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Effect of Ice Formation on Hydrology and Water Quality in 
the Lower Bradley River, Alaska Implications for Salmon 
Incubation Habitat

By Ronald L. Rickman

ABSTRACT

Previous studies of streamflow in the 
lower Bradley River near Homer, Alaska, have 
shown that a minimum flow of 40 cubic feet per 
second is required from November 2 to April 
30 to ensure adequate habitat for salmon incu 
bation. The flow regime of the lower Bradley 
River was reevaluated in a U.S. Geological Sur 
vey study to determine the effects of ice forma 
tion on salmon habitat.

The limiting factor for determining the 
minimal acceptable flow in the lower Bradley 
River appears to be stream-water velocity. The 
minimum short-term flow needed to ensure 
adequate salmon incubation habitat when ice is 
present is about 30 cubic feet per second. For 
long-term flows, 40 cubic feet per second is 
adequate when ice is present. Long-term mini 
mum discharge needed to ensure adequate 
incubation habitat which is based on mean 
velocity alone is as follows: 40 cubic feet per 
second when ice is forming; 35 cubic feet per 
second for stable and eroding ice conditions; 
and 30 cubic feet per second for ice-free condi 
tions. The effects of long-term streamflow less 
than 40 cubic feet per second on fine-sediment 
deposition and dissolved-oxygen interchange 
could not be extrapolated from the data.

Hydrologic properties and water-quality 
data were measured in winter only from March 
1993 to April 1998 at six transects in the lower 
Bradley River under three phases of icing: 
forming, stable, and eroding. Discharge in the 
lower Bradley River ranged from 33 to 73 cubic 
feet per second during all phases of ice forma 
tion and ice conditions, which ranged from ice

free to 100 percent ice cover. Hydrostatic head 
was adequate for habitat protection for all ice 
phases and discharges. Mean stream velocity 
was adequate for all but one ice-forming epi 
sode. Velocity distribution within each transect 
varied significantly from one sampling period 
to the next. No relation was found between ice 
phase, discharge, and wetted perimeter. Intra- 
gravel-water temperature was slightly warmer 
than surface-water temperature. Surface- and 
intragravel-water dissolved-oxygen levels were 
adequate for all ice phases and discharges. No 
apparent relation was found between dis 
solved-oxygen levels and streamflow or ice 
conditions. Fine-sediment deposition was 
greatest at the downstream end of the study 
reach because of low shear velocities and tide- 
induced deposition. Dissolved-oxygen inter 
change was adequate for all discharges and ice 
conditions. Stranding potential of salmon fry 
was found to be low throughout the study 
reach. Minimum flows from the fish-water 
bypass needed to maintain 40 cubic feet per 
second in the lower Bradley River are esti 
mated.

INTRODUCTION

Location of Study Area

The Bradley River originates in the Kenai 
Mountains east of Homer, Alaska, and flows 
into Bradley Lake (fig. 1), then flows northward 
from Bradley Lake for about 5 mi to Kachemak 
Bay. The Middle and North Forks of the Brad 
ley River flow into the main stem of the Bradley
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River 3.3 mi downstream from the Bradley 
Lake outlet. Flow from the upper basin of the 
Middle Fork is diverted into Bradley Lake. 
About 5.5 mi of the lower Bradley River are 
accessible to fish; the upper 1.5 mi provide 
spawning habitat for salmon and Dolly Varden 
char; however numerous waterfalls prevent fish 
from moving farther upstream.

Bradley Lake Hydroelectric Project

The Alaska Energy Authority (AEA) 
began operation of the Bradley Lake Hydro 
electric Project near Homer in 1991 (fig. 1). 
The dam, which was constructed at the Bradley 
Lake outlet, incorporates a fish-water bypass 
system to maintain flows required for fish hab 
itat enhancement in the lower Bradley River. 
Project operation has resulted in reduced 
streamflow in the lower Bradley River during 
the summer, and increased flow above natural 
conditions during the winter (Rickman, 1993), 
thus stabilizing and probably improving 
salmon spawning and rearing habitat (Morsell 
and Howard, 1995).

Federal Energy Regulatory Commission 
(FERC) licensing requirements for the Bradley 
Lake Hydroelectric Project require mainte 
nance of a minimum flow of 40 ft3/s from 
November 2 to April 30, as measured at the 
U.S. Geological Survey's (USGS) stream-gag 
ing station Bradley River near Tidewater (sta 
tion No. 15239070). This recommended 
discharge of 40 ft3/s is based on an open-water 
(ice-free) instream flow study conducted by a 
private consultant (Woodward-Clyde Consult 
ants, 1983). The instream flow study was 
focused primarily on the egg incubation 
requirements of pink salmon (Oncorhynchus 
gorbuscha), but other salmon species and Dolly 
Varden char habitat requirements were also 
addressed. The study found little difference in 
usable egg incubation habitat between flows of 
30 and 40 ft3/s, but did not account for the 
effects of river ice formation, which is common 
in the lower Bradley River during the winter

months. River ice significantly alters the flow 
regime, which may adversely affect incubation 
habitat. Many studies have developed suitabil 
ity criteria for salmon spawning habitats, but 
few have addressed salmon incubation habitats 
in ice-covered streams (Morsell, 1994). The 
embryos and alevins (recently hatched fry) are 
essentially immobile, so it is important that the 
egg incubation habitat remain healthy through 
out the winter (Rundquist and Baldrige, 1990, 
p. 591). Hydrologic and water-quality charac 
teristics important to the incubation process 
include stream velocity, depth of surface water, 
hydrostatic head, wetted perimeter, intragravel- 
water temperature, intragravel dissolved oxy 
gen, specific conductance, and streambed sta 
bility and permeability.

Pink Salmon Life History

Pink salmon move into the lower Bradley 
River to spawn from mid-July to early Septem 
ber, with the spawning peak occurring at about 
mid-August (Morsell and others, 1993). The 
female digs a nest (redd) in the stream gravels, 
lays the eggs at an average depth of approxi 
mately 12 in., and covers them with gravel. The 
eggs hatch sometime in mid-winter and alevins 
remain in the gravel until early spring (John 
Morsell, Northern Ecological Services, oral, 
commun., 1995). The lower Bradley River has 
ice formation during much of the egg incuba 
tion, .hatching, and alevin development stages. 
The exact time of alevin emergence from the 
gravels in the lower Bradley River is unknown, 
but is suspected to be from late March to early 
May. Pink salmon fry do not spend much time 
in the river and migrate soon after emergence. 
Pink salmon have a fixed 2-year life cycle as 
a result, odd and even year populations are 
reproductively isolated from each other.

Winter Flow Conditions

Ice formation in the lower Bradley River 
may cause backwater conditions that increase 
the wetted perimeter and depth of surface

2 Effect of Ice Formation on Hydrology and Water Quality in the Lower Bradley River, Alaska  
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water. Complete ice cover can result in pressur 
ized flow (closed-conduit flow) and a corre 
sponding increase of hydrostatic head. Stream 
velocity may decrease, which can adversely 
affect dissolved-oxygen levels in surface and 
intragravel waters. Anchor ice ice that forms 
on the streambed may retard water and dis 
solved-oxygen interchange between surface 
and intragravel environments.

Periodic temporary dewatering of the 
lower Bradley River could potentially occur 
because of ice jamming upstream, or because of 
problems with the fish-water bypass system. 
Rapid dewatering of the stream channel may 
leave juvenile salmon stranded, thus killing 
them. Stranding frequency is inversely propor 
tional to the slope of the dewatered gravel bars 
(Prewitt and Whitmus, 1986). Expansive, flat 
bars are associated with higher stranding rates 
than steeper bars, because fish may not be able 
to swim fast enough to remain in the water dur 
ing rapid declines in stage.

Technicians operating the hydropower 
project require accurate streamflow informa 
tion to maintain a minimum flow of 40 ft3/s in 
the lower Bradley River. To provide this infor 
mation, the stage of the river is measured con 
tinuously by the USGS, and the stage data are 
then converted to discharge by a mathematical 
correlation of stage and discharge (Rantz and 
others, 1982). This correlation is determined by 
periodic measurements of both stage and dis 
charge, and remains valid as long as the channel 
geometry does not change. During the winter, 
however, the channel geometry changes signif 
icantly as ice forms on the banks, at the channel 
bottom, and on the water surface. As ice forms 
and disappears, the stage-discharge relation 
becomes invalid. As a result, hydropower oper 
ators have unreliable streamflow data during 
the winter low-flow season, which is when the 
need for accurate streamflow data is most criti 
cal.

In March 1993, under a cooperative 
agreement with the Alaska Energy Authority,

the USGS began a 3-year study of winter flow 
conditions in the lower Bradley River. Northern 
Ecological Services, under contract with the 
Alaska Energy Authority, has monitored 
salmon escapement in the lower Bradley River 
(Morsell and others, 1993; Morsell, 1994, 
1996, 1997) throughout this study. During this 
initial study, March 1993 to April 1995, opera 
tors of the Bradley hydroelectric project 
released flows of 40 ft3/s at the fish-water 
bypass (measured at the USGS gaging station 
No. 15239001, "Bradley River below dam," 
which generally remains ice free) to ensure 
maintenance of a flow of 40 ft3/s in the lower 
Bradley River. However, actual flows in the 
lower Bradley River were significantly higher 
than the target flow of 40 ft3/s because of inflow 
from the Middle and North Forks Bradley 
River. Flow averaging 57 ft3/s during the initial 
3-year study (Rickman, 1996) made it impossi 
ble to predict hydrologic and water-quality 
effects at flows of 40 ft3/s or less. Under agree 
ment with the Alaska Energy Authority, the 
study was extended another 3 years (November 
1995 to April 1998) with two changes to project 
operation: (1) water release at the fish-water 
bypass was reduced to 35 ft3/s, and (2) a 
stream-gaging station (No. 15239060) was 
installed at the Middle Fork Bradley River 
below North Fork Bradley River (fig. 1).

