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Executive Summary 

This technical report reviews the available~research and evaluations on the effects 
of flow fluctuations on salmonids.It also summarizes how hydropower facilities 
create flow fluctuations, suggests criteria for mitigation, recommends field 
procedures, and identifies needs for further research. This technical report is 
limited to the review of flow fluctuations and does not address flow alterations. 

Flow alterations are changes from the natural or umegulated flow that persist for 
weeks, months, or seasons, either as a result of water storage or as a result of 
bypassing a section of the river with a penstock. Flow alterations change the 
amount of habitat available to fish and, thus,change the capacity of the river to 
produce fish. 

Flow fluctuations are unnatural changes in flow over periods of minutes, hours, or 
days. The biological impacts include immediate mortality, delayed mortality, 
temporary loss of habitat, reduced reproductive success, loss of food resources, and 
behavioral responses that could reduce survival or growth. The effects of flow 
fluctuations are not well-understood by many biologists outside the Pacific 
Northwest involved in hydropower mitigation, and many site-specific investigations 
completely ignore the impact of flow fluctuations. 

The physical hydraulics of umegulated (i.e., natural) and regulated (i.e., 
hydropower controlled) rivers are compared to emphasize that umeguJated rivers 
rarely experience drops in stage (i.e., water surface elevation) in excess of two 
inches per hour, except during floods, whereas regulated rivers may experience a 
much higher frequency at low and medium flows. Thus, aquatic life forms are not 
necessarily adapted to stage drops in excess of one or two inches per hour. 

The most widely studied biological impact is stranding. Stranding has killed 
hundreds of thousands of juvenile salmon in single events. The incidence of 
stranding is affected by the life history stage of the fish, substrate type, river 
channel contour, range of flow change, rate of flow change, species, and time of 
day. 

Other biological impacts have not been as thoroughly evaluated. These include 
redd dewatering, invertebrate productivity, fish emigration, and spawning 
interference. These impacts can be quite significant under some circumstances. 



Hydn>power facilitie$ ca1J$e flow fluctuatioJls in !I vari!;!ty of ways, Suc!lc3sM 
mitigation f!;!qllires lI, tbor()\lgb \lnderst!lnding of tbe operation practigO$ !IJlQ 
mai(i.lnctiollS th/.lt C/.I\I$e flow f1l1ctuations. It is not sufficient to liSt criteria 
specifying /lJlow/.lg!e hYdn\l~!ic changes, P!;!veloper~ often fail to recogni~e or 
acknowledge llll §oufces of flow f1J.!ctuatiOIlS. and when facilitie§ are built that fN! 
to address aU potential sourCes of flow f1uct\latlollS. they will n;sist unanticipated 
and oncn costly wtemtiollS of th!;!ir fllcilities or Ilhl\llges to their operation 
proc!;!dures. Au overvi!;!w of mechanical causes and s\lggest!;!d !l:l!;!chllllic/lJ lind 
hydra1Jlic crit!;!ria lIT!;! provided, 

This report ends with a djsC\lssion on th.e signifjcam;e of \liological impa¢tli relative 
to other types of hydropower impacts. The impact of flow fluctuationa has been 
ignored in many sHNP@9ifjc evaluations and in most comprehenaive reviews. 
Informational deficiencies and additional research needs arl) also disC\lssed. 
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2. Introduction. This section defines the scope of this review. 

Hydropower facilities can, to varying capacities, change instrearn flow patterns in 
rivers below the darns and powerhouses. These changes can be classified into 
two categories, flow alterations and. flow fluctuations. 

Flow alterations are changes in flow over long periods of time (weeks, months, 
or seasons) resulting from the storage of water, irrigation diversions, municipal 
diversions, or the reductions of flow between darns and powerhouses. These 
changes in net flow usually change the availability of fish habitat, and thus 
change the fish production potential of a river. Flow alterations are evaluated 
by studying the fish habitat requirements and estimating the changes in habitat 
area at different flows using a hydraulic model. The Instream Flow Incremental 
Methodology (IFIM) (Bovee 1982) has become a standard method for estimating 
habitat changes resulting from flow alterations. The IFIM methodology is 
routinely used to facilitate negotiation of instream flow requirements, usually 
minimum flow requirements, that meet the habitat needs of economically 
important or threatened fish species. 

Flow fluctuations are unnaturally rapid changes in the flow over periods of 
minutes, hours, and days. Flow fluctuations can be immediately lethal or have 
indirect and delayed biological effects. This report reviews the only impacts of 
flow fluctuations on salmonids resulting from hydropower activity. 

This report is divided into seven sections including: 
(1) The difference between rivers regulated for hydropower and unregulated 
rivers; (2) The biological effects of flow fluctuations; (3) The hydraulic 
response of flow fluctuations over time and distance; (4) The types of 
hydropower activity that causes flow fluctuations; (5) Mitigation measures; (6) 
Field Methods; and (7) A concluding discussion. Anadromous salmonids 
(Oncorhynchus SPJI.) are emphasized, reflecting the available information on the 
subject. Most of the research and evaluation regarding the effects of flow 
fluctuations onsalmonids has occurred in the states of Washington and Oregon. 
The discussion herein assumes the biological, geological, and hydrological 
characteristics of these states. Unless otherwise noted, geographical names are 
implicitly located in Washington State. 

Flow fluctuations can be measured either by changes in flow, which is the 
volume of water passing a specific river transect, or by changes in stage, which is 
the water surface elevation or gage height. Both units are needed to understand 
the problem, and the terms are used interchangeably in this text. Hydrologists 
and engineers require flow measurements for many applications; however, the 
biological impact of flow fluctuations is best measured by stage. The~e two units 
do not have a simple functional relationship, thus rating tables or rating curves 
are used to define the flow at each. stage for a specific river transect. 
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3. Unregulated and Regulated Rivers. This section describes the difference 
between unregulated and regulated rivers. 

Flows in unregulated rivers respond to changes in precipitation and snow melt. 
West of the Cascade Range, the peak flows occur from heavy rain storms in 
November, December,and January. A lesser but more sustained peak occurs 
from a combination of rain and snow melt in the spring. The lowest flows 
coincide with the dry season that occurs in late summer and early fall. Glacial 
streams and streams on the east side of the Cascades have a somewhat different 
pattern. Here, the highest flows often o<;cur in the spring and extend into the 
early summer. The lowest flows in some years occur during cold periods in the 
winter. In either case, periods of heavy rainfall or dry weather can create flows 
that are above or below seasonal averages. These natural flow variations 
indirectly affect fish production as a result of challges in the quantity and quality 
of instream habitat. 

On a shorter time scale, individual storms can rapidly increase river stage in less 
than a day. After the storm, the stage declines to a relatively stable level over a 
longer period of time, usually days or weeks. In addition to storm events, 
limited daily stage changes sometimes occur during sunny weather as a result of 
snow melt run-off. Both types of natural flow changes are illustrated in Figure 1, 
which shows the hydrographs of three Snoqualmie River gages. This graph plots 
the river stage responses to a storm (April 4 through 8) and to snow melt (April 
10 through 14). 

Tabulation of hourly changes in stage provides insight on natural changes in 
flow. The first example is Youngs Creek, a medium sized stream located in the 
westside foothills of the Cascades. The hourly stage of Youngs Creek were 
recorded for a IS-month period, resulting in 11,771 observations of stage change 
(Table 1). Of these observations, there were 3182 records of no change, 3199 
records of increases, and S390 records of decreases. The number of decreases 
exceed increases because increases are typically greater in magnitude, and thus, 
it takes a greater number of decreases to offset the increases. 

This data was tabulated by month and flow exceedence ten-percentiles. The 
most severe fluctuations occurred in late fall and winter (Table 1) and most 
stable flows occurred during the August and September dry season. As might be 
expected, the rate of change in stage is related to total flow or stage (Table 2). 
It is important to note that stage decrea,ses in excess of 2 inches per hour did not 
occur in the lower 80 percent of the flow range. Only in the highest 10 percent 
of the flow range did stage decreases routinely exceed 2 inches per hour. In 
contrast, stage increases above 2 inches an hour occasionally occurred in the 
lowest 80 percent of the flow range. 
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In a second example, hourly stage changes in adjacent regulated and unregulated 
rivers were tabulated for comparison. The Sauk River and upper Skagit River 
(Marblemount gage) are rivers of similar size. Both rivers originate from the 
North Cascades mountains. The Sauk River is unregulated, and the upper 
Skagit River is regulated by three dams. The discharge from the lowest dam is 
subjected to daily flow fluctuations during parts of the year as a result of changes 
in demand for electric power (load following). 

Nearly two years of data (October 1, 1989, to September 19, 1991; 17,244 
observations) are tabulated for comparison .. The distribution of flow fluctuations 
for the Sauk River (Table 3) is. q)Jite similar to' that for Youngs Creek (Table 
2). Only one record of decline in stage of 2 inches or greater occurred: in the 
lower 90 percent of the flow range. Ninety-seven observations of declines in 
flow greater or equal to 2 inches per hour occurred in the highest 10 percent of 
the flow range . 

. By contrast, the Skagit River gage recorded 391 events of stage declines of 
greater than or equal to 2 inches per hour in the lower 90 percent of the 
estimated natural flow range, including. four events in the lowest 10 percent of 
the natural flow range ('fable 4); Despite significant moderation of. discharge 
fluctuations at the lowest dam in recent years,. the rate of change in: the river 
flow is still highly unnatural. 

In summary, rapid decreases in stage rarely occur in unregulated rivers, except 
during or immediately after floods. Thus riverine life forms are not necessarily 
adapted to survive such events. Landslides and rock falls can cause rapid flow 
decreases unrelated to floods, however,_ such events are rare and are unlikely to 
induce natural selection or learned behavioral responses in aquatic animals. 

4. The Biological Impacts of Flow Fluctuations. This section describes aU known 
biological impacts that result from flow fluctuations.· 

a. Increases in Flow 

Evidence of biological impacts from rapid flow incre.ases is scarce. Some 
impacts associated with rapid flow increases might be more appropriately 
associated with high flows. Rochester et al. (1984) noted that eggs and 
alevins can be killed when gravel scour occurs, and juvenile fish may be 
physically flushed down the river. Some species of aquatic insects that swim 
in pools can be physically flushed downstream from a sudden increase in flow 
(Trotzky and Gregory 1974, cited in Cushman 1985). 

