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The fraction of pool volune filled with fine
sediment {usually fing sand to medium gravel) can
wetul index of the sedhment supply amd
i subsirate habitat of gravel-bed chanpels. Neanbe
: used to evaluate vad monior cannel candition
and ta detest and cvaluate sediment sources, This
fraction {¥*y is the ratio of fine-sediment velume
10 poe! water velwme plus fine-sediment vohone.
These volumes are camputed Tor the residual por-
tion of the pool that lies below the elevation of the
downstream ritile crest, Fine-sediment thickness
15 measurad by driving u graduated metal probe
0 4 fine-grained deposit until the wuderiying
cuarser subsirate 15 lelt, Weter depth end fine-
sediment thickness are measured aeross trauscets,
amd voluwmes ave computed by soraming products
of cross-sectional arcas and distances botween
ransecls, Replivate measurements of ¥V were
made in 26 peels, and rhe variability of V* . the
weighted mean value of V* for a reach, was
analyzed in 12 reaches. The largest soure of
varighility in V*® was the meosurcrent of tHoe
sediment voiwme, Topographic irregularitics o
pools aud on riffte crests and effects of varfation in
discharge on measiremend of riffle crest elovation
also affected V*, Ten 1o 20 pools are needed 0
estimaie V* i a reach, depending on sceeptable
error and vartabiiity between pools,

Retrieval Terms: fine sedunent. pools, momtor-
ing, sedimentation, lish habiwt

xperienced hydrologists and geo-

morphologistscan estimate the rela-

tive mobility of a streambed by
looking at indicators of bedload transport,
such as the freshness of bed-surface mate-
rigl. Another such indicator is the amount
of fine sediment in poels. Pools in gravel-
bed streams conunonly contain deposits of
tine sediment {mostly sund and gravel) that
overlie a coarser subsirate of coarse gravel,
cobbles, or boulders. In such channels, the
fraction of pool volume filled with fine
sediment can be used as an index of the
supply of mobile sediment. This fraction
(V*}isthe ratio ef fine-sediment velume to
poel water volume plus fing-sediment vol-
ume. In a previoas paper, we investigated
the relationship of V# the weighted mean
valueof V* fora reach, to qualitative evalu-
ations of sediment yield in eight tributary
basing of the Trinity River in northwestern
California,! This study suggested that V*
could be used to evalaaie sediment supply
in gravel-bed channels withoutdirectly mea-
suring sediment transpert or sediment de-
livery from hillslopes. In one channel, V*
increased abruptly downstream of a sedi-
ment source, suggesting that V* could be
used to identify significant scdiment
soUrces.

We are conducting ongoing rescarch on
the relationship between V¥, sedimen
supply, and basin characteristics and are
attempting to link V™ to habstat suttability
for aquatic organisms. If this is successful,
V# could be used to simultanenasly evalu-
atesediment supply and s effects onaguatic
ecosystems. These relationships could then

provide a needed link between watershed
condition and fish habitat,

This paper deseribes a method to mea-
sure V¥ and discugses factors affecting the
accuracy of estimates of V* and V¥

APPLICATIONS
AND LIMITATIONS

V* can be used 1o evaluate and monitor
channei condition and to identify and quan-
tify effects of discrete sediment sources.
There are, however, limits ro the types of
channels where it can be used, and care
must be taken in interpreting differences in
V* berwgen channels.

The usefulness of V# is limited to ¢han-
nels i which significant volames of fine
sediment can be deposited in pools. To
date, we have found that V* can be accu-
rately measured and results consistently
interpreted in channels that have:

» a wide range in particle size between
armor layvers and fine sediment i pools.
Sediment supply needs to include at least
moderate proportions of sand and fine
gravel. We have found V* 1o be very low
and insensitive to sediment supply in ba-
sins that are formed m basalt or competent,
fine-grained metamorphic or sedimentary
rocks, for example.

= stable banks of densely rooted allu-
vium, bedrock, or armored colluvium,

+ a single thread. In braided channels,
the volume and proportion of fine sediment
can vary widely between anabranches and
thus create wide variations in V.

