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INTRODUCTION

Stream regulation, the anthropogenic control of discharge in running

* waters, has profoundly influenced virtually all of the world’s major river
systems (Ward and Stanford, 1979a). In some regions, the total surface
area occupied by impoundments is greater than that of natural lakes.
Although the most obvious ecological alterations occur in the inundated
portion behind the dam where the running water system is transformed
into an artificial lake (see Ridley and Steel, 1975 and Baxter, 1977 for
reviews), the structure and function of the remaining lotic reaches are
also profoundly modified by stream regulation.

The regulation of running waters is manifest in a variety of forms, and
each stream regulation scheme is to some extent a unique system. How-
ever, generalized responses occur, and broad types of stream regulation
are apparent (Table [). For example, the ecological implications of a
storage reservoir distinctly differ from those of a hydroelectric facility,
and a deep-release dam has quite different effects on the receiving stream
than a surface-release reservoir. Environmental conditions in lotic
reaches below dams are a function of (1) the quality of water entering
the reservoir, (2) limnological phenomena within the reservoir, and (3)
operational variables at the dam. Effects of stream regulation may
extend tens or even hundreds of kilometers downstream.

This review paper addresses the ecological responses of lotic reaches
and stream organisms to the influence of upstream impoundments.
Consideration will be given to hydrologic, chemical and thermal modi-
fications, and the resultant effects on aquatic and riparian flora, macro-
invertebrates, and fishes. The term “regulated stream’” as used herein
applies to modified lotic reaches downstream from dams.
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Table | SOME GENERALIZED QUALITATIVE RESPONSES OF DOWNSTREAM REACHES
TO STREAM REGULATION (RELATIVE TO COMPARABLE UNREGULATED
STREAMS).

Receiving stream

Variable Surfacz-release Deep-release

Turbidity Clarification Clarification
Nutrients Reduced Reduced less
Plankton Enhanced Present
Detritus Reduced Reduced
Discharge Variable Variable
Temperature range Increased Decreased

Dissolved oxygen Saturated Anoxic to supersaturated

HYDROLOGIC RESPONSES

When a dam is placed across a stream, a hydrodynamic disequilibrium is
manifest in the downstream reach (Leopold et al., 1964; Dolan et al.,
1974; Buma and Day, 1977; Simons, 1979; Petts, 1980). Hydrodynamic
responses to stream regulation are primarily a function of alterations in
the sediment load and the flow regime, and their interactions (Petts,
1980).

FLow REGIME

The flow regime of regulated streams may differ in four major ways
(Table 2) from natural (preimpoundment) conditions (Ward, 1976a).
Short-term flow fluctuations characterize lotic reaches below hydro-
electric dams; storage reservoirs may enhance flow constancy; reduced
total discharge may result from interbasin transfer, conduit bypass, or
increased evaporative loss from the reservoir surface; and increased
total discharge occurs in streams receiving water abstracted from another
catchment. A regulated stream may exhibit more than one of these
alterations. For example, short-term fluctuations in discharge below
hydroelectric dams may be accompanied by enhanced seasonal flow
constancy (Miiller, 1962; Pearson et al., 1968; Hoffman and Kilambi,
1971; Ward, 1976a; Fraley, 1979; Henricson and Miller, 1979).
Compared with free-flowing rivers, regulated reaches generally exhibit
lower mean annual discharge maxima, and reductions in the magnitude
and frequency of flood events with greater than annual recurrence inter-
vals. For example, the mean annual flood of the Colorado River, 2436
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Table 2 GENErALIZED T¥PES OF FLOW REGIME MODIFICATION BELOW IDEALIZED
SINGLE-FUNCTION RESERVOIRS.

Function of reservoir

Flow modification Hydro Storage Irrigation Diversion

Short-term flow fluctuations

Seasonali flow constancy

Reduced discharge

Increased discharge

m3/sec, was reduced to 765 m¥/sec, and the 10-year recurrence interval
flood dropped from 3483 to 850 m®/sec following regulation by Glen
Canyon Dam (Dolan et al., 1974).

CLARIFICATION

Large reservoirs reduce downstream sediment loads over 959 compared

to preimpoundment levels (Leopold et al., 1964). Construction of Glen
Canyon Dam reduced the median sediment concentration of the Colorado
River from 1500 ppm to 7 ppm (Dolan et al., 1974). Prior to regulation
by the Aswan Dam, the Nile River annually carried from 60-180
million tons of silt to the Mediterranean Sea (Mancy, 1979).

The downstream transport of organic detritus is also disrupted by
stream regulation (Webster et al., 1979). Much of the detritus in stream
systems is derived from headwater terrestrial communities and is sequen-
tially processed downstream (Vannote et al.,, 1980). The truncation of
detrital transport and processing significantly alters the energy base of
the lotic system (Ward and Stanford, 1982a). Although few data are
available, it is apparent thatquantitative (total transport) and qualitative
(particle size composition, nutritional quality, chemical diversity) com-
ponents of organic detritus may be altered, and that temporal patterns
are modified in regulated lotic reaches (Lind, 1971; Ward, 1974; Webster
ethalt t1979)°

Turbidity plumes (which move through reservoirs under special condi-
tions) and plankton blooms may reduce transparency in the receiving
stream (Neel, 1963), but the overriding effect of impoundment is to
greatly increase clarity in regulated segments.
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CHANNEL MORPHOLOGY AND SUBSTRATE

The clear water released from most dams and the modified flow regime
are responsible for adjustments of substrate and channel morphol-
ogy in regulated streams. The erosive power of sediment-free water
induces a variety of downstream changes (references in Buma and Day,
1977; see Simons, 1979, for a discussion of responses of the river channel
and tributaries upstream from the impoundment).

Degradation (channel deepening) is the predominant channel response
(Figure 1) immediately below dams (Buma and Day, 1977; Petts, 1980),
although further downstream contributions of sediment from channel
and floodplain erosion plus tributary inputs interact with the flow regime
to alter channel morphology and substrate composition (Kellerhals et
al., 1979; Petts, 1980).

MAIN CHANNEL TRIBUTARY

SEDIMENT-FREE WATER LOWERED BASE LEVEL

EROSION

|

|

|
| 1
(ARMORING ) INCREASED GRADIENT

INCREASED VELOCITY

LOWERED REDUCED HEADCUT TING BANK AND BED
WATER GRADIENT EROSION
TABLE i

AGGRADATION SEDIMENT PRODUCTION

Figure 1. Some potential‘hydrologic responses of the main channel and a
tributary to the release of sediment-free water from an upstream
impoundment.

However, because of reduction in the magnitude and frequency of
flood events, coupled with constraints to erosion (e.g., armoring, see
Simons, 1979), the erosive potential of clear water releases may not be fully
realized. Accommodation of regulated flow within the existing channel
in the absence of competent discharges may restrict channel adjustments
to rare periods of severe flooding. Simulated flooding may be necessary
in some cases to remove fine sediments deposited during dam construc-
tion (Eustis and Hillen, 1954).

Because of reductions in the frequency and magnitude of competent
discharges by regulation, sediment buildup may occur at the confluence
of the main channel with unregulated tributaries (Baxter and Glaude,
1980). Hydrodynamic disequilibria will be established in dowastream
tributaries if their base levels are altered. Degradation of the main
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channel may thus induce erosion in tributaries by rejuvenation and
supply additional sediment to the regulated river. Even without degrada-
tion, the base level may be effectively lowered by reduced discharge in
the regulated channel at times of tributary flooding.

The types and extent of changes in channel morphology induced by
stream regulation depend on the interactions between the flow regime,
sediment quality and quantity, and the resistance of the channel boundary
(Petts, 1980). Degradation is only one of several possible responses.
Others include changes in cross-sectional area or channel patterns, and
lateral movements of the channel. Hydrologic responses also vary
spatially (downstream) in a given regulated river as tributaries add
sediment and modify the flow regime in the main channel.

The downstream extent and degree of hydrologic modification by
stream regulation depend on a variety of factors, but in general altera-
tions in channel morphology are apparent downstream until “the pro-
portion of non-regulated runoff reduces the proportion of catchment
impounded to less than 40 9/ of the total area draining into the stream-
channel” (Petts, 1980, p. 328). Eventually, even highly regulated reaches
establish a dynamic equilibrium with the altered sediment and flow regimes.

