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Abstract

Baxtes, R, 5., anp P. Guavps, 1980, Environmental effects of dams and im

Capada: experience and prospecis, Can, Bull, Fish. Aquat. S¢i. 205; 34 i

Although dams and reservoirs have eontributed immeasurably 1o the well-being of Canadiam
they may have side effects which may be detrimental (0 the environment and io hatman wili;

this Bulletin, the authors survey the environmental consequences that have ensued froun
construction and the impoundment of water in Canada in ihe past, and atiemni o
envitonmentalists and engineers 1o the types of problems thas may be associated with
activities in the future.

Some of these effects are immediate, direct, and abvious, such as the loss of rese
el

b

fleoding, interference with the pa e of fish, and envirommental damage and polluting
result of construction activities. (thers may manifest themselves only over a periad of Himg, «
as changes in water chemyisiry and modification of the new shoreline. This last is fikely o b
particular importance in reservoirs on permafrost, Large impoundments may influence ¢}

in thelr vicinities and sometimes induce earthquakes. Stiil other consequences follow |
mcde of operation of the reservoir. Low-level discharge through turbines may radically
temperaiure regime in the stream below. The induction of an unnatural seasonal patters of
tevel fluctuanion may lead to the formation of a virtually barren drawdown zone around ¢
reservoir, and induce geographical and ecological changes downsfream, sometimes al g
distances.,

Many of these effects act in various and sometimes opposing ways on the living organi
the reservoir and the stream so that the ultimate biological consequences often
confident]y predicted.

i

i js sometimes difficelt to reconcile the interests of those who stand to bencfit fromas g
project and the jnreresis of others who are likely 1o suffer a loss from it. This conflic
particularly acute when the project affects communities of native peoples following a :
way of life. Such fragile societies are Hkely 1o be gravely disrupted unless particolar cas

Key words: dams, reservolrs, impoundments, man-made lakes, environmenial impact, Hmnok

fisheries, water quality, permafrost, Canada

Preface

This review is based on an earlier paper entitied ““Environmental Effects of Pum
impoundments in Canada: a Review of the State of the Art” prepared at the requesi o
Management Committee of the Department of the Environment. The earlier paper was iniendes
to outline the topics that should be covered in a propased handbook on the subject. When it vy

h

decided not to proceed with the handbook at this time, it seerned worthwhile 1o revise the s
into a form suitable for wider publication.

D. A. Bondy, then of the Lands Directorate, assisted in the preparation of the earlier paper
and D. W. Phillips, of the Atmospheric Environment Service, provided a contribution on clinss
effects of impoundments, which is included here in a slightly abridged form.

The task of revision has been made easier by many individoals whe read and critivizes
carlier review. We extend particular thanks 1o the following, who were especially generous w
suggestions and infermation: R. Heeky, Freshwater institute, Winnipeg; D. d. Kelly, Y
Waters Directorate, Halifax; R. Newbury, Freshwater Instituie; G. S, Peck, Ocean and Aguat:
Sciences, Burlington; and A. Soucy and his colleagues, James Bay Energy Corporation,
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wsible harmtyl
rxoresuiling from dam
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ny appropriate design
trueiion of fish nugra-
Phy the construction
of malarial mosqui-
! by prevented by
i owater fevels; and so
targe rivers for the
¢ aroused a kind of
found expression for
< Guthrie praising the
the Colwmbia River

vere built and as
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warent that unantici-
sences could follow,
sime {rom the actual
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from obvious {e.g.
aecurring as they have

¥r: 1. lones Falls Dam {photo courtesy of Parks Canada),

during a periog of :
the environmeni, have |
ion in some segments of tf
¢ further impoundment
waters.

in Cansda, as elsewhere, natural water courses
have long heen used as transporiation routes, and
have been modified in various ways by the con-
siruction of canals and other structures. These
have included some remarkable enginecring
achievements, such as the Jones Falls Dam
{Fig. 1) on the Rideau Canal near Kingston, This
dam, which is still sianding, was the highest in
North America (19 m) when it was completed in
1831 (Legget 1961) The development of agricul-
ture in the Prairle Provinees required the
impoundment and diversion of water for parposcs
of irrigation. Water power was used by the early
settlers to drive saw nulls and grist mills, When
the potential of hydroeleciric power began 1o be
apprecitated around the beginning of the present
century, Canadian engineers played a leading rele
in the new technology, which in a few decades
transformed the indusirial and domestic life of the
country {Encyvcilopedia Canadiana 1975). As
larger and larger projects were proposed and
constructed, the possibilities of  undesirable
environmental conseguences gave cause for in-
creasing concern. The effects on the Peace-
Athabasca Delia of the W. A C. Bennetl Dam on
the Peace River, discussed below, perhaps first
served to bring these possibilities 1o the notice of
the general public. At about the same lime a




nroposal 10 divert much of
i} River into the Nels
sue in g provincial

election in Maniioba,
and the announcement of the James Bay hydro-
electric project by the premier of Quebec caused
widespread concern. Mot long after this, increas-
ing anxiety in Canada about the possible environ-
mental effects of the proposed Garrison diversion
in North Dakota led to the appointment by the
international
naiional study board 1o examine the problem
{international Garrison Study Board 1976), The
study of reservoir effects Is now generally recog-
nized as an imporiant (opic in applied ecology.
The Hegister of Dams in Canada (Pratt 1970
gives a list and brief description of the major
Canadian dams in existence or under construction

in 156% an

a famillar example.
stained in
cand if the r
are shown in i-wz 2. wili change, Effecis o
In this review, we survey the onvig b SOt y -‘Emzm:g
consequences that have been obue ' problens relatsd rred in the Peace-Atl elig after can-
from dams and impoundments i { - ; i ‘ ’ ' D&f?'z. }"ne
may be expecied on ihe basis ¢ >f the §§<m_d regime gbzwe the dam
other countries or of general phys w in that region too. For &
logical principles. Such a review of these COnCLpts, 568 Q_{!um {19713, .
sislanee (0 planners and maneger: 50 be usefulio cal aliention (o some of
best possible decisions, in the 2TenCes DRiween ecosyslems in sireams a}ncﬁ
knowledge, for the {future sianding walers. As many ¢ithe E‘,—:'gamsm% mai‘
Canada’s water resources. i is ¢ fve In streams cannof exist in standing water {and
indicate general areas of con i a), when a stream is impounded many ok
preache;m prevention or mitigat it ‘-,a'éii‘disa?pcaz} e %_}:3 replaced
nition and solution of specific Bégcki‘éy {Shmulipm) larvae, |

aning waler, so when a

nroiects
iseussed |

H
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ns where the
¥oooHRIes -
;

among the beneliis

tional

o
3

these pests in the

MNorthwest Territories

1
of standing we

waler body, partiguiarly by

whereas siream £COosysicms

of @ oslream 10 &

£ ‘Lachlan 1977)
It may also be helr v bear in mind that the
. This problem, environmental effects of a dam on the environ-

Oniario

sypirs but s rather  ment above & it show a certain syoi-
i It metry, or compleme ity. A decreased annual
variation in water level below the dam is asso-

M.
e o
o
e
b

The arrangement of the various topies in a
i systematico way 15 not ea

CONISE,

Any primary effect of impoundment {such as the
. fa
i

fionding of a g

16, 2. Approximate locations of principal sites mentioned in the text. 1, Wreck Cove; 2, Minas Bas
of Fundy tidal power project; 3, Saint John River; 4, Churchill Falls development (8 ‘
3, Manicouagan complex: 6, Moses—Saunders Dam; 7, Gouin Reservoir; 8, Jones Falls Dam: 8, K
1), James Bay projeci — La Grande, Eastmain, and Caniapiscay riv
13, Southern Indian Lake and Churchill River diversion; 14, proposed Garrison
Reservolr, Estevan, Sask.; 16, Gardiner Dam {Lake Diefenbaker); 17, Peace-Athabasca Delias 14,
Lake Minnewanka; 19, WA (. Bennett Dam (Willision Lakey; 24
3, Aishihik and Stevens lakes.

Bow River; Kananaskis Rive
21, Fraser River; 22, Mackenzie Rive

effects of many diff

may be removed
from the primary ¢

2 oof concern

7

@

I

H
) simple and
poundment, such as the
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of @ lmwn by regular i znd  guantitative




s Teservolrs in this
x such trea
% the Churehi

6
A
s likely 10 be geners
sregent {the E;_‘:.:»..s QE‘ i’:ﬁ:‘m fand and 1o

it 21y \%\\m&u

may be given as an example) 1o oon {high flow sub damang 1o il - - ' Az wvalve both the production of new
which may appear trivial 10 some indi ; whing water and ua maodification of
; onxsmmn“ concern 1o others oxi ;jilé and their impacts are cor-

2 cmparativehy ;camplex

Flolden

'\Mf ¥ ’Qi()jt s involve not oaly the impounding

o of water but the diversion 0' it sometimes
a wateria . : o ; The diversion of
i - - . 143 Py H R - . = s M
{Brassard et dzi H 7 . _ . ;o streams mav be d sne for reasons unrelated 10 im-

poundment, and i has sometimes been difficult o
decide where 1o ?imi{ the discussion. Jn what
follows, the emphasis will be on diversions related
fairly mrcc;%*—g to impoundments.

