It is therefore suggested
that either additional locations at Tower and Wreck
Beaches be monitored, or that comprehensive surveys
be regularly carried out around Point Grey to ensure
that the present sampling stations at Spanish Banks
provide representative data for beaches closer to the
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North Arm of the Fraser River. The current lack of
data from Pitt Lake suggests that a preliminary
survey be carried out at the bathing beach to deter-
mine the location of potential sampling sites.

i1) Inputs

Major inputs of fecal pollution which may affect
microbial water quality of bathing beaches are
sewage treatment plants, storm sewers, including
agricultural ditches and combined overflows, and sources
upstream of the study area. It is beyond the scope
of this report to describe methods of monitoring
effluents or storm sewer discharges, beyond the
statement that analytical methods should be consist-
ent for all samples. Although it is impracticable
to regularly monitor storm sewers, some attempt should
be made to assess their relative importance in com-
parison to STP effluents and upstream levels, during
periods of maximum recreational use of the estuary.
Recommendations for measurements of fecal coliforms
in stormwater are made in the report by Ferguson and
Hall (37).

d} Sampling Strategies

Before the implementation of a monitoring program with a
systematic sampling schedule, it is necessary to carry

out preliminary investigations of various physical, chemi-
cal, and biological factors in the aquatic environment.
Rodina (63) states that the selection of sampling locations
and the design of microbiological investigations should

be preceded by the collection of data on morphometric
features, dimensions, depth, geological structure, sedi-
ment distributions, and vertical and horizontal compo-
sition of the water mass. Barrow (8) states the need for
preliminary investigations to determine whether monitoring
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or surveillance is required, what type of samples to
collect and how they should be collected, the location

and frequency of sampling, the choice of organisms, and
the selection of isolation methods. In the case of cer-
tain potential monitoring sites on the Lower Fraser River,
the preliminary information may be avéi1ab]e from previous
published or unpublished studies.

The twice per week sampling frequency for bathing beaches
is higher than the five times per month specified by the
Federal Water Pollution Control Association (74). This
sampling frequency is higher than for any other location
in the estuary, and may be adequate to determine whether
the standard of 200 fecal coiiforms/100 ml is exceeded.
However, some intensive work is recommended to determine
whether data from these twice weekly collections are
representative with regard to stage of the tide, and day
of the week. Data should either be collected randomly
with regard to these variables, or an intensive study
carried out to ensure that there is no difference in coli-
form counts between tidal stages and days of the week.
This is of particular importance at bathing beaches, which
are more heavily used on weekends than during the week.

Although an effluent monitoring program will be recommended
elsewhere (21) it can be pointed out that, with regard to
sampling frequency, the most numerous coliform data avail-
able in the study area have been collected from STP efflu-
ents. As of January 1, 1979 fecal coliform measurements
have replaced total coliform measurements in STP effluents,
and effluent samples are analyzed three times per week.

It is recognized that it is not feasible to monitor storm
sewers regularly and it is therefore suggested that one

or more short term intensive surveys be carried out to
determine the contribution of storm sewers to coliform
levels in receiving waters.
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It is suggested that a Tocation near New Westminster be
selected for Samp]ing the Fraser River upstream of the
study area. There are few previous data available to
suggest sampling frequencies and suitable sites. Hourly
sampling at two depths near the Pattullo Bridge through-
out 24 hours in February, 1978 (24) showed uniform and

Tow coliform counts at two depths with the exception of
the period during and after high slack tide. The
suggested sampling strategy is, therefore, to sample at
one depth on the outgoing tide. Cross-sectional sampling
should be carried out, initially, in order to determine
whether coliform counts are homogeneous at this site.
Previous data for Reach 3 (Pattullo Bridge) does not
indicate the sampling frequency necessary to determine

a representative geometric mean for the summer months.
Using the example of previous data collected on North

Arm reaches, 20 to 25 sampling days (primarily during the
summer months) per year were sufficient to detect an
obvious annual trend. Therefore one can assume that 20
sampling days, randomly selected during the chlorinating
months, may be sufficient to obtain a representative
seasonal geometric mean for the station at New Westminster.
It should be emphasized that New Westminster values will
not be compared with swimming standards, but will be
collected in order to better estimate relative inputs

from upstream sources during the summer months. In par-
ticular, should coliform counts eventually rise at bathing
beaches and exceed current standards, results from moni-
toring upstream inputs and effluents and estimating storm
sewer inputs may indicate which remedial measures should
be implemented. If coliform levels from upstream sources
should be consistently lower than other inputs, monitoring
at this station may decrease in frequency or be discontinued.
If bathing beaches are closed, supplementary information
on pathways of fecal coliforms in receiving waters may
have to be collected.
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In summary, the bathing beach monitoring program should be
directed towards measurements of indicator organisms at appro-
priate beaches during the summer months, and results compared
with current standards based on health hazards associated with
swimming in areas contaminated by fecal material. Concurrently,
sources of fecal contamination should also be measured, in order
to a) estimate relative inputs during the summer months;

b) observe changes in concentrations of fecal pollution
indicators, to aid in the identification of remedial
measures should critical levels at bathing beaches be
exceeded.

