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PREFACE

These comments provide an overview of some current information and
knowledge on the dissolved oxygen requirements of fish, in particular
salmonids, in B.C. coastal and estuarine environments. This review was
prompted by the documentation of persistent and significantly deteriorated
water quality (e.g. hypoxic conditions) in Neroutsos Inlet, the continuing
concern over the ability of adult salmon to successfully migrate and spawn in
their natal streams which enter at the head of the inlet, and the possible
negative effects on rearing and migratory juvenile salmon, and other aquatic
organisms that reside in the area.

It is recognized that effluent from the Port Alice pulp mill has
resulted in the deterioration of aquatic conditions in Neroutsos Inlet. The
ability of the waters to accommodate the wastes, without undue change, has been
exceeded. That is, the assimilative capacity has been exceeded, producing a
zone of reduced water quality and thereby disrupting the integrity of the
inlet, and hence its ecology. The extent of this effect is, however, dependent
upon many factors such as the nature of the wastes, manner of their discharge
and prevailing climatic conditions.

In the late 1970's documented "environmental improvement" occurred in
Neroutsos Inlet associated with a modification of waste treatment practices at
the pulp mill. Due to these efforts the extent of the zone of deteriorated
water quality was reduced. However, in recent years there has been a
regression in water quality to a level that the Department of Fisheries and
Oceans considers unacceptable for the perpetuation of healthy fishery
resources,
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Birtwell, I. K. 1989. Comments on the sensitivity of salmonids to reduced
levels of dissolved oxygen, and to pulp mill pollution in
Neroutsos Inlet, British Columbia. Can. Tech. Rep. Fish. Aquat.
Sci. 1695: 27 p.

The capacity of the 20-km-long Neroutsos Inlet to assimilate
effluent from the Port Alice pulp mill has been exceeded over many years and
this has produced a sub-optimal environment for many aquatic organisms.
Severely depressed dissolved oxygen levels persisted in summer and early
autumn 1985 during the initial stages of adult salmon migrations. These
deteriorated water quality conditions were considered to hinder or block the
first-run fish from entering their natal streams at the head of the inlet.

This report reviews some current information on the effects of
hypoxic conditions on salmonids and focusses upon the conditions necessary to
ensure their successful migrations and the well-being of aquatic organisms in
Neroutsos Inlet. Emphasis is placed upon dissolved oxygen levels which permit
fish to function normally in contrast to levels which may be tolerated for
brief periods.

Key words: salmon, dissolved oxygen, pulp mill pollution,
hypoxia




RESUME

Birtwell, I. K. 1989. Comments on the sensitivity of salmonids to reduced
levels of dissolved oxygen, and to pulp mill pollution in
Neroutsos Inlet, British Columbia. Can. Tech. Rep. Fish. Aquat.
Sci. 1695: 27 p.

La capacité du bras Neroutsos d‘une longueur de 20 km d’assimiler
les effluents de 1l’usine de pates de Port Alice a été dépassée pendant de
nombreuses années; cette situation a eu pour effet de produire un environment
sub-optimal pour de numbreux organismes aquatiques. Des concentrations
d’oxygéne dissous trés faibles ont persisté durant 1’été et le début de
l1’automne 1985, durant les stades initiaux des migrations de saumons adultes.
On pense que cette détérioration de la qualité de 1l’eau empéche les saumons de
la premiére remonte de pénétrer dans leur cours d’eau natal & l’extrémité
amont du bras, ou du moins les géne.

Le présent rapport examine certaines informations actuelles sur
les effets de 1l-‘hypoxie sur les salmonidés et décrit les conditions
nécessaires a4 leur migration et au bien-étre des organismes aquatiques dans le
bras Neroutsos. L‘accent est mis sur les concentrations d’oxygéne dissous qui
permettent aux poissons de fonctionner normalement, par opposition aux
concentrations qui peuvent étre tolérées pendant de courtes périodes de temps.

Mots-clés: saumon, oxygéne dissous, pollution par les usines de pétes,
hypoxie




INTRODUCTION

GENERAL ASPECTS

The Port Alice pulp mill has a daily production of about 430 air dried
tonnes of dissolving and paper grade bleached sulphite pulp. It is currently
operated by Western Pulp Ltd. Partnership and is situated towards the head, and
on the eastern shore, of Neroutsos Inlet, a 20km-long arm of Quatsino Sound,
Vancouver Island (Figure 1). Effluent from this sulphite mill is discharged at
a rate of 125 x 103 n3-d~! into Neroutsos Inlet and this has resulted in
deteriorated water quality over many years (e.g. Waldichuk 1958; Waldichuk et
al. 1968; Davis et al. 1978; Tollefson 1982). Due to the oxygen demand of the
effluent the waters of Neroutsos Inlet generally have reduced dissolved oxygen
levels, and the most severe hypoxic conditions occur in summer and early
autumn. An associated relatively high effluent toxicity has also affected
water quality, and habitat degradation has occurred along a substantial portion
of the inlet. The federal government's Departments of Fisheries and Oceans
(DFO) and Environment (DOE) have had concern over this situation for many years
and as a result of negotiations between governments and industry, improvements
were made in the pulp mill's waste treatment practices in the 1970's. A number
of investigations were undertaken to record the anticipated changes in aquatic
conditions and the responses of organisms in Neroutsos Inlet. The results of
these studies were summarized by Tollefson (1982) who reported a number of
"improvements", including an overall increase of about Z.mg'L—1 dissolved
oxygen in inlet waters. But, despite the general "improvements', waters
proximal to the pulp mill remained acutely toxic to juvenile salmonids (McGreer
et al. 1982; McGreer and Vigers 1983) and underutilized by them (Poulin and
Oguss 1982). Furthermore, avoidance reactions by juvenile salmon were
quantified up to 10 km from the pulp mill on an ebb tide (McGreer and Vigers
1983). Thus, although significant improvements in water quality had occurred,
and aquatic organisms had responded to these beneficial changes areas of the
inlet remained which were sub-optimal for, or lethal to, juvenile salmon.