Usually, water is impounded directly behind a
dam s0 that the basin of the new lake, if one s
formed, includes a portion of the original stream
bed. Sometimes, especially when water is being
stored for domestic or industnal use, it may be
diverted from a stream Into a natural or artificial

l&m 1 5o
vy be rek
he DUrpast may

ay 5&3«}{"’

fish. Finally, 3 of rm nzigacﬁa ;
inthe L‘Ci“iCic \iilii"%z[}‘ of dams and amu\m

butl which are nol necessaril ¥
ihe new lake or the siream w

An attempt 33«* beet m%’ii 2 . basin to form an off-channel reservoir.
cnlali S A particular tvpe of hydroeleciyic gencrating
g, siazi\m, the pumped-siorage station, is increasing-
HpOon e, a0 arch dam (from Iy important in the Linited States {American
becaus

Fisheries Society 2976‘; in such a station, part of
the eleciricity generated al one time s used 1o
DUMP Up water lo generate more electrcity at
i one of their another time. Such stations have not yet come
an Reserveir on the  into use in Canada, although something similar is
i which was for 2 done at N=agara Falls, 'L'zere the amount of water
SR N z:um fakein the  that may be \\uh drawn is regulated by inter-
» faciliate the  national treaty, and more may be taken during the
night than during the day. During the mgh(,
2ois Hvoive ihe stor-  iherefore, water is diverted and pumped into an
1. however. I the  offchannel reservoir {Friesen and Day 1977).
sippl throughowt the in some instances, the formation of 2 new body
epulation up-  of standing water is the primary purpose of the
X1 ;mmdt a head undertaking. Instances of this are the construg-
mio a penstock,  tion of 2 cooling pond for a rhermocleciric gen-
"s“rmémz on the  erating plant as at Estevan, Sask., or the construc-
rred 1o as rua-  tion of fish ponds on small 3.151.(1} streams in
“ihe world are Prince Edward Island,
by a series of The impoundment and regulation of sali water
11 the hvdraulic  presents a group of problems different from those
z%_&ﬂt i;zéz.hu;z upstream  associated with freshwater impoundments. Up
: s run-pf-the-river,  until now in Canada this has only ocourred inci-
ahian ;mrfifm of the dentally as a vesult of the construction of bridges

review of
this time is necess:
Studies currer
especially ;‘}C %
Hay project,
any subseq

Types and Purposes of
Dams and Impoundments

The wpe of dam i
epends on such considerations as i
purpose and the ure and lo auof%
Earthfill and dams are e
earth or rock

material, 5o ;m"fj
siream. Uravity
conerete and are

{Fig. 33 The upstrean

“zé Iperm L?‘iﬁzﬁ
ream gnd down-
COnsIrugte %{)i'

i (';

he d fream Pace taners © ¢
the downsiream _feiu ‘u»gkm H seoade, and are of  or cpusewsys across estuaries or bayvs. However,

u’:‘}’mm(‘ Are ’hi r fheze is @ sitrong possibility that extensive deliber-
usuaily consiructed ate impoundment of sea water will sooner or later

a.‘?disn
i the

be imderiaksu in the Bay of Fundy in arder o
utilize tidal power for the generation of electricity
{Clark 1978; Daborn 1977; Gordon and Long-
hurst 1979,

an
tresses. Arch dams are usaally

[




Effects of Floodiag zod the
(Juestion of Pre-clearing

dam. Tim LCONG
flocding of agri Luii
ng timber anoaéﬁ be a,ala,did'b

The sconomic 1038 may not be limi
flonded lands; the usefulness and value
adiacent (o these © lands may

,
GOOE]

for example, i 2 confinuous 1r801 5 broken up
intc a number of smaller tracts,
if the standing timber is no
flooding it 13 not irretrievably
nigues exist for harvesting it

has been filled. 7

The decision w
harvest timber before filling
based not only on the value of 1
the use to which the reservoir is (o ‘ae put.

FESerVolr to be used
shouid probably be removed even
marketed. In some places, a certain
pre-clearing may be necessary fores

In the reservoirs of the James Ba
nolicy is to clear the areas ma are v

roads, in the mouths 7?‘ het
there is Hkely 1o be i
19781

The Ia nes Bav Energy Cos
af"l"‘&lii(’ QU v ’“TL%IE%I” CXDETHE
ing of reservoirs by natural age
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cies such as wing

of Freshwater Instituie, photo by G

Ficating peat islands in area flooded by Churchill River diversios
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solumbia méy
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The mals as possible in
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SOUrees  are
weight o bc given 1o

decision as to whether 1o p by the James
will vary from one part of the in gzmc al it would
Gther thi gqs, beinge i possible of

inoding. At
musl be laken o
»Afzwwm' Tare Ov en-
s unusual habitats,
istorical interast may
wen the Aswan High
complex and
ion was undertaken
4t g number of temples
Z rwise have been
Ai%hough prob-
in Canada,
;wd early hig
and would bu,{mk
was raised. Such
aceount by the
Melson Rivers
w0y b 1}00@; =l
: 5 locate
wvaLe ”‘1(3\(, !;ke!y o
rock paintings
e 2 near water,
alread % bCCs;
é_ismm 1947,
moving threal-

tance on th
the relatived
nabitat {or most

sheder
ol

lough). g1 produced when a

ying aquifers. Although this represents
valer from hs, \ei‘mi it may be de-
er some circumstances, especially in

arid zegé@ , by making water available for drink-
ing ot irrigation some distance away {iagler
1969)

in humid regions it is likely 10 be un .
the water table may ‘faazerioa §le soil

The rise in g

and cons queﬂ v Kill rrees around the reseivoir.
The rate of rise in the water table, which may take
seyemi years, and the naturg and extent of the

changes in soil and vegetation, which may extend
for a kilometre or more from the reservoir, de-
pend on the previous height of the water table, the
aaiyre and pern ‘éabiiii} of the soil, the nature of
the terrain, and similar faciors {Avakyan 1975} i
the quality of the impounded water is poor, t the

guality of the water in the aguifer may be im-
paired (Hoﬂmaa and Meland 1973},

This topic has received relatively little attention
in Canada. A fairly thorgugh study of the influ-
ence of Lake Diefenbaker on adjacent ground-

water has been made by van Everdingen {1967,
liitle atiention appears to have besen

roader environmenial considera-

The operation of a hydroelectr

station usually reguires that the Teservol ir be filled
whern he rate of flow in the river is high, and
drawn down through the turbines
ahrouﬁﬁj-\z{ the rest of the year. In Canada, this
means that it is most commonly filled in the late
winter or early or late spring, whenever the snow
melts at the sources of the streams, and gradually
drawn down during the summer, fall, and most of
the winter. This poses ceriain problexm Under
natural conditions, the highest levels of water in
rivers and lakes last only for a short ume, and
drop before the growing season is far advance i,
5o the banks are clothed during the summer in
their characlerisiic vegeiation. In a reservoir,
however, the water level may remain high w e
inm the men&: season so that, es ’caali» it the
rrounding relief is rdanwi 'E d the lalcrai
vanauo; inn the position of the shoreline
guently cxtensive, it may be mfmuﬁﬁu dur
large part 0‘3 the vear by a2 wide, ¥ ¥
zome {Fig. 73 Swedish ecoﬁogésm w%m are a!se
¢ jmnfﬂd with this problem, refer 1o this zone as
“aridal’” {Lindstrém  1973) Under the %

umsiances the resioraiion of the huora
This region és
dry and windy

at «3[1

o,




Fio. §. Petroglyphs near Peterborough, Ont. {courtesy of NFB Photothéque

by Ieanne White).

weather may be the source of disagreeable
amounts of dust,

In relatively mild climates the appearance can
be improved by planting the drawdown zone with
llood-resistant shrubs and trees. Some cxperi-
menis along these lines have bheen made in
England (Gill and Bradshaw 1971}, and in the
southern USA (Fowler and Hammer 1976; Fowler
and Maddox 1974); a long review on the subject is
available (Gill 19773 which should have some
applicability 10 Canadian conditions. The British
Columbia Hydro and Power Authority (1978) has
experimented with the seeding of the drawdown
zone to alleviate the problem of dust. The res-
toration of a suitable littoral habitar for wildiife,
particularly at high latitudes, appears 1o be 4 more
difficult matter. Experiments in progress in the
James Bay region (Bollulo 1578) may perhaps
contribute 1o a solution of this problem.

The practice of drawdown poses other prob-
lems, particularly in relation to the spawning of
fish. These are discussed in the section on bio-
logical effecis.
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5. in small reserveirs it
n the process of mat-
reser-
the effect of tepsoil
stripping on water guality in water supply reser-
voirs has been made by scientists at INRS-
{Camphell ¢t al, 1975, l976_}: A
somewhas similar study on the effects of various
Saskatchewan solls on water gquality was )
he Liniversity of Saskatchewan {Davis et

different siratifivation with the lower water at

a5 8

His
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the structure and manner of
reservoirs. In the lemperate
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Firs. B, Algal growth on submerged vegetation, Scuthern Indian Lake {
, photo by R. Hecky).

Freshwater institute

erature of maximum density (4°Cyand ahove
(0% :r water {(down 1o 0°C), In the spring, the
waler is agein mixed, and the summer {ype of
stratification is reestablished. Because i!z dis-
charge from a naiural lake is always from its sur-
face, water Jn a stream leaving a lake is ‘l ively
warm during the summer and near the freezing
point during the winier.

A much more comple
reservoiry particular
penstock well '{3 iu YSiErmy
of hortzontal currents ma}«‘ afﬂes'cb}.‘ be set up such
as are rarely, if ever, found in natural mw Hihe
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moeves very Hitle, I a thes n 1octine dev E{;
be tilted (Kittrell 1959 1f the upsiream §
dam s vertical, or nearl } 50, 4 mass of
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the settling of planktonic organisms from the eni-
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crease in the concentration 0§ reduced subsiances
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The ca}-izstz'ncié'azs of a reservoir on a river is
ofiens only ong manifestation of increased in-
dustrialization and i;bm ation within its basin.
Consequently, B often accompanied by in-

creased toads of industrial and domestic waste in
ihe river. The impact of these will be increased by
he reservair because the reduced current velocity
w é cause a reduced rate of oxygenation of the
water and hence a decreased rate of oxidation of
foreign organic matier. This seems o have hap-
pened in the Salnt John River (Dominy 1973}

Hydroelectric planis may be additional sourees
of emz;oz;mmm! contaminants. This seems o
have happened at the Churchill Falis hydroclectric
project in Labrador, where the concentrations of
naolyehlorinaied biphenyls (PCBs) in fish taken
below the dam were many times higher than those
in fish taken above it (Musial et al. 19793, PUBs
were formerly used as insulating liquids in trans-
formers and other electrical devices so i is likely
that they had escaped from the generating siation
inn some way, although their precise source is not
vel known.

