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ADSTRACT: During waniog flood flows io gravel-bed atreams, fine- A characteristic of a graval-hed channel receiving

grained bedload tediment (sand apd fne gravel) i wommealy win- Jarge sediment inputs relative to its tr ansport.capaci.

powed from zones of high shear stress, such na riffles, and ; . "
depesited in paols, where it manties an underiying coarse layar. As ty is an abundance of fine sediment on its bed surface

sediment losd totresses, mare fine wedlnsnt becomes available to (Platts and Megahan, 1978; Lisle, 1282). (For now,
fill pools, The valume of fine scdiment in pools ¢an bo meoosured by fine sediment is loosely defined as svme mixture of
probing with & motal rod. and, when expressad ss the frection (V) silt, sand, and fine gfﬂ'f&l that ig sorted from coarser

of scoured residusl poal volume (residsal pool volume with fine sed- . . . .
iment remuoved), ¢an be used ag 2n index of the supply of mobile fractions during cartain phases of sediment trans-

sedimant in & stremsn chanpel, Mean values of V* were a5 high ns port.) This may reflect increasad sresion of goil and
0.5 and correiated with qualitative evainations of sediment sipply westhered colluvium which iypicelly contain large
In eight tributaries of the Trigity River, northwesters California. fractions of fine-grsined material. Fine sediments

Fine-sediment voluma correlsted scrongly with sooured peol velume . - -
in individua) echzunels, but plots of V° versus pool volume and tend to have high transport velocities and can be

watar surface siope revesicd socondary veristions in fines volume. flushed rapidly from streams, Therefore, their high
" In :edlment-rich cé:smncil. e =umi=lhedvp.usltlvallv with mﬁ‘;:d copcentration on a streambead can indicats wide-
pool wolume; in sediment-poor champeis, V* carrelatad vegatively i : o :
with watsr-surface tlope, Megsuriog fine sedimest in pocis cxn ba o sp;;ad. t;h(l;lmé:upglﬁs oF Tecent, 1.0 cal inputs of fine
practical method 0 eveluats and monitor the supply of mobile vedi- sediment (F181S an egahanl, 19.70)- Ahundant fines
ment in gravel.bed stregms and to detect snd evaluate sediment on the bed surface may also indicats a reduction of -
:féu;'.s %ﬁﬁ ; cg:nneldx;etwerk,d' T bed-surface particle size in response to an inereasa in
(; : (ine sadignent: sediment suppiy, poels: channel eog- sediment sﬁnply alene: that is without a chanes fr
liion: bedjead: erozion: sedimes : ity moniteriag. o " ' g% irom
dition: bedjosd: erosion: sedimentation: wnter quality ronitoriag.) the grain size of materisl previousiy carried by the
streem {Dietrich et al., 1889, Lastly, fine-sediment
apbundance can indicate s raduction in transpert
» INTRODUCTION capacity without a Fo;n_ngnsating decrease in sedi-
-meant supply. By a brief inspection at low flow, an
. . . experienced geomorphalegist, hydrojogist, or fishery
One of the greatest hindrances to assessing down-  piglogist can gain an impressien of the fine-sediment
stream effacts of land-use praci:acas on st::eaﬂ_i caan- avundance on the bed surface. However, & practical
nels in mountainous areas is a lack of understanding and reliable technique of measuring the suppiy of
of how channels respond to changes in sedimen? sup- mobile sedireent in a channel has been Jacking.

piy. In some cases, changes in runoff and hi_]lslope ero- We present a new methad for measuring the frac-
sion rates can be evaluated and predicted with tion of the volume of pools flled with fine sediment.
acceptable precision and aceuracy, but their influence  Mqbile sediment tends to be concenirated in pools;
on channel form and process remaing proplemstic. thus, the fraction of poal filling serves as &n index of

This gap in }mowledge prevents deﬂ:_elopment of gen- the supply of mobile sediment in natural, gravel-bed
eral predictive models linking sediment supply to  channels, We describe how pool filling is related to the
changes in habitats of aguatic organiams. averall supply of sediment in the channel as a whale.

T T

1Paper Mo, 31320 of the Water Resources Bulletin. Discussions ure open uniil December 1, 1992,
Reapeciively, Rescarch Hydrologist and Hydrelogie Technicisn, USDA, Feorest Service, Pacifiz Ssuthweat Forest and Range Experiment
Station, L700 Bayview Drive, Arcota, Californiz 95821,
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After describing the method, we provide a qualitative
trial by comparing the fraction of pool filling from
eight study reaches to assessments of their sediment
loads. Finally, we explore the factars that cause varia-
tions in fine-sediment volume betwean pools of a
given channel.

THEORETICAL BACKGROUND

A channel in equilibrium, that is, one that neither
sggrades nor degrades over time, has a capacity to
transport a limited volume of sediment given iis exist-
ing bydrologic regime and the caliber of sediment
delivered from its basin (Mackin, 1948). It is diffcult
to apply the concept of transport capacity to practical
problems, however, because of the difficuily in mea-
suring snd accurately predicting bedload transport
rates in gravel-bed streams. Also, response to sedi-
ment load is complex. When sediment supply to 8
channel inereases, adjustments may include changes
fiot only in bed elevation and channel geometry, but
aiso in bed roughness (Leopoid and Bull, 1978; Lisle,
1982).