The objectives of this most recent study 
were to: (1) determine whether the minimum 
allowable flow of 40 ft3/s from November 2 to 
April 30 provides adequate salmon incubation 
habitat protection during periods when ice is 
present in the river, and whether a lesser flow 
provides adequate protection; (2) provide esti 
mates of the minimum limits of flow during 
periods of ice effect that would assure egg pro 
tection in the event of unexpected temporary 
decreases in flow below the allowable mini 
mum; and (3) determine the discharges that 
must be released at the fish-water bypass to

o

maintain 40 ft /s in the lower Bradley River.
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Purpose and Scope »< :

This report describes the effects of ice on 
streamflow regime and water-quality character 
istics for a range of streamflows that are impor 
tant for the maintenance of salmon incubation 
habitat. The report also discusses the hydro- 
logic properties and water-quality characteris 
tics that are the most limiting for maintaining 
habitat. These data were then used to estimate 
the lower limits of flow that would ensure ade 
quate salmon incubation habitat. The study was 
done at six transects in the lower Bradley River 
for the periods March 1993 through April 1994, 
and November through April 1994-98. Strand 
ing potential at each of the six transects, and 
flow contributions from the Middle Fork Brad 
ley River below the North Fork Bradley River 
are presented. Previously published hydrologic 
and water-quality data collected from March 
1993 through April 1994 and from November

through April 1994-98 are summarized (Rick- 
man, 1995, 1996, and 1998). ^ ':^
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DESCRIPTION OF STUDY AREA
  f'*  '- --x.i   i«yrw :---,c,.,"^Mp5. .....  *;.!> ;  

An oblique aerial view of the study area is 
shown in figure 2. Six transects were selected at 
known spawning areas of pink salmon (Morsell 
and others, 1993) in the lower Bradley River 
between Bear Island and Lower Riffle Reach 
(fig. 3). Transect markers from the Woodward- 
Clyde instream flow study (1983) were

Figure 2. Aerial view of the study area on the lower Bradley River from Bear Island 
(upper left) to Lower Riffle Reach (bottom center).

4 Effect of Ice Formation on Hydrology and Water Quality in the Lower Bradley River, Alaska  
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destroyed during a flood in 1986, so it was not 
possible to locate the new transects at the exact 
locations as the old ones. Stream-water dis 
charge measurements were made on the Middle 
Fork Bradley River below North Fork Bradley 
River. A stream-gaging station was installed in 
July 1996 to continuously measure stage for 
computation of discharge. Site characteristics 
of each transect and the Middle Fork Bradley 
River below North Fork Bradley River are 
described below (left and right banks are 
defined when looking in the downstream direc 
tion).

Bear Island Transect

Bear Island transect, located near the mid 
point of Bear Island, is near the upstream 
boundary of the usable spawning habitat (fig. 
3). A waterfall approximately 500 ft upstream 
from this transect prevents salmon from moving 
farther upstream. The transect is at a transition 
from pool to riffle (fig. 4) and is characterized 
by shallow sloped gravel bars on both right and 
left banks (fig. 5). The riffle has been steadily 
migrating upstream at a rate of less than one 
foot per year. A small narrow gravel bar near the 
right bank splits the river into two channels; a 
small portion of the total flow passed through 
the right channel until November 1996 when 
the riffle migrated upstream enough to isolate 
the right channel. The river channel is wider at 
the Bear Island transect than at the other five 
transects. Substrate is composed of large cob 
bles to medium-sized gravels, with a median 
diameter of 0.22 ft. Rickman (1996) errone 
ously reported that this transect was not tide 
affected this transect is affected by high tide 
on rare occasions. Complete ice cover occurs 
several times each winter (fig. 4); however, it 
occurs less frequently here than at the other 
transects. A lead 10 ft downstream from this 
transect remains open all winter.

A slough with a small stream is located 
approximately halfway between the Bear 
Island and the Tidewater transects. This slough 
is an important rearing habitat for coho salmon 
(Oncorhynchus kisutch) (Morsell, 1996).

Tidewater Transect

The Tidewater transect (fig. 3) is located 
approximately 100 ft below Bear Island, and 35 
ft below the USGS stream-gaging station Brad 
ley River near Tidewater (No. 15239070). The 
transect is located at a pool-to-riffle transition 
area (fig. 4), and is characterized by a steep root 
mass and soil on the right bank and a steep 
gravel bar on the left bank (fig. 6). The channel 
at this transect is narrower than at the other five 
transects. Substrate ranges from large cobbles 
to medium gravel with a median diameter of 
0.26 ft. This transect is affected by extremely 
high tides, which occur on 3 to 8 days each 
month. A surface-water temperature sensor 
located near the gaging station records the tem 
perature hourly. Complete ice cover (fig. 6) 
occurs several times during the winter. This 
transect is usually the last of the six to form 
complete ice cover. Open leads are common 
throughout the winter. A lead 20 ft downstream 
from this transect remains open all winter.

Tree Bar Reach Transect

Tree Bar Reach transect (fig. 3), located 
280 ft downstream from the Tidewater transect, 
is characterized by a moderately wide channel 
with a flat bottom. The transect is located in the 
midpoint of a long riffle (fig. 4). The right bank 
consists of steep sloped gravel overlain with 
roots and soil. The left bank is a relatively steep 
gravel bar. A small abandoned overflow chan 
nel is located along a bedrock wall on the far 
left side of the Bradley River flood plain. Sub 
strate ranges from medium cobbles to medium 
gravel with a median diameter of 0.10 ft. This 
transect is affected by extremely high tides on 5 
to 11 days each month. An intragravel temper 
ature sensor, buried to a depth of 1 ft below the 
streambed, is located 10 ft downstream from 
this transect. Complete ice cover (fig. 7) occurs 
numerous times during the winter. Ice is occa 
sionally broken up and rafted during high tide 
cycles. This occurs only if the ice has been 
weakened by warm air temperatures.

6 Effect of Ice Formation on Hydrology and Water Quality in the Lower Bradley River, Alaska- 
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Figure 5. Bradley River at the Bear Island transect looking upstream: A, eroding ice 
conditions; B, forming ice conditions.
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Figure 6. Bradley River at the Tidewater transect: A, looking upstream, bridged ice, no 
ice effect; B, looking across transect, forming ice conditions. .«
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Figure 7. Bradley River at the Tree Bar reach transect, looking upstream: A, forming 
ice conditions; B, stable ice conditions.
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Below Fish Camp Transect

Below Fish Camp transect (fig. 3) is 
located approximately 150 ft downstream from 
the fish camp and 500 ft downstream from the 
Tree Bar Reach transect. The transect is in a rif 
fle-to-pool transition area (fig. 4) and is charac 
terized by moderately sloped gravel bars on 
both the right and left banks (fig. 8A). A small 
slough opening on the extreme right edge of the 
transect freezes solidly or goes dry between 
November and mid-March, but is open and 
contains water by late March. This slough is an 
important rearing habitat for chum salmon 
(Oncorhynchus ketd) (John Morsell, Northern 
Ecological Services, oral commun., 1998). The 
channel is moderately wide. Substrate consists 
mostly of gravel with some cobbles. The 
median diameter of the substrate is 0.07 ft. This 
transect is affected by high tides approximately 
12 to 17 days each month. Complete ice cover 
(fig. 8B) of the main channel is common during 
the winter and occurs more frequently than at 
the three transects described above. Ice is occa 
sionally broken up and rafted during high tide.

Upper Riffle Reach Transect

The Upper Riffle Reach transect (fig. 3) is 
located approximately 850 ft downstream from 
the Below Fish Camp transect, in a deep riffle 
(fig. 4). The river is split by a gravel bar into 
two channels of approximately equal width. 
The right channel is deeper than the left chan 
nel. A tree fell across the left channel during the 
fall of 1995, about 10 ft upstream from the 
transect, causing sediment deposition at the 
transect. The right bank of the right channel is 
vertical and composed of tree roots and soil 
(fig. 9A). The left bank of the right channel and 
the right bank of the left channel are formed by 
moderately steeply sloped gravel bars that are 
covered sparsely with grass. The left bank of 
the left channel is steeply sloped and composed 
of tree roots and soil. The median diameter of 
the substrate is 0.17 ft in the right channel and

0.23 ft in the left channel. During much of the 
winter, mud covers the substrate of approxi 
mately 25 percent of both channels, usually 
near the gravel bar. The mud is carried in from 
Kachemak Bay during high tide and is flushed 
out of the thalweg during tide recession and low 
tide. Flow circulation in Kachemak Bay is 
counter-clockwise, carrying fine sediment from 
several glacier-fed streams up toward the head 
of Kachemak Bay (Burbank, 1977; Daly, 
1981). Fine sediment resuspended Bradley 
River deposits and possibly sediment from 
Kachemak Bay is carried in during high tide. 
Some of the sediment settles onto the stream- 
bed and may or may not be flushed out with the 
outgoing tide and streamflow. This transect is 
affected by backwater from high tide on most 
days during the winter. Complete ice cover (fig. 
9B) is common during the winter. The right 
channel freezes more frequently than the left 
channel. Ice is occasionally broken up and 
rafted during high tide (fig. 9A).

Lower Riffle Reach Transect

The Lower Riffle Reach transect (fig. 3) is 
located 350 ft downstream from the Upper Rif 
fle Reach transect, in a deep riffle (fig. 4), and 
defines the lower boundary of the study area. 
The river forms two channels separated by a 
gravel bar. The right channel is narrower and 
deeper than the left channel. The right bank of 
the right channel is vertical or undercut, is com 
posed of tree roots and soil, and is continuously 
being eroded by rapidly flowing water on top of 
ice during incoming tides in the winter. The left 
bank of the right channel and the right bank of 
the left channel are formed by moderately 
steeply sloped gravel bars that are covered 
sparsely with grass. The left bank of the left 
channel is steeply sloped and is composed of 
tree roots and soil. The median diameter of the 
substrate is 0.10 ft in the right channel and 0.13 
ft in the left channel. During much of the win 
ter, mud covers approximately 25 percent of the 
substrate in both channels, usually near the
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Figure 8. Bradley River at the below Fish Camp transect, looking upstream: A, no ice 
effect; B, stable ice conditions.
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Figure 9. Bradley River at the Upper Riffle Reach transect, looking upstream: A, no ice 
effect (note ice blocks deposited when tide receded); B, forming ice conditions.
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gravel bar, but was observed to cover 100 per 
cent of the transect on April 17, 1997, immedi 
ately following a relatively low high-tide cycle. 
This transect is affected by backwater from the 
daily high tide (fig. 10A) during the winter. 
Complete ice cover (fig.lOA and 10B) is com 
mon during the winter and is occasionally bro 
ken up and rafted during high tides (fig. 10C).

