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PREFACE

This report is one in a series that describe the results of field and laboratory studies on the effect
of heated sea water on juvenile chum salmon (Oncorhynchus keta). The studies were initiated in
response to potential increases in the thermal discharge from British Columbia Hydro and Power
Authority's (B.C. Hydro) Burrard Generating Station, into the marine waters ofPort Moody
Arm, Burrard Inlet, B.C. This gas-fired steam-electric station operates under a permit from the
provincial government, and utilises a once-through sea water cooling system. The permit allows
for the discharge of up to 1.7 million m3 daily of heated cooling waters (:::;; 27°C), drawn from,
and discharged to, Port Moody Arm. An environmental impact study to assess any effects due to
the thermal discharge was a requirement of an amendment to the provincial permit. An
environmental assessment study plan was submitted by B.C. Hydro to federal and provincial
regulatory authorities in 1996, and it was approved in 1997.

The Department of Fisheries and Oceans entered into a co-operative research venture with B.C.
Hydro on selected aspects of the environmental assessment. Other studies investigated the
effects of the thermal effluent on the growth ofjuvenile chum salmon, the heat budget of Port
Moody Arm and the input from mud flats, an assessment of the potential effects of the effluent
on migrating and resident fish, and the potential effects on planktonic organisms drawn into the
plant and those entrained in the thermal effluent plume. Reports on these studies were provided
to B.C. Hydro in December 1997, and those undertaken by the Department of Fisheries and
Oceans are also to be published in the scientific literature.

The Department of Fisheries and Oceans undertook two studies in 1997:

1) The behaviour of chum salmon in response to heated sea water was investigated in the
laboratory using a water column simulator that mimicked conditions the fish may encounter in
Port Moody Arm. Their behaviour was examined under controlled conditions during a changing
thermal regime and under thermally-stratified conditions. The response of the fish to food, their
swimming, and school positions were quantified in relation to the experimental conditions.

2) "Preference-avoidance" cages (6.0 m x 0.5 m x 0.5 m) were used in Port Moody Arm
to examine the vertical distribution of chum salmon at a reference location and at sites 70 m,
250 m, and 1200 m from the heated cooling water discharge. The results were related to the
ambient aquatic conditions to reveal differences or similarities in the veliical distribution of
salmon with proximity to the discharge location, and to identify variables that accounted for
these changes.

This report documents the results of the second study.
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ABSTRACT

Birtwell, l.K., RP. Fink, IS. Korstrom, RI Fink, IA. Tanaka and D.l. Tiessen. 1998. Vertical
distribution ofjuvenile churn salmon (Oncorhynchus keta) in relation to a thermal
discharge into Port Moody Arm, Burrard Inlet, British Columbia. Can Tech. Rep. Fish.
Aquat. Sci. 2235: 99 p.

The vertical distribution ofjuvenile churn salmon (Oncorhynchus keta) was examined in waters
receiving a thermal discharge from a gas-fired stearn-electric generating plant in Port Moody Arm,
Burrard Inlet, British Columbia. It was anticipated that the innate surface water orientation of
these fish during their early sea life could be modified by the daily discharge of up to 1.7 million
m3 of heated (5: 27°C) cooling water into this 6.5 krn shallow arm ofBurrard Inlet.

Aluminum-framed 6.0 m x 0.5 m x 0.5 m "preference/avoidance" cages were deployed at 4
locations (a reference site west of the thermal discharge, and at 70 m, 250 m, and 1200 m east) in
Port Moody Arm. The volitional movement of separate groups of 60 fish in each cage was
examined on 12 to 16 occasions at each site between June 25 and August 22 1997. The timing of
this investigation coincided with the latter stages of the period that juvenile churn salmon use
Burrard Inlet. The technique permitted the vertical distribution of salmon held in the waters of
Port Moody Arm to be determined at 1 m depth intervals within the enclosed 6 m column. The
porous exterior of the cages facilitated water flow through the apparatus thus maintaining the
natural vertical stratification. Temperature, salinity, dissolved oxygen, total gas pressure (TGP),
pH, oxidation-reduction potential, and light intensity were measured at 0.5 m intervals from the
surface to 5.5 m depth before and after each exposure period. In addition, Secchi depth visibility
was also determined immediately adjacent to each cage at the start and end of an experiment
(approximately 20 h). The fish distribution and water quality data were analysed to reveal
correlations and relationships between these data.

All of the juvenile churn salmon that were used in the field experiments survived. Between June
and July, most of the fish were located in the uppermost chamber of the apparatus at all of the
sites. The distributions in August were more variable and revealed a downward shift over the 6 m
depth. Overall, fewer mean numbers offish were present in the uppermost waters proximal (70
m) to the thermal discharge, but on comparing all data, there was no statistically-significant
difference in the vertical distribution of churn salmon among the experimental sites.

Only two water quality variables were significantly different among the study sites. Temperature
at 2.5 m and 3.5 m depths was significantly higher at site 2 and site 3 (70 m and 250 m east of the
discharge, respectively), but at 3.5 m only site 2 was different from the other sites. Dissolved
oxygen was significantly lower at 0.5 m and 1.5 m depths at site 2 than at the other sites. Both
these results were considered to reflect the effect of the thermal plume which contained waters of
higher temperature but lower dissolved oxygen relative to ambient waters at the same depth. The
levels of dissolved oxygen were depressed relative to the supersaturated waters (dissolved oxygen
and TGP) more distant from the thermal discharge, but remained close to optimal values (90% to
100% of air saturation) for salmon and other aquatic organisms.
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Forward stepwise regression was used to detennine the water quality characteristics most related
to the recorded vertical distribution of the caged chum salmon. At the reference site, dissolved
oxygen, pH, TGP, and depth were shown to be correlated with fish distribution. At the sites 70
m and 250 m from the thennal discharge, only depth and light intensity were significantly
correlated. At 1200 m, fish distribution was correlated with temperature, pH, TGP, and depth.
Combining the data for all sites, temperature, dissolved oxygen, pH, TGP, and depth were the
primary water quality variables related to the observed vertical distribution of the caged salmon.
Time of year was the predominant variable shown to influence the presence of fish in the
uppennost (0 - 1 m) waters ofPort Moody Ann: fewer fish occupied the surface waters in
August than in earlier months.

The Burrard Generating Station operated intennittently during the summer of 1997, and therefore
the volume and temperature of water discharged varied considerably during our 2-month
experimental period (497 to 1194 m3'd-1 at 18.7 DC to 26.7 DC). This variation, and the relatively
cool surface waters of the inlet during the early part of the study contributed to the variation in
the aquatic characteristics among sites. Water temperature at the study sites rarely attained levels
that proved to be acutely lethal in laboratory studies, and were frequently within laboratory
derived preferred or tolerated ranges. Temperatures were highest in July. Even when surface
water temperatures in Port Moody Ann were at or above levels found to evoke avoidance
responses by chum salmon in laboratory studies (EC50 value 20.2 DC) some portion of the caged
fish continued to occupy the upper water column. Both non-thennal and thennal cues were
probably associated with this preference of caged fish for the seasonally-wann surface waters of
Port Moody Ann both within the thennal plume and at the nearby reference station.

Under the conditions that existed in Port Moody Ann during June to August 1997, we concluded
that the thennal plume did not affect the vertical distribution ofjuvenile chum salmon in a
statistically significant manner. The chum salmon tended to occupy their preferred surface water
habitats in which temperatures occasionally exceeded optimal values detennined under
laboratory conditions.

Key words: chum salmon, (Oncorhynchus keta), vertical distribution, volitional movement,
thennal discharge, in-situ experiments
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RESUME

Birtwell, I.K., R.P. Fink, J.S. Korstrom, B.l Fink, lA. Tanaka and D.I. Tiessen. 1998. Vertical
distribution ofjuvenile chum salmon (Oncorhynchus keta) in relation to a thermal
discharge into Port Moody Arm, Burrard Inlet, British Columbia. Can Tech. Rep. Fish.
Aquat. Sci. 2235: 99 p.

La distribution verticale du saumon ketajuvenile (Oncorhynchus keta) a ete etudiee dans des eaux
recevant une decharge thermique provenant d'une centrale alimentee au gaz naturel dans Ie bras
Port Moody, bras Burrard, Colombie-Britannique. II a ete postule que l'orientation spontanee de
ces poissons dans l'eau de surface au debut de leur vie marine pouvait etre modifiee par les
decharges quotidiennes pouvant atteindre 1,7 milliard de litres d'eau de refroidissement (# 27 EC)
dans ce bras peu profond et long de 6,5 km qui ouvre sur Ie bras Burrard.

Des cages de type «preference/evitement» a cadre d'aluminium et mesurant6,0 m x 0,5 m x 0,5 m
ont ete deployees dans Ie bras Port Moody a 4 sites (un site temoin a l'ouest de la decharge
thermique et trois sites localises respectivement a 70 m, a 250 m et a 1 200 m a l'est de la
decharge). Le deplacement volontaire de groupes distincts de 60 poissons a ete examine plusieurs
fois (12 a 16 reprises) au moyen de ce dispositif a chaque site entre Ie 25 juin et Ie 22 aoGt 1997.
L'investigation a coincide avec la fin de la periode ou les saumons juveniles frequentent Ie bras
Burrard. La technique employee a permis de determiner la distribution verticale des saumons a
intervalles de profondeur de 1 m a l'interieur de la colonne d'eau de 6 m ainsi delimitee.
L'exterieur poreux des cages facilitaitl'ecoulement de l'eau a travers Ie dispositif, preservant ainsi
la stratification verticale naturelle. Les caracteristiques de l'eau (temperature, salinite, teneur en
oxygene dissous, pression totale des gaz [PTG], pH, potentiel d'oxydoreduction et eclairement)
ont ete determinees a intervalles de 0,5 mjusqu'a une profondeur de 5,5 m, et la transparence de
l'eau a ete mesuree au disque de Secchi, juste a cote de chaque cage, au debut et a la fin de
chaque periode d'observation (approximativement 20 h). On a analyse les donnees en vue de
determiner les eventuels liens et correlations entre la distribution des poissons et les variables
mesurees.

De juin a juillet, la plupart des poissons se tenaient dans la chambre superieure du dispositif a tous
les sites, et les poissons ont survecu dans toutes les experiences. Au mois d'aoGt, les distributions
etaient plus variables et ont revele un deplacement vers Ie bas sur toute la colonne d'eau de 6 m de
profondeur. Globalement, un nombre moins eIeve de poissons a ete recense dans les eaux les plus
superficielles au site Ie plus proche de la decharge thermique (70 m), mais la comparaison de
toutes les donnees n'a pas revele de difference statistiquement significative dans la distribution
verticale des saumons ketas entre les divers sites d'observation.

Seules deux variables aquatiques accusaient une difference significative entre les sites
d'observation. La temperature aux profondeurs de 2,5 In et de 3,5 m etait significativement plus
elevee aux sites 2 et 3 (respectivement a 70 m et a250 m al'est de la decharge), mais ala
profondeur de 3,5 m, seulle site 2 presentait une difference comparativement aux autres sites. La
teneur de l'eau en oxygene dissous etait significativement plus faible aux profondeurs de 0,5 met
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de 1,5 m au site 2 comparativement aux autres sites. Il est admis que ces deux resultats refletaient
l'effet du panache thermique compose d'eau plus chaude et moins oxygenee comparativement
aux eaux ambiantes a la meme profondeur. La teneur en oxygene etait plus faible
comparativement a celIe des eaux sursaturees plus distantes de la decharge thermique, mais
restait proche des valeurs optimales (90 a 100 % de saturation d'air).

Les caracteristiques aquatiques les plus fortement reliees a la distribution des poissons ont ete
determinees au moyen de la methode de regression ascendante. Au site de reference, la
distribution des poissons etait correlee avec la teneur en oxygene dissous, Ie pH, la PTG et la
profondeur. Aux sites distants de 70 m et de 250 m de la decharge thermique, elle n'etait correlee
qu'avec la profondeur et l'eclairement, respectivement. A 1 200 m, la distribution des poissons
etait correlee avec la temperature, Ie pH, la PTG et la profondeur. Pour l'ensemble des sites, la
temperature, la teneur en oxygene, Ie pH, la PTG et la profondeur etaient les principales variables
aquatiques associees a la distribution verticale des saumons en cage. La periode de l'annee
constituait la principale variable determinante de la presence de poissons dans les eaux les plus
superficielles (0 aIm) du bras Port Moody: Ie nombre de poissons frequentant les eaux de
surface etait en effet plus faible au mois d'aout qu'aux mois precedents.

Au cours de la periode experimentale de 2 mois de l'ete de 1997, la centrale thermique etait en
operation de maniere intermittente. Les quantites d'eau chaude dechargees ont donc vane en
debit (497 a 1 194 m3'd- l

) et en temperature (18,7 a 26,7 °C). Cette fluctuation, conjuguee a la
temperature relativement basse des eaux de surface du bras de mer au debut de l'etude, a
contribue a la variation des caracteristiques aquatiques entre les sites. Les conditions thermiques
aux sites d'observation n'ont que rarement atteint des niveaux correspondant a un effet letal aigu
sur les poissons au laboratoire, et etaient souvent comprises dans les intervalles de preference ou
de tolerance determines au laboratoire. Les temperatures etaient maximales au mois de juillet.
Meme lorsque les eaux de surface du bras Port Moody affichaient une temperature superieure ou
egale aux seuils associes a des reponses d'evitement chez Ie saumon keta au laboratoire (CE50 de
20,2 °C), un certain nombre des poissons en cage s'y tenaient quand meme. Des indices
thermiques aussi bien que non thermiques etaient probablement associes a cette preference des
poissons en cage pour les eaux de surface a rechauffement saisonnier du bras Port Moody dans Ie
panache thermique ou au site temoin adjacent.

Dans les conditions prevalant dans Ie bras Port Moody de juin a aout 1997, l'analyse des donnees
recueillies nous a permis de conclure que la decharge thermique n'avait pas de repercussion
statistiquement significative sur la distribution verticale des saumons ketas juveniles. Les
poissons avaient tendance a occuper leurs habitats preferes d'eau de surface, OU les temperatures
excedent parfois les valeurs optimales determinees au laboratoire.

Mots des: saumon keta, Oncorhynchus keta, distribution verticale, deplacement volontaire,
decharge thermique, experiences in situ



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

Table 13.

Table 14.

Table 15.

Table 16.

x

LIST OF TABLES

Number of chum salmon juveniles recovered from each depth
at the Reference Site (1).

Number of chum salmon juveniles recovered from each depth
70 m east of outfall (Site 2).

Number ofchum salmon juveniles recovered from each depth
250 m east of outfall (Site 3).

Number of chum salmon juveniles recovered from each depth
1200 m east of outfall (Site 4).

Fork length of fish used in the cage experiments.

Characteristics ofReference Site (1) by time and depth.

Characteristics of Site 2 (70 meters east of outfall) by time
and depth.

Characteristics of Site 3 (250 meters east of outfall) by time and depth.

Characteristics of Site 4 (1200 meters east of outfall) by time and depth.

Correlation of water quality variables, and time (days) to
percentage of fish at all depths, and in all experiments.

Correlation of water quality variables, time and depth, to
percentage of fish, by site.

Correlation of water quality variables, and time, to percentage
of fish at all study locations, by depth.

Significant variables related to the distribution of chum salmon
at 4 sites in Port Moody Arm.

Significant variables related to the horizontal distribution of
chum salmon over all sites in Port Moody Arm.

Results of forward stepwise regression analyses relating water
quality variables and depth, to percentage of fish, using all data.

Selected BGS Operational Record: Summer 1997.



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Xl

LIST OF FIGURES

Location of Burrard Generating Station and study sites, Port Moody, B.C.

Side view of 6 m long vertical cage.

Vertical distribution of fish - Reference Site (l).

Vertical distribution of fish - 70 meters east of outfall (Site 2).

Vertical distribution of fish - 250 meters east ofoutfall (Site 3).

Vertical distribution of fish - 1200 meters east of outfall (Site 4).

Fork length (mm) offish used in the cage experiments.

Maximum, mean and minimum temperatures - July 07-11.

Maximum, mean and minimum temperatures - July 14-18.

Maximum, mean and minimum temperatures - August 18-22.

Maximum, mean and minimum salinity - July 07-11.

Maximum, mean and minimum salinity - July 14-18.

Maximum, mean and minimum salinity - August 18-22.

Maximum, mean and minimum D02 - July 07-11.

Maximum, mean and minimum D02 - July 14-18.

Maximum, mean and minimum D02 - August 18-22.

Maximum, mean and minimum TGP (% sat.) - July 07-11.

Maximum, mean and minimum TGP (% sat.) - July 14-18.

Maximum, mean and minimum TGP (% sat.) - August 18-22.

Maximum, mean and minimum pH - July 07-11.

Maximum, mean and minimum pH - July 14-18.



Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 3I.

Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

xii

LIST OF FIGURES (eontd.)

Maximum, mean and minimum pH - August 18-22.

Water Temperature: Reference Site (1) - June 24-25.

Water Temperature: 100,200, and 1200 meters east ofoutfall- June 24-26.

Water Temperature: Reference Site (1) - July 07-11.

Water Temperature: Site 2 (70 m east of outfall) - July 07-1 I.

Water Temperature: Site 3 (250 m east of outfall) - July 07-II.

Water Temperature: Site 4 (1200 m east of outfall) - July 07-1 I.

Water Temperature: Reference Site (1) - July 14-18.

Water Temperature: Site 2 (70 m east of outfall) - July 14-18.

Water Temperature: Site 3 (250 m east of outfall) - July 14-18.

Water Temperature: Site 4 (1200 m east of outfall) - July 14-18.

Water Temperature: Reference Site (1) - August 18-22.

Water Temperature: Site 2 (70 m east of outfall) - August 18-22.

Water Temperature: Site 3 (250 m east of outfall) - August 18-22.

Water Temperature: Site 4 (1200 m east of outfall) - August 18-22.



INTRODUCTION

The significance of temperature changes due to thermal discharges from nuclear and electric
generating stations into fresh and marine waters received much attention over 20 years ago (Neill
and Magnuson 1974; Coutant 1975; International Atomic Energy Agency 1975; Spigarelli 1975;
Spigarelli et al. 1982; Langford 1990). Studies focused on the responses offish to temperature
primarily because of its' fundamental importance in the life of poikilothermic aquatic organisms
as a controlling, limiting, and directive factor (Fry 1947; Brett 1952; Coutant 1977; Reynolds
1977; alIa et al. 1980; Houston 1982; Coutant 1987; Langford 1990).