In an event observed by the author, avery rapid increase in flow 
(approximately 200 cfs to 1800 cfs in less than 30 minutes) on the North Fork 
Skokomish River was determined to have little or no direct impact on the 
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salmonid population. Before and after index counts of juvenile salmonids 
were possible because an instream flow study was underway at the time. No 
significant difference in index counts could be determined (unpublished data, 
Chas Gowan, Harza NW, Bellevue, WA). However, iIldirecteffects (i.e., 
aquatic invertebrates, long-term .condition and survival of juvenile salmonids) 
were not assessed. It should be noted that the subsequent decline in flow did 
kill some fish. 

The biological effects of unnatural flow increases are usually irrelevant in 
regulating hydropower operations because public safety concerns justify more 
stringent regulations than biological concerns. Flow increases can strand and 
occasionally drown fishermen and other people located on bars, rocks, or in 
confined canyons. Boaters might also be at risk under some circumstances. . 
The remaining discussion in this review deals exclusively with the effects of 
decreases in flow. 

b. Stranding 

Stranding is the separation of fish from flowing surface water as a result of 
declining river stage. Stranding can occur during any drop in stage. It is not 
exclusively associated with complete or substantial dewatering of a river. 
Stranding can be classified into two categories: Beaching is when fish 
flounder out-of-water on the substrate. Trapping is the isolation of fish in 
pockets of water with no access to the free-flowing surface water. Stranding 
cannot always be neatly classified as beaching or trapping. Thus the text 
herein uses the term stranding unless a more specific term is appropriate. 

Salmonid stranding associated with hydropower operations has been widely 
documented in Washington and Oregon (e.g., Thompson 1970; Witty and 
Thompson 1974; Phinney 1974, 1974b; Bauersfeld 1977, 1978; Becker et aI., 
1981; Fiscus 1977; Saiterwaite 1987; Olson 1990). Stranding can occur many 
miles downstream of the powerhouse (Phillips 1969; Woodin 1984). The 
estimated numbers of fish stranded in flow fluctuation events range from 
negligible to 120,000 fry (Phinney 1974). Stranding mortality is difficult or 
impossible to estimate (See Section 8.b.). Estimates are usually very 

. conservative and/or highly variable. 

Stranding can also occur as a result of other events, including natural declines 
in flow (author'S obs), ship wash (Bauersfeld 1977), municipal water 
withdrawals, and irrigation withdrawals. Many factors affect the incidence of 
stranding. A recurrent theme in much of the following discussion is the high 
vulnerability of small salmonid fry. 
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i. Life History StaJ:e. Juvenile salnJOnids. are more vulnerable to strandiJ;lg 
than adults. Salmonid fry that have just absorbed the yolk sac and have 
recently emerged from the gravel are by far the mOst vulnerable. They 
are poor swimmers and settle along shallow margins of rivers (Phinney 
1974, Woodin 1984), where they seek: refuge from Plrrents and larger 
f:ish. QI:lCe chiI:look: attain the size of 50 to 60 rnrn in length, vulI:lerabillty 
drops substantially. For steelhead, vulnerability drops significantly wheJ!. 
tile fry rea.ch 40 rnrn (Beck: Assoc. 1989). Larger juvenilesar.e more 
inclined to inhabit pools, glides, overhanging baP-ks, and rnidchannel . 
substrates, where they are le.s.s vulnerable to stranding. JIowever, rnllny 
juveniles still inhabit shoreline areas, and rem.ain vulnerable to stranding 
until they emigrate to s.altwater (Chapman aI:ld Bjorn 1969, Hamilton and 
Buell 1976). Adult stranding as a result of hydropower fluctuations has 
been documented (Hamilton and Buell 1976). 

ii. River Channel Configuration, The river channel configuration is II major 
factor in the incidence of stranding. A river channel with many side . 
channels, potholes, and low gradient bars will have a much greater 
incidence of .stranding than a rjver confined to a single channel witb 
steep banks. 

Large numbers of small fry die from beaching on gravel bars when 
unnatural flow fluctuations occur (phillips 1969; Phinney 1974; WoodiI:l 
1984). Bauersfeld (1978) observed beaching primarily on bars with 
slopes less than 4 perc.ent. Beck Assoc. (1989) determined that beacbilJ,g 
occurred primarily on bars with slopes less than 5 percent. Under 
laboratory conditions, Monk: (1989) determined that chinook fry stranded 
in significantly larger .numbers on 1.8 percent slopes than on 5.1 percent 
slopes, however, results Were not significant forsteclhead. Stranding O.n 
steep gravel bars (>5 percent slope) has not been thoroughly studied. 

Long side channel.s with intcrmitten.t flows are notorious for trapping 
juvenile fish. Substantial trapping can OCPlr even with unregulated flowS 
(Hunter, pers. obs.). Side channels are valuable rearing habitats, and 
juveniles of several species prefer sJde channels over the main channel. 
However, unnatural fluctuations will repeatedly trap fish, eventually 
killing some or all of them (Witty and Thompson 1974, Hamilton and 
Buell 1976, Woodin 1984, Olson 1990). Side channels can trap 
substantial numbers of fingerlings and smolts,(up to 150 em) as well as 
fry. . 

As water recedes from river margins, juvenile salmonids may become 
trapped in deep pools called potholes (Woodin 1984; Stokes and Jones 
Assoc. 1985). Potholes .are formed at high flows from scouring arOllUd 
boulders and rootwads .and where opposing flows meet. Potholes may 
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remain watered for bours or months depending on depth of the pothole 
arid the river stage. R.W. Beck Assoc. (1989) extensively studied pothole 
stranding in the Skagit River. Among the conclusions were: 1) Only a 
small fraction of the potholes in a river channel posed a threat to fish if 
fluctuations are limited in range; 2) The incidence of stranding is 

, independent of the rate of stage decrease; and 3) The incidence of 
stranding was inversely related to the depth of water over the top of each 
pothole at the start of the decline in flow. 

iii. Substrate Type. Most documented observations of stranding have 
occurred on gravel; however, stranding has also occurred in mud (Becker 
et al. 1981) and vegetation (Phillips 1969, Satterthwaite 1987). 

Under laboratory conditions, Monk (1989) found significantly different 
rates of stranding on different types of gravel. In fact, substrate was 
statistically the most significant factor contributing to stranding of 
chinook and steelhead fry. On cobble substrate, fry (especially steelhead 
fry) were inclined to maintain a stationary position over the streambed 
(i.e., rheotaxis); while over small gravel, fry swam around, often in 
schools. When the water surface dropped, fry maintaining their position 
became trapped in pockets of water between cobbles, whereas mobile 
fish were more inclined to retreat with the water margin. When 
beaching became imminent, fry over cobble substrate retreated into 
inter-gravel cavities, where they became trapped. The difference in 
stranding rate was facilitated by the flow of water along a receding 
margin of the stream. On cobble substrate, the water drained into the 
substrate, whereas on finer substrates, a significant portion of the water 
flowed off on the surface. 

iv. Species. Fry of some species are more vulnerable to stranding than 
others. In Washington State, stranding of chinook and steelhead fry have 
been frequently observed. Although pink salmon fry and chum salmon 
fry occur in the same rivers, they strand in lower numbers than chinook 
fry and steelhead fry (Woodin 1984). However, Beck Associates (1989) 
determined that the rate of chum and pink fry stranding per the available 
fry was substantially higher than for chinook. The low numbers of pink 
and chum salmon,stranding is a result of the short fresh water residency; 
They emigrate to salt water shortly after emergence, whereas chinook 
arid steelhead remain in the river for months or years. 

Hamilton and Buell (1976) observed extensive coho stranding in the 
Campbell River (British Columbia) and coho stranding has been 
observed in incidental numbers in other studies (Woodin 1984, Olsen 
1990). The overall incidence of coho stranding is rather low in the 
studies conducted to date. The likely reason for this is that coho prefer 
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streams for spawning and rearing, whereas the formal research and 
evaluation has taken place ill'large and medium rivers. Juvenile coho 
rear for a full year in fresh· water, and thus, it is reasonable to assume 
that stranding would occur at rates similar to chinook arid steelhead. 

Several episodes of sockeye salmon fry stranding have occurred in the 
Cedar River as a result of flow fluctuations (Fiscus 1977). Hvisten 
(1985) documents atlantic salmon and brown trout stranding in Norway. 

v. Ramping Range. The ramping range or the total drop in stage from an 
episode of flow fluctuation affects the incidence of stranding by 
increasing the gravel bar area exposed. In addition, it increases the 
number of side channels and potholes that become isolated from surface 
flow (Beck Assoc. 1989). 

vi, Critical Flow. Stranding increases dramatically when flow drops below a 
certain water level, defined as the critical flow (Thompson 1970, Phinney 
1974, Bauersfeld 1978, Woodin 1984). In hydropower mitigation 
settlements, the critical flow is defined as the minimum operating 
discharge, or as an upper end of a flow range where more restrictive 
operation criteria are applied. The factors that likely account for this· 
response have been discussed above. The exposure of the lowest 
gradient gravel bars often occurs in a limite.d range of floWs. The 
exposure of spawning gravel from which fry are emerging may also 
account for the higher incidence of stranding. 

vii. Frequency of Flow Reductions. In rivers with seasonal side channels and 
off-channel sloughs, even a natural flow reduction can trap fry and 
smolts; Under normal circumstances, the natural population can sustain 
a small loss several times a year. However, when a hydropower facility 
causes an repeated flow fluctuations, these small losses can accumulate 
to a very significant cumulative foss (Bauersfeld 1978). 

viii. Ramping Rate. The ramping rate is the rate of change in stage resulting 
from regulated discharges. Unless otherwise noted, it refers to the rate 
of stage decline. The faster the ramping rate, the more likely fish are to 
be stranded (Phinney 1974, Bauersfeld 1978). Ramping rates less than 
one inch per hour were needed to protect steelhead fry on the Sultan 
River (Olson 199W. 

