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ABSTRACT
This study investigated the effectiveness of compensation measures used to recreate rainbow trout
habitat or increase stocks in the interior of British Columbia. Identified compensation techniques
included stock transplanting, manipulating lake levels and throughflow, creating spawning/rearing
channels and constructing “fish friendly” diversion channels.
Our analyses indicate that rainbow trout are amenable to transplanting and have been stocked in
about 2,430 B.C. lakes. Aeration projects were found to perform reliably in locations which are
readily accessible and have a reliable power supply. Manipulation of lake levels, flow augmentation
and the creation of new lakes have all been successfully used to increase fish production or provide
recreational fisheries. Augmenting both lake level and throughflow or creating new lakes appeared
to be slightly more successful than simply raising the level of an existing lake. The evolving
performance as lakes age is generally unknown.
Less than half of the channels that have been constructed or enhanced to provide spawning or
rearing habitat have been successful, and many successful sites require pumping, gravel clearing or
other maintenance activities on an annual basis. Diversion channels around pits, rock dumps and
settling or tailings ponds have proved to be difficult to construct in a manner which provides
successful habitat.
Projects undertaken to develop or provide compensatory habitat for rainbow trout need to be
designed on the basis of the best available science. The design team should be aware of how well
similar projects have previously performed and what factors influenced success or failure. The
approval process should include a requirement that monitoring, maintenance and proper evaluation
be undertaken regularly over the design life of the project.
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RÉSUMÉ
L’étude a porté sur l’efficacité des mesures de compensation visant à rétablir l’habitat ou rétablir les
stocks de la truite arc-en-ciel en Colombie-Britannique. Parmi les techniques de compensation
identifiées, notons la transplantation, la manipulation du niveau et du débit traversier des lacs, la
mise en œuvre de frayères artificielles et de bassins d’alevinage ainsi que la construction de
chenaux de dérivation favorables au poisson.
Nos analyses ont révélé que la truite arc-en-ciel peut être transplantée et qu’elle a été ensemencée
dans environ 2 430 lacs de la Colombie-Britannique. Les projets d’aération se sont avérés sûrs dans
les sites facilement accessibles qui ont une source d’énergie fiable. La manipulation du niveau des
lacs, l’augmentation du débit et la création de nouveaux lacs ont contribué à augmenter la
production de poisson et à fournir des zones de pêche récréative. L’augmentation du niveau et du
débit traversier des lacs et le creusement de nouveaux lacs semble être un peu plus efficace que la
seule augmentation du niveau d’un lac existant. L’évolution du rendement des lacs, à mesure que
ceux-ci vieillissent, est généralement inconnue.
Moins de la moitié des chenaux construits ou modifiés pour fournir un habitat de fraye ou
d’alevinage ont eu les résultats prévus. De plus, dans la plupart des sites fonctionnels, il faut
effectuer des travaux d’entretien tous les ans, notamment le pompage et l’extraction de gravier. Les
chenaux de dérivation aménagés pour contourner les excavations, les décharges de débris rocheux
et les bassins de décantation ou de résidus ne génèrent pas un habitat adéquat.
Les projets visant à établir ou à fournir un habitat compensatoire pour la truite arc-en-ciel doivent
être conçus selon les meilleures connaissances scientifiques disponibles. L’équipe chargée de la
conception devrait connaître le résultat de projets semblables antérieurs et les facteurs qui ont
contribué au succès ou à l’échec de ces projets. Le processus d’approbation devrait entre autres
exiger que le projet soit surveillé, entretenu et évalué adéquatement tout au long de sa durée
prévue.
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DISCLAIMER
This report is principally based on a literature review and interviews with managers or scientists.
The success of various types of fisheries enhancement, compensation or mitigation projects have
been evaluated from this information. The reader should, however, be aware that the objective has
been to assess the various techniques employed, rather than to comment on the performance of any
individual project.
During the course of this work, it became evident that the interests, perspective and background of
the people supplying information about a project affected the criteria used to evaluate success and
the ratings provided. In some cases, there were differences between ratings given by different
individuals for the same project. We have not had the opportunity, nor would it likely be justified,
to provide copies of our text to all the people contacted and attempt to settle differences of opinion.
We have made an effort to present and interpret the information provided in a consistent and fair
manner. However, as we have not had the opportunity to personally inspect the evaluated projects
in the field with the people involved, it is likely that some errors in classification have occurred. We
apologize in advance if this has caused an unavoidable misrepresentation of the results at any
particular site. We again stress that it is the statistical summary and the lessons learned that are
important. Data from any individual site was only a means to achieve this objective.
The volume and quality of literature available on each of the topics of interest to this study was
variable. In many cases we did not have the resources necessary to undertake a comprehensive
analysis. In these circumstances our results are based on a “strategic review” of the identified
sources. It is our opinion that a more thorough investigation would not substantially affect our
conclusions.
Finally, the conclusions and recommendations in this report are those of the authors and do not
necessarily reflect those of the Department of Fisheries and Oceans.
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1.0 INTRODUCTION
A variety of techniques have been used to create rainbow trout habitat or to increase stocks in the
interior of British Columbia. Many of these projects have been undertaken to compensate for the
loss of rainbow trout habitat. However, the effectiveness of these techniques has not been
systematically reviewed.
The Major Projects Review Unit of the Department of Fisheries and Oceans has therefore
commissioned this study to investigate how well various habitat creation or stock enhancement
projects have performed and to identify the factors which have influenced success or failure.
Identified compensation techniques included stock transplanting, manipulating lake levels and
throughflow, creating spawning/ rearing channels and constructing “fish friendly” diversion
channels. Each of these techniques is discussed and the success rates of completed projects have
been summarized on the basis of personal interviews and published or ‘grey literature’ reports.
The project methodology is described in SECTION 2 and a synopsis of rainbow trout habitat
requirements is presented in SECTION 3. The factors which affect the success rates of transplanting
rainbow trout into barren lakes are reviewed in SECTION 4. This includes a discussion of both
summer and winterkill. Projects undertaken to raise lake levels, augment lake inflow or to create
new lakes are reviewed in SECTION 5.
Enhancement or construction projects to create
spawning/rearing channels are discussed in SECTION 6 and the ability of mine site diversion channels
to provide fish habitat is assessed in SECTION 7. The compiled success statistics are summarized and
compared in SECTION 8.
A total of eight technical appendices have been prepared. Water quality requirements for rainbow
trout are summarized in APPENDIX 1. The BC Government Resource Inventory Committee procedures
for lake inventory are reviewed in APPENDIX 2. Techniques for transporting rainbow trout and
mitigating the effects of winterkill are discussed in APPENDICES 3 and 4. Aeration projects are
reviewed in APPENDIX 5 and projects undertaken to create artificial lakes, raise lake levels or increase
flushing rates are described in APPENDIX 6. Spawning or rearing channels are reviewed in APPENDIX 7
and data on mine site diversion channels are compiled in APPENDIX 8.
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2.0 METHODOLOGY
This work was to be undertaken on the basis of a literature review, interviews with scientists or
managers and on the basis of the principal authors’ previous experience.
Completed projects which could provide relevant information were identified through:
i)

a review of computer data bases containing information on stream restoration or
enhancement projects (Hartman and Miles, 1995; DFO Fisheries Project Registration
System VI.5, 1999 and the Pacific Biological Station Data Base of Fisheries Publications);

ii)

a subcontract to R.L. & L. Environmental Consultants Ltd. (RL&L) of Edmonton, Alberta to
provide a listing of relevant projects in Alberta and eastern British Columbia;

iii)

telephone interviews or meetings with provincial and federal government employees;

iv)

telephone interviews or meetings with mining company representatives; and

v)

a review of relevant scientific journals, government or private publications and books.
Journal searches included Transactions of the American Fisheries Society (1957-1998) and
the Journal of the Fisheries Research Board/Canadian Journal of Fisheries and Aquatic
Sciences (1973 to 1982;1977 to 1998).

Dr. Hartman subsequently met with the regional fisheries biologists in Kamloops, Williams Lake and
Penticton to review in-house documents and obtain unpublished information.
The information compiled for this project came from a wide variety of sources. Information on
project success has been generally developed from interviews with field biologists. In some cases,
we received different ratings for the same project. This reflects both a scarcity of formal reports
and varying perspectives of the people being interviewed. For example, an artificial lake might be
rated as an outstanding success by someone who based their assessment on the ability of the site
to support a recreational fishery. However, the project might also be considered to be of limited
success if the population was not self-sustaining, the fish were contaminated with metals or the
lake provided an unaesthetic environment in which to fish. We have therefore attempted to rate the
success of projects according to the respondents objectives. For example, a lake level may have
been raised, an aerator operated and spawning gravel introduced. If all these worked well, the
project would have been given the highest success rating as its’ objectives were achieved. This
does not imply that such a system is equivalent to, or equally desirable as, a lake or stream in which
fish production is self-sustaining.
The project rating system used in this study was originally developed by Hartman and Miles (1995).
In this earlier review, funding did not permit the acquisition of detailed information for each project
or the implementation of systematic field studies needed to develop a set of quantifiable criteria for
success. Individuals who had completed habitat improvement projects were therefore asked to
provide an overall rating for this project using the following classification; complete failure, limited
success, successful, or outstanding. Although these are subjective ratings, most participants were
personally contacted to discuss the factors which they considered when making this assessment.
This allowed a variety of projects to be evaluated in a relatively consistent manner.
The present project faced similar difficulties and the range of projects to be assessed was even
more diverse than in Hartman and Miles (1985). The same hierarchical ranking approach and
discussions with the respondent was therefore employed to determine how well the project
achieved the original objectives. The element of subjectivity in such an evaluation process is
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recognized. Hartman and Miles (1995) discussed the desirability of establishing more robust
procedures for planning, constructing, maintaining and evaluating projects. However, various
constraints prevented such an approach from being undertaken in this study.
As discussed in the “Disclaimer”, we have attempted to present the information we received in as
accurate a manner as possible. Despite these efforts, some errors in classification could still have
occurred. A subsequent study to inspect relevant projects in the field and obtain first hand
information would go a long way towards rectifying this deficiency.
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3.0 RAINBOW TROUT
3.1

SPECIES DIVERSITY

The species (Oncorhynchus mykiss) is represented by an anadromous form, steelhead, and a nonanadromous form, rainbow trout. Rainbow trout are found between Mexico and Bristol Bay in
Alaska and on both sides of the Rocky Mountains. A variety of sub-species occur within this wide
geographic range. As a result, the size and life histories of rainbow trout are quite variable.
Adult fish sizes in different populations of wild rainbow trout range from 15 cm (Northcote and
Hartman, 1988) to about 78.5 cm (Scott and Crossman, 1973). There are also three basic life
history strategies:
i)

they may occur in streams above waterfalls in a non migratory form (Northcote and
Hartman, 1988). In this life history pattern, a short section of stream provides the living
space for all life stages and activities;

ii)

populations may reside in large rivers and spawn within the river or adjacent tributaries (Ford
et al., 1995). The migrations of spawning fish in these populations may be short; and

iii)

in the most characteristic life history pattern, the fish reside within a lake and spawn in
outlet or inlet tributary systems, or both (Lindsey et al., 1959).

Rainbow trout exhibit these three different life history strategies and select different pats of the
environment depending on the age and activity of the fish, the season and the time of day. During
the spring, summer and early autumn fry occupy the margins of large streams or the margins and
riffles of small streams. The fry feed primarily on drifting invertebrates. Fry entering lakes follow
the shore and remain in shallow water feeding upon insects and plankton in the littoral zone.
During spring, summer and autumn juvenile trout occupy sheltered pools in streams and large river
or occupy deep riffles in small streams. In large rivers, juveniles reside near the shelter of boulders
or large woody debris in the channel. At night they may leave the shelter and occupy shallow runs
and riffles.
During winter the juveniles move into the stream or river bottom if conditions permit. If they do not
hide in the streambed, they will seek out deep cover among boulders or woody debris.
Spawning trout require gravel bottom areas and prefer spawning habitat with cover nearby.
However, trout in spawning areas with high fish densities will remain exposed while spawning.
Adult trout in streams and rivers occupy the deepest pools and runs. They prefer locations with
boulders, woody debris cover or a rippling water surface. In BC interior rivers adult trout, up to 20
cm, may hide deep among boulders or enter the stream bed it if is porous enough. Adult trout use
the open water areas of lakes during the day and may move into shallower areas during the night.
All age groups of trout have more specific requirements for water quality, temperature, and flow
regime. The adults also have specific requirements for spawning which vary with fish size.
The above information is based on observations made during years of field work by G. Hartman.
The life history and habitat requirements of rainbow trout was also reviewed in the report by Scott
and Crossman (1973).
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3.2

ENVIRONMENTAL REQUIREMENTS

3.2.1

Life History Linkages and Habitat Connections

There are a specific series of habitat requirements for each life history pattern. The life stages are
linked one to another and the required habitat must be present to permit existence at each stage
and allow movement to the next. Regardless of whether the trout are resident in a stream (and only
move a short distance for winter habitat cover or spawning habitat) or whether they reside in a lake
(and have lake to stream and return migrations), they require unrestricted movement, appropriate
temperatures, food, cover and suitable water quality. Failure to find any of these requirements
constitutes environmental impairment and indicates that the system is not a fully-functional
ecosystem for trout production.
3.2.2

Water Quality Requirements

Appropriate water quality is critical to the existence of rainbow trout.
requirements are similar at all life stages.