CHEMICAL RESPONSES

In this section concern is directed toward changes in chemical charac-
teristics of influent water compared to outflow from the dam, and the
effects of release depth on the quality of discharge water. The extent to
which impounded water is chemically altered by limnological phenomena
varies between reservoirs and within the same reservoir over time. See
Golterman (1975), Wetzel (1975) and Cole (1979) for detailed descrip-
tions of chemical dynamics in standing water bodies. The following
discussion primarily applies to chemical modifications engendered by
‘“on-stream, deep-storage reservoirs’ (sensu Hannan, 1979). Increased
salinity induced by evaporation is a major chemical response in “‘off-
stream (closed) reservoirs’”’, whereas ‘run-of-the-river reservoirs” may
have minimal effects on river chemistry.

Under certain circumstances, the chemical characteristics of inflowing
water may maintain integrity as a density current moving through the
reservoir (Neel, 1963; Wunderlich, 1971; Soitero et al., 1974; Hannan,
1979; Krenkel et al., 1979). Generally, however, significant alterations
occur within the reservoir, resulting in differences in the quality of water
entering the reservoir and that discharged from the dam (Love, 1961;
Symoans et al., 1965; Wright, 1967; Soltero et al., 1973; Klomp, 1976;
Hannan, 1979; Krenkel et al., 1979). Even reservoirs with relatively
short retention times tend to act as sinks for certain substances (e.g.,
nutrients, some heavy metals), whereas other components (e.g., H,S), not
normally present in the inflow, may be produced within the reservoir and
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released downstream. Some authors emphasize a general improvement
of water quality by impoundment (e.g., Klomp, 1976; Simmons and
Voshell, 1978 ; Hanpan et al., 1979); others report inducement of deleter-
ious chemical conditions (e.g., Wright, 1967; Isom, 1971; Young et al.,
1976). Obviously both beneficial and adverse effects occur (see Love, 1961);
whether the overall result improves or degrades water quality depends
on the river-reservoir system in question and the parameters examined.

Temporal patterns of river chemistry may be considerably altered by
stream regulation (Soltero et al., 1973). For example, chemical condi-
tions characterizing summer may be delayed until winter in the lotic
reach below the dam (Neel, 1963). In addition, impoundment tends to
reduce the sharp temporal variations which may characterize upstream
reaches (Love, 1961; Soltero et al., 1973, Crisp, 1977). The influence of
biological phenomena on chemical conditions in the reservoir ‘““is often
greater than the influence of the other factors combined”’ (Hannan, 1979,
p- 80), and such effects vary with depth. In the epilimnion of a reservoir
phytoplankton may rapidly deplete nutrients and CO,, and photo-
synthesis may induce decalcification and elevate pH. The metalimnion
may contain oxygen-supersaturated strata under some conditions, but
oxygen-depleted waters at other times (Gordon and Morris, 1979). The
bypolimnion is the primary site of decomposition processes which
elevate CO, levels, and lower oxygen and pH.

SALINITY

Reservoirs may act as salinity traps under some conditions (Soltero et al.,
1973). However, inundation of Tertiary marine sediments by impound-
ment exasperated an already serious salinity problem in the Murray-
Darling River Basin in Australia (Walker, 1979). The absence of flooding
under regulated flow regimes may increase salinification of floodplain
pans by failing to provide a dilution effect (Davies, 1979).

Large impoundments, especially in tropical or arid regions, may increase
salinity by evaporation. The salinity of Lake Nasser in Egypt is increasing
due to evaporation of from 8-20 billion m?® of water annually (Mancy,
1979; Ramadan, 1979).

Since salinity increases with depth in stratified reservoirs (Neel, 1963),
surface-release should be employed where reductions in downstream
salinity levels are desired (Wright, 1967; Martin and Arneson, 1978.)

DissoLVED OXYGEN

The effects of impoundment on downstream oxygen levels are a function
of the trophic status of the reservoir, retention time, release depth, and
other factors. Air drafts in the release tunnel will generally ameliorate
any oxygen deficits before water is discharged into the receiving stream
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(Neel, 1963; see section on gas supersaturation). Oxygen problems arise
when hypolimnetic waters from eutrophic reservoirs are released fromthe
dam with little turbulence (Pfitzer, 1967; Ruggles and Watt, 1975; Davies,
1979; Krenkel et al., 1979; Walker, 1979). Hannan et al. (1979) have
demonstrated a progressive down-reservoir movement of a hypolimnetic
anoxic zone, which during low flow years may not reach the dam prior to
autumnal overturn.

The rapidity of downstream recovery of oxygen-depleted water is
primarily dependent upon turbulence, and photosynthesisbyaquatic plants,

Ammonia, sulfides, and reduced forms of iron and manganese associated
with anoxic hypolimnia may be discharged from deep-release dams (Neel,
1963; Wright, 1967; Hannan and Young, 1974; Davies, 1979; Krenkel
et al., 1979). Such reduced chemical species may be toxic to aquatic biota,
and increase the total oxygen demand in the tailwaters. Oxygen-depleted
waters reduce the capacity of the stream to assimilate inputs of organic
wastes (Ruggles and Watt, 1975).

NUTRIENTS

Reservoirs may act as nutrient traps such that net output at the dam is
less than total nutrient input (Hannan et al., 1973; Soltero et al [ 11973
Klomp, 1976; Hannan, 1979). For example, 259 of the total nitrogen
entering a large impoundment in Montana, U.S.A., was retained within
the reservoir, although there was an 11% increase in mitrate nitrogen
(Soltero et al., 1973). Studies of another Montana reservoir showed that
inorganic nitrogen was invariably higher in outflowing than inflowing
waters (Rada and Wright, 1979). Although part of this difference may
be due to precipitation inputs, the net increase in inorganic nitrogen was
primarily attributed to nitrogen fixation by the blue-green alga Adphanizo-
menon flos-aquae. Despite considerable mineralization of combined
phosphorus within the reservoir, total phosphorus inputs and outputs
were similar (Rada and Wright, 1979). Soltero et al. (1973, p. 347), how-
ever, reported that only ‘14 per cent of the phosphorus that entered the
reservoir was discharged,” primarily due to sedimentation of particulate
phosphorus. Other investigators have also reported a reduction in phos-
phorus by impoundment (Klomp, 1976), or no significant change (Hannan
and Young, 1974).

Several authors provide useful summaries of alterations in specific
nutrients and other chemical constituents induced by impoundment (e.g.,
Soltero et al., 1973; Klomp, 1976; Hanpan, 1979; Hannan et ali 1979
Ramadan, 1979).

Because nutrient levels increase with depth in stratified reservoirs,
surface-release accentuates nutrient accumulation in impounded waters,
whereas deep-release supplies greater amounts to the receiving stream
(Neel, 1963; Wright, 1967; Martin and Arneson, 1978; Davies, 1979).
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Selective depth withdrawal capabilities thus allow some control over
amounts and concentrations of nutrients discharged to downstream lotic
reaches (Paulson et al., 1979).

Unlike the classical pattsrn of aging in natural lakes, many impound-
ments exhibit initially high levels of nutrients which decline over time as
continued leaching from the substrate surface depletes nutrients from the
reservoir basin (Neel, 1963 ; Balon, 1978; but see Pennak, 1949).

DissoLVED GAS SUPERSATURATION

Lotic waters below dams may become supersaturated with atmospheric
gases to the detriment of stream biota. Weitkamp and Katz (1980)
recently reviewed conditions leading to dissolved gas supersaturation and
effects on aquatic organisms. Although gas supersaturation may occur
under natural conditions, it poses the most serious problems in the
tailwaters of high-head hydroelectric dams where falling water mixes with
air which is subsequently dissolved under hydrostatic pressure in deep
plunge pools. Early data on supersaturation below dams are available
from Sweden (Jarnefelt, 1948; Lindroth, 1957), but the most intensive
and comprehensive research has been conducted in the Columbia River
Basin (e.g., Ebel, 1969; Beiningen and Ebel, 1970; Meekin and Allen,
1974; Raymond, 1979). Dissolved gas levels above 1209 saturation have
been commonly recorded, with occasional values exceeding 1409
(Weitkamp and Katz, 1980).