In 1996 additional site-specific environmental impact information was required by federal and
provincial government regulatory agencies in response to the initiative ofRe. Hydro to upgrade
their natural gas-fired steam-electric Burrard Generating Station (BGS) located on the north
shore ofPort Moody Arm, in Burrard Inlet, British Columbia, Canada. The plant draws sea
water from Port Moody Arm to cool steam condensers and subsequently returns the "once
through" cooling waters (maximum temperature 27°C) at flows up to 1.7 million m 3 daily into
sub-surface waters. Discharge flows are directed eastwards and towards the head of this
relatively shallow 6.5 krn arm of Burrard Inlet.

The purpose of this study was to address some of the concerns of the regulatory bodies and
provide information on the effects of temperature change on juvenile chum salmon
(Oncorhynchus keta). Because ofthe importance of temperature in the life offish and the
potential for ambient conditions to be changed by the thermal discharge (Seaconsult Marine
Research Ltd. 1995) our 1997 field study used in-situ experiments while a companion study
(Birtwell et al. 1998) examined behavioural responses of chum salmon juveniles to a variable
thermal environment in a laboratory setting. Attention was focused on behavioural responses,
particularly because of the relatively narrow thermal preference ofjuvenile salmon (Brett 1952),
and the requirement for thermoregulatory behaviour to optimise metabolic function (Brett 1971;
Coutant 1977, 1987).

Despite the fundamental adaptive significance of behaviour to survival of salmon (Mace 1983;
Piercey et al. 1985; Macdonald et al. 1987; Birtwell and Kruzynski 1989), there is a paucity of
information, especially in relation to thermal change in marine and estuarine environments, on
fish behaviour. Because warmer water is generally located at the water surface, and juvenile
salmon are surface orientated during their early sea life (Mason 1974; Birtwelll977; Birtwell
and Harbo 1980; Birtwell et al. 1983; McGreer and Vigers 1983; Birtwell and Kruzynski 1987;
Macdonald et al. 1987; Birtwell and Kruzynski 1989), there is a likelihood that juvenile salmon
frequenting the waters ofPort Moody Arm would utilise surface waters therein, including those
influenced by the discharge of heated water from the BGS.

Chum salmon were chosen as the test species due to their abundance and prevalence (March to
August) in the contiguous waters of Burrard Inlet (Nelles 1978; Macdonald and Chang 1993). In
1997, a total of 528,000 juvenile salmon were released from hatcheries into the waters of Port
Moody Arm and Indian Arm, in Burrard Inlet. These releases comprised 66,000 coho salmon
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(Oncorhynchus kisutch), 184,000 chinook salmon (Oncorhynchus tshawytscha), and 278,000
chum salmon (M. Johnson, Department ofFisheries and Oceans, Vancouver, B.C., unpublished
information). Port Moody Arm supports a diverse aquatic community and serves as an important
nursery area for juvenile salmonids (Macdonald and Chang 1993). Populations of coho
(Oncorhynchus kisutch) and chum salmon, and steelhead trout (Oncorhynchus mykiss) in
Mossom and Noon's Creeks are supported by volunteer hatcheries. One of the unnamed
tributaries on the south shore has a small run of chum salmon. In addition to salmon, the major
streams support small populations of cutthroat trout (Oncorhynchus clarki). Spawning
populations occur in local streams and rivers (see Figure 1), and progeny of these fish will utilise
the waters ofPort Moody Arm and potentially encounter the thermal plume created by the heated
cooling water discharged by the BGS.

Chum salmon have been used previously in behaviour experiments that have assessed the effects
ofpollutants discharged into estuarine and marine waters (BirtweIl1977, 1978; Birtwell and
Harbo 1980; Birtwell and Kruzynski 1989). Although juvenile chum salmon avoided lethal
concentrations of pulp mill effluent in surface waters over 3 h, over 24 h some fish died (Birtwell
and Kruzynski 1989). These authors considered that the innate behaviour ofjuvenile salmon to
occupy the uppermost surface waters resulted in their exposure to lethal concentrations of
effluents and the death of some individuals. A similar response and effect was recorded by
McGreer and Vigers (1983) in their study of the vertical distribution of chum salmon in
Neroutsos Inlet, B.C. which was affected by effluent from the Port Alice pulp mill.

We speculated that juvenile chum salmon would occupy surface waters in the marine
environment of Burrard Inlet, and that their dispersion in the water column would be related to
the prevailing conditions. Because of the variable nature of the waters around the thermal
discharge location, and the tendency of the heated cooling water to occupy surface waters
(Seaconsult Marine Research Ltd. 1995) we employed an experimental cage technique (Birtwell
1977; McGreer and Vigers 1983) to assess the influence of the discharge on the vertical
distribution of chum salmon.

Coincident with the field investigation, several laboratory experiments were conducted (Birtwell
et al. 1998, Korstrom et al. 1998) in order to examine chum salmon behaviour in response to
temperature change under controlled conditions, thereby facilitating direct comparisons with
results from the field experiments. A Water Column Simulator (WCS) (Birtwell and Kruzynski
1987), was employed which provided a 4500-L flow-through sea water aquarium under natural
photoperiod. In addition acute lethal thermal resistance bioassays were undertaken to determine
the time to death for juvenile salmon exposed to a single high temperature (25°C) in the presence
or absence of dissolved gas supersaturation.

STUDY LOCATION

The BGS is located on the north shore of Port Moody Arm approximately 10 km east of
Vancouver, near the town ofIoco, B.C. Port Moody Arm is a comparatively shallow arm of
Burrard Inlet, contiguous with the Strait of Georgia and the Pacific Ocean (Figure 1). It is 6.5
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Ian long and has an average depth at low tide of 8.8 m. The Ann itself has only limited fresh
water input (Waldichuk 1965). The nearest indirect fresh water influences include the Indian
River, located at the head of the adjacent Indian Ann, and the Seymour River, both of which
discharge from the north shore into Burrard Inlet, west of the BGS. Several local streams
contribute fresh water to the eastern end ofPort Moody Ann. The most important of these are
Mossom and Noon's Creeks, located 1.5 Ian and 4.2 Ian east of the plant, respectively, on the
north shore of the Ann. Several minor tributary streams as well as Schoolhouse Brook enter
from the south shore (Figure 1). The topography ofboth the northern and southern shores of Port
Moody Ann in the immediate vicinity of the BGS is relatively steep and, in consequence, there
are few important salmonid streams in the immediate vicinity of the discharge.

MATERIALS AND METHODS

Fish husbandry

Three thousand juvenile chum salmon (fork length 38.6 ± 2.1 mm, weight 0.41 ± 0.09 g) were
obtained from the Seymour River Volunteer Hatchery in North Vancouver, B.C., and transported
in a covered, double-walled 800-L polyethylene container by truck to the BGS. Transport water
was 200 L sea water (22 %0 salinity; 10 DC) mixed with 500 L fresh water (Seymour Hatchery
source) at 5.5 DC, to give approximately isotonic conditions of9%0 salinity at 7 DC. Dissolved
oxygen saturation (± 0.1 % air saturation) was monitored every 5 min during transport using an
Oxyguard Handi Mark IIITM meter. A 12-volt battery-powered air pump added compressed air to
the transport tank through a submerged air stone to maintain dissolved oxygen levels above 80%
of air saturation values throughout the transport period.

Following transport the fish were vaccinated in the transport tank against Vibrio using Biovax
1300 Vibrio anguillarum-ordalii Bacterin (Alpharma, Bellevue, WA). The tank was drained to a
volume of200 L to which was added 2 L of the attenuated bacteria. Fish were kept in the
vaccine under continuously aerated conditions for 1 h.

Fish were subsequently removed with soft-mesh nylon nets and transferred to a covered 6850-L
fibreglass holding tank (3 m diameter, 1.2 m height). Sea water from a 5 m-deep submerged
intake structure in Port Moody Ann, west of the thermal discharge, was pumped approximately
100 m through 7.6 mm PVC pipe to a PVC control valve and from there, delivered continuously
through a 1.2 m x 10 cm dissolved gas equilibration column packed with plastic rings (Owseley
1981), to the holding tank at a flow of25 to 40 L·min- I

.

The fish were fed Moore Clark (Vancouver, B.c.) semi-moist food (#1, #2, and #3 starter feed,
and 1.5 mm pellet) at a ration of 5% body weight·d- I using an automatic belt feeder (Zeigler
Brothers Inc., Gardners, PA). The total fish weight in the holding tank was estimated from the
number of fish received from the hatchery multiplied by their initial weight. Ration was
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continually adjusted for estimated growth (5%'d- I
), mortality, and fish removed for cage studies,

as well as being periodically adjusted following determination ofgrowth rate (every 3 weeks).

An outbreak of Vibrio anguillarum-ordalii in the holding tank, 2.5 weeks after arrival at the
holding facilities, was successfully treated using 30 mg Tribrissen'kg fish -I'd -1 (Syndel
Laboratories Ltd., Vancouver, B.C.) mixed with #2 feed. During the 7-d medication period, the
food ration was decreased from 5% to 2% body weight·d- I

. Following treatment daily mortality
was <0.05%·d-1

. Fish were held for an additional 10 d following the end of treatment before
being used in the first cage study.

Experimental protocol

Apparatus

The vertical distribution ofjuvenile chum salmon was assessed in Port Moody Ann using
apparatus developed by Birtwell (1977). The apparatus comprises a 6-chamber aluminum
framed cage (Figure 2) with an outer marine-aluminum frame surrounded by a black vinyl (5 mm
mesh) covering. The cage measures 6 m in length and 0.25 m2 in cross section. Each 1 m cage
chamber has an internal volume of 0.25 m3 and a gate mechanism permits or prevents access to
adjacent compartments. This operation was carried out by moving a lever connected to all gates;
thus they were opened or closed simultaneously. Two 3 m x 0.5 m aluminum-reinforced sections
of one side of the 6-m apparatus are removable and permit access to the individual 1 m
compartments Two aluminum-clad Styrofoam™ floats (~0.1 m3 each) support the upper end of
the apparatus just above the water surface, and at the study sites it was anchored to the sea floor
with adjustable 30 m long (19 mm diameter) braided nylon ropes and 3.5 kg ga1vanised iron
Danforth style anchors. The apparatus was operated in the vertical position from the water
surface and allowed the distribution of fish to be determined at 1 m intervals in the enclosed
water column. Four identical cages were used in the experiments.

Experimental sites

Four near-shore sites in the vicinity of the BGSs' thermal discharge were selected for study
following a field inspection and a review of information on the dispersion of the thermal plume.
A reference site located 250 m west, and three experimental sites 70 m, 250 m, and 1200 m east,
of the thermal discharge location were chosen (Figure 1). Each week of the study, a single cage
was anchored at each site and the distribution ofjuvenile chum salmon within the apparatus
determined on a daily basis.

Transfer of fish and in-situ experimentation

Naive fish from the stock tanks were placed in the apparatus and their position subsequently
determined the following day. Two fish transfers from the stock tank were required to provide
fish to the apparatus at the 4 sites for each experiment. To minimise the handling and
transportation stress on the fish, separate transfer operations were completed for every two cages
serviced.
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Each time new fish were required for the cages (4 times per week, over four separate weeks),
approximately 125 fish were removed from the stock tank using soft-mesh dip nets, and equally
divided among two opaque 60-L insulated plastic containers holding 30 L of sea water at the
same temperature as the water in the stock tank. The lids were closed and the containers taken
by truck and then placed aboard a 3 m aluminum boat. The fish were transported to each of two
cages in sequence. During the initial weeks of the study dissolved oxygen saturation remained
close to air saturated values in the transport containers, and no additional aerated water was
required during transport. During the final week of the study, and with fish oflarger size, it was
necessary to add aerated sea water to maintain dissolved oxygen concentrations above 75% air
saturation. Water temperature in the containers did not change appreciably during the transfer
process. The time fish spent in transit was between 15 and 30 min.

The procedure for placing the fish into the apparatus followed that reported by Birtwell (1977),
and McGreer and Vigers (1983). Prior to fish delivery, the cages were raised to the horizontal
position and placed on a Styrofoam™ and plywood "service" float. The float was positioned
beneath, and at the opposite end to, the attached floatation compartments, and moved to a
position which preserved at least 10 cm depth of water in each compartment. The two 3 m long
side doors permitted full access to the 6 individual I-m long compartments. Ten fish were
removed from the insulated transport container by dip net and placed into each of the 6
compartments. The side doors were subsequently closed, the apparatus removed from its'
support float, and then slowly lowered to the vertical position with the interior (between
compartment) doors still closed. The cage was left undisturbed for at least 15 min before the
inter-compartment gates were opened with as little disturbance as possible. After the cages were
stocked, any surplus fish remaining in the transport container (usually between 5 and 10
individuals) were released to Port Moody Arm, their otherwise-intended natural environment.

Each cage was left undisturbed overnight with all interior doors open, and then examined the
following day to determine the vertical distribution of the fish. In order to fix the position of the
fish within the 1 m compartments before enumeration, the interior gates were closed in the
following manner. Each cage was approached at low speed «1 knot) and usually from down
wind or down current. An operator leaning over the bow of the boat quickly closed the interior
doors by operating the lever mechanism. Given the number of occasions that the majority of fish
were recorded in the uppermost compartment, this method of closure was considered to be
satisfactory. The cage was raised to the horizontal position, placed on its' "service" float and the
outer access doors opened for fish retrieval. Fish from each chamber were netted with a soft
mesh dip net, counted, examined for general health and any signs of gas bubble trauma, and then
released at the site.



6

Water quality characterisation

At each station and on each occasion, while one study team undertook to service the cages, a
second team measured water temperature, salinity, dissolved oxygen, pH, oxidation-reduction
potential, and total gas pressure (TGP), as well as light intensity and Secchi disc visibility depth
in the immediate vicinity of each cage. Measurements were taken at the surface, 0.5 m, 1.5 m,
2.5 m, 3.5 m , 4.5 m, and 5.5 m, corresponding with the centre of each of the vertical 1 m
chambers ofthe cage apparatus. Certain water quality characteristics were measured using a
hand-held Hydrolab Surveyor 4 (Hydrolab Corporation Ltd., Houston, TX) with separate
transmitter unit on a fixed 25 m cable, and photosynthetically-active radiation (PAR) in
IlEinsteins's- I 'm-2 was measured with aLi-Cor LI 1935B spherical quantum sensor (Li-Cor
Environmental Division, Lincoln, NE). Water clarity was examined using a 30 cm diameter
white Secchi disk. Total gas pressure (TGP) was determined using a Model 300C tensionometer
(Alpha Designs Ltd., Victoria, B.C., ± 1 mm Hg accuracy), and by applying the calculations
provided by Colt (1984).

In addition, a near-continuous temperature record (15 min intervals) was provided by Optic
Stowaway or Tidbit portable data loggers (Onset Computer Corp. Pocasset, MA) positioned
inside each apparatus on a side wall and at the centre of each 1 m chamber. The stored
information in the loggers was downloaded to an AST 486 computer each week using Onset
Computers' Logbook™ Version 2.04 software. Temperature data files were transferred to
Microsoft ExceITM 5.0 for editing, statistical analyses, and graphing.

Data analyses

For each of the cage studies, the daily counts of fish within each cage chamber, and for each site
were tabulated in Excel along with all corresponding water quality measurements, and analysed
for significant differences and relationships. The fish counts were transformed to percent counts
to correct for minor errors in counting fish added to the apparatus, and individual water quality
parameters were normalised through log-transformation.

Fish distribution data (arcsine transformation) were analysed to reveal any differences between
sites and depths, and to relate distributions at each site and over the study area to the measured
variables. Correlation analyses were carried out to identify variables that were significantly
related to each other, and to fish distribution by site, depth, and on the combined data set.
Analysis of variance (ANOVA) was used to examine the interrelationships of water
characteristics and fish distribution. All possible pair-wise comparisons were examined using
Tukeys' HSD method (Devore 1991). Forward step-wise regression analysis was undertaken to
identify the variables most associated with the fish distribution. The statistical analyses utilised
Systat Version 5.0 (Systat Inc. 1992).
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RESULTS

Fish distribution

Reference Site 1

The distribution of chum salmon at the reference location (Site 1), 70 m east of outfall (Site 2)
and 1200 m east of outfall (Site 4) was determined on 16 occasions from June 25 to August 22
1997. The distribution offish at (Site 3) 250 m east of outfall was determined on 12 occasions
between July 07 and August 22. The number of fish recorded in each ofthe cage compartments
for all of the sites is shown in Tables 1 - 4 and the mean weekly position (n = 4 observations) is
depicted in Figures 3 - 6.

In June the fish displayed a strong surface orientation at the reference site and >80% were in the
uppermost 1 m. In July when we recorded the highest surface water temperatures, the majority
ofthe test fish were still in the uppermost waters, but their distribution was more variable. By
late August there was even greater dispersion and 30% were found in the deepest compartment; a
significant contrast to earlier observation periods. When data for all the experiments at all time
periods are combined, 62% of fish were determined to be in the uppermost 1 m of the water
column.

Experimental Site 2, 70 m east of the thermal discharge

This site was the closest to the thermal discharge, and during 2 experimental periods (July 8-11
and August 19-22), fewer fish were in the uppermost waters relative to those at the reference site
on the same dates. The data for the salmon distribution recorded on 14 occasions from June 25
to August 22, 1997 are presented in Table 2, and illustrated in Figure 4. Combining all the data
from the experiments resulted in an average of 47% in the surface 1 m, 15% less than at the
reference site.

Experimental Site 3, 250 m east of the thermal discharge

The fish distribution data obtained on 12 occasions from July 8 to August 22 1997 are presented
in Table 3 and Figure 5. As determined at the reference site, the majority of fish were located in
the uppermost waters with the exception of the determinations made in August when the fish
occupied greater depths. At this location 54% of fish occupied the uppermost 1 m of the water
column (all experiments combined).