RECENT INVESTIGATIONS

Despite the installation of a clarifier and an effluent diffuser in
1985 there has been a general decrease in dissolved oxygen levels in Neroutsos
Inlet. The Departments of Fisheries and Oceans and Environment investigated
the situation in 1985 and using in—-situ bioassay experiments with juvenile
salmon confirmed the existence of lethal conditions in surface waters of the
inlet (G.M. Kruzynski, DFO, personal communication); extremely low dissolved
oxygen levels were recorded in many locations in September 1985 (Fisheries and
Oceans and Environment Canada, unpublished data). Kruzynski observed caged
juvenile chinook salmon to be in respiratory distress in waters containing 4.9
mg*L”™l dissolved oxygen, whereas the fish died in <2 h at 1.9 mg'L—1
dissolved oxygen. Recognizing that these conditions were not conducive to
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maintaining the health of returning adult salmon, a capture program on

adult migrants entering Neroutsos Inlet was initiated by DFQO (unpublished
information). It was concluded that most, if not all, of the early part of the
run of chum salmon were prevented from reaching streams at the head of the
inlet (J. Morrison, DFO, personal communication).

During fishing with gill nets (0-8 m depth) the majority of salmon were
captured when average (0-8 m) dissolved oxygen levels were above 4 mg-L7L.
Salmon entering the inlet in September moved to a 'holding area' seaward, and
on the opposite shore from the Port Alice pulp mill. Here their condition
changed rapidly, and over 3 days (September 19-22, 1985) the percentage of fish
which were extremely dark coloured (indicative of advanced maturation)
increased from 18.2 to 100%. At the end of this period many fish had eggs or
milt running freely from them. These fish were considered to be too far
advanced in maturity to spawn successfully had they been able to reach the
creeks at the head of the inlet. In addition D.F. Alderdice (DFO, personal
communication) suggested that the viability of salmon eggs would be adversely
affected due to 'stress' imposed on adult females by the prevailing aquatic
conditions. Subsequent fishing did not yield such dark coloured fish in the
'holding area', but there was a very small (20-50) influx of salmon into
Cayeghle Creek at the head of Neroutsos Inlet, and the presence of more dark
coloured fish down the inlet (possibly due to a redistribution of fish seaward
of the 'holding area'). At this time dead herring were observed close to the
pulp mill. Three days later more fish entered the 'holding area'. They were
50-80% dark coloured, and on September 29 an estimated 80-120 fish entered
Cayeghle Creek. Very few fish (<50+d™1) entered the creek until October
11 when about 1000 fish were observed. These salmon were 'bright coloured', as
expected of freshly-run fish. They entered the creek during increasing
dissolved oxygen levels in inlet water following strong winds and heavy
rainfall. Figure 2 depicts the changes in dissolved oxygen which occurred
towards the head of Neroutsos Inlet from September to October 1985 during the
initial stages of the adult salmon migration. Even when a significant number
of fish gained access to Cayeghle and Colonial Creeks on October 11, dissolved
oxygen concentrations were at levels which posed a risk of severe to moderate
harm (Davis 1975a,b). But within one week much less stressful hypoxic
conditions existed and surface water values ranged between 6.4 and 8.6 mg'L"'1
within 10 km of the head of the inlet: an area, which two weeks earlier
contained waters with <3 mg‘L"1 dissolved oxygen, a highly stressful if not
lethal situation for salmon (Figure 2; Department of Environment, Pacific
Region, unpublished information).

DISSOLVED OXYGEN REQUIREMENTS FOR SALMON MIGRATION

In order to ensure the migratory success of adult and juvenile
migratory salmon and to protect other fishery resources, DFO and DOE stipulated
that Western Pulp Ltd. Partnership should operate the Port Alice pulp mill to
ensure that dissolved oxygen levels were at an average of at least 5 mg'L"'1
in the surface 10 m of the Neroutsos Inlet water column. Notwithstanding the
exacerbating effects of pulp mill effluent on salmon, it was recognized that
the 5 mg*L™' dissolved oxygen level was a compromise solely for the purposes
of promoting the successful migration of adult salmon, and was not a level that
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conferred a high level of safety upon resident or transient fish communities.

OBJECTIVES

The following comments are intended to address the suitability of the
stipulated 5 mg-L'1 dissolved oxygen level, and to comment briefly upon some
effects of reduced levels of dissolved oxygen on fish. The latter topic has
received considerable attention, primarily for the establishment of criteria to
protect aquatic organisms (e.g. Doudoroff and Shumway 1967; Davis 1975a, b, EPA
1986). There remains, however, a need to document the combined effects of
hypoxic conditions and contaminants on fishery resources, especially in
relation to coastal and estuarine organisms.

GENERAIL CONSIDERATIONS

Fish typically abstract oxygen from the water in which they live, just
as we abstract it from air. The gills are the site at which this abstraction
process occurs (together with other processes) and the oxygen is transported to
the tissues in the blood. In order that fish may function normally in their
natural environment it is essential that dissolved oxygen levels are adequate
to ensure the blood remains fully saturated.