THERMAL RESPONSES

NATURAL THERMAL CONDITIONS

The temperature regime of a water body is a composite of the entire
thermal pattern including absolute temperatures, amplitudes, and rates
of change, superimposed upon temporal and spatial vectors (Ward and
Stanford, 1982b). In addition to latitude and altitude, a variety of hydro-
logical, topographical, and meteorological factors are responsible for ther
mal patterns in natural lotic system (Collings, 1969; Smith, 1972; Smith
and Lavis, 1975).

In natural streams not greatly influenced by groundwater, close
relationships between air and water temperatures have been observed in
England (Smith and Lavis, 1975), Alaska (Sheridan, 1961), and the French
Pyrenees (Thibauit, 1971), although major discrepancies may occur during
periods of ice cover, snowmelt, or spates. Because larger volumes of
water are less responsive to atmospheric vagaries, the thermal conditions
of source waters are carried further downstream during high discharge.
The aspect of the drainage basin, streamside vegetation, and channel
form influence the relative importance of direct solar radiation on stream
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temperature (Macan, 1958; Edington, 1965; Brown, 1971). Substrate
type and degree of exposure to direct sunlight play major roles in deter-
mining temperature regimes of tropical streams (Geijskes, 1942).

Natural streams of mid- and high-latitudes normally have temperatures
which vary from around 0-20°C, or less, annually. Riversin regions of
continental climates may exhibit slightly greater ranges (e.g. 0-26°C for
the Volga River, US.S.R.; Mordukhai-Boltovskoi, 1978). Tropical
streams rarely exceed about 32°C (see e.g., Bishop, 1973).

The diel range of temperature to which aquatic animals are exposed
may be of considerable ecological significance (Ward, 1976b; Ward and
Stanford, 1979b, 1982b; Vannote and Sweeney, 1980). Maximum diel
ranges vary from less than 1°C at spring sources (Ward and Dufford,
1979) or under ice (Clifford, 1978), to well over 10°C in exposed streams
(Mackichan, 1967; Smith and Lavis, 1975). Although tropical streams
exhibit more constant thermal conditions, considerable diel (Bishop, 1973)
and annual fluctuations (Harrison, 1965) have been documented.

Subsurface ice, which forms under special conditions in lotic waters
(Ashton, 1979), may have major effects on stream organisms (Maciolek
and Needham, 1951).

Middle reaches are often the most responsive to atmospheric tempera-

tures. Headwaters which are well-canopied and receive substantial
groundwater are thermally stable; the large volume of water is respons-
ible for thermal stability in the lower reaches of river systems (Ward and
Stanford, 1979b; Vannote and Sweeney, 1980).

REGULATED THERMAL CONDITIONS

The extent to which impoundment modifies lotic temperatures therefore
depends not only on the characteristics of the reservoir and operational
variables, but is also determined by the position of the dam along the
longitudinal stream profile (Ward and Stanford, 1982a). Operational
variables influencing downstream temperature include release depth and
discharge pattern; thermal stratification patterns and retention times are
major limnological variables (Ward and Stanford, 1979b).

Seven biologically significant components of the thermal regime may
be altered by stream regulation (Table 3). Although models have been
developed to predict downstream temperatures or to exert managerial
control over thermal conditions below dams (Nielson, 1967; Beard and
Willey, 1970; Adams, 1975), only specific portions of the total thermal
pattern have been considered. Considerable modification of the total
thermal pattern by impoundment may occur without appreciably changing
mean annual stream temperatures (Templeton and Coutant, 1971; Lavis
and Smith, 1972; Ward, 1976¢). Shallow or surface-release reservoirs
and natural lakes have similar effects on the thermal regime of the
receiving stream (Martin and Arneson, 1978; Ward and Short, 1978;
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Table 3 [pgaLIzED THERMAL ALTERATIONS OF THE MIDDLE REACHES OF TEMPERATE
STREAMS INDUCED BY UPSTREAM IMPOUNDMENTS WITH DiMICTIC PATTERNS
OF STRATIFICATION.

Thermal alteration Deep-release Surface-release

Diel range Reduced* \ Variable
Annual range Reduced Expanded
Summer temperature Decreased Elevated
Winter temperature Increased Similar
Seasonal maximum Delayed Delayed
Vernal rise Less rapid Delayed
Autumnal decline More rapid Delayed

*Diel range may be increased in summer below hydroelectric dams,

Fraley, 1979). Release of warm surface waters during stratification
decreases heat storage in the reservoir, and elevates summer temperatures

downstream. In addition, there may be a delay in the vernal rise and
autumnal decline in temperature irrespective of release depth (Neel, 1963;
Spence and Hynes, 1971a; Mordukhai~BoltOVSkoi, 1978; Walker, 1979).
The most dramatic therma] alterations occur below stratified deep-
release impoundments on temperate zone streams (Ward and Stanford,
1982a). Storage reservoirs which release water from the hypolimnion
during the entire period of stratification produce a thermal regime in
the receiving stream characterized by diel and seasonaj constancy, winter
warm and summer cool conditions, and alterations in the seasonal tem-
perature pattern (Ward, 1976b, 1976¢; Ward and Stanford, 1979b).
Diel temperature fluctuations may be virtually eliminated immediately
below deep-release dams. The annual range 5km downstream from a
ecreased from 21°C to 12°C (Nishizawa and
Yamabe, 1970). A reservoir in England depressed downstream tempera-
tures as much as 12°C in summer (Lavis and Smith, 1972). Penaz et al.
(1968) found average summer temperatures 9.5°C lower and winter tem-
peratures 4.5°C higher below g dam in Czechoslovakia, compared to
thermal conditions above the reservoir. Water temperatures below a
Colorado mountain reservoir ranged only from 3-13 °C and the seasonal
maximum was delayed until October, the time of TEServoir overturn
(Ward, 1974). Armitage (1979) reported significant delays in the vernal
rise (20-50 days) and autumnal decline (0-20 days) in temperature below
an impoundment in the Pennine Moorland of England.
Streams below deep-release hydroelectric dams may exhibit enhanced
summer diel thermal variations in conjunction with flow fluctuations,




ECOLOGICAL ASPECTS OF STREAM REGULATION/James V. Ward 11

since small volumes of water during non-generation periods rapidly
equilibrate with ambient air temperatures (Pfitzer, 1967; Ward and
Stanford, 1982¢). A falling water level in a stratified reservoir with a
fixed outlet port, or changing release depth in a dam with selective with-
drawal, may also produce abrupt temperature changes in the receiving
stream.

Reduced flow, whether from diversion or during non-generation periods
below hydroelectric dams, results in more extreme water temperatures.
Low discharge in winter enhances formation of anchor ice, although ice-
free conditions generally prevail for some distance below deep-release
dams, even in regions normally having several months of ice cover (Ward,
1976b). =

Recovery of a thermal regime altered by stream regulation may take
tens or even hundreds of kilometers. For example, below Vir Dam on
the River Svratka in Czechoslovakia, thermal recovery required over
40 km (Penaz et al., 1968). The rate of recovery with distance is a
function of thermic slope (i.e., the difference between air and water
temperatures) and discharge, among other factors (Bratranek, 1953;
Nielson, 1967; Beard and Willey, 1970; Adams, 1975).

BIOTIC RESPONSES

The generalized responses of biotic components to upstream impound-
ment presented in Table 4 assume the absence of adverse environmental

Table 4 A SUMMARY OF COMMON RESPONSES OF RIPARIAN AND AQUATIC FLORA,
AND MACROINVERTEBRATES TO STREAM REGULATION IN LOTIC REACHES WITH
OTHERWISE FAVOURABLE CONDITIONS.

Biotic-Component General Effects Comments

Riparian vegetation Variable Dependent upon hydrologic
regime
Periphyton Enhanced Filamentous chlorophytes
standing crop and bryophytes favored
Submerged angiosperms Enhanced Increased densities; upstream
range extensions
Macroinvertebrates

Abundance Variable Dependent upon flow regimse

Diversity Reduced Often due to thermal

alterations
Composition Altered Trophic, thermal, and ilow
alterations
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conditions such as pollution, oxygen depletion, and sedimentation, which
would otherwise mask the effects of regulation. The responses indicated

the sublethal modifications of hydrologic.
chemical, and thermal regimes by stream regulation discussed in preceding
sections.