Experimental Site 4, 1200 m east of the thermal discharge

The same pattern of fish distribution recorded at the other sites was revealed at this location
which was the most distant site we used from the thermal discharge of the BGS. The majority of
fish occupied the uppermost waters from June 25 to July 18, but in August (19 to 22), there was a
downward shift and more fish occupied the deeper compartments of the 6 m water column. The
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data are presented in Table 4, and Figure 6. Combining all data for experiments from June 25 to
August 22 1997, 51% of fish were recorded in the top 1 m of the water column.

Fish size

The mean (weekly) fork lengths of experimental fish are presented in Table 5, and length
frequency histograms of the same data are shown in Figure 7. There was an expected and
substantial increase in the size of the fish as the trials continued throughout the 8-week study
period. Fish used in August (fork length = 130 ± 9 mm) were almost double the length of those
used in June (fork length = 70 ± 7 mm).

Water quality characteristics

Determinations of all water quality variables measured at the experimental cage sites are shown
in Tables 5 to 9, and the weekly maximum mean and minimum measured values for temperature,
dissolved oxygen, salinity, TGP, and pH are illustrated in Figures 8 to 22. ·No adjustments of
experimental schedules were made to standardise activities to accommodate for tidal state or
time of day. In addition, when an experiment was terminated at a particular site and another one
started immediately thereafter, only one determination of aquatic characteristics was made to
reveal conditions at the end and start of the respective tests.

Sea water temperatures recorded by data loggers in each of the cage chambers are presented in
Figures 23 to 36. Only brief comments will be made on some of the salient variables, as the
intent ofthese determinations was to relate them to fish distribution rather than examine
differences in aquatic characteristics among sites and depths in Port Moody Arm.

Temperature

Temperature change at all sites reflected seasonal climatic changes and the influence of local
weather patterns, and reached maximum values in July. The maximum recorded temperatures
from the cage data loggers approximated 22.5 °C, 23.5 °C, 23.3 °C, and 24°C for the reference
location and sites 70 m, 250 m, and 1200 m from the discharge location, respectively (Figures 23
- 36). Throughout the study period mean temperatures were rarely above 20°C in surface
waters, and the greatest depths over which these conditions existed was at site 2, 70 m from the
thermal discharge. The influence of the thermal plume on the vertical temperature gradient in the
upper water column is evident in Figures 8 - 10. Water temperature in sub-surface waters was
slightly higher at the 70 m experimental location (Site 2) than in shallower layers, (refer also to
Figures 26, 27,30, and 31). This effect was most notable during July (Figures 8 and 9) but was
virtually undetectable during the week of August 18 to 22 (Figure 10). A similar pattern was
observed at the 250 m station (Site 3) where the mean temperature of subsurface waters to a
depth of 3.5 m was sometimes higher than that found at the surface and also higher than for
similar water depths at the reference site. This trend diminished during August when only
slightly higher sub-surface temperatures were observed.
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Salinity

Salinity in the upper water column at the reference location (Site I) generally increased with
depth and also over time during the study period, reflecting seasonal and climatic changes. The
highest salinity was recorded in August when fresh water influence was low, and somewhat
cooler, windy conditions prevailed. Surface water salinity at the 70 m, 250 m, and 1200 m sites
showed a similar pattern, though with more variation, than that at the reference site (Figures lI
B). The entrainment ofdeeper, more saline water, together with the mixing energy associated
with the BGS discharge, resulted in a higher mean surface salinity at Site 2, 70 m from the
thermal discharge (18.5 %0) during the second week in July (Figure 11) than was measured at the
reference site (14 %0). This effect was much less noticeable at other times during the summer.
During the third week of August (Figure 13), very little vertical change in salinity was recorded
in the upper 5.5 m of the water column.

Dissolved oxygen

Dissolved oxygen levels were frequently above 100% air saturation at all sites during the study
period (Figures 14 - 16). Minimum mean values were recorded at 5.5 m depth and were close to
75% of air saturation. There was a marked increase in dissolved oxygen with proximity to the
surface. In addition, there was a general increase in dissolved oxygen saturation at depth during
the summer, from mean values around 85%, to 90% - 95% at 5.5 m. Dissolved oxygen
saturation in the upper 2 m ofthe water column was generally lower at the 70 m site (Site 2) than
at the reference site (Site 1) or the 250 m and 1200 m locations (Sites 3 and 4). These differences
in dissolved oxygen saturation (usually between 10% and 15%) at Site 2 compared with the
reference and other sites generally decreased with increasing depth and were relatively minor at
depths of3.5 m and greater. High dissolved oxygen saturation values (125% to 145%) may have
been associated with peak phytoplankton photosynthetic activity. At Site 4 several high
dissolved oxygen levels were determined at different depths (Figures 14 - 0.5 m, Figure 15 - 2.5
m, and Figure 16 - 1.5 m) which may reflect localised changes in plankton populations. The
lowest oxygen saturation levels recorded during this investigation were those at 5.5 m depth at
reference Site 1 (69%) and at Site 4 1200 m east of thermal discharge location (68%).

Total gas pressure (TGP)

Throughout the study period at depths shallower than 4.5 m, TGP was elevated above 100%, and
differed little among sites (Figures 17 - 19). Highest values occurred in July, and the maximum
(125.2%) was recorded at Site 4 farthest from the heated cooling water discharge. However, at
this time mean values typically lay between 110% and 115% at all sites. Mean values of
dissolved gas saturation (%) decreased with increasing depth at all stations and all periods during
the study. This may reflect the influence of surface-oriented photosynthetic activity and the
general heating of surface waters by solar radiation, which also peaked during the same time
period. Near-surface TGP levels at all sites within Port Moody Arm from July 14-18, 1997,
exceeded levels considered safe for salmonid growth and survival (Fiddler and Miller 1997).
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pH

All pH values recorded during this investigation ranged between 7.7 to 8.9 pH units. Variation
in pH with depth and among sites generally reflected changes in salinity over the study period.
They were most variable in surface waters, and less so at depth (Figures 20 - 22). Maximum
differences in pH between waters at the reference Site 1 and those at Site 2, 70 m east of thermal
discharge in anyone week at anyone depth, were typically 0.2 - 0.3 pH units. The pattern of
slight decreases in pH with increasing depth in the water column was generally similar at each
study site, and appeared to change with time more so than among the study sites. The highest
values for pH (>8.5, Figure 21) coincided with a period of high algal production that we
observed between July 14 and 18 (Figure 15) when dissolved carbon dioxide would be expected
to be low.

Fish distribution and aquatic characteristics

Over the study period the caged chum salmon tended to display a distinct preference for the
upper 1 m depth compartment of the cages regardless oflocation. However, because of the large
variation in the data for each site ANOVA did not reveal significant (p <0.05) differences among
the sites at each depth interval except for that at 4.5 m. The percentage of fish at this depth for
Sites 2 and 4 were different than that at the reference Site 1, and at Site 4, 1200 m from the
outfall. The low proportion of the test fish to which these analyses apply (Tables 1 - 4; Figures 3
- 6), decreases the significance of the result.

Correlation analysis provided a relative indication of the variables that were correlated with fish
distribution. The results of these analyses applied to the total data set, by site, and by depth are
presented in Tables 10 - 12.

Depth, dissolved oxygen, pH and salinity were the variables most strongly correlated with the
distribution of fish for the combined data set (Table 10). Depth and salinity were negatively
correlated.

When the data were analysed by experimental site (Table 11), depth was the most strongly (and
negatively) correlated of the variables examined in relation to the vertical distribution of the
caged fish. At the reference site dissolved oxygen, salinity, and pH were also strong factors. At
Site 2, 70 m from the thermal discharge depth was the only variable that was strongly correlated
with the vertical distribution of the salmon. At Site 3, 250 m from the outfall dissolved oxygen,
and pH were also strongly correlated. At Site 4, 1200 m from the outfall, depth, dissolved
oxygen, salinity, pH, and light intensity were highly correlated with the chum salmon
distribution.

The results of the correlation analyses presented in Table 12 show how different variables are
correlated with the percentage of fish at different depths over the study area. Time was a
significant variable for each depth but 1.5 m. It was negatively correlated with the percentage of
fish in the uppern10st 1 m, reflecting the downward shift in fish distribution from July to August.
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Temperature, salinity, and light intensity were all negatively correlated. Temperature was again
a significant correlate at 2.5 m depth, and pH at 5.5 m.

Forward step-wise regression analysis was undertaken to examine the variables most associated
with the distribution of chum salmon. The results of these analyses applied to data for each site,
each depth over the study area, and for the combined data set are shown in Tables 13, 14 and 15,
respectively. Few variables were associated with the distributions at Sites 2 and 3, 70 m and 250
m from the outfall reflecting the more variable nature of the environment and distribution of the
fish. At the reference Site 1 and at 1200 m from the outfall 4 variables were associated with the
variance in the data; TGP, depth, and pH were common to both sites.

When the data were analysed by depth to reveal any horizontal associations of variables with the
presence offish, a range of variables was identified, as shown in Table 14. The majority offish
were typically in the uppermost 1 m of the water column, hence the regression results for this
depth probably have greatest significance to fish distribution overall than do the results for
deeper waters. Time was the only variable that was selected for the 1 m depth interval, reflecting
the decreasing number of fish over the time of the experiments, especially the downward shift
that occurred between July and August.

Table 15 provides the overall assessment of the factors most related to the distribution of the fish.
Temperature (+), dissolved oxygen (+), pH (+), TGP (-) and depth (-) were the main variables.

Analysis of Variance was used to identify any significant differences among the aquatic
characteristics, by depth. Temperature, and dissolved oxygen were the variables selected at the
2.5 m and 3.5 m, and 0.5 and 1.5 m depths respectively. Tukeys' HSD test was used to reveal at
which depths these significant differences occurred.

Temperature at 2.5 m depth was different and higher at Sites 2 and 3 closest to the outfall, while
at 3.5 m depth, the temperature at Site 2, 70 m from the discharge, was different than that at the
other sites. The results relate to the presence of the thermal discharge plume and the rise of
warm water towards the surface. Figure 8 illustrates this trend.

Dissolved oxygen was significantly lower and different at 0.5 m and 1.5 m depths at Site 2, than
at the same depths at the other sites. Figures 14 - 16 illustrate the depression but only in August
were values below 100% of air saturation levels. Dissolved oxygen supersaturation typically
occurred at all study sites at 0.5 m and 1.0 m depths.
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DISCUSSION

Thermal discharge and fish distribution

Thermal discharge

The quantity and temperature of heated cooling water discharged to Port Moody Arm varied
considerably during the course of our investigation in response to the operational requirements of
the BGS. Data presented in Table 16 show the number of generating units in operation (out of
6), plant electrical output, daily water flow, and cooling water discharge temperature, for the
periods during the summer of 1997 when our experimental cages were in the waters ofPort
Moody Arm. The most consistent output ofheat occurred during the experiments conducted in
August. However, it was in July that the ambient surface water temperatures were at maximum
values. At this time the plant was discharging approximately 35% less heated cooling water at a
mean temperature of 25.4 DC, compared with the larger discharge of 25.2 DC water in late August
(Table 16). The highest temperatures among the study sites coincided with a period of stable
warm weather from July 14 to 18, a time when the cooling water discharge volume was at a
minimum for the month, but the discharge temperature was between 24 DC and 27 DC.

The temperatures we determined at Sites 2 and 3 (70 m and 250 m east of outfall respectively)
reflected the influence of the thermal discharge from the BGS in that subsurface temperatures
were elevated relative to temperatures at the same depth at the other sites (refer to Figures 23 
36). This is an atypical situation for them1ally-stratified waters wherein warmer waters overlie
cooler waters due to respective density differences. In contrast, sea water temperatures recorded
at Sites 1 (reference) and 4 (1200 m east of outfall) typically decreased to a greater extent,
relative to changes at Sites 2 and 3, with increasing depth from the water surface (Figures 8 - 10).

Fish presence, distribution, and aquatic characteristics

During our 8-week study when the BGS operated intermittently there was no statistically
significant reduction in the numbers of caged chum salmon that occupied the surface waters
among sites up to 1200 m from the stations' heated cooling water discharge. That only slightly
fewer numbers of fish utilised the uppermost waters close to the discharge was not surprising as
the range of temperatures that the fish were exposed to rarely exceeded the 50% avoidance level
to high temperature that was determined in the laboratory (Birtwell et al. 1998). The laboratory
derived temperature representing the upper lethal limit, the 50% avoidance value, and the
"preferred" range for chum salmon are provided on the temperature profile graphs presented in
Figures 23 - 36. Most frequently the fish had access to waters at preferred temperatures (13.7 DC
to 17.9 DC; Birtwell et al. 1998) within the 6 m water column of the test apparatus. Only in mid
July, at the site 70 m from the thermal discharge was this rarely so. The 50% avoidance response
thresholds identified on the thermal profiles in Figures 23 to 36 provide information of the
frequency of occasions when temperatures were optimal to stressful for the chum salmon during
experimentation. At the reference site temperatures were at the 50% avoidance level for but a
few hours during experiments in July, but at the other sites the duration of such temperature
elevations were greater, and maximum temperatures approached (but rarely exceeded) the
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ultimate upper lethal limit of23.8 °C determined in laboratory experiments in fresh water by
Brett (1952).

Surface water orientation

The occupation of surface waters by chum salmon even when temperatures were at levels above
the laboratory-derived avoidance thresholds (for 50% ofthe population) was not unexpected.
Westerberg (1984) and Doving et al. (1985) considered that fine-scale hydrographic features (e.g.
thermal microstructure) may provide a necessary reference system for successful orientation by
salmon in coastal regions. The innate behavioural trait of chum salmon to orientate to the water
surface during their early sea life has been documented in a number of studies. Macdonald and
Chang (1993) collected chum salmon in shallow beach seines close to shore in Burrard Inlet.
Mason (1974) observed chum salmon in shallow waters «1 m) of a coastal stream and estuary,
and both Beak Consultants Ltd. (1981) and Healey (1982) caught juvenile chum salmon in
shallow waters in the estuaries of the Fraser and Nanaimo Rivers, respectively. Piercey et al.
(1985) and Macdonald et al. (1987), using underwater observations also documented the
shallow-water habit of salmonids in the Campbell River estuary. At later stages in their life
chum salmon occupy a much greater range of depths in marine waters. In off-shore waters in the
Gulf of Alaska, Manzer (1964) found no conclusive evidence regarding the vertical distribution
of chum salmon (of different sizes and ages up to 4 years) and temperature, although at night
they were always caught above the thermocline (June and July).

Avoidance behaviour

Recently we determined, under laboratory conditions, the preference of chum salmon juveniles to
occupy waters <1 m from the water surface, to avoid increasing temperatures and yet voluntarily
feed in waters >6 °C above their upper lethal limit (Birtwell et al. 1998; Korstrom et al. 1998). It
is, therefore, not surprising that in our field experiments the juvenile chum salmon displayed the
same surface water orientation and that a significant portion of the test populations utilised the
uppermost part of the water column when temperatures approached or exceeded those which
caused avoidance responses in laboratory experiments (Birtwell et al. 1998). Our lack of
knowledge on the exposure of individual fish to the warm surface waters limits definitive
statements about the potential consequences to the test fish of exposure to elevated temperatures.
However, the results of both laboratory (Birtwell et al. 1998) and field studies provide supportive
information and reveal that the chum salmon will use warm surface waters, even above
avoidance response thresholds. Whether this relates to a greater tolerance ofwarmer waters due
to the progressive acclimation of the fish in the in-situ experiments to higher ambient
temperatures which favoured occupancy of warmer waters, or the response of these fish to
additional natural stimuli is not clear.

In the field it has only been in relation to the discharge of acutely toxic effluents that the strong
surface-water orientation behaviour ofjuvenile salmon has been disrupted (Birtwell and Harbo
1980; McGreer and Vigers 1983; Birtwell and Kruzynski 1989), a contrasting situation to that
which occurred in Port Moody Arm adjacent to the heated cooling water discharge from the
BGS. Although juvenile salmon avoided concentrations of pulp mill effluent in surface waters
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over 3 h, they did not do so over 24 h resulting in the death of some individuals (Birtwell and
Kruzynski 1989). Aquatic conditions proximal (70 m) to the thermal discharge from the BGS
did not present similar constraints on the vertical orientation ofchum salmon, and no fish died
during experimentation. Accordingly these results contrast with the findings ofMcGreer and
Vigers (1983), and Birtwell and Kruzynski (1989) adjacent to discharges of toxic industrial
effluent. Gray (1990) investigated the avoidance response ofjuvenile chinook salmon in a
raceway to simulate the discharge of heated water into a riverine situation. Although the
temperature causing avoidance increased with acclimation temperature the mean difference
between that causing avoidance and the ambient level was 9 DC to 11 DC. Contrary to some
findings in the field (when other cues, such as food, will evoke feeding responses), Gray (1990)
found no evidence of thermal attraction. Thus it was concluded that juvenile chinook
encountering low temperature discharges in nature « 9 DC above ambient) may orientate and
remain in low velocity discharge currents: the consequences of such occupation being
detrimental if combined with other stressors.

Thermal effects and temperature preference

Over the duration of the study sea water temperatures in Port Moody Arm were frequently close
to preferred temperature levels for juvenile chum salmon observed under laboratory conditions
(Birtwell et al. 1998). This was especially so at the reference site, but less so for the site 70 m
from the outfall and others further east towards the shallow head of the Arm. In August
temperatures were generally higher at the site 1200 m from the thermal discharge compared to
those at the reference site and Site 3, 250 m east of the discharge, which were similar to each
other. Notwithstanding these differences, temperatures close to those preferred by chum salmon
were available throughout most of the study period within Port Moody Arm.