1 Olson determined that ramping rate of 1 inch per hour was adequate to protect 
stee1head fry. However, the ramping rate was measured at a confined river transect,. 
whereas the stranding was observed on lower gradient bars further downstream. Thus,.the 
effective ramping rate at these bars was less than one inch per hour. 
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Although many hydropower mitigation settlements specify ramping rates, 
some research has indicated that riunping rates cannot always protect fish 
from stranding. Woodin (1984) determined that.l!!:!Y: daytime ramping 
stranded chinook fry. Beck Assoc. (1989) could not find any correlation 
between the ramping and the incidence of pothole trapping, nor was 
there any correlation between the ramping rate and steelhead fry 
stranding during the summer. In both cases, stranding occurred regardless 
of the ramping rate. 

ix. Time of year. Small fry are highly vulnerable to stranding and are 
present iri the streams only at certain times of the year. Chinook, coho, 
pink, and chum fry emerge during late winter and early spring while 
steelhead emerge in late spring through early fall (Olson 1989). 
Fingerlings, smolts, and adults are vulnerable to stranding in other 
seasons; however, less restrictive ramping criteria is often sufficient to 
protect them. 

x. Time of Day. For at least some species, the incidence of stranding is 
influenced by the time of day. Chinook fry are less dependent on 
substrate for cover at night and thus are less vulnerable to stranding at 
night (Woodin 1984). Two studies (Stober et al. 1982, Olson 1990) 
concluded that steelhead fry are less vulnerable during the day, 
presumably because this species feeds during the day. However, two 
other studies (Beck Assoc. 1989, Monk 1989) found no difference in the 
rate of steelhead fry stranding relative to day and night. 

xi. Duration of Stranding. Salmonids respire using their gills and do not 
survive out of water for more than ten minutes. Thus beaching is always 
fatal. Juvenile salmonids trapped in side channels and potholes can 
survive for hours, days, or under favorable circumstances, months 
(author's pers. obs.). However, many trapped fish die from predation, 
temperature shock, and/or oxygen depletion. Survivors that are rescued 
by higher flows are probably in poorer condition than fish in the free-
flowing channel. . 

xii. Flow Stability Prior to Drop in Flow. Some observations suggest that a 
highly stable flow regime for a week or more prior to a flow fluctuation 
will increase the incidence of fry stranding (Phinney 1974b). Two 
hypotheses might explain this observation. One hypothesis states that 
after long periods of stable flow, more fry are available for stranding. In 
other words, a major flow reduction after a week of stable flows strands 
seven daily cohorts of emerging fry at once, rather than one cohort when 
fluctuations occur daily. An alternative hypothesis is that juveniles 
become accustomed to residing and feeding along the margins of a 
stream either as a behavioral response to stable flows or in response to 
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aquatic invert.ebrate population$ that thrive along the water's edgeundet 
stable flows. The.se hypotheses.shouldbe thoroughly tested before they 
are applied to mitigation practices. 

c. Juvenile Emigration (Salmonid Drift) 

Flow fluctuations in an experimental stream channel cau.sed juvenile chinook 
to emigrate downstream (McPhee and Brusven 1976). The pre-test rate of 
emigration under stable flows was about one percent a day. Severe flow 
fluctuations (from 51 liters/sec to 17 to.3 to 5.1 with .each flow held for 24 
hours) caused 60 percentofthec.hinook to emigrate. A high rate of 
emigration continued even after initial flows were reestablished. A less­
severe daily fluctuation in flow (between 51 and 17 liters/sec for four 24-hour 
periods) caused 14 percent of the chinook to .emigrate. Alternating flows· 
between 51 liters/sec and 17 liters/sec every 24 hours Cause a greater rate of 
emigration than alternating the same {lows every 12 hours. Most of the 
emigration .occurred .. at night,abehavior observed in aq],latic invertebrates. 

The behavioral response to flow fluctuations and how this may affect the 
juvenile salmonid r.e.aring capacity is not well understood. Under .conservative 
ramping requirements, flow fluctuations may cause downstream emigration, 
driving many fish habitat that may be less desirable or overcrowded and 
leaving upstream rearing habitat under-utili:z.ed. This could be a particular 
concern in a stream with a falls or other barrier that prevents juveniles from 
returning upstr.eam. . 

d. Increased Predation 

PhiIIips (1969) suggested that juvenile fish forced from the river margins as a 
result of declining flows suffer from predation by larger fis.h. This effect has 
not been documented anywhere to my knowledge; however, it is a credible 
hypothesis under some circumstances. 

e. Aquatic Invertebrates 

Like fish, aquatic invertebrates are not necessarily adapted to unnatural drops 
in flow. Cushman (1985) extensively reviewed the effects of flow fluctuations 
on aquatic life, especially aquatic invertebrates. Interested readers should 
read this review. Rather than his duplicate efforts, I will briefly summarize 
the topic and discuss several regional .studies. . 

Research on the effects of flow fluctuations on aquatic invertebrates in the 
Pacific Northwest is limited, although more information is available e\sewh.e.re 
in North America. These studies suggest that aquatic invertebrates can be 
severely .impacted by flow fluctuations. Fluctuations substantially reduce 
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invertebrate diversity, total biomass and changes the species composition 
under most circumstances. One study from the Skagit River found that flow 
fluctuations had a greater adverse impact on the aquatic invertebrate 
community than a substantial reduction in average flow (Gislason 1985). The 
reduction in the aquatic invertebrate production can impact salmonid 
production as a result of reduced feeding (Cushman 1985; Schlosser 1982). 

Additional research is needed on the effects of flow fluctuations on aquatic 
invertebrates in the Pacific Northwest. However, a thorough study would be a 
formidable task. It would involve many species with different life cycles, 
behavioral responses, lethal responses, and contributions as prey to salmonids. 
Populations of some species may change rapidly under normal conditions, 
thus it may be difficult to associate cause and effect. . 

Flow fluctuations can impact the aquatic invertebrates in the following ways: 

i. Stranding. Flow fluctuations can strand many species of aquatic 
invertebrates, much in the same way fish can become stranded (Phillips 
1969; Gislason 1985). Death may result from suffocation, desiccation, 
temperature shock, or predation. 

ii. Increased Drift. Many aquatic invertebrates are sensitive to reductions 
in flow, and respond by leaving the substrate and floating downstream. 
This floating behavior is called drift. Night time drift is normal; 
however, drift becomes highly elevated under unnatural fluctuations in 
flow (McPhee and Brusven 1975; Cushman 1985). This elevated drift 
maybe an emergency response to avoid stranding, or a response to 
overcrowding of the inter-gravel habitat, or it may be a response by 
aquatic species are adapted to a narrow range of water velocity .. This 
response may temporarily increase fish food supply (McPhee and 
Brusven 1975), but when repeated fluctuations occur, many species are 
flushed out of river reach and the aquatic invertebrate biomass usually 
declines, often substantially (Cushman 1985, Gislason 1985). Elevated 
drift also occurs in response to sudden increases in flow, which captures 
terrestrial insects from the river banks and scours some aquatic 
invertebrates from the river substrate (Mundie and Mounce 1976). 

iii. Detritus Feeders. Under stable flow conditions, floating detritus (leaves, 
woody debris) accumulates on the shores of the river as a result of 
current and wind action on sand or gravel substrate. This detritus 
remains close to the river margin and often remains damp for days or 
weeks at a time. Under fluctuating flows, this organic detritus becomes 
suspended (Mundie arid Mounce 1976) and is flushed out of the river or 
redeposited at the high waterline where it desiccates during low flow 
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periods. As a result the invertebrate detritus community is less capable 
of exploiting this resource. 

iv. Herbivorous Invertebrates. Impacts are similar to that on the detritus 
community. Algae grows on exposed rock surfaces on which 
herbivorous aquatic invertebrates graze. Fluctuations desiccate and 
disrupt the growth of the exposed algae (Gislason 1985) and reduces 
access by herbivores. 

f. Redd Dewatering 

Research has extensively documented the lethal impact of redd dewatering on 
salmonid eggs and alevins (Le., larval fish) (Fraley and Graham 1982, Fraser 
1972, Satterthwaite et aI., 1985, Fustich et ai., 1988). Salmonid eggs can 
survive for weeks in dewatered gravel (Stober et aI., 1982; Reiser and White 
1983; Becker and Neitzel 1985; Neitzel et aI., 1985), if they remain moist and 
are not subjected to freezing or high temperatures. The necessary moisture 
may originate from subsurface river water or from ground water. If the 
subsurface water level drops too far; the inter-gravel spaces will dry out, and 
the eggs will desiccate and die. Thus redd dewatering is not always lethal or 
even harmful to eggs. However, site specific conditions, weather and duration 
of exposure all affect survival. 

Because alevins rely on gills to respire, dewatering is lethal (Stober et al., 
1982, Neitzel et aI., 1985). Alevins can survive in subsurface, inter-gravel flow 
from a river or ground water source. If inter-gravel spaces are not obstructed 
with pea gravel, sand, or fines, some alevins will survive by descending 
through inter-gravel spaces with the declining water surface (Stober et al., 
1982). Both alevinsand eggs may die from being submerged in stagnant 
water. Standing inter-gravel water may lose its oxygen to biotic decay, and 
metabolic wastes may build up to lethal levels. 

A redd can be dewater between spawning and hatching without harm to the 
eggs under some circumstances, and in one situation, a hydropower facility is 

. operated· to allow limited redd dewatering (Neitzel et. al. 1985). However, in 
most Pacific Northwest rivers, anadromous fish spawn over an extended 
period. Different species spawn in different seasons and individual species 
may spawn over a range of two to six months. As a result, when eggs are 
present, alevins and fry are also present, both of which are highly vulnerable 
to flow fluctuations. 

g. Spawning Interference 

Bauersfeld (1978b) found that repeated dewatering caused chinook salmon to 
abandon attempts to spawn and move elsewhere, often to less desirable or 



\ 

13 

crowded locations. Hamilton and Buell (1976) performed a highly detailed 
study using observation towers situated over spawning beds to track activity 
on the spawning bed and to observe individual tagged fish. They observed 
that spawning chinook were frequently interrupted by flow fluctuations. 
Females repeatedly initiated redd digging, and then abandoned the redd sites 
when flows changed. They concluded that flow fluctuations decreased 
viability due to untimely release of eggs, failure to cover eggs once they were 
released, and a failure of males to properly fertilize eggs laid in incomplete 
redds. Other researchers had conflicting conclusions. Stober et. al. (1982) 
noted that chinook salmon successfully spawned in an area that was 
dewatered. several hours a day, and Chapman et. al. (1986) found that eight 
hours a day of dewatering still permitted successful spawning. 