AQUATIC AND RIPARIAN FLORA

Riparian vegetation plays an important ecological role in stream
ecosystems, especially in headwater reaches, by providing cover for stream
fishes, by reducing bank erosion, by supplying energy in the form of
allochthonous organic detritus, and through its influence on stream
temperature.

The specific influence of stream regulation on riparian vegetation
primarily reflects the complex interrelationships of several hydrologic
variables (Buma and Day, 1975), making generalizations difficult.
Reduced flow fluctuations may enhance riparian Species already present
or may allow invasion of the ri parian zone by non-riparian species which
are unable to tolerate flooding along natural streams (Dolan et al., 1974;

Grelsson and Nilsson, 1980). Reductions
y facilitate encroachment of riparian vege-
tation to the extent of channel modification (Ward, 1976a). Severe water
level fluctuations, induced by certain types of regulation, however, will
e the normal streamside vegetation. The erosive power
y eliminate riparian habitats such as point bars
and terraces (Dolan et al., 1974). The removal of silts and clays may,
by reducing moisture (and nutrient?) holding capacity, render the soil of
marginal areas unsuitable for rooting and growth of riparian plants
(Simons, 1979). ition,
the water table of the flood plai
ties (Buma and Day, 1977; Simons, 1979).

Submerged angiosperms and attached aquatic plants (bryophytes and
benthic algae) generally respond in a similar fashion to stream regulation
(Table 4). gh aquatic plants may be adversely affected under
some conditions, such gas heavy siltation or extreme flow fluctuations
(Neel, 1963; Kroger, 1973; Ward, 1976a), more commonly stream regulation
imparts an overall favorable environment for stream flora (Penaz et al.,
1968; Spence and Hynes, 1971a; Ward, 1976c; Holmes and Whitton,
1977, 1981 ; Lowe, 1979; Marcus, 1980). Conditions which may occur
in regulated lotic reaches which tend to favour aquatic plants include (1)
enhanced flow constancy, (2) increased bank and bed stability, (3) reduced
scour, (4) increased water Clarity, (5) higher winter temperatures, (6)
absence of surface and anchor ice, (7) higher nutrient levels, and (8)
reduced stream gradients, The negative effects of short-term flow
fluctuations which occyr belo ams are often more thap compen-
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sated for by increased substrate stability induced by long-term reductions
in flow variations, and the presence of other factors favourable ¥z stream
flora. Under certain conditions stream regulation results in nuisance
growths of aquatic plants (see e.g., Walker, 1979).

Although fewer species of diatoms were recorded at a regulated site on
a British river, the species richness of total phytobenthos was greater than
at unregulated locations (Holmes and Whitton, 1981). Filamentous
green algae and desmids were especially enhanced. The absence of
certain algal species was attributed to the dense cover of bryophytes or
to the upstream reservoir acting as a barrier to downstream movement
of inocula. The more constant flow conditions are likely responsible
for the invasion of the regulated lotic reach by species of aquatic
angiosperms which were restricted to lower reaches prior to impound-
ment (Holmes and Whitton, 1977). Mountain streams in Colorado which
normally lack higher plants may develop dense beds of submerged
angiosperms in regulated reaches (Ward, 1976c).

Ross and Rushforth (1980) failed to detect any significant changes in
the periphytic diatom communities of a Rocky Mountain Stream follow-
ing upstream impoundment. In another Rocky Mountain stream,
however, a more diverse diatom assemblage colonized glass slides imme-
diately below a deep-release reservoir than at sites further downstream
(Marcus, 1980). The site closest to the dam exhibited net periphytic
productivity four times greater than at downstream locations, a response
attributed to nutrient enrichment resulting from nitrogen fixation in the
reservoir.

Total streambed coverage by phytobenthos nearly tripled below a
Czechoslovakian reservoir compared to a lotic site upstream (Penaz et al.,
1968). Bryophytes and filamenous chlorophytes were especially favoured
at regulated sites.

MACROINVERTEBRATES

Studies of macroinvertebrate communities in regulated streams may
provide considerable insight into the ecological requirements of the
benthic fauna. The most productive locations for study are regulated
lotic systems which are otherwise relatively pristine, and where severe
conditions such as oxygen depletion do not occur. The abundance of
macroinvertebrates in such waters may be elevated or depressed compared
to natural streams of the region; species diversity is almost invariably
reduced; and the taxonomic composition is greatly altered (Table 4).
Entire groups (e.g., stoneflies, heptageniid mayflies) may be absent
immediately below the dam (Ward, 1976¢). Non-insects (e.g., snails,
amphipods) tend to be favoured below deep release dams (Ward and
Short, 1978). Such generalizations, however, have been based nearly
exclusively on studies of the middle reaches of temperate zone streams
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(see Ward and Stanford, 1979a). Few comprehensive data are available
for regulated streams of high or equatorial latitudes, and there is a general
paucity of information on effects of impoundment in either headwaters or
the lower reaches of large rivers.

The direct and indirect effects of thermal and flow modifications on
environmental conditions in regulated streams are thought toaccount for
much of the observed modifications in the zoobenthic community (Ward
and Stanford, 1979b). In addition, truncation of detrital transport,
increased autochthoaous plant production, and contributions of limnetic
seston, may greatly alter trophic dynamics in regulated streams (Ward
and Short, 1978, Webster et al., 1979; Short and Ward, 1980; Kondra-
tieff and Voshell, 1981).

The modified thermal regime below deep-release dams may be a major
factor contributing to alterations of the macroinvertebrate community,
especially in streams with otherwise favourable conditions (Pearson et al.,
1968; Penaz et al., 1968; Hoffman and Kilambi, 1971; Spence and Hynes,
1971a; Lehmkuhl, 1972; Ward, 1974, 1976b; Gore, 1977). Ward (1976b;
and Ward and Stanford, 1979b) developed a conceptual model relating the
modified thermal regime below dimictic deep-release storage reservoirs
to ecological interrelationships hypothesized as responsible for reduced
species diversity of macroinvertebrates Many lotic species in the
temperate zone evolved in response to natural thermal heterogeneity
(see Ward and Stanford, 1982b). For example, the temperature regime
of regulated streams fails to provide appropriate stimuli to cue life cycle
phenomena for some species (Lehmkuhl, 1972; Ward, 1976b). Such
species will be eliminated, and only those species preadapted to regulated
Stream temperatures (e.g., Springbrook forms) will find favourable
thermal conditions (Ward and Short, 1978).  Other species for which the
thermal regime is suboptimal may be eliminated by low growth efficiency,
reduced fecundity, shifts in predator-prey interactions, or competitive
exclusion (Ward, 1976b). Because the niche of a species may change
throughout the life cycle, the temporal spacing of overlapping generations
(resulting from extended emergence under more constant temperatures)
may occupy niches that would have been available for other species.
Shallow or surface-release reservoirs may elevate downstream summer
temperature to the extent of endangering the indigenous cold water
fauna (Fraley, 1979). Life histories below surface-release dams may
exhibit subtle, but significant alterations (Kondratieff and Voshell,
1981).

The degree of flow constancy appears to largely determine macroinver-
tebrate abundance in regulated streams (Ward, 1976a; Ward and Stanford,
1979b).  Extremely high densities have been recorded below deep-release
(Ward, 1974) and surface-release (Ward and Short, 1978) reservoirs where
flow constancy prevailed. Severe flow fluctuations may deplete the fauna
directly or indirectly by effects on the substrate and the food base, and
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by reducing habital diversity (e.g., eliminating accumulations of sed-
imentary detritus). Macroinvertebrates exhibit considerable taxonomic
differences in susceptibility to stranding and tolerence to exposure (Fisher
and LaVoy, 1972; Brusven et al., 1974), which alters community struc-
ture in stream reaches subjected to short-term flow variation. Drift of
stream organisms may be induced by both increasing and decreasing
discharge (Anderson and Lehmkuhl, 1968; Minshall and Winger, 1968;
Brooker and Hemsworth, 1978) which may conceivably deplete popula-
tions below dams, especially in stream reaches without tributaries to
supply colonizers to the main channel.