» gradients Jess than about 3 percent, We

l USDA Forest Bervice Res. Note PEW-BRN-414-WER, 1993,



are uncertain about how V* varies inher-
ently between step pools, which are associ-
atod with stecp slopes, and bar pools, which
are commonly associated with gentie stopes.

Care should be taken in interpreting
differcnces in V¥ between different stream
channels. Knowledge of variations of V*
between streams with different geologies
and stream types 18 nceded to interpret
variations in V* with respect to sediment
supply. For example, a value of V*_ of
0.15 would be expected to represent kigh
sediment supplics in basins underlain by
competent metzmorphic rocks, but would
be considercd low for basing in weathered
granite. V* values can be expected to be
associated with substrate conditions im-
portant to aguatic organisms, such as
embeddedness or infiltration, but specific
responses wiil depend on the community
present. which will in tum depend on the
natural range and variability of substrate
conditions in the channel.

These problems are not encountered
when monitoring changesin V*_ overtime
or tnusing V¥ to evaluate sediment sources.
Volumes of sediment from landshides, for
example, can be casily measured from air
photos or ia the field, but evaluating the
intensity, extent, and duration of their im-
pacts on channels has been problematical.
V* measurcments upstream and down-
stream of such sources ¢an potentially be
used fo evaluate and monitor their mobile
sediment inputs.

Measuring V¥ in large rivers has practi-
cal limitations, although pools can be
sounded and fine sediments probed from
tethered rafts. We have measured V* in
pools as wide as 30 m and 2000 m? in
volume. Small pools create no logistical
problems, but measurement precision may
need to be inereased in very small pools (<1
m? in volume). We have measured V¥ in
second- through fifth-order channels.

METHODS

V¥ Is estimated ina section of a stream
channel by measuring the water and fine
sediment volume in the restdual pool in all
of the pools in a study reach and then
calculafing the weighted average value of
V* {or the reach.

Time and Equipment

Twe or three gxperienced people can
measure a wadable pool in half an hour to
an hour, but accurate measurement of large
pools reguires a rafi, which takes more
peopleand more time. Theminimum equip-
ment reguired 1s two tapes, chaining pins,
and a graduated rod. The rod must be long
cnough to measure water depth plus fines
depth in the deepest part of the pool. A rod
made of one-half inch diameter stainless
stech probes fine sediment deposits well
without bending. Systematic sampling also
requires a caleulator with a random number
generator or a random number table. We
use a palmtop computer with a spreadsheet
to choose transect locations, enter the data,
and calculate V¥, This reduces data pro-
cessing time and provides an opportunity to
catch and correct errors in the field.

Choosing a Study Reach and
Identifying Pools

The general location of a study reach is
set by the purpose of the study. Reaches
may be located upstream and downstream
of a sediment source or downstream of a
watershed rehabilitation project, for ex-
ample. The specific location is chosen to
avoid complicating factors which might
affect V¥ within the reach, such as intra-
reach sediment inputs, braided sections, or
tributarics, A reach should include enough
peols 1o provide an accurate estimate of
V# forthe streamsegment. The number of
pools necded depends on the variability of
V* between pools and on the desired aceu-
racy of the estimate of V* . In channels
where V* does not vary greatly between
pools, 16 to I3 pools are often sufficient
{see Discussion.

After a study reach has been selected,
the length of the reach is surveyed to iden-
ttfy pools to measure and determing what
constitutes fine sediment in this channel.
For our purposes, a measurable pool is an
area of channel whick (1) has a significant
residual depth®? (the deepest part of the
pool must be at least rwice as deep as the
water flowing out of the pool at the down-
strcam end); {2} has an essentiatly flat wa-
ter surface during low flow (water surface
stope <1.03 percent); and (33 includes moss
of the channel {it naust include the thalweg
and occupy at least half of the width of the
low-tflow channel). The specific criteria

]

can vary, as long as they arc repeatable and
consistent across all reaches compared. We
allow fer possible variation in depositional
patterns between different types of pools by
measuring all pools ina reach, regardless of
origin, but pool type could be a sefection
factor if enough pools are available. One
should avoid measuring potential pools with
unclear boundaries, such as long glides
containing small deep areas or small deep
areas in rocky channels, beeause it is diffi-
cult to measure sueh pools consistently,