In a flume experiment, Dietrich e g/, (1889)
demonstrated that, without corresponding changes in
bed elavation, bed-surface material can be made
coarser by reducing rates of sediment supply. They
conclude that, 2s sediment supply increases, fine par-
ticles hecome more abundant on the bed surface
which then becomes less resistant io transport.
Particle size of sediment on the bed sutiace relative to
that transported as bedload or stored in the bed can
contribute to & measure of the degree 10 which a chan.
nal's transpart cgpacity is fulfilled by its load, When
transport eapacity is fulfilled, particle size of the bed
surface would equal that of bedload or subsuriace
material, which is assumed to represent bedload On
thia basiz, Kinerson (1990) calculatad bedload frans-
port rates at bankiull flow from two alternative medi-
an particle sizes: that of the bed surface and
subsurface. Thea ratio of computad rates for each of six
stream channels in California correlated with qualita-
tive assessments of sediment load.

Measuring the particla size of bedload and bed
material can become difficult, however, where large
cobbles or boulders comprize 2 significant proportion
of bed material or spatial variations in particle sizs
are grest. This motivated us to find another manifes-
tation of bed-surface fining in response to increases in
sediment load.

According ta the model of Districh et al. (1989), fine
sediment can be expected to be abundant st high flow

—~nt nf tha bed of & cnannel containing a Inrge
- . EEPRR S ":"ﬂ nr the

sediment supplied (Figure 1). During waning flows,
fine sediment is selectively transported from zones of
relatively high boundary shear stress, such as riffles,
and deposited in zoties of low shesr stress, such as
poals, where they mantle a coarser substrate (Lisls
and Madej, in press). Incereases in fine-sediment vol-
ume in poals can be cavsed either by an enrichment of
the load with fine sediment, or, according to our appli-
cation of tha concapt of Diakrich et al. (1989), by an
increase in the load with no change in the mixiura of
grain sizes. Our strategy is to use the filling of pools
by fine sediment, which can be easily measured with
a probe, as an index of the availability of mobile sedi-
ment in a stream channel. :

METHCDS

Study Sites

The volume of water and fine sedimant in pools
was measured in resches of eight stream channels in
tha Trinity River basin in northwastern Californiz
(Figure 2), These streams were chosen to represent

_drainages with & wide spectrum of sediment loads.

The channels and their basins are typical of those
found in the Klamath Mountains, where rates of
yplift and ercsion are high relative to eisewhere in
the conterrminous United States (Judson and Ritter,
1964; Jandz and Nolan, 1279). The basins are steep,
densely dissected, and forested with mixed eonifers
and deciduous trees. Study reaches wers selectad to
have thannel gradients gentier than adjacent reaches.
It was assumed that such reaches tend to store raia-
tively large volumes of sediment and, thus, would be
sensitive to changes in sadiment inpuis. All study
reaches have well-developed riffle-pool sequencss,
flow through narrow valley batiams, and are partially
eonfined by bedrock at the base of hillslopes. The
streambed surfaces are predominantly covered by a
layer of gravel, cobbles, snd boulders. Drainage areas
range from 20 to 140 kméZ, gradients of the study
reaches rangs from 0.013 to 0.044 (Table 1),

Sediment loads were catagorized. prior to field work
as law, moderate, high, or extreme baged on bedroci
crosivity, area and intensity of logging and road build-
ing, and narratives of watershed specialists of the
.8, Forest Servics and U.S. Fish and Wildlife Servics
who are invoived with management of thess streams
{Table 1). Inherent srosivity of bedrock varies widely.
The least erosive is fine-grained, competent metamor.
phic rock found in Big French, Horse Linto, and
Rattiesnake Creeks. Qccurring within Three Creeks
and Grouse Creek basins are highly eresive, compiex
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The Volurne of Fise Sediment i Pools: As Index of Sediment Supply in Grevel.Bed Streams

Low Sediment Supply

Hilgh Sediment Supply

High Flow

Figure 1. Conceptual Mzdel of Filling of Fools with Fise Sediment During Wening Stages in Gravel-Bed Channeis with High and Low
Sediment Supplies, At high stages, fine sediment, as Wweil ag coarsa gravel {arrows), are traasconed over much of the charnel.
Al low flow, the flow pver riffles (curvad lines), converges into poois and carries fice seditoent Winaswed (rom the bed surface,

zuite3 of highly sheared bedrock marking the bound-
ary between EKiamath-Mountain and Franciscan. ter-
ranss. Deeply weathered granitic rocks in Bear and
Grass Vailey Creeks probably have the greatest
potential for producing fine sediment. Intensity of
land use glso varies widaly. Big French and Bear
Creeks have had almost no human disturbance, while
the entire basin of Grass Valley Creek has been
logged in the past 40 years.

A sediment budgst by Keisey et al. (1989) provides
a dstailed analysis of the amount of sediment enter-
ing Grouse Creek from 1960 to 1988. Sediment deliv-
ered to the ehannel over the 28.year period totaied
30,600 m3/km?2 or 1050 m3fkm2yr, which ranks high
among measured sediment yields for basing in north.
westarn Califarnia (Janda and Nolan, 1879},
Streamside landslides contributed 77 percent, mostly
during or shortly after a large flood in December
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1664. Roads and hillslope erosion of logged aress
direcsly coniributed 21 percent, and an additional but
unknown progortion can be attributed to indirect
effects and other management activities. Managed
sreas have contributed sediment chronically up to the
end of the study period.