In the laboratory chum salmon in sea water displayed an acute preference for temperatures
ranging between 13.7 DC and 17.9 DC, with a 50% response range from 12.2 DC to 20.2 DC
(Birtwell et al. 1998; Korstrom et al. 1998). Brett (1952) determined that the mode of preferred
temperatures ofjuvenile chum salmon lay between 14 DC and 15 DC irrespective of prior
acclimation to temperatures of 10 DC, 15 DC or 20 DC. However mean (± S.D.) preferred values
ranged between 13.9 ± 1.1 DC, 14.1 ± 1.0 DC and 14.6 ± 1.3 DC, for fish acclimated to 10 DC, 15
DC, and 20 DC respectively. Considering variation in the responses among individuals,
populations, and species to temperature (Konecki et al. 1995; Beacham and Withler 1991;
McGeer et al. 1991), the thermal preference determinations by Brett (1952) and ourselves
(Birtwell et al. 1998) revealed behavioural thermoregulatory responses of chum salmon that were
proximal to those temperatures considered to optimise physiological performance. This result is
in accordance with the expectations from other studies and the opinion that the final temperature
preferendum of a fish relates to efficient metabolic function (Brett 1971; Coutant 1977). The
final temperature preferendum is the temperature around which fish aggregate given an
opportunity to do so in a gradient of sufficient extent (Fry 1947). The thermal preferendum can
be elevated by such factors as starvation (Javaid and Anderson 1967), physiological activities
(Crawshaw 1977), prior thermal history (Reynolds and Casterlin 1980), age (Kwain and
McCauley 1978), and infections (Reynolds and Casterlin 1976), but not to circadian activity
(Reynolds 1977), aside from mediation by non-thermal factors (Giattina and Garton 1982).
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The significance of the preferred temperature and behavioural thermoregulation lies in the
potential exploitation of habitats and niche selection, and the maximising of metabolic and
physiological functions that have adaptive and survival value (Coutant 1977; Reynolds and
Casterlin 1976; Coutant 1977; Crawshaw 1977; Reynolds 1977; Magnuson et al. 1979; Giattina
and Garton 1982; Spigarelli et al. 1983). Thus chum salmon would be expected to seek
temperatures between 13.7 °C and l7.9°C in marine waters, based on laboratory results (Brett
1952; Birtwell et al. 1998). This selection would, of course, be subject to modification by other
factors. Because of this, Coutant(1977) suggested that the temperature for optimum
physiological and ecological performance would lie between the physiological optimum and the
ultimate upper incipient limit.

The results we obtained during in-situ experimentation in Port Moody Arm, tend to support the
opinion of Coutant (1977), and it is likely that cues other than temperature exerted an influence
on the vertical distribution of the chum salmon. The age (size) offish was different among
experiments and the results we obtained for the vertical distribution in August indicated an
overall downward shift of these larger individuals relative to younger and smaller individuals we
examined in June and July. In the laboratory we determined that there was a consistent pattern of
behaviour with respect to the response ofjuvenile chum salmon of differing sizes to elevated
temperatures (Birtwell et al. 1998). At the termination of these experiments the fish were smaller
than those used in the caged experiments in Port Moody Arm in August. Accordingly, it is
possible that had the laboratory experiments employed fish of similar size to those used in the
field in August, we may have seen a shift in the depths preferred by this size of chum salmon. It
is also possible that the chum salmon in the August field experiments were responding to natural
stimuli that were not present during the laboratory experiments, and progressive acclimation to
the ambient conditions.

At the beginning of the experimental period temperatures within the "preferred" range were
available at the water surface where the majority of fish were found. This behaviour persisted
when temperatures exceeded this range, however we have no information on the duration of time
that each individual fish may have spent in the warmer waters. The fish displayed
thermoregulatory behaviour, resistance to temperatures exceeding lethal limits for variable
periods of time and fed in these waters, under laboratory conditions (Birtwell et al. 1998). It is
therefore not unexpected that the chum salmon continued to occupy their preferred surface water
habitat over much of the study period despite changes in ambient thermal structure, nor is it
unexpected that temperature was positively correlated with fish presence. The temperature levels
were not consistently at extreme levels and did not evoke statistically significant avoidance
responses by the chum salmon.

The absence of significant avoidance responses in the water column around the thermal discharge
into Port Moody Arm indicates that fish would be expected to occupy the area around the outfall.
Laboratory studies determined that these fish would feed in waters with temperatures above their
upper lethal limit (Birtwell et al. 1998). Hence it would be expected that the fish would exploit
the waters around the discharge for thermoregulatory purposes and the optimisation of
physiological and ecological performance (Coutant 1977).
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Studies on the distribution of fish around thermal discharges have revealed the attraction of fish
at certain times of the year, consistent with the optimisation of metabolism. Elser (1965)
reported that fishing (especially for catfish) in heated water was better during the cooler 9 months
of the year than in the 3 summer months, implying attraction to warmer waters. Neill and
Magnuson (1974) recorded concentrations offish around a thermal discharge, but the
distributions did not reverse with season or time of day, and were related to body temperatures of
fish and their thermal preferences. Similarly, Kelso and Minns (1975) reported that a thermal
plume had little effect on pelagic fish and speculated that the fish were either not available to the
elevated temperatures or they failed to respond to increased surface temperatures. However, in
later studies Spigarelli (1975) reported that rainbow trout were in thermal discharges for variable
periods. This finding supports the seasonal changes in fish populations in reference and thermal
plume areas, reported by Spigarelli et al. (1982). They found concentrations of fish in the plume
area to be up to two orders of magnitude greater than those at reference areas during late spring
and early summer. Thereafter, the reference area had a maximum of 10 times the numbers of
fish in the plume location during late summer and early fall. Because of thermal preferences
large numbers of predatory salmon were in the thermal plume at times of low food densities.
This impoverished energetic situation of plume residence was considered to be offset at distance
from the discharge by the high concentrations of forage fish prey.

Adaptation to thermal discharges is revealed by Spigarelli and Thommes (1979) who determined
that the temperature of fish increased with the thermal discharge temperature. The maximum
temperature exceeded the ambient temperature by 10 °e, while the population mean differed by
2 °e to 6 0c. Unlike the behavioural studies on chum salmon (Birtwell et al. 1998), these results
reveal the integration of temperatures experienced by the fish, and provide less insight into
temporary use of waters at elevated levels. That fish were captured with body temperatures
exceeding ambient by up to 10 °e, implies longer residence than was recorded for chum salmon
in 24 °e to 30 °e waters (Birtwell et al. 1998). Thus fish have been documented to utilise
thennal plumes and to distribute themselves according to thermal preferences.

Dissolved gas saturation

Throughout the study dissolved oxygen was frequently at levels in excess of air saturated values.
The heating of sea water drawn into the electric-generating plant for cooling purposes will result
in supersaturation of gases within these waters. However, the water drawn into the plant is from
depths where dissolved oxygen levels tends to be lower than in surface waters. Although
supersaturation of dissolved gases would have occurred in waters adjacent to the thermal
discharge as a consequence of this heating, the TGP levels were probably reduced due to the
entraimnent of the deeper less dissolved gas-saturated water. Hence, it is not apparent that the
them1al discharge from the BGS resulted in a direct elevation ofTGP in the waters of Port
Moody Am1 at this location. Any role that the discharge may have played in promoting
planktonic algal growth, which may be linked to the elevated levels ofTGP in POli Moody Ann
through enhanced primary productivity, has not been determined. The dissolved oxygen and
TGP values we determined imply that Port Moody AIm tends to be eutrophic and subject to algal
blooms (L. Nikl, Department of Fisheries and Oceans, New Westminster, B.C., pers. comm.).



17

Because the caged chum salmon favoured the upper surface waters of the Arm, there is the
potential for long term residency in such waters to result in adverse effects on their health. The
levels of gas supersaturation in the shallower surface waters utilised by the chum salmon
exceeded proposed guidelines of about 103% and 110% for sea level conditions in waters with
depths <1 m and>1 m respectively, to safeguard fish from gas bubble trauma (GBT), (Fidler and
Miller 1997). Although juvenile salmon may avoid dissolved gas supersaturated conditions,
especially by moving deeper and avoiding GBT (Shrimpton et al. 1989), there is no guarantee
that this would happen when other cues are present in the natural environment that have the
potential to override such avoidance responses. Fidler and Miller (1997) state that for waters <1
m depth the level of TGP that will afford protection for juvenile salmon will be associated with
the partial pressure of dissolved oxygen (P02) in the water and the depth of water occupied by
the fish. When the waters are supersaturated with dissolved oxygen (a higher p02 than at air
saturation levels), as typically occurred in the surface waters of Port Moody Arm during our
studies, the safe limits for exposure to TGP and protection from symptoms of GBT are increased.
Thus the occupancy of shallow surface waters which were supersaturated with dissolved oxygen
in Port Moody Arm could provide some protective benefit from the elevated TGP levels in these
waters, aside from the benefit of moving deeper in the water column. A TGP level of 103% at
sea level at 100% air saturation (p02 = 157 mm Hg), 0 m depth, is considered to safeguard
juvenile salmon from GBT (Fidler and Miller 1997). Thus in the absence of ambient elevated
p02 levels, and with prolonged occupancy of water depths <1 m, it would be expected that there
could be some negative effects on the health of chum salmon. The results of analyses relating
fish distribution to aquatic variables revealed that TGP was negatively and significantly
associated with their presence, implying that fish tended to select, or coincidentally favour waters
lower in TGP, and shallower depths (see Table 15).

Meekin and Turner (1974) report that juvenile chinook salmon and steelhead trout could
withstand 16 h exposure to 135% nitrogen supersaturation. However, their tests were conducted
with dissolved oxygen levels less than 100%. In tests with oxygen and nitrogen supersaturation
(116% and 124% respectively) chinook, coho and steelhead died quicker than at similar nitrogen
levels (122%). This finding suggests that both dissolved gasses contribute to the mortality of the
fish, and seems to contrast with the deductions of Fidler and Miller (1997) regarding the
protection from GBT provided by elevated levels of dissolved oxygen and the results ofRucker
(1976) for coho salmon. The experiments of Meekin and Turner (1974) were conducted at a
constant, relatively low temperature (around 10 °C to 12 °C). Ebel et al. (1971) concluded that
an increase in temperature over ambient would be detrimental to migrating juvenile salmonids
during periods of nitrogen supersaturation. It cannot be ruled out, therefore, that at highly
stressful temperatures concomitant elevated TGP levels (naturally occurring or otherwise),
especially of nitrogen and oxygen, would create additional stress on fish in contrast to either
factor acting alone. Such findings have been reported by Marcello and Fairbanks (1974)
revealing the potential for waters of sub-optimal quality to be occupied because of, for example,
thern1oregulatory behaviour. They report that Atlantic menhaden (Brevoortia tyranus) were
attracted to the thennally heated waters discharged from a nuclear power plant and they died
from exposure to elevated TGP levels. Meldrim et al. (1973) noted that golden shiner usually
avoided gas supersaturation of 110% but when temperature increases of SOC to lOoC were
associated with the supersaturation, thermal preference overrode the avoidance response.
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Fish presence in sub-optimal habitats

Chum salmon occupation of the surface waters ofPort Moody Arm close to the thermal
discharge implies that the waters were not lethal to the fish over a short period of time
(approximately 20 h), when they were given access from the surface to 6 m depth. We do not
know the residence time of fish in waters with temperatures above their potential lethal limit in
Port Moody Arm, but we determined that they would use less thermally-stressful waters which
were supersaturated with dissolved gasses, and briefly feed in waters at temperatures up to 30 DC
during laboratory experiments (Birtwell et al. 1998). It is also probable that fish would be
exposed to "chlorine-produced oxidants" in waters emanating from the plant (Greenbank et al.
1998), but we have no information on the potential interaction with sublethal temperatures, TGP,
and contaminants on the fish in the field. Greenbank et al. (1998) reported that chum salmon
growth rate was reduced by 24% and 45% in two separate 20 d growth studies when fish were
exposed to 50% heated cooling water from the BGS in contrast to chum salmon growth in
control waters (the overall health and performance offish surviving extended periods in heated
cooling water was not evaluated in this particular investigation).

Caution must be exercised in the interpretation of our findings that juvenile salmon occurred in
insignificantly different numbers in the surface waters proximal to, and distal from, the BGS
heated water discharge. It has been determined that fish do not always avoid sub-optimal waters
and accordingly presence per se is but an extremely coarse indicator of environmental quality
(Birtwell and Kruzynski 1989; Birtwell et al. 1994, 1997; Korstrom et al. 1997).

Neill and Magnuson (1974) in their comprehensive examination of the effects of thermal
discharges in the laboratory and field, state that thermoregulatory behaviour of fish was not
overridden by feeding behaviour in either location. Even though planktonic food was more
abundant in the thermal outfall area fish would only make forays into waters with extreme
temperatures to feed (Neill and Magnuson 1974). However, in the laboratory, temperature
limited the acquisition of a maximum daily meal, and as recorded for chum salmon (Birtwell et
al. 1998), fish (yellow perch) spent significantly less time «5%) in waters above their lethal
limit and the duration of forays became <30 s. Two fish died during feeding experiments in
which the perch obtained food in waters 3 DC above the upper lethal limit. Similarly, Munson et
al. (1980) recorded the death (50% to 65%) of rainbow trout feeding in temperatures above their
lethal limit. The fish were habituated to feeding at the end of a 2.4 m channel in which a thermal
gradient occurred: food being provided in the hotter waters. In a thermal gradient from the
acclimation temperature to 30 DC to 36 DC (up to 24 DC above acclimation temperature), some of
the fish died while attempting to feed. Complete inhibition of motivation to feed was not
achieved. Thus the motivation to feed, even in lethal waters, overrode the expected
thermoregulatory response: a contrast with the conclusion of Neill and Magnuson (1974).

It is not known whether feeding in waters at temperatures that are just above potentially lethal
limits or above those optimal for physiological and metabolic function (at a sublethal exposure,
as may have occurred in July in Port Moody Arm) had a detrimental effect on chum salmon
survival. It is possible that the thermal input in the early spring could favour growth and
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survival, assuming all other factors are appropriate, by elevating temperatures to levels that are
metabolically optimal. Clearly, if exposure to elevated temperatures results in prolonged stress,
inefficient utilisation of energy and reductions in growth, increased risk of predation and disease,
then the advantages of obtaining food in the thermally enriched waters are minimal. Wissmar
and Simenstad (1988) state that the metabolic costs of maintenance are in delicate balance with
food intake and growth. If food were impoverished in the preferred, yet thermally-heated,
surface waters the energetic costs of capture in high temperature waters could limit growth.
Donaldson and Foster (1941) found that juvenile sockeye salmon refused to feed at temperatures
increased from 17.2 °C to 25.6 °C, but resumed feeding when temperatures returned to 21.1 °C.
Similarly, Brett et al. (1982), found that 19°C was the optimum temperature for the growth of
juvenile chinook salmon fed on maximum ration, but above this level feeding and growth
decreased. They also state that at 60% of maximum daily ration, the optimum temperature for
growth decreased to 14.8 °C. Their studies did not permit opportunity for the fish to balance the
thermoregulatory requirements against the energetic and metabolic demands of feeding and
growth. Feeding in higher temperature waters may not be as detrimental in thermally-stratified
environments which permit fish to thermoregulate and maximise performance. In this context,
the movement of sockeye salmon into warmer surface waters to feed followed by a return to
colder waters in lakes, is considered to be adaptive and energetically advantageous (Biette and
Geen 1980). The advantage occurring because of the lower maintenance requirements at colder
temperatures and, therefore, the greater the proportion of food conversion for growth (Brett
1971). However, in the examination of chum salmon confined to a 6 m portion of the water
column in Port Moody Ann it was not possible to ascertain such vertical migratory behaviour.
Experience from studies with chum salmon at other locations (Birtwell and Kruzynski (1989)
suggests that they do not undergo similar vertical migrations to those of lake dwelling juvenile
sockeye, during their early sea life.

While the dispersion of food in the wild is unlikely to be available only in the surface waters
(1 m - 2 m) where the juvenile chum salmon prefer to reside, their presence there suggests
proximity to food. It has been suggested by Coutant (1987) that there may be marked differences
in feeding behaviour in steep gradients and that fish may feed on uncharacteristic prey.
Spigarelli and Thomnles (1979) documented the reduced growth and condition in ictalurids in
"thermally-enriched" areas because of strong thermal attraction and inadequate food. However
Spigarelli and Smith (1976) found no evidence of such an effect on rainbow trout from thermal
plume and reference areas implying an ample supply of food for "plume-resident" fish. Quite
obviously there are site-specific differences among the reported findings, but the pattern of
attraction to thermal discharges at certain times of the year is common to all.

Chum salmon are opportunistic and selective predatory sight feeders consuming a variety of
items that reflect abundance in fresh water and sea water (Higgs et al. 1995). If, through the
discharge of heated waters, the upper surface water temperatures exceed preferred levels, reduced
abundance may occur as the fish move to avoid these temperatures, but motivation to feed in
addition to responding to other cues will, seemingly, encourage occupancy of surface waters for
brief periods. The field experiments of McGreer and Vigers (1983) and Birtwell and Kruzynski
(1989) detemlined that juvenile chum salmon may succumb to conditions in vertically-stratified
waters where lethal conditions persisted close to the water surface: a result similar to that
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reported by Munson et al. (1980). Prolonged occupancy in waters heated above ambient could
be detrimental through exposure to elevated levels ofTGP, aside from exposure to other
stressors. The mortality of Atlantic menhaden in the thermal plume of a nuclear power plant was
related to elevations in TGP and the thermoregulatory responses of the fish which chose to
occupy the plume region (Marcello and Fairbanks 1974). Thus the effects ofthermal change on
juvenile chum salmon in Port Moody Arm would be expected to follow a seasonal trend of
attraction to, and occupancy of, waters at the preferred temperature, followed by a movement
from increasing temperatures, from spring through to late summer. The timing, duration and
magnitude of these events being related to many factors in addition to the discharge volume and
temperature of heated water from the BGS.

SUMMARY AND CONCLUSIONS

The vertical distribution of chum salmon was not affected in a statistically significant manner
with proximity to the discharge of thermal effluent from the BGS during July and August 1997.
These fish preferred to occupy the shallow waters close to the surface during their early marine
life and we anticipated that warm water from the plant would rise to the surface and disrupt this
adaptive behaviour, thereby displacing them from their preferred habitat. In this way we
expected that the distribution of fish would be affected depending not only on the climatic
conditions and proximity to the discharge location, but also on the operating conditions at the
BGS. Although fewer fish were in the uppermost surface waters close to the thermal discharge
there was sufficient variation in the data to negate any potential statistical significance.
However, a seasonal component to their distribution was recorded as the larger fish tended to be
in deeper waters in August at all study locations including the reference site.