Middle Fork Bradley River Below North 
Fork Bradley River

The Middle Fork Bradley River below the 
diversion and the North Fork Bradley River 
constitute about 26 percent of the Bradley River 
basin and provide the major source of non-gla 
cier melt water to the lower Bradley River. 
Water remains clear even at high flows. A dis 
charge measuring section was established for 
the Middle Fork Bradley River below North 
Fork Bradley River (fig. 1) to help determine 
inflow contributions to the lower Bradley River. 
Periodic discharge measurements were made 
between March 1993 and April 1995. A contin 
uous-recording stream-gaging station (station 
No. 15239060) was installed in July 1996 to 
provide a complete record of winter flow con 
tributions to the lower Bradley River. The gag 
ing station is located 0.2 mi below the mouth of 
the North Fork Bradley River and 100 ft above 
the confluence with the main stem of the Brad 
ley River. The Middle Fork Bradley River 
below North Fork Bradley River flows through 
a deep narrow canyon. The river channel con 
sists of deep pools and small waterfalls. River- 
banks consist of bedrock and the channel 
bottom is made up of medium gravels and small 
boulders. No fish are found in this drainage 
because obstructions downstream from the 
confluence with the main stem of the Bradley 
River prevent fish from moving upstream. Ice 
forms in the river in early November and 
remains intermittently through mid-April.

METHODS AND MATERIALS

Spawning locations and salmon popula 
tions were measured before and during this 
study. Hydrologic and water-quality data were 
collected under a variety of ice conditions  
including many stages of active ice formation, 
stable ice conditions, and eroding ice condi 
tions  throughout the winter months. In addi 
tion, a one-time rapid reduction of flow 
released at the fish-water bypass was per 
formed to study the effects of a rapid decrease 
in flow on surface- and intragravel-water 
hydrologic and water-quality characteristics in 
the lower Bradley River.

Observation of Spawning Area 
Locations and Estimated Escapement

Active spawning areas were located and 
monitored by Northern Ecological Services of 
Anchorage, Alaska, under contract to the 
Alaska Energy Authority, from mid-July 
through early September 1993-98. Trap nets 
were used as the primary sampling technique. 
Each net was checked every 4 hours during nor 
mal operations. Caught fish were tagged by 
species using sequentially numbered Floy spa 
ghetti tags, and sex and spawning condition 
were recorded (Morsell, 1996). Salmon popu 
lation was measured and escapement (the num 
ber of fish that survive and spawn) estimated 
and compared with pre-project data (Morsell 
and others, 1993; Morsell, 1994, 1996, and 
1997; Morsell and Howard, 1995).

Measurements of Surface Water

Measurements of streamflow were made 
using standard methods (Rantz and others, 
1982). Photographs were taken at each transect 
to document ice conditions at the time stream- 
flow measurements were made. Transects were 
tied to a common vertical datum for determina 
tion of water-surface elevation (Rickman, 
1995). Gravel-bar slopes were measured at
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Figure 10. Bradley River at the Lower Riffle Reach transect: A, looking downstream from the 
right bank, complete ice cover hidden beneath water from high tide; B, looking across transect, 
forming ice conditions; C, looking upstream, no ice effect (note ice blocks deposited when the 
tide receded).
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each transect using standard surveying tech 
niques to estimate stranding potential. Rates of 
change of stream stage, which are important to 
understanding stranding potential, were calcu 
lated from the stage hydrographs obtained from 
the USGS stream-gaging station Bradley River 
near Tidewater (station No. 15239070). Hydro- 
logic properties such as water velocity, hydro 
static head, and depth of water were obtained 
from streamflow measurements. In this report, 
depth is defined as the distance from the 
streambed to the bottom of the ice shelf, and 
hydrostatic head is defined as the distance from 
the streambed to the water surface, measured in 
holes cut into the ice (fig. 11). Hydrostatic head 
equals depth of water when ice cover is absent 
or bridged. Hydrostatic head is always greater 
than or equal to the water depth under ice. 
Hydrostatic head greater than water depth indi 
cates pressurized flow. Wetted perimeter was 
calculated using the Slope-Area Computation 
(SAC) program (Fulford, 1994). Wetted perim 
eter, as used in this report, refers to the length 
of the interface of the water/streambed bound 
ary, and does not include the ice/water bound 
ary or portions of the streambed that are frozen.

Water temperature was recorded at 1- 
hour intervals near the Tidewater transect, and 
water temperatures were measured periodically 
at all transects and at the Middle Fork Bradley 
River below North Fork Bradley River, using 
standard methods (Stevens and others, 1975). 
Specific conductance was measured according 
to methods described by Hem (1985) at all six 
transects to gain insight into ground-water con 
tributions (Riggs, 1972, p. 12; Miller and oth 
ers, 1988) and possible salt-water intrusion 
from high tides. Dissolved-oxygen concentra 
tion was determined using the modified Win- 
kler method (American Public Health 
Association and others, 1989, p. 4-152). Baro 
metric pressure was also measured concur 
rently to calculate the percent oxygen 
saturation. Duplicate measurements of water 
temperature, dissolved oxygen, and specific

conductance were taken on 16 percent of the 
measurements.

Measurements of Intragravel Water

Intragravel water is defined as the fluid 
occupying the porous interior of the streambed. 
For this study, it was the interstitial water col 
lected from 8 to 12 in. below the streambed sur 
face the depth of buried eggs for physical 
and chemical analysis. Water-temperature data 
were collected at 1-hour intervals throughout 
the study near the Tree Bar Reach transect, 
using standard methods (Stevens and others, 
1975). A temperature probe was buried to a 
depth of 12 in., but this depth varied slightly 
during the study period because of scour and 
fill of the streambed caused by redd construc 
tion.

Dissolved-oxygen samples were col 
lected using special equipment and procedures 
that differ from those commonly used for fish 
eries studies. This was necessary to collect rep 
resentative samples when ice was present in the 
river. The samples were collected by inserting a 
stainless-steel tube with an inside diameter of
o

/l6 in. through a hole drilled in the ice and into 
the streambed to a depth of 12 in. The lower 4 
in. of the sample tube was perforated with V16- 
inch diameter holes, enabling water samples to 
be collected between 8 and 12 in. below the 
streambed. Using a peristaltic pump with Mas- 
terflex C-flex tubing (chosen for its durability 
in cold temperatures and low oxygen perme 
ability), water was pumped at a rate of 8 to 10 
mL per minute into a 60-mL biochemical oxy 
gen demand (BOD) bottle. The slow pumping 
rate was necessary to prevent surface-water 
intrusion (Hoffman, 1986, p. 446). A total of 
three sample volumes were pumped through 
the bottles, and the samples were fixed and ana 
lyzed using the azide modification of the Win- 
kler method. The pump and BOD bottle were 
kept at approximately 2 °C using water bottles 
inside a small cooler to keep sample water from
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freezing whenever the air temperature was 
below 0 °C. Silt content in dissolved-oxygen 
samples, depth of surface water, and surface- 
water velocity at the sample sites were 
recorded. Water temperature was measured at 
the Tree Bar Reach transect using the intra- 
gravel temperature probe and for all other sam 
ples by measuring water temperature in the 
BOD bottles. The percent dissolved-oxygen 
interchange between surface and intragravel 
water was calculated (Woods, 1980).

Observations and Measurement of 
Fine-Sediment Deposition

Embeddedness is generically defined as 
the amount of fine sediment that is deposited in 
the interstices between larger streambed sub 
strate particles. Measuring embeddedness is a 
common approach to quantifying sediment 
deposition on spawning beds (Chapman and 
McLeod, 1987). In this study, however, it could 
not be accurately measured because of high tur 
bidity caused by release of glacial-melt water at 
the fish-water bypass (fig. 1). A view tube was 
constructed from 18-inch diameter PCV pipe 
using a clear lexan plate with a 1-inch grid pat 
tern for viewing. The entire study reach was 
observed systematically in early April 1997 and 
in October 1997 in an attempt to identify areas 
of fine-sediment deposition. Detailed observa 
tions of the streambed were made at many loca 
tions along the entire reach on June 4, 1997 
when the water in lower Bradley River was 
clear. However, visual methods of embedded- 
ness have been found to be unreliable when the 
fines tend to be silt and clay (as opposed to sand 
size) (J.W. Burns and R.E. Edwards, Payette 
National Forest, written commun., 1985), 
which is the case in the lower Bradley River.

Suspended-sediment samples were col 
lected in January 1998 with a depth integrating 
sampler, using a five-point equal discharge 
increment (EDI) method (Guy and Norman, 
1970). Suspended-sediment particle-size analy

sis was done using wet sieve and sedigraph 
methods (Guy, 1969). Fine-sediment deposition 
potential was estimated using particle fall rate 
data and shear velocity calculations (Alonso 
andMendoza, 1992).

RESULTS AND DISCUSSION

Escapement Estimates and Spawning 
Locations

Pink salmon escapement data are summa 
rized in figure 12. Data for periods outside the 
scope of this study are included to illustrate the 
differences between even-year and odd-year 
pink salmon stocks, and the effects of regulated 
flow. Escapement numbers in even years are 
much lower than those in odd years as a result 
of severe flooding during the fall of 1986, 
which caused significant streambed erosion 
and resulted in the destruction of many of the 
redds. Following the even-year trend, escape 
ment during 1996 was low, possibly com 
pounded by poor salt-water survival (Morsell, 
1996). Other factors including prolonged 
cold air temperatures during the 1994-95 win 
ter  reduced wild pink salmon stocks. Overall 
escapement has been higher during the period 
of regulated flow (fig. 12).

Spawning locations, shown in figure 3, 
have not changed significantly with regulated 
flow. Most pink salmon spawning occurs 
between the Tidewater and Tree Bar Reach 
transects. Spawning activity is intermittent at 
Lower Riffle Reach (Morsell, 1993, 1996).