4.3.4 Non Contact Recreation Monitoring Program

a) Objectives

Monitoring related to bathing beach use will be restricted to the
months May to September, when coliform levels in Fraser River
receiving waters are low. The Timited information available indi-
cates that winter Tevels in the river may be as high as 2000 to
3000 fecal coliforms/100 ml1 (3, 24), dependent on location. The
question now arises as to whether, given the lack of epidiomiologi-
cal information on which to base criteria or standards, there is
any justification for a winter monitoring program. There are no
data available to assess the health risks which users of the river
during this period might experience, and such data would be
extremely difficult to collect. Examination of current literature
does not indicate any concern with the hazards resulting from
Timited contact with fecally-polluted waters, beyond that of
aesthetics. Nevertheless, should the Fraser River during lTow flow
influence shellfish harvesting in the Gulf Islands, a winter moni-
toring program would be justified. Input from the users of the
Lower Fraser River, possibly in the form of public hearings, might
be appropriate in deciding the necessity of monitoring microbial
water quality during the winter.
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In this report we will assume that the various users are
concerned that microbiological water quality in the Fraser
River be known during the winter months, and a monitoring
program will be designed accordingly.

The objectives of a non-contact recreation monitoring
program would be as follows. Firstly, the current winter
levels of fecal coliforms at various sites in the Main Arm
and North Arm would be established; this information has
not been supplied by previous data which were mainly col-
lected during the summer months. Secondly, a level of
fecal coliforms should be defined beyond which further
degradation is unacceptable. Thirdly, selected sites
should be monitored during the winter months every year

to determine whether degradation of current microbial water
quality conditions has occurred and whether the established
criteria have been exceeded. The variable occurrence of
coliform bacteria in receiving waters would result in the
detection of large changes only, probably in the order of
1000 fecal coliforms/100 ml (as was detected in the Fraser
River North Arm). Fourthly, if such degradation should
occur the advantages and disadvantages of remedial action
such as chlorination of sewage treatment plant effluents
could be considered. Monitoring of STP effluents and the
main stem at New Westminster is recommended to determine
relative inputs from these sources. The routine monitor-
ing of storm sewers is not suggested, due to the Timit-
ations of current sampling methods.

b) Parameters

The same parameters are recommended as are described in
the section on Bathing Beaches, with the provision that

these may be replaced or augmented subsequent to concurr-
ent research studies.
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c) Sites

Four sites are suggested for the winter monitoring program
on the Fraser River estuary: The North Arm at the Oak
Street Bridge, the Main Arm at Steveston and Deas Island,
and the Main Stem at New Westminster. The first two sites
are selected because a) they are downstream of all major
inputs (with the exception of the Iona Island sewage treat-
ment plant, primarily a marine discharge), b) previous
studies (3) have shown that cross-sections at these loca-
tions are homogeneous with regard to coliform counts,

c) previous studies (3, 24) have provided information on
spatial and temporal variations in microbial water quality
at these sites, eliminating the need for preliminary
studies. The Deas Island site is selected because a) it is
further upstream of salinity and tidal effects than
Steveston b) it is the Main Arm reach with the highest fecal
coliform counts c¢) changes attributable to increasing Toads
from the Annacis Island STP may be observable here. The
Fraser River at New Westminster is chosen to allow an esti-
mation of fecal coliform inputs from upstream sources.

d) Sampling Strategies

Studies by Alexander and Drinnan (3) have shown Tittle
lateral variability in coliform counts at Oak Street and
Steveston, suggesting that intensive cross-sectional
sampling is not necessary at these sites. These prelimin-
ary studies have indicated the confidence Timits associated
with the number of samples collected. Six samples on a
cross section are recommended for the monitoring program (78).

Alexander and Drinnan indicate that, at the .05 probability
Jevel, the mean fecal coliform count from six samples will
fall within + 60% of the population mean. Surface samples
only will be obtained, because previous studies (24, 66)
and the present data review have indicated that coliform
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counts in surface waters are equal to or higher than

those deeper in the water column. Alexander and Drinnan
(3) have shown that day of the week and time of the day

do not significantly increase coliform concentrations.
There is evidence (3, 24), however, that tidal stage and
the effect of tide on direction and velocity of river
discharge do influence fecal coliform concentrations at
these sites. Therefore, although it does not appear
necessary to randomly select sampling times or days of

the week, samples should be collected randomly with regard
to the stage of the tide. Preliminary studies have not
indicated how many daily samples should be collected in
order to obtain a representative geometric mean for the
winter season. As in the case of the New Westminster sta-
tion, reference will be made to that sampling frequency
which was required to demonstrate a trend in the North Arm.
Therefore sampling on 20 days, randomly distributed
throughout the months when effluents are hot chlorinated,
will be suggested as appropriate for monitoring at the
North Arm and Main Arm Stations.