To a large extent, the

In most natural environments, rainbow trout do not experience detrimental conditions of oxygen,
ammonia, pH or heavy metal concentration. However, where there are anthropogenic influences,
one or several of these conditions may occur at a detrimental level through either direct
contamination or through bio-accumulation. High sediment concentration and water temperature
are important factors which may affect production, even in non-impacted systems. Oxygen
depletion occurs in many ice-covered lakes during the winter in British Columbia.
A brief review of selected water quality criteria is presented in APPENDIX 1 and this information is
summarized on Table 1. A number of these water quality factors can interact with each other to
increase toxicity by cumulative effects or synergistic processes. The data by Newcombe and
Jensen (1996) indicate that both concentration and duration are important when assessing the
impacts of suspended sediment and similar effects may prove to be important for other
contaminants.
3.2.3

Gravel

There are size and quality requirements for rainbow trout spawning. Typical gravel size ranges
between 0.4 to 10.0 cm (Ford et al., 1995). However, appropriate gravel sizes depend on the size
of the spawning fish. Gravel utilized by spawning fish of 20 to 33 cm in length in Loon Lake, B.C.
inlet creek ranged between 0.2 and 10 cm in diameter (Hartman et al., 1962). Kootenay Lake, B.C.
rainbow trout, which are up to 80 cm long, utilize larger spawning gravel ranging between 0.5 and
45 cm in diameter. In some sections of the spawning area, fish used patches of coarse gravel
comprised of material up to 15 cm in diameter. These patches were interspersed among boulders
up to 45 cm in diameter (Hartman, 1969).
Gravel must be permeable enough to permit water movement through it. This is needed for the
delivery of oxygen and the removal of metabolic wastes from trout eggs. The survival of steelhead
trout embryos increased from 20% at a “mean apparent velocity” of 5 cm/s to 50% at a mean
apparent velocity of 100 cm/s (Coble, 1961). Mean apparent velocity was an indicator of the
actual water velocity through the gravel. The interstitial spaces in the gravel must also be large
enough to permit the emergence of alevins from the gravel. Survival and time to emergence
increased with particle size in flow-through incubation units (Witzel and MacCrimmon, 1981). For
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optimal egg survival and alevin emergence, fine material #2 mm in diameter should make up no
more than 5% of the spawning substrate (Ford et al., 1995).
3.2.4

Stream Bed Stability

The stream bed in the areas used by spawning fish must be stable, particularly during the period
while eggs are incubating. A measure of scour during the incubation period provided the most
successful explanation of the inter-annual variation in egg-to-fry mortality of coho salmon in
Carnation Creek, B.C. (Holtby and Healey, 1986; Holtby and Scrivener, 1989). Coho salmon eggs,
which are deposited during the fall, may be somewhat more likely to be subject to conditions of
stream bed instability than those of spring spawners such as rainbow trout. However, interior
British Columbia streams can experience sizeable snowmelt freshets during May or June and the
importance of stream bed stability to spawning trout applies in such situations.
3.2.5

Flow Regime and Water Depth

The depth and water velocity required by rainbow trout increases with the size of the spawners.
The preferred water velocity for spawning rainbow trout is 30 to 90 cm/s (Ford et al, 1995).
However, a water velocity range of 75 to 90 cm/s is very high for trout <35 cm long. The large
Gerrard trout spawned in water velocities >90 cm/s (Hartman, 1969). The preferred depth for
spawning ranges between 15 and 250 cm (Ford et al., 1995). However, large fish, 75 to 80 cm in
length, prefer depths of 30 cm or greater (Hartman and Galbraith, 1970).
When considering flow requirements, fish managers are frequently principally concerned with
spawning needs. However, flow regimes must also provide water conditions that clean and renew
spawning gravel, provide aquatic rearing habitat, etc. (for example see Poff and Ward, 1989 or
Richter et al., 1997).
Rainbow trout can also actively alter instream conditions. For example, the combination of
moderately high spring flows and trout spawning activity created “dune-like” structures which
improved the spawning habitat at Gerrard, north of Kootenay Lake, British Columbia (Hartman and
Galbraith, 1970).
High flows which disturb gravel may have negative effects on egg-to-fry survival. However, over
the longer term these events play an important role in reconditioning spawning habitat and creating
new channel structure.
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4.0 TRANSPLANTING RAINBOW TROUT TO BARREN LAKES
It is common knowledge that rainbow trout are exceptionally adaptable and can be readily
introduced to barren environments if conditions are suitable. As a consequence, there has been a
long history of moving rainbow trout around British Columbia. The records of the early B.C.
provincial transplanting activities are sketchy. When Northcote and Hartman (1988) did field
reconnaissance to locate ‘native’ populations of headwater trout, they found that numerous stream
dwelling populations had been established during the early decades of the century and their
introductions were undocumented. Many of the records that were made were poorly kept or lost.
For example, several notebooks full of B.C. provincial transplant information were lost or destroyed
when Jimmy Robinson, one of the pioneering B.C. fisheries field people, died in about 1950.
Since the 1930-40 period, rainbow trout have been transplanted into hundreds of lakes in British
Columbia through the stocking programs of the provincial hatcheries. In B.C. MOELP Region 3
(Kamloops) approximately 100 previously barren lakes were stocked with rainbow trout during J.
Cartwright’s period of employment. About 100 more were stocked during B. Chan’s employment
(J. Cartwright and B. Chan, pers. comm.) About 3,334 lakes in British Columbia have been stocked
with fish. Of these about 2,430 have been stocked with rainbow trout (D. Peterson, pers. comm.).
Fish from existing lake stocks may be introduced into barren lakes by:
i)

incubating eggs collected in inlet or outlet streams. This may be undertaken by simply
burying the eggs in a suitable location or by placing them in incubation containers;

ii)

incubating collected eggs in a hatchery and transplanting fry; and

iii)

transplanting fry from one lake to another.

Options ii) and iii) require that fish be handled and transported and this must be undertaken in an
appropriate manner as described in APPENDIX 3.
If the lake that is to receive the fish only has outlet spawning habitat, the fish put into it should be
progeny from outlet spawners. If direct transplants of fry or larger fish are to be made from another
lake, such fish should be outlet stream progeny. In these circumstances only a few hundred fish
may be available at a time. If the fish can not be transported immediately, consideration must be
given to holding them under as low stress levels as possible. This may require special facilities at
the lake from which the fish are taken.
Transplanted fish must be unloaded adjacent to an area in which the water temperatures are within
a few degrees of the water in which the fish arrive. If the water in which the fish are transported
has been supersaturated with oxygen, they must be given a chance to become accustomed to the
lower oxygen levels of the receiving water. Sudden transfer from water that is highly saturated
with oxygen to water with natural saturation levels will stress the fish (Wedemeyer, 1996).
4.1

QUANTIFICATION OF BRITISH COLUMBIA PROVINCIAL LAKE HABITAT

The Resource Inventory Committee of the B.C. Government has prepared standardized procedures
for the quantification of lake habitats. Relevant reports include:
Reconnaissance (1:20,000) Fish and Fish Habitat Inventory: Standards and
Procedures Ver 1.1. (Ministry of Fisheries, 1998a);
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Reconnaissance (1:20,000) Fish and Fish Habitat Inventory: Data Forms and User
Notes. (Ministry of Fisheries. 1998b.);
Standards for Fish and Fish Habitat Maps. (Ministry of Fisheries, 1998c); and
Reconnaissance (1:20,000) Fish and Fish Habitat Inventory: Lake Survey Form Field
Guide. (Ministry of Fisheries, 1999a).
A brief description of these inventory procedures is presented in

APPENDIX 2.

These B.C. provincial procedures provide detailed directions for carrying out lake inventories and
provide a useful guide for assessing lake habitat. However, the procedures do not compile all the
information necessary to assess how much habitat would be developed if lake levels were raised to
provide more habitat. Nor do the procedures adequately assess the potential for winterkill. Specific
deficiencies from the perspective of raising lake levels include:
i)

the procedures do not provide information that would allow a manager to determine the
actual percent increase of littoral area that would result from raising the level of a lake by a
given amount;

ii)

the collected data might indicate the amount of shore cover resulting from an elevated lake
level but the nature of shore cover that would be provided is not described. [However, we
are not certain that enough is known about the winter behaviour of fish to determine how
they would use shore cover in lakes];

iii)

the inventory method does not provide the information needed to assess the spawning area
available in the shore zone. This is not critical for rainbow trout but is important for kokanee
and lake trout;

iv)

the maximum water level is not a meaningful piece of information unless taken at low
water. Although the amount of seasonal variation in lake level affects the ecology of a lake,
maximum level measurements do not indicate this range;

v)

the ratio of drainage area to lake area is an important indicator of nutrient dynamics and
status. However, the survey system does not incorporate precipitation or hydrological
information which could better define the lake characteristics. Similar ratios of drainage
area to lake area will have different implications in coastal and interior dry-belt areas;

vi)

assessment of species composition and population size from one year’s sampling may be
misleading. Year class strength of many species varies from year to year. More reliable
sampling would require multi-year data; and

vii)

lakes may vary from year to year in regard to temperature, plankton blooms and oxygen
profiles. The behaviour and distribution of fish may vary as well. For example, in Nicola
Lake, B.C. the pattern of diel vertical migration of two species reversed in two years (G.
Hartman observation).
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4.2

ASSESSMENT OF PRODUCTIVE CAPABILITY

4.2.1

Introduction

The Department of Fisheries and Oceans (DFO) may seek replacement of fish habitat which is
severely disturbed or destroyed by industrial projects under the “no net loss” guiding principal (DFO,
1986). DFO may request a greater area of replacement habitat than the area lost depending upon
the nature of the loss and the estimated fish productive capacity. Therefore, DFO requires a reliable
assessment of the productive capacity lost in a project. DFO may also be interested in determining
the increase in productive capacity that might be obtained by increasing the level of a lake or
reservoir. There are various means of determining habitat productive capacity. Some of the
inventory and habitat capability assessment methods dealt with in this paper may not be designed
specifically for the purposes of determining replacement ratios for lost habitat and productive
capacity. However, in the document issued by the Ministry of Fisheries (1998a), the introduction
states that:
“this inventory is intended to provide information regarding fish species
characteristics, distributions and relative abundance, as well as stream reach and
lake biophysical data for interpretation of habitat sensitivity and capability for fish
production”.
It also states that ‘the inventory provides information vital for the protection and management of
fish species and populations’. Although there may be an emphasis on applications in connection
with the B.C. Forest Practices Code, this does not exclude use of the information in regard to other
habitat issues or within the context of DFO’s Policy for the Management of Fish Habitat (DFO,
1986). For these reasons the methodology recommended by Ministry of Fisheries (1998a) has
been reviewed and commented upon. The RIC Standards and lake productivity models were also
reviewed as DFO may wish to consider the effectiveness of such methods for determining what
mitigation or compensation value to expect from a particular habitat modification.
The interpretation of lake inventory information and the preparation of productive capacity
projections is a difficult undertaking, particularly if the results are to be used by managers to
determine area-based habitat replacement ratios.
The techniques for quantification of lake habitat (Ministry of Fisheries, 1998a) describe methods to
assess the key variables that might affect lake productivity. However, there is a large step between
documenting an array of lake features and quantification of the productive capacity of a lake. The
“morphoedaphic index”, or MEI, can be developed from lake inventory data and predicts an
expected range of production for a particular type of lake. The MEI is obtained by dividing the total
dissolved solid concentration (TDS in ppm) by the mean depth in feet (Ryder, 1965). Production
increases with increase in the MEI but the relationship is not linear. In addition, production
increases with decreased latitude (Figure 1). The actual data points may be scattered such that
production may have threefold variation about the curves (see data in Ryder, 1965). The species
composition in catches varies and the MEI does not specify the potential production of a specific
kind of fish.
Production of fish in a lake is the result of a configuration of dynamic and interacting conditions and
processes. If modelled production projections from the MEI are to be refined, it is necessary to
obtain inventory data that show year round patterns of changes in features such as temperature,
oxygen profiles, lake transparency, water level and water quality. These conditions interact through
time to moderate production. In addition to this, the quality of the reproduction and rearing
environment will affect the production of the lake in a natural, self-sustaining system. The lake and
its tributaries are connected. It is not meaningful to consider production in either, independently.
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Finally, the composition of the fish fauna will affect the quantity of production of the species that
people use.
The B.C. RIC lake and stream inventories do not provide a basis for estimating, in advance, the
production that might be obtained from “replacement habitat”. It should also be recognized that if
the replacement habitat is suitable, it may have already been stocked or colonized naturally.
We do not believe that the British Columbia inventory provides a particularly sensitive basis for
determining compensation ratios. This arises from the number of ways in which estimated
replacement area requirements might become un-coupled from static inventory data.
4.3

HABITAT SUITABILITY INDEX

The habitat suitability index (HSI) is a numerical index that represents the ability of a particular piece
of habitat to support a species of fish. There are five steps in establishing the HSI:
i)

a series of variables that represent different features of the fish habitat are chosen;

ii)

these variables are used to establish ‘suitability’ curves for each feature;

iii)

through the use of the suitability curves, each habitat feature can be given a suitability index
(SI);

iv)

the suitability indices are combined to give an overall SI for each life stage of the species;
and

v)

the SI values for all life stages are added to produce the HSI for the species.