QGrass Valley Creek is the greatest contributor of
fine sediment deposited over a 50-km reach of the
Trinity River downstream of Lewiston Dam
(California Depariment of Natural Resonrees, 1970).
Seventy percent of the production is attributed to log-
ging and road building on private land (Bureau of
Reclamation, 1988). Most of the logged area was
tractor-yarded, which creates widespread disturbance
of the protactive organic mat overlying the highly ero.
sive, weathered granite. Estimates of annual sedi-
ment yield range from 930 to 1400 m3km? (Soil
Caonservation Service, 1981; Bureau of Reclamation,
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Figure 2 Trinity River Basin and the Tributaries

Used {a This Study.

19856}, Although this value is similar to that for
Grouse Creek, Grass Valley Creek is ranked higher in
sediment production because it has produced more
sediment recently.

Relative Volume of Fine Sedtment in Pools

We measured residual water volume (Bathurst,
1951; Lisle, 1986; 1987) and fine-sediment volume in
all of 13 .to 21 pools in each study reach during the
annual summer drought. We defined & pool as an srea
which '

- had = nearly horizontal water surface (slope
<0.0005) during low flow,

— occupied the main part of the channel, and

— had & maximum residual depth aqual to at
least twice the water depth at the downstream
rifite crest during low flow,

Residual depth at a point in a pool is defined as that
corresponding to minimum flow, when surface flow
barely spills over the downstream lip of the pool (riffle
crest); it is caleulated by subtracting water depth at
the riffle crest measured during low flow from water
depth at a point in the pool (Figure 3A). The advan-
tage of using residual values to quantify depths or
volumes in pools is that the measurements-are sub.
stantially independent of discharge because the
datum for residual depths is the bed elevation at the
riffla crest. The relative volume of fina sediment in a

TABLE 1. Charactaristies of Study Basizs apd Stream Rosches

{screarns sre listed in order of perceived sadiment suppiy),

Drainage Reaci
- Ares (km3) Slope Bedrack® Land.Use History
Big French ‘ ge 0.019 meta 1.5% logzed; meatly wildarpess
Senr 20 2 23 wgr, V3 msed 1% logged since 19€0
Harse Linta 97 0.013 sod; msed 47 logged since 1960
Rattlosnake 120 2.013 med; wmaf 11¢: logzed since 1960; residential deveiopment op
o 10 of besin
Nerts Rattlosnake 2 0.844 mseds umai 41% fogged siace 1860
Three Creeks 23 ¢.018 ahearnd sed and =l 25% logged sinca 1960; abandoned road bed niong
chanpel
Grouse 140 2.01s sheared zod: msed: mig 41% logged since 1560; extansively tra:wr-yarded.
0.017 wsT 28% logged since 1580; B4 pervent logged 1950-1080;

Grasz Valley 80

road density = 1,95 ko

*Metn 3 updifforentisted metaroorphie rocks: wgr = weathered granite; msed = metasediments; umal = ultramaitics; sed = sandatone and

R4 P

WATER.RESOURCES BULLETIN

-" shale; mlg = melange. All rocks are of Mesozoic age.
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Tha Veluroe of Fine Sedircent in Puals: An Index of Sediment Supply in Gravel-Bed Streams

pool, V7, is the fraction of scoured pool volume occu-
pied by fine sediment.

¥*= V,’(‘Vr-a- V,.)

where Vp = fine-sediment volume and V, = residuai
peol volume. Scoured pool volume (Vi + V) is the
residual volume of a pool if the fine sediment were
removed (Figure 3A). The mean value for the reach,
V*, {s a weighted average of the V*s for all of the
pools in the reach. Since the weighting factor for esch
pool is its scourad volume, the weighted mean for the
reach can be caleulated simply as:

2(V)
2V eV

where Vg and V, are the fine-sediment and residual
poal volumes for each pool.
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Figure 3. (A) Lopgitudinal Section af a Peal Showing Delineation
of Fine-Sediment and Residual Pool Volumes, (B) Cross Secton
of & Peo] Showing Fine Sedisent Falling Inside
and Cutside of Residual Pool Boundaries,

We computed residual volume from 15 to 50 sound-
ings along four to eight taped transects perpendicular
to a tape stretched along the pocl axis. Measurement
intensity was greater for complex pools and these
with large areas of fine sediment. Riffle-crest depth
was an average of several soundings in the thalweg,
which wasg uenally indistinct, where the nearly

=]
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horizontal water surface broke at the head of the
downstream riffie. Error in measuring riffle-crest
depth was highest where there were large cobbles and
boulders. Establishing the riffle-crest datum is some-
what affected by discharpe at the time of measure.
ment, but we consider this effect to have been smail
since all measurements were taken at low flows,

We measured fine-sediment thickness and water
depth with a graduated steel red 1.2 om (0.5 in) in
diametsr. We measured the depth of the fines to the
underlying coarse layer by probing with the rod, in
some cases tapping it with a hend sledge. Abrupt
changes in resistance to peneiration and the sound
and fee] of the rud as it passed from sand and fine
gravel to imbricated coarse gravel and cobbles made
the interface apparent, We spaced transests and prob-
ings more closely over isolated thick deposits of fine
sediment.