Due to the influence of sewage treatment plant effluents

on receiving water quality during the winter months, it is
recommended that monitoring of fecal coliforms in effluents
continue during this period.

In summary, the monitoring program as outlined in this
report eliminates some of the coliform sampling which is
currently taking place in the Lower Fraser River. The
emphasis has been removed from the North and Main Arms of
the river and placed on the bathing beaches, and on the
identification of relative contributions to the estuary
from the various sources of fecal pollution. In the winter
months a Timited monitoring program is suggested, in order
to establish current levels of microbial water quality and
to observe gross changes in concentrations of indicator
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species, should they occur. Major emphasis should also
be placed on concurrent research studies, which are re-
quired to investigate the addition to or replacement of
the fecal coliform test by more suitable indicators of
fecal pollution.

4.3.5 Suggested Number of Samples and Man Year Estimates

Due to the impossibility of determining the exact number of
analyses required for the recommended preliminary studies, number of
samples and man years will be roughly estimated and should be more
precisely defined by the agency or agencies which carry out the moni-
toring program. The sampling program described here suggests the
collection of 1534 coliform samples, compared to the collection of
1900 samples in 1976 (a decrease of 20%). Costs, which vary accord-
ing to the velume of MPN samples processed by each laboratory, have
not been assigned for coliform samples. The necessary sampling
devices and river transport may be available without cost from one
or more of the agencies which are currently sampling on the Fraser
River. It is also suggested that sampling devices and vessels be
shared between different components of the monitoring program. Esti-
mates will not be made for the monitoring of effluents or storm sewers,
which will be considered in the reports which treat these subjects.

4.3.6 Administrative Framework and Review Mechanism

There has been considerable overlap between the various agencies
sampling the Fraser River and the bathing beaches adjacent to the
river mouth. To avoid unnecessary duplication of effort, it is
recommended that one or at most two agencies be responsible for coli-
form sampling in the estuary, and that data be freely available
between agencies. For example, it might be appropriate for GVRD to
continue to sample effluents and river stations, while the Health
Units continued to sample the bathing beaches.

It is essential to the success of the monitoring program that
the data be regularly reviewed and published, preferably by a micro-
biologist or public health officer on the staff of the responsible



96

Estimates

Intensive Sampling During Summer Months

U.B.C. Endowment Lands No. Samples Man/days

2 surveys around
Point Grey
10 sites, 2 replicates, 2 days 40 2

Intensive sampling for

tidal effects, days of week

1 station, 7 days, 4 x day,

2 replicates, 2 weeks 112 20

New Westminster

Cross-sectional sampling

15 samples 2 days 30 2
Pitt Lake

2 intensive surveys 40 2
Program Design and Data Ana1y§is 10

Total 222 36



Regular Sample Collections During Summer Months

U.B.C. Endowment Lands

5 stations
2 replicates
2 x /week for 22 weeks

Tsawwassen

2 sites
2 replicates
2 x /week for 22 weeks

Pitt Lake
2 sites
2 replicates

2 x /week for 22 weeks

_New Westminster

20 x 2 replicates
(assuming well mixed)

Program Design & Data Analysis

No. Samples

440

176

176

40

Total 832

Man/days

22

22

22

10

10
86
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Winter Sampling Program

4 Sites (Oak Street, Steveston, Deas Ialnd,
New Westminster)

6 Samples/day
20 days

Program design and data analysis

Total

No. Samples

480

480

Man/days

20

10

30
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agency.

Additionally, an annual review of the information collected
during the monitoring program by a committee with expertise in the
field of aquatic microbiology is suggested. Various groups which
might be represented on this committee are as follows: the universi-
ties, Inland Waters Directorate, B.C. Waste Management Branch,
Environmental Protection Service {(Aquatic Microbiology Laboratory),
B.C. Water Investigations Branch, B.C., Ministry of Health, Greater
Vancouver Regional District. The job of this committee would be
to assess the information collected during the current year, and
review the program for the upcoming year, including the selection
of fecal pollution indicators. It is hoped that such an annual
review mechanism will reveal changes or trends in microbial water
quality, and will ensure a dynamic program which adapts to current
developments in the field of aquatic microbiology. A final and
necessary component of the Fraser River monitoring program is liaison
and cooperation with the research community, including the universi-
ties.

4,3.7 Suggested Studies

Ample evidence has been presented to demonstrate that fecal
coliforms are not an ideal fecal pollution indicator, and that the
use of several indicators may be preferable. The fecal coliform test
indicates an incipient problem but does not, in itself, definitely
indicate a degree of risk. However, until more suitable fecal pol-
Tution indicators are developed, the fecal coliform test errs on the

side of safety.

The consensus of various investigators is that regular measure-
ments of pathogenic species such as Salmonella, for which large
volumes of water must usually be processed, is impracticable and
does not necessarily reflect any real health hazard. Concentrations
of indicators do not necessarily correlate with concentrations of

pathogenic species. Cabelli (20) states:
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"The question of indicator to pathogen survival and its
importance remains a moot point pending the availability
of more definitive data obtained under more realistic
conditions."