What constitutes fine sedimenting chan-
nel is determined by the distribution of
particle sizes and patterns of' fine-sediment
deposition in the channcl. Fine sediment is
defined as the material forming the matrix
among the gravel framework of the bed
aterial® This material is commonly win-
nowed from areas ofhigh shear stress, such
as riffles, and deposited in pools.! Fine
sediment in a redch 1s defined as material
which (1) is distinctly finer than the bed
surface {median pariicle size {Dsg) of fine
sediment approximately one tenth or less
ofthe Dy of the bed surfaceyand {2} can be
distinguished fromundert ying coarsersedi-
ment by probing with the rod. Deposits of
fine sediment that are armored (covered by
a laver of larger sedimentyor densely occu-
pied by roots of riparian plants are not
considered avatlable for transport and are
not measured, In most channets, tine sedi-
ment 15 defined for working pumoses as
deposits with a D of TF mm or less, but
deposits with a Dgy of 16 mm {medium
gravel can be measured in channels with
large surface particle sizes and high trans-
pott energy.

Measuring Riffle-Crest Depth and
Defining Pool Boundaries

Calculation of V* requires measuring
the volume of water and fine sediment in the
“restdual” pool. The residual pool is de-
fined as the portion of the pool that is deeper
than the ritfic crest forming the downstream
lip of the pool, that is, the pool that would
remain ifthere were negligible surface tflow
ffigure 1433 The riffle crest is a high poini
on # longttudinal profile and usually the
shallowest place at the downstream end of'a
pool. During low flows, when the water
surface in pools is nearly flat, the riffle crest
can be identified by the beginning of the
riffled, more sloping water surface.

USDA Forest Service Res, Note PEW-RN-IS-WER. 1993,
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Flgure 1—A) Longitudinal profile of a pool, showing the nffle crest and the area included in the
reskdual poo! volume. {B) Cross section of a poot, showing measurement of water and fine sediment
depth and volume of water and fine sedimeant in the scoured residual poocl.

The first step in calculating V* is to
measure the riffle-crest depth and define
the pool boundaries. Water depth at the
riffle crest is measured by taking the me-
dian of several depth measurements taken
across the thalweg at the riffle crest (figure
24 Because the riffle-crest depth defines
the residual pool, it is important to measure
it consistently, Near the riffle crest, the
water surface may break in several places,
discontinuously, or gradually over a dis-
tance. The riffle crest is identified as the
shallowest continuous line (usually not
straight) across the channel close o where
the water surface becomes continuously
riffled. Depths are measured across the
deepest part of the flow at 5-20 evenly
spaced locations along this line, depending
on the width and irregularity of the mea-
sured section. To consistently measure the

same section of the riffle crest, measure-
ments are taken where we expect water to
flow at minimum discharge. Thus the mea-
sured section occupies a smaller proportion
of the total wetted width at high flows than
at low flows. Defining and measuring the
riffle crest can be confusing. Survey teamg
should discuss measurement focations and
pericdically take duplicate measureinents
to maintain consistency,

Water depths and fine-sediment depths
are measured within the “scoured residual
pool,” which is the residual pool that would
result if all of the tine sediment in the poo!
were removed. 1fthe water surtace over the
peolis essentially horizontal, the boundary
of the scoured residual pool is where water
depth plus fine-sediment depth equals riftle-
crest depth (figure [/8). Where the water
surface is not completely horizontal, as at

the upstream ends of many pools, the bound-
ary is where a plane at the elevation of the
riffle crest would intersect the streambed
with fine sediment removed (see figure
[4}. In a few situations, we exclude sec-
tions of stream channel which would be
included in this definition. For example, a
long glide extending into a pool may be
excluded, even if the glide is decper than
the riffle-crest depth. Similarly, if the up-
stream end of the pool is a riffle that is
deeper than the niffle crest, the upstream
boundary of the pool is defined as where the
nearly horizontal water surface would be-
gin at a minimum flow.