This model assumes a linear relationship between the HSI and the carrying capacity for the species
(Persons and Bulkley, 1984). Individual SI curves for rainbow trout have been established (Raleigh
et al., 1984). Procedures employing the values of Raleigh et al. (1984) have been used to establish
the expected conditions or value of habitat after changes in stream level.
There may be some merit in having the SI curves to describe habitat features for rainbow trout.
However, using combinations of these curves in a HSI to assess impacts is not reliable because
changes in the HSI may not be accurately reflected in standing crop (Terrell and Nickum, 1984).
Stoneman et al. (1996) used existing HSI models to predict trout biomass in southern Ontario
streams. The models were “poor predictors”.
4.4

WINTERKILL

4.4.1

Introduction

Many lakes in British Columbia are devoid of fish because of “winterkill”. Fish begin to die off when
the dissolved oxygen decreases to lethal levels. This typically occurs during ice cover conditions in
winter. Depressed oxygen concentrations can also occur during the summer; the factors
responsible for “summerkill” will be described subsequently in SECTION 4.5.
In barren lakes the limnological conditions which can produce winterkill must be well understood
before management decisions are taken, expenditures for transplanting fish are made and public
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expectation is established. These conditions, and the degree to which managers understand them,
will determine the overall success of a transplant program.
Winterkill is common among shallow eutrophic lakes that are subject to cold temperatures and
prolonged ice and snow cover. For example, as many as half of Wisconsin’s 14,000 lakes are
subject to winterkill. An average of 125 recorded winterkills occurred annually between 1955 and
1982 (Fast, 1994). Of the 1,814 lakes in the Thompson/Nicola Plateau, British Columbia, which
are under 500 ha, 15% are rated as having a high risk for winterkill (Ashley et al., 1992).
4.4.2

Processes Responsible for Winterkill

The problems of winterkill are caused by a sequence of related events. These may include:
i)

the stratification of the lake during summer and depletion of oxygen in the deep layer of
water;

ii)

the incomplete mixing of the deep, oxygen-poor water during autumn so that overall oxygen
concentrations are low in the lake at the time of ice formation;

iii)

the reduction of oxygen levels under the ice by decomposition of organic material. The
greater the amount of organic material in the water column and sediments, the greater the
risk of winterkill; and

iv)

decreased winter photosynthesis and oxygen production due to an ice and snow layer on
the lake.

Temperature stratification of water in a lake is the result of the behaviour of light and the properties
of water. As solar radiation passes down through water it disappears exponentially and the heating
wavelengths are absorbed rapidly (Cole, 1983). This results in the upper water becoming warmed
and less dense. If the lake is not mixed by wind action, a sharp temperature gradient may become
established with a layer of relatively warm water above a transition layer and a layer of cooler water
below. The three layers are commonly referred to as the epilimnion, thermocline and hypolimnion.
As the lake cools during autumn, the water temperature gradient in the thermocline may become
less sharp and winds may mix the water from top to bottom making it uniform in temperature.
Water has a maximum density at about 4ΕC. So, as the lake cools during the autumn and early
winter, the overall temperature decreases to 4ΕC. With continued heat loss, the layer of water near
the surface decreases to less than 4ΕC and, being less dense, remains near the surface. When ice,
which is less dense than liquid water forms, it also remains at the surface.
Winterkill problems originate in large measure with the production of organic materials in the zones
of the lake where light penetrates. The organic material that is not consumed or recycled settles to
the bottom where it may collect and decompose. In shallow and productive lakes, decomposition
may reduce oxygen levels in the hypolimnion to anoxic conditions.
Reduced light conditions during periods of ice and snow cover prevent photosynthesis and oxygen
production but allow decomposition to proceed to the extent that all oxygen in the water is
consumed. Fish kills may also occur during spring breakup when small amounts of oxygen that
were at the surface become mixed with a larger volume of de-oxygenated water.
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4.4.3

Factors Influencing the Incidence of Winterkill

Collectively, the lakes that are most commonly subject to winterkill are eutrophic, prone to
stratification and are ice or snow covered from early winter to spring (Greenbank, 1945, Halsey,
1968; Patriarche and Merna, 1970; Summerfelt et al., 1980; Fast, 1994). In addition to these
conditions, there are a number of more specific features that cause lakes to be prone to winterkill.
While elements involved in winterkill are discussed separately, it is important to recognize that these
elements do not occur or operate in isolation. In assessing the potential of any lake for summer- or
winterkill, all of the six features listed below should be recognized and considered. The relative
significance of each will vary from one lake to the next.
Factors which influence the occurrence of winterkill include:
i)
ii)
iii)
iv)
v)
vi)

basin morphometry;
lake bottom sediment type;
ratio of lake bottom sediment area to lake volume;
amount of dissolved oxygen in the lake at the time of freeze-up;
ice/snow conditions and under-ice photosynthesis; and
trophic status.

Each of these are discussed in more detail below.
4.4.3.1 Basin Morphometry: Lakes that are shallow and oriented so that the prevailing
winds have maximum fetch are less prone to winterkill than those with deep basins that are not
exposed to wind action. The condition of ‘meromixis’ in which lakes become chemically and
thermally stratified may result in large part from the morphometric characteristics of the lakes
(Northcote and Halsey 1969). For example, Halsey (1968), in a study of three lakes in the southern
interior of British Columbia, found that Courtney Lake, which had a mean depth of 4.9 m and an
average daily wind velocity of 199 cm/s, had no record of winterkill. In contrast, Marquette and
Corbett Lakes, which had relatively deep basins and were located in topography that reduced
average wind velocities, were prone to winterkill. Ashley (1983) and Halsey and MacDonald (1971)
indicate that Black Lake and Yellow Lake, located in southern central British Columbia, have steep
sides, relatively deep basins and the long axis of the lakes are perpendicular to the prevailing wind.
Both lakes are subject to winterkill.
4.4.3.2 Lake Bottom Sediment Type: Lakes with muck or silt bottoms and a high
percentage of the shoreline in emergent and/or submerged vegetation have a higher probability of
experiencing fish kills during winter (Fast, 1994). These conditions contribute to the high biological
oxygen demand that leads to winterkill. For example, the bottom sediments of winterkill lakes in
South Dakota typically consist of “an organic ooze, smelling richly of hydrogen sulfide” (Nickum,
1970). In the Sandhill region of Nebraska, the bottom sediments of lakes that had fish kills in 3 out
of 10 years were 60% “muck” (Schoenecker, 1970).
4.4.3.3 Ratio of Lake Bottom Sediment Area to Lake Volume: Attempts to relate
morphometric variables or indices of trophic status to oxygen depletion rates have only been partly
successful (Mathias and Barica, 1980) as the potential for fish kill is also related to the ratio of the
sediment area in the lake bottom and the volume of the lake.
Oxygen depletion under an ice cover depends upon the total biological oxygen demand (TBOD), i.e.
the water column biological oxygen demand (WBOD) and the bottom sediment biological oxygen
demand (SBOD), (Cross and Summerfelt, 1987). SBOD is an important determinant of the oxygen
depletion rate under ice. It may be substantially higher than the WBOD. For example Cross and
Summerfelt (1987) found that SBOD was about 14 times greater than WBOD in two small lakes in
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Iowa. Mathias and Barica (1980) found that sediments in eutrophic lakes consumed oxygen about
three times faster than those in oligotrophic lakes but that water column rates of depletion were
about the same in the two types of lakes. SBOD is dependent upon the aerobic oxidation of organic
material, by bacteria (Cross and Summerfelt, 1987) and the oxidation of reduced metals (Fe and
Mn), (Ashley, 1983).
Winter rates of oxygen depletion (in g/m³/d) have been shown to decrease asymptotically with mean
depth as illustrated on Figure 2 (from Mathias and Barica, 1980). Oxygen depletion rates also
increase with the ratio of sediment area to lake volume. As illustrated on Figure 3, the rate of
oxygen depletion in eutrophic lakes becomes progressively greater than that in oligotropic lakes as
the ratio of sediment area to lake volume increases.
4.4.3.4 Amount of Dissolved Oxygen in the Lake at the Time of Freeze-Up: The total
amount of oxygen in a lake at the time of ice formation may be determined by a number of factors.
Basin shape and wind action are critical. For example, the maximum depth of Courtney Lake, B.C.
17 m, was slightly less than that of Corbett Lake, B.C. while its maximum effective length, 946 m,
was almost four times greater (Halsey, 1968). Field studies indicate that Courtney Lake, was less
stratified and more fully saturated with oxygen than Corbett Lake.
The location of the thermocline and the distribution of oxygen in a lake affects the amount of stored
oxygen that a lake carries into the winter. In this sense, the relative volumes of the epilimnion and
hypolimnion are critical. A sharply stratified lake with a relatively large, anoxic, hypolimnion
volume will mix and carry a lower reserve of oxygen into the winter period than would the same
lake if the oxygenated epilimnion volume was large.
The depth of the euphotic zone and consequent volume of the lake available for photosynthesis may
also influence the size of the oxygen reserve at freeze-up.
4.4.3.5 Ice/Snow Conditions and Under-Ice Photosynthesis: Photosynthesis under ice by
phytoplankton and macrophytes can add oxygen to the water even though winter days may be
short and the light intensity low. Some species of plants are shade-adapted and may function under
low light intensities (Fast, 1994).
Deep snow and cloudy ice is a critical factor contributing to reduced photosynthesis and depletion
of oxygen during the winter. For example, in one study light penetration through 37 cm of ice and
10 cm of snow was reduced to <0.5% of the incident level. Another study showed that 41 cm of
clear ice reduced incident light by 54% but the addition of 13 cm of snow reduced it to <1%. In
Ray’s Lake, Minnesota 2.6% of incident light penetrated 8 cm of snow plus 36 cm of translucent
ice. Forty percent of the light penetrated the ice alone. At a later date, 10% of incident light
penetrated 6 cm of ‘corn’ snow plus 43 cm of translucent ice (all examples from Fast, 1994).
4.4.3.6 Trophic Status: Lakes that are subject to fish kills are characteristically eutrophic,
(Puke, 1949; Halsey, 1968; Halsey and Galbraith, 1971; Fast, 1973a; Fast et al., 1975; Mathais
and Barica, 1980; Ashley, 1983; Summerfelt, 1983; Summerfelt and Cross, 1983; Bandow, 1986;
Soltero et al., 1994; ). Winterkills of fish occur in lakes in which community respiration is high and
some natural event inhibits photosynthesis, or causes a rapid increase in oxygen demand, or both
(Summerfelt et al., 1980). For example, dense blooms of algae (Aphanezomenon and Anabaena),
high surface temperatures and sharp thermal stratification can lead to hypolimnetic oxygen depletion
and fish kills (Ashley et al., 1992).
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4.4.4

Review of Previous British Columbia Provincial Aeration Projects

A variety of techniques have been used to prevent winterkill. These date back at least as far as
1929 (Puke, 1949). As discussed in APPENDIX 4, early ad hoc techniques have been replaced with
specialized aeration equipment during the last two decades. The degree of success has improved
dramatically and aeration equipment is now commonly used in British Columbia to successfully
reduce or eliminate winterkill [APPENDIX 5].
Project success is summarized on Table 2 on the basis of subjective assessments made by British
Columbia regional staff. The fourfold classification system is the same as that used in Hartman and
Miles (1995). The success rates for aeration projects are shown in the following box summary:
B.C. SUCCESS RATE

NO. OF PROJECTS

%

Failure

4

16

Limited Success

1

4

Moderate Success

2

8

Outstanding Success

18

72

TOTAL # OF PROJECTS

25

20

80

Eighty per cent of the projects were of moderate or outstanding success. This indicates that lake
aeration can be undertaken successfully if conditions are suitable and adequate funding is available.
4.4.5

Design of British Columbia Provincial Aeration Projects

The single most important requirement for success in aeration projects is a good understanding of
the lake’s limnology. Answers to the following questions, listed by Fast (1994), will improve
understanding and increase the chances of success for aeration projects:
i)
ii)
iii)
iv)
v)
vi)
vii)
viii)
ix)

how often does the lake winterkill?
what percentage of the lake’s water volume is ice-bound each winter?
what are the lake’s areas and water volumes within each depth interval?
what is the average “chlorophyll a” value in the lake during summer?
what is the range of oxygen depletion (mg O2/L/week) during the period of ice cover?
what is the usual duration of ice and snow cover?
are there dense beds of aquatic plants and, if so, what area of the lake do they cover?
does the lake typically reach 100% O2 saturation each fall prior to ice cover formation? and
what monetary value is placed on preventing winterkill?