Various microbial indicators have been suggested as alternatives to
fecal coliforms. Fecal streptococci are described as a hetero-
geneous group, with potential sources other than fecal material.
Clostridium perfringens can be resuspended from bottom sediments,

and Candida albicans is only found in 18% of the population. Cabelli

states that Bifidobacteria are potential indicators which need more
investigation; Pseodomonas aeruginosa, Aeromonas hydrophila, and

coliphages have been suggested but are not consistently associated
with fecal wastes. Clostridium perfringens spores, C.albicans, and

possibly some mycobacteria may be better indicators of enteroviruses

than coliforms. Escherischia coli is preferred to fecal coliforms

as an indicator by European workers and some Americans, but is sensi-
tive to chlorination and does not survive as long in natural waters
as do enteroviruses.

Metcalf (57) has described the potential use of viruses as fecal
pollution indicators. He states that Hepatitis A, the polioviruses,
and Norwalk agents (gastroenteritis viruses) are the only members of
the more than 100 known viruses in sewage which are strongly suspected
of causing diseases transmitted by water. No current culture techni-
ques exist for the detection of hepatitis or gastroenteritis viruses.
Current techniques for virus measurement involve the concentration of
viruses from as much as 100 gallons of water, followed by 3 or 4
week's incubation of cell cultures. The author states that fecal
wastes have the greatest potential for virus transmission to recre-
ational water. He suggests that, although improving methodology may
eventually allow the direct examination of water for entercviruses,
bacteria are currently the most acceptable indicators for routine moni-

toring purposes.

Chemical indicators, in particular the sterols coprostanol and
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cholesterol, have been suggested as potential fecal pollution indi-
cators (33, 34, 46, 47, 53); The former compound is found exclusiv-
ely in the gut of warm blooded animals, and has the advantages that

it is not broken down by chlorination and is not quickly degraded by
environmental factors such as sunlight, temperature, and salinity.

For this reason, coprostanol has been suggested as a better indicator
than fecal coliforms for the detection of viruses. Studies carried
out by the Water Quality Branch (24) have indicated that these sterols
are present in measurable quantities at all locations tested in the
Fraser River estuary, and that replicate sterol measurements show
considerably less variation than replicate fecal coliform measurements.
The disadvantages of stercls as fecal pollution indicators are the
present high cost of analysis (@ $100/sample), and the lack of inform-
ation available in the literature from which to derive criteria or
standards. Additionally, research should be carried out to establish
the relationship between viruses and sterols in sewage treatment plants,
and receiving waters.

Ideally, an epidemiological study should be conducted at bathing
beaches to determine relationships between various biological and
chemical indicators, and disease incidence.

In summary, no indicator currently in use completely meets the
requirements necessary for the detection of health hazards associated
with fecal pollution in aquatic environments. It is doubtful whether
a single ideal indicator exists or will ever exist for the indirect
enumeration of bacterial, protozoan, or viral pathogens (57). Con-
tinuing familiarity with current research on fecal pollution indica-
tors in other aquatic systems is necessary in order to arrive at a
suitable combination of indicators. Meanwhile, use of the fecal coli-
form test results in a conservative estimate of the potential risks
associated with fecal contamination.

Additional research is needed on the ability of bacteria, viruses,
and sterols to concentrate in sediments, which may then be resuspended
in the water column and pose a potential health hazard. Levels of
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coliforms, fecal coliforms and fecal streptococci have been
observed to be 100-1000 times higher in the upper 2 inches of

mud than in overlying waters, and higher coliform Jevels have
been observed in bottom feeding fish than in anadromous fish (77).
Salmonellae have also been isolated from bottom sediments with
far greater frequency than from overlying waters. Smith et al
(70) found that Echovirus 1, Coxsackieviruses B3 and A9, and
Poliovirus 1 survived for prolonged periods in estuarine sedi-
ments which had been polluted with secondary treatment plant
effluents. Various studies (34, 47, 53) have shown that fecal
sterols can be bound to particulate material and that higher con-
centrations occur in bottom sediments than in overlying water.

The concern with pathogens in sediments is particularly
relevant to the Fraser River estuary, where dredging is frequent
and dredged materials may be disposed on land. Grimes (42)
showed that fecal coliform concentrations increased significantly
in the immediate vicinity of a maintenance dredging operation in
the Mississippi River navigation channel. The increased counts
were attributed to the disturbance and relocation of bottom sedi-
ments by dredging, and the release of sediment bound fecal coli-
forms. The association of pathogens and indicators with sediments
has not been investigated in the Fraser River estuary, although
very high coliform counts have been measured in dredged sediments
used as fil].z Because of the potential health hazards from fill,
beach sands, and resuspended sediments during dredging it is
strongly recommended that the adsorption of indicators and patho-
gens to sediments be investigated. It is possible that sediment
bound coliforms may be equally as important as other inputs, should
bottom sediments be resuspended near bathing beaches during the
summer months.