Ice Formation and Streamflow

Ice formation in the lower Bradley River, 
measured at the stream-gaging station Bradley 
River near Tidewater (station No. 15239070), 
was intermittent during the study period (table 
1, fig. 13).
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Table 1. Summary of ice formation at the stream-gaging station Bradley River near Tidewater

Period
Total number of Percent of Range of

days of ice period that was consecutive days
formation ice affected of ice formation

Reference

March 1 to April 30, 1993

Nov. 1, 1993 to April 30,

Nov. 1,1 994 to April 30,

Nov. 1, 1995 to April 30,

Nov. 1, 1996 to April 30,

Nov. 1, 1997 to April 30,

1994

1995

1996

1997

1998

12

88

129

97

103

91

19

49

71

53

57

50

1 to 5

1 to 43

Ito75

Ito52

1 to 54

4 to 69

Linn and others, 1994

Bigelow and others, 1995

Schellekens and others, 1996

Linn and others, 1997

Benson and others, 1 998

Rickman, 1998
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The period of March 1 to April 30, 1993, 
was mostly ice free, with a few days of shore- 
ice formation. Ice formation for the periods 
November 1, 1993, to April 30, 1994, and 
1996-98 was usually shore ice, with short peri 
ods of complete ice cover. Ice formed in the 
lower Bradley River 71 percent of the time 
between November 1, 1994, and April 30, 
1995. The extended ice effect may have 
adversely impacted incubation habitat, as evi 
denced by the low escapement during 1996 
(fig. 12). The river was completely ice covered 
during much of this period. The longest contin 
uous periods of ice effect occur from January to 
March. Periods of single-day ice effect can 
occur any time from November through April.

Detailed discussions of river ice forma 
tion mechanisms and types of river ice are 
available elsewhere (Rantz and others, 1982, p. 
360-364; Ashton, 1986, p. 261-371). For this 
report, river icing has been divided into three 
phases: forming, stable, and eroding. Under 
standing these phases and their effects on the 
hydrologic and water-quality properties is 
important for determining the effects of the 
existing winter flow conditions and lesser flows 
on salmon incubation habitat. The characteris 
tics and causes of forming, stable, and eroding 
ice are discussed below and the effects of ice 
conditions on hydrologic and water-quality 
properties are discussed is sections found later 
in this report.

Forming: Throughout this study, ice was 
observed to form in the lower Bradley River by 
coalescing of frazil ice, anchor ice formation, 
and shore-fast ice formation. Ice in the form of 
fine elongated needles, thin sheets, or cubical 
crystals, also known as "frazil ice," is common 
in turbulent streams. Anchor ice forms when 
super-cooled liquid water attaches or nucleates 
to form ice on the streambed (Ashton, 1986, p. 
282). Shore-fast ice was observed to form and 
then grow and extend across the river channel 
leaving a single narrow open lead. Eventually 
this lead may freeze over completely. Backwa

ter conditions were greatest during ice forma 
tion. Hydrostatic head was usually much 
greater than water depth. Occasionally, hydro 
static head was higher than the top of the ice 
sheet, with water flowing out of the holes 
drilled in the ice (fig. 14). Evidence of forming

Figure 14. Water flowing out of holes drilled 
through the ice, indicating pressurized flow, 
during a period of forming ice.

ice conditions, which can be observed using 
real-time gage-height and air temperature data, 
is a rapid increase in gage height (non-tide 
influenced), coupled with cold air tempera 
tures, usually less than -5 °C.

Stable: Ice conditions usually reached a 
point of equilibrium where ice was neither
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forming nor eroding at a noticeable rate. For 
this report, this condition is referred to as sta 
ble. Ice can be either thick or thin, and have 
either complete or shore-fast ice cover. Anchor 
ice was never observed to be present during sta 
ble conditions. Backwater effects were highly 
variable, but usually less than those observed 
during periods of ice formation.

Eroding: Several factors can contribute to 
ice erosion. Warm water (2 to 4 °C) released 
from Bradley Lake in November and early 
December can weaken and erode ice even dur 
ing periods of cold air temperatures. Water 
released from the lake after mid-December is 
no longer warm enough to cause ice erosion in 
the lower Bradley River. Periods of warm air 
temperature also weaken and erode ice, as do 
high tides. After mid-March, direct sunshine 
can erode the ice even though ambient temper 
atures (measured in the shade) are below 0 °C. 
These factors can act together or independently. 
Eroded ice is often broken up during high-tide 
cycles. Some of the ice is rafted out into Kache- 
mak Bay with the outgoing tide, and some 
remains dispersed within the study area. Some 
shore-fast ice remains and is commonly 
"bridged" above the water surface, causing no 
backwater effect.

Discharge, measured at the time hydro- 
logic and water-quality data were being col 
lected in the lower Bradley River, ranged from 
42.7 to 73.0 ft3/s (7 to 83 percent higher than 
the target flow of 40 ft3/s) between March 1993 
and November through April 1994-95. The 
average discharge during this period was 57 
ft3/s, which is significantly higher than the tar 
get flow of 40 ft3/s. Discharge in the lower Bra 
dley River ranged from 33.3 to 72.8 ft 3 /s 
between November 1995 and April 1998. The 
average discharge during this period was 49 
ft3/s. Comparison of discharge measurements 
made at the six transects indicates no net 
exchange between ground water and stream 
water from the Bear Island transect to the 
Lower Riffle Reach transect.

On March 4, 1998, discharge from the 
fish-water bypass (fig. 1) was instantaneously 
reduced from 41 to 22 ft3/s to study the effects 
of a rapid drop in flow in the lower Bradley 
River. Discharge in the lower Bradley River 
dropped from 62 to 43 ft3/s during a 3.5-hour 
time period. Ice cover was observed to sag in 
the center of the stream channel and become 
bridged along the streambanks. Discharge in 
the lower river held steady until early on March 
5, when discharge decreased to a measured low

o

of"33.3 ft /s because of an ice blockage 
upstream from the study reach.

Hydrologic Properties

Selected hydrologic properties of the 
transects in the lower Bradley River have been 
reported elsewhere (Rickman, 1995, 1996, and 
1998) and are summarized below.

Surface-Water Hydrostatic Head and Water 
Depth

Adequate hydrostatic pressure is neces 
sary to force the movement of intragravel water, 
which, in turn, supplies dissolved oxygen to the 
eggs and alevins, and removes metabolic waste 
(Reiser and White, 1981). Previous studies 
(Reiser and White, 1981; Woodward-Clyde, 
1983; and Morsell, 1994) use surface-water 
depth a measure of hydrostatic head as an 
indicator of hydrostatic pressure. Reported 
depths required for pink salmon incubation 
range from greater than 0.2 ft (Woodward- 
Clyde, 1983, p. A5) to greater than 0.5 ft 
(Reiser and White, 1981; Morsell, 1994, p. 3). 
The Woodward-Clyde study used 0.2 ft as the 
minimum allowable depth for adequate embryo 
development for their open-water instream flow 
model. However, none of the previous studies 
accounted for the effect of ice formation, which 
can increase hydrostatic head above water 
depth because of pressurized flow (fig. 11).

Mean depths (non-tide affected) ranged 
from 0.41 ft at Bear Island transect (January 9,
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1997; discharge, 41.4 ft3/s; 100 percent ice 
cover, stable) to 2.03 ft at Tidewater transect 
(November 11,1996;43.4ft3/s; 100 percent ice 
cover, forming) and were usually smallest at 
the Bear Island transect and largest at the Tide 
water transect. This is expected because the 
Bear Island transect is the widest and the Tide 
water transect is the narrowest of the six 
transects. Within each transect, depths were 
greater than 0.2 ft, except within a few feet of 
gravel streambanks. Mean depths at all the 
transects during periods of eroding or no ice 
were slightly larger than those predicted using 
the open-water instream flow model between 
40 and 50 ft3/s (Woodward-Clyde, 1983). This 
may be due to differences in transect locations 
between the Woodward-Clyde study and this 
study, and (or) channel changes resulting from 
the floods of October and December 1986.

Mean hydrostatic heads (non-tide 
affected) for various ice conditions at the six 
study transects are shown in figures 15A-20A. 
Mean hydrostatic head ranged from 0.46 ft at 
Bear Island transect (April 23,1997; discharge, 
40.5 ft 3 /s; no ice) to 2.72 ft at Tidewater 
transect (January 11, 1996; 43.4 ft3/s; 100 per 
cent ice cover, forming). Bear Island and Tree 
Bar Reach transects showed the smallest over 
all hydrostatic depths. Within each transect, 
hydrostatic head was greater than 0.2 ft near the 
streambanks (even though depth of water was 
less than 0.2 ft) during periods of forming and 
stable ice conditions. Mean hydrostatic heads 
for all transects during periods of forming and 
stable ice conditions were larger than depths of 
water predicted using the open-water instream 
flow model (Woodward-Clyde, 1983, p. B-14, 
B-16).

Mean hydrostatic head was generally at a 
minimum during periods of eroding or no ice 
(figs. 15A-20A). The overall lowest mean 
hydrostatic head measured for all six transects 
combined occurred on April 23, 1997 during a 
period of open water (no ice; discharge ranged 
from 40.5 ft3/s at Bear Island to 49.9 ft3/s at

Lower Riffle Reach). The hydrostatic head data 
from the six transects for the April 23, 1997 
event were integrated to include the entire pink 
salmon incubation habitat within the study 
reach and show that 96 percent of the wetted 
stream bottom had a hydrostatic head greater 
than 0.2 ft.

Minimum hydrostatic head generally 
occurred during periods of eroding or no ice. 
Under these conditions, the original instream 
flow model is probably valid. Data from the 
Woodward-Clyde study indicated a 9 percent 
loss in incubation habitat from a minimum 
allowable flow of 40 ft3/s to 30 ft3/s, based on 
predicted water depths (Woodward-Clyde, 
1983, p. 5). In the event of a rapidly decreasing 
flow, hydrostatic head would decrease, possibly 
to the point where ice shelves become bridged, 
in which case hydrostatic head would equal 
water depth, or the ice may collapse. In either 
case, at a minimum discharge of 30 ft3/s, 
hydrostatic head would be adequate for incuba 
tion habitat protection, using the criteria from 
the Woodward-Clyde instream flow study.

Mean depths and hydrostatic heads dur 
ing periods of high tide are much larger than 
those observed during low tide regardless of 
ice conditions for the Below Fish Camp and 
Upper and Lower Riffle Reach transects. 
Increases in mean depths and hydrostatic head 
are smaller and less frequent in the Bear Island, 
Tidewater, and Tree Bar Reach transects (figure 
4).