The waters of Port Moody Arm were typically supersaturated with dissolved gasses reflective of
the primary productivity and thermal input from both natural (solar) and other sources.
However, adjacent to the discharge of heated cooling water, TGP was occasionally reduced to
levels approaching optimal values for salmon. Thus, there did not appear to be a direct effect of
the BGS heated water discharge on TGP in Port Moody Arm at this location.

Temperature was significantly elevated at sites close to the discharge (70 m and 250 m east), and
in general at sites towards the shallow head of the Port Moody Arm. Throughout most of the
study period (June to August) temperatures at levels preferred by chum salmon (13.7 °C to 17.9
°C) were present within 6 m of the water surface, and were frequently less than the level that
caused 50% avoidance (20.2 °C) in laboratory studies (Birtwell et al. 1998). At the reference site
temperatures in the uppermost 1 m of the water column that were favoured by the chum salmon,
were always less than the upper lethal limit of23.8 °C that was determined by Brett (1952) in
laboratory experiments, and rarely at levels that would have been expected to evoke avoidance
behaviour. Temperatures in waters to the east of the outfall were generally higher and exceeded
the laboratory-derived avoidance threshold more frequently, and approached the potentially
lethal level in July. At Site 4, 1200 m east of the thermal discharge location, the potentially
lethal level was exceeded briefly, perhaps reflecting the shallowness of the area and the possible
thermal input from extensive mud flats towards, and at the head of, Port Moody Arm. Even
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though the temperature of surface waters in Port Moody Arm were frequently higher than those
that were found to cause avoidance responses in laboratory experiments, juvenile chum salmon
continued to use these waters. It is unclear as to whether this use represented brief excursions
into these waters to feed, an ability to tolerate the warmer water due to progressive thermal
acclimation, a response to natural ambient stimuli or a combination of all of these. While
experiments conducted in the laboratory by Brett (1952) and Birtwell et al. (1998) did not mimic
all the cues likely to be found in the wild, they did reveal that elevated temperatures, such as the
highest ones recorded in Port Moody Arm are likely avoided by juvenile chum salmon, and that
prolonged occupation of such waters can result in their death. Irrespective of the reasons why
juvenile chum salmon chose to occupy the waters close to the surface concern is warranted if
these fish continue to reside in depths <1 m due to the potential for harmful effects on their
health caused by the interaction of temperature and TGP (notwithstanding the potential
protection from TGP in shallow waters due to the presence of supersaturated levels of dissolved
oxygen).

At each of the four stations in Port Moody Arm investigated in this study, including a reference
station removed from the direct influence of the BGS cooling water discharge, chum salmon
continued to use surface waters despite supersaturated conditions for TGP and temperatures
which were frequently 18°C to 21°C. The innate behavioural trait to occupy surface waters
during estuarine residence and early sea life may compromise survival if other non-thermal cues
become dominant factors. In this circumstance, they could override thermal stimuli that would
otherwise favour survival and the optimisation of metabolic and physiological functions.
Although chum salmon demonstrated an avoidance of potentially lethal high temperatures in
laboratory experiments (Birtwell et al. 1998), they were also motivated to feed in such waters (to
30°C). To this extent we do not know the effects of repeated excursions into waters that are
potentially lethal, nor the consequences oflonger occupancy of waters that are potentially
stressful at the sub-lethal level (combined effects of temperature and elevated TGP) on the health
and performance of individuals and the crucial link to survival. In addition, it is possible that a
thermal discharge could elevate temperatures above ambient to those in the preferred range
during certain times of the year. Under these circumstances fish would be encouraged to move
from cooler waters, as may occur in the spring and early summer. Assuming adequate food
supplies, these conditions would favour growth (and possibly survival), but at the same time
extended residence could result in exposure to elevated TGP. This latter effect may be mediated
behaviourally through the occupation of deeper waters, but this would remove the fish from their
preferred surface water habitat.

The intermittent operation of the Burrard Thermal Generating Plant would impose a similarly
fluctuating thermal regime in Port Moody Arm because of the rapid (1 to 2 d) tidal-induced
replacement of water in this water body (Waldichuk 1965). It is speculated that such an
operating regime could probably reduce potential impacts on chum salmon during the spring and
early summer, but might increase the risk of adverse effects such as thermal shock in winter and
temporary habitat displacement in summer. Thus, the judicious discharge of heated cooling
water could favour salmonid survival during spring and early summer if other environmental
factors (biological, physical, and chemical) were appropriate for maintaining health and
perfom1ance.
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Table 1. Nmnber of chmn sahnon juveniles recovered from each depth
at the Reference Site (l)*.

Depth (m)**

Week No. Date 0.5 1.5 2.5 3.5 4.5 5.5 Total

1 25-Jun-97 58 2 0 0 0 0 60
25-Jun-97 49 1 6 1 1 2 60
26-Jun-97 56 1 2 0 1 0 60
26-Jun-97 50 8 1 1 0 0 60

2 8-Jul-97 38 16 3 1 2 0 60
9-Jul-97 47 6 0 7 0 0 60
1O-Jul-97 30 26 1 0 1 1 59
11-Jul-97 27 30 2 0 1 0 60

3 15-Jul-97 58 1 1 0 0 0 60
16-Jul-97 33 16 4 2 2 3 60
17-Jul-97 38 15 6 1 0 0 60
18-Jul-97 47 11 2 0 0 0 60

4 19-Aug-97 16 5 9 6 2 22 60
20-Aug-97 21 11 10 4 4 10 60
21-Aug-97 14 9 5 2 3 27 60
22-Aug-97 11 18 7 5 3 16 60

Mean 37.06 11.00 3.69 1.88 1.25 5.06

SD 15.97 8.78 3.16 2.33 1.29 8.84

* Data in columns represent the number of fish (out of 60) recovered from each cage chamber following
overnight acclimation with free access to all depths between the surface and 6 meters

** Depth values (0.5, 1.5,2.5,3.5,4.5, 5.5) represent the aproximate center of each cage chamber
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Table 2. Number ofchum sahnonjuveniles recovered from each depth
70 m east of outfall (Site 2)*.

Depth (rn)**

Week No. Date 0.5 1.5 2.5 3.5 4.5 5.5 Total

1 25-Jun-97 *** 31 12 5 7 3 2 60

25-Jun-97 *** 23 10 5 13 2 7 60

2 8-Jul-97 39 7 7 0 5 2 60
9-Jul-97 22 18 8 5 5 2 60
IO-Jul-97 40 5 4 6 4 1 60
ll-Jul-97 32 13 3 8 1 1 58

3 15-Jul-97 41 5 4 3 2 5 60
16-Jul-97 12 20 10 1 10 7 60
17-Jul-97 23 9 13 1 6 9 61
18-Jul-97 3 16 10 9 4 17 59

4 19-Aug-97 28 14 8 3 7 0 60
20-Aug-97 32 2 3 4 3 16 60
21-Aug-97 36 6 5 4 5 4 60
22-Aug-97 32 6 8 7 2 5 60

Mean 28.33 10.08 6.92 4.25 4.50 5.75

SD 11.63 5.88 3.18 2.86 2.47 5.67

* Data in columns represent the number offish (out of 60) recovered from each cage chamber following
overnight acclimation with free access to all depths between the surface and 6 meters

** Depth values (0.5, 1.5, 2.5, 3.5, 4.5, 5.5) represent the aproximate center of each cage chamber

*** June 25 station at 100 meters downstream from outfall
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Table 3. Number of chum sahnon juveniles recovered from each depth
250 m east of outfall (Site 3).*

Depth (m)**

Week No. Date 0.5 1.5 2.5 3.5 4.5 5.5 Total

2 8-Jul-97 40 8 5 3 3 0 59
9-Jul-97 43 12 4 1 0 0 60
10-Jul-97 44 11 2 1 1 1 60
II-Jul-97 42 14 1 2 0 0 59

3 15-Jul-97 49 0 6 1 1 3 60
16-Jul-97 38 13 1 5 1 2 60
17-Jul-97 14 14 20 6 5 1 60
18-Jul-97 37 9 3 4 3 3 59

4 19-Aug-97 8 10 20 15 5 2 60
20-Aug-97 26 5 15 4 0 15 65***
21-Aug-97 14 9 23 7 1 6 60
22-Aug-97 39 13 2 3 1 2 60

Mean 32.83 9.83 8.50 4.33 1.75 2.92

SD 13.75 4.11 8.44 3.89 1.82 4.17

* Data in columns represent the number of fish (out of 60) recovered from each cage chamber following
overnight acclimation with free access to all depths between the surface and 6 meters

** Depth values (0.5, 1.5,2.5,3.5,4.5, 5.5) represent the aproximate center of each cage chamber

*** Fish miscounted during retrieval, counts presented as recorded.
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Table 4. Number of Chunl salmon juveniles recovered from each depth
1200 m east ofoutfall (Site 4).*

Depth (m)**

Week No. Date 0.5 1.5 2.5 3.5 4.5 5.5 Total

1 26-Jun-97 30 16 7 5 1 60
26-Jun-97 42 8 6 1 2 60

2 8-Jul-97 41 3 1 1 3 11 60
9-Jul-97 35 22 1 1 1 1 61 ***
10-Jul-97 52 5 1 1 0 1 60
II-Jul-97 23 27 6 2 2 0 60

3 15-Jul-97 46 5 2 2 4 1 60
16-Jul-97 39 10 7 1 1 2 60
17-Jul-97 38 5 5 9 1 2 60
18-Jul-97 34 8 8 4 4 2 60

4 19-Aug-97 16 14 14 6 3 7 60
20-Aug-97 11 6 19 5 6 13 60
21-Aug-97 12 14 10 7 8 9 60
22-Aug-97 12 18 I 9 17 3 60

Mean
SD

30.79

13.69

11.50

7.24

6.29

5.34

3.86

3.01

3.79

4.39

3.86

4.28

* Data in columns represent the number of fish (out of 60) recovered from each cage chamber following
overnight acclimation with free access to all depths between the surface and 6 meters

** Depth values (0.5, 1.5,2.5, 3.5,4.5,5.5) represent the aproximate center of each cage chamber

*** An extra fish was inadvertently included during intitial cage deployment
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Table 5. Fork length offish used in the cage experiments.

Lengths at Week Ending:

June 26, 1997 July 11, 1997 July 18, 1997 Aug 22,1997

77 77 75 85 91 85 128 112
79 72 60 91 79 89 139 130
75 68 80 82 90 81 125 125
75 70 70 74 90 83 124 129
78 75 81 88 61 78 131 122
65 70 78 65 69 79 133 122
72 66 84 98 86 80 142 127
55 64 82 88 59 83 140 127
73 67 80 90 71 82 118 146
60 81 85 82 81 70 142 135
72 70 83 76 86 86 131 141
66 61 81 82 76 84 145 114
55 73 85 70 78 78 130 121
76 66 85 83 86 92 133 129
77 74 67 83 78 86 127 127

Mean 70.30 80.43 80.57 129.83
SD 6.75 8.10 8.14 8.66



Table 6. Characteristics of Reference Site (1) by time and depth.
Date Time Depth (m) Temp CC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·I ·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jun-25 9:30 Surface 15.4 112 9.4 16.0 8.6 na 762 n1a
0.5 15.3 110 9.3 16.2 8.6 93.0 57 107.5
1.5 15.3 101 8.5 17.0 8.5 38.0 59 107.7
2.5 14.7 78 6.6 19.6 8.2 24.0 29 103.8
3.5 14.0 77 6.5 20.0 8.1 15.0 27 103.5
4.5 12.3 74 6.3 22.3 8.2 10.0 15 102.0
5.5 12.5 69 6.0 22.7 8.1 7.0 12 101.6

Jun-26 9:50 Surface 15.8 113 9.4 16.3 8.6 156.0 764 3.5
0.5 15.8 109 9.1 16.3 8.6 82.0 50 106.5
1.5 16.4 101 8.2 18.4 8.5 56.0 56 107.3
2.5 16.1 94 7.6 19.5 8.3 24.0 33 104.3
3.5 13.8 81 6.8 22.2 8.2 33.0 32 104.2
4.5 12.9 84 7.2 22.6 8.1 23.0 11 101.4
5.5 12.3 80 6.8 23.0 8.1 17.0 12 101.6 w

0\

Ju1-07 14:05 Surface 17.2 121 10.2 21.1 8.3 384 85.1 766 2.5
0.5 17.2 118 9.9 21.8 8.3 384 24.0 80 110.4
1.5 16.7 117 9.7 22.1 8.2 384 11.3 95 112.4
2.5 14.9 102 8.7 23.4 8.1 388 11.8 73 109.5
3.5 12.9 77 6.8 28.9 7.9 392 11.2 31 104.0
4.5 12.6 70 6.3 29.0 7.8 392 10.4 3 100.4
5.5 12.3 69 6.1 29.8 7.9 389 6.7 -5 99.3

Ju1-08 11:10 Surface 16.0 108 9.8 16.3 8.1 419 36.5 761 2.0
0.5 16.1 113 10.1 20.3 8.1 421 23.3 45 105.9
1.5 15.3 105 9.5 21.4 8.1 422 10.9 59 107.8
2.5 14.3 94 8.6 22.0 8.0 423 5.3 39 105.1
3.5 14.3 89 8.2 22.2 7.9 423 6.0 39 105.1
4.5 13.1 84 7.9 22.6 7.8 423 2.9 18 102.4
5.5 12.3 82 7.8 22.9 7.8 424 2.2 9 101.2



Table 6. Characteristics of Reference Site (1) by time and depth (cant.).
Date Time Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-09 11:05 Surface 15.8 105 9.8 11.4 7.9 373 185.3 762 1.8
0.5 15.7 116 10.6 17.5 8.2 371 73.7 55 107.2
1.5 14.0 104 9.7 20.2 8.1 374 20.4 47 106.2
2.5 13.7 96 9.0 20.8 8.1 374 25.9 45 105.9
3.5 14.1 92 8.5 21.4 8.0 375 20.7 39 105.1
4.5 14.2 91 8.4 21.7 8.0 375 20.3 33 104.3
5.5 13.6 89 8.3 21.8 8.0 375 12.0 31 104.1

Jul-1O 11:30 Surface 15.6 130 11.8 15.0 8.4 406 166.1 764 2.3
0.5 15.6 119 10.9 16.7 8.4 406 78.7 66 108.6
1.5 15.1 113 10.3 18.1 8.3 407 25.6 64 108.4
2.5 15.8 99 9.0 20.7 8.1 410 15.3 54 107.1
3.5 15.2 98 8.8 21.2 8.0 410 12.7 49 106.4
4.5 15.1 98 8.8 21.5 8.0 409 8.5 40 105.2
5.5 14.4 95 8.7 21.6 8.0 408 5.2 39 105.1 w

......

Jul-ll 9:45 Surface 14.9 129 12.0 13.3 8.6 369 181.8 766 2.5
0.5 15.2 131 12.1 15.0 8.5 371 78.2 74 109.7
1.5 16.9 135 12.0 17.5 8.5 375 81.1 90 111.7
2.5 16.0 113 10.0 19.1 8.2 380 45.8 62 108.1
3.5 16.0 104 9.3 20.0 8.1 382 12A 60 107.8
4.5 15.2 94 8.5 21.1 8.0 384 9.1 39 106.0
5.5 15.1 89 8.2 21.6 8.0 386 8.6 30 103.9

Jul-14 13:00 Surface 21.7 138 11.5 13.1 8.7 359 117.3 763 2.5
0.5 19.6 141 12.1 13.2 8.7 356 96.9 107 114.0
1.5 18.6 150 12.9 16.6 8.6 361 47.0 122 116.0
2.5 17.4 108 9.5 19.3 8.0 370 48.5 84 111.0
3.5 16.9 99 8.8 19.9 7.9 372 72.2 38 108.9
4.5 16.4 87 7.9 20.6 7.9 373 70.7 47 106.2
5.5 15.0 83 7.7 20.8 7.8 375 22.8 34 104.5



Table 6. Characteristics of Reference Site (1) by time and depth (cont.).
Date Time Depth (m) Temp (C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

JuI-I5 13:35 Surface 2Ll 131 10.6 14.1 8.5 358 126.3 767 3.3
0.5 2Ll 131 10.6 14.1 8.6 362 66.2 95 112.4
1.5 20.3 135 ILl 14.5 8.6 367 34.2 108 114.1
2.5 17.0 100 8.6 19.3 8.1 382 21.5 84 111.0
3.5 16.5 99 8.8 19.8 7.9 387 14.5 62 108.1
4.5 15.6 98 8.8 20.0 8.0 389 11.8 36 104.7
5.5 15.4 91 8.1 21.0 7.8 392 9.8 29 103.8

JuI-16 11:20 Surface 19.5 143 11.9 15.1 8.6 361 955.0 765 2.5
0.5 19.5 143 12.1 15.2 8.7 357 212.0 97 112.6
1.5 19.2 136 11.8 15.7 8.6 360 53.0 105 113.7
2.5 17.1 131 11.4 16.9 8.4 363 46.0 93 112.1
3.5 18.0 118 10.2 17.9 8.2 366 23.0 100 113.0
4.5 17.6 113 9.8 18.5 8.1 369 14.0 73 109.5
5.5 17.1 104 9.1 19.1 8.0 372 11.0 60 107.8 w

00

JuI-17 10:45 Surface 19.3 134 11.3 15.6 8.7 379 587.0 763 3.0
0.5 19.3 133 11.3 15.6 8.7 381 282.0 93 112.2
1.5 19.2 133 11.2 15.8 8.6 382 110.0 99 113.0
2.5 18.4 124 10.6 17.0 8.5 386 49.0 102 113.4
3.5 16.9 112 9.7 17.5 8.3 390 51:0 96 112.6
4.5 17.2 108 9.4 18.2 8.2 399 39.0 68 108.9
5.5 16.8 107 9.3 18.5 8.1 401 26.0 60 107.9

JuI-18 8:45 Surface 19.7 133 11.3 16.3 8.6 376 lO22.Q 769 3.8
0.5 19.7 133 11.2 16.3 9.9 380 494.0 88 111.4
1.5 19.5 118 10.2 16.5 8.6 384 275.0 96 112.5
2.5 18.7 114 9.8 17.7 8.3 392 105.0 88 111.4
3.5 18.1 100 8.7 18.5 8.1 396 93.0 60 107.8
4.5 15.2 95 8.6 19.0 8.1 399 41.0 35 104.6
5.5 15.0 96 8.8 19.7 7.9 403 34.0 25 103.3