2Hartigan, C.F. Chief Public Health Inspector, Boundary Health Unit,
Personal Communication.
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Recent evidence (54) of elevated fecal coliform levels near
Mayne Island during the summer of 1979 Suggests that further
studies be conducted to define this problem. It is of particular
interest to determine the geographical extent of fecal coliform
contamination during periods of high river runoff. It is also
necessary to determine whether Fraser River runoff at low flow,
when STP effluents are not chlorinated, affects microbial water
quality in the Gulf Islands. When these results are obtained,
the question should be asked if further treatment, at one or more
of upstream sources, storm sewers, or STP effluents will lower
fecal coliform levels below the shellfish standard in waters
adjacent to the Gulf Islands.
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SUMMARY

1. Median monthly total coliform levels in sewage treatment plant
effluents are in the order of 306/700 ml during months of non-chlorina-
tion (October-April) and 103/100 ml during months of chlorination (May-
September).

2. A rough compariscn of coliform loadings from sewage treatment

plant effluents, storm sewer effluents, and the Fraser River upstream

of the study area indicated that STP effluents are the principal source
of coliform bacteria during the non-chlorinating months. Further studies
would be required to identify relative contributions from these three
major sources during chlorinating months.

3. Results from fecal coliform analyses of water from the Fraser River
North Arm and Main Arm were grouped geographically intc 22 reaches.

Annual geometric mean values for each reach were compared to published
criteria and standards, according to use. The use most relevant to micro-
bial water quality concerns was found to be recreation other than swimming.
{cf Recreation Report, Fraser River Estuary Study).

4. In the Main Arm reaches annual geometric mean fecal coliform values
for 1976 to 1977 were invariably below 2000/100 ml1 and generally below
1000/100 m1. Subsequent to the Annacis Island STP startup, there was no
apparent increase in geometric mean coliform levels in reaches adjacent
to the Annacis Island effluent pipe. However, high fecal coliform counts
may occur near the effluent outfall at low flow during the non-chlorinat-
ing months.

5. Annual summaries for all North Arm reaches and the Middle Arm reach
indicate that annual geometric mean fecal coliform values have generally
changed from above 2000/700 ml in 1970 to 1975 to below 1000/100 ml in
1976 to 1977. This change is attributed to the diversion of sewage
effluents from the North Arm to the Annacis Island STP.
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6. Results from recent studies and a detailed examination of
data from three reaches showed that higher coliform values
occurred in winter, when sewage treatment plant effluents were
not chlorinated, than in summer.

7. Calculation of fecal coliform to total coliform ratios
for Fraser River water samples showed that a large percentage
of coliform bacteria originated from fecal inputs.

8. Bathing beach data for the study area indicated that
Tsawwassen beaches were well within safe limits for swimming.
With the exception of data for June, 1976, geometric mean fecal
coliform values at Spanish Banks did not exceed the B.C. Health
Standard of 200/100 ml; 90 percentile values occasionally
exceeded the B.C. Health Standard of 400/100 ml. Further work
is required to establish the microbial water quality of water
adjacent to other University Endowment Lands beaches, located
close to the Fraser River plume.

9. It was concluded that, due to the diversity of inputs
into the Lower Fraser River, it is not presently feasible to
meet the stringent bacteriological standard for shelifish har-

vesting in the estuary.

6. RECOMMENDATIONS FOR FRASER RIVER MONITORING

1. Detailed recommendations for monitoring may be found in
the Discussion Section of the Technical Report.

Monitoring during the summer months should be directed
towards preserving the quality of the bathing beaches, and
towards identifying the relative contributions of STP effluents
and upstream inputs to fecal pollution in the estuary. The
relative contribution of storm sewers may be assessed by one
or more intensive studies. Sampling in the North Arm and Main
Arm of the Fraser River is not presently necessary with regard to

the bathing beach use.
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2. It is recommended that fecal coliform analyses be carr1ed
out on all effluent and water samples until more suitable or
supplementary indicators are defined.

3. Winter monitoring should be directed towards determining
fecal coliform levels in the Main Arm and North Arm of the
Fraser River during the period when unchlorinated effluents are
discharged into the estuary. Although specific criteria cannot
be justified on the basis of measurable health hazards in the
study area, a broad upper limit can be established based on
aesthetic considerations.

4. It is recommended that, to avoid duplication of effort and
maintain the consistency of measurements, one or at most two
government agencies carry out the coliform sampling in the
Fraser River estuary.

5. It is recommended that the results from the coliform moni-
toring be reviewed annually by a committee with expertise in
aquatic microbiology, to ensure that potential problems are
identified and new techniques are incorporated into the program.

6. If possible, the microbiological program should be co-
ordinated with other monitoring programs to reduce manpower and
equipment requirements.

7. The current review includes data to the end of 1977. It
is recommended that this review be updated at least once every
5 years.

8. It is recommended that the role of sediments in the accumu-
lation and transport of pathogenic and indicator organisms
be investigated.