Measuring Water and Fine Sediment
Volume

Volumes of water and fine sediment in
the residual piol are calculated from mea-
surements of water and fine-sedimentdepth
along a series of cross sections in the pool,
The basic technique is essentially a system-
atic sample, with cross sections spaced
evenly along the length of the pool, Zero-
area cross sections are assumed at the ends
of the pool. Depth-measurement points are
spaced evenly across each cross sectionand
ateither end. The locations ot'both the cross
sections and the depth-measurement points
are determined tfrom a random start. The
basic system is modified in some cases to
improve the accuracy of the estimate. The
basic systematic sample will be described
first, followed by examples of medifica-
tions for specific situations,

Buasic svstematic sample (figure 2).

1. Stretch a tape along the length of the
pool, from the upstream end to the furthest
point on the riftle crest or along the longest
dimension of the pool. This tape must be
straight, since bends will distort the volume
calculations. If the pool is so irregular that
a bend cannot be avoided, divide the pool
into sections and measure each separately
{(figure 3}.

2. Draw a sketch map ot the pool, show-
ing locations of the upstream end of the
pool, ritfle crest, areas of fine-sediment
deposition, and major features of the pool,
such as logs and outcrops.

3. Decide on the number of cross sec-
tions and the distance between depth-mea-
surement points. The appropriate sampling
intensity depends on the complexity of the
pool and on the accuracy required. We take
from 4 to 10 cross sections in each pooland

3 USDA Forest Service Res. Note PSW-RN-414-WEB. 1993,



Pool #21, Horse Linto Creok

Depth badow water surface,
meters

Firve Sadiment Deposite
Longitudinal Tape
wmmmomme Tranesct
\D-pmmmpom
- ®- - Rife Crest
F~—_Riffie Cree: Depth
Measursment Point

Figure 2—Foal #21, Horse Linto Creek, showing location of the longitudinal tape, transects, measurement points for water and fine sediment depth,
the riffle crest, and measurament points for rffle crest depth.

set the distance between depth locations to
provide 7 to 16 points across the widest
cross section.

4. Determine the locations of cross sec-
tions and depth-measurement points. Di-
vide the total length of the pool by the
number of cross sections to find the dis-
tance between sections. Choose a random
number berween zero and this distance to
locate the first cross section, and add the
chosen spacing to locate the remaining sec-
tions. Choose random numbers between
zeto and the distance between depth-uea-
surement points to locate the first point in
from the edge of each cross section,

5. Run a tape perpendicular to the length-
wise tape at each cross-section location,
Measure water depth and the thickness of
any fine sediment present at ¢ach measure-
ment point with a graduated rod. Fine-
sediment depth is determined by probing

with the rod until a change in resistance is
feltas itstrikes coarsermatenial (figuire [ B).
A small sledge may be useful for probing
deep deposits. The cross section begins at
theedge of the scoured residual pool, where
water depth plus fines depth becomes greater
than riffle-crest depth (figure 18). Record
total water depth and fines depth at both
edges of the pool, and at regular intervals
across the pool as determined instep 4. If a
fines deposit deep enough to be included in
the scoured pool extends above the water
surface, record height above the water sur-
face as a negative water depth.
Modifications. The advantage of the
basic systematic sample is that it is simple,
repeatable, and statistically unbiased. The
main disadvantage is that it does not use
information about the pool (such as the
location of fines deposits) that is available
to the people taking the measurements. The

basic sample can be moditied in a variety of
ways, fromdecreasing the distance between
cross sections or depth-measurement points
atsome locations to dropping the systematic
sample entirely and deliberately choosing
cross-section or depth-measurement
tocations or both. Because deliberately
chosen locations introduce potential bias,
locations are choscn only when it will cleardy
improve the accuracy of the estimate. These
are some common situations in which
modifications can improve accuracy:

* [n most pools, fines occupy less than
one-half of the substrate area. To measure
fines volume more accurately, the distance
between depth measurement points is usu-
ally reduced over fines deposits, and points
are added at their edges. Also, cross sec-
tions are often added to measure an area of
fines more intensely or to define its up-
stream or downstream fimits,

4 USDA Forest Service Res. Note PSW-RN-4t4-WEB. {9493,
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Figure 3—Measuring a poctwith abend. The longitudinal iape is strung intwo straight segments, transects are located systematically
atong the fape, and a zero-area cross seclion is recorded at the location of the bend in the tape.

