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ABSTRACT

The Flathead River headwaters are in the southeastern corner of British
Columbia; the river then crosses the International Boundary, eventually
reaches Flathead Lake in Montana, and ultimately joins the Columbia River
system. Concerns relative to proposed developments 1in the Canadian
portion of the basin have led to management efforts to conserve Canadian
interests while minimizing the potential for disputes over water quality
in the basin. Management of the problem would be facilitated by defining
water quality conditions to be pursued (water quality objectives). Water
quality objectives require a basis in criteria for specified water uses,
j.e. the site-specific water quality requirements to support agreed-to
water uses. This report develops site-specific water quality criteria
for toxic compounds of nitrogen for relevant fish and aquatic 1life
species in the Canadian portion of the Flathead River.

Nitrogen chemistry in the aquatic environment is determined by the major
nitrogen cjc]ing processes; these 1nt1ude 'ammohification, direct
assimilation, nitrification, and denitrification. A number of physical,
chemical, and. biological factors modify the nitrogen cycling processes in
streams and rivers. Thus the relative proportions of various highly
toxic and less toxic compounds of nitrogen will vary in a site-specific
manner. Further, the particular species of fish present in the system,
as well as their 1ife stage and state of stress from interacting
environmental factors, modify the toxicity of these compounds in a
site-specific manner. These water quality and biotic factors were taken
into consideration and used with 1a50ratory toxicology information in
development of site-specific water quality criteria for nitrate, nitrite,
and ammonia.

Assuming the toxic effects of ammonia and nitrite are additive, where the
two toxicants occur together, the following procedure should be used to
calculate final criteria values. The concentration of one of the
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compounds must be measured, and to comply with the criteria the sum of
the ratios of ambient levels to individual criteria values (Tables 12 and
20) for the two compounds should not exceed 1.0. For example, if the
concentration of NH3 is 60% of the maximum acceptable level of NH3 for a
specific site in the Flathead basin (Table 20), then CMC (the Criterion
Maximum Concentration) .. NH3. o= [NH3] and CMC (Criterjon Maximum
Concentration) N02' would be 40% of the maximum no-effect level of N02'
(Table 12).
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RESUME

Le cours supérieur de la riviere Flathead est situé a 1'extrémité sud-est
de la Colombie-Britannique; la riviére traverse Ta frontiére
internationale, se déverse ensuite dans le lac Flathead, situé au
Montana, et rejoint finalement 1le bassin de la riviére Columbia.
Certaines inquiétudes suscitées par des projets de développement dans la
partie canadienne du bassin ont amené des plans d'aménagement visant a
préserver Jles intéréts canadiens tout en minimisant les risques de
conflit a propos de la qualité de 1'eau du bassin. La mise en oeuvre de
ces plans d'aménagement serait faciiitée par la connaissance des
conditions de qualité de J'eau a maintenir (des objectifs de qualité des
eaux). Les objectifs doivent &tre basés sur des criteres visant a
permettre des usages spécifiques de 1'eau, autrement dit, des exigences
de qualité de 1'eau' spécifiques aux sites ou de tels usages sont
effectués. Le présent rapport élabore des critéres de qualité des eaux
spécifiques a des sites donnés, et ce pour des produits azotés toxiques
envers les espéces importantes de poissons et de vie aquatique présentes
dans la partie canadienne de la riviére Flathead.

La chimie de 1'azote dans le milieu aqhatique est déterminée par les
processus principaux de recyclage de 1'azote; ces processus sont
1'ammonisation, 1'assimilation directe, la nitrification et la
dénitrification. De nombreux facteurs physiques, chimiques et
biologiques influencent ces cycles dans les cours d'eau et les rivieéres.
Par conséquent, les proportions relatives des divers composés plus ou
moins toxiques peuvent varier entre des sites déterminés. De plus, les
espéces particuliéres de poissons présentés dans le milieu, de méme que
leur stade de vie et 1le stress «causé par les divers facteurs
environnementaux, modifient la toxicité de «ces composés de fagon
spécifique a chaque site. Ces facteurs chimique et biologiques ont été
considérés et combinés avec des informations toxicologiques obtenues en
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laboratoire afin d'élaborer des critéres de qualité de 1'eau spécifiques
a chaque site, et ce pour le nitrate, le nitrite et 1'ammoniac.

En supposant que les effets toxiques de 1'ammoniac et du nitrite sont
additifs lorsqu'ils sont tous deux présents, la procédure suivante peut
étre utilisé pour calculer 1les valeurs finales des «criteéeres. Lé
concentration de 1'un des deux composés doit étre mesurée, et pour
respecter les critéres, la somme des rapports des niveaux ambiants aux
critéres individuels (tables 12 et 20) pour les deux composés ne doit pas
excéder 1.0. Par exemple, si la concentration de 1'ammoniac est a 60% du
niveau maximum acceptable pour un site spécifique dans le bassin de la
riviéere Flathead (table 20), alors le CMC (Criterion Maximum
Concentration, concentration maximum du critére) de 1'ammoniac éqgale la
concentration de celui-ci, et le CMC pour le nitrite est de 40% de son
niveau maximum acceptable.

M EE A uE BN AR BN B am e
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INTRODUCTION

The Flathead River system drains approximately 1 582 km2 of

southeastern British Columbia, near- the B.C.-Alberta-Montana
borders. After flowing almost 70 km from its headwaters in the Rocky
Mountains, the Flathead <crosses the International Boundary,
eventually reaching Flathead Lake in Montana, and ultimately Jjoining
the Columbia River system (Figure 1).

Developmental activities in the Canadian portion of the Flathead

' Basin (Figure 2), until recently, have been limited to small-scale

utilization of forest resources and some mineral exploration.
Recently, infestations of forest insects have induced clear-cutting
activities throughout portions of the watershed to salvage affected
timber. In addition, coal and o1l deposit discoveries have resulted
in increased activity in the area. 011 and . gas developments are
proposed, with the construction of a carbon dioxide purification
facility and pipeline to transport extracted CO2 gas. Coal
deposits are considered extensive enough in the Cabin Creek area to
sustain intensive mining activities for up to 20 years. These
potential developments may affect the aquatic environment in Canada
and in the United States (where the North Fork of the Flathead
River flows along the western boundary of Glacier National Park, and
has been designated a scenic and recreational river undef the Wild
and Scenic Rivers Act). Because the potential for impacts on
aquatic resources may have international implications, there is
clearly a federal concern in this water quality management issue.
Among the most important uses of the river in the U.S.A. are those
associated with recreational activities, particularly sport
fishing.
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Inland Waters and Lands, Environment Canada will respond to these
concerns by developing site-specific water quality criteria. These
criteria are useful for the negotiation of water quality objectives
for the Flathead system designed to conserve Canadian interests.

The sport fishery 1in Montana 1is primarily dependent on stocks of
kokanee (Oncorhynchus nerka) salmon, which are produced entirely

within the American portion of the basin. However, stocks of bull
(Salvelinus confluentus) and cutthroat (Salmo clarki) trout are
utilized extensively by sport fishermen both in the Flathead River
and in Flathead Lake. Mountain whitefish (Prosopium williamsoni) are
also utilized in the Fflathead River during portions of the year.

With the exception of kokanee, production of these important fish
species 1is dependent, in part, on utilization of habitats within
Canada for various stages of their 1ife history cycles. In order to
determine conditions required to support important sport fish species
and fisheries, it is necessary to define the water quality
requirements for these species during the critical 1life history
stages that occur in the Canadian portions of the basin. In
particular, Howell Creek and the Flathead River between Howell Creek
and the International Boundary contain fish habitats of concern.

An examination of the effects of explosives used in surface coal
mining on the quality of receiving waters (Pommen et al. 1982)
indicated that significant 1increases 1in quantities of nitrogen
compounds resulted from this activity. At Fording Coal Ltd. (on the
Elk River system) approximately six percent of the nitrogen
originally present in the explosives used was discharged to the
Fording River, with nitrate, nitrite and ammonia accounting for most
of that nitrogen. Wet blasting conditions, necessitating the use of
slurry explosives, tended to increase the losses of these nitrogen
compounds from the mine. Similarities in the climatic conditions and
methods of coal extraction at the Fording and Howell Creek sites

U N B B .



suggest that considerable potential for nitrogen losses exists if
developmental activities proceed in the Flathead River watershed.
The loss of nitrogen compounds to the aquatic environment could
result in elevated levels of those species which are considered to be
toxic to fish and aquatic 1ife. Water quality criteria, developed on
a site-specific basis, provide a yardstick against which the effects
of these elevated nitrogen Tlevels can be measured. Therefore,
formulation of site-specific water quality criteria, negotiation of
water quality objectives, and implementation of a monitoring program
to assess compliance with objectives for nitrates, nitrites, and
ammonia will contribute to the fulfillment of Canadian obligations
under the Boundary Waters Treaty, and reduce the potential for
international disputes over water quality in this system.

In the context of this report, criteria are defined as constituent
concentrations or levels of physical, chemical or biological
characteristics of water, sediment or biota that represent a quality
of water that . supports a particular use. Specifically, a water
quality criterion consists of three essential features:

1. The specific concentration or 1level of the water chemistry
(physical) wvariable. Maximum and average <criteria are
determined where appropriate. |

2. The frequency at which any criteria concentrations can be
exceeded without impairing a specified water use, or without
impairing it beyond predicted degrees.

3. The duration for which the criteria's concentration may be
exceeded at the specified frequency without impairment of a
specified water use.

Environmental Protection Agency (1985), Nordin and Pommen (1986) and
Canadian Council of Resource and Evironment Ministers (1987) provide
recent and comprehensive informaton on general criteria for toxic
compounds of nitrogen for fish and aquatic 1ife. Much of this
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information is used here in developing site-specific criteria for the
Canadian portion of the Flathead River. In addition, the criteria
formulated in this report take into consideration specific ambient
water quality and biotic characteristics, including differences in
susceptibilities of various life history stages and species in Howell
Creek and in the Fflathead River from Howell Creek to the
International Boundary.

NITROGEN CHEMISTRY IN THE AQUATIC ENVIRONMENT

Nitrogen occurs in freshwater in a number of forms, including
dissolved molecular nitrogen gas (N2), a large number of organic
compounds, ammonia, nitrite and nitrate. The major nitrogen species
in the environment are interrelated by a series of transformations
that collectively comprise the nitrogen cycle (Figure 3). In aquatic
systems, most of these transformations are mediated by biological
processes, with abiotic processes (such as volatization, sorption and
sedimentation) important only under certain circumstances.

Nitrogen Cycle

2.1.1 Ammonification
As a result of metabolism, nitrogen is excreted by organisms

(as ammonia, urea, urine, etc.). At death, inorganic compounds
are formed as a result of cellular decomposition of tissues.
This breakdown is carried on by heterotrophic bacteria in both
the terrestrial and aquatic environments or through the process
of proteolytic deamination (Painter 1970).

The net result is the production of ammonia from these organic
nitrogen compounds. The ammonification process would not
normally constitute a problem in a lake or free flowing stream,
clear of man-made nitrogen inputs. However, when additional
inorganic nitrogen is present, the primary production of an
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aquatic system may increase dramatically if nitrogen is a
Timiting factor. The turnover of this elevated production can
then lead to increased ammonification which, in turn,. adds more
nutrients to increase primary production in downstream areas
(De Renzo 1978; Painter 1977; Raune and Krenkel 1975;

Lopez-Bernal et al. 1977). This cycle (also known as

eutrophication) in stream systems results in an increase in
both the carbonaceous and nitrogenous oxygen demand on the
system and ultimately may reduce oxygen content in a stream or
lake to the point where it can no longer support many aquatic
animals (De Renzo 1978; Painter 1977; Raune and Krenkel 1975;
Lopez-Bernal et al. 1977).

Direct Assimilation

With few exceptions, most phytoplankton and macrophytes
containing chlorophyll are able to utilize NH +, N03' or NOZ'
directly for the synthesis of cellular material (Brezonik 1977;
Brown et al. 1974; Fforsberg 1977; Kolenbrander 1977). Ffogg
(1953) and Syrett (1962) report that when supplied together,

NH, T s assimilated by most algae preferentially to NDB', and

4
that NO,” 1s assimilated only after most of the NH toys

exhausted. This result is understandable from the stangpoint
that the reduction of N03_ requires energy input (Vollenweider
1968) . Examining the effects of inorganic nitrogen
concentration on growth, Vollenweider (1968) concluded that the
optimal concentration in planktonic algae cultures was between
0.3 and 1.3 mg/L. For green and blue-green algae the optimum
was generally greater than 1 mg/L. Mulligan and Baronowski
(1969), in a study of optimal inorganic nitrogen concentrations
for growth of microphytes and macrophytes, found that the best
growth of phytoplankton occurred at nitrogen <concentrations
above 1.0 mg/L, while vascular plants responded best to lower

nitrogen concentrations.
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Unfortunately 1ittle information is available regarding the
rate of 1inorganic nitrogen -turnover by aquétic vascular
plants. It is known that the macrophyte Lemna minor (common
duckweed) consumes NH4+ and N03' more effectively than NOZ_
(Simms et al. 1968; Sculthorpe 1967). Forsberg (1965) reported
that Chara zetlanica can assimilate NH4+ more readily than
N03'7. In an analysis of the composition of water plants, Birge
and Juday (1922) found that algae consisted of between 2.7% and
10% total nitrogen by dry weight. The corresponding phosphorus
content ranged from 0.1% to 1.1%. The actual nitrogen content
seems to vary with the species and the ability of the plant to
accumulate nutrients during periods of good supply. The

ability to store nutrients which can be used later by the cells

" to survive periods of low supply is called luxury uptake.

.3

Gerloff and Krombholz (1966) and Gerloff (1969) in a study of
the critical nitrogen content of several macrophytes
(Ceratophyllum demersum, Vallisneria americana, Heteranthera
dubia, Elodea occidentalis, Najas flexilis and Zanichelia
palustris) found the minimal nitrogen content needed to
maintain the plant was 1.3% by dry weight.

In the Flathead River, it is known that an abundance of aquatic
algal species inhabit wvarious tributaries of the system
seasonally.  Therefore, it can be expected that direct
assimilation of nitrogen compounds by these plants will play an
important role in the fate of nitrogen introduced to this
system.

Nitrification

Under aerobic conditions, nitrifying bacteria of the genus
Nitrosomonas oxidize NH4+ to form NOZ_' Similarly, the
bacteria, of the genus Nitrobacter oxidize NO, to form

2
nitrate. Because the rate of growth of Nitrobacter is greater

than that of Nitrosomonas, N02° is a short lived compound in
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most streams under steady state conditions (De Renzo 1978).
Although the nitrification process can reduce concentrations of
toxic ammonia and nitrite, 1t does so at the expense of
oxygen. This will be described more fully in the section on
physical and chemical considerations. The nitrification
process has been reported as being responsible for depressed
oxygen levels 1in several nitrogen polluted streams and lakes
(Brezonik 1977; Raune and Krenkel 1977; Lopez-Bernal et al.
1977). In general, the nitrification process takes place in
two distinct aqueous media. Nitrifying bacteria can be found
in most streams as suspended organic matter or growing as a
biological film attached to rocks, gravel and sand.
Differences in the physical and chemical characteristics
between the two media can result in differential rates of
reaction. Since nitrifying bacteria occur in virtually all
natural water courses, it can be expected that the process of
nitrification w111'occupy a central role in the transformations
of nitrogen in the Flathead River system.