A lllerature review On waler qualiz‘y noim-
poundments, with particular reference to Canada,
has been prepared by Park {1975), Thereis also a
pseful survey in Kelly’s {1978) thesis. The develop-
ment of simufation models for the prediction of
water guality changes in reservoirs i proceeding
in various parls of the world. Canadian soientisls
who have been active in this field include

[

D P.E. Wisner, University of Ottawa, and
r E. A. McBean, University of Waterloo

{Hodgins i al. 1977; McBean and Delucia 1975}

Erosion, Sedimentation, and Modification
of the New Shoreline

The shoreline of a new body of water is exposed
to erosive forces that modify it more or less rapid-
Iy until an equilibrium ks approached. The most
important of these forces are those gxerted by
moving water and ice; groundwater may also have
some effect. The rate and extent of shoreline ero-
sion depend on the nature of the material of
which it s composed and the amount of energy
availahle, Since most of this enerpy s derived
from: the wind, the direction, velocity, and dura-
tion of winds blowing over the reservoir and the
tenatit of the feich are of great importance

Rank erosion in reservoirs affects their usefu‘1~
nesy in a number of wavs. Since it leads to an
increase in total surface area, it will indirectly
cause an inorease in the rate of evaporation. Its
...... sportant effect, however, is to change the

v. How the storage capacity is

storage Lamu 3
changed will depend on where the eroded material

1 (\ 3




comes from “f*d x«ilc & iz £OCS. Ei’
roded from a
the reservolr, %:.n'c ima} SIOTRZE O ;*z&uty E
vigusiy be cir“c;‘ ced, Transport of material {
between the maximum & md minimum water leve
nio deeper water will nod change the towl sio
C&g}dui} hut it will increase the usable storage
capacity {e.g. the Lake Dlefenbaker study by
Coakley and Hamblin 1967},

Erosion also may lead o the formation of
beaches, which may make the reservolr more
uselnl for recreation purposes.

Engineers and hydrologists have devoled much
r=€:'f‘or% to the development of formaulas for the pre-

diction of the exient oi' erasion in reservoirs, iak-
ing into account both the magnitude of the erosive
forces and the nature i the bank matenal {e.g.
Kondratjey 1966 K. E wgin 19663 In Canada,
these principles have been applied to Lake Diefen-
baker by van i":,x.-‘e*dz.ageza {undated). He con-
cluded that erosion during the early lile of the
reservolr will cause a substansial decrease in the
total storage capacity, bui an inerease of
as 7.4% in its usable siorage.
also be increased and a 200-m wide, essential
barren fluciuation zons will be produced on both
sides of the reservoir, with corresponding shal-
iows extending up 0 90 m from the lower water-
tine.

A matter that is of ;";a"dcu%a‘; concern in Can-
ada is the evolution of the shoreline of reservor
on permafrost. The southern Hmit of continuous
perp afrost in western Canada is represented
rougaly by a line streiching from the Ontario-
®Manitoba border just south of Hudson Bay to the
Arciie Cirele at the Alaskan border. Continuous
permafrost in eastern Canada occurs only in the
tip of the Lingava peninsula. Discontinuous per-
mafrost, however, may oceur anywhere north of
an arc running westward {rom the eastern tip of
Labrador to the southern Up of James Bay, then
northwestward 1o the 60th paraliel about a:here
British Columbia, the Yukon, and Alaska me
Consequently, throughout a considerabie pari of
the country there s 2 possibility that permairost
may be present. Al least one projeci. the
Churchili-Nelson de\‘cfepmem in Maniiobsa, al-
ready involves the flooding of éame ZTRAS oi“ ner-
mafrost, and probably more such projects will be
undertaken in the future. {Th re s little or no
permafrost in the aren of the James Bay project.)

The evenis that ensue when agemaafz‘asz 15
flonded have been studied by MNewbury and his
colleagues (Newbury and Malzher 1972; Newbury
ot al, 1978) at Southern indian Lake in northern
Maniioba, The level of this Inke was ralsed about
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an organic laver, Permafrost occurs in much of

this region.

When the water level was raised, erosion of the
shoreling procee ted very rapadly. Tyvpieally, a
notch appeared at the water’s edge, above and
helow the waterling, as a result of the combined
affects of mechanical erosion by waves and melt-
ing and Haguefaction (soliffucdon) of the frozen
clay. As the notch grew {ﬁacper. the undercut soil
abmn it, along with the trees and other vegeation
on it shumped inlo aise iake and the nrocess was
repeated (Fig. 9). In some areas, the shoreline
receded as much as 12 m in a single season, releas-
ing into the water about 20 m' of material per
meire of shoreline. There is a siriking contrast
between these stumped shorelines and new shore-
Hpes on bedrock which were partly cleared belore
flooding and are almost indistinguishable from
zlauzrai shorelines, Although the process et ero-
sion will be slowed somewhat by the protective
action of the barrier produced ’c} e Eal 1 fres,
it appaara that it will continue until the sha eling
recedes (0 bedrock or becomes ;' ved with zravel
and boui{zum

This is a new Teld of research as the very exten-
sive siudies on permalrost in Canada {fe.g. Brown

1970) have not considered the oroblems associated
with reservoirs. Further s‘un&mh in this field
should be given every encouragement, if the con-
struction of hydroelectric installations is {o con-
tinue 1o move northward.

hiuch of the northern part of the USSR is in the
zone of permafrost and a great deaé of work on
engineering projecis, mc;-ad.zg reservolirs, has cer-
tainty been done in that country. However, Cana-
dign conditions are significantly different trom
conditions in the S&R Most of *hc Canadian
arctic was glaciated during the Pleistocene, Under
the ice sheet, there was a z‘eiaiwciy thin layer of
permairost, much of which was dissipated under
the exicns areas of flooding that occurred as
the ice reireaied and did not reform until this
standing water receded. A large part of the Soviel
arctic was not glaciated and 2 much thicker layer
of permafrost was produced and has pcmsmd
The permafrost zone exiends further south in the

siern hemisphere than in the western, and the
3;1}'@ of unfrozen soil lving above i is thicker, The
problems which Canadian engineers must face are

b
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Fi. 9. Erosion and slumping of new shoreline on permafrost, Southern indian
Lake {courtesy of Freshwaier Instivute, photo by G. MeCullough}.

therefore somewhat different from those con-

fronting their Soviet counierparts,
Sedimentation, like erosion, is of immediale

concern 1o reservolr engineers because of its influ-

ence on the sigrage capacity and us’*é‘!ll tife of

reservoirs. A review of this tople, with particub
reference 10 Canada, was written in 1973 and is
readily available and penerally valid {Wiehe and
Drrennan 1973, so only a brief outline of some of
the main poinis seems to be needed here. The
amount of sediment carried by s stream depends
on the amount of sediment entering i, which, in
turn, depends on the size and nature of the watefm
shed and the type of land-use within it, and on the
capacity of the stream to carry it, which depends
on the velocity and turbujence of ity Bow, When
the rate of flow decreases, the sediment will be
deposited according to its gize, but in reservoiry
{as opposed 1o natural lakes), the spatial distribu-
tion of the material will be greatly influenced by
ithe practice of drawdown because sediment de-
posited when the walter level is high will be eroded
away again and deposited clsewhere when the
water level is lowered, Until recently, there has
been Hitle information availlable in Canada on
rates of joss of sorage capacity of reservolrs asa
result of sedimentation. In one instgnoe, the reser-
voir formed by the Bassano Dam on the Bow
River in Alberta, the storage capaua} was reduced
from 34 X 100 m to 11 X 109 m’ in about 60 vr
{1911-1970). Technigues for collects g and pro-
cessing daia have been considerably improved in
subseguent vears (K. Wiebe personal kemzmmicaw

tion}, but the main conciusions of the 1970 review
stifl siand, namely:

There s still no way of predict ing the patiern
oi sedimentation in & reservoir before ﬂ. is
buill, except in a very general way,

The best wayvs of minimizing sedimentation in
a reservolr are by a judicious selection of the
site and the control of erosion in the water-
shed. This invelves, for example, selecting a
site with the lowest possible stream gradient
{Kerr 1973y and encounraging careful agricul-
tural practices within the watershed. in some
places the construction of roads within thL
watershed has increased the sediment joad of
sireams very subsiantially {Anderson 1974).

td

Sedimeniation in reservoirs has other conse-
quences besides the loss of storage capacity, Sedi-
mentation and delia formation in the upper part
of a reservolr, known as aggradation in the back-
water zone, raise the water level and may cause
flooding if the banks are low (Kerr 1973}, At the
same time, the opposite process, known as degra-
dation, may occur in the stream bed below the
dami, as the stream picks up a new load of sedi-
ment 1o replace what was deposited in the reser-
voir, As the finer material is washed away the bed
bcwm s paved with heavier nonmovable material

o that bed erosion stops (Hammad 1972). Bank
erosion may then ocour, ingreasing the meander

of the gream and sometimes leading 1o damage 1o
the banks which may require exiensive remedial
measures (Kerr 19733



Eesearch on these 1opics in Canada includes
study of aggradation and degradation associated
with Lake Diefenbaker, carried out during ihe
Internasional HMydrological Decade {Anon. 1975}
and & 3-yr studv of changes in channel mor-
phology below Deer Creek reservoir in south-
western Ontario (Buma and Day 19771

Adthough it is usual for reservoirs 1o act as traps
for sedimenis, discharging clearer water than they
receive, this is not necessarily true for new im-
poundments on highly erodable material, Bank
grosion following the raising of the water favel in
Sputhern Indian Lake has produced large guan-
tities of sediment {Fig, 10}, thus probably increas-
ing the amount in the streams leaving i, The
water has an opalescent appearance, dug presiim-
ably to the presence in suspension of extremely
fine material, which must seitle out very slowly if
at all.