» Ifa pool has a deep, complex segment
and another segment that s faidly long,
simple, and shallaw, the peol may be di-
vided into two segments and the more com-
plex segment sampled more intensely. A
cross section at the boundary between seg-
ments makes the volume estimates for each
H0rg accurate,

+ Cross sections or depth-measurement
points or both may be added to adjust for
irregularities in pool shape, such as large
recks, holes, or shoals.

+ If most or all of the fines in a post are
in a few discrete deposits, their volume can
be measured separately, The pool volume
is measured using the basic systematic toch-
nigue, as though fines in the discrete depos-
its were absent {fines depth measurements
in the deposits are recorded as zero}. The
residual-pool volume of fine sediment in
the deposits is then measured more inten-
sively, and the volumes of the discrete
deposits are added to the fine sediment
valume measured in the rest of the pool.

Caleulating V* and V*

V*1s calculated as follows:

1. Caleulate the residual cross-sectional
area (the arca deeper than the depth at
the riffte crest) of fines and water In
guch cross seetion.

2. Set a zero-ared oross section at the
upsteeam and dewnstream ends of the
poot,

. Calculate the average residual cross-
sectional arca of fines and water
between gach pair of adiacent cross
sections.

4. Multiply the average cross-sectional
area for each pair by the distance
between them.

5. Add the volumes of the water and fine
sediment in all the segments to find
the totals for the pool.

6. Caleulate V* for the pool:

=

P residual fines volune

scoured residual pool volume

where scoured residual pool volume =residual
fines volume + residual water volume.

L

A sample data set with detailed instructions
and examples of the caleulations is shown
i appendix A, Worksheets are available to
do these caleulations in Lotus 1-2-3 and in
SQL*Calc.

V# isthe average of the V*'s for all the
pools in a reach weighted by the scoured
noul volume of cach pool. Because V¥ is
the ratio of fines volume to scoured pool
volume, the weighted mean for the reach
can be simply caleulated as:

- I (residual fines volume)
" X (scoured residual pool volume}

W

The variance of the gstimated residual
water volume, fines volume, and V¥ for
individual pools may be assessed by
remeasuring a sample of the pools and treat-
ing each measurement asa random sampde of
all possible measurements of that peol. The
variability of V*, for the reach can also be
estimated, but since V* 13 2 ratio of two
estimates (fines volume and water velume),
calculating the variability of the weighted

USDA Foresl Servive Res, Note PSW.RN-414-WEB. 1995,



mean is complex. A formula for estimating
the variability of V¥ __is in appendix B, along
with a process for testing for significant
differences in V*, hetween reaches.

ACCURACY OF THE ESTIMATES

The accuracy of the estimated value of
V#, for a reach depends on the accuracy of
the estimates of V* for each pool and on the
variability of V® between pools in the reach,
To tind eut how precise our individual pool
volume measurements were, we measiured
variability ducto sampling and measurement
error by repeating measurements of several
pools. We also investigated how discharge at
the time of measurement affected the mea-
surcd surface clevation of the residual pool
and consequent vatues of V* To find out
how variab ity between poots afTected V*
we studied the refationship between the esti-
mated value of V¥ and the variability ofthe
estimate of V¥ it 12 reaches, cight in the
Trnity River watershed and four others in
northern California.

Individual Poo! Estimates

Niane pools in Trinity River tributaries
were measured three times cach in 19940,
and six of these were remeasured two or
three times each in 1991, For these dupli-
cate measurements, we kept riffle-crest
depth and pool length constant and varied
the starting point for the systematic sample,
The standard deviation of V* ranged from
0.00 to 9.08, and increased slightly with
V*. Coeflicients of variation ranged from 0
to 170 percent, with the higher values con-
centrated at very fow values of V¥ (figure
4J. The coefficient of variation of V¥ in 2
pooi was highly correlated to that of the fine
sediment volume in that poot {r = 0.995).
Figure 4 also includes the coefficients of
variation for five poolsinthe Salmon River,
California, which were measured three times
gach in 1991, These measurements wete
taken a weck apart, by different people, and
riffle-crest depth and peool length varied
somewhat between measurements. The
standard deviations and coefficients of
varation of those pools were simifar to
those of the other replicate measurements,