Surface-Water Velocity

Adequate surface-water velocity is neces 
sary during the winter to prevent freezing of the 
streambed gravels and to assure adequate incu 
bation success. Surface-water velocity has a 
direct relation to intragravel-water velocity, 
which is important for supplying dissolved 
oxygen to the eggs and removing metabolic 
wastes (Wickett, 1954, p. 945; Coble, 1961, p. 
469; Vaux, 1968, p. 479; Johnson, 1980, p. 
156). Minimum velocities of surface water in
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Reach transect. (See figure 3 for transect location.)
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winter needed for pink salmon incubation and 
fry development have been reported as 0.5 ft/s 
(Woodward-Clyde, 1983, p. 47) and greater 
than 1 ft/s (Reiser and White, 1981). The 
instream flow model used by Woodward-Clyde 
(1983, p. A5) chose 0.5 to 8 ft/s as optimum 
velocities for embryo development. These pre 
vious studies do not state whether velocity is 
measured at the water surface or near the 
streambed, or whether it is a mean velocity for 
the entire river reach. For this report, mean 
velocities are the average of several point 
velocities taken at numerous points within a 
transect at the time of measurement (Rickman, 
1998, p. 5).

Mean surface-water velocities (non-tide 
affected) measured in the lower Bradley River 
ranged from 0.33 ft/s at Upper Riffle Reach on 
January 12, 1995 (discharge, 50.5 ft3/s; 100 
percent ice cover, forming) to 1.90 ft/s at the 
Bear Island transect on January 9, 1997 (dis 
charge, 41.4 ft3/s; 100 percent ice cover, sta 
ble). The average mean velocity for all transects 
during this study was 0.93 ft/s (standard devia 
tion 0.28, n = 103). The smallest mean velocity 
measured for each of the transects occurred on 
January 11 and 12, 1995 during a prolonged 
period of river icing (discharge ranged from 
42.6 to 62.7 ft3/s; ice cover ranged from 80 to 
100 percent, forming). Mean velocities on Jan 
uary 11 and 12 ranged from 0.33 to 0.49 ft/s (no 
data available for Tidewater and Tree Bar 
Reach transects). This period of extended icing 
and low mean velocities may have caused 
embryo mortality, and contributed to the low 
escapement in 1996 (fig. 12).

Mean velocities plotted against discharge 
for various ice conditions (figs. 15B-20B) indi 
cate no clear difference in mean velocity among 
forming, stable, eroding, and ice-free condi 
tions for the transects. The exceptions were at 
the Bear Island transect, where mean velocities 
decreased during periods when ice was present, 
and at the Tree Bar Reach transect, where mean 
velocities decreased during periods of forming 
and stable ice.

Surface-water velocities were observed to 
decrease during high tide at all the transects. 
Surface-water velocities commonly decreased 
to near zero at Upper and Lower Riffle Reaches 
during extremely high tides, and reverse flow 
over the top of the ice was observed on January 
9, 1997.

Surface-water velocity distribution within 
a transect varies widely with changing ice con 
ditions (Rickman, 1995,1996,1998). An exam 
ple of velocity distribution changes caused by 
ice formation at the Tree Bar Reach transect is 
shown in figure 21. Selected water-surface 
velocity distributions for the six transects in the 
lower Bradley River are presented in figure 22. 
Each episode of ice formation causes different 
and unique velocity distributions. None of the 
observed velocities were high enough to cause 
channel scour.

Data from figures 15B through 20B are 
summarized in table 2, which indicates the ice 
conditions under which the velocity would be 
adequate at 40, 35, and 30 ft3/s. Statistical anal 
ysis is inconclusive, given the small number of 
data points for each ice condition and the large 
scatter in the data.

Table 2. Ice conditions for which mean velocity is likely to 
exceed 0.5 foot per second for various discharges
[N, no ice; E, eroding ice; F, forming ice; S, stable ice]

Ice condition 
Discharge ___________________________

(cubic
fe«*««K r, T-J -r r, Below Upper Lower feet per Bear T.de- Tree Bar ^
second) island water Reach Cgmp Reach

40 NES NES NEFS NES NES NES

35 NES NES NE NES NES NES

30 NE NES NE NS NS NES

Surface-water velocities within each 
transect are greater than 0.5 ft/s for discharges 
greater than 40 ft3/s, except during some ice- 
forming events. During these events, intra- 
gravel water flow may be driven by increased 
hydrostatic pressure.

Results and Discussion 31



14.5

14.0

13.5

13.0

12.5

12.0

Hydrostatic head, 14.1 ft.

January 9,1997, discharge, 39.0 cubic feet per second 
100 percent Ice cover, forming

80 90 100 110 120 130 140
fc"

14.5

14.0

13.5

13.0

12.5

150 160

12.0.

Water-surface = hydrostatic head, 13.08 ft.

April 23,1997, discharge, 46.6 cubic feet per second / 
No ice

80 90 100 110 120 130
DISTANCE FROM LEFT BANK MARKER, IN FEET

EXPLANATION 

 1.5  Line of equal velocity, In feet per second

140 150 160

Figure 21. Lines of equal velocity for selected ice-forming and ice-free conditions 
for Bradley River at Tree Bar Reach.
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The long-term minimum discharge for 
which mean velocities can be expected to 
remain larger than 0.5 ft, is estimated at 35 
ft /s, based on observations of velocity for sta 
ble and eroding ice conditions. The minimum 
discharge limit for an unexpected decrease in 
flow is about 30 ft3/s, based on surface-water 
velocity requirements alone. During a rapid 
flow decrease, water level would decline, 
reducing hydrostatic pressure. The ice may 
become bridged, in which case velocity charac 
teristics, in the absence of anchor ice, would be 
the same as for open-water (ice free) condi 
tions. The ice may collapse leading to a wide 
possibility of velocity distributions.

Wetted Perimeter

Wetted perimeter is defined for this report 
as the part of the streambed within a transect 
that is wetted by surface water, and does not 
include the ice/water boundary. Before flow 
regulation in the lower Bradley River, wetted 
perimeter during summer spawning was much 
larger than that during the winter salmon incu 
bation period. As a result, many of the eggs 
deposited during the summer were dewatered 
and frozen during the winter, resulting in a high 
mortality rate (Woodward-Clyde, 1983, p. 47; 
Rickman, 1993, p. 12). The Woodward-Clyde 
instream flow study showed little difference in 
wetted perimeter (less than 15 percent) for 
flows between 30 and 50 ft3 /s, but did not 
account for a possible increase caused by ice 
formation. Rundquist and Baldrige (1990, p. 
82) suggested that incubation habitat would 
encompass 98.6 percent of the usable spawning

o

habitat (assuming a discharge of 100 ft /s dur-
*j

ing spawning) at 40 ft /s and 97.2 percent at 30 
ft3/s.

Wetted perimeter data for March 1993 
through April 1998 have been reported previ 
ously (Rickman, 1995, 1996, and 1998). Wet 
ted perimeter (non-tide affected) ranged from 
35.6 ft at the Tidewater transect (March 11, 
1993; discharge, 56.0 ft3/s; less than 10 percent

ice cover, eroding) to 130.5 ft measured at the 
Bear Island transect (December 4, 1995; dis 
charge, 46 ft3/s (estimated); 100 percent ice 
cover, forming). The Tree Bar Reach transect 
had the least variability (range, 64.6 to 79.0 ft) 
because of steep streambanks. The Bear Island 
transect had the greatest variability (range, 60.0 
to 130.5 ft) because the channel is wide and 
shallow, with low-angle streambanks. Wetted 
perimeter was observed to be largest at 
extremely high tides. When ice was present in 
the river, water that was backed up from high 
tides would commonly inundate the ice cover.

No consistent relation exists between ice 
cover and wetted perimeter (figs. 15C-20C). 
Wetted perimeter usually increased during peri 
ods of forming and stable ice conditions. The 
largest measured wetted perimeter for each of 
the six transects occurred during periods of 
forming ice. Wetted perimeter was smallest for 
all transects, except at Upper and Lower Riffle 
Reaches, where ice shelves along the banks 
collapse and then freeze to the streambed. Dry 
or frozen surface gravels were found when cor 
ing through the ice. The smallest observed wet 
ted perimeter for the Upper and Lower Riffle 
Reach transects occurred on April 23, 1997 
during a period of no ice, following a relatively 
small high tide. Streambanks were choked with 
mud, which was presumably carried in with the 
tide that had washed over the newly thawed 
mud flats of upper Kachemak Bay. Sediment 
influxes from high tides were not observed at 
any other time during this study, presumably 
because the mud flats are frozen. The influx of 
sediment observed on April 23, 1997 probably 
had no adverse impact on the salmon because 
they should have already emerged from the 
streambed gravels.

Active bank scour, observed on the right 
bank of the right channel at the Lower Riffle 
Reach transect, may increase wetted perimeter 
over time. Rapid water movement over ice 
cover and bank gouging from iceberg move 
ment with incoming and outgoing tides are the
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predominant causes of this bank scour. Scour is 
not occurring as rapidly at the other transects 
because their banks have deep rooted vegeta 
tion and the forces exerted by the tide decrease 
with distance upstream.

When the streamflow was rapidly reduced 
on March 4, 1998 (from 62 to 43 ft3/s in 3.5 
hours), the ice cover sagged in the middle of the 
channel and became bridged along the stream- 
banks. Wetted perimeter decreased. The rapid 
decrease in discharge occurred during a period 
of forming ice, so the decrease in wetted perim 
eter was offset by the continued formation of 
anchor ice.

Wetted perimeter does not appear to be a 
function of discharge for any given type of ice 
cover. Graphs of discharge plotted against wet 
ted perimeter (figs. 15C-20C) show a wide scat 
ter in the data with few or no trends. The 
dominant controlling factors for wetted perim 
eter appear to be not discharge, but rather 
anchor ice, collapsed ice shelves, and bank 
scour caused by the movement of ice blocks 
with tide peak recession.