We must add other questions that would affect the logistics of aeration projects and influence the
decision with regard to whether it should be done:
i)
ii)
iii)
iv)
v)

what is the access to the lake during the period when aeration equipment would operate?
what is the availability of power?
what other uses are there for the lake during the period of operation of the equipment?
if aeration is to provide part of the compensation for loss of a natural, self-sustaining, lake,
what are the arrangements for maintenance of equipment in perpetuity? and
are there aesthetic, social and legal considerations regarding the operation of aeration
equipment?
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These five points touch on issues that should be considered when compensation projects are being
reviewed.
The general information that Fast (1994) regarded as being of primary importance provides some
guidance regarding expectation of oxygen consumption, however, geographic conditions will
influence the risk of winterkill in lakes.
Local fisheries managers may know whether or not winterkill occurs in a particular lake. Winter
limnological surveys by helicopter provided a rapid and useful first appraisal of the risk of winterkill
in the Caribou region of British Columbia (Lirette and Chapman 1993). They surveyed 303 lakes
and classed them as excellent, good, fair or poor if oxygen concentrations were >7, 3 to 7, 1 to 3
or <1 mg/L, respectively. This type of survey (which cost $18,000) provided a useful guide for
stocking trout. However, it did not explain why different lakes had different oxygen concentrations.
An understanding of the conditions that determine the rate of oxygen depletion will provide the
information needed to determine the type and capacity of aeration equipment that might be
required. As indicated in Fast (1994), the required aeration capacity (as indicated by the horse
power rating of the equipment) increases with lake area. Equipment employed has ranged from
about 5 HP on 2 ha lakes to about 20 HP on 10 ha lakes (i.e. 2 to 2.5 HP/ha). Most successful
British Columbia winterkill prevention projects have had large aeration capacities relative to the size
of the lake. Many have failed because pump input capacities were too small. In lakes where the
oxygen concentrations have fallen to < 3 mg/L, aeration with under-capacity systems may worsen
the situation. The injection of oxygen, at a low rate, may increase the rate of oxygen consumption
and exacerbate the winterkill conditions because the presence of oxygen may accelerate the rate of
oxidation of materials in the sediment. This problem will be most serious if the bottom sediments
are stirred by aeration. Aeration has to provide enough air to oxidize the WBOD and the SBOD. If
the WBOD and SBOD are both reduced before ice cover forms, oxygen depletion rates under the ice
will be lower and the chances of winterkill reduced.
In shallow lakes, e.g. mean depth 2 m, the formation of ice could reduce the water volume of the
lake and the stored heat energy by 25%. If a large percentage of a lake’s volume is tied up as ice,
there may be insufficient heat in the remaining water to melt the ice and create an opening
adequate enough for diffusion of sufficient air. In addition to this, there are other considerations
about aeration projects.
Ashley and Hall (1990) cited two technical difficulties that are associated with hypolimnetic
aeration:
i)
ii)

estimating the oxygen consumption of the water body; and
estimating the oxygen input capacities of the aeration system used.

They indicated that more research is needed to quantify the amount of oxygen that aeration
systems can provide. The effectiveness of an aeration system will depend upon the size of the
pump, the morphometry of the lake and the depth at which air may be injected. The rate of oxygen
uptake increases with hydrostatic pressure and is also controlled by the size of bubbles and their
rate of assent. Lake size and morphometry will determine the depth of placement and the number
and locations of aeration units.
4.4.6

Stocking Winterkill Lakes

There are strains of trout that fill special stocking needs in lakes subject to winterkill. For example,
it may be desirable to stock strains of fish that are not wanted or needed in the hatchery system.
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Graded large trout, most of which would otherwise mature precociously, might fill special needs for
stocking winterkill lakes. Tsumura et al., (1987) and Tsumura and Blann (1988) recommended
stocking of large, graded fish into winterkill lakes to reduce the number of precocious males in the
hatchery system and to produce fish large enough to be caught one year after stocking. Other
strains of fish might also be selected. For example, there were large differences in catch, 43.4 to
93.2% in the first few days among five strains of rainbow trout tested in Virginia streams (Fay and
Pardue, 1986). The percent harvest among three strains of cutthroat trout, tested in ponds in
Montana, ranged from 11.2 to 51.9% during the first 10 weeks of fishing (Dwyer, 1990). More
rainbow trout, genetically selected for fast growth, were caught per unit of angling effort than was
the case for non-selected fish (Brauhn and Kincaid, 1982). Hume and Tsumura (1992) concluded
that fast-growing, early-maturing ‘Premier Lake’ trout were more suited to a high-intensity fishery
than were slow-growing, late-maturing trout.
4.5

SUMMERKILL

Summer fish kills are frequently caused by the sudden collapse of algal blooms followed by the
decomposition of dead algal cells. Lake characteristics identified by Barica (1975) which are
associated with a high risk of summer fish kills include:
i)

low Secchi disc readings <0.4 m and high chlorophyll a levels >100 :g/L (Barica, 1975).
Maximum chlorophyll a concentrations >100 :g/L and maximum NH3-N >1,000 :g/L; and

ii)

maximum chlorophyll a concentration >100:g/L and specific conductance >800 :mho/cm.

The above criteria were developed for prairie lakes and ponds which had water depths of 1.0 to 3.9
m. British Columbia lakes, which could be of concern regarding summerkill, may not have
parameters within the above ranges. However, characteristics such as high chlorophyll a levels,
high phosphorous concentrations, high conductivity or a reduced inflow or outflow of water are
likely to be associated with an elevated risk of summer fish kills.
4.6

CONCLUSIONS

1:

Rainbow trout are exceptionally adaptable and can be readily introduced to barren
environments if conditions are suitable;

2:

The British Columbia Resource Inventory Committee procedures for lake inventory
provide a systematic basis for collecting descriptive information. This information
provides an initial basis for assessing the potential benefits of fish stocking or
determining the likelihood of winterkill. However, more detailed surveys, undertaken
at representative periods of the year, are needed to provide the information needed
to quantitatively assess lake suitability for stock transplanting, the potential for
winterkill or the feasibility of successful lake aeration;

3:

The productive capacity of a lake may be estimated in many ways. One empirical
method used to determine fish yield is the morphoedaphic index (MEI). It is defined
as the total dissolved solids (TDS) in parts per million (ppm) divided by the mean
depth in feet. Some limitations of this yield estimator have been described in
SECTION 5.1, however, the science of estimating production is improving as other
correlates of production are being studied and reported.
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4:

Predicting the potential for winterkill requires a detailed knowledge of the physical,
biological and limnological conditions within a lake. Important factors include:

i)
ii)
iii)
iv)
v)
vi)

basin morphometry;
lake bottom sediment type;
ratio of lake bottom sediment area to lake volume;
amount of dissolved oxygen in the lake at the time of freeze-up;
ice/snow conditions and under-ice photosynthesis; and
trophic status;

5:

Aeration has been used successfully at 20 sites within British Columbia to prevent
winterkill. This is an 80% success rate and indicates that aeration is a feasible
technology if conditions are suitable and adequate funding is available;

6:

Aeration may cause changes to benthic fauna and the quality of fishing. These may
result in increased property values and the creation of public expectations which
may make it difficult to stop aeration. It may also result in legal liabilities by creating
openings in the winter ice cover;

7:

Aeration (and the intensive management that it requires) is more appropriate for
intensive fisheries near population centers than remote or wilderness sites.
Furthermore the long-term success of aerated lake projects may be compromised by
the invasion of non-game fish. This has occurred in several locations including:
Dewar, Irish, Yellow and Skulow Lakes. The impact of this in Dewar Lake, for
example, has been a substantial decline in the growth rate of stocked rainbow trout
and a corresponding decline in angler use of the lake. These effects may change the
success rating of the project (M. Lirette, Pers. comm.); and

8:

Summer fish kills are frequently caused by the sudden collapse of algal blooms
followed by the decomposition of dead algal cells. Characteristics such as high
chlorophyll a levels, high phosphorous concentrations, high conductivity or reduced
inflows or outflows of water either indicate its likelihood or increase the risk of
summerkill.

20

21
5.0 RAISING LAKE LEVELS, AUGMENTING LAKE INFLOW OR CREATING NEW LAKES
Lacustrine fish habitat can be provided by constructing new lakes. Existing habitat can also be
enhanced by raising water levels or increasing the inflow to a lake or reservoir.
Open-pit coal mines in Alberta, which fill with surface and/or groundwater provide lacustrine
habitat. Existing habitat, which may be of low quality, can be enhanced by raising water levels or
increasing the flow through it. These types of habitat may not be ‘natural lake ecosystems’
however they can provide trout fishing in a lake-like setting.
New lakes, or lakes with increased water levels or inflows, have been commonly created for
hydroelectric or irrigation reservoirs. These projects are generally large in size and water levels may
fluctuate due to seasonal draw-down for hydroelectric or irrigation water demands. Smaller lakes or
reservoirs have been developed for waterfowl or fish production and these projects tend to have
less variable water levels. A number of recent projects have involved converting industrial
reservoirs, such as tailing ponds or end pit lakes generated by coal mining activities, into fish and
wildlife habitat.
Much of our understanding of the effects of increased water levels in lakes is based on experience
with hydroelectric projects because impact assessment and evaluation has been required by the
regulatory agencies . At present there are an estimated 400 hydroelectric projects in Canada
affecting over 200 river, lake and stream systems (Northcote, in press). Many of these projects are
large and every province except Prince Edward Island has reservoirs exceeding 100 million m³ in
total storage capacity. Depending upon use and location, water levels in these reservoirs may
fluctuate from 2 to >30m.
Reservoirs are an important part of the B.C. landscape. There are about 2,600 dams in the
province. Of this total, 168 are ‘major’ dams over 9 m high (B. Bugslag, pers. comm.). Large
numbers of dams occur in some areas. C. Beeson (pers. comm.) indicates that there are over 450
reservoirs in the Kamloops Region and over 250 in the Okanagan. The number of these reservoirs
that support fish populations is not known, however, the large reservoirs (e.g. over 9 m depth)
should contain fish. A number of the small aerated reservoirs also support fish.
5.1

LITERATURE REVIEW

5.1.1

Indices of Productivity

The literature dealing with fish productivity is extensive, complex and sometimes contradictory.
This may be partly explained as earlier literature sought to find empirical relationships between yield
and physical features of lakes and more recent literature has sought to assess actual production
processes with precision.
Productivity may refer to the production of phytoplankton, zooplankton, fish, or the combination of
all. In one definition, production of fish refers to the elaboration of new biomass from the standing
stock (Leach et al., 1987). The term production, when applied to fish, may refer to the entire fish
community (Downing and Plante, 1993) or may imply the amount that is caught (yield). The types
of models used in regard to ‘productivity’ depend upon whether people were attempting to produce
empirically derived estimates of fish yield or attempting to measure total fish-community production.
Ryder (1965) regarded yield as a reliable estimator of fish production. Leach et al. (1987) described
the MEI as the best overall estimator of fish yield in the upper Great Lakes. The use of yield data in
the development of production indicators is compromised because yield may depend upon such
variables as fishing effort and distance travelled to fish.
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In some situations the MEI may not estimate the production of fish. Estimates of biological
production of the total fish community in 22 lakes from a wide geographic area were not correlated
with the MEI (Downing et al., 1990). They found that total fish community production was
correlated most strongly with primary production, fish biomass or total phosphorus.
Many workers have utilized information on physical, chemical or biological features, or a
combination of them, to estimate potential production in lakes. For example, Rawson (1951 and
1952) recognized the relationship between TDS, mean depth and fish production. Northcote and
Larkin (1956) demonstrated a positive relationship between TDS and quantities of plankton in 100
British Columbia lakes. Ryder (1965) demonstrated a positive relationship between fish production
and MEI occurred in 34 Canadian lakes.
In some situations TDS seemed to play a dominant role in determining fish production (Donald and
Anderson, 1982). TDS explained 41% of the differences in weight among 2 year old trout in lakes
in western North America. However, Downing et al. (1990) found no significant relationship
between TDS and fish production in their review. Stocking density explained 20 to 30% of the
differences in weight and mean depth accounted for 3 to 7% of the difference (Donald and
Anderson, 1982).
The temperature regime in lakes also affects fish production. One of the criteria for use of the MEI
was that the lakes investigated must come from an area with a homogeneous climate. Ryder et al.
(1974) and Schlesinger and Regier (1982) showed that yield and/or biomass increased at lower
latitudes (see Figure 1). Use of the MEI was discussed in a number of papers in a special section of
the Transactions of the American Fisheries Society (Rigler 1982; Jenkins 1982; Schelsinger and
Regier 1982; Youngs and Heimbuch 1982; Ryder 1982; Oglesby 1982 and Kerr 1982). Ryder
(1982) suggested that yield estimations might be made at three levels:
i)

global level – area and temperature assume major importance;

ii)

regional level – nutrients and mean depth are critical and area and temperature are held
constant; and

iii)

infra-regional level – nutrients or mean depth alone may be used as a fish estimator if the
other is held constant.