Denitrification
Under anaerobic conditions, a wide range of bacteria and fungi

can reduce nitrite and nitrate to molecular nitrogen (Painter
1977; Forsberg 1977; De Renzo 1978). This process is
particularly evident in poorly aerated rivers and lakes where
most of the N03— and N02' conversions take place in the
anaerobic silt layers at the river or lake bottom. It has been
noted that in a mixed two phase river water-mud system,
denitrification appears to take place only in the mud phase,
which 1s anaerobic and not in the aerobic water phase (Edwards

and Rolley 1965).

Assimilation of nitrite and nitrate in these environments by
bacteria such as Pseudomonas stutzeri has been documented by
Hulme (1974) and Harvey (1955). The kinetics of the process,
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however, have been described, for the most part, from
information generated on sewage treatment systems (De Renzo
1978). From the analyses of data on denitrification in sewage
treatment, sufficient information 1is available to make
qualitative and in some cases quantitative assessments of
denitrification rates (De Renzo 1978). In freely flowing, well
aerated streams and rivers, it 1is usually considered that
denitrification is not ‘an important process in the removal of
inorganic nitrogen (Forsberg 1977; Painter 1977). This should
be the case for most of the Flathead River.

In summary, the central processes important in determining the
fate of 1inorganic nitrogen in the Flathead River are the
assimilation of NH4+, NOZ— and N03' by aquatic algal species,
the removal of NH3 by aeration, and the nitrification of NH4+
to N03' by bacteria. Because of the free flowing nature of the
river, it should be aerated with sufficient oxygen to maintain
denitrification to a low level. This does not imply that
bxygen will not be depressed in the river, jusf that even low
levels of oxygen are sufficient to halt the denitrification
process (De Renzo 1978). 1If, as a result of inorganic nitrogen
inputs to the flathead River, the primary production of the
system increases dramatically, the processes of ammonification
and eutrophication may become important.

2.2 Physical and Chemical Considerations

2.2.1 Ammonia Equilibrium
Ammonia 1is present in freshwater systems in both the ionized
(NH4+) and un-ionized forms (NH3). The state of ammonia in
water is largely controlled by pH, although ionic strength and

temperature play roles as well. In general, an increase in pH



- 12 -

of one unit will produce a tenfold 1increase in the
concentration of un-ionized ammonia concentration (Trusse)
1972). At pH values below 7.2, less than 1% of the ammonia is
present in the wun-ionized form. Figure 4 shows the
relationship between 1ionized and wun-ionized ammonia as a

function of water pH and temperature. The stoichiometry for

the jonization of ammonia in water is given by:

+
NH4 + OH g===2 NH3 + H20 (1)

The equilibrium constant, Kb', for this reaction is

approximately 1.79 X 105 at infinite dilution and 25° Celsius

where:
Kb' = [NH4+][OH_]/[NH3] (2)

The variatiqd of the equilibrium consfant with ionic strength

and ‘temperature can be determined using standard methods in

physical chemistry (Stumm and Morgan 1981). An important
aspect of the kinetics of this reactiom is that it occurs
almost instantaneously in relation to other reactions of
concern to the overall nitrogen pollution problem (Stumm and
Morgan 1981). Other factors, which may affect the toxicity of
ammonia at a given temperature and pH, are dissolved oxygen and
carbon dioxide concentrations, as well as bicarbonate
alkalinity.

In the removal of ammonia by aeration, assimilation and
nitrification, equilibrium will be maintained at all water

temperatures and pHs. That is, as NH3 is removed by aeration,
NH4+ will be converted to NH3 to maintain equilibrium.

Likewise, as NH4+ is consumed by aquatic plants and nitrifying
bacteria, NH3 will be converted to NH4+

equilibrium. In each case, the total ammonia of the system

to maintain
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will be reduced. Therefore, in modelling the various aquatic
processes involving inorganic nitrogen, ammonia equilibrium
will be an essential component.

Aeration

As mentioned earlier, ammonia concentrations in a stream may be
reduced by the process of aeration. Ammonia in its un-ionized
form is a gas which is soluble in water. Due to the absence of
ammonia in the atmosphere surrounding a natural stream, a
concentration gradient exists which drives ammonia out of
solution into the atmosphere. It should be noted from Figure 4
that most of the ammonia in water is in the ionized form at pH
values and temperatures of the Flathead River. Because of the
low concentration of un-ionized ammonia in solution, the actual
concentration gradients driving ammonia from solution by
diffusion are small. This in turn means the rate of remové] by
simple diffusion will be very slow. On the other hand, if a
stream is quite turbu]eht, convective mass transfer becomes
important and the rate of ammonia removal can increase
dramatically [see Welty et al. (1976) or Fidler (1983) for a
discussion of turbulent mass transfer rates]. In addition to
the removal of ammonia by aeration, aeration is an important
consideration in the process of nitrification. As mentioned
earlier, the oxidation of NH4+ and N02_ by nitrification
removes dissolved oxygen from the water. Unless this oxygen is
replaced with that from the atmosphere, the nitrification
process will be retarded (see section on dissolved oxygen).
Fidler (1983 & 1985) reviewed the analytical methods available
for predicting the mass transfer coefficients and rates of
transfer of dissolved gases from aqueous solutions to and from
the atmosphere. In order to apply these techniques to a river,
detajled knowledge of water temperature, flow patterns, depth
and 1levels of turbulence in the river must be known. In
general, the rate at which ammonia is removed from a water
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course will be enhanced by elevated water temperatures and pH,
along with -high 1levels of turbulence combined with shallow
depth. The same conditions will apply to oxygen mass transfer,

except that pH will have no bearing on mass transfer
coefficients.

For anvaerationvprocess, the rate of change in concentration of

a gaseous species in a one dimensional water flow can be
expressed as: '

Q*(dC/dZ) = kL*AL*(C - CS) (3)

whére: Q is the flowrate

C s the concentration of the gaseous species in
solution

Z is the streamwise measure of distance

kL is the mass transfer coefficignt

AL ¥s a constant surface area per unit Z

CS is the equilibrium concentration of the
gaseous species in solution

Integration of this equation (Fidler, 1983) yieids:
= - kA K
C=C, - exp(k A 7/Q) (4)

where Co is the initial concentration of the géseous
species at Z = 0

The assumption of one dimensional flow implies uniform mixing
of the flow both laterally and vertically through the water
column. For shallow turbulent streams, this condition is
usually met. For deep, slow moving streams, there will be
significant concentration wvariation both laterally and
vertically, thus requiring a more complex two or even three
dimensional set of equations.
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2.2.3 Nitrification
Nitrification involves the conversion of ionized ammonia, NH4+,
first to nitrite and then to nitrate by bacterial action. This

conversion is accomplished by the two groups of chemoautotrophic

bacteria of the genera Nitrosomonas and Nitrobacter. They are

termed chemoautotrophic because they derive their energy for
growth from inorganic oxidation processes.

2.2.3.1 Chemistry
Nitrosomonas oxidizes the ammonium ion (NH4+) to nitrite

(NOZ_) through the reaction:

+ -
55 NH4 + 76 02 + ]09 Hc03 E::::E

CSH702N + 54 NO2 + 51 H20 + 104 H2C03 (5)
The nitrite is further oxidized to nitrate .(N03_) by
Nitrobacter through the reaction:

- + - -
400 NO2 + NH4 + 4H2C03 + HCO3 + 195 02 gz====2

C5H702N + 3 H20 + 400 NOé" (6)
The efficiency with which these bacteria carry out the
oxidatioh of ammonia and nitrite is dependent on a number of
factors, including the concentration of dissolved oxygen,
temperature, pH, 1ight 1intensity, nitrifier concentration,
mass loading rate, and chemical stimulation and inhibition.

The importance of these factors will be discussed below.

2.2.3.2 Growth Rates
The kinetic equation proposed by Monod (1949) is most often

used to describe the biological growth rate of either
Nitrosomonas or Nitrobacter (Grady 1983; De Renzo 1978).
The Monod growth relationship is defined by:




- 2.2.3.3

- 17 -
- * . » .
M= Moo A,/(Ks + A ) (7)
where: u = specific growth rate of microorganisms/day
Mnax = maximum growth rate/dayfl
A° = growth 1imiting substrate concentration
Ks = substrate concentration at 1/72 v

max

Since the growth rate of Nitrobacter is considerably higher
than the maximum growth rate of Nitrosomonas, Nitrosomonas

growth usually becomes the 1imiting factor in ammonia
oxidation. Further, this condition assures that under
steady state conditions there 1svnot an appreciable buildup
of nitrite in the system. Non-steady state conditions do
lead to some imbalance in the relative rates of Nitrosomonas

and Nitrobacter mediated oxidations and an accumulation of
nitrite can occur. For example, ammonia 1is toxic to
Nitrobacter. Thus, until a population .of Nitrosomonas is

sufficient to convert most ammonia to nitrite, the
development of Nitrobacter will be inhibited.

Oxidation Rates )
The ammonia oxidation rate constant (kA) can be related to

the Nitrosomonas growth rate, as follows:

kA = u/YA = k'A *A/(ks + A) (8)

where: A

1

growth 1imiting substrate concentration
(NH4+ in mg/L)
k' = wu /Y, = maximum ammonia oxidation

A max A .

rate (in mg NH4 oxidized/mg VSS/day)

k = half-saturation constant (in mg/L NH4*)
= organism yield coefficient (in mg
Nitrosomonas grown [VSS]/mg NH4+ oxidized)

volatile suspended solids (in mg/L)

VSS
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This equation clearly indicates that the rate of ammonia
removal is proportional to the growth rate of the organism.
The values of Mnax’ kS and YA vary considerably, depending
on the environmental conditions for growth. Each of these
parameters 1is influenced by dissolved oxygen concentration,
pH, temperature, and the presence of growth inhibiting or

enhancing substances.

The results obtained from Etquation 8 are dependent on the
mass of nitrifying bacteria present and are applicable to
suspended growth environments. In the case of attached
growth, the equation must be modified to account for an
effective surface area for growth. It should be noted that
in general, a gravel or sand stream bed will provide more
specific surface area for microorganism growth than a silt
or bedrock stream bed, and in turn an 1increased rate of
ammonia oxidation (Curtis et al. 1975). '

Reaction Order
It has been found that the order of the kinetic reaction
varies with the concentration of the limiting nutrient. For

high levels of nutrients, nitrification processes are of
zero order (Huang and Hopson 1974; Wild et al. 1971;
Wong-Chong and Loehr 1975). In other words, the rate of
ammonium removal by nitrification can be expressed-as:

dA/dt = -k, (9)

where: A is the ammonium concentration and

kA is the rate constant for the reaction

For low 1levels of ammonia, the reactions are found to be

first order with the rate of removal expressed as:

dA/dt = —A*kA (10)
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For an attached film nitrification process,. the rate
equations must be coupled with the equations of mass
transfer (Grady, 1983). Due to the oxidation of ammonia in
the organic film layer, there will be a concentration
gradient for both ammonia and oxygen from the bulk water to
the film. As a result, a more complex set of equations is
required to account for diffusion of ammonium and oxygen
into the film layer and the reaction 1itself [see Welty
et al. (1976) or Bird et al. (1960) for a complete
description of the equations for convective mass transfer
throuéh a reacting boundary layer].

As mentioned earlier, if turbulent flow exists in the water
next to the film, higher concentration gradients can be
maintained (Grady 1983; Treyball 1980), and maximum
oxidation rates achieved. Although- high concentration
gradients are important to the nitrification process, it

.should be noted that there will probably - be a maximum

velocity or turbulence 1level beyond which the reaction
chemistry, and not flow conditions, becomes the 1imiting
factor (Grédy 1983). Turbulence and total volume of flow
will also be 1important from the standpoint of assessing
overall mixing anq effective substrate concentrations.
Under conditions of slow laminar flow, it can be expected
that sighificant' striations in substrate and dissolved
oxygen concentration will be present. In this situation,
the mass transfer and reaction equations can no longer be
treated in a two dimensional form, but must involve their
complete three dimensional forms.

Dissolved Oxygen

The stoichiometric equations listed above (Equations 5 and
6) for combined oxidation - synthesis indicate that 3.31 mg
02 are required for each milligram of ammonium that is
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completely oxidized to nitrate. The biological oxidation of
ammonium in both é suspended and attached growth environment
requires that ammonium and oxygen enter the biological film
by the process of diffusion before they can be utilized by
the bacteria. Haugq and McCarty (1972) have shown that the

diffusion coefficients of these two substances are very

nearly equal (2 x 10'5 cmz/s) and that the stoichiometric
balance of concentrations 1is essential to prevent the
reaction from becoming rate 1imited. This 1is important
since reaction kinetics show that oxygen becomes rate
1imiting before ammonium (Grady and Lim 1980). In order to
correct the rate constant equations for the effects of
oxygen concentration in a suspended growth environment, De
Renzo (1978) applied the following correction factor:

ax*DO/(DO + ko) (11)

HN=\Jm

where: Hy is n after correction for dissolved oxygen

max
concentration

D0 is the oxygen concentration (mg/L)

ko is the half saturation constant for oxygen

(mg/L)

In the case of an attached growth system, the effects of
oxygen concentration must be included in the combined mass
transfer-reaction kinetics equations. For example,
Lopez-Bernal et al. (1977) used the following one
dimensional equation to describe oxygen concentration in

several streams of the Tennessee Valley:

dc/dt = DL*(dZC/dxz) _U*(dC/dx) + S (12)
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where: C is -the concentration of oxygen (mg/L)
DL is the longitudinal mixing coefficient
(mZ/sec)
is a source or sink of oxygen (mg/Lesec)
is the distance along the stream (m)
is time (sec)
is stream velocity (m/sec)
indicates differentiation

a C <+ X O»n

The S term in the equation must account for the oxygen
uptake due to nitrification, assimilation by aquatic plants
and aeration effects. Each of these will in turn have a
separate set of equations including reaction kinetics,
uptake coefficients or mass transfer coefficients.

It should be noted that the oxygen requirements listed above
are for stoichiometric conditions. In some cases, it has
been found that additional oxygeh demands are also present
in a nitrifier culture. For example, Gigger and Speece
(1979) found that in a nitrification filter application, the
actual oxygen consumption was 225% of stoichiometric oxygen
consumption, thus representing a nitrogenous oxygen demand
in excess of 7.4 mg 02/ mg NH4+. Sincg the source of the
excess oxygen demand 1in these experiments could not be
jdentified, it is not known if similar elevated demands
would be present in a clear, free flowing stream.

Temperature
Nitrification reactions are temperature dependent as defined

by the van't Hoff - Arrhenius relations up to a temperature
of 300 Celsius. In other words, as temperature increases,
nitrification rates are accelerated (Wong-Chong and Loehr
1975; Sharma and Ahlert 1977). Fiqures 5 and 6 from De
Renzo (1978) show the effect of temperature on the maximum
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growth rate and half saturation constants for nitrification
in a suspended growth system. Figure 7 demonstrates the
effect of temperature in an attached growth system. It is
clear that significant variability exists in the data for
attached growth systems. The source of this variability may
be related to variations in other parameters that effect the
nitrification rate, such as dissolved oxygen, pH or the
presence of nitrifying inhibitors. It is also important to
note that the ordinates in Figures 5 and 6 are logarithmic
and that for low temperatures, both growth rates and half
saturation constants decrease dramatically. In fact, Sharma
and Ahlert (1977) found that nitrifier activity ceased
completely at temperatures below 4° Celsius. This result
will have special significance during the winter months in
the Flathead River where ammonia and nitrite oxidation may
cease and icing on a stream would not permit ammonia rembva]
by aeration. In addition, low light levels and/or ice cover
may 1imit ammonia assimilation by aquatic plants.