Table 6. Characteristics of Reference Site (1) by time and depth (cont.).
Date Time Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Aug-18 14:45 Surface 21.1 122 9.5 22.9 8.5 341 1430.0 769 3.5
0.5 20.5 129 10.3 23.0 8.5 340 430.0 86 111.2
1.5 18.8 127 10.3 23.1 8.5 342 432.0 94 112.2
2.5 18.6 130 10.7 23.1 8.5 344 234.0 78 1l0.1
3.5 16.5 111 9.7 23.4 8.3 349 65.0 53 106.9
4.5 15.2 93 8.3 23.7 8.2 353 65.0 29 103.7
5.5 14.7 93 8.4 23.7 8.2 356 34.0 10 101.3

Aug-19 11:00 Surface 19.6 122 9.9 23.0 8.4 381 1153.0 763 3.5
0.5 19.6 125 10.0 23.0 8.4 382 948.0 75 109.8
1.5 19.3 132 10.6 23.1 8.4 382 203.0 84 111.0
2.5 16.3 102 8.6 23.6 8.2 386 260.0 34 104.5
3.5 15.8 93 8.0 23.7 8.1 387 143.0 28 103.7
4.5 15.6 89 7.8 23.8 8.1 388 91.0 II 101.4
5.5 15.6 86 7.5 23.8 8.1 388 54.0 II 101.4 w

\0

Aug-20 10:35 Surface 18.7 129 10.6 23.2 8.5 359 192.4 759 3.0
0.5 18.7 130 10.6 23.3 8.5 362 95.8 91 112.0
1.5 18.5 129 10.6 23.3 8.5 365 85.0 90 111.9
2.5 17.8 117 9.8 23.5 8.4 368 46.5 79 110.4
3.5 16.5 102 8.7 23.8 8.2 371 59:4 52 106.9
4.5 16.3 98 8.4 23.8 8.2 373 26.2 37 104.9
5.5 15.7 96 8.3 23.9 8.2 374 17.8 30 104.0

Aug-21 10:45 Surface 18.7 113 9.1 23.2 8.3 385 498.0. 768 3.5
0.5 18.5 114 9.3 23.2 8.4 380 341.0 55 107.2
1.5 17.8 115 9.5 23.5 8.4 381 139.0 60 107.8
2.5 17.1 102 8.6 23.7 8.3 382 77.0 39 105.1
3.5 15.9 96 8.3 23.9 8.2 383 48.0 29 103.8
4.5 15.6 97 8.4 23.9 8.3 383 23.0 16 102.1
5.5 15.5 99 8.7 23.9 8.3 383 16.0 17 102.2



Table 6. Characteristics of Reference Site (1) by time and depth (cont.).
Date Time Depth (m) Temp cae) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Aug-22 10:45 Surface 18.0 120 9.9 23.5 8.4 361 685.0 765 3.3
0.5 18.0 119 10.0 23.5 8.4 362 302.0 67 108.8
1.5 17.7 115 9.7 23.6 8.3 365 201.0 76 109.9
2.5 17.4 108 9.1 23.7 8.3 368 129.0 50 106.5
3.5 17.1 104 8.9 23.7 8.3 371 121.0 32 104.2
4.5 16.4 95 8.3 23.8 8.2 374 78.0 22 102.9
5.5 15.6 93 8.2 24.0 8.2 376 34.0 16 102.1

~

o



Table 7. Characteristics of Site 2 (70 meters east of outfall), by time and depth.
Date Time Depth (m) Temp (C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-07 14:55 Surface 18.4 94 7.7 23.3 8.1 376 134.8 766 2.8
0.5 17.1 101 8.5 22.7 8.2 373 92.5 85 111.1
1.5 17.0 98 8.3 22.6 7.9 378 73.5 86 111.2
2.5 17.3 96 8.2 22.1 7.9 375 53.8 90 111.7
3.5 18.3 94 8.1 22.3 8.0 375 29.1 84 111.0
4.5 15.8 84 7.9 22.4 7.9 378 15.0 79 110.3
5.5 12.2 75 7.1 23.0 7.8 381 9.9 58 107.6

Jul-08 11:40 Surface 17.9 99 8.5 21.7 7.9 404 29.2 761 2.0
0.5 17.5 98 8.5 21.8 7.9 406 21.7 67 108.8
1.5 17.2 97 8.3 22.5 7.9 409 14.7 80 110.5
2.5 18.1 94 7.9 22.7 7.9 410 15.4 76 110.0
3.5 16.9 94 7.9 23.2 7.9 412 9.9 75 109.9
4.5 15.3 88 7.6 23.0 7.8 412 7.6 64 108.4
5.5 13.1 82 7.5 23.3 7.9 413 4.0 43 105.7 .I::-

.....

Jul-09 11:35 Surface 17.1 99 8.8 15.0 8.0 322 553.0 760 3.0
0.5 18.0 98 8.5 20.3 8.0 290 193.0 67 108.8
1.5 18.4 94 8.0 20.7 7.9 261 69.0 83 110.9
2.5 18.2 89 7.8 21.9 7.9 256 53.0 82 110.8
3.5 16.6 88 7.7 22.1 7.9 256 14.0 75 109.9
4.5 15.0 87 7.6 21.7 7.9 255 10.0 53 107.0
5.5 14.4 83 7.5 22.3 7.9 262 6.0 49 106.4

Jul-lO 12:00 Surface 17.1 108 9.4 18.5 8.3 350 181.2 764 2.5
0.5 17.6 106 9.2 19.2 8.2 319 101.4 83 110.9
1.5 19.0 100 8.5 19.8 8.0 275 48.5 93 112.2
2.5 18.8 98 8.2 20.2 8.0 259 27.2 96 112.6
3.5 18.7 94 8.0 21.6 8.0 254 9.6 98 112.8
4.5 16.3 89 7.7 21.8 7.9 257 10.6 71 109.3
5.5 14.9 84 7.7 22.0 8.0 260 5.8 59 107.7



Table 7. Characteristics of Site 2 (70 meters east of Outfall), by time and depth (cont.).
Date Time Depth (m) Temp COC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·]·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-11 10:15 Surface 15.8 128 11.7 14.0 8.6 357 283.0 765 2.5
0.5 16.1 129 11.8 14.1 8.5 346 367.0 72 109.4
1.5 17.3 117 10.3 17.6 8.3 294 98.0 83 110.8
2.5 18.3 105 9.4 19.8 8.0 240 55.0 83 110.8
3.5 18.9 97 8.3 20.8 8.0 224 24.0 82 110.7
4.5 17.0 92 8.2 21.7 8.0 230 19.0 62 108.1
5.5 16.9 82 7.5 22.2 7.8 231 6.0 54 107.0

Jul-14 13:30 Surface 21.9 134 10.4 12.9 8.7 341 161.0 762 2.5
0.5 21.2 133 10.7 13.0 8.7 334 82.3 97 112.7
1.5 21.2 120 9.5 16.6 8.4 339 89.6 108 114.2
2.5 19.6 99 7.8 20.5 7.9 347 49.2 113 114.8
3.5 18.7 92 7.6 20.8 7.9 347 47.1 100 113.1
4.5 17.1 88 7.6 20.8 7.9 350 31.6 73 109.6
5.5 15.8 83 7.4 21.1 7.9 352 50.8 59 107.7 ~

N

Jul-15 14:05 Surface 21.0 121 9.8 13.8 8.6 367 106.7 767 3.5
0.5 21.1 121 9.7 13.9 8.6 368 38.9 77 110.0
1.5 21.1 112 9.1 16.3 8.5 377 29.6 88 111.5
2.5 20.2 94 7.5 20.4 8.1 383 21.2 82 110.7
3.5 18.1 90 7.3 21.1 7.9 383 2i6 78 110.2
4.5 17.5 89 7.6 21.3 7.9 383 12.1 52 106.8
5.5 16.8 89 7.6 21.5 7.8 384 5.5 43 105.6

Jul-16 12:00 Surface 20.6 135 10.6 16.0 8.5 321 439.0 765 3.5
0.5 20.9 127 10.4 17.0 8.4 326 238.0 110 114.3
1.5 20.8 121 9.9 17.8 8.3 334 230.0 119 115.5
2.5 20.9 119 9.6 18.5 8.2 338 153.0 117 115.2
3.5 21.3 111 9.2 18.6 8.2 343 91.0 114 114.8
4.5 19.3 105 8.5 19.4 8.0 348 59.0 96 112.5
5.5 17.8 95 8.4 20.1 7.9 349 47.0 79 110.3



Table 7. Characteristics afSite 2 (70 meters east afOutfall), by time and depth (cant.).
Date Time Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·!·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-17 11:25 Surface 21.3 116 9.2 17.5 8.3 376 1263.0 761 3.0
0.5 21.5 120 9.6 17.2 8.4 374 691.0 115 115.1
1.5 21.8 117 9.4 17.4 8.3 376 202.0 120 115.8
2.5 21.5 113 9.1 17.8 8.3 374 137.0 117 115.4
3.5 20.5 111 8.8 18.1 8.2 375 88.0 108 114.2
4.5 20.0 116 9.4 18.3 8.1 377 23.0 94 112.4
5.5 18.9 96 8.1 19.4 8.1 381 30.0 80 110.5

JuI-18 9:20 Surface 20.8 III 9.0 18.0 8.4 362 720.0 769 4.5
0.5 20.3 114 9.2 17.7 8.4 362 290.0 96 112.5
1.5 21.0 110 8.9 18.2 8.3 365 86.0 104 113.5
2.5 21.2 107 8.7 18.1 8.3 368 44.0 100 113.0
3.5 20.6 107 8.6 19.2 8.1 371 30.0 83 110.8
4.5 19.6 98 8.5 19.8 8.0 372 20.0 71 109.2 -I::'-

5.5 17.8 96 8.2 19.8 8.0 376 34.0 51 106.6 w

Aug-18 14:10 Surface 21.3 102 8.0 23.3 8.2 329 1346.0 769 2.5
0.5 20.9 104 8.2 23.2 8.2 330 909.0 80 110.4
1.5 19.7 104 8.4 23.2 8.2 332 298.0 79 110.3
2.5 19.4 102 8.5 23.2 8.2 335 108,0 70 109.1
3.5 18.7 102 8.4 23.4 8.2 338 64.0 64 108.3
4.5 17.4 93 8.0 23.7 8.2 340 44.0 46 106.0
5.5 16.6 93 8.1 23.6 8.2 343 36.0 37 104.8

Aug-19 11:35 Surface 19.5 86 6.9 23.6 8.1 335 1443.0 763 3.8
0.5 19.0 86 7.1 23.7 8.1 341 1017.0 53 106.9
1.5 18.1 86 7.1 23.4 8.1 346 431.0 49 106.4
2.5 17.4 86 7.1 23.8 8.1 349 366.0 37 104.8
3.5 17.2 87 7.3 23.9 8.0 351 203.0 27 103.5
4.5 16.3 80 7.1 24.1 8.1 352 134.0 13 101.7
5.5 16.0 78 6.9 24.3 8.1 351 74.0 3 100.4



Table 7. Characteristics of Site 2 (70 meters east of Outfall), by time and depth (cont.).
Date Time Depth (m) Temp CC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s-1·m-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Aug-20 11:10 Surface 19.6 93 7.6 24.0 8.2 366 632.0 758 4.3
0.5 19.6 98 7.9 23.9 8.2 369 382.0 69 109.1
1.5 18.6 94 7.8 23.8 8.2 379 370.0 69 109.1
2.5 17.5 95 8.0 24.5 8.2 380 231.0 53 107.0
3.5 18.4 95 8.0 24.0 8.2 381 161.0 52 106.9
4.5 17.6 90 8.0 23.8 8.2 381 111.0 34 104.5
5.5 15.8 89 8.0 24.1 8.2 382 85.0 26 103.4

Aug-21 11:25 Surface 18.8 90 7.5 23.9 8.2 387 389.0 767 4.3
0.5 18.6 91 7.5 23.8 8.2 386 331.0 54 107.0
1.5 18.5 91 7.6 24.0 8.2 388 150.0 48 106.3
2.5 17.8 91 7.7 24.0 8.2 389 135.0 37 104.8
3.5 17.6 94 7.9 23.8 8.2 389 90.0 30 103.9
4.5 15.7 93 8.0 23.9 8.2 389 66.0 24 103.1
5.5 15.6 89 7.8 24.0 8.2 388 41.0 10 101.3 ~

~

Aug-22 11:30 Surface 18.4 92 7.6 24.0 8.2 365 721.0 765 4.3
0.5 19.5 94 7.7 24.0 8.2 365 237.0 59 107.7
1.5 18.6 97 8.0 23.9 8.2 369 355.0 53 106.9
2.5 17.5 93 8.0 23.8 8.2 372 221.0 45 105.9
3.5 16.4 94 8.1 24.3 8.2 368 146.0 35 104.6
4.5 16.0 93 8.1 24.1 8.2 329 99.0 26 103.4
5.5 15.1 90 7.9 24.2 8.2 322 71.0 16 102.1



Table 7. Characteristics of Site 2 (70 meters east of outfall), by time and depth.
Date Time Depth (m) Temp (DC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s-l ·m-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-07 14:55 Surface 18.4 94 7.7 23.3 8.1 376 134.8 766 2.8
0.5 17.1 101 8.5 22.7 8.2 373 92.5 85 111.1
1.5 17.0 98 8.3 22.6 7.9 378 73.5 86 111.2
2.5 17.3 96 8.2 22.1 7.9 375 53.8 90 111.7
3.5 18.3 94 8.1 22.3 8.0 375 29.1 84 111.0
4.5 15.8 84 7.9 22.4 7.9 378 15.0 79 110.3
5.5 12.2 75 7.1 23.0 7.8 381 9.9 58 107.6

Jul-08 11:40 Surface 17.9 99 8.5 21.7 7.9 404 29.2 761 2.0
0.5 17.5 98 8.5 21.8 7.9 406 21.7 67 108.8
1.5 17.2 97 8.3 22.5 7.9 409 14.7 80 110.5
2.5 18.1 94 7.9 22.7 7.9 410 15.4 76 110.0
3.5 16.9 94 7.9 23.2 7.9 412 9.9 75 109.9
4.5 15.3 88 7.6 23.0 7.8 412 7.6 64 108.4
5.5 13.1 82 7.5 23.3 7.9 413 4.0 43 105.7 .po.

VI

Jul-09 11 :35 Surface 17.1 99 8.8 15.0 8.0 322 553.0 760 3.0
0.5 18.0 98 8.5 20.3 8.0 290 193.0 67 108.8
1.5 18.4 94 8.0 20.7 7.9 261 69.0 83 110.9
2.5 18.2 89 7.8 21.9 7.9 256 53.0 82 110.8
3.5 16.6 88 7.7 22.1 7.9 256 14.0 75 109.9
4.5 15.0 87 7.6 21.7 7.9 255 10.0 53 107.0
5.5 14.4 83 7.5 22.3 7.9 262 6.0 49 106.4

Jul-l0 12:00 Surface 17.1 108 9.4 18.5 8.3 350 181.2. 764 2.5
0.5 17.6 106 9.2 19.2 8.2 319 101.4 83 110.9
1.5 19.0 100 8.5 19.8 8.0 275 48.5 93 112.2
2.5 18.8 98 8.2 20.2 8.0 259 27.2 96 112.6
3.5 18.7 94 8.0 21.6 8.0 254 9.6 98 112.8
4.5 16.3 89 7.7 21.8 7.9 257 10.6 71 109.3
5.5 14.9 84 7.7 22.0 8.0 260 5.8 59 107.7



Table 7. Characteristics of Site 2 (70 meters east afOutfall), by time and depth (cant.).
Date Time Depth (m) Temp (C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-II 10:15 Surface 15.8 128 11.7 14.0 8.6 357 283.0 765 2.5
0.5 16.1 129 11.8 14.1 8.5 346 367.0 72 109.4
1.5 17.3 117 10.3 17.6 8.3 294 98.0 83 110.8
2.5 18.3 105 9.4 19.8 8.0 240 55.0 83 110.8
3.5 18.9 97 8.3 20.8 8.0 224 24.0 82 110.7
4.5 17.0 92 8.2 21.7 8.0 230 19.0 62 108.1
5.5 16.9 82 7.5 22.2 7.8 231 6.0 54 107.0

Jul-14 13:30 Surface 21.9 134 10.4 12.9 8.7 341 161.0 762 2.5
0.5 21.2 133 10.7 13.0 8.7 334 82.3 97 112.7
1.5 21.2 120 9.5 16.6 8.4 339 89.6 108 114.2
2.5 19.6 99 7.8 20.5 7.9 347 49.2 113 114.8
3.5 18.7 92 7.6 20.8 7.9 347 47.1 100 113.1
4.5 17.1 88 7.6 20.8 7.9 350 31.6 73 109.6
5.5 15.8 83 7.4 21.1 7.9 352 50.8 59 107.7 +:-

0"1

Jul-15 14:05 Surface 21.0 121 9.8 13.8 8.6 367 106.7 767 3.5
0.5 21.1 121 9.7 13.9 8.6 368 38.9 77 110.0
1.5 21.1 112 9.1 16.3 8.5 377 29.6 88 111.5
2.5 20.2 94 7.5 20.4 8.1 383 21.2 82 110.7
3.5 18.1 90 7.3 21.1 7.9 383 2t6 78 110.2
4.5 17.5 89 7.6 21.3 7.9 383 12.1 52 106.8
5.5 16.8 89 7.6 21.5 7.8 384 5.5 43 105.6

Jul-16 12:00 Surface 20.6 135 10.6 16.0 8.5 321 439.0, 765 3.5
0.5 20.9 127 10.4 17.0 8.4 326 238.0 110 114.3
1.5 20.8 121 9.9 17.8 8.3 334 230.0 119 115.5
2.5 20.9 119 9.6 18.5 8.2 338 153.0 117 115.2
3.5 21.3 111 9.2 18.6 8.2 343 91.0 114 114.8
4.5 19.3 105 8.5 19.4 8.0 348 59.0 96 112.5
5.5 17.8 95 8.4 20.1 7.9 349 47.0 79 110.3