The amount of oxygen dissolved in water depends upon a number of
variables, such as temperature, salinity, barometric pressure. Water
equilibrated with air is said to be fully (i.e. 100%Z) saturated. For example,
at 15°C, in fresh water exposed to air (an atmosphere containing 20.97% oxygen
under a pressure of 760 mm Hg) 10.15 parts of oxygen would be Yresent in a
million parts of water, approximately expressed as 10.15 mg-L™! (milligrams
per litre). Similarly at a temperature of 15°C and a salinity of 28%,
saturated water would contain 8.6 mg'L"1 dissolved oxygen (further examples
and tables are provided by Davis 1975a, b).

EFFECTS OF HYPOXIC WATERS ON FISH

A reduction in the external dissolved oxygen level which results in the
blood becoming less than 100Z saturated will, in turn, affect tissue oxygen
levels. Accordingly a variety of normal activities may be compromised due to
the reduced availability of oxygen, but in addition the fish will attempt to
compensate for the deficiency through modification in behaviour, activity,
increased respiration etc. Each of the compensatory activities will be at some
cost to the fish, most typically through increased energy expenditure. While
fish at moderate oxygen levels may reduce physical activity and concentrate on
respiration, energy expenditure could decrease initially with the "cost" of
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respiration accelerating as severity of hypoxia increases (J.C. Davis,
Department of Fisheries and Oceans, personal communication). Accordingly there
would be reduction in energy available for general metabolic processes. The
level at which the blood of salmonids ceases to become fully saturated is
approximately 120 mm Hg: that is, about 76% of the saturation level (D.
Randall, Department of Zoology, University of British Columbia, personal
communication). This level is dependent upon a number of factors such as
temperature and pH. At this level measurable physiological responses occur,
but the response of fish to reduced levels of dissolved oxygen varies among
species, life history stage, etc. Numerous documents have described the
responses of fish to changes in dissolved oxygen, for example, behaviour
(Bishai 1962, Kramer 1987) growth (Brett and Blackburn 1981) swimming (Dahlberg
et al. 1968) respiration (Warrenm et al. 1973) fecundity (Brungs 1971) disease
resistance (Meyer 1970; Wedemeyer 1974) and feeding (Warren et al. 1973). Much
of the pertinent work has been summarized by (Doudoroff and Shumway 1967; Davis
1975a, b; EPA 1986) and this report derives much information from these
reviews,

The ability of fish to survive hypoxic conditions depends not only upon
the species, its health, life cycle stage and prevailing environmental
conditions but also upon the extent of exposure, level and constancy of
dissolved oxygen. At concentrations of dissolved oxygen less than 3 mg-L~!
lethal effects on salmon will occur. Chapman (1940) examining the effects of a
decreased supply of oxygen on sockeye and chinook salmon found that below 3
mg-L~! some fish died. Doudoroff and Shumway (1970) document the lethal
effects of low dissolved oxygen levels on many species of fish,

TOXICANTS AND HYPOXIC CONDITIONS

A number of effects have been documented in the literature describing
both the lethal and sublethal effects of dissolved oxygen on fish. Compounding
the effects of hypoxia on fish is the presence of contaminants. Alderdice and
Brett (1957) and Hicks and De Witt (1971) recorded more rapid mortality in
young sockeye and coho salmon when they were subjected to pulp mill wastes at
reduced levels of dissolved oxygen. McGreer and Vigers (1983) determined that
dissolved oxygen was a significant variable explaining fish avoidance in
Neroutsos Inlet due to the effluent from the Port Alice pulp mill, These
authors reported the findings of Marier (1973) who concluded that a reduction
in dissolved oxygen from 6.5 to 4.0 mg'L'1 increased the toxicity of kraft
mill effluent up to three fold (the test species was not identified, however).
The ability of fish to tolerate hypoxic conditions is significantly reduced in
the presence of these contaminants. Sprague (1985) reviewed some of the
literature on this inadequately researched topic and reported that, in general,
a reduction in dissolved oxygen from 100% to 80% of air saturation will cause
increased mortality of fish exposed to contaminants. The work of Tuurala and
Sovio (1982) provides additional information in relation to the effects of
dehydroabietic acid (DHA), a toxic constituent in pulp mill effluents, on
rainbow trout gills. The net effect of a sublethal concentration of DHA (1.6
mg-L"1) was to cause morphological changes in the gills thereby impairing
oxygen uptake, an effect which would be of importance in hypoxic waters where
respiratory activities would be increased even in the absence of contaminants.
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While the synergistic effects of pulp mill effluent and hypoxic conditions on
fish are of concern, it is also important to remember that the effects of pulp
mill effluent alone can have serious comnsequences for aquatic organisms.
Recently reported research from Sweden exemplifies this concern. Andersson et
al. (1988) reported profound effects of bleached kraft mill effluents on
several fundamental biochemical and physiological functions in perch (Perca
fluviatilis) inhabiting coastal waters near pulp mills. - For example, effects
on white blood cell patterns indicate a suppressed immune defence, and
alterations in the red blood cell status and the ion balance suggest an
impaired gill function. Such disturbances were most apparent within 4.5 km of
the pulp mill outfalls, but many physiological effects could be detected up to
10 km away.

DISSOLVED OXYGEN CRITERIA

A number of individuals and organizations have developed dissolved
oxygen criteria for the protection of aquatic organisms. Davis (1975 a,b)
summarizes some of these, and the most recent is that provided by EPA
(1986).The greatest value of the criteria lies in their application in
"pristine" waters and less so for polluted environments where contaminants may
compound the effects due to dissolved oxygen levels alone. While the
originators of the criteria recognize the problems of application, inadequate
information prevents their full utility in polluted environments. It is most
likely that the levels of dissolved oxygen required to protect aquatic
organisms in polluted habitats are substantially greater than those required in
the absence of contaminants (this assumes that the fish can accommodate
exposure to the contaminant.)