S. The Hydraulic Response to Flow Fluctuations.. This section describes the 
downstream physical response to fluctuation events. 

a. Attenuation 

The ramping rate attenuates as a function of the distance downstream from 
the source of a fluctuation event (e.g., Nestler, Milhous, and Layzer 1989). 
The characteristics of the river greatly influences this attenuation. A 
fluctuation in flow passing through !I narrow bedrock river channel will 
experience little or no attenuation. Pools, side-channels, and gravel bars 
attenuate the ramping rate by storing water from higher flows and release this 
water gradually. Tributary inflow will attenuate the ramping rate and the 
ramping range. Hydraulic equations (e.g., unsteady flows; Chow 1959p. 528) 
exist to describe these responses. A verbal description and examples of 
downstream responses are provided below. 

Figure 2 shows the progression of a fluctuation as it moves downstream past 
four U.S. Geological Survey gages on the Skagit River. The "hump" that 
progresses from left to right represents an experimental flow fluctuation 
requested by fisheries agencies to determine ramping rates and stranding 
activity. Table 5 tabulates the ramping range, maximum ramping rate, and 
total duration of decline in flow at each station in response to this event. The 
ramping range and ramping rate become less as the fluctuation event 
progresses down the river. 

In a similar study in the Deschutes River (Oregon), the ramping range 
attenuated from 1.6 feet to 1.2 feet over 55.7 miles of river. The ramping 
range was 0.35 feet 99.7 miles downstream of the powerhouse (Phillips 1969). 
Attenuation does not occur in uniform increments over distance. Figure 3 
plots the data from a load rejection test at the Snoqualmie Falls Project 
conducted on July 17, 1990. Observers monitored staff gages at six sites 
downstream from the powerhouse. The farthest site was 4.6 miles 
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downstream. Note that the contour of the water surface overtime was 
different at each site. Furthermore, the maximum decrease in stage did not 
occur at the site closest to the powerhouse but at the fifth of six sites. The 
river channel shape and gradient in the vicinity of each site influences the . 
stage contour. Thus the interpolation and extrapolation of data to derive 
estimates of ramping rates and ramping ranges for other sections of the river 
should be avoided. Never-the-less, significant attenuation is evident when the 
sixth experimental gage data is compared with data from a U.S. Geological 
Survey gage located 14 miles downstream (Figure 4). 

b. Lag Time 

Lag Time can be the time it takes for a fluctuation to pass from one place to 
another on a river. In Figure 2, it took over 7 hours for a fluctuation event to 
pass through 40 miles of a large river at medium flow. In Figure 4, it took 
over 5 hours for a fluctuation event to pass through 17.2 miles of medium­
sized river at low flows. Phillips (1969) documents a 20.5 hour time lag on 
the Deschutes River (Oregon) over 99.7 river miles. The river channel. 
configuration, gradient, and flow all influence the speed at which the 
fluctuation travels downstream. Lag time can be determined by field 
observations at several flows. 

Lag time is important when different ramping rates are required for day and 
night. On the Skagit River, it took 7.5 hours for a drop in flow to pass 
through all the chinook fry rearing habitat (Woodin 1984). From this, it was 
recommended that down ramping end 6.5 hours before sunrise to provide 
sufficient protection for the chinook fry. 

For projects with long penstocks, the term bypass lag time refers to the time 
flow fluctuations take to pass down the natural stream channel from the dam 
to the powerhouse tailrace. 

6. Types of Hydropower Activity That Fluctuate Flows or Otherwise Cause 
Stranding. This section identities types of fluctuations .caused by hydropower 
activity. 

Hydropower facilities cause flow fluctuations in a variety of ways. Successful 
mitigation requires a thorough understanding of hydropower .operational 
practice$ and malfunctions than cause flow fluctuations. It is not sufficient to 
establish criteria specifying allowable hydraulic changes. Developers often fail to 
recognize or acknowledge all sources of flow fluctuations, and when facilities are 
built that fail to address all potential sources of flow fluctuations, they will 
typically resist unanticipated and often costly alterations of their facilities or the 
operation procedures. An overview of mechanical causes and suggested 
mechanical criteria and hydraulic criteria are provided. 
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The following bold scripted terins are defined: 

Dam facilities have substantial water storage and a powerhouse at the base of 
the dam. Run·of·the·river facilities typically have a small diversion dam which 
diverts water into a penstock, a pipe that delivers water to the powerhouse, 
which is located farther down the river. 

A hybrid of these two types of facilities is dam and penstock facility which has a 
powerhouse located some distance downstream of a large dam. Some types of 
operational impacts and mitigation activities apply only to certain types of 
facilities, thus it is important in understand these distinctions. 

Other classification schemes many be helpful in identifying fluctuation concerns 
or mitigation actions. Does the facility have seasonal storage, daily storage, or 
no storage? How many turbines does it have? Many projects do not fit neatly 
into any classification scheme because of multiple purposes (irrigation or 
municipal diversions, recreation, flood control) or because of peculiarities in 
design or configuration. Thus, there is no single method for assessing fluctuation 
risks nor is the a single set of mitigation criteria that can be applied. 

The upstream reach is the segment of the river above the diversion fore bay or 
reservoir. The bypass reach is the segment of the river or stream between the 
diversion structure or dam and the powerhouse. Dam facilities do not have 
bypass reaches. The downstream reach is the segment of the river or stream 
below the powerhouse discharge. 

The public often perceives run-of-the-river facilities as low impact alternatives to 
dam facilities because water is simply withdrawn from the bypass reach without 
altering the natural flow in the downstream reach. Run-of-the-river facilities do 
not normally change average daily flow or the thermal and chemical 
characteristics of a river or stream, and they do not normally inundate large 
amounts of land. However, they reduce average flows in the bypass reach, and 
they fluctuate flows in both the downstream and bypass reaches. This occurs 
because water passes through the penstock much faster than through the bypass 
reach. Thus drops in flow occur in the downstream reach every time the 
powerhouse discharge is shut off or suddenly reduced. When the discharge is 
started up, a drop in flow Qccurs in the bypass reach, and in the downstream 
reach. The flow in the downstream reach initially increases in response to the 
powerhouse discharge. However, it subsequently declines when the drop in flow 
originating from the diversion passes through the bypass reach to meet the 
powerhouse discharge (See Figure 5). 
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a. Peaking 

Utilities often operate hydropower facilities to follow daily changes in power 
demand, a practice called load following. Power demand is higher during the 
day, especially in the morning and, to a lesser extent, in the evening. For 
many utilities, the capacity for load following is a premium power resource, 
and hydropower is the preferred means of load following. Thermal power 
plants, including coal, gas, oil, and nuclear facilities, wear down faster from 
the constant heating and cooling that results from load following, and usually 
operate less efficiently. Thus, hydropower facilities with seasonal or daily 
storage are often operated for load following (Carter and Trouille 1989). 

When load following occurs, the powerhouse discharge fluctuates daily, an 
effect defined as peaking .. Peaking is the most widely documented source of 
fish stranding. Biologists and fishermen have observed major fish kills 
from peaking (Thompson 1970; Graybill et aI., 1979; Phinney 1974; 
Bauersfeld 1977, 1978; Becker et aI., 1981). These fluctuations often occur 
daily for weeks or months resulting in severe cumulative impacts to fish 
populations. Whenever possible, a powerhouse located at the head of a 
free-flowing river should not be operated for peaking, especially during fry 
emergence and early stream residence. In a river.with multiple dams, utilities 
can operate the upper dams for peaking, while discharge from the lowest dam 

. remains constant (i.e., a re-regulating reservoir). Multiple dam systems 
suitable for load following and stable discharge are abundant in the Pacific 
Northwest. Utilities should use these opportunities to follow load demand. 

When peaking is necessary, these discharges should be ramped down (Phinney 
1974), and timed seasonally and/Or daily, (Woodin 1984, Olson 1990). For all 
projects, biologists should identify a critical flow to minimize stranding. 

b. Low Flow Shutdowns 

Most projects have a minimum turbine flow below which it is impossible or 
impractical tp operate the turbine(s) for power generation. In addition, a 
minimum flow is usually required to maintain the aquatic habitat in the 
bypass reach. For run-of-the- river facilities, power generation cannot occur 
unless river flow at the intake is greater than or equal to the combined bypass 
flow requirement and minimum turbine flow. These projects will have low 
flow shutdowns between 1 to 20 times a year depending on run-off patterns 
and bypass flow requirements. Dam facilities with seasonal storage can 
operate for years without a low flow shutdown. 
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c. Low Flow Start-ups 

Run-of-the-river projects will cause a drop in flow in the bypass and 
downstream reaches during powerhouse start-ups (See Figure 5). In these 
situations, operators must ramp flows at the start of power generation to 
reduce stranding. Usually the ramping rates will be dictated by what is 
necessary to protect fish in the bypass reach. By the time the fluctuation 
reaches the downstream reach, attenuation from the powerhouse discharge, 
tributary inflow, and sometimes in-channel storage will usually moderate the 
ramping rate. 

d. Powerhouse Failures 

Powerhouse failures are disruptions of the penstock flow originating from the 
powerhouse. These disruptions result from powerhouse mechanical problems 
or load rejection, which is the inability of the utility line to receive power 
generated from the turbines. Load rejection requires immediate action to 
avoid damage to the turbine bearings and penstock, since the turbine will spin 
out of control without the resistance of the magnetic fields in the generator. 
Operators traditionally responded to powerhouse failures by cutting off 
penstock flow, which suddenly drops flow in the downstream reach. Biologists 
should expect powerhouse failures at any facility. My experience is that they 
occur most frequently at small, run-of-the-river facilities with a single turbine, 
remote control operation, and a long rural utility line. 

Flow continuation is the mechanical capacity to maintain flow through the 
penstock during powerhouse failures. Flow continuation is now a standard 
design criteria for new run-of-the-river facilities in Washington State. Flow 
continuation can be provided bya flow bypass valve which allows flow to pass 
around the. turbine when in operation. Pelton turbines can be designed with 
deflectors to safely pass flow through the turbine without generating power. 
Pelton deflectors might serve as a substitute for a flow bypass valve, although 
further evaluation is needed. With flow continuation equipment, power 
generation can be shut off and on without ramping flow up .or down, a feature 
that will appeal to some utilities. Flow continuation can also reduce human 
saf~ty risks associated with rapid increases in flow. 