Some fine sediment was deposited higher than the
riffle crest and was, therefore, outside of the residual
ares of the pool (Figure 3B). We chose to disregard
this partion in caleunlating reported values of V*,
because the limits of fine sediment outside of the
residual pool arems were ambiguous in some cases.
Inclusion of this portion would have inereased our
values of velume of fine sediment 17 percent, on aver-
age, 2nd as much as 100 percent in individual pools.
Values of ¥* would have increased 20 percent, on
average, and as much as 280 pereent in individusi
pools. Relative contributions of fine sediment outside’
of residual pools to the total showed no obvious corre-
lation with channel characteristies,

We estimated measurement error by repesting
measures of residusl and fine.sediment volume three
times in nine pools in each of threa different streams.
The number and spacing of soundings were heid con-
stant, wnile starting points for the longitudinai posi-
tions of ¢ransects and for soundings along each
transect were selected randomly. The coefficient of
variation of V* for each pool ranged from 5 percent to
170 percent. Most high values were associated with
mean values of V* less than 0.08. Fer larger V* val-
ues, the coefficient of variation had a relatively eon-
stant value of approximately 18 percent. The
coefficient of variation of V* was hiehly correlated
with the coefficient of variation of fines volume (12 =
0.99),

We describe thess methods in greater detail and
provide more sampling guidelines in a forthcoming
paper (Hiiton and Lisle, in preparation.)

Particle Size Distributions
A definition of fine sediment in gravel-bed channels

based on & fixed particle-size range is inappropriate
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because the behavior of particles of = given size
depends on the entira particle-size distribution of the
streambed. Instead, wa define {ine sediment as the
material compesing the matrix among the gravel
framework (Carling and Rerder, 1982). It is mostly
absent in winnowed surface layers, but zommaonly
forms distinct deposits elsewhere. Its particie-size dis-
tribution varies batween streams, but most commonly
inciudes some mixture of sand and fine gravel.
Practically speaking, it is easy to distinguish fine and
coarse sediment in poals. ' .

We sampled bed material in bars and fine sediment
in pools in order to determine the size fraction of bed-
load that was responsible for filling pools. Bar sam-
ples were chosen to Tepresent the bulk of the bedload
transported in the channel, We scraped the surface
layer from bar surfaces at four to six locations in each
reach and obtained samples totalling approximately
100 kg. Using standard sieve intervals at multiples
of -\/g_ mm, we sieved the combined samples down
to 11.2 mm in the field and sieved subsamples of the
finer fractions in a laboratory. We used a pipe dradge
to take ten samples of approximately 400 ml each of
fine sediment in each of four to six pools in each study
reach. Samples were taken along transects and were
spaced closely whers fine sediment was thick. We
sieved all of the fine-sediment samples in the labora-
tory using the same sieve sizes we used for the bed
material samples.

Ay wdge of bane

RESULTS
Spatial Distribution of Fine Sediment in Pools

Fine sediroent was deposited nonuniformly in pools
and bore little reiation to water depth. Deposits were
thick under eddies and backwaters, around the
periphery of peols, and behind large houlders.
Deposiis were commonly absent under the thalwaeg.
Figure 4 shows the distribution of fine sediment in a
relatively simple pool in Three Creeks Creek, The bed

"was swept clean of fine sediment along the axis of the

pool deep. At a flow slightly less than the threshold of
entrainment of bed-surface particles, we obgerved
surface flow trajectories over the large deposit to the
right of the thalweg to be deflected as much as 30°
from the centerline of the channel, Secondary flow
cells such as this gapparently swept fine sediment
from areas of converging flow at the head of the pocl
toward lateral areas of diminishing flow velaeity and
boundary shear stress, where the sediment was
deposited. Fine sediment occupied 30 percent of the

- scoured volume of this pool.

g &z a4
T e Ve VTR 62y - - | o
idle {ine swgiment depifi. m » nv

iy captn, M

matisiy

PQOL 19, THAEE CREEKS

Figure 4. Represencative Posl lo Threae Croeks Creek at low Flow Shawing
Water Depths end Fine-Sedimens Accaroulntion.
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Camparison of Fine-Sediment Volume Between
Streamns

The weighted mean value of V* for each creek, V*,
corresponded in general to qualitative rankings of
sediment production in the basins (Figure 8). Grass
Valley Creek contained the most fine sediment (V* =
0.50) and ranked highest ia sediment production; Big
French Creek contained the least fine sediment (V* =
0.04) and ranked lowest. Values of fine sediment vol-
ume for the remainder fell in approximate order of
sediment production. Since V* was a ratio of two vari-
ables, we used the delta method (Bishop et gl., 1975)
to derive a formula fo estimate the variance of the
weighted mean. Standard deviations cgleulated using
this formula averaged 15 percent of V* and varied
from 8 percent (Rattlesneke Creek) to 25 percent
{Grouse Creek). ‘

0.6
0.5 — -{
(:I.doJ
> 034 I {
0.2~
;o2 d
C.1 - -
. 5 '
) 3
o gF B8R HL AS NR TC GR GV
IS A —— | L {
X meoerme hign  exems