Davis (1975 a,b) provides dissolved oxygen criteria, with particular
reference to the Canadian environment. Based on a review of the literature
Davis considered three levels of protection:

"Level A - This level represents more or less ideal conditions (i.e. little or
no foreseeable harm) and permits little depression of oxygen from
full saturation. It represents a level that assures a high degree
of safeguard for many important stocks in prime areas". (Davis
(1975a).

"Level B - At this level, some degree of risk (i.e. possibility of moderate
harm) to a portion of a fish population exists if the oxygen minimum
period is prolonged beyond a few hours'. Davis (1975a).

"This level represents the oxygen value where the average member of
a species in a fish community starts to exhibit symptoms of oxygen
distress". Davis (1975b).

"Level C — At this level, a large portion of a given fish population or fish
community may be affected by low oxygen. This deleterious effect
may be severe (i.e. possibility of severe harm), especially if the
oxygen minimum is prolonged beyond a very few hours". Davis
(1975a).
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"This level should be applied only if fish populations in an area
are judged hardy or of marginal significance, or of marginal
economic importance and as such are dispensible (i.e. in the
socio-economic sense)". Davis (1975b).

For anadromous salmonids (such as salmon) in seawater (a situation that
would pertain in Neroutsos Inlet), Davis (1975b) considers the following levels
of protection:

Protection Dissolved Oxygen Percentage
Level Concentration Saturation 0 to 25°C
PO,y (mg-1~1)
A 160 9.0 100
B 125 6.5 79-94
C 90 4,0 57-58

Thus, for the full protection of salmon in salt water, fully saturated
dissolved oxygen levels should be maintained.

EPA (1986) recommend dissolved oxygen concentration criteria and
consider that for salmonid waters the "no production impairment" level for
embryo and larval stages should be 11 mg'L—1 and the acute mortality limits
(the minimum level considered not to risk direct mortality) is 6 m -L7l,  For
older salmonid life stages the respective levels are 8 and 3 mg+L™' dissolved
oxygen. The criteria do not represent assured no-effect levels, and EPA (1986)
reiterate that "the presence of chemicals, pathogens, and temperature at
slightly stressful levels aggravate or enhance the effects of what might
otherwise be acceptable, but borderline, dissolved oxygen concentrations"”.

In support of the criteria which EPA (1986) recommend, are numerous
references for studies on the effects of dissolved oxygen on cold- and
warm—water fish. For the Salmonidae the reports are grouped under the headings
of: physiology, lethality, growth, behaviour, swimming and early life stages.
While it would be a duplication of effort to produce the same information in
this report, brief comment will be made with respect to salmonids and the
effects of reduced dissolved oxygen levels in relation to Neroutsos Inlet and
the maintenance of healthy populations of fish.

SPECIFIC CONSIDERATIONS

In order to survive in the natural environment, fish must be able to function
normally. For example, they must be able to seek food, avoid predators, resist
currents, reproduce successfully. Therefore, there is little logic in
accepting dissolved oxygen levels as suitable criteria which are at, or close
to, lethal levels for fish, If a fish's ability, for example, to escape
predation is impaired due to the effect of reduced dissolved oxygen levels in
its natural environment, its survival is jeopardized. Criteria for dissolved
oxygen which recognize such effects, and their significance, must be applied
for the maintenance of healthy aquatic organisms and their habitat (e.g. Davis




1975a, b). Before the onset of death due to dissolved oxygen reduction,
higher, but still reduced, levels may cause numerous harmful effects, such as
severely limiting energy expenditure for migration or maximum feeding,

eliciting avoidance reactions, affecting growth rates (refer to Davis 1975a, b;
EPA 1986).

BEHAVIOUR

Adult and juvenile salmon transit Neroutsos Inlet and both are,
typically, found in surface waters. Studies which have investigated the
behaviour of juvenile Pacific salmon have revealed a strong surface water
orientation during seaward migration and estuarine rearing phases (Birtwell
1977; Birtwell and Harbo 1980; Beak Consultants Ltd. 1981; Birtwell and
Kruzynski 1987; Macdonald et al. 1987; Birtwell and Kruzynski 198%). Adult
Atlantic salmon have been recorded close to the water surface for protracted
periods of time (months) in estuaries, seemingly associated with the depth of
the halocline (Brawn 1982). Furthermore, Westerberg (1984) and DSving et al.
(1985) conclude that the fine-scale hydrographic features (e.g. thermal
microstructure) may provide a necessary reference system for successful
orientation by salmon in nearshore coastal regions.

The above comments are of importance in relation to the discharge of
waste waters (and their associated effects) into surface waters. In that
effluent from the Port Alice pulp mill enters surface waters, albeit initially
via a diffuser, the potential exists for a conflict due to the requirement of
salmon and other organisms for appropriate water quality.

Vertical distribution and survival of salmon in relation to pollutants
We have examined the behaviour and survival of caged juvenile salmon in
waters receiving pulp mill effluent (Birtwell 1977; Birtwell and Harbo 1980;
Birtwell and Kruzynski 1989). At Port Alberni, caged juvenile chinook salmon
held at 6.5 m depth died within 24 hours. The cause of death was considered to
be related to fluctuating environmental conditions, especially reduced
dissolved oxygen levels (average values of 4.0 * 1.6 mg-L~1). Survival of
fish caged at 0.5 m depth was much greater, and although pulp mill effluent was
present, dissolved oxygen concentrations ranged between 6.1 and 11.0 mg'L_l
with an average value of 9.3 £ 0.9 mg’L'l. The results of experiments on the
behaviour of juvenile salmon support the inference that the dissolved oxygen
levels (and possibly other environmental factors) at depth were unsuitable for
these fish. Juvenile chinook salmon, given the choice of locations in the
water column, avoided the deeper waters which contained the reduced levels of
dissolved oxygen (less than about 40% of saturated values). It was concluded
from statistical analyses of the data relating the presence of juvenile chinook
salmon to water characteristics, that dissolved oxygen was the most significant
variable relating to the fish distribution. The results of stepwise multiple
regression analysis yielded the equation: Log (fish number +1) = 2.48 + 1.95
Log (dissolved oxygen), n = 70, R* = 0.69 (Birtwell and Kruzynski 1989).