The flow continuation equipment, especially bypass valves, are expensive, and 
developers may try to install equipment that cannot provide sustained flow 

. continuation. Fishery agencies should specify the duration of flow 
continuation as part of the design criteria. It may be appropriate to waiver 
flow continuation requirements when river flow is > 10 percent of the annual 
flow exceedence. During very high flows, suspended fines can wear or 
damage equipment, and flow continuation probably offers little benefit to 
aquatic life. 
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. If maintenance or repair activity absolutely requires the penstock flow to be 
shut off, the operator can ramp the <1ischarge immediately. Since flow 
.disruption is inevitable, there is no benefit from flow continuation. Likewise, 
if the operator knows that power generation will be shut down for several 
days, ramping can start immediately. There is no purpose in subjecting the 
flow continuation equipment to unnecessary wear, and in some cases, fish and 
aquatic life in the bypass reach will benefit from sustained higher flows; 

e. Intake Failures 

Intake failures cover all penstock flow disruptions that occur at the intake 
structure. This may result from the accumulation of debris, the failure of fish 
screen cleaning equipment, or failure of the dam and associated gates to 
divert water into the intake. My experience to date suggests that intake 
failures are less frequent than powerhouse failures. Many intake failures 
result from a gradual accumulation of debris on the screens and trash racks 
and tend to ramp down slowly until the minimum operating flow is reached. 
When an intake failure occurs, flow continuation is impossible except at dam 
facilities with multiple intake and discharge locations. Furthermore, the 
capacity to ramp flows after intake failures may be limited. Therefore, 
prevention is the preferred means of reducing intake failures. The diversion 
structure should be designed and maintained to minimize intake failures. 
Design criteria for mechanical screen cleaning and trash control equipment 
should be considered. 

When an intake failure occurs, operators should attempt to ramp with the 
residual water in the penstock, although meeting ramping rate criteria 
established for powerhouse failures is often impossible. 

Intake failures are most likely to occur during the first one or two high flow 
events of the fall. These initial high flows pick-up leaf litter and other debris 
that have accumulated in the stream channel over the summer and early fall. 
This debris frequently overloads the debris control equipment (pers. comm. 
with several small hydro operators). More frequent maintenance is normally 
required at this time. One run-of"the-river facility in Washington State 
addresses this problem by foregoing power generation until after the first one 
or two major storms. 

f. iCycling 

For a run-of-the"river facility, the minimum river flow needed for power 
generation is the sum of the minimum bypass f1owrequirel11ent and the 
minimum turbine flow. When the river flow is less than this sum but greater 
than the minimum bypass flow requirement, it is possible to continue 
operation intermittently by using the reservoir,surge tank, and/or penstock 
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for storage. The operator stores water in excess of the minimum bypass flow. 
When the storage is full, power can be generated for a short time. This 
practice fluctuates flow in the downstream reach many times a day. 

Cycling is simply a way to generate power when flow is not enough for 
continuous or efficient operation,· and it is not an attempt to follow load 
demand. Cycling may also occur as a result of an improperly programmed 
automated powerhouse which shuts off and on near minimum operation flows. 
An example of cycling is shown in Figure 6. 

The biological impacts of flow fluctuations have not been formally evaluated. 
However, cycling is likely the most damaging type of hydropower flow 
fluctuation, especially when compared to the negligible· amount of power 
generated. Cycling will normally occur at low stream flows when the 
salmonids would be most vulnerable to fluctuations. Fish habitat will be most 
limited at low flow, and the effect on fish populations is probably severe. 
Massive stranding of emerging fry is likely during parts of the year. Cycling 
would probably reduce primary and secondary productivity substantially. 
Until research can conclusively demonstrate that cycling is not harmful; 
cycling should be forbidden. If a developer is concerned with utilizing sub­
operational flows, a smaller auxiliary turbine can be installed. 

g. Multiple Turbine Operation 

If a powerhouse has 1:WO or more turbines, operators can cause abrupt 
changes inflow when changing the number of turbines in operation. 
Biologists should specify for a smooth transition of flow when the number of 
turbines are reduced. Most modern turbines are designed to operate over a 
broad range of flows; thus, a smooth transition is relatively easy to 
accomplish. Modified peaking and modified cycling occur when power 
generation is switched off and on for some turbines but one or more turbines 
are running continuously. These operations will not have the impact of a 
single turbine shutting off and on. However, biological impacts should be 
expected in most cases. Modified cycling should be discouraged. 

h. Forebay Surges 

The hydrographs from a new run-of-the-river project indicated a surge of 
water every time the powerhouse started generation (Figure 6). This was 
probably caused by a drop in head at the intake during start-up. These 
forebay surges were relatively insignificant during medium or high flows but 
appeared to cause severe fluctuations at low flows. The prevalence of this 
problem among hydropower facilities is unknown. However, facilities should 
be designed and operated to avoid forebay surges. 
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i. Reservoir Stranding 

Hydropower activity can cause stranding in forebays and reservoirs. The 
author has observed stranding of a rainbow trout in a very small forebay at a 
run·of·the·river facility. The forebay water level was fluctuating as a result of 
cycling. 

Reservoir or forebay maintenance drawdowns sometimes cause stranding. In 
large reservoirs, stranding is routinely anticipated as one of the consequences 
of drawdowns, and it is sometimes employed as a method of eradicating 
undesirable fish. However, stranding also occurs in the forebays of 
run-of-the-river projects. In one case, the author observed a run-of-the-river 
project with a narrow forebay of about one quarter acre which was drawn 
down for annual maintenance. Despite an active stream flowing through the 
forebay and through a gate in the dam, about 30 juvenile and adult trout were 
trapped in a shallow, concrete depression in front of the intake trash rack. 
The operator agreed to electroshock and move these fish back to the stream 
as part of every maintenance shutdown. Intake structures should be designed 
to drain completely without leaving pools of water. 

j. Tailwater Maintenance and Repair Activities 

All hydropower facilities will eventually require. inspections, maintenance, and 
repair. For most facilities, these activities occur during low flow periods .or· 
during operational shutdowns without disrupting flow. However, if a dam 
facility has only one discharge site or tailrace, it is often impossible to inspect 
or repair the structure or equipment submerged in the tailwater without 
completely or substantially disrupting the flow of the river. Phillips (1969) 
describes a severe fluctuation resulting from a tailwater inspection. Ideally, 
dam facilities should have multiple points of discharge to avoid these 

. infrequent but severe impacts. 

k. Frequency of Fluctuations at Run-of-the-River Facilities 

Run-of-the-river facilities can cause flow fluctuations as a result of low flow 
shutdowns, start-ups, powerhouse failures, intake failures, cycling, and forebay 
surging. From the limited data available to the author, the frequency and 
type of flow fluctuations are quite variable. Many new or proposed 
run-of-the-river facilities are located in remote mountainous areas, serviced by 
rural utility lines, and operated by remote control. At one new single turbine 
run-of-the-river facility (Weeks Falls project on the SF Snoqualmie River), 
approximately 150 powerhouse shutdowns were recorded during the first 23 
months of operation, including 46 during sensitive low-flow periods· (Figures 6 
and 7). After four years of operation, it was still experiencing a high 
frequency shutdowns. However older, utility-owned, run-of-the-river facilities 
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often have a relatively low frequency of shutdowns. Facilities, such as the 
Yelm Project on the NisquaHy-River and Snoqualmie Falls Project on the 
Snoqualmie River~e managed for steady base load power production. The 
operators of these facilities have a vested interest in maintaining stable power 
production and have had many years to mechanically resolve the causes of 
shutdowns. Frequency of shutdowns is probably less than five per year, 
although the author has not been able to acquire actual data from these 
utilities. 

7. Mitigation Requirements and Considerations 

Mitigation negotiations require a timely development of information and, in 
response to this information, terms and conditions for construction, further 
evaluation, and operation. This section provides an example on how and when 
to address the issues and develop criteria. 

Washington Department of Fisheries (WDF) requires full mitigation for all fish 
kills and all losses of anadromous fish habitat (Le., no net loss). Owners of 
existing facilities up for relicensing must make all reasonable attempts to avoid 
harm to anadromous fish and correct facility activities or features that are 
currently causing habitat losses. If salmon production cannot be restored to 
preproject levels, alternative mitigation, either in the form of off-site 
enhancement, or hatchery production, will be requested. Proposed new facilities . 
must demonstrate that no impact on the salmon resource will occur before WDF 
supports construction. If there is any doubt as to whether certain operation 
procedures and/or facility designs are harmful to fish, the burden of proof is on 
the developer or utility to study the potential impact and demonstrate that no 
harm will occur. 

These relatively high standards of mitigation are a policy response tothe high 
value the public places on the anadromous fish resource, and the historical and 
ongoing losses of fish and fish habitat as a result of hydropower development. 
In addition, the Indian treaty fishing rights implicitly includes preservation of the 
freshwater habitat needed by wild salmonids. Current policy precludes new 
hydropower development in a river reach accessible to anadromous fish. 
Resource agencies in other areas may need to interpret the criteria presented 
below in light of their own policies. Furthermore, criteria should be modified to 
protect local species which may have different life cycles, behaviors, and periods 
of vulnerability .. 

Mitigation activities for flow fluctuations continue throughout the development 
of a project, including consultation, licensing and operations. The following 
discussion parallels the U.S. Federal Energy Regulatory Commission's licensing 
procedures. In general, mitigation criteria for rivers are well established. 
However, more research is needed to fully understand the impact of flow 



22 

fluctuations on streaII1S (i.e., average l\IlIlua! flows less than 500 cfs), and at this 
time, WDF does not have a clearly defined set of criteria to apply to smaller 
projects. Criteria for these smaller projects will be influenced by site specific 
observations and futlJre research. 

a. ConsultatioQ 

During consultation, the agencieS identify conCerns and informational needs, 
and the applicant collects information and performs studies as requested. 

The applicant should identify .the fish species present and locate the barriers 
to anadromous fish passage. This information will give biologists a rough idea 
of which impacts may occur. Pre-project information on flow, species 
composition, and fish also serve as. a baseline to compare against 
post-construction information. A life history schedule of the important fish 
species should be developed to determine time periods when stranding or 
redd dewatering are likely to occur. 

i. Under mOgt circumstances, permanent ramping rate criteria can be 
established for projects located on rivers, as listed below. These criteria 
also serve as interim ramping rate criteria for facilities located on 
streams: . 

Season Daylight Rates3 Night Rates 

Februa7 16 to No Ramping 2 inches/hour 
June 15 

June 16 to 1 inch/hour 1 inch/hour j 

October 312 

November 1 to 2 inches/hour 2 inches/hour 
February 15 '. 