Water pH
The concentration of hydrogen ions in solution also plays an

important role in establishing the rate at which
nitrification proceeds. Srinath et al. (1976) determined
the nitrification rates - for both Nitrosomonas and

Nitrobacter as a function of water pH for wastewater.
Figures 8 and 9 indicates that the optimum pH for
nitrification lies between 7 and 8 and that the rate drops
off significantly for pH values outside this range. Other
investigators have found similar effects with variations in
nitrification rates dependent on the environment in which
the nitrifying bacteria are grown. Figure 10 from Sawyer
et al. (1973) summarizes these results. Information from
these sources indicates, collectively, that the optimum
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growth of nitrifying bacteria is realized between pH values
of 7 and 9 and that growth rates are dramatically reduced at
pH values outside that range.

Another important aspect of pH can be seen from
re-examination of Equations 5 and 6 which describe the
nitrification process. In the process of oxidizing one
milligram. of ammonium to nitrate, 7.14 mg of bicarbonate
alkalinity are required. A small portion of this contributes
to cell synthesis, while the rest is required to neutralize
the hydrogen ions that are produced by the reactions (De
Renzo 1978). Therefore, if the water source does not have
sufficient alkalinity to buffer pH changes associated with
the hydrogen 1ions produced by nitrification, the rate of
nitrification will be reduced as water pH drops (Figure 10).

Light Intensity
Sharma and Ahlert (1977) refer to several articles which

demonstrate that nitrification reactions proceed at increased
rates under conditions of darkness. One study (Hooper and
Terry, 1973) reported complete inhibition of Nitrosomonas
under a 200 watt bulb radiating at 420 1lux. Thus, in a
natural stream, it can be expected that nitrification will

~occur at increased rates at night and under cloudy skies.

Low level winter 1light is also of benefit; however, low
water temperatures, as mentioned above, may 1imit or arrest
bacterial growth altogether at that time.

Stimulatory and Inhibitory Substances

There appears to be considerable variability in the data
reported from field studies on nitrification efficiency.
This may, at least in part, be due to the presence of
stimulatory or inhibitory substances in the water. Sharma
and Ahlert (1977) have compiled a 1ist of substances known
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to stimulate the nitrification process (Table 1). Table 2
A Tists many of the substances known to be inhibitory to the
growth of nitrifying bacteria. Also, as noted earlier,
ammonia is toxic to Nitrobacter and affects the transient
performance of the nitrification process. If the level of
ammonia in a stream varies with time, it can be expected
that ammonia, nitrite and nitrate concentrations will vary
significantly both time wise and with location in the stream.

2.2.4 Non-Steady State Effects

In an aquatic environment where inorganic nitrogen loadings,
water temperature, streamflow, dissolved oxygen and pH are
constant and have been so for a significant period of time, a
steady state condition should exist. That is, the rate of
assimilation of nitrogen by aquatic plants and the bacterial
conversions of nitrogen should occur at a constant rate. In
nature, however, the steady state condition is seldom, if ever,
realized. For example, when ammonia is first introduced into a
stream that was previously free of ammonia, there will be a
transient period during which bacterial and aquatic plant
populations will increase. In the case of nitrifying bacteria
Nitrosomonas, as described earlier, will increase more rapidly
than Nitrobacter. The period required for Nitrobacter to come
into equilibrium with Nitrosomonas may take up to two months at
10° Celsius (D.P.M. Stechey. Canadian Aquaculture Systems.
Windsor, Ontario, Personal communication, 1986). During this
time, there will be higher 1levels of ammonia and nitrite
downstream than would exist after an equilibrium is
established. Similarly, for aquatic plants, there will be a
period in which growth rates adjust to the available nutrients,
and during that time higher levels of ammonia will be found
downstream than will exist at equilibrium.

However, even after these adjustments have been made,
equilibrium is seldom established because other factors will

EE I N NN M EE e e
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. TABLE 1

. LIST OF SUBSTANCES STIMULATORY TO NITRIFIER GROWTH (from Sharma and Ahlert, 1977)

Substance Concentration*t Effectd Reference
Phosphate - Reqd for Ns G & Nb Lees (1955)
310 as P Reqd for Ns G & Nb Van Droogenbroeck &
Laudelout (1967)
Sas P Reqd for Nb G Aleem (1959, cited in
Painter, 1970)
Magnesium - Reqd for Ns G & Nb G Lees (1955) ‘
) Reqd for Nb G Aleem (1959, cited in
Painter, 1970)
10.5-50.5 No effect on Ns A Skinner & Walker (1961)
(as H%§04-7H20) Ns A + Loveless & Painter (1968)
12.5-50 Siight Ns A -
50-100 '
Molybdenum - Nb A + Aleem (1959, cited in
. Painter, 1970)
10—9M(0.0001) 11-fold increase in Finstein & Delwiche
Nb A and G (1965)
10-2M(1000) Slight Nb A, G -
Iron - Reqd for Ns G & Nb G Lees (1955)
0.5-0.6 Ns G + Skinner & Walker (1961)
1 Reqd for Nb G Aleem (1959, cited in
Painter, 1970)
Calcium - Reqd for Nb G - Lees (1955) .
0.5-10 No effect by itself on Loveless & Painter (1968)
Ns A; + in presence of
10.5-50.5 S mg "1-1 EDTA
(as CaCl,+2H,0) No effect on Ns A Skinner & Walker (1961)
Copper - Reqd for Nb G Lees (1955)
0-0.06 Ns A +; Added_ Loveless & Painter (1968)
Ns A + along with 5 mg1—1
-EDTA
0.1 Slight Ns A + ; With higher Tamlinson et. al. (1966)
concentrations Ns A -
0.1-0.5 Increasing Ns A Skinner & Walker (1961)
Sodium 0.6-1.5 Ns A+ ; Ns G- Loveless & Painter (1968)
1.5-7.0 Ns A - ; Ns G+
Marine Salts - Reqd by some estuarine Finstein & Bitzky (1972)
or littoral cultures of
) ammonia oxidizers
Vitamins
A-Palmitate 500,000 USP m1—2 Ns G+ ; NbDG+ Pan (1971a)
Pantothenic Acid 0.05 mg ml—21 Nb G +
0.0025 ug mi—21 Ns A + Gunderson (1959)
Nicotinic Acid 0.05 mg m1—2 Nb G + Pan (1971a)
Ascorbic Acid 0.05 mg m1—1 Nb G +
Biotin 0.-150 mug 2-4-fold Nb A + ; Krulwich & Funk (1965)
100-1000-fold Nb G +
2 Slight Ns A, G + Clark & Schmidt (1967a)
Adenine Sulfate 0.05 mg ml—2 Nb G+ Pan (1971a)
Sodium Glutamate 1720 mg mi 2 Ns G+ ; NDG +
Yeast Extract 2 mg m—2 Nb G + .
L-Serine 4 ygm—1 Ns A+ ; Ns G+ Clark & Schmidt (1967a, b)
1050 mg m1~} Nb G+ Pan (1971a)
L-Glutamine 4 uygmi—? Ns G+ ; NSA+ Clark & Schmidt (1967a)
1450 mg m1~1 Nb G + Pan (1971a)
L-Glutamic Acid 4 ygmi—2 Ns G+ ; NsAs Clark & Schmidt (1967a)
—Aspartlc Acid 4 ygm™2 NS G+ ; NSA+
ksh of corn steep Ns G + Gunderson (1958)

liquor

Glucose, p—am1no—
benzo1c acid

Ns A+ ; NbA+;
impure, mixed
ulture

Cooper & Catchpole
(1973, cited in Painter,
1977, and in Stafford,
1974)

*A11 results are for pure cultures unless indicated otherwise.
= Nitrosomonas; Nb = Nitrobacter; G = Growth; A = Act1v1ty,

otherw1se

+In mg 171 unless specified

= Stimulation;

Inh1b1t1on e g. Ns A + = stimlation of Ni trosomonas act1v1ty = st1mu1at1on of nitrification.
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TABLE 2
LIST OF SUBSTANCES INHIBITORY TO NITRIFIER GROWTH (from Sharma and Ahlert, 1977)
. . Degree of
Substance Concentrationt$ Inhibition/Effect*x Reference
(2-amino-4-chloro- 10 ug g~ soil 34% Ns & Nb A - Bremmer & Bundy (1974)

6 methl-pyrimidine)
83 ]
(sulfathiazole)

Volatile sulfur
Compounds
cs,

CH_SSCH,, CH_SH,

3 3

10 ug g~ soil

10 ug g~ soil

Up to S0 ug g~ soil

after S days;
none after 14 days™¥

33% Ns & Nb A -
after S days;
none .after 14 daystt

97% Ns & Nb A -
after S days;
95% after 14 dayst+
Initial Ns & Nb A - ;

Bremmer & Bundy (1974)

Bremmer & Bundy (1974)

Bremmer & Bundy (1974)

CH,SCH,, H, s almost neghgvble
after 7-14 days
Disinfection/ . .
chlorination 0.6-2mg 172 Nitrifiers considerably Strom et. al. (1976)

Chlorine residual;
contact time up to

more resitant than
fecal streptococci;

60 min pitratifiers survive
better than nitritifiersiix
Pyridine or 4- 100 S0% Ns A - & 90% Ns A -, Stafford (1974)
methyl pyridine respectively. - Almost
camplete Nb A - by both.
Measured as O, uptake
. at 80 min. Acf. Sludge.
2-methyl pyridine 100 Very slight Nb A - ; Stafford (1974)
40% Ns A -; at 80 :
min; activated
sludge system
3-methyl pyridine 100 Very slight ‘Ns A and Stafford (1974)
Nb A - ; activated
_ sludge system
Diethyldithio- 1075 M
carbamate Complete inhibition
of Ns A as measured
by rate of nitrite Hooper & Terry (1973)
formulation after 20
min, relative to a
Ethy) xanthate 1074 M control
3-Aminotriazole 1072 M _
-4
Methylene Blue 1075 1 Complete inhibition
of Ns A as measured
by rate of nitrite Hooper & Terry (1973)
Methanol Sx 073 M formulation after 20
Ethanol 0.09 M min, relative to a
n-Propanol 0.33 M control
n-Butanol 0.11 M
Ethyl acetate 0.12 M -
Tannin and tannin
derivatives
phenolic acids
and flavonoids 107 - 1078 M Very strong inhibitors Rice & Pancholy (1974)

*Also marketed by Hach Chemical Company, Ames, Iowa, as Formula-2533 nitrification inhibitor; and by
Dow Chemical Co., Midland, Michigan. A1) results are for pure cultures unless indicated otherwise.
$Inmg 172 unless indicated otherwise. §Degree of iphibitaion not reported. **Ns = Nitrosomonas; Nb
= Nitrobacter; A = Activity = nitriti-/nitratification; G = Growth; + = Stimulation; - = Inhibition
++Inhibition study by incubating soil sanples in screw—cap bottles and measuring the amount of
(nitrite + mtrate)—N formed. rketed by **xo Koatsu Industries, Inc. Tokyo, Japan. §§Marketed
by Sigma Chemical Co., St. Louls, Missouri. Ltab and field study enploymg the MPN technique.

i R NN A EE ..



- 33 -

TABLE 2 (Continued)

. Degree of
Substance Concentrationt$ Inhibition/Effect** Reference
Halogen-substituted 0 —3 Metcalf & Eddy (1973)
phenolic compounds .
Halogenated solvents 0 —§ Metcalf & Eddy (1973)
Thiourea 0 — . . Metcalf & Eddy (1973)
0.0003 M lete inhibition of Quastel & Scholefield
nitrification until (1949)
16 days; mixed culture,
soil perfus1on expt -
0.01 M 75%-in 0, uptake; mixed Quastel & Scholefield
culturé of soil nitrifiers (1949)
Ethylurethane 0.1% Normal nitrification after Quastel & Scholefield
inhibition for 18 days; (1949)
mixed culture, soil
perfusion expt
Heavy metals 10-20 — Metcalf & Eddy (1973)
Capper 0.05-0.56 - Ns A - Loveless & Painter(1968)
4 15% Ns A - ; negligible Tomlinson et. al. (1966)
for nitrifying activated
sludge
150 7517 31tr1ty1ng activated Tomlinson et. al. (1966)
sludge
Chromium, trivalent >0.25 Ns G- | . Skinner & wWalker (1961)
118 15%- gltrifying activated Tomlinson et. al. (1966)
sludge
Nickel >0.25 Ns G- Skinner & Walker (1961)
Cyanides & all compounds 20 mg 172 —§ Metcalf & Eddy (1973)

from which hydrocycanic
acid is liberated
on acidification

Phenol and cresol

Phenol

Phenol, o-, m-,
p—cresols

Vitamins
Riboflavin; a-lipoic
acid; Bg pyridoxine
HC1;
Panthotﬁenlc acid
Thiamine

Amino Acids
L-Lysine

(-Threonine
-Histidine

(-vValine; |-Arginine
(-Methionine

Alanine; aspartate;

glycine; glutamate;

cystexne methionine
Purines and pyrimidines

cytosine, guanine
Pyruvate

. S x
Potassium chlorate

N-Serve*
(2-chloro-6(tri- .
chloromethyl)-pyridine)

-1
20 q%dl

100
0.05 mg m 3}

0.05 mg m1—2
S ugeml—1

. 4 ygm—?
1460 mg m1~1
4 ygmi—?
1200 mg m1—21
100 yg mi—2
4 ygm—1
4 ygm~?

4 ygmi—?
0.0005-0.01 M

0.01 M

0.05 mg m1—1

0.4 mg m~1 as lithium

pyruvate
107 ;

M or greater
10°5-1073 M

10
0 ug g7 soil

_ Acclxmatlzat1on by

activated sludge
if approached
gradually

No effect on Nb A in
activated sludge

Nb G -
Nb G -
Ns A -
Ns A -, Ns G -
Ns G -
Ns A -, Ns G -
Ns G -
Ns A -
Ns A -, Ns G -
Ns A -, Ns G -
Ns A-, Ns G -

Normal n1tr1t1f1cat1on
after inhibition for 16
days; mixed culture; soil
perfus1on expt

Nitratification delayed
but proceeds normally
after adaptation

Nb G -
Nb G -

Nb G -
Nb G-, NbA-

Complete inhibition of
nitrification
64% Ns & Nb A -

after S days; 73%
after 14 daystt

Metcalf & Eddy (1973)
Stafford (1974)

Stafford (1974)

Pan (1971a)

Pan (1971a)
Gunderson (1955)

Clark & Schmidt (1967a)

Pan (1971a)

Clark & Schmidt (1967a)

Pan (1971a)

Gunderson (1955)

Clark & Schmidt (1967a)

Clark & Schmidt (1967a)

Clark & Schmidt (1967a)

Quastel & Scholefield
(1949)

Quastel & Scholefield
(1949)

Pan (1971a)
Pan (1971a)

Pan (197a)

Lees & Quastel (1945);
Voets et. al. (1975}

Voets et. al. (1975)
(inhibition data not
presented)

Bremner & Bundy

(1974)
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constantly change the conditions for growth. As mentioned
earlier, 1light plays an important role in the nitrification
process as well as in the process of assimilation of nitrogen
by aquatic plants. It can be expected that variations in
available 1ight will cause non-steady state nitrogen conditions
on both a diurnal and a seasonal basis. h

In northern latitudes, seasonal temperature changes lead to
variations in bacterial populations, thereby resulting in
potentially high rates of nitrification during the warmer
months. However, as described in the temperature effects
section above, winter may stop nitrification completely.
Aquatic plants, depending on species, will respond to warmer
water temperatures and 1increased 1ight by increasing their
biomass and, in so doing, by increasing their capacity to
assimilate nitrogen compounds. During these seasonal changes
there will be corresponding variations in ammonia, nitrite and
nitrate levels throughout the system.