Effect of Discharge on V¥

Because we measure only within residual
pools, the measured water and fine-sediment
volumes (and thus V*) should not vary with

discharge. I the riffie crest is always mea-
sured in the same place. the riffle-crest depth
will increase exactly as much as the water
surface of the pool rises, the elevation of the
surface of the residual pool (riffle-crest ef.
evation} will be constant, and the same veol-
ume wiltbe measured atany discharge. How-
sver, because locating the riffle crest and
selecting the section to measure are some-
what subjective, there is some potential for
errar. Svstematic errors could occur i the
measuredriffle-crestelevation is conststently
affected by discharge and if V¥ s consis-
tenily atfected by riffle-erest elevation. To
determine whether discharge atfects niffle-
crest elevation, we measured riffle-crest el
evation {water-surface elevation minus the
measired siffle-crest depth} at three pools in
Jacoby Creck at four different flow levels,
Elevations were measured at extremely low
base flows, normal summer base flows, and
flowssignificantly above summerbase flows.
To find out whether riffle-crest elevation
affects V*, V¥ caleulated at different riffle-
erest depths were compared forsample pools
from five cregks in northern California.
Measuredriffle-crestelevations inJacoby
Creek tended to be higher at fow lows than
at high flows, possibly becanse the width of
the minimum flow channel was underesti-

mated af high flows. Riffle-crest elevations
did change less than watersurface eleva-
tions, however. Maximum changes in water-
surface elevation ranged from . [ 06 0.20m,
whereas changes m riffle-crest efevation
ranged from 0.0 to 0.07 m. Maximum
changes in restdual elevation were equiva-
fent 1o 10 percent, 25 percent, and 70 percent
of the riffie-crest depth of the respective
poats at moderately low flows.

To evaluate the effect of an error of this
magnitude in riffle-crest elevation on V*,
we calculated V* using a riffle-crest depth
cquivalent to 150 percent of the original
value (measured at moderately low flows)
in 19 pools, Original values of V¥ ranged
from 0.01 to 0.62. The deeper riffle-crest
depths resufted in smaller residual pools,
which had higher V* values in 18 of'the 19
cases. The mean percent change in V* was
{3 percent{16percentifthe negative change
wasomitted ), which corresponded toa mean
absolute change in V¥ ot .05,

Varizbility in V*_

We catculated the standard error of the
estimate of V¥ for all of the reaches we
measured using the formula i appendix 8.
Wethen modified the formula to predict the
number of samples {pools} required to

200
-
C: Trirdty Basin 80

. |
‘g 160 ! "3 Trinity Basin 91
g E < Balmon River :
& : i
’:') i
ERRC I
3
3
=
o
= T oo
T 0
o
B
4
B ot
o
Y a0 - o 5

g o s ’

0 v H 4
Q M H
0 0.1 0.z 3 04 05 0.4
iean V" of Pogt

Figure 4—Varability of the estimate of V*, from muitiple measurements of V* on pools in Trinity River
triputaries in 1990 and 1591 and in the South Fork Saimon River in 1991, The coefficient of vanation
is the percentage raflo of the standard arror of the mean W the mean value of V* for each set of

measurements.
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achieve a standard error of 20 percent of
V#*, for each reach. The standard erroes of
our reaches, sach of which included 10 to
20 pools, ranged from 0.81 to 0.06 and
averaged |7 percent of the value of V* .
The caleulated sample size necessary to
obtain a 20 percent error in V¥ ranged
from 4 to 26 pools and generally decreased
as V* increased, Exceptions were reaches
in (Grouse Creek, which had extremely ir-
regular pools due to the presence of very
large boulders, and in North Fork Caspar
Creel, which had irregular pools caused by
large woody debris. These twe reaches had
high standard errors and required higher
sample sizes.