1 Salmon fry are present 
2 Steelhead fry are present 

. 3 Daylight is defined as one hour before sunrise to one hour after 
sunset 

ii. The applicant should collect information for a rating table at the. most 
confmed (i.e., narrowest) river trans.ect immediately downstream of the 
source of the flow fluctuations (ie., powerhouse, and for run-of-the-river 
projects, diversion dam). For some projects, this transect will be located. 
close to the. tailrace of the project. The loc.ation of this transect must be 
approved by agency biologists. This transect be.comes the control point 
for measuring the ramp rate .. 
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iii. If the applicant wants to peak flow discharges to follow load demand, he 
should demonstrate that the load following capacity is needed and not 
available elsewhere. The applicant should indicate the times of the year 
this peaking is anticipated and consult with the agencies on the biological 
impacts and potential ~tigative actions. However, in productive river 
systems, peaking may simply be an unacceptable mode of operation. 
Currently, WDF opposes peaking operations at proposed facilities with 
free-flowing downstream reaches accessible to salmon. 

b. Licensing 

During licensing, biologists should specify terms and conditions that minimize 
the occurrence of fluctuations. When fluctuations are unavoidable, they 
should specify terms and conditions that establish ramping rates and ramping 
schedules that permit a smooth transition in flow. Some or all of the 
following terms and conditions can be applied to achieve these objectives. 

i. All proposed run-of-the-river facilities should have the mechanical 
capacity to maintain flow continuation for 48 hours. When a powerhouse 
failure occurs, flow continuation should be maintained a minimum of 24 
hours. During salmon fry emergence, flow continuation should continue 

'beyond 24 to avoid ramping during daylight hours. This additional time 
should also take into account the lag time it takes for the fluctuation to 
reach sensitive downstream rearing habitats. Under most circumstances, 
more lenient flow continuation criteria can be specified at high flows 
(i.e., above the 10 percent annual flow exceedence). 

Dam facilities should have the capacity for indefinite flow continuation. 
A value should be installed in the dam to permit flow discharges 
independent of the turbines. 

ii. Proposed facilities shall have the designed capacity to down ramp the 
powerhouse discharge at 1 inch of stage per hour at the transect 
approved by agency biologists during consultation. For run-of-the-river 
projects, the diversion and intake structure should have the capacity to 
ramp bypass flows at 1 inch per hour. If necessary, existing facilities 
should upgrade their. equipment to meet the 1 inch per hour ramp 
capacity. 

iii. Agency biologists will assist the applicant in determining the critical flow, 
in other words, the flow above which the risks of stranding are negligible. 
This may best be determined by observing the key stranding areas at 
different flows. 
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iv. For existing dam and penstock facilities without flow continuation 
equipment, operators can offset fluctuations in the downstream reach by 
increasing the bypass flow prior to a powerhouse shutdown. Once the 
higher bypass flow reaches the powerhouse, the powerhouse can ramp 
down at a relatively fast rate. Obviously, fluctuations from unanticipated 
powerhouse shutdowns cannot be prevented with this method. 

v. In the event of an intake failure at a run-of-the- river facility, the 
powerhouse should be operated to ramp flows down as smoothly as 
possible using residual water in the penstock and surge tank. Intake fish 
screens shall be cleaned and maintained as often as necessary to prevent 
intake failures. Under most circumstances, mechanical cleaning . 
equipment should be required. 

vi. Cycling is forbidden. 

vii. Applicants should design and operate projects to avoid forebay surges. 

viii. If peaking is permitted, the resource agencies shall determine seasonal 
and daily limitations on this mode of operation. 

c. Operations 

i. The operation manual shall explicitly list the operation procedures 
needed for flow continuation, ramping and maintaining the intake 
screens. Critical flows must be identified. 

ii. Utilities should operate large storage facilities to avoid redd desiccation 
in spawning areas below dams. Flow discharges during spawning should 
be kept relatively stable, but not so low that the migration and spawning 
activity are impeded and not so high that water storage is reduced and 
there is risk of redd dewatering during incubation. 

Biologists and utilities often have difficulty identifying a fixed operating 
procedure, especially when the utility has to manage flow releases for 
other objectives, such as summer reservoir recreation (i.e., keep reservoir 
pool high and stable), winter flood control (i.e., draw reservoir pool 
down), and power demand. Since most stocks of salmon spawn just 
before or during the heavy rain season (late fall to early winter), the 
desirable strategy is to increase flows during the spawning season only 
when necessary to meet flood control requirements and avoid reducini 
~. When spawning is complete, excess water is released if necessary, 
and a minimum incubation flow is established. This strategy maintains 
greater flow flexibility during incubation and emergence. Under some 
circumstances, a written operation plan that takes into account all 
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possible hydrologic scenarios can be developed. However, sometimes 
in-season communications between biologists and operators provide the 
best means of protecting redds. 

iii. For projects located on streams, the permanent ramping rates may be 
established after construction on the basis of site-specific observations 
and any new research on the impact in streams. 

8. Field Methods. This section contains notes and references concerning field 
methods. 

a. A Word of Caution. 

Investigators should carefully consider whether flow fluctuation events staged 
to evaluate ramping or stranding are necessary, especially when fish kills are 
anticipated. A number of the author's professional predecessors have 
observed that the souls of these dead fish come back to haunt you in the form 
of irate fishermen and agency administrators, especially when the news media 

. reports the event. In one test, researchers abruptly canceled an experiment 
and restored initial flows when 'tens of thousands' of stranded juvenile salmon 
were observed during the initial drop in flow (Hamilton and Buell 1976). 
Whenever possible, researchers should try to assess impacts that occur from 
routine hydropower operations, rather than staging events of larger 
magnitude. If you are only testing the hydraulic response, select a time of the 
year when salmonid fry are least vulnerable. 

b. Estimation of Stranding Losses 

Direct counts of stranded fish as a result of flow fluctuations may be useful as 
indices. However, researchers have had difficulty making reliable and 
unbiased estimates of total mortality. A complete survey of a river system 
during a fluctuation event requires a very large group of observers. Many 
stranded juvenile fish, especially fry, are hidden in the substrate where they 
seek refuge during declining flows. Out-of-sight salmonid stranding occurs in 
gravel (Phinney 1974, Bauersfeld 1978), mud (Becker et ai., 1981), and 
vegetation (Phillips 1969, Satterthwaite 1987). Under laboratory conditions 
which permitted total enumeration of test fish, Monk (1989) counted surface 
and subsurface stranding on three types of gravel substrate. The ratios of 
surface to subsurface stranding on fine gravel, medium gravel and cobbles was 
1:0.01, 1:1.5 and 1:1.0 respectively for chinook fry (mean fork length 46.5 
mm), and 1:0.06, 1:5.6 and 1:2.9 respectively for steelhead fry (mean fork 
length 33 mm). 
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Scavengers and predators often remove fish before observers can .count them. 
Crows often start foraging as soon as flows decline (Phinney 1974, Fiscus 
1977, Satterthwaite 1987, all thor's pers. obs.). Other animals, ranging from 
slugs to humans, have been observed taking stranded fish. Both Phinney 
(1979) and Bauersfeld (1978) tried to establish habitat index areas for 
stranding observations. Counts were expanded to estimate losses in similar 
habitat exposed by the fluctuation event. They found it difficult to count 
stranding within limited index areas. In addition, they had trouble estimating 
the total area exposed from aerial photographs because of shadows casted by 
trees and high banks. As a result, tenuous assumptions were necessary in . 
deriving estimates of total mortality. Other studies simply abandoned 
attempts to estimate losses (Phillips 1969, Phinney et al., 1973, Becker et al., 
1981) or did not attempt to estimate losses. Future estimation of stranding 
losses should be approached with cautious methodology and realistic 
expectations. 

c. Ramping Rate Tests 

Under some circumstances, it is necessary to evaluate the hydraulic response 
to a change in flow over an extended area downstream of the fluctuation 
source. If possible, testing should. occur in the fall prior to spawning. At this 
time salmon have grown substantially, although steelhead fry are still rather 
vulnerable. Prior to testing, the utility and resource agencies should meet and 
agree on the number of tests to be performed, number and location of 
observation sites, and date and time to perform them. Multiple tests may be 
necessary to evaluate several different flows. or to repeat earlier tests that 
were unsatisfactory. 

The utility should instaIl a staff gage at each station prior to the test. AU 
observers should be stationed on-site at the start of ramping. Staff gage 
readings should be recorded at predetermined time intervals, typicaIly every 
5 to 10 minutes. If biological observations are desired,·a second person can 
observe the amount of exposed river bed, type of substrate exposed, and 
observe stranding directly. 

9. Discussion 

a. Flow Alterations and Flow Fluctuations 

. Current assessment of the effects of hydropower ~evelopment on riverine fish 
production is usually focused on flow alterations, using the IFIM methodology 
as the primary analytical tool. For examples, comprehensive fishery studies of 
small run-of-the-river hydropower development iII Montana (Leathe andEnk 
1985) and Oregon (Kelly 1980; WRRI 1982) estimated the habitat effect of 
flow reductions in the bypass reaches using IFIlI;1 methodology, but not the 
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impacts of flow fluctuations in the bypass and downstream reaches. A 
hydropower trade journal report on methods of balancing load following with 
fish and recreational needs (Carter and Trouille 1989), relied exclusively on 
the IFIM methodology and failed to consider lethal and behavioral impacts of 
flow fluctuations. A comprehensive review of environmental mitigation at 
hydropower projects (Sale et al., 1991) addressed in considerably detail the 
variety of instream flow requirements negotiated at hydropower projects; 
however, the issue of flow fluctuations was limited to one brief sentence. 
Site-specific studies that give a balanced treatment of the effects of both flow 
alterations and flow fluctuations, such as Hamilton and Buell (1976), are 

, relatively rare. 

The IFIM methodology is a valuable and widely accepted procedure for 
measuring change in fish habitat and has legitimate application to situations 
involving flow alterations. However, it is a complex and engrossing 
methodology that often distracts from other biological effects of hydropower 
development. 

Are the impacts of flow fluctuations more significant than flow alterations? I 
don't believe there is an answer to this question. The magnitude of each 
impact is a site-specific function of species, channel size, channel morphology, 
and facility operations. ' Furthermore, these impacts are measured in 
different units (i.e., stranding mortality versus usable habitat area). However, 
it should be emphasized that lethal effects of flow fluctuations on salmonids 
are widely documented in the Pacific Northwest. By contrast, experimental 
verification of the relationship between habitat units and salmonid 
productivity is sparse. 