The third point is most relevant when evaluating conditions in lakes within uniform geographic
regions of British Columbia.
5.1.2

Importance of Basin Morphometry

Lake morphometry, specifically the amount of littoral area, affects both the risk of winterkill and the
potential productivity of the lake. These opposing interests are evident in Kilpoola Lake which is
located 6 km west of Osoyoos, B.C. Northcote (1980) indicated that 75% of the bottom area and
72% of the lake volume was above 4 m. The lake supports populations of phytoplankton,
zooplankton and benthos. However, it has low oxygen concentrations during summer below the 5
m level. It is also at high risk of having fish kills during winter (Northcote, 1980).
Shoal or littoral areas, and the vegetation in them, play a number of roles in a lake ecosystem. They
produce oxygen during periods of sun-light and growth and may contribute to eutrophication. On
the other hand, they contribute substantially to oxygen reduction during darkness in warm periods
and periods of heavy ice and snow cover in the winter. These same environments may also provide
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important habitat for fish and thus contribute to production. Vegetated littoral zones in Hamilton
Harbor, Bay of Quinte and three bays in the Georgian Bay region, had higher fish densities and
greater species richness than non-vegetated sites (Randall et al., 1996). There are, however, littoral
zone areas that are productive for fish but have scanty vegetation (Welch, 1952).
Where lakes are being constructed, designers should consider the effects of different lake
morphologies on the quality of the lake. In the littoral zone of two small man-made lakes on Pender
Island, coastal British Columbia, the bottom profiles influenced the degree of weed growth and
eutrophication (Northcote, 1980). Buck Lake, which was slightly deeper, had relatively steep sides
and Magic Lake had gently sloping shores. The lakes were within 500 m of each other. Shortly
after the lakes were made, blue-green algae blooms, weed growth and other signs of eutrophication
occurred in Magic Lake, whereas Buck Lake remained clear (Northcote, 1980).
If lake levels are to be altered to increase littoral area for fisheries purposes, such benefits must be
balanced against the increased risks of winterkill. The concern about such effects are well founded.
For example, a 4 m dam on the outlet of Corbett Lake, near Merritt, B.C., increased the littoral area
from about 28% to 45% of the total surface area (from map in Teraguchi and Northcote, 1966).
Fish kills subsequently occurred in 6 out of 10 years (Halsey, 1968) and Corbett Lake must now be
aerated to prevent winterkill.
Fisheries habitat improvement activities which involve changing lake levels must therefore take into
account the potentially positive effects of production increase, the potential negative effects of
winterkill and cost considerations for potential aeration programs.
5.1.3

Conditions in Reservoirs with Water Level Fluctuation

The effects of increased water levels and amplitude of fluctuation may be different depending upon
the trophic level considered, the geographic location, the draw-down regime and, where fish are
concerned, the species.
There are a number of responses among salmonids that characterize reservoirs with fluctuating
water levels (Elder, 1965). For a period of 2 or 3 years after flooding of large reservoirs there were
improved growth rates and production of brown trout and char (Elder, 1965; Runnstrom 1951,
1955). The patterns of response to reservoir formation and operation are not completely
consistent. Garnas and Hesthagen (1982) found only weak negative effects on catch per unit
effort, age composition and growth (brown trout) with increasing amplitude of reservoir fluctuation.
Rawson (1958) reported short-term improvement in fishing in one reservoir in the Rocky Mountain
region and found that productivity fell immediately in others. Similarly, Jenkins (1967) found that
fish production peaked in the immediate post construction period and then declined to values which
were lower than in the original stream enpondment. Spada Lake in Washington was impounded in
1965 and enlarged in 1984. The area of littoral zone and the production of benthos and plankton
increased after an approximate 7 m lake level increase (Stables et al., 1990). Angling use of the
reservoir increased almost 6-fold after a further increase in lake level (1984) and then fell to one
third of the high level it reached just after 1984 (Stables et al., 1990). Spawning habitat was lost
as a consequence of the increase in lake level.
There may be a number of reasons why temporary production increases occur following the
elevation of water levels by reservoir formation (Elder, 1965). Reservoir construction increases the
forage area. Salts are leached from the flooded soil and terrestrial invertebrates either fall into or
are flooded into the water. Decaying vegetation also provides food directly and contributes
nutrients for food production by planktonic and semi-planktonic crustaceans.
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Fish that can readily make use of available food may be successful in newly created reservoirs
(Cherry and Guthrie, 1975). In a four-year-old reservoir, in South Carolina, carp, suckers and catfish
made effective use of detritus and the insects and crustaceans within it. Brown trout were scarce
in the reservoir so their responses were not clear (Cherry and Guthrie, 1975). Water level
fluctuations had impacts on largemouth bass nesting success (Mitchell, 1982). Increasing water
levels reduced nesting success by causing lower water temperatures. Decreasing water levels
stranded the nests (Mitchell, 1982).
The long term impacts of increases in water level and water level fluctuation are detrimental to the
production of bottom fauna (Grimas 1961, 1962, 1964, 1965; Nilsson, 1961). In Lake Blasjon,
Sweden, there was a 70% reduction in the bottom fauna in the zone of fluctuation following
impoundment. Maximum abundance of the remaining fauna occurred just below the draw-down
limit (Grimas, 1961). Fluctuation of water level in Lake Blasjon also caused a change in composition
of bottom fauna. It decreased the Gammarad species, large insect larvae and gastropods, but
increased oligochaetes, nematodes and pisidians (Grimas, 1962). There was a negative effect on
fish food organisms in Lake Kultsjon, Sweden following lake level regulation. The heavy reduction
of fish food organisms occurred directly as a result of draining and freezing (Grimas, 1965). Char
were affected less than brown trout by lake regulation (Nilsson, 1961). Char fed upon plankton,
which was less vulnerable to regulation than was bottom fauna. The abundance of large insect
larvae remained high in a Norwegian reservoir where the rhythm of fluctuation was slow and the
draw-down was restricted (Grimas, 1964).
The construction of impoundments may cause increased shore erosion and water turbidity, altered
temperatures and increased mercury contamination. Severe erosion and sediment deposition
occurred in the littoral zone in Lake Blasjon, Sweden (Grimas, 1962). There was very severe
shoreline erosion (Newbury and McCullough, 1984) and sediment deposition (Hecky and
McCullough, 1984) in Southern Indian Lake, Manitoba following a 3 m increase in lake level.
[Responses in Southern Indian Lake may not be representative of those in B.C. because much of its
original shoreline was in permafrost.]
Mercury levels increased in fish in three lakes in the Churchill River diversion project (Bodaly et al.,
1984). Mercury levels in pike and walleye from Southern Indian Lake increased from 0.2-0.3 :g/g to
0.5-1.0 :g/g. They were higher yet, 1.5-2.9 :g/g, in Rat and Notigi lakes. The area of these lakes
had increased by 282% with flooding. Declines in mercury levels in most species of fish had not
taken place within 5-8 years of flooding. Increase in mercury level in new impoundments and
flooded lakes is not unusual and Bodaly et al. (1984) listed 4 or 5 cases where it occurred in
locations other than Southern Indian Lake.
Although changes in lake conditions may be expected following the alteration of lake level, it is not
easy to predict correctly the effects of such water level changes in a large system. In a review by
Hecky et al. (1984), eight impacts were correctly predicted, two were incorrectly predicted and 7 of
17 were not predicted at all.
5.1.4

Conditions in Reservoirs with Stable Water Levels

Many small impoundments, whether built by beavers or people, can benefit recreational fisheries by:
i)
ii)
iii)

increasing the productive volume of the lake;
increasing the littoral area and shoreline; and
altering a lake’s depth/volume relationship in a manner which reduces the likelihood of
winterkill.
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Reservoirs with stable water levels have two important fish production advantages over those that
fluctuate. First, permanent littoral and riparian zone plant communities are established. Second,
conditions of stable water levels plus such plant communities permit continuing production of
benthic organisms.
5.1.5

Effectiveness of Littoral Areas as Over-winter Refuge Habitat

There are important differences in winter and summer behaviour of young trout. Metabolic
requirements, food intake and swimming speeds are reduced during cold periods in the winter. The
relationship between foraging behaviour and resting or hiding also changes. The vulnerability to
predation by homiotherms is higher and the role of refuge habitat is therefore more critical. It is
well known that young salmonids, in streams, seek cover by day and move out from cover at night
during winter. There is less information on ecological behaviour of young trout in lakes during
winter than there is for streams. However, many of the temperature-induced physiological
conditions might be expected to be the same. The use of refuge habitat in lakes is expected to be
important during winter. One paper indicates the use of such habitat. Flooded shoreline vegetation
provided cover for juvenile rainbow trout stocked in mid-elevation reservoirs in Utah (Tabor and
Wurtsbaugh, 1991). During the day young trout were in the littoral zone of two reservoirs that
were studied. They selected the most structurally complex habitats i.e. large boulders, inundated
vegetation and small rocks and avoided open areas of sand and gravel bottom. However, during
night they did not show as strong a preference for structurally complex habitats (Tabor and
Wurtsbaugh, 1991).
5.2

REVIEW OF CONSTRUCTED PROJECTS

5.2.1

Project Success

A total of 28 lake manipulation projects were identified in B.C. and Alberta. These included17
projects where lake levels were increased, 5 where lake level and through-low were increased and 6
sites (all in Alberta) where new lakes were created in the end pits of coal mines.
A synopsis of the collected information is compiled in APPENDIX 6 and a summary is compiled on
Table 3. As indicated below, 78% of all rated projects were either a moderate or outstanding
success:
SUCCESS RATE

NO. OF PROJECTS

Unknown

5

na

Failure

2

9

Limited Success

3

13

Moderate Success

7

30

Outstanding Success

11

48

TOTAL # OF PROJECTS

28

*1

%

*1

22
78

of the rated projects

It is, however, important to realize that the criteria used in this evaluation varied with the
perspective of the individual or individuals from whom we obtained our information. For example,
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some raised lakes in B.C. and most of the constructed lakes in Alberta created a successful fishery.
However, these lakes are generally not self-sufficient as they require annual stocking and, in the
case of B.C., aeration to prevent winterkill is required at some sites. Despite these functional
limitations, a number of the projects in B.C. and Alberta were rated as being an outstanding
success. In contrast, other contacts used stocking, aeration or other maintenance requirements as
a basis for rating projects as being only a limited or moderate success. Despite this shortcoming,
the survey clearly indicates that it is possible to create or enhance lake fisheries. What is not well
known is how well fish production will be sustained over the long term as the recently created lakes
continue to mature and the initial input of nutrients is expended.
It is instructive that five of 28 or 18% of the identified projects did not have enough data to reliably
assess their performance.
Due to the small sample size, it is difficult to compare the success rates between projects which
manipulated lake level only, increased lake level and augmented flow or created new lakes. The
available information is, however, shown below:
LAKE LEVEL

LAKE LEVEL AND FLOW

NEW LAKE

SUCCESS RATE

NO. OF
%
PROJECTS

NO. OF
%
PROJECTS

NO. OF
%
PROJECTS

Unknown

5

na

Failure

2

17

Limited Success

2

17

Moderate Success

3

25

Outstanding Success

5

42

TOTAL # OF PROJECTS

17

*1

*1

0
34
67

*1

na

na

0

0

0
1

20

4

80

5

*1

100

1

17

3

50

2

33

17
83

6

of the rated projects

This comparison suggests that augmenting flow as well as increasing lake level may be desirable.
5.2.2

Factors Affecting Project Success

The information presented in APPENDIX 6 indicates that the following factors were identified as
having caused difficulties with the constructed projects:
inadequate water supply or seasonal draw-down which dried up littoral areas;
truck and shovel construction techniques which leads to deep lakes with <15% littoral
areas;
deep lakes in which the hypolimnion becomes anoxic;
physical instability in the littoral area or shoreline erosion;
insufficient littoral area which reduced primary productivity;
excessive littoral area which resulted in warm water temperatures and an increased
frequency of winterkill;
elevated Cu or Mo concentration in lake sediments or in the water column; bio-accumulation
of Cu, Mo, Se or Hg;
inadequate design, construction or maintenance which led to physical failure of weirs,
channels, etc.;
lack of suitable inlet or outlet spawning habitat;
physical barriers between lake outlet spawning area and lake rearing habitat;
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provision of lake inlet or outlet spawning habitat which does not match the genetic
predisposition of the fish involved;
loss of fish through the outlet channel;
beaver dams which inundate spawning habitat;
competition from non-sport fish or excessive fishing pressure;
lack of riparian cover leading to high rates of predation;
lack of a self-sustaining fishery which necessitates an annual stocking program;
cost of annual stocking, provision of aeration programs or other maintenance activities;
reduced aesthetic appeal due to a lack of landscaping or riparian reclamation work; and
lack of a comprehensive monitoring or reporting policy.
In contrast, factors which we identified as have contributed to successful projects included:
a stable water supply and/or lake levels;
the presence of groundwater inflow;
an integrated design which included raising lake levels, augmenting the water supply and the
construction of fisheries habitat;
raised lake levels which increased the available littoral areas and decreased the potential for
winterkill;
drag line construction techniques which resulted in shallow (<20 m) water depths and the
presence of 25 to 40% littoral areas;
the presence of both an inflow and outflow channel which increased the through-flow of
water and decreased the potential for winterkill;
strong winds, lake orientation and shallow water depths which permitted mixing and
reduced the risk of winterkill;
supplemented aeration programs to prevent winterkill;
high CaCO3 concentrations which reduced the toxicity of elevated Cu concentrations;
elevated TDS values leading to high potential productivity (although productivity was not
actually measured);
initial post-construction availability of nutrients;
riparian vegetation and reclamation activities which provided a source of nutrients;
strong invertebrate production and high dissolved oxygen concentrations;
adequate water quality;
annual fry stocking in lakes with mono-cultures;
stocking 1-year old trout in lakes with competition from non-sport fish;
lack of vehicle access which resulted in lower fishing pressure;
restrictive fishing regulations;
drag line construction techniques which resulted in a natural appearing lake and riparian
area; riparian replanting and other reclamation work which provided an aesthetic showing;
and
community involvement in the design construction and operation of the project.
5.2.3

Summary

Raising lake levels may result in both positive and negative effects.
Newly flooded areas will release nutrients and enhance production at the bottom of the food chain.
This effect will last for a few years and then decline. There will be an increase in the terrestrial
food organisms that fall into the water or are caught up in the level increase. This effect will also
be of short duration. If the flooded shoreline was vegetated, there would be an increase in the
complexity and amount of cover. This should have a positive effect on trout production. However,
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there is also a negative side to this as flooded areas are unsightly and may in fact be dangerous to
boaters if they contain snags.
The effects of increasing lake levels on perimeter length, percent of shoal or littoral area and lake
volume to depth ratio will depend on the morphometry of the lake basin and the character of the
terrain around it. If the shore area that is flooded is flat and extensive compared to the existing
littoral zone, there will be a large increase in productive littoral area. However, the creation of an
extensive littoral areas will also increase the risk of winterkill. If the lake is deep with steep sides,
and if the surrounding land is steep, an increase in lake level will alter volume to area relationships
but will not have a major impact on perimeter dimensions or the percentage of littoral area.
The effect of raising lake levels is therefore dependent on individual site characteristics. There is no
single set of responses that may be expected for all lakes and there may be both positive and
negative effects associated with any water levels manipulation scheme.