The construction of a tidal barrage for power
generation in the Bay of Fundy will be associated
with a new set of problems. Some of these have
heen discussed by Amos {1577). Sediment is not
onlv carried seaward by rivers, but landward by
tidal currents, so sedimentation will be expected
10 occur on both sides of the dam. Observations
on the Windsor Causeway, which is in effect a
dam across the estuary of the Avon River, indi-
cate that extensive and rapid siltation can oceur
on the seaward side of such structures, leading 10

the formation of extensive mudflas,

The material carried in suspension by running
waizr is an exiremely complex mixture of particies
of various iypes of clay and other inorganic
maierial as well as organic detritus derived {rom
rerresirial and aguatic organisms, These com-
ponents interact with each other in various ways
{e.g. Hyne 1978; Jackson et al. 1978; Thomas
196%). A variable but significant fraction of the
total amounts of nuirienis in the water may be
associated with suspended material and removed
from the water when the sediment settles {Gili et
al. 1976; MoKee at al. 1970 Schreiber and Rausch
1579y,

Other substances, such as pesticides {Pionke
and Chesters 1973} and metal ions {Frenet-Robin
and Ouman 1978; Pita and Hyne 1975} may be
absorbed onto the particles and removed in the
same way. Reservoirs therefore act as traps fora
variety of important chemical subsiances. Some
of these can probably be returned to the waterasa
result of changes in the pH, redox potenual, or
other characteristics of the sediment, but more
information is needed before the effects of reser-
voirs on the nuirient dvaamics and environmenial
toxicology of aguatic ecosystems is thoroughly
understood.

The biclogical consequences of reservoir sedi-
meniation are discussed below in the section on
biological effects.

Fi. 10, Plumes of sediment from newly flooded ground, Southern Indian Lake
fcourtesy of Freshwater [nstitite, photo by G. MeCullough),

Downstream Lffects of Changes
in the Fiow Heglme

The imposition of a new and in some respects
unnatural pattern of varation in water levels ¢can
have effects below the dam that are at leasi as
dramatic as those above it. The changes that mav
occur are of two kinds: an increase in the diurnal
variation of flow, and a decrease in the annual
variation. The former results from variations in
the amouni of water passing through the turbines
in response 1o diurnal variztions in the demand
for power. This may lead to large and rapid
changes in the water level downsirean:, which can
be very destructive [0 agquatic organisms {Fisher
and LaVoy 1972; Ward 1976a, b}, induce changes
in the morphology of the stream channel, impede
access 1o downstream islands, and impair the
usefulness of the siream for such activities as
boating, angling, and swimming.

The longer term: or annual changes are the
result of the storage of water at times of high
natural flows and its gradual release throughout
the rest of the vear. This may induce changes hun-
dreds of kilometres below the dam. Degradation
and aggradation as the mouth of wwibutaries are
often observed. Abolition of high flows in the
main stream when the tributaries are in spate
increases the flow velocity in these near their
mouths, with consequent degradation of their
channels. At the same time materials deposited in
the main stream by the tributaries can no longer
be swepi away, leading to the formation of bars
and delias, which eveniually become stabilized by
the growth of vegetation on them. Such changes
have been observed in the downsiream portion of
the Peace River since the construction of the
WA C. Bennett Dam (Kerr 1973; Keilerhalis and
Gill 1973).

This dam had an even more dramatic impact on
the Peace-Athabasca Delta. Because most en-
vironmentalists would probably agree that this
was the most sericus unplanned consequence of
the construction of a dam that has occurred in
Canada, and because it provides an almost clas-
sical example of its kind, it is worthwhile 10 put-
line what happened, More detalled accounis are
readily available {Anon. 1972, 1973, 1974). A
study published in 1962 when construction of the
dam was just beginning foresaw changes in the
delta, but the authors did not offer any predic-
tions as (o the nature of these {Anon. 1962) The
delta is kargely a preat marsh or serics of marshes
interspersed with lakes and ponds of varioussizes.
Before the dam was built, i1 persisted in this state
hecause it was flooded almost every year so that

vegetation characteristic of drier grounds
unable 1o establish itself; it was a 1ypical pulse-
stabilized ecosysiem,

The hydrolozical situstion was complex. The
Peace River, passing to the north of the delia,
conmiributed little to the annual flooding, but the
flood waters of the Peace served to block the exit
of the Athabasca, entering from the south, the
waters of which caused the acteal flooding. Short-
iy after the dam was closed, it was observed that
the delta was drying up and thai dry-ground
vegetation was beginning 10 establish iiself. This
wags an immediate cavse of concern because the
residents of the area {mostly Cree, Chipewyan,
and Méis) depended largely on trapping and
fishing in the deita for their livelthoods.

There was some unceriainty at first as o the
importance of the dam in bringing this about
because of lower than average precipitation for
some years previously. It was eventually com-
cluded that the dam was ar least a major con-
triputing factor. After consideration of various
possibilities, a weir was constructed which, it was
hoped, would slow the original conditions (o
resiore themselves. Although it is probably still
too early to judge whether this has been entirely
successiui, the resulis so far appear encouraging.

This example Is instructive because it includes
many 0f the features often associated with en-
vironmenial impacts of dams. The effect was far
removed in space from the dam; it was nol im-
mediately cbvious that the effect was caused by
the dam and not by something else (in this case, a
decrease in precipitation) which happened (o
occur at the same time; and the effect {the drving
up of a marsh} was one that, in another situation,
mighi well have been considered desirable,

Deltas appear 10 be particularly vulnerable to
the effects of alterations in the flow patterns of
rivers cniering them. Regulation of the Mackenzie
River would probably produce rather extensive
changes in its delia {Gill 1971, 1972, 1973, 1975;
Gill and Cooke 1974; Kellerhalls and CGill 1973}

Estuaries too may be influenced by the reguia-
tion of their rivers, and effects mayv be produced
for some distance away in the ocean (Elliott 1976},
Estuaries are ecotones between fresh and salt
water, hydrologically complex because they are
zones of interaction between freshwater carried
seaward by rivers and salt water carried landward
by tides {e.g. Fischer 1976). Because of this, they
are rather sensitive to disturbance; for example,
fairly extensive changes have been induced by a
relatively small disturbance of a British Columbia
estuary {Pomeroy and Stockner 1976}, They are
highly productive of many forms of iife, including
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% number of organisms of greal commercial im-
Bortance,

An account of four imporiant Canadian es-
tuaries and a discussion of the problems involved
in their management has recently been published
{Fox and Nowlan 1978}

The influence of the St, Lawrence River on the
cceanographic characieristics of its gull, and even
beyond, has recently been discussed {(Suicliffe
1972; Suicliffe et al. 1976; Trites and Walion

751 and the probable sifects of its regulation
have been pointed ou! {(Hassan 1975; New 1975}
There is evidence that some changes have already
gccurred {Sutcliffe 1973). Concern has been ex-
pressed regarding the changes that might ocour in
the Sirait of Georgia if the Fraser River in B.C.
were regulated (Geen 1975).

Much of the concern about these regions relates
to possible effects on fish, which arc discussed in
the section on biological effects. However, one
other possible comsequence of regulating river
flow may be discussed, namely, the possibility of
downsiream climatic changes. Gilf {1971) has
shown that the spring breakup of ice in the lower,
more northerly parts of the Mackenzie River is
hastened by the spring floods, which, by their
hydrostatic pressure, crack the ice and allow water
to flow up and over it. Less radiant energy is
reflected by wet ice than by ice covered with snow,
50 the rate of heating and melting is increased. He
has suggested that any reduciion in the height of
the spring ficods might well cause a significant
delay in the coming of spring along the lower
Wackenzie and in its delta.

Even more dramatic conscquences of the reg-
ulation of large northward-flowing rivers in high
jatitudes have heen suggested. Aagaard and
Coachman {1975) have discussed the possible
results of regulating the flow of freshwater into
the Eurasian basin of the Arctic Ocean. They sug-
gest that this mighs alter the stratification pattern,
leading 1o increased mixing, an upward transport
of heat, and the disappearance of a significant
amount of ice from this area. Since pians are
being drawn up in the USSR for the regulation of
the Ob, one of the latgest rivers entering the Eura-
sian basin (Rich 1976}, these speculations are of
more than theoretical interest,

There is almost no previcus experience 10 serve
as g puide here, since wntil recently no one has
regulaied z large river flowing northward 1o the
sea in high latitudes. The James Bay project in-
volves the reguiation of La Grande River and the
diversion inlo it of most of the flow of the Easi-
main River. Both of these rivers flow westward
into James Bay. It also involves the diversion into
La Grande of about 2 guarter of the flow of the

1%

{Caniapiscau River which flows northward xs*‘(; li,{"
Koksoak River and hence inio Ungava Bay, b will
be interesting 10 see what effect, if any, this wili
have on the oceanography of the Ungava Bay
region.

The Caniapiscau diversion will only increase the
rotal amount of freshwater entering James Bay by
6.5% {S. 1. Prinsenberg unpublished daia). A
more impertant effect of the project will be o
change the seasonal pattern of inflow by greatly
increasing the flow during the winter. This will
undoubtedly ch:moe the pattern of surface cur-
rents {Peck 1977: Prinsenberg unpublished data;
El-Sabh and ixe:}mgum:m} 19771, but the wider
consequences for the oceancgraphy of James Bay
and Hudson Bay are not vet known, Also un-
known are the possible oceanographic effects of
the Churchill-Nelson diversion on the west side of
Hudson Bay, and their possible interaction with
the effects of the James Bay project.

When a reservoir is being filled, the siream
below it may be almost completely shut off fora
time, If it is near the sea, salt water may be carried
by tidal action for some distance up the river to
the detriment of the flora and fauna. Engineers in
high latitudes enjoy an advantage over their col-
leagues in warmer regions because the extent of
saltwater inirusion may be reduced by delaying
the closing of the dam until the lower river has
frozen, providing 2 partal barrier. This pelicy
was followed on LG 2, the largest impoundment
on La Grande River.

The diversion of water from one river 1o an-
other has effects on both sireams, depending on
the relative decrease and increase in the respective
flows, the nature of the terrain, and the prevailing
climatic conditions. A valuable review of this
topic based on a study of 11 Canadian interbasin
diversions has recently been published by
Keilerhalls et al. (1979), The effects on the de-
pleted slream are similar to those induced by
reducing the maximum flow. An important effect
in high latitudes is the formation of channel ivings
if the flow is shallow enough, where deep accumu-
jations of ice may spread over the floodplain. The
possible effects along the diversion channel in-
clude greatly increased erosion with conseguent
increases in the sediment load, which may be
deposited further downsiream. The magnitude
and character of these effects can be predicted
only 10 a very imited extent.