9. It is recommended that the influence of Fraser River run-
off on the microbial water quality of shellfish growing waters
in the Gulf Islands be investigated.
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APPENDIX A

Yearly summaries of total coliforms in Lower Fraser River reaches.
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APPENDIX B

Monthly summaries of fecal coliforms in Lower Fraser River reaches. Symbols
may represent means or single samples.



6L61 8LB1 LL61 9.81 S5L61 LBl €LB1 cLBl
ONOSBI P HEWAMONDSYI THEWANONDSHI TWERINONDSY PP HEWSNONDSH M RSN AN ONDSEI THEWANONOSEI P HENINONDSYM THYR AT

ETTT _

- 005

- 0001
\ ~ 0061
|
\
J ~ 0002
- 005 ‘2

~ 000 '€

123

- 006 °¢

— 000 ‘%

— 005 ‘h

"N d W
1HI343SWHO4TTI00 1604 SNBIW LTHINOKW
HOB3Y 3dOH-NOISSIW:8I50d e




8L61 LLBT 9.61 G461 hiBl £L61 clbl 1461
ONCSHI M HEWAMONDSYI M WEW AN ONOSH T hEW SN ONOSEL T RN ANONDOSE T HENANONDSHI P HER AN ONDSHI MWW AT ONDS Y THEWAT

A

, — 00§

~ 0001

~ 00%°

—~ 000°¢2

124

—006°¢

— 000 °h

— 005°h

000°S

N d W

T34 SWHOAIPD *HO04 SNHIAW A THINDW
ONG1ST NOLSNYgge aants



8L61 LLB] 9L61 5261 heol ELB1T clBl 1461
ONOSHI M WEWANONDSHI T WS WA ONDSHI I KEWINONDSYM T WANONDSHI P NEWANONDSEN T HYRINANOSEBI I KERANONDE ST NN AT

- 005
- 000"1
I - 0051

~ 00072

—~ 0052

125

— 000 '€

- 006G '€

Ah — 000 ‘h

~ 008 %

000°'s

"N g ™W

THD34 SWHOATT0D 404 SNE3IW LA THINOW
190148 NNUW LHDdeem



8LBT LLBT 9i61 SYACH! hibT EL61T LBl 1261
ONDSBIMTKEWANAONDSE T WL WM OND S PR HANONDSY T HYWANONDSEI T HEW AN ONOSHI P WEK AN ONDSHI P REWINONDSHI PREWAT

«

—000°2

— 000 ‘¢

— 000°h

- 000°G

126

- 0009

000 'L

~ 0008

— 00076

00001

N

74034 :SWYD41T0T €04 SNYIW LTIHLINONW
490148 0 1INL1Igdream



8L61 LLB1T 9L61 SL61 file]l £L61 cLBl 1461
ONOGHI Wb HINONOSE N PHENANOND S P LW AN ONDSE T RS WA ONDSYM T HEW AN ONDSUI THEHANONDSEBI T WENAMONDOSE T WEHAT

—- 006

~ 000°1

— 0051

- 0002

- 0062

— 000°'¢

127

— 005'¢

~ 000 ‘h

— 00&‘h

00075

N'd "W

THI34SWHDAIT0T 1404 SNEIW ATHINDW
ONGTIST STOUNNG ONJTNseem



8L61 LLB] 9761 SYASH! hibl €L61T 2LB1 TLB1
ONDGUMTHBWANONDSH M T WL KN OND G TN ONDSE  PHEWANONDSHT P HBW SN ONDGHI THER AN ONDSYI P HEWINONDSBI T bR AT

— 0001

~ 000°2

— 000 ‘¢

= 000"h

— 00076

— 000°9

128

— 000 "L

- 00D g

— 000°86

N 'd™W
18334 SWHDATTOD “HO4 SNEUIW LTHLINDW
NH3H1SdN "NGHI 37TIAIINNGe e



0

6L61 YRR LLB] 9L61 SL61 hibl £Lel clol
grr

ONOSHI T WEWAMONDS .wﬁzmzmﬁwmzomqﬁﬁzazu_)_azom

f ]fﬂ ]
|

L

<

— 000 ‘01

— 030 ‘0¢

— 000 °0¢€

— 000 '0h

— 000 ‘0%

— 000 0§

129

— 000°0L

— 000 0§

- 000 ‘08

000°001

‘N d™W
THOI4SNYO4TT00 THO4 SNYIW LTHLINOW

"HIGNMOO "NUHI 31T TIAJINNYeen



64861

BLB1 LiB1 9267 mmmH

fhilel

£L61

LB

onmuﬂﬁzazmﬂozo anﬁzmxmﬁozo q_:_azwr:,czo Qﬂﬁrmzmﬂoz ﬁfmzu::ozoma?rqzLﬁazonmﬂﬁzmzuﬁozommﬁﬂrxzL_,

130

/\ilﬁ

v

W

]

— 0001

~ 0008

- 000§

~ 000707

- ooz

— 000 h!