Field Water-Quality Data

Temperature

Development rate, survival, size of 
hatched alevins, and the percentage of deformi 
ties are related to water temperature during 
salmon incubation (Groot and Margolis, 1991, 
p. 156,159). Cold water is able to hold a higher 
concentration of dissolved oxygen than warm 
water, which is beneficial to salmon embryo 
development. Water that is too cold retards 
development. Severe icing of the streambed can 
cut off oxygen supplies to the intragravel water. 
Development rate varies widely among fish 
stocks. Development rate is proportional to 
thermal input, which is expressed in degree- 
days Celsius. Stock differences between and 
within pink salmon populations permit adap 
tive adjustments in hatching and emergence 
timing to the thermal characteristics of individ

ual streams (Groot and Margolis, 1991, p. 159). 
The development rate for the lower Bradley 
River stock has not been investigated.

The exact time of emergence in the lower 
Bradley River is not known, but is suspected to 
be late March or early April. Godin (1980, 
p.741) reported a range of 450 to 640 degree- 
days from hatching to emergence for pink 
salmon. Intragravel-water temperature data for 
Bradley River near Tidewater from January 1 to 
April 1 were used to calculate thermal input 
from hatching to emergence for the lower Bra 
dley River (table 3). Thermal input for the 
lower Bradley River is much lower than that 
reported by Godin.

Table 3. Mean intragravel-water temperature and 
thermal input from January 1 to April 1
[°C, degree Celsius; °C-days, degree-days Celsius]

Datatype 1993 1994 1995 1996 1997 1998

Mean intragravel- 0.9 1.2 1.1 0.6 1.1 0.6 
water tempera 
ture (°C)

Thermal input 80 106. 99 58 103 58 
(°C-days)

Intragravel-water temperature is gener 
ally warmer than surface-water temperature 
during the winter months in glaciated streams 
(Baldrige and Trihey, 1982). This is true for the 
lower Bradley River where the intragravel- 
water temperature is generally 0.5 to 1.0 °C 
warmer than that for surface water (Rickman, 
1996, 1998). Surface-water temperatures mea 
sured at all the transects were within 0.5 °C of 
each other on any given date (Rickman, 1995, 
1996, and 1998). Surface-water temperature 
was usually 0 °C during periods of ice forma 
tion, regardless of discharge. Changes in sur 
face and intragravel-water temperature were 
mostly a function of periodic warm rains. Nei 
ther surface- nor intragravel-water tempera 
tures are expected to change at lesser 
discharges of 30 to 40 ft3/s in the lower Bradley 
River.
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Dissolved Oxygen

Adequate intragravel-water dissolved 
oxygen is necessary for salmon incubation suc 
cess. The U.S. Environmental Protection 
Agency (USEPA, 1977) recommends a mini 
mum of 5 mg/L dissolved oxygen to protect 
early life stages of cold water biota. Exchange 
of surface water with intragravel water is 
largely responsible for the maintenance of 
intragravel dissolved oxygen (Vaux, 1968). 
This exchange is controlled by depth and veloc 
ity of surface water, channel morphology, and 
streambed permeability (Wickett, 1954; Coble, 
1961; Shumway and others, 1964; Chapman 
andMcLeod, 1987).

Dissolved-oxygen data for the lower Bra 
dley River have been previously reported 
(Rickman, 1995, 1996, and 1998) and are sum 
marized in the form of boxplots (fig. 23). Con 
centrations of surface-water dissolved oxygen 
ranged from 9.5 mg/L at the Tidewater transect 
on March 18, 1997 (discharge 53.7 ft3/s; 40 
percent ice cover, forming; water temperature 
0.0 °C) to 15.0 mg/L at the below Fish Camp 
transect on December 1, 1994 (discharge 48.4

o

ft/s; 100 percent ice cover, forming; water 
temperature, 0. °C). Statistical analysis of these 
data using the Kruskal-Wallis test (Helsel and 
Hirsch, 1992) indicates no statistically signifi 
cant difference in the median surface-water dis- 
solved-oxygen concentrations among the six 
transects (a = 0.05). Thus, surface-water dis- 
solved-oxygen concentrations at the six 
transects are considered to be similar. Dis 
solved oxygen in surface water, expressed as 
percent saturation, ranged from 67 to 103 per 
cent. The high saturation is expected because 
water discharged from the fish-water bypass 
and tributary streams flows over numerous 
waterfalls before entering the lower Bradley 
River.

Dissolved oxygen concentrations of 
intragravel water ranged from 8.2 mg/L at the 
Tree Bar Reach transect on March 4,1996 (dis-

*i

charge 48.8 ft /s; less than 20 percent ice cover,

eroding; 0.60 ft hydrostatic head of water above 
streambed; surface-water velocity 0.76 ft/s; 
intragravel-water temperature 0.5 °C) to 15.3 
mg/L at the below Fish Camp transect on April 
23, 1997 (discharge 48.0 ft*/s; no ice; 1.22 ft 
hydrostatic head of water above streambed; 
surface-water velocity 0.64 ft/s; intragravel- 
water temperature 1.5 °C). All dissolved-oxy- 
gen concentrations were well above the 5.0 
mg/L concentration recommended by the 
USEPA. Statistical analysis of these data using 
the Kruskal-Wallis test (Helsel and Hirsch, 
1992) indicates no statistically significant dif 
ference in the median intragravel-water dis- 
solved-oxygen concentrations among the six 
transects (a = 0.05). Intragravel-water dis- 
solved-oxygen concentrations at the six 
transects are considered to be similar.

Statistical analysis using the sign test 
(Helsel and Hirsch, 1992) indicates that sur 
face-water dissolved-oxygen concentrations 
are higher than intragravel-water dissolved- 
oxygen concentrations (p = 0.005). This is not 
unexpected because intragravel-water tempera 
tures are slightly warmer than surface-water 
temperatures; thus, intragravel-water dis 
solved-oxygen saturation levels are lower and 
intragravel water does not have direct contact 
with the atmosphere. Variance in the intra 
gravel-water concentrations is much greater 
than in the surface-water concentrations. The 
reasons for this include variations in streambed 
permeability, depth of water, and velocity 
between the intragravel-water dissolved-oxy 
gen sampling sites, and sampling error.

Intragravel water was commonly found to 
contain a large quantity of silt when first 
pumped, but would usually clear up after the 
first 60 mL were pumped. This initial high silt 
content is caused by disturbance to the gravels 
when the probe is inserted into the streambed. 
There was no correlation between silt content 
(visual examination) and dissolved-oxygen 
content. There are no indications that intra 
gravel-water dissolved-oxygen levels 
decreased as the winter progressed.
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No clear relations exist between percent 
ice cover, discharge, and intragravel-water dis- 
solved-oxygen concentrations (figs. 15D-20D). 
Observed intragravel- and surface-water dis- 
solved-oxygen concentrations were adequate 
for salmon egg, alevin, and fry development at 
stream-water discharges greater than 40 ft3/s at 
all six transects. These data indicate that ade 
quate intragravel-water dissolved-oxygen con 
centrations occur at discharges as low as 30 
ft3/s for short durations where fine-sediment 
deposition would be small. The data are not 
sufficient to determine effects of discharges 
less than 40 ft3/s for longer time periods.

Specific Conductance

The extent of intrusion of seawater into 
the lower Bradley River during periods of high 
tides is a function of river discharge (Wood 
ward-Clyde, 1983, p. 48). Seawater intrusion 
most likely occurs during the winter months 
when river discharge is lowest. Pink salmon 
commonly spawn in intertidal zones. Pink 
salmon eggs and alevins are tolerant to short 
exposures to seawater (Groot and Margolis, 
1991, p. 156). The Woodward-Clyde study 
(1983, p. 55) showed that seawater intrusion 
would not be a factor within the study reach. 
The specific conductance of seawater is much 
higher than that of fresh water, and can be used 
as an indicator of seawater intrusion. Specific 
conductance may also be an indicator of 
ground-water contribution to stream discharge 
(Riggs, 1972, p. 12).

Specific conductance data for the lower 
Bradley River have been previously reported 
(Rickman, 1995, 1997, and 1998). Specific 
conductance ranged from 59 to 77 |iS/cm and 
did not vary significantly spatially or tempo 
rally. There was no indication of seawater intru 
sion from measurements taken immediately 
following high tides (March 1993, November 
to December 1994, January 1997) which 
caused river water to back up in the study reach. 
Ground-water contributions to total river dis

charge cannot be determined from the specific 
conductance data. Specific conductance is not a 
limiting factor for determining the effects of 
lesser flows on salmon incubation habitat in the 
lower Bradley River.

Fine-Sediment Deposition and 
Streambed Permeability

Fine-Sediment Deposition

Fine sediment is a natural component of 
glacial stream water. The precise definition of 
fine sediment varies from study to study (Chap 
man and McLeod, 1987), ranging from less 
than 0.83 to less than 9.5 mm (Chapman, 
1988). Large quantities of fine sediment in 
salmon spawning beds can have severe adverse 
impacts on incubating salmon (Chapman and 
McLeod, 1987; Groot and Margolis, 1991). 
Fine-sediment deposition reduces gravel per 
meability, which can reduce intragravel flow 
and decrease intragravel dissolved oxygen 
(Vaux, 1968; Wickett, 1954; Woods, 1980). 
Wickett found good survival in the presence of 
much surface sediment if adequate intragravel- 
water upwelling occurred. Large quantities of 
sediment can also hamper alevin movement 
and fry emergence.

When a female salmon digs the redd, the 
gravel is moved around enough to wash out the 
fines, leaving relatively clean gravel. Large 
salmon populations can result in removal of 
significant quantities of fine-grained sediment 
from entire rivers (Chapman, 1988). Fine sedi 
ment can slowly fill the redd during the time of 
egg incubation, hatching, and emergence.

Suspended-sediment concentrations are 
usually high in the lower Bradley River because 
of glacial-melt water released at the fish-bypass 
(fig.l), except in late spring when, for a period 
of a few days, most of flow in the lower Bradley 
River comes from snowmelt in the North and 
lower Middle Forks Bradley River (both are 
clearwater streams). Streamflow in the lower
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Bradley River between November and late 
April is almost always very turbid, especially in 
December and January when flow contributions 
from the North and lower Middle Forks Brad 
ley River are generally small.