Sadiment Yield

Figure 5. Relation Between Ferceot of Prol Volume Filled with
Fins Sediment (V*) and Qualitative Category of Basin Sediment
field. Braczets show 21 atandard error of the mean, Sireams

* are plotted in order of renidog of sedizment yield, Vehics of V*
for Bear Creek did not inciude poals afTected by the mine; vai-
ues [ar North Forx Rattlesoske Creek did not inciude an
ggormalovsly large pool. BF = Blg Freach, BR = Bear, Rl =
Horse Linto, BS = Restlagnake, NR = North Rstticsnake, TC =
Three Crreks, GR = Grouse, GV = Graes Valley,

Secoured pool volume per unit channel area in-
creased with bankfull discharge (Figure 6), but did
not correlate with sediment production. (We used
floods with a Tecurrence interval of 1.2 years (annual
series, estimated using Young and Cruff (1867)] to
approximate bankfull discharge.) For example, both
Big French and Grass Valley Creeks, which have the

77
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The Yolume of Fine Sedlment in Pools: An Index of Sediment Supply in Gravel-Bed Streams

highest and lowest sediment production, had relative.
ly low scoured pool velumes. Plots (not shawn) of fre-
quency and median volume par unit length of
individual pools versus drainage area also showed no
correlation with sediment production, Sediment pre-
duction appatrently affected the voiume of sedimont
stored, therefore, and not the total potential volume of
storage in pools. On the other hand, residual pool vol-
ume was reduced by as much as one-half in the most .
highly disturbed basins.

2.2
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Ramgznane &
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Flgure 6. Plot of Scoured Pool Volugge Per Channel Area
Versua Eankfull Discharge. A recorrents interval of
1.2 years is vsed to estimate bantfuli discharge,

Puarticle Size of Fine Sediment in Pools

Particle size of sediment in pools ranged from sizes
finer than meditm sand up to coarse gravel (<64 mm)
(Figure 7). Most of the material consisted of cosrae
sand to medivm gravel (0.5 to 16 mm), Median pari:-
cla sizes ranged from 1.1 to 6.4 mm. Fine-sediment
size distributions correspond. to the fine mede of
bimodaily distributed bedload. size distributions in
Big French, Grass Valley, and Horse Linto Creeks, In
three channels with the highest vaiues of V* (Grass
Valley, Three Creeks, and Grouse), grain size of fines
in pools was relatively small, both in terms of median
grain size (2.1, 2.3, and 1.2 mm) and ratio of median
grain size of fines to that of bedload deposits (0,15,
0.13, and 0.13). In three channels with low values of
V* (Big Freneh, Morth Fork Rattlesnake, and Rattle-
snake), grain sizes of fines in pools was relatively
large (Dgg of 4.1, 6.4, 2nd 5.6 mm; ratio to Dy of bed-
load deposits of 0.48,. 0.25, and 0.22). Grain size of
pool fines in Horse Linto Creek, which had a low
value of V¢, was relatively small, but corresponded to
the fine moda of 2 pronounced bimodal distribution of
bedload. The finest matarial filling pecls was in Bear
Creek. This can be attributed to the introduction of

~NECTIVED  WATER RESQURCES SULLETIN
JUN 2

3 1857



JUNTLLTIE SA,

Q.0 M 2l

Ldv:;

PR A AP

Lisle and Hilten

T T

o
a

BALE—

~+—Fings In Pools
~. Bedioad Deposits

Big French

Grass Valley I

T T =T

Grouse

o
i

Bear

o
h

PR SO
+—+ *

Fraction Finer by Weight

P S
Horse Uinto T NF Aalllesnaks Rattlesnake Three Creeks
o | -:- | : :
[ [ 1
Q.1 ' '-' T 1"
0 AL el n
g2 1 4 16 64 255 025 1 4 16 64 256 025 ! 4 16 B4 258 025 1 4 1§ &1 258

Particle Diameter, mm

Figure 7. GrainSize Dintribytions of Fine Sediment in Peols and Bedlord Depasits.
Tho figest size class corresponds to all material passiog a I-phi (0.5 mm) efeve,

eroded sail from hillslopes adjacent to the study
ready, as described below.

Downstream Variations in Fine-Sediment Volume

Measurements of fine sediment in pools of Bear
Creek Jed to the detaction of 2 local sediment source ~
an illegal mining operation upsiope, but out of sight of
the channel — atid quantified the extant and volume of
deposition.’ The relative volume of fine sediment in
pools increased sharply immediataly below the mine,
and then attenuated rapidly within the next 100 m or
subsequent ‘thrae poals (Figure 8). Although fine sedi-
ment ‘had been winnowed from most of the affected
aren of the coarse, staep channel, it was siill apparent
in pools. Values of V* were among the lowest of the
study reaches upatream of the mine and among. the
hxgnest immediataly downstream.