A tidal power plan in the Bay of Fundy would
have various oceanographic conscquences which
cannot be predicied in detail at the present time.
The patiern af siratification and mixing in the
affected area would be altered {Garrett et al
1978y, Meorsover, the tidal regime in the Bay of

e

Fundy and the Gulf ing {which appear ¢
tehave as 4 sin g‘ée e} s controlied not onhy
by the approgimaiely semidiurnel tdal pc*s{}df

i
but also by the naturagl oscillation peried of
svstem. Hence a tidal barrage, by changing |
length of the system, would dmme ity narural
period and hence the paitern of resonance be-
iween this and the tidal cycle, with changes in the
tidal repime thal might be pereentible as far away
as Boston (Greenberg 19773,

This is another area in which there is Hitde
foreign experience to provide guidance, The only
tidal power plan In opergiion at present is in
France, at La Rance ;“-eas‘ 56, Male. Some studies
have been made in relation 1o a proposed nstalla-
tion on the Sevem Estuary in Epgland (e.g.
Robinson 19783,

Biological Effects of
Dams and Impoundments

The biological effects are many and complex,
both above and heiow the dam, and have given
rise 10 much concern in Canada ag elsewhere,
Various aspects of the problem in Canada have
heen discussed previously by Brett (1937}, by the
contributors 10 a symposium on the effecis on
fisheries of human activities in general (Larkin et
al. 1959; Miller and Paeiz 195%9; Prichard 1939;
Viadvkov 1959, in a lecture by Larkin (1972}, in
two reviews by Geen {1974, 1975}, and for four
imporiant species  {lake whitefish, Coregonus
clupeaformis: northern pike, Esox fucius; yellow
walleve, Stizosfedion vitrewm vitreum: and lake
trout, Salvelinus namaveushy in oa series of
biblicgraphies and literature reviews by Machniak
{19753,

It has long been known that fish populations

re often very large in new impoundments during
their first few vears {e.g. Ellis 1941}, it has been
claimed that the effect of the activities of the
Tennessee Valley Authority {TYA) on fisheries in
that region have been wholly positive {Wiebe
1960y, The grear impoundments of the USSR
{(Zhadin and Gerd 1963} and Africa {Ryder and
Henderson 1973; Goodwin 1976} have provided
important new fishery resources for thelr respec-
tive regions. In Canada, Lake Dicfenbaker has
provided oppartunity for sporifishing in a region
where such opporiunities were scanty before the
reservolr was constructed {Richards 1973}

in ail regions mentioned above, however, the
fish involved have been nonmigratory species, In
eastern and western Canada, anadromous fish
{i.c. those that are hatched in freshwater and
spend their adult lives in the sea), sspeciaily

various ;‘ams 5 of salmon {Sgimie and Cacerfiva-
cAuSYy, are an hmportant resource and the

i

v of these species s almost cer-
= 3 be deleterious unless special precautions
are iahuzw

in Canada there seems, until recently, 1o have
been Hitle interest in dmdopz"lg new commercial
fisheries (as opposed i recreational fishing) in
new impoundments, probably because the fishery
resources of our many natural lakes have been
adeguate 1o meet the demand. The emphasis
appears 1o have been on maintaining existing
resources in walers that kave been moedified by
damming and flooding. A recent plan {o establish

a commercial fishery in the Smallwood Reservoir
in Labrador suggests that this emphasis may weil
shift in the fulure

The rapid increase in fish populations often
observed in new impoundments is probably the
resuii of a number of causes. The increase in
reproduction rate by the provision of secure
spawning sites and the protection of young fish
against predators by the vegetation in the flooded
area 1 probably one. The increased provision of
food is another, When a siream is impounded, the
decreased flow rate allows a population of phyto-
piankion 1o develop, which is further enhanced
by an increased supply of nutrients leached from
the flooded soil and vegetation. This is followed
{or accompanied) by an increased population of
zooplankion, and 5o op up ihe foed chain, The
benthic population alse increases, utilizing the
resources of organic maiter providad by flooded
vegelation.

Considerable work has been done in Canada on
the development of the zalgal and invertebrate
populations of new impoundments. Laberge and
Mann {1976} have studied the phyvioplankion of
Mactaguace Reservoir on the Sazint John River.
The University of Waterloo has been a center for
such research with work by Hyvnes, Fernando, and
their colicagues on benthos {e.g. Fernando and
Galbraith 1973; Paterson and Fernando 1970;
Spence and Hynes 1971, b}, and Duthie and his
colleagues on plankion (e.g. Duthie and Kirton
1869 Dhthie and Ostrofsky 1975; Osirofsky and
Duthie 1975; Duthic 1979} Valuable work has
alse been done i“ the Kananaskis Reserveir in
Alberta by Mursall {1952, 1969

Mot all the npeups of fish originally present in
an impounded stream will thrive; some may be
ehminated altogetiner. The case of the snail darter
{Percina ronosiy, a small fish found only n 2
siretch of the Little Tennessee River, has become
famous {e.g, Kinkead 1579, Because this species
would almost certainly have been exterminated i
its habitat had been flooded, the completion of

a? damsy an 'iac
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the Tellico Dam just downstream from Hs habitat
was delaved for severa E}, The freshwater fish
fauna of Canada is much pearar than that of the
United States, so it szems unlikely that a com-
parable sitnation will ovcur here, but the danger
of the elimination of a vatluable species from a
particular area still exists,

Comparatively Hittle research has been done in
Canada on these matlers, but from the general
Hierature on the subject, reviewed by Machniak
{19753} the following probiems can be discerned,

Drawdown can be very desiruciive 1o popu 1
tions of fish that spawn in shallow water if 1h
operating regime is such as to lay these areas ba;:.
when the nests contain eggs or small fry. Some
suceess has been achicved in other countries in
reducing the damage done by providing floating
spawning piaiforms (Zhadin and Gerd 1963) or by
the construction of subimpoundments that re-
main filled with water when the reservoir is drawn
down (Grimis 1965).

The opposite effect, the raising of the level of
the water over habitual spawning grounds, may
discourage reproduction in some species, al-
though Cuerrier {1934) found in Lake Min-
newanka, Alta., that lake trout continued (o
spawn in their accustomed places cven after the
water level had been raised.

Changes in the seasonzl temperature patiern
following impoundiment may change the time of
spawning to the detriment of some species. This
nossibility is being investigated in Southern Indian
Lake by scientists from the Freshwater Institute,
Winnipeg.

If much sediment is released info the impound-
ment, the effect will almost certainly be deiri-
mental, At very high suspended sediment loads,
adult fish are killed because their gills become
clogged. At much lower concentrations, many in-
veriebrates, including species important as food
for fish, will die or atiempt 10 move oul of the
affected area. Hynes (1973}, in a useful review of
this Lepic, has concluded that loads greater than
aboul 80 mg/i arc likely o be harmful. Rosen-
berp and Wiens {1978} found that addition of a
few mg/L of suspended sediment 10 a stream in
the Northwest Territories caused a significant
increase in the drift of several species of macro-
benthos.

Dieposition of silt can cause great damage to
sessile benthic invertebrates and o the eggs and
young of certain species of fish, especially those,
such as certain salmonids, that spawn in redds in
gravel. Deposited silt is likely to interfere with the
circulation of the water through the gravel, caus-
ing suffocation {Mynes 1973). This topic is also
being investipated at Southern Indian Lake

e, as was previeusly noted,

Another danger to which [ish are subjected in
reservoirs is deoxvgenation of water. The unusual
longitudinal profile of most reservoirs, with the
deepesi water lying just behind the dam, favors
the accumulation of a layer of stagnant boitom
water in this part. This may become deoxyge-
nated, especialiy in new impoundmenis where
flpoded soil and vegetation exerts a considerable
oxygen demand. If, for some reason, this water
becomes mixed with the upper water, the effect on
fish may be disastrous {Ellis 1941},

The population of fish parasites may be in-
creased as a result of impoundment. This probiem
in Canada has been discussed by Lawl e; {19700
with special reference to lake whitefish, although
the general principies involved should be appli-
cable 1o other species. The factors involved are

not clearly understood, but inciude Chaﬂgﬁ% in the
relative abundance of various %pu.!e% of fish,
changes in their feeding habits, and increase in the
numbers of the species of zooplankion that are
intermediate hosts of the parasites. 1 a project in-
volved diversions of rivers between watersheds,
there would be serious danger that parasites might
be intreduced into repions that have previcusly
been free of them, as poinied our for British
Columbia by Lindsey {19573 and for certain
Yukon rivers by Arthur et al. {1978), This is one
of the possible undesirable consequences of the
Ciarrison diversion {Weber 19773

Diverxiozss may also introduce objectionable
species of fish to waters where they were not
found hefore, 1o the possible detriment of desir-
able species {Weber 1977; Loch et al. 1979),

in the Maritimes, small impoundments have
been constructed on coastal streams for the spe-
cific purpose of providing habitats for Atlantic
salmon {(Safmo salary and brook trowt {Salvelinys

Jontingiisy, Saunders {1960} and Smith and Saun-

ders {1967, 1968} have described the effects of one
such impoundment ¢n Ellerslie Brook, P.E.1. The
movement of the fish was modified to some
degree, but no sustained increase in vield oc-
curred.

Fxtensive chaunges in blota are frequently ob-
served below dams. The physical changes respon-

bie for these have already been discussed. They
include increased short-term and decreased long-
termz fluctuations in the water level, increased
transparency resuliing from sedimentation in the
reservair, and changes in the temperature regime.
If the reservoir is deep enough (o stratify, and if i
discharges from the hx’po%%m vion, the down-
stream femperature will be lowered and the time
of maximum temperature delayed. With shallow
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reservoirs or those discharging from the epilim-
nion, the temperature may beé increased, There
may also be an increase in the amount of crganic
detritus derived from plankton in the reservoir. it

i not always easy to diseniangle the effecis of

these various faciors.

Ward {1976a) reviewed 13 studies {10 in the
USA and 3 in Canada) on the effects of changes in
the flow regime on benthos. The diversity of the
benthos was commeonly decreased, but the stand-
ing crop increased about as often as it dacreased.
The species composition oflen changed con-
siderably. Increased constancy of flow usually
increased the standing crop. An increase in the
tong-term constancy, by providing a stable sub-
strate, can ingrease the sianding ¢rop even though
the shori-term constancy 1s moderately decreased.
Extreme short-term fluctuations, however, are
very destructive 1o many species {Fisher and
LaVoy 1972; Troizky and Gregory 1974).