BISCUSSION

The main factor affecting the vanabihity
of the estunate of V* for a pool seems ta be
the amount of fines in the pool. In pools
with moderate to high values of V* (V*
=3, 10), most {80 percent) of the standard
deviations were less than 20 percent of the
mean V¥ for the pool. In pools with lower
V¥ values, the standard deviations ranged
up to 170 percent of V¥, Although it 1s not
practical to expect the same percent errors
in these pools as in those with higher V*
values {because a small percent of a small
number 18 a very small number), 1tmay still
be important to measure V¥ in these pools
mwre precisely than in pools with a higher
proportion of fine sediment. Brror n V*
was strongly correlated with error in fines-
volume measurcment, and fine sediment
does tend to be measured less intensively
when it occupies a small proportion of the
area of the pool. Therefore, we strongly
recommend increasing sampling intensity
in arcas of fines or measuring fine-sedi-
ment deposits separately, or both, particu-
larly where {ine-sediment deposits occupy
a small proportion of the surface area of the
poolor when itis important to measure low
values of V¥ accurately,

Estimates of the maximun possible er-
ror in V* due to variations in discharge (13-
L6 percent of V¥ measured at moderately
low flow) were slightly less than the 18
percent average measurement error for rep-
licate measurements ata constant discharge.
However, measurement ¢rror from sysiem-
atic samples with a random start is random,
whereas errors due to changes m water
depth appear to be consistent and thus have

the potertial to bias V¥ We recommend
measuring at moderately low flows. Riftle-
crest depths ean be difficult to measure
accurately at very low flows when the pat-
ternofthe flow is affected by surface rocks,
Atmoderately high flows the water surface
over a pool 1s likely to slope appreciably
and affect peol volume measurements. For
monitoring over time, comparisons will be
more accurate if V¥ is measured at a
consistent stage or discharge. Similarly,
compdrisons between reaches will be more
refiableifall reaches are measured at nearly
the same refative flow. If this is not pos-
sible, allowance should be made for the
possibility that values of V* measured at
high base flow could be elevated relative to
those measured at low How,

Our estimates of the vanability of V¥
inciude the effects of measurement errors
i ¥V* but do not include any possible bias
due to varations in discharge, since all
pools in & reach were measured at approxi-
mately the sume discharge. The desired
standard error of V¥ depends on the prect-
sion required to detect changes in a reach,
deviations fromareference value, or differ-
ences between reaches. We found that the
standard errers from measuring 10-20 pools
per reach enabled us to distinguish farly
well between reaches, and the sample size
calculations indicated that fewer pools

would probably have been enough 1n most
reaches. The caleulated sample size (figure
3} 1s not necessarily the number of pools
that should be measured in each reach,
singe the percent error in V¥ needed to
distinguish between reaches willdepend on
both the value of V* {1 20 percent error 18
a large range of V¥ values when V* i
high and a small range when V* s smatl)
and on the closeness of the values being
compared. The sample sizecalculation does,
however, indicate the relative sampling in-
tensity requiredto be able to measure reaches
with ligh standard errors at the same preci-
sion as reaches with lower variability be-
tween pools. We recommend cvaluating
the ircegularity of the pools and the vana-
tion in V* before and during data collection
ina reach. Ifall of the peols in a reach have
similar values of V*, then differences be-
tween the estimates of V* caused by mea-
surement error could have a significant
effect on the variance of the estimate of
V*,, and V¥ can be best estimated by
measuring @ few (6-10) pools accwrately.
For most reaches we recommend measur-
ing 10-13 pools, and if the value of ¥V*
varies widely between ponls, the best strat-
egy might be to measure as many pools as
possible (20 or more), perhaps with less
sarnpling intensity on each, IFV* iz highly
variable but the number of pools available
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Figure 5--Predicted sample sizes necessary to limit the error in V', 10 20 percent of the value of V¥,
for that reach, calculated for 12 reaches. Our estimate of V*, for sach reach i3 shown with our
standard error of the estimate for that reach, which was based on 10-20 pools.
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inthereachis limited (by sediment sources,
changes in slope, ete.), putting more etfort
into sampling each pool will at least reduce
the measurement-error component of the
total variability. [fthe objective is 1o moni-
tor a reach over time, and i the structure of
the pools in a reach is fairly stable, aceurate
measurements of a few major pools at ap-
proximately the same discharge cach year
may give the best information.