Enhanced flow constancy generally leads to dense populations of
zoobenthos due to increased bank and bed stability, and increases in the
food base. -Dense macrophyte beds which may develop under such flow
conditions provide current refugia for species normally unable to main-
tain populations in high gradient streams (Ward, 1974, 1976a). A constant
discharge pattern, especially if associated with reduced total flow, may
have deleterious effects on the receiving stream (Eustis and Hillen, 1954).
Aquatic plants may reach nuisance proportions. Conversely, the absence
of flushing action by periodic high discharge may result in siltation with
associated adverse effects on plant and animal components. Intragravel
flow may be reduced as substrate interstices accumulate fine materiais,
thus reducing the hyporheic zone which provides an important habitat
for benthic species as well as incubation sites for fish eggs and larvae.
Reduced flow may result in extreme temperatures detrimental to the
benthos. See Ward (1976a) for a detailed discussion of the interrelated
effects of various flow modifications on stream conditions and lotic
organisms. Ward and Stanford (1982c) specifically address the influence
of discharge pattern on thermal conditions.

An enhanced community of filter-feeders characterizes streams below
surface-release impoundments and natural lakes. Net-spinning caddis-
flies (Trichoptera) and blackflies (Simuliidae) may cover virtually the
entire suitable substrate at certain seasons. Other filter-feeders such as
bryozoans and sponges may attain high populations under certain
conditions (Ward and Short, 1978). Shredder invertebrates which feed
on coarse detritus (often terrestrial leaf litter) are reduced in abundance
due to the elimination of detrital transport from upper reaches (Short
and Ward, 1980).

Although invertebrates may be adversely affected by gas supersatura-
tion (Weitkamp and Katz, 1980), aquatic insects appear relatively tolerant
(Montgomery and Fickeisen, 1979). Insects exhibited increased buoyancy
(by external adherence of entrained air bubbles) when exposed to condi-
tions simulating gas supersaturated waters in stilling basins below dams
(Montgomery and Fickeisen, 1979). Species specific differences in
flotation induced by supersaturated waters could alter the taxonomic
composition of benthos in regulated streams.
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FIsHES

In addressing the influence of stream regulation on fishes of running
waters a distinction must be made between resident fishes, and migratory
species for which dams pose additional problems. Fishes which regularly
migrate between fresh water and the sea to spawn are of two types.
Species such as salmon which enter fresh water to spawn are termed
anadromous, whereas catadromous fishes, such as eels, migrate into
salt water to spawn. The discussion herein will concentrate on the effects
of stream regulation on anadromous migrants (Table 5) and resident
fishes (Table 6). Dams are less of an obstacle for eels, the major

Table 5 SomE PROBLEMS PRIMARILY ASSOCIATED WITH MIGRATION OF ANADROMOUS
FisHES, ENGENDERED BY STREAM REGULATION. PARENTHESES INDICATE
SERIOUS LIMITATIONS TO AVAILABLE MITIGATIVE STRATEGIES (see text).

Adults Juveniles Mitigative
Strategies

Blockage (x)
Increased passage time (x)
Reduced spawning area

Inappropriate stimuli

Turbine mortality

Predation losses

Gas supersaturation

Stratified reservoirs

Stranding

catadromous species of economic importance, because of the vagility of
upstream migrating elvers (Baxter and Glaude, 1980).

Dams block upstream spawning migration and impoundments reduce
the area of stream substrate available for spawning. For example, less
than 30 per cent of the original habitat of the Columbia River Basin
remains accessible to anadromous salmonids due to construction of
mainstream dams (Robinson, 1978). If migratory movements are not
completely blocked, the length of time required to reach spawning
grounds is increased by stream regulation. Regulated streams may not
provide the flow or thermal stimuli to appropriately cue migratory
movements. If the flushing action of high flows is eliminated, the
substrate may be rendered unsuitable for incubation of eggs or fry.
Conversely, the erosive power of clear water releases may sometimes
remove spawning substrate (Boles, 1981).
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Juveniles may be significantly delayed in their downstream migration.
Raymond (1979) attributed a nearly one-moanth delay in downstream
migrating juveniles to the construction of dams on the Snake River, a
major tributary of the Columbia River. Survival of juvenile chinook
salmon has, over a given length of river, declined from 80-90% to 33%
since the completion of additional dams. During low flow years, most
juvenile mortality resulted from passage through the turbines, increased
predation, and delays in passing through reservoirs, whereas gas super-
saturation accounted for most of the losses during years of high discharge.
Mitigation strategies may reduce such losses. Screens may be installed
to prevent juveniles from passing through the turbines, and spillway
deflectors and other devices are available to reduce losses from gas bubble
disease (Weitkamp and Katz, 1980). Fish ladders have been only partially
successful. In some instances, adults and juveniles have been captured
and transported by truck around dams. Present methods, in some cases,
may not be sufficient to preserve the anadromous fishery above the dam
(Geen, 1975; Mundle, 1979). However, Atlantic salmon and American
shad have been restored in the highly regulated Connecticut River (711
dams) after an absence of almost 200 years (Blakely et. al., 1979).

Resident stream fish communities are also modified by regulation
(Table 6). Four species of cyprinids which occurred in a river upstream

Table 6 SoME EFFECTS OF STREAM REGULATION ON RESIDENT FISHES OF THE
RECEIVING STREAM.

Standing crop Variable

Species composition Altered

Species diversity Reduced

Exotic Species Increased
Growth Poor to excellent

Spawning Suecess Temperature and flow dependent

from an impoundment in Canada were absent below the dam, although
some other species greatly increased in abundance in the tailwaters
(Spence and Hyanes, 1971b). Edwards (1978) also found a reduction in
fish species diversity, compared to preimpoundment records, in a Texas
river. A species of darter which formerly bred during the cold part of
the year exhibited year-round breeding in the tailwater. Total fish biomass
above the reservoir (848 g) was twice as great as in the tailwater (413 g)
per collecting effort. Exotic (introduced) species comprised a greater
percentage of total fish species below the dam (28 %) than above the
reservoir (14%).

Authors of the above studies attributed madifications in the thermal
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regime as largely responsible for the altered tailwater fish communities.
The species eliminated from the downstream section of the Canadian
River were those near the northernmost limits of their ranges. Spring
and summer temperatures were not sufficient for spawning behaviour
below the deep-release dam. Edwards (1978) also attributed alteration in
tailwater fish communities to the thermal consequences of releasing water
from the hypolimnion. Pfitzer (1967) refers to the failure of reproduc-
tion of warm water species in the cold tailwaters below TVA reservoirs.
Richmond and Zimmerman (1978), using electrophoretic techniques,
isolated a ‘‘cool-water” isozyme of malate dehydrogenase (MDH) in
populations of red shiners in a tailwater in Texas. There is some
evidence of selection for a more plastic genotype in populations occurring
in tailwaters exhibiting unpredictable environmental conditions.

Impaired gametogenesis in sturgeon below a dam in Russia was
attributed to excessive energy expenditures in winter necessitated by
altered temperatures and discharge (Artyukhinetal., 1979). Grizzle (1981)
reported a higher incidence of lesions in fishes below a hypolimnial
release dam than in populations further downstream.

Acutely lethal conditions may also be induced by stream regulation.
The release of oxygen depleted water and associated reduced substances
(e.g., H,S) may eliminate fishes from tailwaters. Thermal shock may
result from shifting release depths from one temperature stratum to
another. If, because of receding water levels in the reservoir, cold water
is released only during spring and early summer, the tailwater will be
unsuitable for either a trout or a warm-water fishery (Pfitzer, 1967).

Bishop and Bell (1978) documented high fish mortalities when water
flow below a dam was terminated for short periods during construction.
Up to 270 dead specimens per m? were collected from small temporary
pools following flow cessation. In addition to directly affecting fishes,
flow fluctuations may greatly reduce tailwater productivity, especially
since the areas richest in fish food organisms (riffles) are the first to be
exposed. These same riffle areas are used for spawning. Rainbow trout
redds in the stream below a dam in Tennessee were invariably constructed
in water less than 30 cm deep (Parsoms, 1955). If spawning occurred
during low water, the redds were destroyed during periods of high dis-
charge; redds constructed during high water were exposed during low dis-
charge. The use of small weirs, to maintain fish habitat during periods
of flow reduction, is being investigated as a mitigation strategy for
regulated Norwegian rivers (Lillehammer and Saltveit, 1979).