29
6.0 CONSTRUCTION OR ENHANCEMENT OF SPAWNING/REARING CHANNELS
A small number of artificial channels have been constructed at lake inlets and outlets to provide
spawning or spawning and rearing habitat.
In some cases the channels are only operated
seasonally as their objective is to simply provide a place for fish to spawn so that they do not
become egg or milt-bound (e.g. Plates 1 and 2). In this circumstance the channel may be seasonally
deactivated as there is no requirement to produce fry. This occurs most frequently in stocked lakes.
In other situations, fry production is desired and the channels have been primarily designed to
provide spawning habitat. Rearing habitat for fry is produced incidentally. More commonly, existing
stream channels have been enhanced to provide improved spawning or rearing capability. The
performance of each of these types of channels is reviewed in this section.
6.1

TECHNIQUES FOR QUANTIFYING STREAM SPAWNING AND REARING HABITAT

The B.C. Government Resource Inventory Committee (RIC), the B.C. Forest Practices Code and
Forest Renewal B.C.’s Watershed Restoration Program (WRP) have recently produced a number of
guidelines for assessing stream channel morphology and fisheries habitat. Relevant publications
include:
A:

Resource Inventory Committee
Reconnaissance (1:20,000) Fish and Fish Habitat Inventory: Standards and Procedures
(Ministry of Fisheries, 1998a);
Reconnaissance (1:20,000) Fish and Fish Habitat Inventory: Data Forms and Users Notes,
(Ministry of Fisheries, 1998b);
Standards for Fish and Fish Habitat Maps (Ministry of Fisheries, 1998c); and
Reconnaissance (1:20,000) Fish and Fish Habitat Inventory: Lake Survey Form Field Guide
(Ministry of Fisheries, 1999a);

B:

Forest Practices Code
Channel Assessment Procedure Guidebook (Anonymous, 1996);
Coastal Watershed Assessment Procedure Guidebook (Anonymous, 1995a) and Interior
Watershed Assessment Procedure Guidebooks (Anonymous, 1995b and 1998a); and
Fish–Stream Identification Guidebook, Second Edition (Anonymous, 1998b).

C:

Watershed Restoration Program
Fish Habitat Assessment Procedures (Johnston and Slaney, 1996);
Channel Conditions and Prescriptions Assessment Interim Methods (Hogan, Bird and Wilford,
1996); and
Fish Habitat Rehabilitation Procedures (Slaney and Zaldokas, 1997).

It is beyond the scope of the present project to review all of these procedures. We have, however,
been requested to provide comments on the ability of these guidelines to quantify spawning and
rearing habitat. Measures to assess the productive capacity of spawning or rearing habitats is also
of interest if these procedures are to be used to either document the extent of lost habitat or
determine the value of replacement habitat.
The RIC guidelines provide standardized procedures for conducting overview (1:20,000 scale)
assessments of stream channel characteristics and fish habitat. The procedures are not intended,
nor are they suitable, for quantifying the areal extent or productive capacity of spawning or rearing
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habitat. For example, procedures for assessing rearing habitat cover do not provide a system for
quantifying the area or, more importantly, the volume and complexity of cover that would be
functional within specified flow ranges.
Similarly, the recommended procedures do not address the mosaic of features which are required to
assess spawning habitat. As illustrated in Hartman and Galbraith (1970), adequate spawning
habitat must include more than just appropriately sized gravel. Factors such as the availability of
cover, water depth and velocity during the incubation period must all be suitable.
The Forest Practices Code channel and watershed assessment procedures (Anonymous, 1995a,
b;1996 and 1998a) and the three Watershed Restoration Program documents provide some
guidance of watershed or channel “health” but do not specifically address the quality or productive
capacity of spawning and rearing habitat.
Spawning or rearing habitat can be identified on the basis of previous local experience with similar
stocks or, if a more formal assessment is required, by developing probability of use curves similar to
those published in Bovee and Cochnauer (1977) or Bovee (1978). However, it is important that
potential temporal changes in the distribution of these habitats is recognized. This is particularly
relevant in situations where channel regime or morphometry is changing due to land use or climatic
variation. For example, Figure 4 (from M. Miles and Associates Ltd., 1999a) illustrates the changes
in channel morphology which have occurred over a 50-year period on a coastal stream located near
Powell River, B.C. Riparian and upslope logging activities can be seen to have significantly affected
the stability of the river banks and the sediment supply. The photo sequence illustrates the
resulting changes in channel morphology and associated rainbow trout habitat. These impacts are
still evident 40 years after logging. Figure 5 (from M. Miles and Associates Ltd. 1999b) illustrates
the dramatic changes in channel regime which have occurred following valley bottom logging and
flow diversion on a stream located near Campbell River on Vancouver Island. The channel shows
only modest recovery after a period of 38 years. Although only two examples are illustrated here,
experience indicates that this pattern of impact and slow recovery is repeated commonly.
The two examples discussed above demonstrate the benefit of assembling the historical air photos
to determine how channel morphology and the distribution of fish habitat has varied over the period
of record. Mapping units such as “river reaches” can be seen to be dynamic and can be expected
to evolve over time as a result of changes in sediment loadings, river bank stability, riparian land use
or climatic variation. This implies that stream habitat inventories or assessments will need to be
periodically updated in evolving alluvial channels.
Seasonal variability must also be considered when assessing both the extent and capability of
potential habitat features. This is particularly important in the north where the winter low flow
conditions, ice effects, etc. can significantly affect habitat availability or suitability.
The implication of the above observations is that channel or fish habitat assessment is a
complicated process which requires considerable physical and biological experience and an
understanding of how physical processes affect fisheries habitat formation (e.g. see Kellerhals and
Miles, 1996). FRBC and WRP guidebooks provide a standardized methodology for data collection
which can be employed by people with relatively little training. However, the guidelines provide
only comparatively simple advice on how to interpret the collected data, and the indices of channel
impact are only first approximations at best. An experienced geomorphologist or biologist may be
able to make some interpretations from the information compiled using these guidelines. First hand
interpretations are, however, likely to be much more reliable. This implies that inventories for No
Net Loss assessments or other substantive purposes should be undertaken by senior scientists
(preferably a team consisting of a geomorphologist and a biologist) using inventory procedures
developed on a project specific basis.
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There are many models that have been developed to assess the productive capability of stream
systems (e.g. Fausch et al., 1988; Korman et al., 1994; Ptolemy, 1995).
The 99 models reviewed by Fausch et al. (1988) were organized and evaluated by habitat variables
used, mathematical structure, size of data set and effectiveness of fitting the model to the data set.
The models used to predict “standing crop of stream fish” were of five types based on drainage
basin characteristics, channel morphology, flow, habitat structure (biological, physical and chemical)
and weighted useable area.
Korman et al. (1994) evaluated the predictive capabilities of 91 stream and 87 lake models.
Different models were useful for four different types of analyses:
P
P
P
P

stock management decision making;
evaluation of stream and lake restoration methods;
help in evaluation of habitat impacts; and
examination of the relative benefits of mitigation techniques.

Korman et al. (1994) ranked models for these four types of analysis, according to their efficacy for
use in B.C. Many of the models reviewed in Korman et al. (1994) were the same as those
evaluated in Fausch et al. (1988). Different models use different variables, frequently in linear or
multiple regression analyses, to predict fish production capability. Historically, some models have
been misused (Korman et al., 1994). Many models are specific for a geographical area and are poor
predictors in new areas.
Density of fish, alkalinity and conductivity were positively related in analyses of data from 240 B.C.
streams (Ptolemy, 1995). Ptolemy’s model was highly rated by Korman et al. (1994), however, a
limitation was that it only predicted abundance of fish in prime habitats.
Regardless of the types of model used, it is critical that habitat measurements or estimates are
accurate and can be extrapolated from reaches where they are made to other reaches. Dolloff et al.
(1993) reported discrepancies between the Representative Reach Extrapolation Techniques (RRET)
and the Basinwide Visual Estimation Techniques (BVET). The sampling method in the BVET avoided
estimation errors.
There is concern that fisheries and habitat mangers may rely too heavily on cookbook formulae and
models in decision making. The behaviour of natural systems is characterized by complexity and
uncertainty (see process diagrams in Hartman and Scrivener, 1990). We may never escape the
need to use models, however, such use must be accompanied by an understanding of the
complexity of natural systems and a recognition of the processes that are being “managed”.
Development of an understanding of the natural systems about which we make decisions can be
impeded by political expediency, budget constraints and an aversion to “more research”. Better
decisions will be made so long as the use of models is tempered with caution and understanding. If
they are used “blindly” as quick-fixes, poorer decisions will result.
6.2

REVIEW OF PREVIOUS PROJECTS

A review of projects to create spawning channels and improve existing inlet or outlet spawning or
rearing facilities is presented in APPENDIX 7. The results update some of the analyses previously
presented in Hartman and Miles (1995) and include new projects.
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Project performance is summarized in Table 4 on the basis of subjective assessments made by
regional staff. The fourfold classification system is the same as that used in Hartman and Miles
(1995). The review indicates the following success ratios:
SUCCESS RATE

NO. OF PROJECTS

%

Unknown

4

na

Failure

16

34

Limited Success

11

23

Moderate Success

8

17

Outstanding Success

12

26

TOTAL # OF PROJECTS

51

TOTAL # OF RATED PROJECTS

47

*1

*1

57

43

of the rated projects

Fifty-seven per cent of the projects had limited or no success and 43% were considered moderately
or outstandingly successful.
Four of the twelve projects listed as outstanding successes simply involved pumping water into an
excavated channel to allow fish to spawn so that they would not become egg-bound. After the
eggs were laid the pumps were turned off and the eggs died. If these projects (which are
comparatively simple to design, construct and operate) are omitted the success statistics are as
follows:
SUCCESS RATE

NO. OF PROJECTS

%

Unknown or omitted

8

na

Failure

16

37

Limited Success

11

26

Moderate Success

8

19

Outstanding Success

8

19

TOTAL # OF RATED PROJECTS

43

*1

*1

63

37

of the rated projects

This revised analysis indicates that 63% of the constructed projects had limited or no success and
37% had moderate or outstanding success. Given the generally short period over which these
projects have been operating, it is likely that the long term success will be lower than 37% unless
regular monitoring and maintenance are carried out.
It is instructive that four projects or nearly 10% of the total have no follow-up information. In
addition, success criteria for the other projects was, in the majority of cases, only available from
local managers (rather than from actual reports). These results are similar to those reported in
Hartman and Miles (1995) and indicate the scarcity of post-construction monitoring and reporting.
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This observation is particularly relevant to government sponsored projects which do not have legal
or contractual requirements for monitoring and documentation of performance.
We have subjectively ranked each of the projects in Table 4 to indicate the design complexity of the
construction or maintenance process.
PROJECT COMPLEXITY, CONSTRUCTION AND DESIGN EFFORT

CODE

NUMBER OF %
OF
PROJECTS
PROJECTS

Gravel placement in existing channel, little channel preparation

1

20

41

Gravel platform construction, rock or wood weirs to hold gravel in place

2

10

20

Gravel platform construction, plus cover

3

3

6

Spawning channel in existing stream, channel preparation before gravel
4
placement

3

6

Constructed spawning channel - pumped water supply

5

7

14

Constructed spawning channel - natural water supply

6

2

4

Designed channel for spawning with rearing habitat components 7
cover

4

8

TOTAL NUMBER OF PROJECTS (2 projects uncoded)

49

This analysis indicates that 61% of the projects have merely involved the placement of spawning
gravel or the construction of gravel platforms. Seven of the thirteen newly constructed channels
(54%) have a pumped water supply and four (31%) have no fry recruitment as the pumps are
turned off once the fish have spawned. This analysis implies that most experience with rainbow
trout enhancement has been with projects which are comparatively simple to design or operate.
Project success as a function of the project complexity is summarized below:
SUCCESS AS A FUNCTION OF DESIGN COMPLEXITY
SUCCESS