In addition to diurnal and seasonal changes affecting nitrogen
concentrations in a river, there may also be variations in the

rate of inorganic nitrogen 1loading. As nitrogen loading is

increased, there will be a corresponding increase in aquqtic
plant and bacterial populations, with a lag phase as described
above. As nitrogen loading decreases, the plant and bacterial
populations will diminish until elevated loadings occur again.

From this discussion, it should be clear that the chemical
state of inorganic nitrogen 1nva stream or river system will be
in a non-steady state condition most of the time. Consequently,
the modelling of 1inorganic nitrogen in a stream or river
environment is complicated by the requirement to account for
temporal effects of varying nitrogen loading as well as diurnal
and seasonal variations in the chemical, physical, and
biological processes that effect nitrogen dynamics.

_ . , .
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© 3. SITE-SPECIFIC WATER QUALIFY CRITERIA DEVELOPMENT

3.1 Ambient Water Quality

3.1.1 Backgqround

Over the past ten years, the Water Quality Branch (IW/L) has
characterized existing water quality conditions in the Flathead
River basin. Water quality survey activities were initiated in
December, 1975, to examine the water quality in the Canadian
portion of the basin. This intensive water quality sampling
program was completed in September, 1976, with follow-up
surveys conducted in August, 1980 and July, 1982. Nutrients,
metals and other chemical variables were measured at a total of
nine sites in the watershed. Routine water quality monitoring
activities commenced in July, 1979 and April, 1980, at the
Flathead River at the International Border and on Sage Creek
respecfive]y. Sampling activities have been conducted at a
variable frequency (6-10 times/year) with nutriénts, metals and
other variables measured in water only.

Recently, a second intensive survey was initiated (November,
1983) to assess the seasonal and yearly variability of high
priority water quality variables. Nutrients, non-filterable
residues and barium have been measured periodically throughout
low flow periods and intensively during freshet. Measurements
were routinely performed at the International Boundary, Howell
Creek, and a site on the Flathead River upstream of the Howell
Creek confluence with the mainstem. The results of this survey
will be detailed in subsequent reports, and therefore only a
brief overview of the water quality information required for
nitrogen species criteria development will be included in this
report.
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3.1.2 Summary

A number of reports are currently available or in preparatioh
[Sheehan et al. 1980; Sheehan et al. 1985; Water Quality Branch
1986; Thorp 1985; Valiela and MacDonald 1987a (in prep.);
Valiela and MacDonald 1987b (in prep.)] that, collectively,
provide a good indication of the existing water quality
conditions in the Flathead River basin. Therefore, only a
overview of these data will be provided in this report.

3.1.2.1 Flathead River at the International Border

A statistical summary of existing data on water quality
available as of 1982 for the Flathead River at the
International Boundary is provided in Appendix 1.

The quality of surface waters is a function of the chemical
properties of the precipitation that falls in the watershed,
-the physical, chemical and biological properties of the
watershed 1itself, and the sum total of the anthropogenic
inputs to the aquatic system within the watershed
boundaries. Generally, precipitation has very low levels of
nutrients, metals, major ions and non-filterable residues.
Inputs of these variables are dependent on dissolution or
suspension during the progression from moisture deposition
to streamflow or on human activities.

In the Flathead River, changes in the concentrations of many
of the water quality variables measured are closely linked
to changes in streamflow.

Alkalinity, hardness, conductivity and pH exhibit distinct
seasonal trends at the International Boundary station of the
Flathead River. Measurements of all four variables remain
relatively constant during the period from September to
mid-March. Recorded values are highest for all of these
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variables during this low flow period. However, with the
onset of freshet, rapid snowmelt and precipitation events
contribute a large volume of water to the Flathead River
mainstem. At this time of the year, forest soils are
saturated with water so that much of the runoff enters the
river without percolating through the surface soil layers.
Therefore, the runoff tends to be low in ionic content and
in buffering potential. This dilution effect commences
about mid-March, intensifies and reaches its peak near the
end of May (corresponding to the peak in streamflow), and
subsides during the period June 1 - August 31.

Suspended sediment, or non-filterable residue (NFR) 1levels
in the Flathead River vary seasonally, and elevated levels
generally correspond to spring freshet conditions. NFR
levels remain relatively constant from July 15 - March 15,
with concentrations generally falling in the 0 - 5 mg/L
range. Extreme 1levels ~occur from mid March to mid July,
with peak suspended sediment concentrations reaching 200 -
800 mg/L.. Those variables, such as total metals, total
phosphorus, etc., that are normally associated with
suspended sediment tend to' display seasonal distribution
patterns that are very similar to that of NFR.

Howell Creek below Cabin Creek

A statistical summary of existing data on water quality in
Howell Creek below the confluence with Cabin Creek (to 1982)
is provided in Appendix 2.

The seasonal variability patterns of the water quality
variables measured in Howell Creek appear to be very similar
to those measured in the Flathead River mainstem. The major
differences between the two systems stem from the higher
degree of groundwater input and lower discharge in Howell
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Creek. These characteristics result in water that is
somewhat harder, with better buffering potential and higher
jonic content in Howell Creek as compared to the mainstem.
In addition, values for NFR and related variables tend to be
lower in Howell Creek.

3.2 Fisheries Interactions with Environmental Contamination

Environmental contaminants can be harmful to a fishery in at 7least
five ways (Alabaster and Lloyd 1982):
1) By acting directly on a fish swimming in the water, either

by ki1ling them or reducing their growth rate and resistance
to disease;
i1) By preventing the successful development of fish eggs and
larvae;
ii1) By modifying natural movements and migrations of fish;
iv) By reducing the abundance of food available to the fish;
v) By affecting the éff1c1ency of methods for catching fish.

It is therefore, important to detail 1ife history patterns and
identify the most sensitive developmental stages of recreationally
important species in order to develop water quality criteria that
will represent no-effect conditions for those species. The following
information was extracted from MacDonald (1985), with contributions
by A. Martin (personal communication, Fisheries Branch, Cranbrook,
B.C., 1986).

S o BN B Oy IS @GN O e B e SN e

3.2.1 Bull Trout
Sexually mature adult bull trout Jeave Flathead Lake to begin
their upstream migration in early spring, generally in April
and May. Upstream migration takes place over a number of
months, with the bull trout usually arriving at the mouths of
their natal tributary streams from mid July to late August.
The size and availability of these fish throughout the course
of their upstream migration make them the target of a rather
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intense sport fishery in the Flathead River. The bull trout
enter the tributary streams from early August to late September,
and initiate spawning activities when water temperatures drop
to approximately 8.0°C. The eggs are deposited in large redds
that are normally constructed in areas with favourable gravel
substrate characteristics and, frequently, upwelling
groundwater flow.

Incubation proceeds through the autumn and winter months, with
the peak of hatch generally occurring by mid January. Bull
trout larvae remain in the gravel until yolk sac absorption is
nearly complete. Peak of emergence of fry takes place by May
31 in most tributaries to the North Fork of the Flathead River,
with the exact emergence timing dependent on spawning timing
and water temperatures over the period of incubation. After
rearing for 1-3 years in tributary streams, bull trout smolts
migrate (June - Auqust) to Flathead Lake. In the 1lake, an
abundance of food items results in very rapid growth, with fish
achieving trophy size by the age of 7+ or 8+. Substantial
sport fishing effort is directed at these fish while in the
lake, with the older year classes selected through gear choice
and the minimum size 1imit (46.0 cm) on bull trout. Bull trout
1ife history patterns in the Flathead system are diagrammed in
Figure 11.

Cutthroat Trout
Cutthroat trout in the Flathead River watershed have developed

a number of l1ife history patterns that effectively utilize the
habitat availablie in the system. A total of three forms,
resident, fluvial and adfluvial, of westslope cutthroat trout
exist in the Flathead system. The resident and migratory forms
are indistinguishable as juvenﬁles. and downstream emigration
of smolts is the only means of differentiating the two forms.
Adult (mature) cutthroat trout can be distinguished by size,
with the largest being adfluvial, the intermediate sized fish
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being fluvial, and the smallest being resident fish. A lack of
temporal or spatial 1isolation during spawning indicates that
there is probably a significant amount of transfer of genetic
information between the three forms. Therefore, environmental
rather than genetic factors may be responsible for the
migratory behaviour of this species.

Cutthroat trout spawn in May and June in small to intermediate
sized tributaries in the Flathead drainage. Development
proceeds rapidly due to the increasing water temperatures over
the incubation period. The peak of hatching usually takes
place by mid July, with the alevins remaining in the stream-bed
substrate until the yolk sac is nearly completely absorbed.
Emergence takes place from late July to mid August with the
exact timing mediated by water temperatures over the period of
incubation. Juvenile cutthroat trout utilize pools and runs in
the upper reaches of tributary streams for rearing activities.
In general, fry densities decrease as stream order increases,
indicating that the mainstem 1is not used extensively by
juveniles for rearing activities. After 1 to 4 years (mostly 2
or 3) of rearing in tributary streams, juvenile adfluvial
cutthroat trout migrate (June -~ July) to Flathead Lake.
Juvenile fluvial cutthroat trout migrate (June - July) to the
mainstem, while resident fish remain in tributary streams. It
has also been postulated that some outmigration of cutthroat
juveniles may occur in some tributaries in the fall. It is
presumed that these movements are made to overwintering
habitats, and may be related to the winter carrying capacity of
the tributaries.

Upstream migration of sexually mature adfluvial cutthroat trout
is initiated in mid January and continues through the month of
April. These fish move into the tributaries during onset of
freshet, with water temperatures and streamflows important in
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the 1initiation of spawning movements and redd construction.
Spawning often occurs during or just after the peak of
freshet. Downstream movement of kelts begins shortly after
spawning activities have been completed, and most of the
spawners have left the tributaries by mid July.

Mountain Whitefish

Mountain whitefish is probably the most abundant fish species
in fluvial habitats in the fFlathead system. Whitefish utilize
habitats within the Flathead River mainstem and the Jlower
portions of tributary streams throughout their 1life history,
undergoing seasonal movements associated with feeding,

spawning, and overwintering.

Whitefish overwinter in deep pools of the mainstem,
predominantly below Howell Creek in the Canadian portion of the
basin. In the spring, these large overwintering popuilations
gradually disperse upstream to take advantage of food resources
available in the mainstem and the lower portions of tributary
streams. Spring migrations are followed by gradual downstream
migrations in the late summer and fail, when the fish begin to
concentrate 1in pools. Sexually mature adults rapidly migrate
upstream to spawning areas in late October. Spawning
activities occur from mid October to mid to late November, with
the eggs broadcast in riffle habitats over gravel and cobbles.
Downstream migration takes place soon after spawning activities
are completed.

Incubation of whitefish eggs and alevins proceeds over the
winter months, with the emergence timing dependent on both
spawning timing and water temperatures over the incubation
period. The rearing of fry occurs primarily in the shallow
riffle areas and backwaters of the Flathead River. A summary
of 1ife history information for Flathead River salmonid species
is contained in Table 3.
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TABLE 3

SUMMARY OF LIFE HISTORY INFORMATION FOR FLATHEAD RIVER
WATERSHED SALMONID FISH SPECIES

Species Period Activity Location
Bull Trout Sept 1 -Jan 30 Incubation Howell Creek
Jan ) - Jan 30  Hatching Howell Creek
Jan 1 -May 31  Alevin Development Howell Creek
May 15 - July 15 Early Rearing (to 1 g) Howell Creek, Flathead River
July 1 -~ June 30 Juvenile Rearing Howell Creek, Flathead River
June 1 - Aug 31 Smolt Outmigration to Flathead Lake
Apr 1 - July 30 Adult U/S Migration to Tributary Mouth
July 15 - Sept 15 Adult Entry into Tributaries Howell Creek
Sept 1 -0ct 15 Spawning Howell Creek
Sept 15 - Oct 30 Kelt Outmigration to Flathead Lake
Cutthroat Trout May 15 - July 20 Incubation Howell Creek
(Adfluvial) July S - July 20 Hatching Howell Creek
July S5 - Aug 15 Alevin Development Howell Creek
July 20 - Sept 20 Early Rearing (to 1 g) Howell Creek
Aug 15 - Aug 14 Juvenile- Rearing Howell Creek, Flathead River
Aug 1 - Sept 30 Smolt Outmigration to Flathead Lake
Jan 15 - Apr 3] Adult U/S Migration to Tributary Mouth
Apr 15 - May 31 Adult Entry into Tributaries Howell Creek
May 15 - June 30 Spawning Howell Creek
June 1 - July 15 Kelt Qutmigration to Flathead Lake
Cutthroat Trout May 15 - July 20 Incubation Howell Creek
(Fluvial) July S - July 20 Hatching Howell Creek
July 5 - Aug 15 Alevin Development Howell Creek
July 20 - Sept 20 Early Rearing (to 1 g) Howell Creek
Aug 15 - Aug 14 Juvenile Rearing Howell Creek, Flathead River
Aug 1 - Sept 30 Smolt Outmigration to Flathead River
Jan 15 - Apr 3 Adult U/S Migration to Tributary Mouth
Apr 15 - May 31 Adult Entry into Tributaries Howell Creek
May 15 - June 30 Spawning Howell Creek
June 1 - July 15 Kelt Qutmigration to Flathead River
Cutthroat Trout May 15 - July 20 Incubation Howell Creek
(Resident) July 5 - July 20 Hatching Howell Creek
July S -Aug 15 Alevin Development Howell Creek
July 20 - Sept 20 Early Rearing (to 1 g) Howell Creek
Aug 15 - Aug 14 Juvenile Rearing Howell Creek
May 15 - June 30 Spawning Howell Creek
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TABLE 3 (Continued)

SUMMARY OF LIFE HISTORY INFORMATION FOR FLATHEAD RIVER

WATERSHED SALMONID FISH SPECIES

Species Period Activity Location
Mountain Whitefish Oct 15 - Mar 15 Incubation Howell Creek
Mar 1 - Mar 30  Hatching Howell Creek
Mar 1 - May 30 Alevin Development Howell Creek
May 15 - June 15 Fry Outmigration to Flathead River
May 15 - June 20 €arly Rearing (to 1 g) Flathead River
July 1 - June 30 Juvenile Rearing Flathead River
Oct 1 -Nov 1 Adult Migration into
Tributaries Howell Creek
Oct 15 - Nov 15 Spawning Howell Creek
Nov 1 - Nov 30 Kelt Outmigration to Flathead River

- .
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3;3 Nitrogen Compounds

Nitrogen can be present in the aquatic environment in a number of
forms, each representing particular problems to freshwater fish
species when present at high levels. While it is recognized that the
potential exists for elevation of the levels of a wide variety of
nitrogen compounds, only the effects of ammonia, nitrite and nitrate
on freshwater fish will be considered in this document.