Nonetheless, highly productive put-and-take tailwater fisheries have
been established, even below hydroelectric dams. Food for tailwater
fishes may be primarily of reservoir derivation rather than from tailwater
production (Walburg et al., 1971). Plankton discharged from the dam
may provide an important food source for reservoir fishes, although not
if water is released from the hypolimnion (Ward, 1975). Crisp et al.
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(1978) found zooplankton in trout stomachs only when water was released
from the dam at a depth of 11 meters or less below the reservoir surface.
Pfitzer (1967) reported excellent growth of trout in tailwaters below
reservoirs populated with threadfin shad. Large numbers of young-of-
the-year shad pass through the penstocks during the winter months. By
stocking trout in the tailwaters prior to the occurrence of the shad, the
fish are able to utilize them as forage. Rapid winter growth and high
survival provides an abundance of large trout for the spring fishing
season.

MANAGEMENT IMPLICATIONS

Lotic systems and stream organisms have evolved in response to
heterogeneous environmental conditions. Both predictable (e.g., the
annual temperature pattern) and unpredictable (e-g., major flood events)
variations are important in maintaining the structure and functions of
stream ecosystems. Stream regulation tends to reduce environmental
heterogeneity and temporally disrupt natural biotic and abiotic patterns
in the receiving stream.

Management of regulated streams should, therefore, be predicfated
upon an understanding of natural lotic ecosystems, as well as knowledge
of limnological phenomena occurring within impoundments and ecologi-
cal responses of downstream reaches. The ““Serial Discoatinuity Concept”
(Ward and Stanford, 1982a) provides a hypothetical framework to evince
the basin-wide effects of impoundment in an attempt to attain a broad
theoretical perspective of regulated lotic ecosystems. Because ecological
processes vary as a function of position along the longitudinal stream
profile (Vannote et al., 1980), an impoundment in the headwaters will
have quite different effects on the receiving stream environment than a
comparable impoundment on the middle or lower reaches of a river
system (Ward and Stanford, 1982a). The cumulative effects of multiple
impoundment remain Virtually uninvestigated despite the presence of a
series of dams on many river systems (Stanford and Ward, 1979).

The manager has only two operational variables, discharge and release
depth, under his direct and immediate control. The ecological implic-
ations of either variable are, however, profound as stressed in the
various sections of this paper. Varying release depth influences such
factors as nutrients, seston, dissolved oxygen, toxins, and the temperature
of water discharged from the dam. Control of the flow regime has a
myriad of hydrodynamic and other ramifications which have major effects
on downstream biota. Dams with selective depth withdrawal capabilities
may be used to meet managerial objectives (e.g., eutrophication control),
and provide systems amenable to experimental manipulation of factors
controlling the structure and function of stream ecosystems. The plethora
of stream regulation projects necessitates a fuller understanding of the
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ecological ramifications of various operational schemes, if conditions in
the receiving stream environment are to be optimized within the limits
posed by other managerial objectives.
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Abstract

The response of a high elevation Rocky Mountain stream to highway construction activities was investi-
gated over a three-year period during the ice-free season. Suspended solids and the proportion of fine
sediment in the substrate increased at impacted sites, but rapidly returned to levels similar to reference sites
following cessation of construction activities. During snowmelt runoff when suspended solids levels in-
creased, there was little or no sedimentation of fine particles, even in depositional areas. At impacted sites
algal species diversity and the organic content of the epilithon were reduced, and the detrital component was
increased. The epilithon recovered less rapidly than suspended solids or substrate. The macroinvertebrate
community was altered by construction activities at some locations but not others, and was generally less
severely affected than anticipated. However, where an alteration occurred, reduction in density, abundance,
and diversity were apparent, and the taxonomic composition was modified. The severity of the response was a
function of the flow regime and the timing and duration of the impact at a given site. The hydrologic regime
and high gradient of the study stream appeared to ameliorate to some extent the potentially adverse effects of

short-term perturbations engendered by highway construction activities.

Introduction

An understanding of the responses of biotic
communities to perturbation is important not only
in assessing man-induced changes, but also may
provide insight into the structure and function of
natural systems. Several recent volumes treat per-
turbation theory and processes of ecosystem recov-
ery and restoration (e.g., Holdgate & Woodman
1978; Thorp & Gibbons 1978; Cairns 1980; Barrett
& Rosenberg 1981). Virtually no data are available,
however, on the responses of high elevation streams
to anthropogenic alterations such as highway con-
struction.

Paleolimnological evidence shows that road con-
struction activities have had a demonstrable impact
onaquatic organisms at least as long ago as Roman
times (Hutchinson e al. 1970). Studies of contem-

porary activities have largely dealt with effects of
logging roads on sediment production (e.g., Frede-
riksen 1970; Megahan & Kidd 1972). Few investiga-
tors have addressed the influence of highway con-
struction on stream biota (King & Ball 1964; Burns
1972; Porter et al. 1974; Huckabee er al. 1975; Bar-
ton 1977; Extence 1978; Nixon 1978; Lenat er al.
1981), and even some of these studies treated biotic
responses only secondarily. We know of no such
previous study conducted on a high mountain
stream.

In this paper we examine the effects of building a
highway over a mountain pass in northern Colora-
do onthe benthicalgae and macroinvertebrates of a
high elevation stream. It was our contention that
the biotic components of such a lotic system would
be especially sensitive to perturbation. Data on
fishes were also collected, but because of special
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analytical problems related to the high mobility of
these organisms, the results will be presented else-
where.

Study area

Joe Wright Creek, a small tributary of the Cache
la Poudre River, drains the east slope of Cameron
Pass 113 km southwest of Fort Collins, Colorado.
The stream segment studied ranges in elevation
from2 716 to3 045 ma.s.l. withan average gradient
of 3%. Cobble and boulder substrate predominate.
Preconstruction riparian vegetation consisted of
alder (Alnus tenuifolia), willows (Salix spp-), en-
glemann spruce (Picea englemanni), and various
grasses and sedges.

Stream waters were soft, low in total dissolved
solids (TDS), and exhibited near neutral pH (Table
1). Waters were at least 90% saturated with oxygen
at all locations. These variables, which were not
appreciably affected by construction activities, ex-
hibited values typical for headwater Rocky Moun-
tain streams. A more detailed description of phys-

ico-chemical conditions is in preparation. The high
discharge at Sites 7 and 8 resulted from withdrawal
of impounded waters for irrigation during the sam-
pling period.

Methods

Sampling was conducted biweekly over a three-
year period (1975-1977) during the ice-free season
(May-October). The sampling program was de-
signed to follow the progressive upstream move-
ment of construction activities.

Eight sites were sampled during the study (Fig.
1). Because of the sampling design, most sites were
not sampled for the entire three year period. Study
sites were located at riffles where sampling was
conducted in fast water (erosional) areas. However,
based upon results from the first two years, the
sampling program was expanded during the third
year to also include substrate and macroinverte-
brate samples from slow water (depositional) areas
at each location.

Construction activities crossed or paralleled Joe

Table 1. Mean values of selected physico-chemical variables during the ice-free season (May-October) for Joe Wright Creek, Colorado.

Study site

Variable 1

pH (mode) 3
Bound CO,, mg/|

Dissolved O,, mg/1

TDS, mg/1

Discharge, m3/ min

CAMERON

e SAMPLING SITES

—t 0.5 KM

=

COLORADO

CHAMBERS
LAKE

BARNES
MEADOW
RESERVOIR )

Fig. I. Joe Wright Creek study area showing sampling sites.




Wright Creek over most of its 22 km length. Site
pairs (a reference site and an impacted site) were
sampled at locations of major perturbation. Con-
struction activities included culvert installation ( be-
tween Site pairs | and 2; and 3 and 4), bridge
construction (between Site pair 5 and 6), channel
realignment (between Site pairs 3 and 4; and 7 and
8). Even-numbered sites were affected by construc-
tion activities; odd-numbered sites served as refer-
ence locations.

Total suspended solids were sampled and ana-
lyzed according to Standard Methods(APHA et al.
1971). Substrate was collected by driving a 28 cm
diameter core into the streambed and removing the
upper 5 cm of substrate materials, which were dried
and separated into size classes in the laboratory.