- 000°S

—~ 000 ‘61

G334 :SWHO 4T 107

ONB 151

ooo-oe
N'q W

*HO 4 SNUJW L THLINORW

SRERISLEE



o.z.Omuﬂm,rwzmﬂozomwﬁﬁzmzmﬂozoma_,ﬁzmzmﬁ_mzomaﬂ rmzLﬁ_azomaﬂﬁxmzmﬁ_ozommﬁﬁzmzmﬁ_ozommﬂﬁzazmﬁ~ozom¢ﬂﬁz¢zmﬁ

8L61

8.61

LLB]T

9l

6

T
+

SL61 IR

£ELB]

cLel

131

g

|
AN

,

|

N
I

\

B

e

000’9

— 0008

— 000°01

— 000721l

~ 000 “h!

~ 00091

— 00061

RlsMEERRCISERENIe

00002
nZI&IZ

O 4 SNUIW LTHLINOW

ONBIS ]

SgJQs-eamss:



6L61 8L61 LLB]T 961 SL61 hiB!l £L61 cLb]
DZO@QjﬂraxmJDzomqﬁwzazmﬂazomaﬁﬁzqzum@zommﬁﬁzmzmsozommﬁﬁzazmmozomQjﬁzmzmmozommﬁﬁzmxmpgzommﬁﬁzqzmﬁ

* — 0002
|
Vol
—000'%
-
| — 0009

—~ 000°8

— 000'01

G

132

— 00021

~ 000 ‘h1

= 00091

— 000 ‘81

000 ‘02
"N'd'H
T80343SWE041T00 FHO4 SNEIW ATTHINDNW

UNB 1S T ONBIMY T Mor-gane



9L61

LG

8Lb1 L1851
xqzLﬁvozomm_ﬁﬂzgzmﬂozowg)ﬁzmx&;yoz_owq_fazmrh:,_ozowaﬁ_‘,rmzmﬂozmmmﬁﬁzczLﬁnmzomqﬁ,ﬁzwzu,ﬁ_azoma_»ﬁzws&J

€LD1T LBl

— 005

133

T

S

~000°7

— 0051

- 0002

~ 0052

- 000 '€

~ 005°¢

— 000°h

~ 00S ‘h

0p0°'sg
"N d W

IEREER I E i
ONBTIST NOLSIAFLGaems

*HO4 SNEIW LA THLINOW



6L61 8L61 LLBT 9L61 §5.61 file]l €L61 cLB
ONOSHTINYWAMOND S M h WA ONDSY P PR AN ONDSH Wb H AT ONOSHT M KENANONDSHI P YN AN ONDSHI M HbW AT ONDSHI P YK 4T

ﬂ - 005

| = 0001
- 0051
—~ 00072
_ - 0052

—000°¢

134

v - 0058

—~ 000 “h

— 005 ‘h

000°s

N"d W

JHO034°SWHD4TT0D *HO4 SNHIW LIHINOW
TINNEHD LY INNHE Dzve am:



6L0]1 861 LLB] 961 5L61 hio!d £LD1 cLel
ONDSHI TWHRANONCSEI T HEHACONDSH T HENATONDSEI P KNI ONDSEITHEWINANOSE TR NANDSEI T KON INANDSETTWUN AT

A/«\w1ﬁfﬂ %\\ﬁ/ﬁﬂﬂ/}jw w&&é«%f ﬂm/ﬂ<ﬂ waﬂaﬂx w«&mﬁ\x«

\ A
- 000°5

X M — 000°07

+— 000 ‘51
- 000 '0¢
— 000°5¢

— 000°0¢

135

~— 000758

—~ 000 ‘Dh

— 000°6h

000°05

N d W

YOI 4 SWHOATIDD *HD4 SNUIW L THLINDKW
COHdH (ONg&evrs ainbi4



6461 BLB1 LLB] 9L61 SL61 higl £L61 LBl
ONDS S OWER AT UNDS M RSN AT ON OGS (WM ONDSH T P HE NN ONDSHI P HER N ONOSEr T WEH M ONDSEI T WEW AN ONDSY T WK AT

~ 000°‘2

— 000'h

~ 000'9

i~ 000°8

— 00001

— 00021

136

— 000 'h1

~ 000 ‘91

— 000°81

00002

N

T334 1GHEO4TI0D THO4 SNE3IW LIHLNOW
HINDHOESN 30 0rea 2o



6.61 8L61 LLB] 9.61 S5L61 hiel £LB1 <Lb]
ONQSH7 T WY WM ONDSYI T WU KM ONDSYI TWEWANONDSEN TG WM ONDOSEI T HEWANONDSE M T HEW AN ONDSYI M WEW 3N ONDSEI P HbK AP