3.3.1 Nitrate

Elevated levels of nitrate in surface waters appear to pose
1ittle or no threat to freshwater fish directly. Limited
information on the effects of nitrate on fish suggest that
acute toxicity is a problem only at very high concentrations.
The 96 hour LC50 value for bluegills at 20°C was 12,000 and
3,000 mg/L for sodium nitrate and potassium nitrate
-respectively (Trama 1954). Subsequent studies on salmonid
sensitivity to nitrate (Westin 1974) 1indicate that chinook
salmon (1-10q) and rainbow trout (1-5g) are very resistant to
nitrate poisoning with 96 hr LC‘50 (@13-17°C) values for sodium
nitrate in freshwater being 5,800 and 6,000 mg/L respectively
for the two species. In contrast, the eggs of coho salmon and
rainbow trout are more sensitive to nitrate than other 1ife
history stages, with threshold toxic values in the 40-80 mg/L
range (R. Nordin, B.C. Ministry of Environment and Parks.
Victoria, B.C. Personal communication. 1987).

It is further anticipated that nitrate levels would be of
concern only when they result in problematic levels of algal
growth; therefore, no criteria will be proposed for nitrate in
this document.
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Nitrite

In water, nitrites are generally formed by oxidation of ammonia
or by reduction.of nitrates. Thgse species (NOZ_, HNOZ. etc.)
tend to be quickly oxidized to nitrates in surface waters, and
are therefore rarely present 1in significant concentrations.

However, discharges of large quantities of ammonia into

receiving waters necessitates that the nitrification process
proceed downstream from the discharge point. Discharges which
result in levels of nitrite above ambient 1levels in the
receiving water present a problem to the fish and aquatic life
present (Russo and Thurston, 1975).

1 Fish

3.3.2.1.1 Mode of Toxic Action
Nitrite has been shown to be highly toxic to salmonids
(Smith and Williams 1974; Cameron 1971; Thurston et al.
1978), however the exact mechanisms of toxicity are not well
understood. It 1is well established that freshwater fish
accumulate nitrite "in the blood and in body tissues.
Margiocco et al. (1983) indicated that rainbow trout
accumulated nitrite in the blood to levels that were up to

60 times higher than environmental values after only a few
hours of treatment. Cerebral and hepat1c levels were up to
30 times higher than those in the treatment water. These
data appear to indicate that nitrite is actively transported
into fish blood.

High blood nitrite levels lead to a condition known as
methaemoglobinemia (Brown and McLeay 1975; Smith and Russo
1975), which is due to the oxidation of haemoglobin (Hb) to
methaemoglobin (Met-Hb) in erythrocytes. Methaemoglobin
lacks the capacity to bind oxygen reversibly (Bodansky
1951), and therefore, an elevation of the 1level of
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methaemoglobin in the blood can cause such pathological
symptoms as cyanosis and tissue hypoxia (Kiese 1974). For
this reason, some researcﬁers (Wedemeyer and Yasutake 1978)
consider the death of intoxicated animals to be a direct
consequence of hypoxia generated by an impaired capacity of
the blood to carry oxygen. Arillo et al. (1984) suggested .
that 1iver hypoxia 1is the root of the acute toxicity
mechanism of nitrite in rainbow trout. Cerebral hypoxia,
hypoglycemia, inhibition of several of the enzymes of Krebs .
Cycle and 1lysosomal damage have also been cited as acute
problems associated with nitrite toxicity (Mensi et al.
1982; Arillo et al. 1984). It is likely that many or all of
the above factors act together to cause mortality of nitrite
affected fish.

3.3.2.1.2 Abiotic Factors Affecting Nitrite Toxicity

The toxicity of nitrite to freshwater fish is modified by a
number of factors that are present and measurable in the

-aquatic environment. These factors include, but are not

necessarily limited to, ambient hydrogen ion, chloride and
calcium levels in the surface water.

a. Hydrogen Ion Concentration

In aqueous solution, nitrite establishes the following
equilibrium:
NOp~ + H* g===> HNO,(aq) (13)

This equilibrium 1s affected by the concentration of
hydrogen 1ions in solution; therefore the toxicity of
the treatment water would also be affected by pH if the
relative toxicity of the two nitrite species were
different. Preliminary results of nitrite bioassays
designed to test the influence of pH on nitrite
toxicity (Russo and' Thurston 1977) suggested that
toxicity to rainbow trout was independent of pH over

-
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the range 7.5 - 8.5, and that nitrite toxicity was
correlated with NDZ_ concentration. However,
subsequent studies (Russo et al. 1981) indicated that
the toxicity of nitrite to rainbow trout is pH-dependent
within the range considered acceptable to most
freshwater aquatic 1ife (pH 6.5 - 9.0). It was also
found that both nitrite species are toxic, with the
HNO2 species being much more toxic than the NOZ_ species
- (96 hour LCSO_va1ues: =~ 10 ng/L HNO2 vs. 250,000 ng/L
NO2 @ pH 8.0). The relative abundance of the two
species (1 part HN02: 104—106 parts NOZ') within the
acceptable range for pH means that both contribute
significantly to the total toxicity. Figure 12 (Table
4) demonstrates the effect of pH on the toxicity of
nitrite to rainbow trout. This exponential relationship
can be 1linearized by plotting 1n LC50 against pH.
Analysis of the available data indicates that the
effect of pH on the toxicity of nitrite can be

expressed by the equation:

eSLP (pH-8.0) +LCR
LCP

FAV (pH) = FAV ref. (14)

where: FAV ref. is the Final Acute Value for the
species determined under reference
conditions. In this case, pH=8.0,

SLP is the slope of the curve, and is
calculated directly from the In LCgq

vs. pH plot,

LCR is the common reference point on the
curve, and is calculated using:
LCR = Tn LCgg (pH=8.0),

and

LCP is the proportionality constant that
permits the assessment of pH effects under
non-reference conditions, and is
calculated using: LCP = LCgg (pH=8.0).

3 . 3 X . X . - f



o §6 6 '8 8 S'L L s'9 9

| | | | [ | . 'z
.. 5
{e
N
o
=
O
-Sl= O
o
b4
@)
Nt
L
=z
®)
. N
' . _
oy 1@0' Z
4 —
| 5
3
Q
AN
4 e
G0

1861 ‘|0 1o osshy| o} moquio.
0} SJHIU JO ApoIX0} 8y} Uo Hd jo Josyy3 gl einbl 4



- 50 -

TABLE 4

EFFECT OF pH ON THE TOXICITY OF TOTAL NITRITE
TO RAINBOW TROUT (RUSSO et al. 1981).

96 hr LCgg (Range)d

PH  n NOy- + HNOy (mg/L)  NOp- (mg/L) HNO, (ng/L)

7.0 2 0.13(0.11-0.14) 0.13(0.11-0.14)  30.2(25.9-34.4)

7.2 1 0.15 0.15 21.6 I'
7.4 1 0.19 0.19 19.4

7.6 1 0.18 0.18 10.8 |'
7.8 1 0.40 0.40 13.6 -
7.9 1 0.25(0.17-0.36) 0.25(0.17-0.36)  7.7(4.9-11.4) 'I
8.3 1 0.54 0.54 7.2 II
8.4 0.46 0.46 4.3

8.5 1 0.45 0.45 3.6 II
8.6 1 0.50 0.50 | 3.0 "
8.7 1 0.7 0.71 3.5 'l
8.8 2 0.89(0.61-1.17) 0.89(0.61-1.17)  3.3(2.2-4.3) ll
9.0 2 1.11(1.10-1.12) 1.11(1.10-1.12)  2.4(2.4-2.5)

a) ambient water chemistry during tests was D.0. = 6.6 - 9.3,
NH3 = 0.00-0.06, C1 = 0.00-0.47, Ca# = 46.8-61.3.

- aa

E N =
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Analysis of pooled rainbow trout acute toxicity data
provides estimates of 1.08, -1.10, and 0.33 for the
three data set dependent variables in the equation,
respectively. Therefore, the relationship between pH
and nitrite toxicity can be quantified using the
foilowing equation: :

1.08(pH-8.0)-1.10
FAV (pH) = FAV ref. s e (15)

0.33

Chloride

The suppression of nitrite toxicity in the presence of
chloride has been reported for rainbow trout (Russo and
Thurston 1977), coho salmon (Perrone and Meade 1977),
and steelhead trout (Wedemeyer and Yasutake 1978).
This amelioration of nitrite toxicity by chloride
appears to be related to the mechanics of nitrite
transport into the blood. It is likely that the gills
are impermeable to N02_ but allow its conjugate,
nitrous acid (HN02), to‘diffuse freely into the blood,
where it dissociates according to the blood pH value.
Thus, N02— will accumulate in the blood if it has a
higher pH than the treatment water (Eddy et al. 1983).
In addition, the movement of the N02_ species across
the gill epithelia may be facilitated by the branchial
anion exchange mechanism. Krous et al. (1982)
speculated that if lamellar chloride cells are involved
in active chloride uptake in freshwater, then it is
possible that other anions use the same pathway for
branchial entry into the b]ood.‘ The direct correlation
between plasma nitrite values and numbers of lamellar
chloride cells discovered in rainbow trout acclimated

to freshwater for various periods of time would seem to
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substantiate this hypothesis. Russo and Thurston
(1977) observed a 1linear relationship between nitrite
toxicity (96 hr. LCSO) and chloride concentration from
0 - 41 mg/L C1 (Figure 13). This relationship was
expressed by the equation:

FAV (C1 ) = FAV ref. + 0.31 [C17] (16)

Calcium

The presence of calcium ions in surface waters appears
to be an factor in the reduction of nitrite toxicity.
Wedemeyer and Yasutake (1978) reported a 12 fold
reduction of the toxicity of nitrite at 25 mg/L CaC]2
compared to a 2 fold decrease for that level of NaCl
(Figure 14). These results indicate that considerable
protection is afforded by increasing the concentration
of Ca''. Supportive evidence for this assertion is the
seawater inhibition of nitrite toxicity to chinook
salmon (Crawford and Allen 1977), in which the Ca @ ion
was strongly implicated. Therefore, fish residing in
hard water river systems with high 1levels of CaC03
should be less sensitive to nitrite additions than fish
exposed to nitrite under soft water conditions,
although this relationship has not been definitively
established.

Quantification of the effect of calcium on the toxicity
of nitrite to freshwater salmonids is not a trivial
process. Only a limited amount of data is available
from literature sources, and much of this data is
rendered unusable because researchers failed to fully
report the water quality conditions under which the
acute toxicity bioassays were conducted. However,
standardization of +those remaining data points to
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reference conditions (pH=8.0, C€17=0.35 mg/L) has
facilitated a preliminary assessment of the influence
of calcium on nitrite toxicity. The result of that
assessment (Figure 15) is expressed by the following
equation:

T ' ++
FAV (Ca ) = FAV ref. « SLP In [Ca ] + INT
LCP

(17)

where SLP is the slope of the curve, and is calculated .
directly from the LCgg vs. In [Ca**] plot.

INT is the y-axis intercept on the LCsg vs. In
[Cat*] plot.

and
LCP is the proportionality constant that permits
the assessment of Ca*t effects under
non-reference conditions, and is calculated
using:
LCP = LCgg (Ca** = 80.0 mg/L)

Analysis of rainbow trout acute toxicity bioassay data
provides estimates of those three data set dependent
variables, and results in the following relationship:

FAV (Ca*") = FAV ref. « 4.0 In [Ca*"] - 6.8

10.73

(18)

This analysis assumes that the <calcium will be
associated, for the most part, with bicarbonate, and as
such the influence of bicarbonate on the toxicity of
nitrite is included in this equation.

Dissolved Oxygen

Little data is currently available on the influence of
dissolved oxygen on the toxicity of nitrite to
freshwater fish. However, given the mode of toxic
action of nitrite it is certain that reductions of
dissolved oxygen below saturation values would result
in lower LC50 values for fishﬁ A single published
study (Bowser et al. 1983) on channel catfish would



R TE =N s T ' AR &R S AT G R D S I A s

[6 ul] jyblem usid
ol

.o_o—

-2’0

-€°0

-v°0

-G'0

-56 -
[1/6w ul N—0ON] 0521 4U96

-9°0

-L°0

8'0

'[8261 P

Jo uojsuny] pup 86l ‘o }e ossny /6l TP

}o OSSNy WO} DIDPJYSl} PIUOWIDS O} 8jIJU JO
ALoIx0} 8y} pup Jubiem ysi} usamiaq diysuolpey Gl a4nbi 4



_ 57 -

appear to substantiate the effect of low D.0. levels on
nitrite toxicity. Therefore, the development of
site-specific criteria for nitrite will require some
judgement and interpolation when oxygen depressions are
anticipated.

e. Temperature
To date, no .information is available on the influence

of temperature on nitrite toxicity. It is 1likely that

~ temperature would affect nitrite uptake rates, and the
equilibrium between the gaseous and ijonic forms, and
thereby alter its toxicity to freshwater fish.
Additional research is required in this area before the
influence of temperature can be considered in nitrite
criteria development.

3.3.2.1.3 Biotic Factors Affecting Nitrite Toxicity
In addition to the physical characteristics of the water
'body undérvstudy. theré aré a number of biotic factors that
affect the toxicity of nitrite to freshwater fish.

a. Species
Information from diverse sources (Gillette et al. 1952;
Wallen et al. 1957; McCoy 1972; Smith and Williams
1974; Colt, 1974; Russo et al. 1974; Thurston et al.
1978; Tomasso, 1986) indicates differential
sensitivities to water-borne nitrite depending on the
species tested. Salmonids appear to be particularly
sensitive, with reported 96 hr. ~LC50 values ranging
from 0.11 - 12.6 mg/L NOZ'—N in freshwater. Cyprinids,
ictalurids and catostomids appear to be more resistant
to the effects of nitrite, with 96 hr. LC50 values
ranging from 1.5 - 100 mg/L, 7.5 - 40 mg/L, and to 100

mg/L N02—N, respectively. Within the family
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salmonidae, the relative sensitivity seems to be
rainbow trout = cutthroat trout > chinook salmon. No
information is <currently available on the relative
sensitivity of Salvelinus or Prosopium to elevated
Tevels of nitrite. To expedite criteria development it

was be assumed that the three salmonid species

identified 1in the Canadian portion of the Flathead

River system have approximately the same sensitivity to

nitrite as rainbow trout. This is a major assumption,
~but no better information is available at this time.

b. Life History Stage

Although the data are somewhat sketchy, there is some
evidence that 1larger fish are more sensitive to high
nitrite levels than are fry during early rearing.
Russo et al. (1974) demonstrated a two-fold difference
in the 96 hr. LC50 values between 2.0 g (0.39 mg/L
NOZ—N) and 235 g (0.20 mg/L NOZ—N) rainbow trout
(Figure 15). No information is currently available on
the effects of high levels of water-borne nitrite on
the eggs, alevins, or mature adults of any salmonid
species. For the purpose of criteria development, it
will be assumed that eggs and alevins are at least as
sensitive to nitrite toxicity as are newly emergent
fry, and that mature adults are approximately as

sensitive as 235 g fish.