Further evidence regarding the avoidance of waters with reduced
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dissolved oxygen levels in Alberni Inlet comes from the results of gill net
catches on immature and returning adult salmon. Five times more salmonids were
captured in the surface (0.0 to 2.5 m depth) zone, despite the presence of

pulp mill effluent, than in the deeper (2.5 to 5.0 m) waters which were

flshed Dissolved oxygen in the surface zone ranged between 6.2 and 9.1

mg L~ 1 (65 to 95% saturation) and 2.8 to 9.1 mg L™l (25 to 95% saturation)

in the deeper zone. The only occasion when coho and chinook salmon were
captured in the 2.5 ~ 5.0 m zone was when the level of dissolved oxygen rose to
about 6.7 mg-L~l, approximately 70% of air saturation (Birtwell et al. 1983).

Using the same cage apparatus that we used to examine the behaviour of
salmon, stickleback, and herring in their natural environment, McGreer and
Vigers (1983) examined the behaviour of fish in Neroutsos Inlet. Dissolved
oxygen and pH were shown to be the most significant water quallty variables in
explalnlng the shift in vertical distribution of test fish in Neroutsos Inlet
in 1979, and in 1980 they were color, salinity and dissolved oxygen. The
avoidance of the uppermost parts of the water column by chum salmon, was used
to define a zone of influence which extended 10 km down the inlet from the pulp
mill (Figure 3). "The predictions of fish movement based on avoidance tests
were consistent with the data from juvenile (chum salmon) out-migrant studies
carried out at Neroutsos Inlet in 1978 and 1979, which showed that migrating
juveniles avoided the mill outfall and much of the eastern shoreline down inlet
from the mill" (McGreer and Vigers 1983). 1In addition, significant mortalities
occurred in their behaviour experiments up to 2 km from the mill discharge.
This was unexpected in view of the opportunity presented to the fish to move
deeper and thereby avoid the more highly toxic waters close to the surface. We
too have recorded the death of some fish in similar behaviour experiments in
waters receiving pulp mill effluent wherein we gave them the opportunity to
move vertically in the water column (Birtwell and Harbo 1980; Birtwell and
Kruzynski 1989). Using dye~tagged juvenile coho salmon we were able to
determine that the mortalities were not a function of initial placement
position within the experimental cages. Recent research on the behaviour of
chinook salmon in relation to hypoxic conditions within a simulated estuarine
water column also reveals that these salmon will move into waters which are of
sub-optimal quality (Birtwell and Kruzynski 1987; Birtwell and Kruzysnki 1989).

Both fish capture and laboratory studies support to our contention that
the behaviour of juvenile salmon to occupy surface waters may override some
potentially adaptive avoidance reactions (i.e. a vertical distribution shift);
the fish enter water layers containing toxic concentrations of pulp mill
effluent and thereby may jeopardize their survival. Alternatively,
discrimination of potentially less harmful waters may be impaired due to the
lack of suitable gradients and sensory cues (HSglund 1961). Another factor may
be the attraction of the test fish to the effluent and its constituents, for it
has been demonstrated that attraction to lethal levels of contaminaats occurs,
for example, with rainbow trout and chlorine (Hadjinicolaou and Laroche 1988).
Consequently, it may be significant that aquatic conditions which the juvenile
salmon may choose or prefer could inadvertently jeopardize their survival. 1In
this context, the paucity or absence of juvenile salmon close to the Port Alice
pulp mill at the time of studies by Davis et al. (1978), McGreer and Vigers
(1983) and Poulin and Oguss (1982), may not be solely due to avoidance of the
region but also to mortality of fish, that had encountered, and chosen to
remain in, this degraded habitat.
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Thus there is evidence that juvenile salmon in particular have a strong
surface water orientation, that this may be disrupted by pulp mill effluents
and hypoxic conditions, and that despite the presence of sub-optimal
conditions, the innate behaviour of these fish may override reactions which
favour their survival. Accordingly the use of fish presence as indicative of
appropriate water quality in the vicinity of effluent discharges is fraught
with problems, for presence per se is, at the very best, only a coarse
indicator of environmental health.

Laboratory studies on the effects of hypoxic conditions

Avoidance of hypoxic conditions by juvenile chinook salmon has been
the focus of our recent research (Birtwell and Kruzynski 1987; Birtwell and
Kruzynski 1989). Under simulated estuarine conditions, we examined the
response of underyearling coho and chinook salmon to reductions in dissolved
oxygen in fresh water, overlying salt water: a highly stratified situation
typical of many coastal fjord-type estuaries (for example, that at the head of
Neroutsos Inlet). Underyearling chinook salmon avoided levels of dissolved
oxygen which were typically less than 7-8 mg-L™! (Birtwell and Kruzynski
1989): levels much higher than those which have been reported to be lethal to
salmon (Tsai 1975) and also induce avoidance reactions (e.g. Bishai 1962) but
similar to the 8.3 ppm response threshold for brook trout (Dandy 1970). We
have found that the fish will make excursions into the waters of reduced oxygen
content but rapidly (gemerally in seconds) return to waters of higher oxygen
content (close to saturation). We have recorded such excursions during feeding
activity, and in the absence of food (unpublished data).