Epilithon, the attached plants and detritus asso-
ciated with rock surfaces, was collected using a
timed scraping technique (Ward 1974). The upper
surfaces of at least ten cobble-sized rocks were
scraped during a 5-min period. The percentage
composition of the major epilithon components
(algae, moss, lichen, detritus) was determined using
a square petri dish with a gridded bottom. A Leitz
phase contrast microscope, and a Leitz orthoplan
microscope equipped with a Normarski phase in-
terference attachment, were utilized for algal identi-
fication. Diatoms were cleared with 30% hydrogen
peroxide prior to mounting on slides with Hyrax
mounting medium. Diatoms, Chrysophyta, and
Rhodophyta were identified to species level, or, in
some cases, subspecies level; however, it was not
always possible to distinguish the number of species
within certain genera of Chlorophyta and Cyano-
phyta from preserved material. Epilithon dry
weights were obtained after oven drying at 60 °C
for 12 h and desiccating for at least 24 h. Loss on
ignition values were determined by ashing the dried
samples at 650 °C for | h followed by desiccation
for at least 24 h prior to weighing.

Macroinvertebrates were collected with a Surber
sampler 700 um mesh) which enclosed 929 cm? of
substrate. In 1975 and 1976, six samples were taken
in fast water at each site on each date; in 1977 four
replicates each were taken in fast and slow water
areas. Biomass (wet weight) estimates were ob-
tained by volumetric displacement, assuming a spe-
cific gravity of 1.0. No attempt was made to correct
for loss. of weight during preservation. Shannon
diversity (d) was computed from the formula:

d =3.3219/N - (N log,,N - XN; log,,N,),

where 3.3219 = conversion factor to base 2 loga-
rithms,

N = total number of individuals,

N; = total number of individuals of ith taxon.

Results
Suspended solids and substrate

Only two physico-chemical variables, suspended
solids and substrate composition, were distinctly
affected by construction activities. Increased dis-
charge from snowmelt in June appreciably elevated
suspended solids, except at Sites 7 and 8 below the
storage reservoirs (Figs. 2 and 3). Levels were sim-
ilar at Site pairs 1-2 and 5-6, but were 40 times
higher at Site 4, where construction had already
begun, than at reference Site 3. As runoff subsided,
suspended solids decreased to less than 10 mg/1 at
reference Sites 1, 3 and 5; values were from 10 to 100
times greater at impacted Sites 2,4 and 6. However,
values at impacted sites approached reference levels
within two weeks following cessation or major re-
duction of construction activities. Thus, recovery
was relatively rapid, and apparently also persistent
as exemplified by comparable mean suspended sol-
ids values at Sites 5 (23 mg/1) and 6 (17 mg/ 1) during
1976 when additional construction did not occur at
this location. Clear water releases from Barnes
Meadow Reservoir (which enters Joe Wright Creek
between Sites 7 and 8) resulted in lower suspended
solids levels at the impacted site than at the up-
stream reference location (Fig. 3). After construc-
tion ceased, values were again comparable at these
two sites and remained so during 1976 when no
construction occurred. The variations of suspended
solids at impacted sites during construction result-
ed from the interactions of the flow regime and
construction intensity, neither of which are indicat-
ed in Figs. 2 and 3.

At locations not regulated by impoundment
(Sites 1-6), the proportion of fine sediment (defined
as particles <2.0 mm diameter) in the substrate was
generally lowest during snowmelt runoff. Site pairs
exhibited comparable proportions of fine sediment
during runoff and prior to construction. During
construction, the relative contribution of fine sedi-
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ments at impacted Sites 2 and 4 was twice that at
reference Sites | and 3 (Fig. 4). Even greater dispar-
ities occurred between Site pair 5-6 (Fig. 5). How-
ever, by October 1976 (see Fig. 5), one year after
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diameter from slow and fast water areas of Sites | -4, Joe Wright
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Fig. 2.
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construction at that location, the substrate of Site
pair 5-6 exhibited comparable values indicative of
relatively rapid recovery.

At Site pair 7-8 during 1975, the proportion of
fine sediment in the substrate was twice as high at
the reference location than at the downstream site
prior to construction. Commencement of channel
realignment reversed this pattern (Fig. 5). Subse-
quent reservoir releases, however, decreased the
proportion of fine sediment at both of these sites.
One year later, following a season without con-
struction, the substrate composition was similar at
Sites 7 and 8 (see Oct. 1976 on Fig. 5).

Substrate samples from slow water areas (Fig.4)
further elucidated the ameliorative role of current
in cleansing the substrate. As discharge subsided
during the 1977 season, the proportion of fine sed-
iment in depositional areas at reference Site 1 pro-
gressively increased (1% in June, 7% in July, 17% in
August). Impacted Site 2 contained 3-10 times
more fine sediment than the depositional areas at
Site 1; and 3-5 times more fine sediment than the
erosional areas of Site 2. A similar relationship was
found for Site pair 3-4, which began with compar-
able substrate in June (Fig. 4).

Therefore, the fine sediments suspended during
snowmelt runoff were not deposited within the
study reach, even in depositional areas, because of
the high discharge at that time. As flow decreased,
sedimentation occurred to a limited extent at refer-
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ence sites and to a greater extent at impacted loca-
tions, especially in slow water areas. A similar, but
temporally displaced, pattern occurred at Sites 7
and 8 which were influenced by a regulated flow
regime.

Epilithon

The living components (algae, moss, lichen) of
the epilithon were generally less abundant, and the
detrital component more abundant, at impacted
sites than at the reference location of a given site
pair (Table 2). The epilithon tended to collect fine
sediment from the water column. Ash-free dry
weight (AFDW), a reflection of the organic content
of the epilithon, exhibited a general increase in
absolute values downstream, with consistently low-
er values associated with the impacted location of
each site pair (Table 2). The high values at Site 7
below the dam are a function of enhancement from
stream regulation (see Ward 1976; Lowe 1979).

During the study 110 algal taxa in 5 divisions
were collected. Diatoms (Bacillariophyta) account-

ed for 85 of the 110 algal taxa. The greatest number
of total taxa (63) was collected at Site |, the most
upstream reference location. Fewer taxa were iden-
tified from the impacted site than from the refer-
ence location of each site pair except one (42 taxa at
Site 5,152 at Site 6)

The epilithon, while showing an effect from con-
struction activities, exhibited a less dramatic re-
sponse than expected. However, changes detected
at impacted sites in 1975 persisted throughout the
1976 season, suggesting that recovery proceeds less
rapidly than was the case for suspended solids and
substrate.

Macroinvertebrate abundance

The general pattern of abundance exhibited by
the total macroinvertebrate community was to be-
gin at a very low density during snowmelt runoff in
June, progressively increase through August or
September, and subsequently decline (this pattern
is undoubtedly partly a function of sampling effi-
ciency as well as a reflection of life cycle phenome-
na).

Table 2. Summarized percentage compositon of major epilithon components and mean ash-free dry weight (mg) at study sites on Joe
Wright Creek, Colorado, during 1975-1977%. Because of the sampling program, some sites were sampled in different years than other
sites. Values from all site pairs are based on samples from the same years (see text).

Study site

1

5 6 7 8

Algae
Moss
Lichen
Detritus

Algae
Moss
Lichen
Detritus

September Algae
Moss
Lichen
Detritus -

October Algae 85
Moss 0
Lichen 0
Detritus 15

Mean AFDW" 5.0 3.7

90(40) 50(30) 90(70) 90(25)
0(50) 0( 0) 0( 0) 0( 0)
0( 0) 0( 0) 0( 0) 0( 0)
10(10) 50(60) 10(30) 10(75)

85 30 ; 75 75
0 0 15 0
0 0 0 5

15 70 10 20

90 90 80
0 0 0
0 0 0

10 10 20

70 25 i
20 70 - .

0 0 - =
10 5

8.1 789

2 Values in parentheses are based on second year of study at that location.

b mg ash free dry weight per 5-min samples.