A common measurement for fine-sedi 
ment deposition is embeddedness, which 
requires visual "hands on" sampling. This 
method is not practical for turbid steams, such 
as the lower Bradley River. The entire study 
reach was systematically observed using a view 
tube in late April and October 1997 to identify 
areas of sediment deposition. The study reach 
was viewed again in great detail on June 4, 
1997, when stream water was very clear. Silt 
deposition using visual methods was not 
readily apparent in the glide and riffle areas, but 
was apparent in the deep pools immediately 
upstream and downstream from the Below Fish 
Camp transect. However, visual methods of 
embeddedness are unreliable when fines are silt 
and clay size (0.00024 to 0.0625 mm) (J.W. 
Burns and R.E. Edwards, Payette National For 
est, written commun., 1985) as found in the 
lower Bradley River. Stirring the streambed 
gravels released clouds of silt throughout the 
study reach. The quantity of deposited silt 
increased markedly (qualitatively observed 
when stirring up streambed gravels) beginning 
400 ft downstream from the Below Fish Camp 
transect. The streambed at this point has a 
"soft" feel when walking on it.

Rundquist and others (1985, p. 86) noted 
deposition of fine sediment up to 0.3 ft thick in 
dewatered areas at Upper and Lower Riffle 
Reaches during winter flows. Field observations 
at the Upper and Lower Riffle Reaches showed 
similar deposits near gravel streambanks fol 
lowing high-tide cycles. Wetted perimeter at the 
Lower Riffle Reach transect was reduced 20 
percent by fine-sediment deposition following a 
moderately high tide on April 23, 1997. The 
source of this fine sediment was probably the 
extensive recently thawed mud flats in the lower 
Bradley River Basin below the study area.

Fine-sediment deposition is directly 
related to sediment quantity and particle size, 
and inversely related to shear velocity. Shear 
velocity is defined using the following equation 
(Chow, 1959, p. 201):

Vf = [gRS] 0.5

where Vf is the shear velocity, in feet per sec 
ond; g is the acceleration due to gravity, 32 
ft/s2 ; R is the hydraulic radius in feet, defined as 
the stream cross-sectional area divided by the 
wetted perimeter; and S is the slope of the 
energy line, in feet per foot.

If shear velocity is sufficiently high, fine 
sediment will not settle out of the water col 
umn. Alonso and Mendoza (1992) concluded 
that fine sediment will not be deposited if:

where Ws is the settling velocity, in feet per sec 
ond. Standard settling velocities for quartz 
(table 4) were used to calculate the minimum 
velocity necessary to keep suspended sediment 
in suspension. Source materials for suspended 
sediment in the Bradley River basin are pre 
dominantly feldspars and metamorphosed

Table 4. Standard settling velocities for quartz particles 
and corresponding minimum shear velocities required to 
keep particles in suspension
[Data from D. Childers, USGS, written commun., 1986; 
velocity in feet per second]

Sediment fall 
diameter 

(millimeters)

0.004

0.008

0.016

0.031

0.062

Settling velocity

8.5 x 10'5

3.5 x 10'4

1.3x 10'3

5 x W3

1.7 x 10'2

Minimum shear 
velocity

0.008

0.035

0.13

0.50

1.7
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basalt, which are made up of minerals with spe 
cific gravities similar to those of quartz.

The suspended-sediment concentration 
for a sample collected on January 14, 1998 at 
the Tidewater transect was 76 mg/L (discharge

o

51.4 ft /s; 100 percent ice cover, forming), of 
which 99 percent of the suspended sediment 
was finer than 0.062 mm. The sample did not 
contain enough sediment to accurately measure 
the range of particle size less than 0.062 mm 
diameter. However, analysis of a suspended- 
sediment sample collected on August 20, 1997 
(outside of the period covered in this report) at 
the Below Fish Camp transect (21 mg/L sus 
pended sediment; discharge 126 ft3/s) found 
that 92 percent of the sediment particles were 
less than 0.016 mm diameter (Benson and oth 
ers, 1998).

Shear velocities calculated for the six 
study transects are summarized in table 5. 
Energy slope, S, was estimated using the hydro 
static head elevation difference between 
transects divided by the distance between the 
transects.

Table 5. Mean and range of shear velocities for the six 
transects in the lower Bradley River

Shear velocity, Vf, in feet per second
iidii&eui   

Bear Island

Tidewater

Tree Bar Reach

Fish Camp

Upper Riffle Reach

Lower Riffle Reach

Mean

0.28

0.40

0.31

0.26

0.18

0.20

Range

0.1 6 to 0.39

0.32 to 0.50

0.23 to 0.46

0.1 7 to 0.39

0.11 to 0.30

0.1 3 to 0.26

No relation was found between ice condi 
tions and shear velocities. Shear velocity 
decreased with decreased discharge when no 
ice was present in the study transects. Shear 
velocities are not sufficient to keep particles 
0.062 mm or larger in suspension. Shear veloc

ities (non-tide affected) were large enough to 
keep suspended particles less than 0.016 mm in 
suspension for all but two exceptions: both 
occurred at Upper Riffle Reach, on December 
18, 1996 (discharge 60.6 ft3/s; 100 percent ice 
cover, eroding) and on February 12, 1997 (dis-

o _

charge 60.6 ft /s; no ice). The range of shear 
velocities within each transect, indicates that 
fine-sediment deposition should be largest at 
the Upper and Lower Riffle Reach transects, 
which agreed with field observations. Shear 
velocities were largest at the Tidewater and 
Tree Bar Reach transects, where pink salmon 
spawning activity is the greatest within the 
study reach. Analysis of fine-sediment deposi 
tion caused by tide effect was beyond the scope 
of this study, but field observations noted sig 
nificant fine-sediment deposition in the Upper 
and Lower Riffle Reach transects during some 
tide peak recessions.

Shear stress calculations indicate that a 
streamflow of 40 ft3/s is adequate to prevent 
significant fine-sediment deposition in the 
lower Bradley River, except occasionally in the 
Upper and Lower Riffle Reach transects. 
Increased fine-sediment deposition (non-tide 
affected) resulting from unexpected decreases 
in flow would not be significant because of low 
suspended-sediment concentration, especially 
of particles larger than 0.016 mm diameter. 
Data are insufficient to determine fine-sediment

o

deposition for long-term flows less than 40 ft /s 
for all possible ice conditions.

Dissolved Oxygen Interchange

Fine-sediment deposition reduces gravel 
permeability, which decreases the interchange 
between surface and intragravel waters. A 
method to quantify this is to look at the percent 
age of dissolved-oxygen interchange between 
surface and intragravel waters (Woods, 1980). 
Percentage of dissolved-oxygen interchange is 
defined using the equation:

P = I/Sx 100
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where P is the interchange percentage; 7 is the 
intragravel-water dissolved-oxygen concentra 
tion; and S is the surface-water dissolved-oxy 
gen concentration.

Boxplots of the interchange percentages 
calculated for all six study transects are shown 
in figure 24. Interchange percentages ranged 
from 57 percent at Tree Bar Reach transect on 
March 4, 1996 (discharge 48.8 ft3/s; less than 
20 percent ice cover, eroding) to 118 percent at 
the Tidewater transect on March 18, 1997 (dis 
charge 53.5 ft3/s; 40 percent ice cover, form 
ing). Statistical analysis of these data using the 
Kruskal-Wallis test (Helsel and Hirsch, 1992) 
indicates no statistically significant difference 
in dissolved-oxygen interchange percentages 
among the six transects (a = 0.05). Dissolved- 
oxygen interchange was adequate for measured 
discharges as small as 33.3 ft /s, and is likely to

o

be adequate for discharges as low as 30 ft /s for 
short durations. Interchange is adequate for

o

long-term discharges as low as 40 ft /s. Exist 
ing data are insufficient for determining the 
lower limits of flow needed to ensure adequate 
dissolved-oxygen exchange for long durations, 
because of potential increase in fine-sediment 
deposition.

Stranding

Salmon fry occupying pools or gravels 
that are isolated from the active river flow are 
said to be stranded. Pink salmon fry probably 
emerge from the spawning gravels in late 
March and early April (Morrow, 1980, p. 65; 
John Morsell, Northern Ecological Services, 
oral commun., 1995). Salmon fry emerge 
through the gravel at a rate of up to 0.2 ft/min 
under favorable conditions (Groot and Marg- 
olis, 1991, p. 162). Rapid changes in river stage 
can leave emerging fry stranded along gravel 
bars, resulting in mortality. Rapid dewatering 
of gravel bars can result from temporary dam 
ming of the river during ice breakup, or from 
rapid decreases in flow downstream from reser

voirs (Becker and others, 1982). Rapid 
decreases in stage during tide recession may 
cause stranding in the lower Bradley River.

Stranding potential is increased as the 
gravel-bar slope decreases. Slope is measured 
from mid-channel, perpendicular to the direc 
tion of flow. Slopes of less than 4 percent are 
likely to cause stranding, whereas slopes 
greater than 9 percent are not (Prewitt and 
Whitmus, 1986). Streambank and gravel-bar 
slopes measured at the six study transects are 
presented in table 6. Slopes of non-gravel banks 
were not reported because emerging fry do not 
occupy these areas. The smallest slopes were 
found to be 4 percent on the left sides of the 
Bear Island and Lower Riffle Reach transects. 
Most of the slopes were greater than 9 percent.

Table 6. Gravel bar slopes at the six study transects
[--.transect has a single channel; NA, bank is not usable salmon habitat]

Percent slope

Transect 
(fig. 3)

Bear Island

Tidewater

Tree Bar

Fish Camp

Upper Riffle

Lower Riffle

Left bank 
main (left) 
channel

4

9

28

18

NA

4

Right bank 
main (left) 
channel

6

17

NA

7

10

7

Left bank 
right 

channel

-

--

--

--

10

13

Right bank 
right 

channel

--

--

--

--

NA

NA

Examination of stage data from the USGS 
stream-gaging station Bradley River near Tide 
water showed a maximum of 0.05 ft/min 
change in stage, which occurred with an outgo 
ing tide. The largest rate of stage change from 
ice breakup was 0.01 ft/min. Neither rate is 
considered fast enough to cause significant 
stranding of juvenile salmon.

On the morning of March 4, 1998, stream 
water release at the fish-water bypass was pur 
posely reduced from about 41 to 22 ft3/s to
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study the effects of a rapid decrease in flow in 
the lower Bradley River. Declines in stage 
caused by decreased flow were offset by 
increased formation of anchor ice. The decline 
in stage during this period, measured at the 
Tidewater transect, was 0.002 ft/min.