Invertebrates

Almost no research has been conducted on the toxicity of
nitrite to freshwater 1invertebrates, and more on those
species present in the Flathead basin. The results of a
test on the freshwater prawn (Macrobrachium rosenbergii)

suggest that this species is fairly resistant to the effects

of nitrite (3-4 week LC50 = 15.4 mg/L; Wickens 1976). For
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the purpose of defining criteria, it 1is assumed that
invertebrates are at least as tolerant of elevated nitrite
levels than are fish, and therefore criteria formulated for
fish should be adequate to protect invertebrate species from
harmful effects.

Algae
Like ammonia and .nitrate, nitrite can serve as a source of

nitrogen for algal metabolism; however, at very high
concentrations nitrite may inhibit the growth of some
species (in laboratory studies; Lewin 1962). Very 1little
information appears to be available on the toxicity of
nitrite to algae. It is reasonable to assume that, given
the high degree of resistance indicated by the 1limited
laboratory studies, the algal community would not respond
negatively to the criteria for nitrite developed for fish.
Criteria for nitrite combined with ammonia and nitrate, that
would prevent eutrophication of receiving water streams,
will be reported in a documént cdrrent]y in preparation.

Site-Specific Criteria for Nitrite
In order to develop site-specific criteria for nitrite it is

necessary to integrate the factors that affect nitrite
toxicity to fish with specific information on the ambient
water quality conditions and life history patterns of target
species in the watershed. The most important of these are
pH, water hardness, chloride concentration, and life history
stage.

The following procedure was utilized to calculate the final
acute toxicity values (FAV's) for the three important sport
fish species found in the Canadian portion of the Flathead
River system:
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The available 96 hr. LC50 data for rainbow and
cutthroat trout were pooled and adjusted to reference
8.0, C1~ = 0.35 mg/L) 1in accordance

with the equations 13 - 18 1listed previously. These

conditions (pH

data were then plotted against fish weight to provide

estimates of sensitivity to nitrite by life history
stage. The sensitivities of Prosopium and Salvelinus

were assumed to be similar to those of Salmo.

Reference final acute values (FAV ref.) for each life
history stage were interpolated directly from the fish
weight-sensitivity plot (Table 5).

Final acute values (FAVs) were then calculated by
integrating site-specific hydrogen ion (pH), calcium
and chloride concentration data with reference FAV
information on a monthly basis in accordance with the
following:

FAV (pH, Ca'', C17) = FAV ref. « FPH « FCa + FC1  (19)

where:

FPH = e].OB(pH—S.O)—].]O

0.33

: 6.5 < pH < 9.5 (20)

FCa = 4.0 In [Ca**] - 6.8 ; Ca** < 150 mg/L (21)
10.73

FC1 = 0.31 [C1-] ; 1- < 41 mg/L (22)

;0.5 <¢C
0 ; 0.5 > C1-

The final acute values for Flathead River mainstem and
Howell Creek bull trout are presented in Tables 6 and 7
(Figure 16), respectively. FAVs for cutthroat trout

(Tables 8 and 9, Figure 17) and mountain whitefish

(Tables 10 and 11, Fiqure 18) have also been calculated
using this methodology.
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TABLE 5

REFERENCE FINAL ACUTE VALUES OF NITRITE FOR KEY LIFE HISTORY STAGES
OF IMPORTANT FLATHEAD RIVER SYSTEM FISH SPECIES

Species Dates Life History Stage FAV ref. (mgsL)@
Bull Trout Sept. 1 - Jan. 30 Eggs 0.70
Jan. 1 - Mar. 31 Early Alevins 0.70
Mar. 15 - May 31 Late Alevins 0.70
May 15 - June 15 Fry (to 0.25g) 0.70
May 30 - June .30 Fry (to 0.50qg) 0.70
June 15 - July 15 Fry (to 1.00qg) 0.70
July 1 - June 30 Fry (to 10.0qg) 0.40
July 1 - June 30 Juveniles (to 50.09) 0.25
July 15 - Oct. 15 Adults 0.20
Cutthroat May 15 - July 20 £ggs 0.70
Trout July 5 - July 31 Early Alevins 0.70
July 15 - Aug. 10 Late Alevins 0.70
July 20 - Aug. 20 Fry (to 0.25q) 0.70
July 31 - Aug. 31 Fry (to 0.50q) 0.70
Aug. 15 - Sept.20 fFry (to 1.00q) - 0.70
Sept. 1 - Aug. 31 Fry (to 10.0g) 0.40
Sept. 1 - Aug. 31 Juveniles (to 50.0q) 0.25
Sept. 1 - Aug. 31 Adults 0.20
Mountain Oct. 15 - Mar. 15 Eqgs 0.70
Whitefish Mar. 1 - May 10 Early Alevins 0.70
May 1 - May. 30 Late Alevins 0.70
May 15 - June 15 Fry (to 0.25q) 0.70
June 10 - June 30 fFry (to 0.509) 0.70
June 20 - July 20 Fry (to 1.00g) 0.70
July 1 - June 30 Fry (to 10.09) 0.40
July 1 - June 30 Juveniles (to 50.0qg) 0.25
July 1 - June 30 Adults 0.20

a) Reference conditions: pH = 8.0 + 0.2, T = 10°C, D.0. > 8.0 mg/L
Ca** = 80 + 5 mg/L, C1- = 0.5 + 0.5 mg/L
hardness = 200 + 10 mg/L as CaC03.
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Development of water qua]iterriter1a for nitrite a}so
requires detailed information on biotic responses to
sub-lethal doses in order to predict no effect levels
for a particular watershed. A review of the relevant
Titerature on acute and chronic toxicity of nitrite to
rainbow (Perrone and Meade 1977) and cutthroat trout
(Thurston et al. 1978) suggests an acute:chronic ratio

of approximately two. Long-term LC values (36 days)

were similar to those reported for goto 7 day periods,
indicating that resistance might begin to develop
within fish after that period of time (Lewis and Morris
1986) . Information available on sub-lethal effects,
such as growth suppression and tissue damage, indicates
that there is, as yet, no evidence to suggest that
nitrite concentations equal to or less than 10% of the
96 hr LC would be detrimental to freshwater fishes

50
(Lewis and Morris, 1986).

No-effect levels of nitrite-nitroéeh were then derived
using the monthly site-specific FAV's calculated for
the three important sportfish species together with
information available " on acute:chronic ratios and
sub-lethal effects. Lewis and Morris (1986) reported
that the ratio of 24 hr LC50 values to 96 hr LC50
values has a median value of 2.0 and is fairly uniform
across species. These data suggest that, while
freshwater fish species exhibit a wide range of
sensitivities, the general pattern of response to
elevated levels of nitrite s similar. Thefefore, the
same approach to criteria development was used for each
of the three species of salmonid. Specifically, the
maximum levels of nitrite-nitrogen thought to result in
no negative effects to fish and aquatic 1ife resources
were established using the guidelines proposed by the
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U.S. Environmental Protection Agency by calculating the
level of 0.5 of the monthly FAV (Stephan et al. 198%).
The average 96 hr concentration thought to result in no
negative effects to fish and aquatic 1ife resources was
tentatively set at 0.1 of the monthly FAV to take into
account potential sub-lethal effects and to provide a
reasonable margin of safety since acute:safe ratios
have not  been established definitively. The
site-specific water quality criteria so developed are
designed to minimize the potential for extended
exposures to chronically toxic or unsafe levels of
nitrite. No-effect levels of N02'—N in Howell Creek
and the Flathead River mainstem are presented in Table

12 and Figure 19.

3.3.3 Ammonia

Under natural conditions, ammonia is formed upon decomposition
of nitrogenous organic matter. Most naturally occuring ammonia
is produced by bacterial action on amino acids or polypeptide
chains. In solution, a dynamic equilibrium is established
between the NH3 (un-ionized ammonia) and NH *

4
ammonium) species. The equilibrium is dependent on both pH and

(ionized

temperature and, as such, these two factors primarily determine

the relative proportions of each of the two forms (Thurston

et al. 1974). The relationship is expressed by the equation:

decreasing
T(°C)& pH
NHB(g)+H2° {::::::::E NH40H(aq) §======:=é NH4+ + OH- (23)
ncreasing
T(°C) & pH
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TABLE 12

CALCULATED NO-EFFECT LEVELS OF
NITRITE IN THE FLATHEAD RIVER WATERSHED

Month Acceptable Levels of Nitrite (NO>~ + HNOp in mg/L)
Flathead River _ Howell Creek —:—_-

[Maximum] [96 hr x] [Maximum] [96 hr x]
January 0.10 0.019 0.10 0.019
February 0.11 0.022 0.1 0.022
March 0.11 0.022 0.1 0.022
April 0.06 0.012 0.07 0.013
May 0.07 0.013 0.07 0.014
June 0.08 0.015 0.08 0.016
July 0.10 0.020 0.11 0.021
August 0.12 0.023 0.12 0.023
September 0.10 0.020 0.10 0.020
October 0.10 0.019 0.10 0.019
November 0.10 0.020 . 0.10 0.020
December 0.11 0.021 0.11 0.021
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Fish

3.3.3.1.1 Mode of Toxic Action

The symptoms of acute ammonia toxicity in fish 1include
hyperventilation and violent, erratic movements with
convulsions, followed by coma and finally death (Smart
1975). Chronic exposures td elevated levels of environmental
ammonia result in reduced growth rates (Brockway 1950),
reduced stamina, increased susceptibility to bacterial giil?
infections, and proliferation (Burrows 1964) and thickening
of gill lamellae (Larmoyeaux and Piper 1973). In addition,
blood vessel lessions and tissue disintegration (F1lis 1968),
reduced haemoglobin (Buckley 1978) and dorsal aortic blood
oxygen levels (Smart 1978), osmoregulatory problems (Lloyd
and Orr 1969), and electron transport chain and Krebs cycle
impairment (Arillo et al. 1981) have been reported in fish
exposed to sub-lethal levels of ammonia.

The major probiems assocjated with e1eVated levels of
ammonia seem to stem from two sources. First, unprotonated
ammonia (NH3) molecules 'seek' to complete their more

. stable, octet configuration (ie. tetrahydral form) by

'picking up' a hydrogen ion. The removal of a proton from
solution causes localized alkalinity or, in other words, an
increase in pH. Alkaline conditions tend to decrease
membrane stability (and therefore gas and metabolic waste
product transport and ijonic balance maintenance efficiency),
alter the calcium dynamics in the sacroplasmic reticulum
(thereby generating locomotory problems), and impair
oxidative metabolism (Hochachka and Somero 1973). Second,
high ammonia levels exert a direct effect on the kinetics of
the ornithine cycle, Krebs cycle and the electron transport
series, and thereby disrupt cellular energy metabolism.
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Disruption of membrane stability with increasing ammonia
concentrations can increase the permeability of freshwater
fish to water (Lloyd and Orr 1969). Increased absorption of
water affects osmoregulatory processes, imposes stress on
the kidneys, and thereby results in problems with the blood
system and tissues. ' -

Efficient and coordinated contraction of skeletal muscles in
vertebrates s dependent on the tight requlation of ca’t ion
(which triggers muscle contractions) concentrations in the
myoplasm. This requlation is the result of a process whereby
Ca++ ions are sequestered in the sarcoplasmic reticulum (SR)
until released in response to electrical neural impulses.
An efficient calcium pump then returns the ca’t jons to the
SR against a strong concentration gradient (Hoar 1975). It
is 1ikely that high levels of NH3 affect the stability of
the: SR membrane, rendering it 'leaky' to catt ions, and,
therefore, result in the erratic, uncoordinated muscle
contractions associated with convulsions.

Disruption of oxidative metabolism due to high un-ionized
ammonia levels is the end result of decreased oxygen
delivery and cellular wutilization efficiency. Brockway
(1950) and E119s (1937) reported severe reductions in blood
oxygen levels of trout exposed to high levels of ammonia,
and suggested that ammonia may inhibit the binding of oxygen
to haemoglobin. Decreases in the number of circulating
erythrocytes in trout (Reichenbach-Klinke 1967) and
heamo]ysis in carp (Danecker 1964) have also been reported
after exposures to ammonia. Reduced oxygen delivery to the
tissues also results from NH3 induced pH 1increases in the
capillaries. Under normal conditions, metabolically
generated CO, creates more acidic conditions in the tissues

2
than in the gills where the oxygen is 'loaded' onto the Hb
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molecule. 'Unloading' of oxygen in the tissues 1is then
facilitated because the affinity of Hb for oxygen and the
oxygen carrying capacity of Hb drop with decreasing pH (Bohr
and Root effects, respectively). Elevated levels of NH3 in
the tissues markedly disrupt the normal pH shift and thereby

interfere with the unloading of oxygen.

At the cellular 1level, high 1levels of NH3
metabolism, both in the cytoplasm and. in the mitochondria.
Within the mitochondria, electron transport chain-linked ATP
synthesis is reduced as a consequence of NADH depletion due

affect energy

to: (1) excess glutamate production, (1) malate-aspartate
shuttle inhibition, and (iii) Krebs cycle impairment (Arillo
et al. 1981). Within the cytoplasm, glutamine production
from g]utamate_further reduces available ATP reserves. ATP
depletion stimulates the glycolytic breakdown of storage
polysaccharides to pyruvate and finally 1lactate (Campbell
1973). An increased cytocolic lactate: pyruvate ratio is a
clear indication 6f oxygen debt and anoxic stress. It is
1ikely that impairment of energy metabolic processes is the
primary mode of toxic action of ammonia, with the other
factors contributing to bring about mortality.

While it 1is clear that elevated blood ammonia Tlevels
contribute strongly to the overall toxicity of NH3, there is
sti11 some question about how high environmental ammonia
levels affect blood ‘NH3 levels. Many researchers (Smart
1975; Wuhrmann and Woker 1948; Hillaby and Randall 1979)
have suggested that environmental ammonia moves freely
across the gill surface and enters the blood at that point.
Other researchers (V. Thurston, Oepartment of Chemistry.
Montana State University. Bozeman, Montana personal
communication) have indicated that high concentrations of

ammonia in the water result in reduced rates of excretion of
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metabolically produced ammonia due to the elimination of the
substantial concentration gradient that 1is normally in
evidence. This, in turn, leads to elevated blood, cytosolic

and mitochondrial NH3 levels. It is 1likely that both of

these mechanisms are important under various environmental
conditions. Increases in environmental 'NH3 levels above
those levels evident in the blood would result diffusatory

movements of NH3_ into the blood until the 1levels in the

water and the blood equilibrated. Additional NH3 in blood

would subsequently result from metabolic sources (Cameron

1986). Less substantial increases in environmental NH3

would reduce concentration gradients and, therefore, result

in high metabolically produced blood NH3 Jevels.