Recent enhancements of the IFIM methodology are showing increasing ability 
to address the effects of flow fluctuations. Prewitt and Whitmus (1986) 
propose some methods for assessing relative stranding risks, resulting from 
different changes in flow. These methods might be useful when the relative 
risks of different operational procedures must be compared. Nestler et al. 
(1989) describe a method for assessing the habitat effect of peaking on fish 
that are capable of moving to suitable habitat. Thuernler et al. (1991) added 
a method of measuring the loss of habitat for immobile aquatic animals as a 
result of peaking discharges. 

However, the IFIM methods have not been developed to the point where it 
can be a primary tool for assessing flow fluctuations. The biological response, 
including lethal effects, delayed effects, and behavioral effects are not 
sufficently understood to permit reliable modelling. When there is a "no net 
loss"objective, a complex study is unnecessary. Ramping rates, ramping 
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schedules, and critical flows can often be determined by biologists from the 
hydraulic, hydrological and biological characteristics of the tributary and from 
comparable studies. 

b. Needs for Additional Research 

In Washington State, the current flow fluctuation mitigation criteria are based 
on research in medium and large rivers. Most new hydropower facilities built 
in the next decade will be small run-of-the-river facilities located on streams 
«500 cfs average annual flow). Research is needed to develop criteria for 
small rivers and streams to protect the species that prefer these habitat (coho, 
steelhead, and resident trout). The behavioral effects of fluctuations on 
juvenile salmonids requires further study, especially as they apply to small 
streams. 

A study by Gilsason (1985) and other studies reviewed by Cushman (1985) 
suggest that the impact of peaking in Washington State rivers is under­
estimated because of impacts to the aquatic invertebrate community. 
Research is needed to better measure this impact, and also identify the 
relationship between invertebrate production and salmonid production. 

Current methods for estimating stranding losses are inadequate to accurately 
assess loss of production. Development of alternative methods would be 
helpful. 

c. Does stranding occur only in the Pacific Northwest? 

As far as I could determine, all published observations, except one (Hvisten 
1985) on salmonid stranding comes from studies and observations in 
Washington, Oregon, and British Columbia. In this region, numerous 
hydropower developments have occurred in rivers historically utilized by large 
populations of anadromous salmonids. To further enhance the likelihood of 
observations, steelhead sport fishermen are typically on the rivers when 
salmon fry are emerging, and they have reported many stranding episodes to 
fishery agencies. Nevertheless, I was surprised by the lack of information on 
stranding from other regions. 

d. Resident Trout Stranding 

I found only one published account of resident trout stranding (Hvisten 1985). 
Nevertheless, I have personally observed resident trout stranding on two 
occasi01lS. Resident trout stranding is less likely to be reported simply 
because most resident fish populations are limited by adult rearing habitat, 
and thus, there are fewer juveniles. By contrast, the production potential of 
adult anadromous salmonids is relatively unrestricted by the river habitat. 
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Anadromous adults much more numerous and more fecund, and thus produce 
a much greater density of juvenil~s. Obviously, observers are far more likely 
to report the stranding of large numbers of juveniles than small numbers. 

It is possible that limited fry stranding will have little effect on resident 
populations because production is limited by the adult rearing habitat and, 
thus, juvenile to adult survival is not a major limiting factor. 
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llulber of Inc ....... 438 369 296 250 222 165 132 171 134 225 339 421 3,199 _ •• 'Noa._ 332 182 97 92 511 185 331 326 366 134 207 419 J,182 
......,. of Dec ....... 718 559 351 382 3811 370 211 . 247 218 535 701 640 5,390 
Tota •• 1 488 1 110 744 724 1 121 720 744 744 718 924 1 247 1 487 11771 

"otrillutl ... of FI ... _ bw _ In 1_ 

~111" 1 1 1 4 7 
9" co ch ... c 111" 1 1 1 3 
.. c_ ch.,.. c 9tt 1 1 1 3 
7" <1:_ cMnge C .- 1 2 1 1 5 
'" co ..... c 7" 3 2 1 1 3 1 11 
5-CII~c'- 6 1 1 11 8 5 32 
,- C8 change c 5- 6 5 1 0 2 2 8 7 15 48 
3- C8 ch ... c ,- IS 19 5 1 1 5 1 1 10 12 8 78 
2- C_ ch"" C 3- 26 20 5 13 6 7 1 1 2 22 40 15 158 

,- ... cta.nge C 2- 49 51 17 27 19 14 4 2 
, 2 50 44 34 313 

0.5- CII ch...,. C 1- 73 73 65 72 60 39 19 24 48 67 4J 583 
0.0- CII change c 0.5- 260 196 20J 133 133 98 106 142 129 99 154 30S 1,958 
loch ... 332 182 97 92 511 185 331 326 366 134 207 419 3,182 
0.0- >- change > -O.S- 530 391 266 269 323 297 272 227 208 313 465 491 4,OS2 
-0.5- ,.- chInge ,. -,- 103 106 69 87 51 36 9 19 8 154 121 77 867 
-,- ,.- Chinle ,. -2- 48 39 8 18 13 12 1 2 42 63 4J 219 

-2- >- chlnge > -3- 23 13 7 6 1 4 17 18 15 104 
-3- >- change ,. .,- 5 4 1 2 1 7 15 6 41 
-,- >- chqe > -5- 4 2 1 4 3 14 
·5- ,.- chlnlt ,. -,- 4 1 2 2 9 
.,- ,.- ch ..... ,. -7" 3 1 4 
.7" ,.- change ,. -a- 2 1 3 1 7 
... ,.- chq. ,. -9t' 1 
-9'1 >- Chani. ,. -10- 1 1 

change co -10 1 1 

w 
"" 
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T.tIle 2. ,T~latian of 11,77-1 .easurements of hourly stage changes by flow exceedence. Measur~ts are for Youngs Creek, II tributary to the Skykomish River in W.shington State. 
October 1989 _to May 1991. F,low .asure.ents were aceur.~e to ,the 0.001 -foot. Measurements are weighed by IIIOf'Ith, such that eldl .,.,th contrfbutes equally to flow exceedence 
profile. It should be noted that this tt-.eo _period ,hed III!mY .seyere stOM events, even by \Iestern V.shington standards. Thus, vartabf 1 tty in stage ·change i. probably Ireater 
'than might _by expected _in 8 longer sequence of data collection. Data Provided by Beak Consultants, ,Kirkland, VA. 

EJ(ce~lI.ce Percentile-
.. -" . . lOO-90S 9O-lIOI 1IO-71IS 1II-~ 6O-5Ol' 50-_ 40-_ lO-ZOlt 2O-IOX lO-OX 

.. 

FlOM D:escri ptj on Very ..... LCOI Meet; ... High flood 

cha,llge ;:;11', '0il 0.1% O.IX 0.3X 
?I,I ~:I c_btlnse < 10" O.I.X 0.11 
8" _<= ,charite " 9" O. IX O.IX 0.11 
7" <= _ .c,b.n~e < 8" 0.4X 
6" COl ch"'-Re < 7"· 0.21 0.7% 
5'1 ;c. ch8!'l9iJ! < ~" 0.31 0.21 0.11 1.81 
.It .. <~-._cb~e < 5" 0.4X 0.7% 2.4X 
~ .. ~= chanae-< 4" O.IX 0.3% 0.21 0.41 0.5% 4.5X 
-Z" <= change < 311 9.1X 0.3X 0.21 0.6% 0.7% I.OX 2.OX 7.21 

1 II <= chansJe < 2~1 0 •. 7% I.2X I.6X 2.OX 1.91 4.21 4.5X 8.6% 
0.5" <= change < 1" I.OX 4.0X 2.91 3 .• 7% 4.81 7.61 7.61 8.51 9.8X 
0.0" < ch.anse < 0.511 9.91 19.31 17.91 17.61 21.OX 20.91 16.21 16.21 17.21 9.OX 
No ct)ange 72.7% 51.3% 40.51· 26.8% 20.7% 19.91 16.OX 16.OX 10.41 3.8X 
0 •. 0" ,. ,chang,e ,. -0.51<1 17.4X 28.3% 36.4; 49.4" 47.31 46.21 36.61 36.61 29.6% 10.4% 
-0.5" >," C,hinge >- -1" 0.4% 1.6X 4.91 4.8X 16.5% 16.5X 20.8X 13.01 
-1"'>: 'change ~ -Z" O. IX 0.21 O.IX I.OX 1.OX 5. II 15.1% 

-2" >= change" -3" 0.3% 7.5X 
-311 >= ~~~e ,. -4" 3.OX 
-4" >= change"" .~II 0.91 
-5", l':= change _" -6", c .. 0.5% 
-6.'1 >s chl!"lge ,. -7" ',"- 0.3% 
-7'! >= chang, ,. -811 0.51 
-811 >;:: dlltOge ,. -9" 0.11 
-9" >= ch .. ~ ~ • H)U O.IX 

ch"nge <c -, QII O. IX 

w 
'" 



Table 3. T"'lltlon of 17,244 recordl of hourly river It age ch8l"lgel on the S" River (USGS "2'89500) by flow exceedence percentllel. Dati _fr. October 1, 1989 to 
Sept""'r: 19, 1991. Note that only one decU .. In flow fn excesl of 2 fnches per hour occurred below the 90 percent flow exceedence (fe., the river flow thlt II exceeded 90 percent 
of the tf.). 

bc.eedenc:e Percentl tel ,00-90S IIO-IIIIX iIo-m 7U-60S 6Q-50Z 50-401 4o-30Z 30-201 20-'01 '0-111 Totlt 

Ftw DeterlDtlan .....,L ... L ... •• 11 .. .."" F'ood 
change .,. 10" 1 3 4 
,.. <. chlnge < 10" 1 1 1 3 
8" <. chenge < 9" "" 1 5 6 
7" <. change < 8" 6 6 
'" <. chenge "i; 71

' 1 1 9 11 
5· <. chenge < 6" 1 1 4 2 9 17 
4- <. change < 5" 1 2 3 17 23 
3" <. change c 4" I 2 3 2 1 5 40 55 
2" <. chanae < 3- 4 2 2 1 5 3 7 3 9 51 87 

1- <- chenge < 2" 5 6 5 7 15 13 20 42 35 131 279 
0.5" <. chlnge < 111 11 14 19 35 I 40 45 57 69 119 114 520 
0.0" <. change < 0.511 330 228 259 291 330 352 362 323 344 232 3,051 
No change m 1,003 889 706 481 394 305 293 221 78 5,108 
0.0" ,. change ,. -0.5· 637 469 540 670 837 905 957 946 900 527 7,388 
-0.5· ,.. chenge ,. -1· 1 2 10 8 14 8 10 41 64 250 408 
-1" ,.. chenae-" -2" 2 1 20 155 187 

-2" ,.. change ,. -311 1 54 55 
·3" ,.. chanae ,. -4" 28 28 
-4" ,.. change ,. -5" 11 11 
-5" ,.. chenge ,. -'" 2 2 
-'" ,.- change ,.- -7" 
- 7" ,.. change ,. -8" 
-8" ,.. change ,. -, • 
. 9" ,. .. change ,. -10" 
change em ·10" 2 2 

~l!Ita 1 1 

Total 1,724 1,724 _ ___ 1,725 1,724 1,724 ~Jf724 __ ',724 ____ L-.. 1,nS _ ___ 1,72~_ __ 1,725_1_17,244 

w ...... 