Discharge from the North and Lower 
Middle Forks Bradley River

Discharge from the North and lower Mid 
dle Forks Bradley Rivers (fig. 1) is not adequate 
to meet minimum flow requirements in the 
lower Bradley River during the winter months, 
so additional flow is released from the dam 
through the fish-water bypass. Because winter 
flow contributions from the North and lower 
Middle Forks Bradley River are not well under 
stood, additional water has been released from 
the fish-water bypass to ensure adequate flow at 
the FERC regulatory gaging station, Bradley 
River near Tidewater.

Instantaneous discharge measurements 
were made throughout the winters of 1993-96, 
and a stream-gaging station was installed in 
August 1996 to provide continuous streamflow 
record. Instantaneous discharge measurements 
from the 1993-96 water years and daily mean 
discharge data from the 1997-98 water years 
are shown in figure 25. Precipitation in the Bra 
dley River basin was 80 percent of normal dur 
ing the 1996-97 water years (U.S. Geological 
Survey, unpublished data), and this factor is 
reflected in the low discharges. Daily mean dis-

o

charge during this study ranged from 2.5 ft /s 
on January 2-4, 1997 to 626 ft3/s on November 
9, 1997. The river was affected by ice backwa 
ter approximately 34 percent of the time 
between November 1 and April 30 for both 
1997 and 1998 water years. Duration of ice- 
affected periods ranged from 3 to 35 days. Peri 
ods of ice cover were not documented during 
the 1993-96 water years. Increases in discharge 
from rain and melting snow occur periodically

throughout the winter. Interpretation of real- 
time stage data, transmitted by radio, is difficult 
without visits to the gaging station to verify ice 
conditions.

Flow contributions from the North and 
lower Middle Forks Bradley River needed to 
maintain 40 ft3/s in the lower Bradley River 
ranged from 6 to 100 percent. Discharge data 
are not available for enough years to develop 
accurate low-flow frequency curves. The maxi 
mum monthly fish-water bypass discharge can 
be estimated using discharge data from the 
Middle Fork below North Fork Bradley River 
stream-gaging station (table 7), with the fol 
lowing assumptions: (1) the reach between the 
fish-water bypass and the Bradley River near 
Tidewater stream-gaging station is steady or 
gaining (Rickman, 1993), and (2) discharge 
from the fish-water bypass is not temporarily 
obstructed by stream channel blockages, such 
as rock slides or avalanches. However, the data 
set used to generate table 7 is small and does 
not represent all possible flow conditions.

Table 7. Monthly minimum discharge measured at 
stream-gaging station Middle Fork Bradley River below 
North Fork Bradley River and estimated monthly 
maximum discharge needed from the fish-water bypass 
to meet minimum flow requirements in the lower Bradley 
River

Data type
Discharge (cubic feet per second) 

Nov. Dec. Jan. Feb. . Mar. Apr.

Minimum 6 2.8 2.5 6.6 5.2 5.3 
measured at 
stream gag 
ing station

Maximum 34 37.2 37.5 .33.4 34.8 34.7 
required 
from fish- 
water bypass
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With additional years of data, monthly 
low-flow frequency curves can be developed to 
help forecast flow contributions from North and 
lower Middle Forks Bradley River. Periodic 
discharge measurements through the winter, 
used in conjunction with frequency curves, 
should improve accuracy of forecasted flows. 
Because winter base flow is heavily influenced 
by ground-water contributions, given enough 
years of data, monthly rates of decreases in dis 
charge may be calculated to further aid in flow 
forecasting.

Specific conductance measurements were 
made at the same time as discharge measure 
ments (Rickman, 1995, 1996, 1998) to deter 
mine if a relation existed between river 
discharge and specific conductance (Riggs, 
1972; Miller and others, 1988). No discernible 
relation was apparent between discharge and 
specific conductance at this site.

SUMMARY

The lower Bradley River between Bear 
Island and Lower Riffle Reach provides most of 
the spawning and incubation habitat for five 
species of Pacific salmon and Dolly Varden 
char. FERC licensing requires maintenance of a

o

minimum flow of 40 ft/s from November 2 to 
April 30 to ensure adequate flow for incubation 
habitat. The 40 ft3/s minimum is based on an 
open-water instream flow study, and does not 
account for intermittent ice formation, which is 
common in the winter months. Consecutive 
days of ice formation, measured at the stream- 
gaging station Bradley River near Tidewater, 
ranged from 1 to 75. For this report, river icing 
has been broken down into three phases: form 
ing, stable, and eroding. Stream discharge aver 
aged 57 ft3/s for the study period, March to 
April 1993, and November 1 through April 30, 
1994-95; this discharge was well above the tar 
get flow of 40 ft3 /s. The study period was 
extended to collect data closer to the target 
flow. Stream discharge for November 1 to April

30, 1996-98 averaged 49 ft3/s. Ice conditions 
ranged from ice free to 100 percent ice cover. 
Hydrologic and water-quality data were col 
lected for a range of discharge, percent ice cov 
ers, and icing phases.

Hydrostatic head was higher for all ice 
conditions than that predicted using the open- 
water instream flow model, and on the basis 
of habitat suitability criteria is adequate for 
discharges as low as 30 ft3/s. Mean surface- 
water velocities (non-tide affected) were ade-

o

quate at 40 ft /s for all but one episode of form 
ing ice conditions. At times, the presence of 
anchor ice decreased the mean velocity to less 
than 0.5 ft/s. Increased hydrostatic pressure 
may offset the effects of the slower velocities 
with respect to surface- and intragravel-w'ater 
exchange and intragravel-water velocity. 
Velocity is the limiting factor governing long- 
term minimum discharge limits. The long-term 
minimum discharge needed to ensure adequate 
incubation habitat, based on mean velocity 
alone, is 40 ft3/s for ice-forming conditions, 35 
ft3/s for stable and eroding ice conditions, and 
30 ft3/s for ice-free conditions. For periods of 
rapid decreases in discharge, where ice col-

o

lapses or becomes bridged, 30 ft/s will provide 
adequate mean velocities. Mean surface-water 
velocities are slowest during periods of high 
tide. Velocity distribution within a transect 
changes drastically with ice formation. Each 
episode of ice formation causes different and 
unique velocity distribution. Wetted perimeter 
does not appear to be a function of discharge for 
any given type of ice cover. Anchor ice, col 
lapsed ice shelves, and bank scour appear to be 
the dominant controlling factors for wetted 
perimeter.

Intragravel-water temperatures were gen 
erally 0.5 to 1.0 °C warmer than those of sur 
face water during the winter months. Changes 
in surface- and intragravel-water temperature 
were mostly a function of periodic warm rains 
and do not seem to be related to discharge.
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Surface-water dissolved-oxygen concen 
trations are generally larger than those for intra- 
gravel water. No clear relations were noted 
among ice phase, percent ice cover, discharge, 
and dissolved-oxygen concentrations. Dis 
solved-oxygen levels exceeded recommended 
minimum concentration for discharges greater 
than or equal to 40 ft3/s and are expected to be 
adequate for discharges as low as 30 ft3/s for 
short periods where fine-sediment deposition is 
not a factor. Data are not sufficient to estimate 
intragravel-water dissolved-oxygen concentra 
tions for long periods of discharge less than 40 
ft3/s.

No indication of seawater intrusion was 
evident from specific conductance measure 
ments made immediately following high tides. 
The ground-water contribution to total river 
discharge could not be determined from the 
specific conductance data. Specific conduc 
tance is not a factor for determining the effects 
of lesser flows on salmon incubation habitat in 
the lower Bradley River.

Suspended sediment in the lower Bradley 
River is predominantly smaller than 0.016 mm 
diameter. Fine-sediment deposition, based on 
suspended-sediment particle size analysis and 
shear velocity calculations, as well as on field 
observations, is greatest at the Upper and 
Lower Riffle Reach transects. Significant fine- 
sediment deposition occurs at the Upper and 
Lower Riffle Reach transects during some tide 
peak recessions. In the absence of tidal effects, 
streamflow of 40 ft3/s is adequate to prevent 
significant fine-sediment deposition in the 
lower Bradley River. Fine-sediment deposition 
from unexpected, temporary decreases in flow 
would not adversely affect salmon incubation 
habitat. Data are insufficient to determine fine- 
sediment deposition potential for long-term 
flows less than 40 ft /s. Fine-sediment data 
from incoming tides would be needed to deter 
mine if increased sediment deposition would 
occur at lower discharges over long time peri 
ods.

Dissolved-oxygen interchange percent 
ages are high for all ice conditions and flows 
noted during this study, and are adequate for the 
minimum allowable discharge of 40 ft3/s and 
short-term flows as low as 30 ft3/s. Data are 
insufficient for determining the lower limits of 
long-term streamflow needed to ensure ade 
quate dissolved-oxygen interchange.

The rate of stage change caused by outgo 
ing tide, ice breakup, and a sudden decrease in 
flow released from the fish-water bypass, was 
found to be slow enough to not cause signifi 
cant stranding of juvenile salmon.

Discharge contributions measured at the 
stream-gaging station Middle Fork below 
North Fork Bradley River needed to maintain 
40 ft3/s in the lower Bradley River ranged from 
6 to 100 percent. Monthly maximum fish-water 
bypass discharges needed to maintain a mini 
mum flow of 40 ft3/s in the lower Bradley River 
were estimated. Additional data are needed to 
develop frequency curves with which periodic 
discharge measurements could be used to fore 
cast flow contributions to the lower Bradley 
River.

CONCLUSIONS

The minimum allowable discharge of 40 
ft3/s in the lower Bradley River from November 
2 to April 1 provides adequate salmon incuba 
tion habitat protection. Stream-water velocity 
is the limiting factor to ensure habitat protec 
tion for flows less than 40 ft3/s. The long-term 
minimum flow limits could not be determined 
because the potential for tide-induced fine-sed 
iment deposition with decreased stream-water 
velocities, is unknown. In the event of sudden

o

decreases in flow, a minimum flow of 30 ft /s 
would adequately protect salmon incubation 
habitat. Stranding is not a problem for rapid 
decreases in flow. The discharges that must be 
released at the fish-water bypass to ensure 40 
ft3/s in the Lower Bradley River ranged from 0 
to 37.5 ft3/s.
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