It seems that juvenile chinook salmon in hypoxic conditions, do not
respond in the same manner as many other species, that is, they do not go to
the water surface (Gee et al. 1978) and employ aquatic surface respiration
Kramer (1987); a behavioural trait that enhances the survival of certain
species of fish under hypoxic conditions and in the presence of contaminants
(Kulakkattolickal and Kramer 1987).

Salmon migration

The successful migration of adult salmon and juveniles in Neroutsos
Inlet, particularly to and from the major creeks, Colonial and Cayeghle, at the
inlet head, is of concern due to the often adverse water quality conditions.
Figure 4 depicts the zones of hypoxic waters in the inlet in 1987, at the time
of juvenile salmon migrations.

Adult fish have occurred in Neroutsos Inlet in early September, despite
the presence of low dissolved oxygen levels. Adult salmon have successfully
migrated to the major creeks but this has generally occurred when aquatic
conditions were improving (e.g. October) with the onset of rain and gales. It
seems that the motivation of such fish is high, and that they had the ability
to migrate through waters deemed to the sub-optimal. It is possible that
'migration corridors', wherein dissolved oxygen values were 'tolerable',
permitted such migrations to occur. In previous years (in the absence of
diffuser operation and acetate pulp production, but under 'normal' operating
output and 'usual' climatic conditions), it is possible that such migration
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corridors could have existed, possibly along the western shoreline and biased
towards the discharge of fresh water from Colonial and Cayeghle Creeks, and
even behind Ketchen Island. However, measurements of dissolved oxygen behind
Ketchen Island (e.g. about 2.3 to 0.8 mg-L~l, surface to 4 m depth Sept. 6,
1985; M. Pomeroy, Environment Canada, personal communication) would imply that
no such migration corridor existed in this area on that occasion. In due
course, with the advent of rainfall and gales in October, there was a greater
freshwater input to the head of Neroutsos Inlet and an elevation in dissolved
oxygen which was coincident with the influx of salmon to their spawning
streams, as reported earlier.

Assuming a typical adult salmon migration speed of about 0.5 m-s~1
(Rosberg and Greer 1985), about 11 hours would be required to travel the 20 km
length of Neroutsos Inlet and substantially less time from the mid-inlet
'holding area' found during gill net fishing in September 1985 (DFO unpublished
information) - under optimal unpolluted conditions. The lowest levels of
dissolved oxygen which have occurred in recent years in the inlet in summer and
early autumn, would not be conducive to this migration occurring. Levels of
dissolved oxygen of less than 2 mg'L—1 would, even without pulp mill
effluent, be at the threshold of tolerance for salmon (Alderdice and Brett
1957) and some would be expected to die at levels around 3.0 mg-L~! (Chapman
1940). Davis et al. (1978) examined the ability of underyearling chum salmon
to abstract oxygen from surface (2 m) and deeper (20 m) waters of Neroutsos
Inlet 16-19 d after the pulp mill had stopped operating. Dissolved oxygen
levels in surface waters were close to full saturation, a marked contrast to
the situation which existed under operating conditions. In residual oxygen
bioassays, juvenile salmon died at dissolved oxygen levels <3 mg-L™!, even in
the relative absence of pulp mill effluent (Davis et al. 1978). Furthermore
conditions lethal to juvenile salmon were revealed during in-situ bioassays
undertaken when the pulp mill was operating during the summer period (Davis et
al. 1978; DFO unpublished information).

Beamish (1978) in his review on the 'swimming capacity' of fish reports
the work of Kutty and Saunders (1973) with Atlantic salmon (23.4 cm) which
sustained speeds of 50 and 75 cm-s™! (2.1 and 3.0 lengths-s~l) for several
hours until ambient oxygen was reduced to 4.0 and 4.8 mg-L—l. The swinming
speed of coho salmon was shown to decline at dissolved oxygen concentrations
below saturation (Dahlberg et al. 1968). However, the significance of the
effect of reductions in dissolved oxygen on swimming performance is directly
related to the requirement for, for example, survival, growth, and
reproduction. There is a high metabolic (energy) cost upon acute physical
stress and delayed mortality can occur as a result of exhausting exercise (Wood
et al. 1983). Barton and Schreck (1987) reported that acute physical stress
adversely affected juvenile steelhead trout by reducing, by about 25%, the
energy avallable for other activities within the scope of activity of the
fish. Bleached kraft mill effluent at concentrations close to that of the 96 h
LC50 value also resulted in a reduction (72%) in the swimming capacity of coho
salmon (Howard 1975). Hence we could assume that the swimming speed of salmon
exposed to both dilutions of pulp mill effluent and hypoxic conditions would be
decreased.

In recognition of the reported dissolved oxygen conditions in
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Neroutsos Inlet it is highly probable that there frequently exists, in late
summer and early autumn, a barrier to the migration of adult salmon.

The ability of motivated migrating salmon to overcome ‘'obstacles' is
well known, but it is also known that adequate dissolved oxygen levels must be
maintained for the success of such movements. Alabaster (1972) cites a study
on coho salmon which continued to swim at their usual rate (0.56 m-s~1) for
an hour at dissolved oxygen levels of 5 to 6.6 mg’L"1 and for a further hour
at 4.5 to 5.0 mg'L™l. However, other fish exposed for the second hour to
dissolved oxygen concentrations of 4 to 4.5 mg'L_1 became fatigued. With
dissolved oxygen levels in Neroutsos Inlet generally under 4.5 mg'L"1 in late

~summer and early autumn and with the predicted migration time of about 1l hours
along the total length of the Inlet, (under optimal conditions), it is apparent
that migrating salmon may become fatigued (assuming similar conditions pertain
to those cited by Alabaster), move at a slower speed, or possibly cease
migration. Alabaster also reports the results of an 11 year study on the
migration of adult chinook salmon, through a fish pass, which was apparently
inhibited by dissolved oxygen values below 4 to 5 mg'L'1 —~ but in two
exceptional years, a few fish passed when it was as low as 3 mg'L"1 (Sams and
Conover 1969). Unfortunately, the duration of exposure to these reduced oxygen
levels, water flows, temperatures, etc. were not reported, for they are
required in order to interpret the results.