Lehmkuhi (1972, 197%) found decreases both in
diversity and biomass of insect larvae in the South
Saskaichewan River below Lake Diefenbaker; thiy
effect could be observed as far ag 110 km down-
stream. He atiributed it 10 the cooling effect of
hypolimnion discharge. Spence and Hynes
{197ia} found changes in the species composition
of the benthos below a dam on the Grand River in
southern Gniario. Soeme of these seemed 10 be due
to temperature changes, but other factors played
a part: an mcrease 1 particulate orpanic matter
favored detritus feeders, and an increased growth
of attached zlpac favored species that Hve and
feed on these.

Certain species of insects appear 1o be par-
ticularly sensitive to alterations of the thermal
regime becausc the various stages in their meta-
morphoeses are trigegered by temperature changes:
if these do not oceur, or oceur at the wrong time,
their life cycles will be disrupied {(Ward 1976h;
Gore 1977). This matter is of practical imporiance
because many of the susceptible species are impor-
tant as food for fish.

Fredeen (1977} has described some of the
changes that have occurred in the South Saskatch-
cwan River below Lake Diefenbaker. The in-
creased clarity of the water has led (0 exiensive
increases in the growth of attached aquatic plants,
especially filamentous algae. More surprisingly,
the blackfly species Simiufium arcticum has been
atmost completely replaced by two other species,
S fuggeri and S. vitratum.

The diversity of fishes is often reduced below
impoundments. Spence and Hynes {1971b) oh-
served that four species that accurred above the
dam were absent below it. These were all southern
species so the effect seems to have been due o
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cooling. In warmer sireams, such as some of the
rivers regulated by the TVA, below-dam zem;:r:m-
tures have been reduced sufficiently to allow
salmonid populations 1o develop in place of the
less desirable species that were there before
{Wiebe 1960, but such benefits seem uniikely in
the cooler streams of Canada.

A decrease in turbidity as a result of the deposi-
tion of suspended sediment in the reservoir may
favor an increasc in primary proguctivity and a
consequent ingrease in food supplies for fish, but
may also expose them 1o a greater risk of preda-
tion. The net effect of these changes is difficult to
predict {Geen 1974},

Depletion of oxvgen and the conseguent in-
crease in the concentrations of reduced chemical
species such as manganous and suiphide ions can
render the hypolimnic water very dangerous to
downstream life {Magan and Roberts 1972}, The
effect can be disastrous if the water is wsed to
supply a {ish hatchery {Qglesby et al. 1978}, Ex-
cessive cooling of the water can also do great
damage to young fish in haicheries by making
them more susceptible 1o infections {Hagan and
Roberis 1972},

When water mixed with air passes through tur-
bines, or when water plunges over a spillway
carrving entrained air 1o a considerabie depth, it
may become supersaturated with gases, especially
nitrogen. [f these come out of solution within the
bodies of fish, the resulting bubbles may cause
more or less serious injury, or death, depending
on their location {gas bubble discasey (Fig. 11}
H. H. Harvey of the University of Toronto is
recognized expert on gas bubble disease and
recently published a review (Harvey 1975}, in the
United States, gas bubble disecase has been ob-
served in salmon in the Columbia River on a scale
sufficient to cause considerable concern, and at
lcast three reviews have been published recently
(Bover 1973; Rucker 1972; Stroud et al, 1975},
Supersaturation in turbines ¢an probably be
decreased or eliminated by modifying the air valve
sysiem {Ruggles and Watt 1973), and super-
saturation below spillwavs by judicious spillway
design {Smith 1974; Smith 1976}, Government
policy in Canada has not permitied the consiruc-
tion of dams on importani salmon streams on the
west coast (Harvey 1976) so the problem appears
161 1o have been serious there, 1t has occurred in
Atlantic salmon on the Saint fohn River {(Mac-
Donald and Hyatt 1973}

if increasing encrgy needs make it necessary (¢
change the existing policy and permit the use of
salmon rivers for hydroeleciric development,
serious problems will arise. Some of these have
been mentioned above, However, anadromous




Fi. 1. Exophthalmia in rainbow trout (Sufmo geirdneriy caused by gas bubble

disease {photo courtesy of H. H. Harvey).

fish have their own particuelar problems. They
returnt from the sea (0 the sirgams in which they
are hatched. They find theiv way back by follow-
ing subile olfactory and tactile clues, Some spe-
cies, including all species of Pacific salmon, do
not feed once the migraton io the spawning
ground has begun,

These give rise to the following practical con-
‘idwatienc If a stream is blocked, gven temporar-
ily (if the blockage iasts for a period egual 1o or
longer than the period of sojourn of the fishin the
sea}, the fish stock of the stream may be effective-
Iy wiped out. If a stream is partially blocked, the
clues leading ic the spawning ground may be
obscured so that the fish are delayed and may
perish before reaching their destination, if a reser-
voir is built on their route, they may seek the
cooler, deeper water and be unable to find their
way oul again. Engineers have devoted a great
deal of cffort 1o the design of structures to permit
fish to pass dams and other obsiacles. A book is
available deating with this with particular vefer-
ence to Canadian conditions (Clay 19613, How-
ever, there appears to be disagreement among
fisheries experts as 10 the compatibility of dams
2nd andromous fish. It has been said that “*[the]
problems . . . all can be solved if enough effort is
made’" (Collins 1976} but also that “hikely the
salmon populations upstiream of a Moran-type
dam fen the Fraser River] could not be saved”
{CGeen 1974). in some instances in Canada the pro-
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vision of an z'ﬂ\'ug‘ervisw fish-fadder has only
maf;k poaching easier {Scott and Crossman 1973,

. 281-282; The Speciator 1977,

(_)n the Saint John River, the praciice of captur-
ing fish below dams and taking them upstream for
release has mer with some success. However, if a
large number of fish arrive during a short period
of time, the practical and economic problems may
be severe. Young salmon going down 10 the sea
are likely to suffer considerable mortaiity if they
pass through turbines. In Nova Scotia, louver
deflectors have been fairly effective in puiding
them away from the turbines {(Bucharme 1972).
On the Saint john River a hatchery has been
esiablished below the Mactaguac Dam to provide
smioits 1o replace those killed in the turbines and
fost in other ways {Ruggles and Watt 1975}

Dams also cbstruct the movement of catadro-
mous fish {those that are haiched in the sea and
spend their adult lives in freshwaier). The only
commercially importamt catadromous fish is the
American eel {Anguifle rosraigy. When the
Moses-Saunders hydroeleciric dam  was con-
structed on the Saint Lawrence Seaway in 1958, it
was prc‘ted that it would prevent young eels
{elversy from entering Lake Omntario, thereby
gventually destroving the eel {ishery there (Ezies
1968}, Aumazgh the pagsage is harmiul both o
the ecls {Lefolid %9#3} and the turbines (Eales
1968), apparently the installation is nol a serious
obstacle for the elvers. By 1971 there was still no

line in 2el catches

€1
{Ontario 3 ai Resourees 19723,
and caiches were suill high in 1974 (Ontario Min-
wiry of Treasury, ?"i’Oi'lGﬁ'isz, and Government
Affairs 19735y, How ever, the voung eels were &
nuisance hecause ihm gathered in greal numbers
just below the turbine outlers. When the turbines
were shut down for repairs they would immediate-
by swim inte the turbine housings, clogging the
imakes of the pumps that are used 1o remove the
water from the housings. A temporary el ladder
was therefore installed in 1974 and since then half
a mitlion io a million cels have passed up it every
year {Whitfield and Kolenosky 1978}, A perma-
nenl struciure will be installed shorily {Anon.
19783,

The physical changes broughi about in estuaries
and adjoining parts of the ocean by regulation of
the rivers entering them have already been alluded
to. There are grave difficulties here, The extent of
the physical effects is itself not easy o predic,
and the impact that any change may have on fish
stocks is 2ven more difficult 1o foresee. The ceo-
systems of estuaries, like those of streams, uli-
mately derive most of their energy from organic
detritus produced elsewhere. It hag recently been
found that young chum salmon {Qacorfivnchus
kefa)y in estuarics feed largely on detritivorous
crustaceans (Healey 1979 Naiman and Sibert
1979; Sibert 1979; Sibert et al, 1977}, Therefore,
any diminution of the amount of orpanic detritus
reaching the estuary might have serious results.

The LG 2 Dam of the fames Bay project will
certainty affect the fauna of the estuary of La
Grande River {Dadswell 1974) but the effect will
probably not be severe {Hunter et al. 1977
Grainger and McSween 1976; Grainger 19773, The
partial diversion of the Caniapiscau River inic La
Grande River is not expected to affect the sahmon
fishery in the Koksoak River, inio which il runs
{Soucy 1978c).

On the other hand, there is reason (o believe
that regulation of the Fraser River would have
adverse effects on voung salmon in the Swralt of
Georgia {Geen 1974, 1973}, and there is evidence
1o suggest that the regulation of the Si. Lawrence
River and other rivers entering the Guif of St
Lawrence may aiready have reduced the catches
of some species In the gulf (Sutchffe 1973 A
tidal barrage in the Bay of Fundy would certainly
cause changes in the invertebrate population of
the affected area, which might, in turn, have
deteterious effects on the fish and birds which
feed on these organisms [Risk et al. 1877).

Seismic Aciivity Indueced by Impoundments

Furing the past decade or 30, there have b
number of mmaz ces fhe;-gmgl L%ﬂ world of
carihguakes ocourring

agreed that in most, if not all, of these i!l.&Idﬁ‘»L.\.
the shoeks have been a result of the impoundment
{Gupta and Rastogi 1976}, For discussions on the
possible mechanisms involved, see Gough and
Gough (1970, Kisslinger (18763, Simpson {1976},
and Bell and Nuor {1978,

The most imporiant single factor in determin-
ing whether an impoundment will induce seismic
activity appears to be the depth of the water; if
this exceeds about 0 m, therc is an spprec'abic
risk that guakes may occur {Rothé 1973). This
phenomenon is not confined to regions of recent
spomanecus seisnyc activity, although in most
instances. there has been a hmor\ of such activity
at some time in the past. induced guakes have not
beer: large {maximum magnitude about 6 on the
Richter scales and have not usually caused serious
damage. However, a guake near the Koyna Dam
in India in December 1967 caused considerable
destruction and loss of life. Geophysicists disagree
as to whether this quake was indeed induced by
the impoundment. induced seismicity may also
have been involved in the maost appaliing dam
disaster of modern times, which occurred in
Creiober 1963, when a huge landslide fell into the
reservolr behind the Vaiont Dam in lialy, This
caused an enormous wave which overtopped the
dam and killed more than 2000 people in the
valley below. It has been reporied that the filling
of a large reserveir in Soviet Tadzhiksian had to
be halted because of increased seismic activity
{Rich 1977).