3.3.3.1.2. Abiotic Factors Affecting Ammonia Toxicity

The toxicity of ammonia to fish can largely be attributed to
the un-ionized (NH3) form (Downing and Merkens 1955). The
fraction of the total ammonia that is present in the NH3
form is dependent on pH and temperature. Emerson et al.
(1975) quantified the relationship according +to the

following equations:

0.0901821 + 2729.92

pKa =
T(°C) + 273.16 (24)
1
f = [10{PKa-pH) "+ 7] (25)
NH3 = f [total ammonia] (26)

where f js the fraction of un-ionized ammonia,
pKa is the negative log of the jonization constant,
T is temperature in degrees Celcius.

The toxicity of this NH3 (ammonia) fraction to fish is

further modified by the physical and chemical
characteristics of the water body under study.

Il I BE BN s B B B BN EBE .
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Dissolved Oxygen

As stated earlier, elevated 1levels of un-ionized
ammonia are disruptive to oxidative metabolic processes
in fish, both in terms of delivery and utilization. It
therefore follows that the toxicity of NH3 would be
increased at low dissolved oxygen (D.0.) concentrations:
Downing and Merkens (1955) examined the influence of
0.0. on survival times of rainbow trout exposed to
toxic concentrations of un-ionized ammonia. In that
study, a reduction of D.0. in the water to 50%
saturation reduced the survival time of rainbow trout
by two-thirds. Lloyd (1961) demonstrated that low
oxygen tensions (40% saturation) increased the toxicity

of NH3 to trout by up to 2.5 times. Similarly,

Danecker (1964) reported a rapid increase in the

toxicity of un-ionized ammonia when dissolved oxygen
dropped below two-thirds of the saturation value. A
detailed study of the toxicity of NH3 on rainbow trout
fingerlings (Thurston et al. 1981b) indicated that 96
hr LCSOS were strongly, 1linearly correlated to
dissolved oxygen levels over the 2.5 - 9.0 mg/L D.O.
range (Figure 20). The re1at10nship was described by

the following equation:

LCSO(D'O') =
LCSO(D'0'=8'0 mg/L) - 0.067(8.0mg/L-D.0.) (27)

Temperature
The toxicity of ammonia to freshwater fish is affected

by temperature in at least two ways. Firstly, the

relative proportion of the more toxic NH, fraction

3
changes readily 1in response to changes in water
temperature in accordance with the equations (24-26)

presented above. Secondly, the toxicity of the NH3
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fraction tends to increase as the water temperature
decreases (Burrows 1964). Brown (1968) suggested a
two-fold increase in the threshold LC50 of un-ionized
ammonia for rainbow trout when the water temperature
was increased from 3° to 10°C. Similar results were
obtained by Thurston and Russo (1983) with rainbow
trout in the 7 - 12 g range, with the 96 hr. LC50
increasing . approximately three-fold over the
temperature range of 10° to 19°C. Recent analysis of
available data (Erickson, 1985) indicated that the
effect of temperature on the toxicity of un-ionized
ammonia to different species of fish is very similar.
The equations:

T (10°¢)»102-93(T°C-10) . v 45 y0e¢c  (27)

LCgq (10°¢)+10%-93C10-T°C) . 1 _qy0_20°c (28)

) °
LC50 (7T°C)

describe the temperature dependence of ammonia (NH3)
toxicity for freshwater fishes (Figure 21).

Hydrogen Ion Concentration

The effect of pH on the toxicity of ammonia to
freshwater fish is substantial, with LCSOS declining by
as much as an order of magnitude per unit pH increase
(Environmental Protection Agency 1985). The bulk of

this variation is due to the effect of pH on the NH3 -

NH+4 equilibrium, with increases in pH favouring the

more toxic NH3 form. However, when the toxicity is

expressed on the basis of un-ionized ammonia it becomes
evident that some residual pH dependence exists. In
general, Lcso's for NH3 increase with increasing pH,
with the curve leveling off at high pH values (Thurston

et al. 1981c¢).
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Regréssion analysis of pooled data sets for Daphnia
sp., rainbow trout (Figure 22), coho salmon (Figuré
23), and fathead minnow (Erickson, 1985) resulted in
the following empirical model to describe pH dependence

of NH, toxicity:

3

LCeo(PH) = LIM/[T + 10SLP(PHT-pH) ,

(13)
where LIM is the asymptotic LC50 at high pH.
SLP is the asymptotic slope at low pH.
PHT i1s a transition pH that contributes
to the definition of the curve.

Common values for SLP(1.03) and PHT(7.32), obtained
from the pooled data analysis, yielded gbod results for
regression analysis of individual data sets.
Therefore, calculation of LC50 values of NH3 for a
given pH required the 1input of only one data set
dependent variable (LIM). However, this model did not
incorporate indications in some data sets that LCSO'S
decline as the pH increases over 8.5 (Environmental
Protection Agency 1985). Therefore, calculation of
FAVs for water systems with high ambient pH values
could require some degree of interpolation.
Modification of this model to account for the joint

toxicity of NH3 and NH4+ (ie. assumed SLP=1.0) resulted

.in the following:

LCSO(pH) LCso(pH=8.0) ; pH>8.0 (29)

PHT-8
PHT-pH

; pH<8.0

LCSO(pH) LCSO(pH=8'0) « 1410

1410 (30)
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Using the modified model, regression analysis of pooled
data sets resulted in an estimate of 7.4 for the
parameter PHT (Environmental Protection Agency 1985).
Simplification of the model represented above results
in the final relationship:

LCSO(pH) = LCSO(pH=8.0) ;pH>8.0 (31)
LC_ (pH) = LCso(pH=8.0) - 1.25 ;pH<8.0
50 7.4-pH
1+410°° (32)

Carbon Dioxide
Alabaster and Herbert (1954) demonstrated that the
toxicity of total ammonia to freshwater fish is reduced

by increasing the level of free carbon dioxide (COZ) in
the water. This effect results primarily from the

influence of high levels of CO, on pH. Decreases in pH

v 2
result in decreases 1in the proportion of un-ionized

ammonia in solution, and therefore reduced toxicity.

The significance of metabolic CO0, excretion in-terms of

2

mitigating the effects of high NH3 levels remains in

question. Broderius et al. (1977) suggest that the

uncatalyzed CO, hydration reaction is too slow, within

normal tempefature and pH ranges, to produce
significant numbers of protons while that water 1is in
contact with the gi11 lamellae. Szumski et al.(1982)
hypothesized that CO2 is excreted as H* and HCOB' at
the gi1l epithelium, thereby making protons immediately
available to ionize NH3 molecules. Recent studies
(L. Fidler, unpublished data) on the mechanisms of CO2
excretion in fish have 1identified the presence of
carbonic anhydrase in the mucous of the skin and gill
epithelia. The levels of this carbonic anhydrase

(which catalyzes the CO, hydration reaction) are fairly

2

t
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Tow, howeVér, indicating that simple diffusion probably
provides the mechanism of excretion for the bulk of the
2 (Perry 1986). stil,
metabolic processes likely provide a limited number of
protons to partially mediate the effects of high levels
of NH3. However, at low fish densities, characteristic
of .natural freshwater systems, no additional protection
against NH3 is anticipated due to metabolically

produced CO and therefore, this factor will not be

metabolically produced CO

2’

-used in criteria development.

Fluctuating Exposures
The influence of fluctuating 1levels of un-ionized
ammonia on toxicity to freshwater fish is an important

consideration when releases of nitrogen compounds to
the aquatic environment are anticipated to be episodic
in nature. To assess the significance of short-term
cyclic fluctuations of ammonia, Thurston et al. (1981a)
conducted acute toxicity tests on rainbow and cutthroat
trout. Companion tests were also run using constant
concentrations of ammonia. When LC50 values for
constant and fluctuating levels of un-ionized ammonia
were compared, based on total dose exposure, it was
found that fish were more tolerant of constant
concentrations. The magnitude of the effect of
fluctuating exposures on toxicity 1is difficult to
assess. However, Brown et al. (1969) reported that the
mean survival time of rainbow trout could be reduced by
as much as 50% when fish are subjected to fluctuating

rather than constant levels of NH3.

3.3.3.1.3 Biotic Factors Affecting Ammonia Toxicity

It is 1likely that a number of biotic factors act in concert

to modify the effects of elevated levels of environmental



- 88 -

ammonia (NH3) on freshwater fish. The most significant of

these

factors are species, 1life history stage and

acclimation periods.

a)

b)

Species
An extensive review of ammonia literature (Environmenta?l

Protection Agency 1985) indicated acute toxicity to
freshwater organisms at concentrations (uncorrected for
pH) ranging from 0.083 to 4.60 mg/L NH,-N for 23 fish

v 3
species from nine families. Among fish species,
salmonids were most sensitive with 96 hr Lc50 values
ranging from 0.083 to 1.09 mg/L NH3-N. Data on nine

freshwater fish species (from five families) indicated

chronic effects of exposure to ammonia at concentrations.

ranging from 0.0017 to 0.612 mg/L NHB—N, with salmonids
again being the most sensitive. These data suggest
that salmonid fish are 1likely the most sensitive

ecosystem component with respect to NH3 toxicity.

Within the family salmonidae, there is some evidence to

suggest that Oncorhynchus is more sensitive than

Salmo. Limited relevant information on the relative
sensitivity of Salvelinus and Prosopium (Thurston and
Meyn 1984) indicates that chars may be slightly more
resistant than, and whitefish approximately as
resistant as, trout to NH3.
Life History Staqge

Incubating salmonid eggs appear to be relatively

resistant to exposures to un-ionized ammonia.
Burkhalter and Kaya (1977) exposed rainbow trout eggs
to concentrations of NH3—N in the 0.05 - 0.37 mg/L
range from fertilization to hatching without affecting
survival rates. Similar results were obtained with

rainbow trout eggs continuously exposed to 0.00 - 0.077

g ) N
t 3

MR En We O e
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mg/L NH3+N'(Thurston et al. 1984).  Short-term exposure
(96 hr) of pink salmon (0. gorbuscha) eggs to levels of

NHg-N in excess of 1.5 mg/L (Rice and Bailey, 1980)

"also had 1little effect on  survival. In contrast,

Rankin (1979) demonstrated that sockeye salmon (0.
nerka) éggs cannot tolerate un-ionized ammonia
concentrations _greater. than 0.403 mg/L NH3—N for
extended periods. (ie. 60 days). Salmonid alevins are,
very likely, fhe most sensitive 1ife history stage with
respect to ammonia toxicity. Rice and Bailey (1980)
reported 96 hr LC50 values for early and late alevins
to be 0.33 and 0.083 mg/L NH3—N respectively.
Sensitivity to elevated levels of NH3
emergence . (Figure 24) . General inhibition of
development and failure to absorb the yolk-sac was
observed in rainbow trout exposed to NH3-N levels of
0.19 mg/L or higher. Thurston and Russo (1983)
conducted a total of 71 acute toxicity tests on rainbow
trout to delineate the relationship between fish weight
and 96 hr LC value. The results of that study

50

indicate that resistance to exposures to NH3 increases

from emergence to a maximum at the 1.0-10.0 g size.

decreased after

Resistance decreases thereafter as fish' weight
increases. Figure 25 details the relationship between
sensitivity to un-ionized ammonia and fish weight.

Acclimation to Low Ammonia Concentrations

Acclimation of fish to low levels of un-ionized ammonia
is important primarily because it might enable the fish
to survive exposures to NH3 that would otherwise be
acutely 1lethal. Lloyd and Orr (1969) conducted
acclimation experiments on rainbow trout and concluded
that resistance to NH, is maintained for at least one

3 .
day after exposure, but is 1lost after three days.
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Schulze-Wiehenbrauck (1976) acclimated juvenile rainbow
trout ‘to approximately one-third of the 8.5 hr LC50
value (0.45 mg/L NH3-N). When test fish were
subsequently exposed to 0.45 mg/L NH3—N for 8.5 hrs 100
percent of the fish survived. In contrast, control
fish had only 50 percent survival at that concentration
of un-ionized ammonia. Atlantic salmon  smolts
acclimated to ammonia (Alabaster et al. 1979) also
acquired increased resistance to high ammonia levels.
Acclimated fish survived exposures to toxic levels of
NH3 better than control fish, with 24 hr LC50
38-79% higher than those for fish without prior ammonia
acclimation. It is, therefore, evident that salmonids
acquire some degree of resistance to high levels of

values

environmental NH3 through prior exposure to sub-lethal
levels, with the protection afforded being only
temporary in nature.

Invertebrates

Several studies on the toxicity of ammonia indicate that
freshwater invertebrates are generally less sensitive than
fish, with 96 hr LC50 values ranging from 0.53 to 8.00 mg/L
for invertebrate species representing nine families
(Environmental Protection Agency 1985). Fish should be the
focus of criteria development (Nordin and Pommen, 1986).
Thus, criteria for freshwater invertebrates. for ammonia
toxicity have not been developed. The criteria developed
for freshwater fish are considered to indicate no effect
conditions for freshwater invertebrates as well.

Algae
With few exceptions, algae can use ammonia (as NH4+)
directly for the synthesis of cellular material (Brown

et al. 1974; Brezonik 1977). Fogg (1953) and Syrett (1962)
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reported that, when N03' and- NH4+ are supplied together,
NH4+ is assimilated by most algae preferentially to NO, ,
and that Noé' is used only after all the NH4+

This 1is understandable because the reduction of NO

is exhausted.

3
requires an expenditure of metabolic energy (Vollenweider

1968) . Therefore, additions of ammonia. can be expected to.
provide the periphyton community with a highly available
nitrogen source and, therefore, to result 1h increases in
growth rates and in biomass if other environmental factors
are not 1imiting.

There has been 1ittle work on the toxicity of ammonia to
freshwater algae. A review (Nordin and Pommen, 1986)
indicates that, although some depression of
photo-assimilation rates can occur at fairly low levels of
ammonia (0.6 mg/L), in general algae are fairly resistant to
ammonia toxicity. Since the criteria proposed for fish are
adequate to protect algal species, no additional criteria
specifically for algae are developed. Criteria for ammonia
relevant to eutrophication of affected streams are proposed
in a report on algal nutrients currently in preparation.

Site-Specific Criteria for Un-ionized Ammonia

There is a great deal more to ammonia toxicity than can be
related by a single criterion value. It is necessary to
integrate the abiotic and biotic factors that modify NH3
toxicity with specific information about ambient
environmental conditions 1in the watershed in order to
develop site-specific ammonia criteria. '

The most important of these factors in the Flathead system
are likely to be temperature, pH, D.0., species and life
history. stage affected. In the proéess of site-specific
criteria development, it will be assumed that carbon dioxide
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levels will remain low and that the effects of fluctuating
exposures and acclimation will be roughly equal, and
therefore cancel each other out. Temperature and pH
profiles for the Flathead River and Howell Creek are
presented in Figure 26 and 27, respectively. 1In the absence
of site-specific information- to the contrary, it will be

assumed that dissolved gas levels are at or near saturation.

values in surface water throughout most of the year. The
effect of dissolved oxygen concentration on ammonia toxicity
will be included in the ca]cu]atioh of final acute values
when the results of on-site measurements become available.

The following procedure was used to calculate the final
acute toxicity value (FAV) for the three important species
of sportfish found in the Canadian portion of the Flathead
River system:

i. Availab]g 96 hr LC50
Prosopium were adjusted to reference conditions
(pH-8.0, T=10°C, 0.0.=8.0 mg/L) 1in accordance with
equations 8-17 listed previously. These data were then

plotted against fish weight to provide an estimate of
sensitivity by life history stage. It was assumed that
Prosopium and Salvelinus would demonstrate a similar
1ife history sensitivity pattern to that of Salmo, and
therefore missing data points for those species were
interpolated (Figure 25).

ii. Reference final acute values (FAVref.) for each 1life
history stage were estimated directly from the
sensitivity plots generated for each species (Table 13).