Table 7. Characteristics afSite 2 (70 meters east afOutfall), by time and depth (cant.).
Date Time Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-17 11:25 Surface 21.3 116 9.2 17.5 8.3 376 1263.0 761 3.0
0.5 21.5 120 9.6 17.2 8.4 374 691.0 115 115.1
1.5 21.8 117 9.4 17.4 8.3 376 202.0 120 115.8
2.5 21.5 113 9.1 17.8 8.3 374 137.0 117 115.4
3.5 20.5 111 8.8 18.1 8.2 375 88.0 108 114.2
4.5 20.0 116 9.4 18.3 8.1 377 23.0 94 112.4
5.5 18.9 96 8.1 19.4 8.1 381 30.0 80 110.5

JuI-18 9:20 Surface 20.8 111 9.0 18.0 8.4 362 720.0 769 4.5
0.5 20.3 114 9.2 17.7 8.4 362 290.0 96 112.5
1.5 21.0 110 8.9 18.2 8.3 365 86.0 104 113.5
2.5 21.2 107 8.7 18.1 8.3 368 44.0 100 113.0
3.5 20.6 107 8.6 19.2 8.1 371 30.0 83 110.8
4.5 19.6 98 8.5 19.8 8.0 372 20.0 71 109.2 -+:--

5.5 17.8 96 8.2 19.8 8.0 376 34.0 51 106.6
-...J

Aug-18 14:10 Surface 21.3 102 8.0 23.3 8.2 329 1346.0 769 2.5
0.5 20.9 104 8.2 23.2 8.2 330 909.0 80 110.4
1.5 19.7 104 8.4 23.2 8.2 332 298.0 79 110.3
2.5 19.4 102 8.5 23.2 8.2 335 108.0 70 109.1
3.5 18.7 102 8.4 23.4 8.2 338 64.0 64 108.3
4.5 17.4 93 8.0 23.7 8.2 340 44.0 46 106.0
5.5 16.6 93 8.1 23.6 8.2 343 36.0 37 104.8

Aug-19 11:35 Surface 19.5 86 6.9 23.6 8.1 335 1443.0 763 3.8
0.5 19.0 86 7.1 23.7 8.1 341 1017.0 53 106.9
1.5 18.1 86 7.1 23.4 8.1 346 431.0 49 106.4
2.5 17.4 86 7.1 23.8 8.1 349 366.0 37 104.8
3.5 17.2 87 7.3 23.9 8.0 351 203.0 27 103.5
4.5 16.3 80 7.1 24.1 8.1 352 134.0 13 101.7
5.5 16.0 78 6.9 24.3 8.1 351 74.0 3 100.4



Table 7. Characteristics of Site 2 (70 meters east of Outfall), by time and depth (cont.).
Date Time Depth (m) Temp CC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Aug-20 ll:1O Surface 19.6 93 7.6 24.0 8.2 366 632.0 758 4.3
0.5 19.6 98 7.9 23.9 8.2 369 382.0 69 109.1
1.5 18.6 94 7.8 23.8 8.2 379 370.0 69 109.1
2.5 17.5 95 8.0 24.5 8.2 380 231.0 53 107.0
3.5 18.4 95 8.0 24.0 8.2 381 161.0 52 106.9
4.5 17.6 90 8.0 23.8 8.2 381 ll1.0 34 104.5
5.5 15.8 89 8.0 24.1 8.2 382 85.0 26 103.4

Aug-21 ll:25 Surface 18.8 90 7.5 23.9 8.2 387 389.0 767 4.3
0.5 18.6 91 7.5 23.8 8.2 386 331.0 54 107.0
1.5 18.5 91 7.6 24.0 8.2 388 150.0 48 106.3
2.5 17.8 91 7.7 24.0 8.2 389 135.0 37 104.8
3.5 17.6 94 7.9 23.8 8.2 389 90.0 30 103.9
4.5 15.7 93 8.0 23.9 8.2 389 66.0 24 103.1
5.5 15.6 89 7.8 24.0 8.2 388 41.0 10 101.3 .po.

00

Aug-22 11 :30 Surface 18.4 92 7.6 24.0 8.2 365 721.0 765 4.3
0.5 19.5 94 7.7 24.0 8.2 365 237.0 59 107.7
1.5 18.6 97 8.0 23.9 8.2 369 355.0 53 106.9
2.5 17.5 93 8.0 23.8 8.2 372 221.0 45 105.9
3.5 16.4 94 8.1 24.3 8.2 368 146.0 35 104.6
4.5 16.0 93 8.1 24.1 8.2 329 99.0 26 103.4
5.5 15.1 90 7.9 24.2 8.2 322 71.0 16 102.1



Table 8. Characteristics of Site 3 (250 meters east of outfall), by time and depth.
Date Time Depth (m) Temp eC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-07 15:25 Surface 17.3 127 10.8 20.3 8.4 391 133.9 3.0
0.5 17.2 128 11.0 20.5 8.4 389 87.7

1.5 17.2 114 9.8 21.1 8.2 389 52.3
2.5 16.5 88 7.7 22.5 7.9 391 30.3
3.5 14.7 84 7.6 22.6 7.9 391 18.1
4.5 12.9 77 7.2 22.9 7.9 392 11.9
5.5 12.5 71 6.8 22.9 7.8 392 7.8

Jul-08 13: 15 Surface 16.0 117 10.2 15.5 8.2 379 58.7 762 1.5
0.5 16.1 112 9.9 17.2 8.2 381 17.5 36 104.7
1.5 16.8 102 8.9 19.9 8.0 385 5.5 51 106.7
2.5 16.8 93 8.2 20.9 8.0 385 2.3 56 107.4
3.5 14.6 81 7.4 22.6 7.8 388 1.5 32 104.2
4.5 13.7 75 7.0 22.9 7.8 388 1.2 13 101.7
5.5 12.7 73 6.9 23.1 7.8 389 0.8 0 100.0 ~

\0

Jul-09 13:30 Surface 17.5 106 9.4 10.2 7.8 340 378.0 761 2.5
0.5 18.4 106 9.1 16.4 8.0 343 217.0 79 110.4
1.5 16.4 104 9.1 20.4 8.0 345 122.0 91 112.0
2.5 16.6 96 8.5 21.0 8.0 347 35.0 65 108.5
3.5 16.3 92 8.1 21.3 7.9 348 56.0 63 108.3
4.5 15.6 91 8.1 21.4 7.8 349 34.0 47 106.2
5.5 14.7 91 8.2 21.7 7.8 350 28.0 40 105.3

Jul-lO 13:50 Surface 16.9 145 12.9 16.8 8.6 340 204.0. 764 1.8
0.5 17.0 139 12.4 17.3 8.6 339 140.0 110 114.4
1.5 17.7 132 11.7 18.3 8.4 341 31.0 III 114.5
2.5 18.4 112 9.4 19.7 8.2 344 27.0 101 113.2
3.5 17.9 99 8.5 21.2 7.9 348 15.0 84 111.0
4.5 16.6 97 8.5 21.5 7.8 349 6.0 59 107.7
5.5 15.5 95 8.4 21.7 8.1 350 3.0 50 106.5



Table 8. Characteristics of Site 3 (250 meters east of Outfall), by time and depth (cont.).
Date Time Depth (m) Temp CC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-ll 10:45 Surface 16.0 138 12.7 13.2 8.6 287 162.8 765 2.0
0.5 16.2 134 12.3 14.1 8.6 290 83.5 77 110.1
1.5 17.1 124 11.1 18.4 8.3 297 105.4 85 111.1
2.5 16.4 110 9.9 19.7 8.2 305 25.8 64 108.3
3.5 16.5 101 9.1 20.7 8.1 305 17.8 63 108.2
4.5 15.8 96 8.7 21.0 8.1 299 11.3 48 106.2
5.5 16.0 90 8.1 21.6 8.0 269 10.4 47 106.1

Jul-14 14:05 Surface 22.3 133 10.6 12.9 8.7 328 334.0 762 3.5
0.5 20.9 137 11.2 13.2 8.7 328 287.0 118 115.5
1.5 19.8 126 10.5 17.0 8.4 335 76.0 118 115.5
2.5 20.3 108 9.0 18.9 8.1 340 126.0 113 114.8
3.5 18.0 104 9.1 19.7 8.0 345 75.0 98 112.9
4.5 17.2 103 9.0 20.0 8.0 348 117.0 63 108.3
5.5 17.2 99 8.3 20.7 7.9 352 74.0 60 107.9 VI

0

Jul-15 14:35 Surface 21.0 124 9.9 13.6 8.7 373 402.0 767 2.8
0.5 21.1 124 9.8 13.6 8.7 370 77.0 91 111.9
1.5 20.2 125 10.1 16.5 8.5 375 64.0 101 113.2
2.5 20.3 109 8.8 17.0 8.3 376 49.0 96 112.5
3.5 18.6 100 8.4 19.3 8.0 382 30.0 83 110.8
4.5 17.7 101 8.6 20.2 8.0 384 19.0 63 108.2
5.5 17.6 98 8.3 20.5 8.0 384 12.0 65 108.5

Jul-16 13:35 Surface 19.1 143 12.1 15.7 8.7 294 1603.0 765 2.5
0.5 19.1 144 12.3 15.7 8.7 296 928.0 108 114.0
1.5 19.1 143 12.1 15.8 8.6 302 401.0 113 114.7
2.5 19.6 132 11.1 17.2 8.4 308 74.0 115 115.0
3.5 19.5 122 10.2 18.0 8.3 312 61.0 112 114.6
4.5 18.1 109 9.4 18.4 8.2 318 54.0 84 110.9
5.5 18.2 95 8.3 19.8 8.0 321 32.0 74 109.6



Table 8. Characteristics of Site 3 (250 meters east of Outfall), by time and depth (cont.).
Date Time Depth (m) Temp CC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s·1·m·2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-I? 12:05 Surface 20.2 132 10.6 15.8 8.7 364 1619.0 762 3.5
0.5 20.2 129 10.3 15.9 8.7 362 976.0 97 112.7

1.5 20.2 127 10.3 16.5 8.6 363 109.0 106 113.9
2.5 20.8 121 9.7 17.4 8.4 366 121.0 106 113.9
3.5 20.0 105 8.6 18.1 8.2 369 80.0 104 113.7
4.5 18.8 98 8.2 18.7 8.1 372 51.0 82 110.8
5.5 17.9 88 7.5 19.2 8.0 375 32.0 78 110.2

Jul-18 9:55 Surface 19.8 127 10.5 16.3 8.7 358 1286.0 769 5.0
0.5 19.8 128 10.7 16.3 8.7 357 882.0 83 110.8
1.5 19.8 124 10.3 16.4 8.7 359 435.0 88 111.4
2.5 20.3 120 9.8 17.7 8.2 368 205.0 85 111.1
3.5 18.5 105 8.8 19.0 8.1 370 121.0 68 108.8
4.5 17.4 97 8.2 19.5 8.0 373 78.0 48 106.2
5.5 16.4 89 7.7 20.0 7.9 375 62.0 28 103.6 VI

f-l

Aug-18 13:10 Surface 20.2 112 9.0 22.9 8.4 361 149.6 769 3.3
0.5 20.1 115 9.2 22.8 8.4 358 129.4 73 109.5
1.5 20.0 112 9.0 23.0 8.3 356 112.0 70 109.1
2.5 20.2 109 8.8 23.2 8.3 348 61.3 67 108.7
3.5 19.4 94 7.9 23.2 8.2 326 9.5 65 108.5
4.5 17.9 91 7.8 23.2 8.1 320 3.5 53 106.9
5.5 17.3 89 7.5 23.5 8.1 353 4.6 30 103.9

Aug-19 13:30 Surface 19.5 123 9.8 23.3 8.5 329 1482.0. 762 3.5
0.5 19.5 121 9.7 23.4 8.4 328 1124.0 78 110.2
1.5 19.2 114 9.3 23.6 8.3 330 554.0 64 108.4
2.5 18.4 102 8.3 23.5 8.2 331 157.0 57 107.5
3.5 17.1 93 7.9 23.7 8.1 333 98.0 48 106.3
4.5 16.1 82 7.1 23.8 8.1 334 75.0 12 101.6
5.5 14.9 76 6.8 23.8 8.0 337 27.0 18 102.4



Table 8. Characteristics of Site 3 (250 meters east of Outfall), by time and depth (cont.).
Date Time Depth (m) Temp CC) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Aug-20 13:05 Surface 18.8 127 10.3 23.4 8.5 306 296.0 761 3.5
0.5 18.9 124 10.2 23.4 8.5 309 130.0 84 111.0
1.5 18.8 118 9.7 23.6 8.4 312 83.0 86 111.3
2.5 18.7 116 9.5 23.6 8.3 316 32.0 76 110.0
3.5 18.6 102 8.3 23.8 8.3 321 24.0 54 107.1
4.5 17.6 88 7.5 23.9 8.2 323 16.0 40 105.3
5.5 16.3 88 7.5 24.1 8.1 327 13.0 21 102.8

Aug-21 13:00 Surface 19.9 112 9.0 23.0 8.4 366 1418.0 767 3.8
0.5 18.8 109 8.9 23.3 8.4 364 150.0 53 106.9
1.5 18.4 101 8.4 23.6 8.3 365 116.0 55 107.2
2.5 16.8 88 7.4 23.9 8.2 366 87.0 22 102.9
3.5 16.4 86 7.4 23.9 8.1 366 49.0 13 101.7
4.5 15.8 81 7.2 24.0 8.1 366 27.0 1 100.1
5.5 15.7 78 6.8 23.9 8.1 366 18.0 -4 99.5 V1

N

Aug-22 12:00 Surface 18.3 120 9.9 23.6 8.5 319 1067.0 764 3.5
0.5 18.2 110 9.2 23.8 8.4 315 580.0 73 109.6
1.5 18.0 105 8.7 23.9 8.3 312 101.0 62 108.1
2.5 17.9 97 8.1 24.0 8.2 284 99.0 45 105.9
3.5 17.1 92 7.9 24.1 8.2 268 86.0 30 103.9
4.5 16.3 92 7.9 24.2 8.2 262 79.0 25 103.3
5.5 16.7 91 7.9 24.1 8.2 264 64.0 11 101.4



Table 9. Characteristics of Site 4 (1200 meters east of outfall), by time and depth.
Date Time Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE·s-1·m-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jun-26 9:10 Surface 15.8 107.9 9.1 14.4 8.5 432.0 764 2.0
0.5 16.1 109.5 9.1 14.6 8.5 340.0 42.0 105.5
1.5 16.3 100.9 8.3 16.6 8.4 205.0 39.0 105.1
2.5 14.8 85.3 7.1 20.6 8.2 166.0 27.0 103.5
3.5 13.8 81.7 6.9 22.1 8.1 75.0 17.0 102.2
4.5 12.7 77.1 6.6 22.6 8.1 29.0 5.0 100.6
5.5 12.2 69.8 6.0 23.0 8.1 21.0 -8.0 99.0

Jul-07 15:45 Surface 16.9 132.0 11.7 20.1 8.4 356 138.5 766 2.5
0.5 16.9 134.0 11.7 20.4 8.5 356 89.8 73.0 109.5
1.5 16.7 109.0 9.5 21.4 8.2 360 47.3 75.0 109.8
2.5 14.4 99.0 9.0 22.4 8.2 364 17.8 32.0 104.2
3.5 13.7 83.0 7.7 22.4 8.0 366 8.9 25.0 103.3
4.5 13.0 77.0 7.3 22.5 7.8 369 2.8 -7.0 99.1
5.5 12.5 69.0 6.5 22.7 7.8 370 3.0 -13.0 98.3 V1

w

Jul-08 13:45 Surface 16.0 112.0 10.2 16.0 8.3 403 62.3 761.4 1.5
0.5 16.1 117.0 10.6 17.7 8.3 403 34.1 50.0 106.6
1.5 16.2 113.0 10.1 20.1 8.2 403 16.0 51.0 106.7
2.5 14.7 91.0 8.3 22.0 7.8 407 6.3 23.0 103.0
3.5 14.1 82.0 7.7 22.6 7.8 407 4.9 26.0 103.4
4.5 13.2 77.0 7.3 22.8 7.9 407 3.4 5.0 100.7
5.5 12.6 68.0 6.5 22.7 7.9 407 1.8 -1.0 99.9

Jul-09 14:15 Surface 16.7 111.0 10.1 10.3 7.9 349 856.0 761.0 1.5
0.5 16.9 116.0 10.5 13.2 8.1 353 128.0 65.0 108.5
1.5 15.3 122.0 11.5 19.6 8.3 356 51.0 66.0 108.7
2.5 15.5 106.0 9.6 21.0 8.1 358 32.0 49.0 106.4
3.5 15.2 95.0 8.5 21.3 8.0 359 62.0 56.0 107.4
4.5 15.1 92.0 8.3 21.5 8.0 359 20.0 38.0 105.0
5.5 14.9 93.0 8.5 21.6 8.0 359 9.0 42.0 105.5



Table 9. Characteristics of Site 4 (1200 meters east of Outfall), by time and depth (cont.).
Date Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-lO 14:30 Surface 16.6 136.0 12.2 15.3 8.5 345 224.0 765 2.0
0.5 16.9 143.0 12.6 16.5 8.7 348 117.0 96.0 112.6
1.5 16.4 110.0 10.0 19.3 8.2 357 58.0 90.0 111.8
2.5 16.1 106.0 9.4 20.1 8.2 360 30.0 56.0 107.3
3.5 16.0 104.0 9.2 20.6 8.2 360 10.0 67.0 108.8
4.5 15.9 102.0 9.2 21.0 8.1 362 6.0 53.0 106.9
5.5 15.2 98.0 8.9 21.4 8.0 363 4.0 44.0 105.8

Jul-11 11:20 Surface 16.4 137.0 12.4 12.3 8.6 293 745.0 765 2.5
0.5 16.1 142.0 12.7 14.5 8.7 294 813.0 91.0 111.9
1.5 17.1 119.0 10.6 18.3 8.3 302 392.0 89.0 111.6
2.5 16.5 103.0 9.2 20.0 8.1 308 208.0 61.0 108.0
3.5 16.3 99.0 8.9 20.5 8.0 311 83.0 63.0 108.2
4.5 15.8 94.0 8.5 21.1 8.0 314 33.0 45.0 105.9
5.5 15.3 90.0 8.2 21.6 8.0 316 10.0 40.0 105.2 V1