There {8 one well established instance of in-
duced seismicity following an impoundment in
Canada, This was a shock of magnitude 4.3 that
ovcurred in October 1973 during the filling of the
Manicouagan 3 Reservoir in Quebec {Milne and
Berry 1976; Buchbinder 1977: Mo induced seis-
micity was observed in connection with any of the
other dams of the very large Manicouagan com-
plex.

A number of scientists in Canada have had ex-
perience in this field. Besides the geophysicists in
the Departinent of Energy, Mines and Resources
who invesiigaied the Manicouagan earthguake,
Dr B4 Gough of the University of Alberia is an
internationally recognized authority on induced
seisimiciiy.




Ciimatic Effects of Impoundmenis

Flooding 2 large tract of land or damming a
sireamn in Order to amass a considerable vojume of
water may have a significant effect on climaio-
togical characteristics near the body of water and
at various distances above and downwind of the
project. The magnitude and importance of these
effects depend primarity upon the morphology of
the water body, iis geographical setting, and the
type of conversion of tand use. The physical and
biological consequences, both beneficial and
harmful, which result from the climatic change,
may be difficult 1¢ assess and will certainly be
Gifferent for different environments,

Few man-made lakes or reservoirs have been in
existence long encugh for the colicction of encugh
meteorological data to determine whether the
creation of a reservoir can resuli in 2 significant
change in climate. When the subtle changes in
local climate caused by the construction of a reser-
voir are superimposed upon the natural variability
of the aimospheric cireulation, it becomes diffi-
cult to make definite statements that lnk these
changes to the alteration of the earth’s surface. B
is possibie that no definite and permanent change
will take place. Vendrov and Malik {1965} esti-
maie that the smallest guantitative ¢riterion for
the extent of the influence of a reservoir is about
£.3°C, which is in'the order of magnitude of ran-
dom climatic fluctuations.

Much of the influence is of less practical im-
poriance for the reservoir Hsell than it is for the
surrounding ccosvsiem. Small changes in meieor-
ological variables such as t{emperature, precipi-
tation, and wind may have a serious impact o
human activitics such as agricuiture, transpoiia-
tion, construction, and urbanization. Attention
should be directed to the possible environmental
consequences of the changes in climate, and to
suggest how wise planning of reservoir design
could minimize the undesirable effects and maxi-
mize the advantages offered by more faverable
effects. For example, reservoly evaporation may
be minimized by selecting the reservoir site 50 as$
to reduce exposed surface area, and by position-
ing of discharge outlets in order to withdraw
warm surface water rather than cooler, deep
water. Similarly, the collocaton of residential,
business, indusirial, and recreational facilities is
besi done with a knowledge of the manner in
which air and waler interact 10 influence the
poteniial for alr poliution,

Another difficalty arises out of the need 10 be
able 1o separate the magnitude and the impor-
tance of each effect. For exampie, flooding 2
forest stand in southern Canada may produce a
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moderation in iocal temperatur 19, which
may be less destructive 1o the environment than
the same consiruction in northern latitudes, where
the temperature change may be only 1°C, but the
local ecosvsiems may be more vulperable.

The extent of the zone of climatic influence
depends upon the type of land-use substituiion
and the characier of ihe reservoir and shoreline
landscape. However, a simple rule of thumb is
that the influence will extend across the surround-
ing ierrain for a distance equal to the distance the
wind has travelled over waler.

Until the James Bay hydroelectric development
project, little interest was shown in Canada in ihe
climatic effects of waier impoundments, Oppor-
tunities for the establishment of observing net-
works before and after construction have becn
missed at many large projecis. Efforts in Canada
kave conceniraied on measuring lake effects, but
the task of transiating them into possible environ-
mental impacis has been largely neglected. For
more than a decade, research has been conducied
by the Lakes and Marine Applications Section of
the Aimospheric Eavironment Service into the
effects of the Laureniian Great Lakes on weather,
and conversely, on the influence of weather ele-
ments on the lakes themselves {Richards 1968
One must be cauiious in transposing io other
areas whal we know about the Great Lakes. Tea
large degree, the same physical factors are at
work, but the magnitude of the effects is much
smalier. The largest area to be flogded in the
James Bay project will be only 20% of that of
Lake Ontario, the smallest of the Great Lakes,

There exists a considerable Hterature on the
temperature effects that result from the construc-
tion of small lakes and reservoirs in temperate
regions, no doubl because modification of air
temperature is casily detected. {For a Canadian
study, see Holmes 1972 For small bodigs of
water, extremes of air temperature are generally
suppressed, mean temperatures are slightly cooler
than those inland in spring, and shightly warmer in
fali. Reservoirs also influence diurnal temperature
range. On the average, reservoirs raise nighitime
temperatures ang lower daytime values from May
io July and warm the surrounding air from
September to November, regardless of the hour,
One positive effect of water impoundment is that
nighttime temperatures are generally higher near
the water, so that local frost-free seasons are
exzended by 5-15 days at the shoreling, depending
on the heat storage capacity of the reserveir.

Studies on the Grear Lakes show that large
Izkes may inhibit the growth of convective clouds
and reduce the oceurrence of showery precipita-
tion during spring and early summer {(Phillips and

MoCulloch 1972), The opposiie appears {0 be irue
in fali and early winter. Fow studies of the

and precipitation regimes over small lakes and
reservoirs have been made. Marus (16643 con-
cluded that summer precipitation al Lake Omega
oan the Volga River is 3-7% lower over the iake
than at shore stations. For the Rybinsk Reservoir,
’vakonov and Reteyum {1965 discovered that in
July, in some areas, the reservolr is responsible
for increases in precipitation of up o 9C mm, but
there is a decrease of 10 mm over the reservoir
itself, i addilicn, there is a small dinrnal differ-
ence in these numbers, Furthermore, the intensity
of precipitation is about two thirds of the intensity
measured at inland stations. In Canada, for a
small reservolr in the Fraser Valley, R. W. Verge
{unpublished data) found that in July rainfall may
be reduced by as much as 20% downwind from
the reservoir. For the same limited area, winter
nrecipitation was estimated to be about 0%
higher.

With the creation of a reservoir wind roses
usually would be clongated in the direction of the
longest feich, Probably the number of days with
strong winds would increase, the freguency of
light winds would decrease, and differences in
wind speed over lake and fand would be greatest
at night and least during the day (Phillips and Irbe
1977).

Considering the size of some of the reservoirs,
tocal winds in the form of land breezes and lake
breezes are sure to develop. Thelr intensity wili de-
pend direcily on the magnitade of the air-water
emperature contrast and mversely on the general
circulation, For the most part, the local circula-
tion of onshore lake breezes during the day and
offshore land breezes at night will prevail during
the warming season (Phillips 1980).

Soviet studies indicate that humidities are
slightly higher in the arca immediately surround-
ing the lake, compared with downwind land sia-
tions {Vendrov 1965), However, Buckler (1973}
found, for Lake Diefenbaker, that the configura-
tion of the lake was such that the effect of the lake
on specific humidity was too small to determine.
Schaefer (197¢) made a similar observation for
Williston Lake. For the Great Lakes, Phillips and
irbe {1978} found that differences in dew point
temperature between lake and land were negative
throughout the vear, except during May and June
when dew points over the lake were 1 or 29C less
than those over land.

Perhaps one of the most complex subjects in-
volved in the assessment of the chimatic effects of
new water impoundments is the difference in the
gvaporation regime of an open-water body and
that of a vegetative cover, such as 2 lcheon surface,

or a coniferous forest. The problem is compli-
cated because several meteoroiogical variables are
invobved. Somie of these are soll molsture, humid-
fty, atmospheric pressure, radiation, and wind.
Vowinckel and Orvig {1874}, in assessing the im-
plications of the James Bay development project,
concluded thar evaporation would be reduced
after the creation of a reservoeir. They ciie three
reasons: a prolonged ice cover in spring would
reduce the absorpiion of solar radiation; water
would have a smaller evanorativity rate than thick
vepetation; and during the fall when turbulent
fluxes are af a maximam over the lake, 2 larger
portion of energy would be expended as sensible
heat flux so that the annual lake evaporation
would be reduced.

There is ample evidence 10 suggest thai occur-
rences of fog increase after the construction of
man-made lakes or reservoirs. Fog may result
from the passage of cold air over warm water or
from the advection of warm, moist air across a
cold lzke. Besides the reservoir itself, ancillary
developments such as cooling towers or ponds
may become sources of steam fog under certain
meteorological conditions.

Shortly after breakup, the water receives con-
densed water from overriding moist, warm air.
This comtact may creale persisient fog banks.
especially where the water is coolest. The fog
could be subsequently advected over the sur-
rounding terrain.

Before freezeup, cold air coming into contact
with the warm water of the reservoir may cause
deposition of ice on nearby surface features.
Uinder such conditions, accompanied by moderate
or sirong winds, icing by spray may be a hazard
for a few hundred metres downwind of the open
water, Under similar condiiions, and tempera-
tures ncar freezing, heavy wet snow can be ex-
pected (0 accrete on exposed objects such as vege-
tation and traasmission wires. Accumulations of
as much as 125 mm can be expected {Chainé et al.
1975). Temperatures below -30°C and Bight winds
provide ideal conditions for ice fog to form near
sourges of moisture, such as compressor sites or
idiing traffic. On occasions with low-level fog,
severe rime wing may accumulate on structures.
Buckler {1973) reporied an incident on Lake
Diefenbaker in which steam fog produced
“walls” of cloud which moved onshore and de-
posited 50-75 mm of ice crystals on trees and
other objects within 3 km of the lakeshore.