- Grouse Creek provide a case study of the influence
of channel gradient en fine-sediment storage. Thae
upper-halfof the study reach was steep (water suriace
sicpe = 0.032) and contained numercus large boulders
{2.4 m) derived from adjacent landslides and rock-
falls; the lower half had s gentle gradient (0.0081)
and contained fewer larger boulders (2 4 m). No large
sources of sediment had entered the channel within
the redehy thus, sediment supply appeared uniform.
Fine-gediment volume and scoured pool voluine
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increased from the upper, steeper reach to the lower,
gentler reach, but V* showed no significant change
(Figure 9). Thus, slope apparently did not effect the -
fraction of available storage filled by fine sediment. -

0.8
[ a
o.g L Bear Creek = o }
o & i
[ = i
oy s ¢ |
: € . :
> 0z r [ |
0.2 [" PR J
[+ P I aa s . & A 4 '
t 'y 'y . A !
. ' . LY - )
0 100 200 300 08 820

Distance Cownstreant, m

Figusre 8, Downstream Yaristion of Relativa Voluma of
Fine Sedizent (V*) in Bear Creek. *Mine input”
icdicates jocation of fine-sediment input frem a mine.

We measured ﬁne—sedrmem volume in randomiy
selected traverses covenng. 24 percent of the entire
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bed surface (not just-poels) of Grouse Creek in order
to eveluate the propartion stored in pools. The residu-
al aren of pools held 44 percent of the total fine sedi-

ment on the bed in the upper reach, 80 percent in the

lower reach, and 75 percent overall. The mean-cross
sectional area of fine sediment stored outside of resid-
ual peols equalied 0.23 m?2 (s.e.=0.09 m?) in both
reaches. Thus, overail, a large majority of fine gedi-
ment on the bed surface was stored in the large pools
of the lower raach. Elsawhere, fine sediment was
stored in emall pockets along streambanks, on bars,
and around boulders, large waody debris, and ripari-
an vegetation.

s Fine sediment voluma, cubic meters
o Scouead pool volume, cubic melers

+ V' x100
1000 = T T T
<
Grouse Creek o © R
. Q
108 . o
- QO e o o2 . * +
g A g
g 0o~ . 3 . e o« 7 - : 4 W
'g . » . . _!:',_
> . -
LI o -
S00.032 5x0.0051
- i
o1 — : : T ]
q 3 & 9 12 15 18

Pool Number

Flgure 9. Downstream Variatioo of Fine-Sediment Volume,
Scoured Pool Voiume, and Helative Fine-Sediment Volume
{Y*){z Grousa Crewk. Poois in downstream order are
prrtiticned by & decronse in slope demsridag upper,
stegper nod lower, more gentle segments,

In other streams, downsiream variations in fine
sediment in pools were due apparently to variations
in storago capacity of individual poels, and not to
downstream varigfions in sediment supply or channel
maorphology.

‘Vartation in Fine-Sediment Volume Between Pools

In each stream channel, a linear regressicon
between fine-sediment volume in pools and scoured
pool volume was significant (p<0.01; Table 2.
Eezsidual piots firom these regressions showed no obvi-
cus departures from linearity, except for North Fork
Rattlesnake Creek, where an anomalously large pool
contained little fine sediment, This pool may have
been enlarped recently by damming of its outlet by
debrig, and we eliminated it from our sample. We

determined a joint confidence region (alpha = 0.05) for
the regression of fine sediment volurne versus scoured
paul velume for each stream to determine if it was dif-
ferent from a function passing through the origin and
having a slope equal to V*, Only Grass Vallaey Creek, -
which had a negative intercept, showed g significant
difference. :

TABLE 2. Coeffieients of Determination (r%) for Fine-Sediment
Velume (V) in Pools Verras Scaured Pool Volume (¥, ), V*
Versus Scouyed Pool Volume, and V* Verzua the Eogaf
Local Water Surface Gradient (logS3,,).

Vg o (V) VYoV, V* = {(ogS
I 3= i

Big French 0.50""* .00 0.10 .
Bears 0,807 044" 0.17
Horse Linto Q.64 (.02 055
North Rattlespaked Q.65 0.0l 0.02
Reitlesnake 0.9g%=" 0.24%% 0.42%
Three Creeks 0.77%%* 0,04 0.20°
Grouse 088" 0.29+* 0.31%
Grass Vallay 0,980 045%™ 0.1l

*Significapt at g probability 0.05<p<0.10.
**Signilicant at & probability 0.01<p<0.05.
***Significant at a probability p<0.01.
2Pegls dowastream of mine ipput are exglyded.
bAnomalously large poal is exciuded.

“Variable does not make an additienal significant eontribution ta
explanation of variation of V*.

In most cases, variance in fine sediment volums, as
well a5 fine-sediment volume itself, increased as
scoured pool volume increased In many cases, varia-
tions in V* of individual peols were wider for smailer
poois than for larger pools. This may be due to a high
inherent varigbility in deposition of ymall valumas of
fine sediment, which are typical of smail pools.
Differences in measurement error between largz and
smail pools were not a factor apparently, because
replicate mensurements showed no relation between
variance of V* within a pocl and pool size.