~

Jul-14 14:45 Surface 22.5 132.0 10.4 13.1 8.7 335 933.0 762 2.8
0.5 22.0 137.0 11.0 13.2 8.7 330 362.0 131.0 117.2
1.5 19.9 126.0 10.6 18.1 8.4 339 258.0 146.0 119.2
2.5 18.2 104.0 9.0 19.0 8.2 343 104.0 116.0 115.2
3.5 17.5 95.0 8.2 19.9 8.0 347 50.0 95.0 112.5
4.5 15.6 82.0 7.5 20.9 7.8 351 51.0 77.0 110.1
5.5 15.1 84.0 7.6 21.0 7.7 352 48.0 50.0 106.6

Jul-15 15: 10 Surface 21.2 128.0 10.3 13.5 8.7 361 484.0 768 3.0
0.5 21.2 129.0 10.4 13.6 8.7 360 176.0 113.0 114.7
1.5 19.0 129.0 10.7 17.8 8.5 367 109.0 193.0 125.2
2.5 18.9 107.0 8.8 18.9 8.2 371 45.0 118.0 115.4
3.5 18.0 92.0 7.7 19.6 7.9 375 28.0 106.0 113.8
4.5 16.6 85.0 7.4 20.6 7.8 378 30.0 58.0 107.6
5.5 15.9 82.0 7.2 20.7 7.8 380 18.0 27.0 103.0



Table 9. Characteristics of Site 4 (1200 meters east of Outfall), by time and depth (cont.).
Date Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Jul-16 14:10 Surface 20.5 133.0 11.0 15.7 8.7 320 1506.0 764 3.0
0.5 20.6 133.0 11.0 15.7 8.6 320 1053.0 112.0 114.6
1.5 20.5 136.0 11.3 15.7 8.8 321 450.0 142.0 118.5
2.5 19.2 154.0 12.8 17.1 8.6 325 222.0 150.0 118.8
3.5 18.6 127.0 10.8 17.6 8.5 329 30.0 102.0 113.3
4.5 17.9 101.0 8.6 18.8 8.2 335 18.0 71.0 108.9
5.5 17.3 87.0 7.5 19.7 7.8 339 17.0 45.0 105.9

Jul-17 12:45 Surface 20.4 133.0 10.5 15.7 8.7 361 1618.0 762 3.0
0.5 20.3 133.0 10.6 15.6 8.7 358 911.0 88.0 111.6
1.5 20.1 119.0 9.7 15.8 8.6 358 465.0 95.0 112.5
2.5 18.7 112.0 9.4 17.4 8.3 363 243.0 76.0 110.0
3.5 18.5 104.0 8.7 18.2 8.2 366 80.0 74.0 109.7
4.5 17.9 99.0 8.4 18.6 8.1 367 58.0 61.0 108.0
5.5 17.6 94.0 8.1 18.8 8.1 368 56.0 60.0 107.9 V1

V1

Jul-18 10:40 Surface 20.0 124.0 10.4 16.2 8.7 351 1682.0 769 2.5
0.5 20.0 128.0 10.7 16.1 8.7 351 1244.0 79.0 110.3
1.5 19.7 131.0 11.0 16.4 8.7 354 588.0 90.0 111.7
2.5 18.0 101.0 8.8 18.6 8.2 364 135.0 73.0 109.5
3.5 16.7 83.0 7.4 19.4 7.9 370 96.0 38.0 104.9
4.5 16.7 86.0 7.7 19.5 7.9 370 38.0 31.0 104.0
5.5 16.5 86.0 7.7 19.6 7.9 371 34.0 30.0 103.9

Aug-18 12:30 Surface 21.1 109.0 8.6 22.1 8.2 401 1392.0 769 3.5
0.5 21.1 111.0 8.8 22.2 8.3 396 345.0 55.0 107.2
1.5 20.4 122.0 9.9 22.5 8.4 396 134.0 70.0 109.1
2.5 18.3 109.0 9.1 22.9 8.3 397 363.0 53.0 106.9
3.5 16.3 92.0 8.0 23.2 8.1 401 191.0 40.0 105.2
4.5 15.3 83.0 7.4 23.3 8.0 403 60.0 5.0 100.7
5.5 15.3 78.0 7.0 23.4 8.0 403 56.0 2.0 100.3



Table 9. Characteristics of Site 4 (1200 meters east of Outfall), by time and depth (cont.).

Date Depth (m) Temp (0C) DO (%sat) DO (ppm) Salinity pH ORP (mY) uE's-1'm-2 TGP (mmHg) TGP (%) BP (mmHg) Secchi (m)

Aug-19 14:40 Surface 20.3 116.0 9.2 23.1 8.4 315 1313.0 761 3.5
0.5 20.2 119.0 9.5 23.1 8.4 316 1234.0 82.0 110.8
1.5 19.0 133.0 10.8 23.3 8.5 319 318.0 91.0 112.2
2.5 18.1 129.0 10.7 23.4 8.4 322 200.0 100.0 113.1
3.5 17.0 133.0 11.3 23.5 8.5 325 124.0 84.0 111.0
4.5 16.5 135.0 11.6 23.5 8.5 333 83.0 90.0 111.8
5.5 16.3 126.0 10.7 23.5 8.4 335 31.0 61.0 108.0

Aug-20 13:45 Surface 19.2 117.0 9.5 23.2 8.4 325 221.0 760 3.0
0.5 19.1 126.0 10.2 23.3 8.5 325 91.0 83.0 110.9
1.5 18.5 131.0 10.8 23.4 8.6 326 77.0 99.0 113.0
2.5 17.6 111.0 9.2 23.6 8.4 329 29.0 75.0 109.9
3.5 17.2 111.0 9.3 23.6 8.4 331 15.0 76.0 110.0
4.5 16.8 106.0 9.0 23.7 8.3 333 10.0 49.0 106.4
5.5 16.0 88.0 7.6 23.8 8.2 336 5.0 37.0 104.9 U1

0\

Aug-21 13:45 Surface 19.2 112.0 9.1 23.1 8.4 370 130.5 767 2.8
0.5 19.0 130.0 10.6 23.3 8.5 367 73.3 87.0 111.4
1.5 18.1 85.0 7.4 23.6 8.2 371 24.7 43.0 105.6
2.5 17.1 102.0 8.6 23.7 8.3 371 20.3 43.0 105.6
3.5 16.9 101.0 8.6 23.7 8.3 371 10.0 46.0 106.0
4.5 16.7 100.0 8.6 23.7 8.3 371 7.7 30.0 103.9
5.5 16.2 96.0 8.2 23.8 8.2 372 5.3 28.0 103.7

Aug-22 12:35 Surface 18.8 120.0 9.9 23.3 8.5 318 1183.0 764 3.0
0.5 18.7 121.0 10.0 23.3 8.5 317 766.0 83.0 110.9
1.5 18.0 102.0 8.5 23.5 8.3 321 484.0 83.0 110.9
2.5 17.3 112.0 9.5 23.8 8.4 323 229.0 68.0 108.9
3.5 16.9 93.0 8.0 23.8 8.3 326 38.0 37.0 104.8
4.5 15.8 81.0 7.2 24.0 8.1 328 25.0 6.0 100.8
5.5 15.0 76.0 6.8 24.0 8.1 329 24.0 -9.0 98.8
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Table 10. Correlation of water quality variables
and time (days) to percentage of fish at
all depths, and in all experiments.

Variable Coefficient Probability

Depth -0.640 0.000

Temperature 0.282 0.000

DO saturation 0.473 0.000

Salinity -0.420 0.000

pH 0.529 0.000

Light intensity 0.373 0.000

TGP% 0.259 0.000

Days 0.000 0.998



Table 11. Correlation of water quality variables, time and depth, to percentage of fish, by site.

Cage Site

Variable 1: Reference 2: 70 In east 3: 250 In east 4: 1200 In east
Coefficient Probability Coefficient Probability Coefficient Probability Coefficient Probability

Depth -0.624 0.000 -0.628 0.000 -0.687 0.000 -0.655 0.000

Temperature 0.329 0.001 0.249 0.035 0.266 0.024 0.360 0.001

DO saturation 0.515 0.000 0.348 0.003 0.525 0.000 0.477 0.000

Salinity -0.447 0.000 -0.278 0.018 -0.409 0.000 -0.514 0.000

pH 0.583 0.000 0.372 0.001 0.558 0.000 0.564 0.000

Light intensity 0.304 0.003 OA01 0.000 0.386 0.001 0.494 0.000

TGP% 0.324 0.001 0.160 0.181 0.286 0.015 0.266 0.014

Days 0.000 0.998 0.000 1.000 0.000 1.000 0.000 1.000

Ln
co



Table 12. Correlation of water quality variables, and time, to percentage offish at all study
locations, by depth.

Depth (m)

Variable 0.5 1.5 2.5 3.5 4.5 5.5
Coef. I Prob. Coef. Prob. Coef. Prob. Coef. Prob. Coef. Prob. Coef. Prob.

Temperature -0.310 0.023 -0.125 0.369 0.361 0.007 0.259 0.058 0.271 0.048 0.246 0.730

DO saturation -0.002 0.986 0.156 0.260 0.127 0.361 0.084 0.548 0.003 0.983 0.211 0.125

Salinity -0.550 0.000 -0.014 0.917 0.256 0.062 0.286 0.036 0.197 0.153 0.318 0.019

pH 0.196 0.156 -0.128 0.356 0.268 0.050 0.210 0.128 0.038 0.785 0.424 0.001

Light intensity -0.337 0.013 0.095 0.496 0.230 0.094 0.259 0.059 0.159 0.251 0.227 0.099

TGP% -0.149 0.282 0.032 0.821 0.120 0.388 -0.043 0.758 0.038 0.784 -0.075 0.591

Days -0.629 0.000 -0.004 0.997 0.472 0.000 0.494 0.000 0.397 0.003 0.584 0.000

VI
~



Table 13. Significant variables related to the distribution of chum salmon at 4 sites in
Port Moody Arm.

Cage Site

Variable 1: Reference 2: 70 ill east 3: 250 ill east 4: 1200 ill east

Coefficient T-Stat Coefficient T-Stat Coefficient T-Stat Coefficient T-Stat

Log temperature 2.610 2.2

Log DO saturation 7.176 5.7

Log salinity

Log pH 10.857 2.6 14.455 3.5

Log TGP -31.927 -5.3 -11.645 3.4

Log Light intensity 0.177 1.9

Depth -0.372 -4.5 -0.331 -6.3 -0.316 -4.7

Constant 95.995 3.9 3.447 19.0 32.209 2.1 19.932 1.4

Adjusted Multiple R2 0.63 0.35 0.54 0.55
n 96 72 72 84

* - determined by stepwise regression analysis (n = 12)

0
o



Table 14. Significant variables related to the horizontal distribution of chum salmon over all sites in
Port Moody Arm*.

Depth (m)

Variable 0.5 1.5 2.5 3.5 4.5 5.5
Coef. T-Stat Coef. T-Stat Coef. T-Stat Coef. T-Stat Coef. T-Stat Coef. T-Stat

Log temperature 4.488 4.9

Log DO saturation 2.839 2.7

Log salinity 2.895 3.3

Log pH -20.48 -3.4 -12.79 -1.9

Log Light intensity 0.261 2.6

Log TGP

Log Days -1.169 -4.9 1.746 4.7 1.694 3.8 2.632 5.7

Constant 8.815 8.8 31.53 3.2 -20.61 -4.6 -5.778 -3.7 20.91 1.5 -9.630 -5.0

Adjusted Multiple R2 0.30 0.18 0.33 0.29 0.19 0.38
n 54 54 54 54 54 54

* -determined by forward stepwise regression analysis (n = 12).

0"1
.....
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Table 15. Results of forward stepwise regression analyses
relating water quality variables and depth,
to percentage of fish using all data.

Variable Coefficient T-stat

Log Temperature 2.98 4.7
Log DO saturation 1.21 1.7
Log Salinity
Log pH 4.42 1.6
Log Light intensity
Log TGP % -11.59 -4.3
Depth -0.879 -9.3
Constant 34.20 2.7

Adjusted Multiple R2 0.48
n 324
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Table 16. Selected BGS Operational Record: Summer 1997.

Date Number of Daily Plant Calculated Water Flow* Discharge
Units Operating Generation (MW-Hr) (1000 m3Day-l Temperature (0C)

16-Jun I 2,320 479 19.8
17-Jun 2 4,450 543 24.6
18-Jun 2 4,168 571 23.5
19-Jun 2 6,251 755 24.6
20-Jun 1 2,807 338 24.9
21-Jw1 2 4,469 530 23.9
22-Jun 2 4,610 522 24.4
23-Jun 2 4,376 553 22.8
24-Jun 2 4,171 396 26.5
25-Jun 2 4,752 497 24.8
26-Jun 3 8,288 945 23.0
27-Jun 3 8,133 876 23.6

Mcan 2 4900 584 23.9
S.D. 0.6 1825 183 1.6

I-Jul 2 7,205 791 23.1
2-Jul 2 6,449 784 22.0
3-Jul 2 7,540 906 22.0
4-Jul 3 8,218 861 24.0
5-Jul 3 8,690 828 25.2
6-Jul 3 8,312 912 23.5
7-Jul 2 6,944 747 23.5
8-Jul 3 7,927 869 23.5
9-Jul 3 9,475 970 24.7

10-Jul 3 9,799 1,012 25.6
II-Jul 3 8,381 999 24.8
12-Jul 3 8,280 940 25.4
13-Jul 3 8,715 1,005 25.1
14-Jul 2 5,564 609 26.2
15-Jul 2 5,591 642 25.9
16-Jul 2 5,809 653 26.7
17-Jul 2 5,793 874 24.1
18-Jul 2 6,151 853 24.5

Mcan 2.5 7491 848 24.4
S.D. 0.5 1357 124 1.3

II-Aug I 1,479 538 18.7
12-Aug 2 4,666 738 22.6
13-Aug 3 8,391 928 26.2
14-Aug 3 8,204 1,128 24.2
15-Aug 2 7,210 898 24.8
16-Aug 3 8,436 1,159 24.3
17-Aug 3 8,119 1,098 24.5
18-Aug 3 8,361 1,088 24.6
19-Aug 3 8,403 1,084 24.6
2O-Aug 3 8,343 1,042 24.8
21-Aug 3 10,793 1,195 25.9
22-Aug 3 11,013 1,194 26.1

Mcan 2.7 7785 1008 24.3
S.D. 0.7 25.:18 200 2.0

*Flow Rates Accurate to plus 10.5%, minus 6.5%
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Cage Locations
1 - Reference Site
2 - 70 m East of Outfall
3 - 250 m East of Outfall
4 - 1200 m East of Outfall

Belcarra
Regional
Park

COQUITLAM

ANMORE

Gulldford Way

Scale: I em = 1. I kIn

Figure 1. Location of Burrard Generating Station and study sites,
Port Moody, B.C.
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Figure 2. Side view of 6 m long vertical cage.
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Mid-chamber
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Figure Legend

A - Metal-clad styrofoam floats
B - Aluminum-framed cage with

5 mm mesh vinyl covering
C - Cage chamber
D - Between-chamber doors

(upper three shown closed for
cage recovery - lower 2 doors
shown open for free movement
of fish between chambers)

E - Aluminum door-control ann
shown with interior doors
closed (above broken lines)
and open (below broken lines)

( Figure not to scale)
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2.5

3.5

4.5

5.5
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Figure 3. Vertical distribution offish - Reference Site (1).
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Figure 4. Vertical distribution offish - 70 ill east of Outfall (Site 2).
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Figure 5. Vertical distribution offish - 250 m east of Outfall (Site 3).
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Figure 6. Vertical distribution offish - 1200 m east of Outfall (Site 4).
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Figure 8. Maximum, mean, and minimum temperatures - July 07-11

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 9. Maximum, mean, and minimum temperatures - July 14-18

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 10. Maximum, mean, and minimum temperatures - August 18-22.
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Figure 11. Maximum, mean, and minimum salinity - July 07-11.
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Figure 12. Maximum, mean, and minimum salinity - July 14-18.

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 13. Maximum, mean, and minimum salinity - August 18-22.

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 14. Maximum, mean, and minimum D02 (% Sat.) - July 07-11

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 15. Maximum, mean, and minimum D02 (% Sat.) - July 14-18.

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 16. Maximum, mean, and minimum D02 (% Sat.) - Aug. 18-22.

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 17. Maximum, mean, and minimum TGP (% Sat.) - July 07-11.

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 18. Maximum, mean, and minimum TGP (% Sat.) - July 14-18.

Reference Site (1) 70 m East of Outfall (Site 1)
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Figure 19. Maximum, mean, and minimum TGP (% Sat.) - August 18-22.

Reference Site (1) 70 m East of Outfall (Site 2)
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Figure 20. Maximum, mean, and minimum pH - July 07-11.
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Figure 21. Maximum, mean, and minimum pH - July 14-18.
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Figure 22. Maximum, mean, and minimum pH - August 18-22.
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Figure 23. Water temperature:
Reference Site (1) - June 24-25
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Figure 24. Water temperature:
100, 200 and 1200 meters east of Outfall - June 24-26
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Figure 25. Water temperature:
Reference Site (1) - July 07-11.
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Figure 26. Water temperature:
Site 2 (70 m east of outfall) - July 07-11.
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Figure 27. Water temperature:
Site 3 (250 m east of outfall) - July 07-11.
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Figure 28. Water temperature:
Site 4 (1200 ill east of outfall) - July 07-11.
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Figure 29. Water temperature:
Reference Site (1) - July14-18.
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Figure 30. Water temperature:
Site 2 (70 ill east of outfall) - July14-18.
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Figure 31. Water temperature:
Site 3 (250 m east of outfall) - July 14-18.
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Figure 320 Water temperature:
Site 4 (1200 m east of outfall) - July 14-18.
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Figure 33. Water temperature:
Reference Site (1) - August 18-22.
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Figure 34. Water temperature:
Site 2 (70 m east of outfall) - August 18-22.
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Figure 35. Water temperature:
Site 3 (250 m east of outfall) - August 18-22.
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25.0

Figure 36. Water temperature:
Site 4 (1200 m east of outfall) - August 18-22.
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