Hallock et al. (1970) tagged migrating adult chinook salmon. In three
successive years they concluded that dissolved oxygen concentrations seemed to
be the factor that controlled the movement of the salmon. Dissolved oxygen
levels about 4.2 mg'L_1 were present when the salmon migrated past a certain
location in the Sacramento-San Jaoquin delta. In all three years migration
occurred when dissolved oxygen levels were above 5 mg'L"1 (the dissolved
oxygen depletion problem was primarily due to the discharge of fruit and
vegetable canning wastes). Hallock et al. (1970) concluded that less than 4.5
mg"L"1 dissolved oxygen should be regarded as a block to the migration of
adult chinook salmon in the system studied. Alabaster (1988) evaluated data on
the migration of chinook salmon up the Willamette River. He deduced that the
dissolved oxygen level at which the majority of fish were migrating, and
beneath which they were not, was 3.5 mg'L_l. A comparison of Hallock's
(1970) results with those of Alabaster's (1988) was reported by Alabaster
(1989). He concluded that dissolved oxygen was the most influencial variable
associated with the migration of chinook salmon and that the rate of change of
dissolved oxygen and temperature during the migration period may explain
differences in the results between river systems.

Studies by Alabaster and Gough (1986) indicated that the successful
passage of salmon through the River Thames estuary was achieved when the median
dissolved oxygen level was 3.5-5.9 mg+L~! and the 5-percentile level 1.6-2.6
mg'L_l. The fish were considered to have migrated through a 15 km reach
where the dissolved oxygen levels were always <4.7 mg-L™'. However, the
exact nature of the migration route, depth, specific microhabitat occupancy,
precise level of dissolved oxygen experienced and duration of exposure, etc.,
are unknown (Alabaster and Gough 1986). Hypoxic waters in the well-mixed River
Thames estuary are moved landward and seaward by flood and ebb tides
respectively (Birtwell 1972), and the tidal excursion is about 14 km (Arthur
1972). If one assumes that migrating adult salmon, as other organisms, invade
the estuary on the flooding tide and in waters of relatively higher dissolved
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oxygen levels (Arthur 1972; Huddart and Arthur 197la; 1971b) and continue to
move upstream or maintain position through the ensuing ebb tide (refer to
Priede et al. 1988, Stasko 1975), their exposure to hypoxic conditions could be
much briefer than that which may be deduced from an analysis of the extent of
reduced dissolved oxygen levels at specific locations in the estuary. We may
conclude from this work that salmon migrating through the estuary would have
encountered hypoxic conditions, but the exact level which they experienced 1is
unknown. We cannot conclude, therefore, that the dissolved oxygen levels
recorded in the estuary during the period when fish were captured upstream,
were suitable for the salmon to function "normally". It is somewhat
misleading, at least to me, that Alabaster and Gough (1986) consider their data
"an opportunity to define the dissolved oxygen requirements of adult fish
ascending the estuary to reach fresh water". The work of Priede et al. (1988)
provides some very relevant information. They used adult salmon equipped with
acoustic oxygen sensing transmitters to track their movements in the
organically polluted estuary of the River Ribble. While fish moved with the
tides within the turbulent and well-mixed estuary they experienced cyclical
changes in dissolved oxygen. Fish movement was inhibited below 407 of the air
saturation value and there was evidence of avoidance below 55%. Based upon this
unique research which recorded the actual values of dissolved oxygen
experienced by the migrating salmon, Priede et al. (1988) conclude that
dissolved oxygen values >60% of air saturation are preferred for the migration
of salmon. 1In waters of 25% salinit¥ at 15°C this would equate to about 5.2
mg-L‘l, and in fresh water 6.0 mg-L™%, values much lower than those

reported by Hugman et al. (1984) for estuaries which support regular salmonid
fisheries. Even if precise dissolved oxygen levels to which the fish were
exposed, and the duration, were known, one must always differentiate between
the lower levels which may be tolerated versus the higher values which are
required for 'normal' metabolic and behavioural functions.

METABOLISM

Numerous physiological studies indicate that under reduced levels of
dissolved oxygen the blood's decreased loading capacity limits the amount of
oxygen transported to tissues, thereby restricting the ability of fish to
maximize metabolic performance.

The growth of salmonids is susceptible to the effects of low dissolved
oxygen, and specific attention is devoted to this topic by EPA (1986). The
attainment of a suitable size during the transition to a saltwater phase in the
life cycle of salmon is considered to be an advantage regarding survival and
smolting. Reductions in the growth rate of salmonids were recorded at levels
as high as 7 mg L™l (EPA 1986). Reduced feeding activity may be related to
the recorded reduction in growth rates.