Table 4. TabulatiOn of 17,244 ree!)rds (Includfng 118 no data records) of hourly changes in stage on the Skagit River at MarblelllCMllt (USGS "2181000) by flow excHdence percentiles. 
Data from October 1, 1989 to Septeneer 19, 1991. Flow fs regulated by three upstreea dams. The flow .exceedenee percentiles are extrapolated from the Sauk River Flow exceedence 
percentlles·to estl_te the natural ,flow at Marbl.eIIIOlWIt (i.e., Q(Skagft, tOX) = QUauk,1OX)*Q(Skagit, Average)/Q(Sauk. Average». Note that.391 declines in How In excess of 
2 inches per hour occurred belON the' 90 percent ftON exce:edence. 

- --

Exceedence Percent f I es 100-901 9O-1IOX 110-701: 7U-6OX 60-511% 5O-4OX 40-301 30-211% 20-111% 10-11% rotal 

Flow 'Description Very L ... L ... Medi~ Hit;ll Flood 
, 

change => 1011 6 6 
9- ~= ~hange.< 10· 2 1 2 5 
8" <= change < 911 1 1 2 4 
7" <= ,change ,< 811 2 2 2 7 13 
6" <= ,change < 711 2 3 4 1 7 17 
5" <= change < 6· 1 5 1 2 5 4 1 1 8 28 
411 <= ch.ange. < 5" 3 4 10 12 8 9 10 2 27 85 
]" <:= ,change < , .. 1 14 25 32 7 19 17 7 27 149 
2-" <= change « ]11 7 23 52 38 31 38 25 10 46 270 

1" <"'- ,change < 2'1 1 17 47 n n 61 106 57 33 n 553 
0.5"·<- 'ch~nge < 'II 3 19 39 79 85 70 131 97 37 87 ' 647 
.0.0" <_. ch8llge < 0.5" 33 84 193 471 605 588 , ,211 551 143 289 4,168 
No change 136 196 371 629 649 573 975 365 89 In 4,160 
0.0· > change > -0.5" 59 , 193 384 585 673 674 1,312 603 218 '373 5,014 
-0;5" >= change> -1 11 4 40 68 81 86 81 126 63 32 101 682 
-,., >= change> _211 9 62 140 94 90 78 103 59 27 87 749 

-2" >s c.hange > -31
' 4, 13 28 57 52 38 39 18 6 62 317 

-]" >= change > -411 1 11 18 26 26 12 8 5 28 m 
-4" >= .. ~h.,-age > -511 1 2 6 1 4 2 3 20 39 
-511 >= .change > -6" 1 1 1 1 1 5 10 
-6" >s ,change> -7" 1 2 5 9 
-1" >= change > -8" 1 1 

I ~8" >= change> -911 

-9- >= change> -10" 
2 change <'II -10. 

"f., 
, 

2 
i No Data 1 1 1 3 

Total " 249 638 1,328 ' 2,181 2,436 2,249 4,095 1,884 620 1,446 17,126 I 

/' -

w 
<XI 



TABLE 5. Rampfng Range, Maximum Ramping Rete, Ramp Duration, and Lag Time recorded fr'om four gages on' the 
Skagit River as a result of an experimental fluctuation event on Harch 19, 1982. Data was available in 
hourly'intervats. Data provided by Mr. Thomas Higgins, U.S. Geological survey, lacoma~ 

Maxi .. RlIIPing-Rate 
Gage Site R"",ing Range (Feet) (Feet/Hour) Duration (~rs) Lag Ti_ (Hours) 

(River Hi le) 

93.7 1.6 .9 2 n 
85.8 1.2 .7 4 1 
78.7 0.8 .4 5 2 
54.1 0.7 .2 5 7 

w 
'" 
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Days, April 4";14, 1989 

Fi~re 1. RivetS~gesFro,ni'\nti:eeSn!lqualmie .River USGS Gages, Aprll4 to . 
April 14, 1989. Theheadwatergageis#121434OQ,theifoothiII ,gage .,is#12144500, 
and the flood plains gage is #12149000. All three gauges arein.theSnoqualmie 
River Basin. The:datawas recorded ~very 15 minutes. AlLplotted values we~e 
standardized by subtracting the illinimum recorded value during ,theApril4to 
April 14 time ,periodfrorn . each. site 'fr.ornall the.othervalues ;recorded 'frorn'the 
same site. In addition,v3Iilesfrornthe 'IHeadwater~' 'gaugeweresca!ed iQyafactor 
of two to produceaplotof,similar:CaQge.tootherltwosites.· J:>ata!.frorntheUS·· 
Geological SurveyADAPS database,macorna,WA. 

15 
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~ 2+-------~:~~---··-··~··--~------~~··------~··~·-.-----------~'~ ! ,/ .... ---............ _______ ............. .. .... ..,. .... _ ........................ __ ........... "'ot .. 
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1+--------------r-,------------~------------~ 
Q 8 16 24 

Hours, Starting 14:00 March 18,1982 

1- RM 93.7 -. .- RM 85.8 •...•.•. RM 78.7 ••.•••.. RM 54.1 

Figure 2. Hourly River Stage Recordings From Four Gl\ges on the Skagit Rive~, 
March 19, 1982. The fluctuation, as shown by the "hump' that progresses 
downstream over time, is a result of an experimental discharge from the Newhalem 
Powerhouse at RM 94.3 for the purpose of evaluating IItranding. The horizontal 
grids represent one foot of water surface change. The plots of each gauge are 
centered on separate grid lines going downstream from top to bottom. The plo~ 
are separated for purpose or interpreting water surface changes, and do not refler;t 
actual elevation changes between gages .. Data provided by Mr. Thomas Higgins, 
U.S. Geological Survey, Tacoma, WA, The gauge numbers in downstream 
sequence are 12178()()(), 12179000, 12181000, and 121940(l(). 
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.~ 7 '"--~''---''-''--''''''''''-''--I---'''-''''''''''''''''''''''''' .......................... - .............. - ........ - •••• - ..... - .... . 
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Q) j 3 -'[!]~I _ ....... ;:- .... 
u + 
e1 2 f61 .... ---_~~iiii;,;;,fI"!::.......-'---. ++-+ .. ---.-... 
• ::< L..:.-J F ~ II lin" II nil 

~ 1 ... ---.-..... --..... -------------.. --' ... - .. - ..... - ........................................... . 

O+----~------~----_.~--__ ,-----~r-----~ 
(50) 0 50 100 150 200' 250 

Minutes from Start of load Rejection 

Figure 3. River Stage Recording~ From Six Site~ Below the Snoqualmie Falls 
Second Powerhouse. The fluctuation was staged to evaluate ramping and stranding 
during load rejection under low flow conditions. The horizontal grids represent one 
foot of water surface change. The plots for each gage are standardized to the first 
data record and plotted on separate grid lines going downstream from top to ' 
bottom. The plots are separlJ,ted for purpose of interpreting water surface changes 
and do not reflect actual elevation changes between gages. The sites progressing 
from top to bottom are,located at OA, 0.7, 1.4, 1.7, 2.1 and 4.6 miles below the, . 
powerhouse. Data was provided by Cary Feldman, Puget Power,B.ellevue, WA. 
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Figure 4. River Stage Recordings From the RagingRlver Site and the Carnation 
USGS Gage on the Snoqualritie River. This fluctuation event is the same event 
displayed in Figure 3. The Raging River Site is the sixth site in Figure 3. The sites 
are located 4.6 miles and 172 miles below the powerhouse; TheCamatlonGage is 
number 12149000. Data isprovidedby Cary Feldman, Puget Power,Bellevue, WA, 
and U.S. Geological Survey ADAPS computer database, Tacoma, WA 
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Minutes from start of IDad Rejection 

Figure 5. Flow Fluctuations at a Run-of-the~River Facility. This plots the stage 
change at the Twin Falls Project on the SF Snoqualmie River in a test where the 
discharge is ramped down over a 45-minute period and then ramped up over .a50-
minute period. Gages are located in the bypass reach and 0.25 and 0.5 miles below 
the powerhouse. This partiClllar facHity has a short, narrow,and high gradient ... ... 
bypass reach, which produces a short bypass lag time. Increases in flow that start 
at the intake pass quickly through bypass and partially offset the declining flow 
discharged from the powerhouse. 
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17 18 . 19 20 

Days during July 1988 

Figure 6. Weeks Falls Turbine Flows During July 17 through 21, 1988. An 
example of cycling and forebay surging when river flow is at or near the minimum 
operating flows for the project. The combinationof these two problems cause· 
substantial flow fluctuations below the powerhouse at low flows when the aquatic 
community is most vulnerable. (Data from Hosey & Associates, Bellevue, W A.; 
currently Harza NW, Inc.) 

21 
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Day of Month 

Figure 7. Weeks Falls Turbine Flows During the April 1989. The graph shows the 
frequent off and on turbine flow associated with powerhouse and intake failures. 
Without some means of flow continuation, each of these powerhouse failures would 
send a substantial fluctuation down from the .powerhousethat would drop to from 
the sum of the turbine ·flow aNd the bypass flow (approximately. 750c£s in tbe 
examples in this graph) to 38 .cfs, which is thetninimum byp.assflow .I'e.quirement 
for this project and then back up to 750 cis. This isstnessful .to lheaquatic 
cOIllfllunity in the river below the proJect. (Data fmm Hosey&, Associates, 
Bellevue, WA; currently HarzaNW, Inc.) 