111. Final ‘acute values were then calculated by integrating
FAVref. information with site-specific temperature, pH

data for Salmo, Salvelinus and

L P . . .
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TABLE 13

REFERENCE FINAL ACUTE VALUES OF AMMONIA FOR KEY LIFE HISTORY STAGES
OF IMPORTANT FLATHEAD RIVER SYSTEM FISH SPECIES

Species Dates Life History Stage  FAV ref. (mg/L)3)
Bull Trout Sept. 1 -~ Jan. 30 Eggs 0.40
Jan. 1 - Mar. N Early Alevins 0.30
Mar. 15 - May 31 Late Alevins 0.20
May 15 - June 15 Fry (to 0.25g) 0.40
May 30 - June 30 Fry (to 0.50q) 0.65
June 15 - July 15 Fry (to 1.00qg) 0.80
July 1 - June 30 fry (to 10.09) 0.80
July 1 - June 30 Juveniles (to 50.0q) 0.70
July 15 - Oct. 15 Adults 0.40
Cutthroat May 15 - July 20 Eggs 0.40
Trout July 5 - July 31 Early Alevins 0.30
July 15 - Aug. 10 Late Alevins 0.20
July 20 - Aug. 20 Fry (to 0.25q) 0.25
July. 31 - Aug. 31 Fry (to 0.50q) 0.35
Aug. 15 - Sept.20 Fry (to 1.009) 0.50
Sept. 1 - Aug. 31 Fry (to 10.0q) 0.55
Sept. 1 - Aug. 31 Juveniles (to 50.09g) 0.50
Sept. 1 - Aug. 31 Adults 0.35
Mountain Oct. 15 - Mar. 15 Eggs 0.40
Whitefish Mar. 1 - May 10 tarly Alevins 0.30
May 1 - May. 30 Late Alevins 0.20
May 15 - June 15 Fry (to 0.25q) 0.20
June 15 - July 15 Fry (to 0.50q) 0.30
July 1 - July 30 Fry (to 1.00q) 0.45
July 1 - June 30 Fry (to 10.09) 0.50
July 1 - June 30 Juveniles (to 50.0q) 0.45
July 1 - June 30 Adults 0.30
a) Reference conditions: pH=8.0, T=10°C, D.0.=8.0 mg/L
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and dissolved oxygen data on a month]i basis in
accordance with the following:

FAV(pH, T, D.0.) = [FAVref. « FT « FPH] - FDO (33)

where: FT =.10.00.03(T-10) . t1-0-10°C (34)

= 10.00.03(10-T) . T1-10-20°C (35)

FPH = 1.0 :pH>8.0 (36).

= 1.25 . ;pH<8.0 (37)
1410.07.4-pH

FDO 0.067(8.0-0.0.) ; D.0.<10.0 mg/L (38)

-0.134 ; 0.0.>10.0 mg/L (39)

Final acute values for bull trout are presented in
Tables 14 and 15 for the Flathead River mainstem and
Howell Creek respectively, and represented graphically
in Figure 28. FAVs for cutthrout trout (Tables 16 and
17; Figure 29) and mountain whitefish (Tables 20 -and
21; Figure. 30) have also been calculated using this
methodology. No effect levels of NH3—N are reported as
maximum and 96 hr arithmetic mean concentrations in

Tables 14-19.

A review of the relevant 1literature on acute and
chronic toxicity of ammonia to rainbow trout
(Environmental Protection Agency 1985) indicated an
acute to chronic ratio of approximately 14. Acute:
chronic ratios for cutthroat and bull trout, and
mountain whitefish were assumed to be similar to that
of rainbow trout. Acceptable 1levels of un-ionized
ammonia were, then, derived by applying Environmental
Protection Agency (1985) safety factors for ammonia-
nitrogen toxicants to the site-specific FAVs for the

-
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‘three species of fish indigenous to the system. This
approach to criteria development suggests that the
level of 0.50 of the 96 hr LC50 {(or FAV) value should
not be exceeded at any time in the receiving water
after mixing, and the average 96 hr concentration
should not exceed 0.05 of the 96 hr LC50 (or FAV)
value. The criteria so developed are designed to
m1n1m1ze the potential for extended exposures to

chronically toxic levels of NH,-N. Acceptable 1levels

of - un-ionized ammonia, presegted in Table 20 and
Figure 31, were calculated by integrating all of the
species-specific FAVs by month to produce
system-specific FAVs, and then multiplying by the

"~ appropriate application factor.
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TABLE 20

CALCULATED NO-EFFECT LEVELS OF AMMONIA IN THE
FLATHEAD RIVER WATERSHED®

Month Ammonia (NH3-N in mg/L)

Flathead River Howell Creek
© [Maximum] [96 hr. X]b [Maximum] {96 hr. x]b

January 0.08 0.008 0.08 0.008
February 0.08 0.008 0.08 0.008
March 0.09 0.009 0.08 0.008
April 0.09 0.009 0.07 0.007
May 0.07 0.007 0.07 0.007
June 0.09 0.009 0.08 0.008
July 0.18 0.018 0.08 0.008
August 0.18 0.018 0.09 0.009
September 0.15 0.015 0.14 0.014
October 0.11 0.011 0.10 0.010
November 0.09 0.009 0.09 0.009
December 0.08 0.008 0.09 0.009

a) See text for method used for calculation of acceptable levels
of NH3.

b) Denotes maximum 96 hr mean concentration
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FINAL CRITERIA FOR NITROGEN COMPOUNDS

The final criteria for toxic nitrogen compounds are expressed as
maximum (Criterion Maximum Concentration - CMC) and long-term
arithmetic mean (Criterion Continuous Concentration - CCC)
concentrations on a monthly basis. Ffor this report, the CMC and CCC
are defined as follows:

1) Criterion Maximum Concentration - This criterion is intended to
provide an estimate of the level of a toxicant that, if
maintained for short periods of time (1.e., <24 hrs) only, will
cause no adverse short-term effects in the receiving water
system, provided the long-term average criterion (CCC) is
complied with.

2) Criterion Continuous Concentration - This criterion is intended
to provide an estimate of the safe level (i.e., the level that
if maintained continuously, will cause no adverse long-term
effects) of a toxicant in a receiving water system. The
concentration of a pollutant may exceed the CCC providing, a)
the magnitude and duration of the excursions above the CCC are
limited, and, b) there are recovery periods of time during
which the concentration is below the CCC. The higher the
concentration is above the CCC, the shorter period of time it
can be tolerated (Stephan et al. 1985).

The water quality criteria for ammonia and nitrite incorporated the
results of laboratory bioassays reported in the literature. These
tests provided the response of single test organisms to high levels
of a single toxicant. However, the toxic effects of ammonia and
nitrite may be at 1least additive (V. Thurston, Montana State
Universaity. Bozeman, Montana. Personal communication 1986).
Therefore, criteria developed for ammonia or nitrite alone are
non-protective when the two occur together. Individual criteria
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values then require modification to account for the probable additive .

nature of the effects of the two toxicants. Additivity of the toxic
effects of ammonia and nitrite is only a gquess based on their similar
modes of toxic action. An alternative assumption wod]d be synergism
but no information exists to support this hypothesis.

Assuming the toxic effects of ammonia and nitrite are additive, where
the two toxicants occur together the following procedure should be
used to calculate final criteria values. The concentration of one of
the'compounds must be measured, and to comply with the criteria the
sum .of the ratios of ambient levels to individual criteria values
(Tables 12 and 20) for the two compounds should not exceed 1.0. For
example, if the concentration of NH, is 60% of the maximum acceptable

3

level of NH3 for a specified site in the Flathead basin (Table 20),
then CMC (NH3) = [NH3] and CMC (NOZ") should be 40% of the maximum

acceptable level of NO, (Table 12). The detailed procedure 1is as

2
follows:

1) Measure temperature. pH and total ammonia concentration in the
water body on site (frequency of sampling should be dictated by
proximity of ambient levels to criteria values).

2) Using equations 24-26 1in the Ammonia section calculate the

concentration of NH3-N in solution.

3) Calculate ratios R] and R2 where:
R] - [NH3-N]
Maximum No-effect [NH3—N] ; from Table 20 (40)

n
(151 [NH3—N]1)/n : n = sample size (41)
No-effect 96 hr x [NH3-N] ; from Table 20

- N e



4.

- 113 -

Calculate final criteria values where:

a) If Ry <1 then,

b)

CMC (NH3) = [NH3-N]
CMC (NO2=) = (1-Ry)e+Maximum No-effect [NO,--N];
from Table 12

If Rp <1 then,

n
CCC(NH3)- = ( = [NH3-N]4)/n
1=1
CCC(NDy-)- = (1-Rp) « Acceptable 96 hr x [NO5-NJ;

from Table 12

(42)

(43)

(44)

(47)
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6. APPENDIX 1
EXISTING WATER QUALITY CONDITIONS IN THE FLATHEAD RIVER
AT THE INTERNATIONAL BOUNDARY TO 1982
(OCOBCOSNPO003)

n Standard
Variabled. (replicates)  Mean? Range? Deviation
Alkalinity, total 20 . 112.6 80.4 - 148.0 20.5
Conductivity (uSie/cm) 20 215.0° 157.0 - 288.0 37.7
Hardness, as CaCOj 20 116.6 83.9 - 146.0 21.5
pH (units) 20 8.2 _ 8.0 - 8.6 0.2
Caicium 20 34.4 25.4 - 41.0 6.3
Chloride 20 0.3 < 0.2 - 0.5 0.1
Fluoride 19 0.08 <0.05 - 0.12 0.02
Magnesium 20 7.45 5.0 - 1.2 1.6
Potassium 20 0.3 0.2 - 0.4 0.1
Silica 20 4.1 4.0 - 5.3 0.3
Sodium 20 0.7 0.3 - 0.9 0.1
Sulphate 20 4.3 2.6 - 1. 1.1
Phosphorus, total dissolved 14(3) 0.007 0.002 - 0.022 0.003
Phosphorus, total 19(6) 0.076 0.002 - 4.15% 0.1M
Nitrogen, dissolved NO,+NO3 19(6) 0.021 <0.0002 - 0.110 0.020
Nitrogen, dissolved ammonia 19(6) 0.015 < 0.001 - 0.300 0.025
Nitrogen, dissolved 17(6) 0.083 0.03 - 0.55 0.05
Nitrogen, particulate 3(3) 0.010 0.008 - 0.018 0.007
Carbon, total organic 19(6) 2.6 < 1.0 - 8.2 1.9
Carbon, total inorganic 19(6) 21.0 19.3 - 348 5.2
Carbon, particulate 2(3) 0.146 0.113 - 0.165 0.037

3in mg/L unless otherwise indicated
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APPENDIX 1 (cont)

EXISTING WATER QUALITY CONDITIONS IN THE FLATHEAD RIVER
AT THE INTERNATIONAL BOUNDARY TO 1982

(00BCO8NPO003)

n Standard
variabled (replicates) Mean Range Deviation
Arsenic 17Q1) 0.0004 0.0001 - 0.0010 0.0002
Barium 17(1) 0.28 0. - 1.60 0.35
Cadmium 18(1) ~ 0.0007 < 0.0002 - 0.0050 0.0001
Cobalt 16(1) < 0.001 <0.000 -~ 0.000 0.000
Copper 19(1) 0.001 < 0.001 - 0.004 0.001
Iron 19(H 0.165 0.006 - 0.630 0.205
Lead 19(1) < 0.001 <0.000 - 0.002 0.000
Manganese 19(1) 0.02 <0.01 - 0.05 0.0}
Mercury 18(1) < 0.00005 < 0.00005 - 0.00008 0.00001
Nickel 17(¢1) < 0.001 < 0.001 - 0.002 0.000
Selenium ' 17Q1) 0.0001 < 0.0001 -~ 0.0002 0.0000

- 0.050 0.011

Zinc 19(H) 0.004 < 0.001

3in mg/L unless otherwise indicated
bextractable values reported for metals levels
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7. APPENDIX 2
EXISTING WATER QUALITY CONDITIONS IN HOWELL CREEK TO 1982
(00BCOBNPO008)
n Standard
Variabled- (replicates) Mean Range Deviation
Alkalinity, total 15(1) 120.6 92.5 - 147.0 17.3
Conductivity (uSie/cm) 11Q1) 246.8 180.0 - 310.0 47.8
Hardness, as CaCOg 15(1) 126.4 98.1 - 160.0 18.6
pH (units) 15(Q1) 8.2 8.1 - 8.4 0.09
Calcium 15(1) 37.6 28.9 - 439 5.1
Chloride 15(1) 0.3 0.2 - 0.6 0.1
Fluoride 14(1) 0.09 <0.05 - 0.14 0.02
Magnesium 15(1) 1.9 5.9 - 12.2 1.7
Potassium 15(1) 0.36" 0.2 - 0.5 0.1
Silica 15(1) 4.8 4.4 - 5.4 0.3
Sodium 15(1) 0.7 0.6 - 0.8 0.1
Sulphate 15(1) 5.3 3.7 - 8.9 1.5
Phosphorus, total dissolved 1(3) 0.0N 0.004 - 0.018 0.004
Phosphorus, total . 14(6) 0.021 0.009 - 0.062 0.017
Nitrogen, dissolved N02+N03 14(6) 0.025 0.002 - 0.082 0.022
Nitrogen, dissolved ammonia 14(6) 0.008 0.002 - 0.012 0.003
" Nitrogen, dissolved 13(6) 0.08 0.05 - 0.15 0.03
Nitrogen, particulate 1(3) 0.012 0.010 - 0.015
Carbon, total organic 14(6) 3.1 <1.0 - 1.0 2.1
Carbon, total inorganic 14(6) 28.3 21.5 - 35.0 4.1
Carbon, particulate 1(3) 0.184 0.171 - 0.200 0.015

3in mg/L unless otherwise indicated
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APPENDIX 2 (cont)

EXISTING WATER QUALITY CONDITIONS IN HOWELL CREEK TO 1982 .

(0OOBCOBNPO008)

n Standard
variableab (replicates) Mean Range Deviation
Arsenic 13(1) 0.0005 0.0003 - 0.0010 0.0002
Barium 1Q) 0.30 0.12 - 1.5 0.40
Cadmium 11(1) 0.001 < 0.0002 - 0.0100 0.0030
Cobalt 12(1) < 0,001 - 0.000
Copper 12(1) < 0.001 < 0.001 - 0.001 0.000
Iron 12(1) 0.060 0.009 - 0.200 0.064
Lead 12(1) < 0.001 < 0.000 - 0.001 0.000
Manganese 12(1) 0.01 0.01 - 0.02 0.004
Mercury 10(1) < 0.00005 - 0.000
Nickel 12Q1) < 0.001 < 0.0001 0.001 0.000
Selenium 13(1) 0.0002 0.0001 - 0.0003 0.0001
Zinc 12(1) < 0.001 < 0.001 - 0.001 0.000

3in mg/L unless otherwise indicated

bextractable values reported for metals levels
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