Resulis of reservoir-impact climatclogies are
generally not applicable from project to project.
Each consiruction reguires siie-specific analyses,
since the effects will depend upon the morphology
of the lake and the regional climaclogy. Memec
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ycalls for the systematic collection of hy -
sorological data as the first and msn %En«
portant task for further understanding i
interaciion belween man-made
atmosphers

{3ther Effects of Impoundments

The construction of dams, or of roads, air-
poris, or anything else, has incidental effects that
require no ecological insight to recognize. in
nopulaied areas, noise, dust, and increased traffic
will cause seme inconvenience and annoyance 0
the residents. I more remole areas, wildiife will
be disturbed and tempting opporiumilies for
poaching may be provided. Removal of vezeta-
tion and topsoil for road construction, and exca-
vation of construction materials from quarries
and borrow pits are Hkely to leave unsightly scars
on the landscape and cause inereased erosion and
an increase in the sediment load in the streams of
the watershed affected. When a large amount of
construction activity is concentrated in a relatively
small area, as o the Wreck Cove hydroeleciric
project in Nova Scota (Kelly 1978), these impacis
can be severe. Rockfill and earthfill dams in par-
ticular reguire large volumes of material; for
example ihe LG 2 Dam of the James Bay proisct
required about 150 X 10° m? of fill. Dispesal of
waste materials of all kinds can be a problem,
especially in remoie areas. Unless rigorous o
are imposed and siricily enforeed, the area is Hike-
by 1¢ become Hittered with debris such as discarded
fuel drinms, used tires, and garbage of all kinds.
The uncentrolied disposal of liguid wastes, such
as wastewater and used engine 61, can cause even
more serious problems.

Considerable damage of this kind was done
during the carly stages of the James Bay project
{Ganguelin 19783, Subsequently, the corporation
adopted a policy of preparing directives for the
protection of the environment which the various
coniractors were required to respect, and assuring
compliance with these through the establishment
of a surveillance leam which supervised all con-
struction activities and provided advice where
needed {Dutort 1978).

At the same time the corporation undertook a
research project to determine the best ways to
restore areas affected by construction activities by
replanting them either with locel plants or with
exotic species capable of thriving in the region
{Brouiiietie and Marceau 1978).

Dams sometimes fail, ofien leading to the losg
of human lives and almost always with more or
less disastrous conseguences for the environment.
The sudden release of water and sediment may

fes
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: WTISETE n-
: {{ e ai”;.d Samom 19795, When the Teton
Dam in ldaho broke in 1976, this not only caused
great destruction helow the dam, ut also dis-

persed many thousands of pounds of pesticides
and other chemicals over the fiooded uarea a a’i i
the river below the dam. Concentrations of some
of these compounds in fish m;banmmiy ap-
proached the maximum permissible levels for
food fish (Perry 1979, The failure raie has been
sstimated {dark and Stuari-Alexander 1977 at
1 X 1Yo 5 X 107 per dam-year. In assessing the
possible envirgnmental effects of dams, the
?Gssﬁﬂi"\; of failure should be kept in mind.
in cold climates, dams can alter the ice regimes
of rivers. The reduced current velocity above the
dam generally favors earlier freezeup and later
breakup than in unregulated rivers. Below the
dam, on the other hand, the discharge of relative-
by warm hypolimaic water {ends (o keep the river
free of ice for some distance. This topic has re-
ceived considerable attention i the USSKE (Kos-
sinsky and Lubomirova 19751 but little appears 1o
have been published on i in Canada, although
Kerr d\}'f"%; has pointed out that ice jams can
sericusly disrupt the operation of hydroeleciric
siations. Water intakes on the Great Lakes have,
on occasion, been aim@s? completely blocked by
e (Foulds 1974). The general problem of pre-
venting and clearing ice jams has received muuch
siudy from engineers, and the general technology
s probably appheable around danms as elsewhere,

Effecis of Impoundmenis on Man

Dams are built because i i3 expected that they
will be beneficial 10 society as a whole, They may
aiso be detrimental in ways described above. In
the sputhern agricultural and industrial parts of
Canada it is possible, in principle, to weigh the
benefits apaing the deleterious effects and arrive
a1 a rational decision as to whether oy not to pro-
ceed with any proposed undertaking. The prac-
tical difficulties of achieving this may be severe.
For exampie, it has notl vet been possible to devise
an overall plan for the management of the Fraser
Hiver that would provide adequate flood control
without causing unaceeptable damage 1o salmon
runs {Sewell 19773, When the anticipated loss i
110t a purely economic ong such as the fiooding of
land, bur a less tangible one such as the destruc-
tion of a site of natural beauty, the problem
becemes more difficult, but technigues of cost-
benefit analysis may give some guidance {e.g,
Bohm and Henry 1970}

In the northerly parts of Canada, the sitaation
is very different. Here the inhabitants, mostly

cre disrupiion if ¢
IrAppIng gmuﬂd
{looded, if the fish populations in their shedm\
are destroved, or if their communities are invaded
by g:z!‘LL umm;s of ouisiders whose culiural
vahies differ from those of the residents. Eceologi-
cal research in these regions may serve 1o defing
the problems, but it can gé‘i”Pr few solutions,

The largest northern i 1o date, the
James Bay project, has ﬁs:aé: n ;-‘:ngii“; with these
pmmcn;s pcsmmml ty through the native land
slzzims settlement process. EBarly in the projec
nenl stage, the matter of outstanding
i “ising out of aboriginal rights
pre...cme;:ﬁ iegal problems, which were resolved
through the negotiation of a detailed agreement
by the federal governmeni, the government of
Quebee, representatives of the Crees and the
inuit, ang the three Crown corporations involved
{James Bay and NMNorthern Quebse Agreement
1976}, In addition 10 monetary compensation, this
comprehe un agreement establishes the con-
figuration of the hydro project, provides meas-
wes 1o mitigate effecis on traditlonal huonting,
ishing and i: pping, aad includes measures for
ne protection of the social and cultural vaiues of
£ native pe@pl’ The social evolution of these
ofimunitie ! be followed with great interest
by all those concerned abouw the impact of de-
elopment on Canadian novthern peoples.
The 1 1(}2} gy discussed ész this section have
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Bige ated at much greater lengih in an unpub-
ii shed paper prepared Cfor Ezm-mmmm ¢ Canada,
T

ands Directorate, by P. Boothrovd,

Concluding Bemarks

What was probably the first general review on
ihe ¢ zmmn,zma:dz aspects of impoundmentis was
ed almost 40 yr ago (Elhis 1941}, The 1opic
ived lttle further aniention for a number of
5 except perhaps in the USSR, but from the
mid—ssxms onward ¥ has attracted increasing
sntzrest and has been the subject of numercus
reviews and symposia {e.g. Ackerman et al, 1973;
Americ sheries Society 1967, Baxter 1977;
Geen 1974 Larkin 1972 Lowe-MceConnell 1966;
Obeng 1969, 1977; Efford 1973a). A considera-
tion of environmenial consegquences of impound-
ments must not be dimited 10 the immediate vicin-
ity of the veservelr, butl should take imo account
possible events a long distance, }’)L,“dj{h hundreds
of kilometres, downstream. Such & consideration

af
irom the biology n? phvio-
7 a?w of a:lfas mai

tuaries, fron physics

5 05 won 1o mszm mi@gy and geoph}'sic&
Probably the general nature of the impacts of

dams is now rea sz‘;zzab’i}' well understood, but we
are st 8 long wayv {rom being able w0 predéc?
xgk..nmaii and guantitatively, the impact of an
g Vet 5).(3}{.&.;:

Most of the suitable sites hvdroeleciric
siects inosouthern Canada are already being
Gr are in Jh: course of development. When,
i ever, more remoele sites will be developed will
depend lar \'uii on a complex mterplay of
ccanomic forces relating 1o the total energy need
and the relative costs of the various options.
There are many grave environmental problems
ihat wii" have to be ¢ msid»}rcd in additton 1o the
purely economic ones. The construction of reser-
VOIS Ic»z' other purposes {flood control, water
supj iy, heat dissipation from the thermoelectric

insiaiiationsy will continge with their associated

environmental problems.

It would be unwise o rely oo heavily on
foreign experience in segking solutions o the
problems that will arise in Canada. Canadian
engineers and environmentalists who are con-
corned with reservoirs are probably most familiar
with work in the United Siates, among foreign
countries. Much American experience is doubiless
applicable here, but lower temperatures in Can-
adz should dicrate caution. Many important
problems in Canada do not occur in the United
States {except perhaps in Alaska), such as prob-
iems of shoreline evolution on permafrost and the
effects of regulating large northward flowing
rivers. Experience in Scandinavia and the USSR
may be of some assistance here, but again, it will
be ngeessary (o gxercise caution.

Fortunately there appears (o exist in the Cana-
dian sclentific community the knowledge and
experience necessary 1o treat authoritatively vir-
raally all the problems discussed in this review.
Some nroblems, such as those related 1o sedimen-
tation and eroston, and 1o fisheries, have been
considered by scienlists in governmeni labora-
mr%{-:s Orhers have been considered by university

clentisis pursuing their own particular interests.
i i at least one instance, that of the problem of the
Peace-Athabasca Dreita, an ad hoc groa’;‘ ASESTI-
pled to deal with the probiem has gained experi-
ence that should be of considerable value in deal-
ing with future problems. Current research at
Seuthern Indian Lake should contribute greatly
1o ouy understanding of what happens when
nermafrost is flooded and how this influences the




biclogical communities of the affecied area.
Above all, studiss carried out in the

project area by Environment Canada, §§

Bay Development Corporation, aﬂs par
the Envirenmental Service of the .iame% Bay
Energy Corporation can be expected to be of the
greatest value 1o anyone undertaking simifar
projects in the north, both for initial baseline
surveys (Ancnymous 1977; Sociéié d'énergie de la

Baic James 1978p) aud mibdigation technigoes

{Soucy 1978a).

A combination of ecological understanding and
sympathetic c¢onsideration of the feelings and
aspirations of the peeple likely 10 be affected
should go a long way tcwards the prevention of
undesirable environmental and social conse-
guences of the Turther development of Canada’s
WALET FESOUTCes.
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