1

2

3

4

*1

5

6

7

#

%

#

%

#

%

#

%

#

%

#

%

#

%

Failure

6

33

3

33

1

33

2

66

2

25

1

50

2

50

Limited Success

6

33

2

22

1

25

Moderate Success

4

22

3

33

Outstanding Success

2

11

1

11

1

25

TOTAL # OF
RATED PROJECTS

18

9

1
2
3

66

33

1
6

3

8

75
2

50

4

This analysis is compromised by the small number of projects. It does, however, indicate that
simple projects, such as placing gravel or constructing gravel platforms, have 66% and 55% failure
rates, respectively. Experience again indicates that these types of projects deteriorate with age
and, without maintenance, the long term success is likely to be even lower. This analysis therefore
implies that it is difficult to create successful spawning or rearing habitat, particularly if regular
maintenance and repair cannot be assured.
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6.3

FACTORS AFFECTING PROJECT SUCCESS

A review of the information presented in
difficulties with the constructed projects:

APPENDIX 7

indicates that the following factors caused

lack of water supply, intermittent water supply or pump failure;
water quality impacts due to cattle or high pH;
loss of spawning gravel due to high flows or the action of spawning fish;
sediment deposition in spawning gravel due to local bank erosion or upstream sediment
production;
nest superimposition;
fish poached or taken by bears due to low standing water;
inadequate assessment of limiting factors, (e.g. spawning habitat constructed but rearing
habitat not available);
predation by non sport fish (e.g. burbot and squawfish);
impacts due to land use changes (e.g. logging road, bridge construction, mining, etc.);
channel instability due to large flood flows or steep channel gradient (3.5 to 5%);
inadequate channel gradient resulting in sediment deposition; and
access difficulties due to channel constrictions or barriers and beavers.
In contrast, factors which contributed to successful projects included:
adequate stream flow in low-gradient streams;
well engineered channel constructed with filter cloth, rip-rap and gravel;
annual gravel cleaning or placement; and
upstream sediment control measures.
Careful site selection is probably the single most important factor affecting the physical success of
spawning and rearing channels. Our experience indicates that it is desirable to locate channels on
stable fans, along the base of the valley wall or in other areas where local drainage can be expected
to augment the surface water supply. However, even with pre-project site assessments, it will be
difficult to predict the volume and quantity of water which will be available. The amount of
available water will dictate the area or length of channel which can be built. In addition, increasing
atmospheric CO2 concentration is predicted to result in warmer and dryer summers in much of B.C.
(e.g. Figure 6). Thus, there is unavoidable uncertainty about both the present and future water
supply. It is important that designers size proposed channels on the basis of conservative estimates
of the potential water supply and the magnitude of peak flood events. Maintenance requirements
can also likely be reduced if the channel width and depth, rip-rap size, measures needed to hold
spawning gravel in place, etc. are calculated on the basis of hydraulic geometry relationships and
engineering design guidelines (e.g. Roads and Transportation Association of Canada, 1973 and
1980; Newbury and Gaboury, 1993; Hey and Heritage, 1993; Shrubsole, 1994; U.S. Government,
1998).
From a biological perspective, the size and age of young trout produced from improved spawning
areas or channels must be suitable for the environment into which the fish go. If the lake, into
which the young fish migrate, supports large numbers of non-sport fish, the recruited trout should
be large (one year old or more). Smaller fish are more vulnerable to predation. In cases where it is
important that young fish are large before they enter a lake, outlet spawning may be an advantage.
In Loon Lake, B.C., most of the young fish entering the lake from the outlet were 1+ in size. Those
entering the lake from the inlet were fry. The Loon Lake situation may not pertain in all cases,
however, it serves as a guide for what type of recruitment to expect from outlet and inlet spawning
populations.
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7.0 PHYSICAL AND ECOLOGICAL EFFECTIVENESS OF DIVERSION CHANNELS
AROUND PITS, ROCK DUMPS AND TAILINGS OR SETTLING PONDS
Mining developments can require the construction of open pits, waste rock piles, settling or tailing
ponds and a network of roads. In some circumstances, it is possible to construct a diversion
channel around these structures to either pick up seepage water or re-establish a pre-existing water
course. We have attempted to identify as many of these types of projects as possible and
determine their performance. However, despite extensive interviews and a review of annual
reclamation reports filed with the B.C. Ministry of Energy, Mines and Petroleum Resources, we have
only been able to locate 7 mine sites with relevant projects. Three are in B.C., 1 is in Yukon, 2 are
in Alberta and 1 is in the NWT.
7.1

REVIEW OF PREVIOUS PROJECTS

The identified diversion projects are described in APPENDIX 8 and this information is summarized on
Table 5. A total of 10 diversions were identified at the 7 mine sites. No data are available on 2 of
these projects. Success statistics are as follows:
SUCCESS RATE

NO. OF PROJECTS

%

Unknown

2

na

Failure

3

38

Limited Success

2

25

Moderate Success

2

25

Outstanding Success

1

13

TOTAL # OF PROJECTS

10

*1

*1

63

38

of the rated projects

Sixty-three per cent of the projects are classified as being a failure or of limited success and 38 per
cent are a moderate or outstanding success. These statistics obviously suffer from the small
sample size. Nevertheless the results indicate that over half of the constructed diversion channels
do not successfully provide fish habitat.
7.2

FACTORS AFFECTING PROJECT SUCCESS

A review of the information in APPENDIX 8 indicates that it is difficult to create stable diversion
channels if a pit or rock dump is located in a steep gradient area. In contrast, settling or tailings
ponds are commonly located in the valley bottom. The imposed channel gradients are generally less
severe and this will increase the likelihood of creating a stable channel which can support fish.
The most successful identified project is a diversion at the Coal Valley Mine in Alberta. This 2.3 km
long diversion channel was extensively enhanced for fish. Complexity was provided through woody
debris and boulder placement, holding pools were created, spawning habitat constructed and the
entire channel was lined with pit run gravel. Discussions with Dane McCoy (pers. comm.) indicate
that the channel cuts across a wetland complex which may help to regulate peak flows. This also
suggests this channel is a low gradient and low energy system.
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The Ekati project in the NWT is also instructive as only a small amount of fisheries habitat was
initially constructed in this diversion channel. Intensive biological and hydraulic monitoring will be
undertaken over the next 10 years and additional habitat development will be undertaken on an
“adaptive basis” once successful strategies have been identified.
7.3

RECOMMENDATIONS FOR DESIGN OF ECOLOGICALLY FUNCTIONING DIVERSION
CHANNELS.

7.3.1

Hydrology and Hydraulics

As discussed in SECTION 6, it is important that all channels be designed on the basis of the expected
flows (e.g. Hardy BBT Ltd., 1990). Channel linings, bank revetments, drop structures or other
engineering works may be required to produce a more or less stable channel. Documents by RTAC,
1973; Newbury and Gaboury, 1993, Hey and Heritage, 1993; Shrubsole, 1994, U.S. Government,
1998 and U.S. Army Corps of Engineers et al., 1999, provide information on appropriate
engineering and environmental techniques.
The kinds of habitat enhancement structures which are appropriate for a specific setting must be
determined on the basis of both biological requirements and the physical conditions within the
channel. Previous reviews indicate that instream enhancement projects typically have 20 to 50%
success rates over periods of less than a decade (see M. Miles, 1997). In large measure, this
reflects the selection of structures which were inappropriate for the discharge or sediment load
which had to be accommodated. Most fisheries enhancement guidelines (e.g. Adams and Whyte,
1990; Slaney and Zaldokas, 1997) do not provide quantitative criteria for selecting or sizing
instream structures. The U.S. Government (1998) makes some steps towards this process and a
paper by Brookes (1990) provides stream power criteria (calculated from slope and bankfull
discharge) to assess the stability of structures placed in sand bed channels. Unfortunately, more
quantitative measurements would be required to generate similar criteria for streams in B.C. A
factor that is not commonly considered is that natural stream channels are in equilibrium with the
channel gradient, the discharge and sediment load they must carry and the characteristics of the
river bed and the channel banks. Changing any of these factors will alter the stream morphology
and if the individual or cumulative alterations exceed poorly-defined threshold conditions, then
resulting changes in channel characteristics can be very large (see Schumm, 1977; Kellerhals,
1982; Kellerhals and Church, 1989; Church, Ferguson and Kellerhals, in draft; and Ashmore and
Church, in press).
7.3.2

Biological Considerations

We found little information about biological conditions and fish production in diversion channels
around major mine features. However, full biological function to replicate natural, sustaining fish
production habitats for spawning and/or rearing requires several elements:
i)

Water quality conditions such as pH, oxygen, ammonia and turbidity must be appropriate.
The production of algae within streams requires a balance of nutrient elements in adequate
concentrations.
The concentrations of heavy metals must be within the regulatory
standards. It will be difficult to reliably predict these concentrations within the different
types of channels which occur around a mine;

ii)

Water temperature regimes must be appropriate for trout. If a channel is exposed to radiant
energy for a considerable distance, the water will heat up. A functional channel therefore
requires canopy cover for temperature regulation. The amount of canopy cover needed will
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depend upon stream width, duration and intensity of insolation, air and ground temperature,
travel distance and the temperature of originating water. The amount of ground water input
will also affect the thermal regime. The numerical values assigned to these elements will
depend upon the local situation;
iii)

The hydrological regime must provide adequate spawning and rearing flows. It must also
provide periodic flushing events adequate to re-condition spawning gravel and maintain
habitat. However, these should not be so high that they permanently destroy fish and
habitat structure. Natural streams have ground water input to their channels. The location
and amount of such ground water determines the location of spawning areas for Dolly
Varden and bull trout (Baxter and McPahil, 1999). The presence of cover near spawning
sites is also important;

iv)

The channel structure must provide cover appropriate for different life stages and seasons
depending upon the life histories of the fish present. The channel must contain a mosaic of
gravel patches and holding cover for spawning trout if it is used for reproduction;

v)

A naturally functioning channel must be bordered by a complex of riparian vegetation
species. The species composition of such vegetation will depend upon the geographic
situation. Aside from providing shade, riparian vegetation provides cover and allochthomous
material for trophic processes within the stream; and

vi)

Natural channels contain an array of benthic invertebrates. Some of the species of
Ephemeroptera and Plecoptera (mayflies and stoneflies) are indicative of water quality.
Local species that fill such a role should be looked for in re-constructed channels. A wide
array of benthic invertebrates will quickly colonize a channel if water quality is satisfactory.

These requirements and considerations are listed in very general terms. There has been no intention
to quantify the identified elements. The essential point in this listing is that if diversion channels are
to be built and operate as parts of a functional and productive lake-stream system, all of the
elements listed must be considered during design, construction and operation.
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8.0 CONCLUSIONS
The analyses undertaken in this study indicate that the success rate
enhancement or compensation strategies is as follows:

1

for the investigated fisheries

PROJECT TYPE

SUCCESS RATE %

Aeration

80

Lake level or flow increase (all types)

78

lake level only

67

lake level and flow

100

new lake

83

Spawning/rearing channels (all types)

43

Spawning/rearing channels - fry not killed

37

Ecologically effective diversion channels

38

These results suffer from a number of limitations:
i)
ii)
iii)

the sample sizes are small;
success criteria are subjective and may not have been uniformly applied; and
many projects have only been recently constructed and the long term success is unknown.

Nevertheless, these data suggest that aeration projects and manipulations of water levels to
enhance fisheries production can be successfully undertaken in some types of lakes. Preceding
sections of this text have attempted to define the factors which predispose a site to success or
failure. Despite this guidance, there will still be unavoidable uncertainty in this assessment and it
may therefore be difficult to reliably predict how well proposed aeration or lake level manipulation
projects will work. A second concern is that aeration and lake level manipulation projects require
continued operational and maintenance funding and, in the case of aeration, these costs can be
considerable if the site does not have a nearby reliable power source. Our analyses also suggest
that lake aeration projects were comparatively less successful if they relied on a diesel generator for
power or if they were located in isolated areas where it was difficult to readily check on the
machinery.
Many of the identified lake manipulation projects (as in the Alberta end pit lakes) were operated as a
“put and take” fishery as they could not produce a self-sustaining fisheries population, nor could
they sustain the fisheries pressures placed upon them. Projects such as Trojan Pond in the Highland
Valley, B.C. were “outstandingly successful” in that they produced large trout. However, the fish
are inedible due to elevated copper concentrations, the former settling pond is devoid of riparian
vegetation and the adjacent surface has recently been treated with bio-solids. Thus, while the
replacement lake is deemed to be an “outstanding success”, it does not presently provide the same
fishing experience which would occur at a natural lake. In addition, there has not been the
opportunity to monitor the long term evolution of water quality, fisheries productivity or other
conditions in manipulated lake environments. Therefore, until this information is available, the
eventual success rate of Trojan Pond or other artificial lakes is unknown.