In fast water areas of Sites 1-4, density values CONSTRUCTION ACTIVITY
were lower (but not invariably so) at impacted 1%
compared to reference sites, during and following
construction (Figs. 6 and 7). For example, peak :;@Ei
dgnsity at Site 1 (1 395 org/ m?), was nearly three e el ,’\\
times higher than at Site 2 (500 org/ m?), and mean /
density was double that at Site 2. In contrast, values
at impacted and reference locations were similar for
Site pairs 5-6 and 7-8 during 1975. Although Sites
7 and 8 were influenced by abrupt fluctuations in
the regulated flow regime, the pattern and absolute
density values responded similarly at both loca-
tions. Nor did macroinvertebrate abundance at
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CONSTRUCTION  ACTIVITY

Fig. 7. Macroinvertebrate density (organisms/ m2) in slow and
N fast water areas of Sites 3 and 4, Joe Wright Creek, Colorado,
1977. Construction activity symbols same as Fig. 2.
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il ] Sites 5-8 exhibit any discernible effects of a longer

term nature. One year after cessation of construc-
tion, values were comparable or even higher at
previously impacted locations than at reference
sites.

The effects of construction on macroinvertebrate
abundance were sometimes more apparent in slow
than fast water areas, despite the generally lower
Fig. 6. Macroinvertebrate density (organisms/ m2) in slow and densities in the former habitat (Figs. 6 and 7).
fast water areas of Sites | and 2, Joe Wright Creek, Colorado, Total macroinvertebrate biomass values (Table
1977. Construction activity symbols same as Fig. 2. 3) support the results based ondensity. During 1975

ORGANISMS / M2

Table 3. Mean total macroinvertebrate biomass (g/ m? wet wt) and percentage composition by biomass of major macroinvertebrate groups,
Joe Wright Creek, 1975-77.

Fast water areas Slow water areas

1975 1977

Site: 5 1

Mean biomass
(g/ m2) 4.1 5.2 2.3 34 2.4 2.7 1.0 5)

Percentage composition
Ephemeroptera 55 41 25 24 49 38 18 24
Plecoptera 11 16 35 52 12 25 10 28
Trichoptera 20 26 12 i 13 1 7t 3
Diptera 118 16 24 14 19 20 41 21
Other? I | 4 8 7 (5 e Rt

4 Oligochaeta, Coleoptera, Turbellaria, Nematoda, and Hydracarina.
® QOligochaeta 19%.
¢ Coleoptera 9%.
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and 1976, when density was unaffected by construc-
tion activities, mean biomass values at impacted
Sites 6 and 8 were comparable or even higher than
at reference locations (Sites 5 and 7). In 1977 total
mean biomass values were two to four times higher
at reference Sites | and 3 than at Sites 2 and 4 which
were affected by construction activities.

Macroinvertebrate composition

Ephemeroptera, Plecoptera, Trichoptera, and
Diptera (especially Chironomidae, Simuliidae, and
Blephariceridae) generally contributed the majori-
ty of total macroinvertebrate density and biomass
(Tables 3 and 4), although stream regulation altered
the composition at Sites 7 and 8 (see Ward & Short
1978; Ward & Stanford 1979). During 1975 and
1976, when there were no indications that total
density or biomass values were influenced by con-
struction activities, neither were there consistent
differences in the composition of major groups be-
tween site pairs which could be attributed to con-
struction. However, during 1977 Ephemeroptera
and Diptera accounted for a greater proportion and
Plecoptera a smaller proportion, of total density at
impacted Sites 2 and 4 than at their corresponding
reference locations. These differences were slightly
greater in slow water than in fast water areas.
Ephemeropterans contributed a larger proportion
of total biomass at impacted sites during 1977,
while other major groups did not exhibit consistent
trends.

There were no discernible effects of construction
activities on the abundance of individual macroin-

vertebrate taxa during the first two years of study.
However, in 1977 when total density and biomass
were affected by construction impacts, 16 taxa indi-
cated an intolerance (consistently lower densities at
impacted sites of each site pair) to the alterations
engendered by construction (Table 5). Many taxa
occurred in numbers too low to accurately assess
their responses to perturbation. While the identifi-
cation of taxa sensitive to construction activities is a
significant finding, we do not know whether these
results are applicable throughout the geographical
range of the species, or even whether populations at
lower elevations respond in a similar manner. In
addition, the lack of suitable identification keys for
the immature stages of many aquatic insects limits
the value of these data.

Table 5. Macroinvertebrate taxa intolerant of the effects of
construction activities on Joe Wright Creek, Colorado (see text).

‘Trichoptera
Arctopsyche grandis
Glossosoma sp.
Oligophlebodes sp.
Rhyacophila angelita

Ephemeroptera
Ameletus sparsatus
Cinygmula sp.
Ephemerella coloradensis
E. doddsi
Rhithrogena robusta

Diptera
Micropsectra sp.
Palpomyia sp.
Tipula sp.

Plecoptera
Alloperla (s.1.) spp.
Capnia sp.
Zapada oregonensis

Coleoptera
Heterlimnius corpulentus

Table 4. Percentage composition by density of major macroinvertebrate groups, Joe Wright Creek, 1975-1977.

Percentage composition by density during and after highway construction

Fast water areas

Slow water areas

1975 1976

197 1977

Site: S 6 7 8 5 6 7

1 1

Ephemeroptera 59 53 44 38 49 46 15
Plecoptera 15 15 14 27 10 13 11
Trichoptera 14 11 3 | 21 10 3
Diptera 10 19 37 33 15 27 47
Other? 2 2 2 1 5 4 24°

65 48
11 16
5 4
4 6
15

2 Oligochaeta, Coleoptera, Turbellaria, Nematoda, and Hydracarina.

b Oligochaeta 23.5%.
¢ Coleoptera 18%.




Macroinvertebrate diversity

Shannon diversity index values further support
the macroinvertebrate response to construction
previously indicated at impacted Sites 2 and 4, and
the lack of a negative response at Sites 6 and 8.
Prior to construction at Site 2, diversity values were
higher than at reference Site 1, a pattern which
reversed when construction activities commenced,
and did so sooner and to a greater extent in slow
water than fast water areas (Fig. 8). However, at
Site pair 3-4, where commencement of construc-
tion preceded initial sampling, differences in diver-
sity were apparent only for slow water areas (Fig.
9). Site pairs 5-6 and 7-8 displayed a similar range
of Shannon diversity values as sites 1-4, but did not
exhibit differences indicative of a construction im-
pact at sites 6 and 8.

Discussion

Suspended solids at all impacted sites at times
exceeded levels reported as being detrimental to
aquatic biota (Cordone & Kelley 1961; European
Inland Fisheries Advisory Committee 1965; Ein-
stein 1972; Sorensen er al. 1977; Iwamoto et al.
1978). Why then were macroinvertebrates adverse-
ly affected only in 1977 when construction occurred
at upstream locations? The answer appears related
to the timing and duration of construction activi-
ties, and the lower discharge at upper sites which
received less tributary inflow and did not derive
flow supplements from impoundments (Table 1).
Clear water releases from the reservoirs and tribu-
tary inflow, somewhat ameliorated high levels of
suspended solids and reduced sedimentation at
these downstream sites, especially Site 8. Barton
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Fig. 8. Shannon-Weaver diversity index (El) values for macroinvertebrate macroinvertebrate samples from slow and fast water areas of
Sites | and 2, Joe Wright Creek, Colorado, 1977. Construction activity symbols same as Fig. 2.
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(1977) and Hamilton (1961) concluded that severe
and persistent sedimentation is required to induce
distinctfaunalchanges. Impacts from stream-cross-
ing during pipeline construction in British Colum-
bia had only short-term, non-residual affects on
macroinvertebrates (Tsui & McCart 1981). The
extremely high snowmelt discharge which charac-
terizes high mountain streams such as Joe Wright
Creek, removes fine sediments which are not rede-
posited, even in depositional areas of high gradient
reaches. Thus, snowmelt runoff (or high discharge
from the reservoirs) cleanses the sediment and only
increases suspended solids for a relatively short
period. Deposition occurs in lentic water bodies or
in low gradient lotic reaches father downstream.

At Sites 2 and 4 construction activities began
earlier and continued about one month longer than
atimpacted locations downstream. This resulted in
considerably higher levels of suspended solids over
a longer period, and a greater proportion of fine
sediment in the substrate of both erosional and
especially depositional areas.

In conclusion, our original premise that the biota
of high elevation streams would be sensitive to
short-term perturbation from construction activi-
ties must be modified. Although distinct responses
occurred at sites located in upper reaches, the ef-
fects were not nearly as severe as anticipated. The
hydrologic characteristics and high gradient ap-
peared to ameliorate the effects of construction
activities. In addition, direct perturbations were of
relatively short duration at all locations and were
not annual events.
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