In that reduced levels of dissolved oxygen frequently occur in
Neroutsos Inlet at the time when the upstream migration of adult salmon begins,
it is likely that effects on spawning could occur. Such effects would probably
be in relation to the energy expended in travelling through polluted hypoxic
waters. Based upon the comments presented above it is possible that some
energy which would otherwise be devoted to the production of gametes and for
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spawning activities may have been used during migration. It is presumed that
these fish would not be feeding, therefore they would rely upon finite internal
energy reserves. I am not aware of any studies on the effects of reduced
levels of dissolved oxygen on reproduction of salmonids. EPA (1986) report
that the number of eggs produced per female fathead minnow was reduced at 2
mg'L_1 dissolved oxygen, but not at higher concentrations, and that no

spawning occurred at 1 mg-L™l dissolved oxygen (levels which would be lethal

to juvenile Pacific salmon).

GENERAL CONCLUDING REMARKS

Information in the literature indicates that hypoxic conditions affect
salmon in a variety of ways. Effects are manifest at different levels, but it
is apparent that even at relatively high levels (7-8 mg-L™l) quantifiable
responses can be measured. In that much of the information has been gained from
laboratory studies in which the fish did not have to compete for survival,
oxygen requirements may well have been underestimated. In addition, the
combined effects of toxicants may produce more severe effects than those caused
by hypoxic conditions alone.

DISSOLVED OXYGEN CRITERIA

Alabaster (1972) provides, as others have done (see Davis 1975a, b; EPA
1986) tentative criteria for maintaining 'the normal attributes of the life
cycle of fish' - under otherwise favourable environmental counditions (that is,
without the presence of toxic effluents such as pulp mill wastes). For the
upstream migration of salmon, Alabaster recommends a minimum dissolved oxygen
value of 5 mg'L_l. He, like others, stresses caution in the use of such a
criterion and recognizes that local seasonal and natural variatiouns in
dissolved oxygen should be taken into account. Other authors have stressed
that oxygen minima must not fall below & to 6 mg'L_1 in coastal and estuarine
eavironments (see Davis 1975a). Such criteria are based upon knowledge of the
effects of dissolved oxygen reduction on a variety of fish. If salmon are of
sole interest, these minimum values should be raised substantially (Alabaster
1972; Davis 1975b); a position that seems easy to endorse based upon the
foregoing information, and information regarding fisheries in Eunglish Rivers
and estuaries. Hugman et al. (1984) deduced that minimum dissolved oxygen
concentrations exceeded 7 mg-L~! and 10 mg-L~! for 95% and 50% of the time
respectively, in estuaries supportiung regular salmounid fisheries. 1In the River
Treat, Alabaster (1972) reported that "trout fisheries" occurred when the 50
percentile and 5 percentile of the annual distribution of dissolved oxygen were
about 9 and 5 mg-L~l respectively. It is possible that trout (e.g. brook
trout) may have a greater sensitivity to low ambieunt oxygen than Atlantic
salmon as mentioned by Dandy (1970).
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It is imperative that dissolved oxygen levels are elevated in Neroutsos
Inlet for the benefit of resident and transient aquatic organisms. It 1is most
unlikely that a successful migration of salmon to Colonial and Cayeghle Creeks
will occur when dissolved oxygen levels are severely reduced. Levels should be
maintained close to saturation for full protection, and the position adopted by
the Department of Fisheries and Oceans for an average concentration of 5
mg'L_1 in the surface 10 m should encompass values both higher and lower in
these waters, But, if this were not so, there can be no assurance that salmon,
delayed by adverse water quality conditions, will spawn elsewhere, and if they
did, that egg and fry survival would be equal to that in their natal streams.
Neither is there reason to believe that the returning adult salmon can be
delayed indefinitely, without harm, while on their spawning migration. The
consequences of an impoverished or no migration (and thereafter spawning) of
adult salmon to Colonial and Cayeghle Creeks would most probably affect future
salmon production in the area.

I1f severe dissolved oxygen depression (as recorded in summer and early
autumn over the last 3 years in particular) is extensive and persistent in
Neroutsos Inlet over winter and during the juvenile salmon spring migration
period, the conditions would be stressful, if not lethal, to these fish. This,
coupled with the effect of pulp mill effluent, would probably jeopardize fry
survival.

Irrespective of dissolved oxygen levels returning to what have now
become '"accepted", yet depressed levels in Neroutsos Inlet (i.e. those recorded
in the late 1970's), it is obvious that this area is adversely impacted by the
discharge of effluent from the Port Alice pulp mill to the extent that the
aquatic habitat is impaired and, therefore, is a sub—standard aquatic
environment for salmonids. In recognition of the foregoing comments it is
apparent that one cannot rely solely upon the presence of fish, or the
successful migration of adult salmon through regions of deteriorated water
quality, to indicate the suitability of conditions necessary to maintain
healthy populations of fish and other aquatic organisms in Neroutsos Inlet.
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Figure 1.
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Neroutsos Inlet, British Columbia, and the location of the Port
Alice pulp mill.
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Figure 2. Zones of hypoxic surface waters (<20 m depth) in Neroutsos Inlet
when adult salmon were returning to spawn in September and October
1985. Data are courtesy of the Department of Enviromment, Pacific
Region. Approximate boundaries of hypoxic waters are based upon
criteria for the protection of salmonids (Davis 1975a, b; EPA 1986).
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Figure 3.
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The surface water avoidance of juvenile chum salmon in response to
the discharge of pulp mill effluent into surface waters of Neroutsos
Inlet (after McGreer and Vigers 1983). Histograms represent the
percentage distribution of fish within 6 compartments of the
experimental apparatus (after Birtwell 1977).
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Zones of hypoxic surface waters (<20 m depth) in Neroutsos Inlet
during the period of juvenile chum salmon seaward migration in 1987.
Data are courtesy of the Department of Environment, Pacific Region.
Approximate boundaries of hypoxic waters are based on criteria for
the protection of salmonids (Davis 1975a, b; EPA 1986).

Figure 4.
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