1i.e. projects which we rated as being a moderate or outstanding success.
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Our analyses indicate that less than half of the spawning or spawning/rearing channel projects were
successful. In addition, many successful sites required either pumps to provide a water supply or
regular maintenance to ensure gravel quality. For this reason, many of the constructed channels are
not self-sustaining and on-going maintenance funding is required.
Our analyses suggest that slightly more than one-third of the identified diversion channels were
capable of sustaining a fishery. Channels commonly eroded and fisheries structures were destroyed
by flood flows. These results are similar to those presented in Hartman and Miles (1995), Miles
(1997) and Pattenden et al. (1998).
The frequently documented failures of instream structures are thought to result from:
i)
ii)
iii)
iv)
v)

inadequate knowledge or understanding of site conditions;
a lack of quantitative guidelines for selecting and designing appropriate structures;
inadequate design and/or construction;
lack of maintenance; and
attempting to provide static “structures” rather than setting up conditions where river
processes will create the required habitat.

From a biological perspective, it is difficult to both identify the “sequence of key factors that limit
production” (see Miles et al., 1999) or assess a project’s effect on fish productivity. Despite these
limitations, it is our opinion that short sections of ecologically effective diversion channels can be
constructed as long as the gradient or stream discharge (i.e. stream power) is not excessive.
However, adequate physical and biological work must be undertaken to define habitat requirements.
Also the project budget must be sufficient to provide for competent design, construction,
monitoring, post-construction assessments and on-going maintenance, fine-tuning or periodic
reconstruction. Even with this process, an initial loss of production is likely to occur.
In situations where stream flows or channel gradients are significantly increased, it may not be
possible to construct diversion channels which have habitat values similar to that in the pre-existing
channel. This is particularly important in situations where poorly defined threshold values between
one type of channel regime and another are crossed.
The documented success rates for spawning/rearing channels and ecologically effective diversion
channels are a concern as most projects have been recently constructed. Longer term success rates
are therefore expected to be even lower than the documented 38% to 43% and additional research
will be required to determine and quantify the factors which contributed to failure or success. It is
therefore recommended that a representative sample of the sites identified in this report be
inspected and a systematic program of measurements or analyses be undertaken to document the
factors which have affected the hydrotechnical and biological performance. These data should then
be used to prepare quantitative design criteria for future projects.
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TABLE 1:

WATER QUALITY REQUIREMENTS FOR RAINBOW TROUT

PARAMETER

RECOMMENDED VALUE

COMMENT

Oxygen

“near saturation”
14.62 mg/L
11.29 mg/L
9.09 mg/L
7.56 mg/L

pH

6.0 to 9.0 range

low pH causes coagulation of gill mucus and reduces oxygen transport capacity.
low pH may increase the toxicity of heavy metals.

Ammonia

[NH3 + NH4] 0.08 to 2.5 mg/L range
(see Table A1.4.1)

effects of pH, temperature and ammonia are interdependent, e.g.
· ≤ 2.00 mg/L @ 0 °C and pH 6.5.
· ≤ 0.08 mg/L @ 30°C and pH 9.0.

Heavy
Metals

varies with element
(e.g. 0.05 mg/L for zinc to 25 mg/L
for nickel)

toxicity varies with O2 concentration, pH and water hardness.
toxicities of heavy metals may be additive.

Iron

< 0.3 mg/L

iron hydroxide precipitate interferes with gill function through occlusion of the
gill lamellae.

Suspended
Sediment

< 25 mg/L

adverse biological effects of suspended sediment reflect both concentration and
duration( and, possibly, particle size).

Selenium

0.05 mg/L

criteria are currently under review. Selenium may bio-accumulate.

@
@
@
@

0°C
10°C
20°C
30°C

solubility is temperature dependent.
ammonia toxicity decreases with increasing O2.
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TABLE 2:

SUCCESS SUMMARY, LAKE AERATION PROJECTS

MOELP
REGION

KAMLOOPS

KOOTENAY

WILLIAMS
LAKE
PRINCE
GEORGE

PENTICTON

SUCCESS

LOCATION
FAILURE

Logan Lake
Walloper Lake
Lodgepole Lake
Horseshoe Lake
Stake Lake
Bleeker Lake
Tulip Lake
Rose Lake
Stoney Lake
Johnson Lake
Campbell Lake
Wapiti Lake
Irish Lake
Dewar Lake
Higgins Lake
Skulow Lake
Inga Lake
Sundance Lake
Beaver Lake
Yellow Lake
Gardom Lake
Kidd Lake
Burnell Lake
Lady King Lake
Martins Lake

SUB-TOTAL
% OF TOTAL PROJECTS (25)

LIMITED

COMMENTS

MODERATE

OUTSTANDING

X
X
X
X
X
X
X
X
X

diesel generator and diffusers
pH high, low fish survival
hydrovane recirculator
solar power

X
X
X
X
X
X

trout production impacted by
trout production impacted by

X
X
X
X
X
X
X
X
X
X
4

–

3

18

16

0

12

72

trout production impacted by perch

TABLE 3:

SUCCESS SUMMARY, LAKE LEVEL AND FLOW PROJECTS
PROJECT TYPE

REGION

COMMENTS
LAKE LEVEL
ONLY

KAMLOOPS

WILLIAMS
LAKE

PRINCE
GEORGE

PENTICTON

Johnson Lake

X

Peter Hope Lake

X

LAKE LEVEL
& FLOW

NEW LAKE

FAILURE

LIMITED

MODERATE

OUTSTANDING
Success Level Unknown
X

Beaverhouse Lake

X

Walloper Lake

X

X

Isabele Lake

X

X

Joyce Lake

X

X

Trojan Pond

X

Fletcher Lake

X

Tete Angela Creek

X

Bringham Dam (Dog Creek)

X

Nina Lake

X

Morehead Lake

X

Puntzi Lake

X

X

X

Former tailings pond
constructed by Highland
Valley Copper.

X
X
X
X
X
Success Level Unknown

Bootjack Lake

X

Success Level Unknown

Polly Lakes

X

Success Level Unknown

Shesta Lake

X

Inga Lake

X

X

Echo Lake

X

X

Kidd Lake

X

Rampart Lake

X

Harvey Hall Lake

X

Burnell Lake

ALBERTA

SUCCESS

LOCATION

X

X
Success Level Unknown
X
X

X

Lac Des Roche

X

Lovett Lake

X

X

Silkstone Lake

X

X

East Pit Lake

X

Forestburg Diplomat
Mine Lake

X

Black Nuggett Pond

X

TOTAL
% OF 23 RATED PROJECTS

17

5

6

X

X
X
X
2

3

7

11

9

13

30

48

57

58

TABLE 4:

SUCCESS SUMMARY, SPAWNING AND REARING CHANNEL PROJECTS
PROJECT OBJECTIVE

REGION

LOCATION

SPAWNING
ONLY

SPAWNING
& REARING

COMMENTS
FAILURE

Gravel platform

2

X

Shakan Creek

X

Gravel platform

2

X

Access structures

?

LIMITED

MODERATE

OUTSTANDING

Fish Way, success unknown

Lac de Roche

X

Spawning channel

5

X

Pumped to control channel
Fry recruited

Dutch Lake

X

Spawning channel

5

X

Pumped to control channel
Fry recruited

Lac La Jeune

X

Spawning channel

5

X

Pumped to control channel
Eggs/fry killed

Roche Lake

X

Spawning channel

5

X

Pumped to control channel
Eggs/fry killed

Logan Lake

X

Spawning channel

5

X

Pumped to control channel
Eggs/fry killed

Trojan Lake 1

X

Spawning channel

5

X
X

Trojan Lake 2

X

Spawning channel

4

Trojan Lake 3

X

Spawning channel & cover

7

Gravel placement

1

Gravel placement & cover

3

X

Lavington Creek

WILLIAMS
LAKE

SUCCESS

X

Staples Creek
KOOTENAY

DESIGN
COMPLEXITY

Criss Creek
Johnson Lake

KAMLOOPS

DESCRIPTION

X

Pumped to control channel
Highland Valley Copper
X

Highland Valley Copper

X
X

Hall Lake

X

Gravel placement

1

Connors Lake

X

Gravel platforms

2

X
X

Whiteswan Lake

X

Spawning channel

6

X

Fletcher Lake

X

Gravel platform

2

Eureka Creek (outlet)

X

Gravel placement

1

Chaunigan Creek

X

Gravel placement

1

X

Watch Creek

X

?

X

Dog Creek

X

Gravel placement

1

Holley & Hallis Creeks

X

Gravel platforms

2

Little Horsefly River

X

Gravel scarify & placement

2

Chimney Lake (inlet &
outlet)

X

Gravel placement

1

Bridge Lake (outlet)

X

Gravel placement

1

X

Morehead Lake

X

Gravel placement

1

X

83 Creek

X

Spawning channel

6

X

X
X

X
X
Kokanee, success unknown
X

TABLE 4 - continued:

SUCCESS SUMMARY, SPAWNING AND REARING CHANNEL PROJECTS
PROJECT OBJECTIVE

REGION

SMITHERS

PRINCE
GEORGE

LOCATION

SPAWNING
ONLY

DESIGN
COMPLEXITY

SUCCESS
COMMENTS
FAILURE

Silverthorn Creek

X

Gravel placement & culvert removal

2

Island Lake (outlet)

X

Gravel placement

1

Helene Lake (outlet)

X

Gravel placement

1

Nadina River

X

Spawning channel

4

Bartok Creek (outlet)

X

Gravel placement

1

Tagetochlain Creek
(outlet)

X

Gravel placement

1

Lakelse Lake (inlet)

X

Gravel placement in 4 small
tributaries

1

Seeley Creek

X

Gravel placement & beaver dam
removal

1

X

Chicken Creek (lower)

X

Gravel placement

1

X

Chicken Creek (upper)

X

Gravel placement

1

X

Purden Lake (outlet)

X

Gravel placement

1

Corkscrew Creek

X

Gravel platform

2

Bateman Creek

X

Gravel platform

2

Inga Lake

X

Spawning channel

5

Chubb Lake

X

Spawning channel (between Chubb
and an upper lake)

4

Winfield Creek

X

Gravel placement

1

Middle Vernon Creek

X

Gravel placement, filter cloth and riprap

3

Spawning channel & cover

7

Mission Creek **
PENTICTON Peachland Creek

ALBERTA

SPAWNING
& REARING

DESCRIPTION

X

LIMITED

Success unknown
X
X
X
X
X

Success unknown
X
X
X

X
X

3

Gravel placement

1

X

Trepanier Creek

X

Gravel placement

1

X

Powers Creek

X

Gravel platform

2

X

Outlet channel in man made lake
Outlet channel in man-made lake

7
7

% OF 47 RATED PROJECTS

6

X

X

Kokanee
Kokanee and Rainbow

Gravel platform & sediment control

44

Kokanee

X

X

TOTAL

Pumped to control channel
Eggs/fry killed

X

X

X
X

OUTSTANDING

X

Penticton Creek

Lac Des Roche
Lovett Lake

MODERATE

Kokanee and Rainbow
Kokanee
Kokanee

X

16

11

8

12

34

23

17

26

59

60

TABLE 5:
PROVINCE
OR
TERRITORY

SUCCESS SUMMARY, ECOLOGICALLY EFFECTIVE DIVERSION CHANNELS
CHANNEL CONSTRUCTED AROUND
LOCATION

PIT

South Line Creek
Line Creek Coal Mine

BRITISH
COLUMBIA

Fording River
Fording Coal Ltd.

?

North Fork, Rose Creek
Faro Mine

MODERATE

OUTSTANDING

X
X

Channel not yet
constructed.

X
X

X
X

BHP Minerals
Ekati Diamond Mine

X
5

Stream unpassable in
culvert

X
X

X

Channel eroded
X

X

Centre Creek
Coal Valley Mine

COMMENTS

Channel may not yet be
built.

Upper Sphinx Creek
Cardinal R. Coals Ltd.

% OF 9 RATED PROJECTS

LIMITED

X

Rose Creek
Faro Mine

SUB-TOTAL

FAILURE
X

X

Sphinx Creek
Cardinal R. Coals Ltd.

NWT

ROAD

X

Waste Rock Creek
Kemess Mine

ALBERTA

POND

Line Creek
Line Creek Coal Mine

Henretta Creek
Fording Coal Ltd.

YUKON

ROCK
DUMP

SUCCESS

X
X
X

2

2

2

3

3

2

1

33

33

22

11

61

Figure 1: Yield and/or biomass curves for four regional lake groups: A, yield for north-temperate lakes of
North America; B, biomass curves for temperate and south-temperate reservoirs of USA; C,
yield curve for reservoirs from Jenkins (1967); D, yield curve for tropical African lakes; E, yield
curves from African lakes using model from Jenkins (1967); and F, yield curve for north-temperate
lakes of Finland. Figure from Ryder, et al. (1974). See Ryder, et al. (1974) for more details about
this figure.
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Figure 2: Rate of oxygen depletion during winter as a function of mean depth of the lake (as corrected for
ice thickness). For comparison, lines indicate the loci of lakes whose area-based respiration rates
-3 -1
-3 -1
are constant at 0.40 g 02 m d (upper line) and 0.80 g 02 m d (lower line) (from Mathias and Barica,
1980).

Index numbers refer to
lakes listed in Mathias
and Barica (1980).

Figure 3: Relationship between the rate of oxygen depletion during winter and the sediment area:lake
volume ratio. The upper line represents eutrophic lakes and the lower line represents oligotrophic
lakes (from Mathias and Barica, 1980).