Less striking, but nonetheless apparent, influences
on fine-sediment volume in some streams were
revealed in plots of V* versus scoured pool volume
(Figure 10A) and estimated water surface slopes (S,.)
aver pools at moderate flow (Figure 10B). We uysed
S.s at moderate flow as an index of the scouring
potential of the flow when fine sediments are trans-
ported into pools. This slope is estimated by the aver-
aga water-surface siope measured at low flow from
one channel.width distance upstream of the pool
downstream to the riffle crest. V* was negatively cor-
related (0.01<p<0.05) with log Sy, in Horse Linto and
Rattlesnake Creeks, whose poois wera filled less than
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16 percent on average with fine sediment (Table 2). In
Bear Creek above the mine, Grass Valley Creek, and
Grouse Créek, V* was not significantly correlated
with log S,, but was positively correlated
(0.01<p<0.05) with scoured pool valume. Thesge chan.
nels can be characterized as having either high values
of V* (Grass Valley and Grouse) or smail grain size of
fine sediment {all three). In Rattlesnake Creek, V*
was also correlatad with seoured pool volume, but was
more strongly correlated with log S, and scoured
pool volume did not have 2 significant effect when the
effect of S,,4 was accounted for. Considering all chan-
nels and higher levels of significancs, V* correlated
better with scoured pool volume than log S, in chan-
neis with high sediment loads and small particle size
of fine sediment in pools; the opposite was true for
thanneis with low sediment loads and coarse sedi-
ment in pools.
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Figure 10. Veriation of Relative Volume of Fine Sedimes:
(V") with (A) Scoared Pool Yolume in Grass Valley
Creek, and (B) Water Sur{aes Siope at Low Flow
Over Pools in Rattlezngko Creek.
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DISCUSSION

Conceptual Mode! for Accumuliation of Fine Sediment
in Pools

Andrews (1979) and Lisle (1879} observed that
sand in pools of the East Fork River, Wyoming, was
scoured at approximately bankfull discharge, expos-
ing a coarse gravel bed. At or near this stage, mean
boundary shear stress in pools equalled or exceeded
that in riffles and exceeded the critical shear stress of
entrainment of all particle sizes on the bed. As the
stage dropped, boundary shear stress in pools became
lass than that in riffles, and pools refilled with selec-
tively transported sand (Lisle, 1978), Reller (1971)
vbserved a similar pattern of variation in near-bottom
velecities in another channel. Using these chserva-
tions, we offer a coneeptual medel for the accumuia-
tion of fine sediment in pools and the factors that
control how much fine sediment is deposited,

As the stage drops below bankfull, pools begin to
fill with fine sediment winnowed from riffles and
other areas of the bed where boundary shear stress
exceeds that in pools (Lisle and Madej, in press),
Although some fine sediment is deposited in posls,
boundary shear stress along the major sediment path-
ways in pools is sufficient {0 maintain continued
transport downstream. At each stage, the volume of
fine sediment deposited in & pool reflects a balance
between local sediment transport capacity and the
influx of sediment from upstream (Laursen, 19562).
Transport capacity is afforded by the high-velocity
flow canverging into the poeal, which is analogous to a
wail jet impinging at a shallow angies on the bed of the
pool. Filling of the pool during a steady discharge, for
example, would be hindered by an ineresase in bound.
ary shear stress under the jet as depth decrenses.

Transport of fine sediment from pool to pool is
interrupted when boundary shear stresses in pools
are insufficient to {ransport sediment onto riffles. In
the final stage of deposition, much of the remainder of
fine sediment on riffles is winnowed and deposited in
peals.

Fine-sediment volume in pools can vary widely
because of complex factors influencing deposition.
Eddies and zanes of flow separation are characteristic
of poois. Sand is ofien suspended intermittently, car.
ried by eddies into “dead zomes,” and deposited to
great depths during waning stases (Rubin ef al.,
1990). Such areas are created by channel bends or
large obstructions including boulders, bedrock projec-
tions, and large woody debris. Thus, the mean
hydraulic variables used to characterize the capacity
of flow to transport or store fine sediment in pools

‘cannot be expected to explain all of the variation in
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fine-sediment volume in pools of a particular stream.
However, 2 continuum of hydraulic conditions over
the range of sadiment-transporting flows is responsi-
ble for both the scoured volume of 2 pool and the vol-
ume of fine sediment stored. Some correlation
between fine-sediment volume and the volume and
flow conditions in & pool can be expectad.

Consider the same stream channel, once with z Tow
sediment supply and onee with a high supply. Filling
of its pools with fine sediment during recessional
stages of a flood hydrograph would cease at the same
eritical shear stress measured in its pools, regardless

of sediment supply, provided particle sizes of fine sedi-

ment remained equal. Filling would cease at different
flaw rates, however, depending on sediment supply. In
the cage of low sediment supply, critical shear stresses
would be reached in desply scoured pools st moderate
flow; in the case of high supply, they would be reached
in shallow, filled pools at low flow.

With the exception of Bear Creek, the material fill-
ing poois in Trinity River tributaries with low sedi-
ment supplies was coarser than that in those with
high supplies. Bear Creek had a meager sediment
load and very fine-grained material filling pools, but
the mine contributed fine-grained material directly ta
the study reach. Perhaps, in high-supply channels,
proportionately more sand and silt are produced from
active soil erosion and abrasion of frequently mobi-
lized bed materials than in low-supply channels.
From theoretical considerations of sediment trans-
port, however, the influence of particle size of pool-fili-
ing material on volume of fill is ambiguous.