MN - 000°S
— 00001
L 00051

— 00002

— 000 ‘G2

— 000 ‘0€

137

—000°%¢€

— 000 0%

- 000 &h

000°0S
"N d "W
8334 SWHD4TT0D 404 SNBIW LTHLIND




6461 8481 Li61 9L61 .61 hib]l £L61 LBl
ONDSHI THENINONOSYI T HEW AN ONDSEr T WEHANONDSYI T HEN AN ONOSHI P WER AN ONDSHI THEW 4N ONDSHI T HEW AN ONOSHI P WBR AT

= 000°5
~ — 000°01
| * — 000 °S1
~ 000°0¢

— 000°G2

138

— 000°0¢

— 000°S¢E

— 000 °0n

— 000 °Sh

000°0s

"N'd™HW

TH334:SWE0AIT00 H04 SNUIW LTHLNOW
ONBTIST TI3HD LT Weresn



6L6]1 861

LLB]

9.61
ozoma_sﬂxmz.‘:)_ozomm.nﬁxmzmﬂ_ozomaﬁﬁzazmﬂ_azcmmﬂ_>zmxmﬁwozcmcﬂﬂzmxmﬁozammﬂﬁzmzm_ﬂozomaﬁﬁzmz&ozomcﬂﬁzmzmﬁ

661 niBT

£Lol cLel

ﬂ«mtaWW\

139

ﬁ

/)

———

— 000°S

— 00001

A 00057

— 000°0¢

3]
[aV]

— 000 ‘0¢€

— 000 °%¢€

~ 000 ‘0%

~ 000 °Gh

18034:SWE041 1030

00008
"N d W

*404 SNYIW LTHINOW

L3dd1S

K@mu:&eaz



6L61 BLB1T LLB]T 9L61 S5L61 hiBl EL61 clbl
ONOS BT P REN AN ONOSHT T HEH AT ONDSHI P WA ONOSSM T HBHAMOND S M HEH AT ONDSHI M HEH INONDSHI P BN AT ONOSHT [ HEH 41

3J

— 000°S

— 00001

~ 000°61

— 00002

- 000°0¢

140

— 000 74¢E

~ 000 ‘0h

~ 000 ‘Sh

00008

"NTd W

18334 :SWHDIITI0D *HO4 SNBIW L THLINDW
ONGIST OQDOMevaam



6L61 8L61 LLB] 9i61 5L61 heel €L61 clLBl
TP WEH AT ONDSHI T HEW N ONDSHI T HEWANONDSYr PHEKANONDSEI T HE RN ONDSHI T HEWINONDSEI PHEH AN ONDSHI T HEK AT

R

~ 00001

ONOQS

- 00061

— 000 °0¢

~ 000!

S8
Od

1417

~ 000°0¢

— 000 ‘G€

—~ 000 ‘0h

- 000°Gh

00005

"N d'W

THI34:SWHDATI0D *H04 SNBIW ATHLINDK
LL13r WEB N 301G " Nevaamba



6L6]1 8L6]1 LLB] 9461 5.61 hiel £L61T cLel

ozmm,n:;ﬁzmzmﬁozommﬁﬁzmzmﬂ_azommﬁﬁzazu_ﬁ_ozomm_;_»rmxmﬂozomaﬁﬁzmzmﬁ_ozomcﬁﬁzmzmﬁ_azomaﬂﬁzazmﬂozowmﬁ_)zmz..:;
ﬂd\@-ﬂﬂ' 1.1.4.1.1 - - ey - 0

|

\ - 000°S
W\u — 00091

— 000751

- 00002

— 000°S¢

142

— 000 °0¢

— 000 °GE

~ 000 ‘0h

- 000 °Sh

000°0S

N

TH334:SWY04TT00 1604 SNHIW LIHINDW
ALLAr WHY N JOIG " Gozeemns



6461 L6l LLB] 861 S5.671 hibg! £L61 clb]
ONDSEP P HEN AT ONDSHI TWENANONOSHI T WHN AT ONCSHI THEN AN ONGSHI P WK AN ONDSE T WENANONDSHI THER AN ONOSYI P HERAT

| Ty e T e )

/ — 300 0%

~ 000 ‘001
— 000051
~ 000 002

v —~ 000052

143

— 000 ‘Q0¢

- 000 ' 058

— Q00 00h

— 000 “06h

acooos

"N'd "W

Y034 1SWE04TTI0D 1H04 SNUIW ATHLNOW
LLL40 gNOT 01876 wwaandd



ozomaﬂﬁzmzmﬁozommﬁﬂzmzmﬁ_ozomaﬂﬁzmzmﬁozomaﬂﬁzmxmﬁozomaﬁ,.azazn.ﬁozomcﬁﬁzmz\..:)_ozommﬁﬂxmzmﬁ_azommﬂﬁzaz&,

6461

8L61 LLB] 9.61 461 higl

£L61

clBl

144

PV %zﬁ

-~ 000701

~ 000G

— 00002

— 00082

— 000 °0¢

— 000 °GE

— 000 0%

~ 000 °&h

Rl-NEERRYSISERRIANG

00008
"N'd W

*d04 SNHAW L THLINOW

51

MMH_DZ@ZHDNN-mE:Eu