In channels with abundant supplies of sediment,
e.g., Grass Valley Crazek, V* correlated with scoured
gool voiume, In such channels, fine-sediment trans-
port is prolonged into stages in which the scouring
mechanism becomes weak. Variations in resulting
residual volume between pocls writh large and small
scoured volumes are relatively small (Figure 114),
bacause variations in scour potential are limited at
low flow. As a result, low-energy zonés that become
filled with sediment are proportionateiy larger in
large pools than in smail peols. We term fine-
sadiment depasition in pools of these channels “vol-
ume-limited” because fine sediment ean occupy 2
smaller propertion of the zcoured velume of small
pools than that of large ones.

In channels with meager sediment supplies. e.g.,
Rattlesnaks Creek, V* correlated with local stream
gradient which indexes lacal transport capacify when
fine sediment is deposited in pools, In such channels,
filling ceases at a moderate flow when the scouring
mechanism remains strong. Variations in scour
strength can cause large variations in V* from pool to
pool (Figure 11B). Differences between average values
int V* for large pools versus those for smal! poals tend
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to be small, however, beeause of the continuum in
scouring potential and the small difference between
flows which scour pools to an underlying coarse layer
and those during which filling ceases. The potential
for deposition of fine gediment is roughly proportional
to scoured pool volume, but differences in scour poten-
tial cause large variations in deposition between pools
of a given size. We term fine-sediment content in
these channels “jet-limited” because the strength of
the submerged jet tending to scour a pool apparently
limits the relative volume of fine sediment deposited.
The volume of water providing habitat for fishes
and other aquatic organisms in a pool depends partiy
on the volume of the pool basin created during gener-
al transport of the streambed and partly on secondary
filling of the pool by fine material that is selectively
transported as flows wane, Sediment supply to our
study streams apparently influenced the latter, but
not the former, unless the scoured pool volume of sedi-
ment-rich channels has been inherited from a previ-
ous period of low sediment supply. Loeal channel
conditions such as the size and spacing of large
obstructions and bends that induce scour (Lisie, 1986)
may override sediment-load effects on tha sconred voi-
ame of peals. In Grouse Cresk, for example, pools
were frequently associated with large blocks of land-
slide debris. The pools were filled as much as 50 per-
cent by fine sediment, but the presence of the blocks
greatly enhanced total pool volume, and some large
poals were scoured around the largest biocks.
However, no conclusions ¢an be made on the effects on
scoured poel volume by sedimant inputs moras volumi-
nous than we encountered. Large sediment inputs
leading to widespread sgpradation and channel insta.
bility can severely reduce pool volume without the
occurTence of secondary filling by fine sediment.

CONCLUSICNS

Measurement of the telative volume of fine sedi.
ment stored in pools provides a practical method to
inventory the velume of mobiie sediment stored in a
reach of gravel-bed channel. Weighted averages of
ratios of fins-sediment volums to scoured pool volume
correlated well with qualitative assessments of
sediment yield for eight tributary basing of the Trinity
River, Californig. The method can also be used to
detect and evaluate inputs of sediment along a chan-
nel network. The method is practical because it
(1) measures the most active component of channel-
stored sediment and is thus sensitive to changes in
tontributions from the watershed; (2) quantifies 2
sediment-related effect on an important component of
aquatic habitat; and (3) is easily accomplished in
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Figure L1, Models [or Volume-Limited (A) and Jet.Limited (B} Deposlt on of Fine Sedimest in Poola.

small- to moderate-sized stream channeis. Because
sediment storage is measured in consistant hydraulic
environments, the reiative areas of pools and riffies in
inventoried reaches dces not confound comparizons
between stream channels or in individual reaches
over time as areas change.
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and excerpt from' . sciencific article, "Effe.cs of Tines in

Saluenid Bedds” -- Chapman, illustsates the threshhclid phencm-

s
embryc survival of fine sediments:
aa
] - - 4 " "I.. :
Percent Survival of Salmonilcd Embryos rsls Tonest tne
vs. . ' .
Percent of Fine Sediments

-

[

enon and affect on

THRESHHOLD and AREA OF DRASTIC " 80
DECF=ASEZ IN EMBRYC SURVIVAL \

[
o “RC. _;-‘0
searcH generzlly suppers the hypathesis that sur z
vival deslines in substrates as quantities of fine = '
sediments Increase. Fines tend to reducs gravel. o A\
parmeability and pore spacz. as well as dissolved & At
oxyzen ih -waler available \o embryos. thus infiu- " 20 \
encing incubation success, o L
."\_ “-\-"Csna L

£rom Transactions of the America

Fisheries society, -Critical Review . _ ’?,/’/ 4 L _cmumtm
Gf variables Used to Define Effects . - /j/,;i—cw taa.
of Fines in Redds of Large Salmonids” - = - = -

by D.W, Chapman Parcent fines <0.88mm

Fiotig S.wSurmnal of wimenid emoryes 12 cmer.
genee in relatien 16 fnes ymaller han Q.85 mm in dis
ameler, D212 provide cemparitons of ez ho s2imon tue.
vivaly in laboratary tabk) ind Scld {Cederhalm et al,
1931}, of coha Simon in (wo.differsas nreams (Kosks
19462 Cedeshalm =1 3l 19500 164 of thineek wiman
Tn graveis with & rangy of persemaged of panicles len
tham §.8 mm in dizmerss (haged e Tapeeland Bjama
1923), t
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