SUMMARY OF
RECOMMENDBATIONS

To minimize variability of the cstimates
and chiminate potential bias, we make the
following recommendations:

Fine Sediment Measurements

* When fine-sediment deposils ocoupy
a third or less of the pool substrate area,
increase measurement intensity in fine-
sediment deposits, either by decreasing
the distance between depth-measurement
peints orby making separate measurenents
of deposits.

Bischarge Levels

» Measure all pools at moderately low
flows.

+ ifareach is being monitored over ting,
measure ap approximately the same dis-
charge cach year.

* If reaches are being compared, mea-
sure all reaches at approximately the same
relative flow,

Sample Size

« If all pools in a reach have similar
values of V¥, measure 6-10 pools refatively
mtensively.

= I V*® varies somewhat (V* for all
poals is within 26-30 percent of the mean),
measure H-13 poals.

» I V# is highly variable {some V¥'s of
(1.4 or more and others 1.1 or less), measure
ag many pools as possible, up to 20 or so.

« 1f the objective is to monitor changes
over time in a single reach, and if the poels
m the reach are structurally stable, inten-
sive measurement of'a few pools {4-5 mini-
mum} may miininize varability and pro-
vide additional mformation about changes
in individual pools.

8 USDA Forest SBervice Res. Now PEW-RN-414-WEB. 1993,



APPENDIX A

Caleulating Residual Pool Water Volume, Fine-Sediment Volume, and V¥
Follow these basic steps to compute residual-water and fine-sediment volumes for a pool:

1. Caleulate cross-sectional areas of the water and fine sediment in the residual pool at each ¢ross section.
2. Assuime a zero-area cross section at the beginning and end of the pool. Caleulate water and sediment volumes in cells between
each pair of adjacent cross sections, including the zero-ares cross sections at the endpoints.
3. Sum residual-water and fine-sediment volumes for all of the cells to compute total volumes.
The tollowing example of the caloulations uses the data from a very small pool. In this example. d = water depth, d, = riffle-crest
depth, and yy = fine-sediment thickness. These are the data;

riffte-crest depth () = 0.10 m; total length of pool = 120 m

cross scction #l at 24 m

distance {m}) 0 0.3 15 2.5 2.7
J(m) .10 0.50 (.58 (.40 0.10
yrim} 0 0 0.02 .02 0
cross section #2 at 6.4 m
distance {m) & | 2 3 4 5 6 6.2
d {m) 0.06 .62 0.74 1.12 (.96 0.70 0.56 0.10
yrim) (.04 6.1 0.02 0.01 {} 0 ] ¢]
cross section #3 at 104 m
distance {m) 0 0.8 13 28 38 4.6
d{n) 302 (.08 108 1.14 .94 010
¥y (m) 0.12 019 6.14 0.06 6.04 ]

The first step is to compute depths of the water and fines in the residual pool. The residual water depth, o). 1s the water depth minus
the riffle crest depth. The residual fine-sediment thickness, v,y is the thickness of the fine sediment below the niffle crest (figure 1).
If the water depth at any location is less than the riffle crest depth, the fines thickness at that location is reduced by a corresponding
amount. Thatis, d, = d - d and IF d < d , THEN v = yp- {d - ), ELSE yp= v After these calculations, the data look like this:

cross section #1

distance {m) 0 0.5 13 2.5 2.7
d {m) G (.40 078 0.30 4]
Vppfm) 0 0 6.02 0.02 i
cross section #2
distance {m) 0 1 2 3 4 5 G 6.2
d.{m) (.04 0.52 0.64 1.92 .86 (.60 0.46 0
Ve (m) 0 0.10 0.02 0.61 g 0 0 0
cross section #3
distance (m} 0 0.8 1.8 2.8 38 4.6
d{m) 012 -0.02 0.98 1.04 0.84 &
¥y {m} 0 0.08 .14 0.06 (.04 0

The next step is to compute eross-sections] areas of water and fine sediment. We start by caleulating the width wy, average residual
depth {d ), and average fine-sediment thickness (v); ef each segment of the ¢ross section (between two adjacent measerement points),

Cross section #1

segment number i 2 3 4

w; (m) 0.5 | | 0.2
{ch); (m) 0.20 0.39 0.54 .13
(vh; (M) 0.0l 0.02 0.01

9 UISTEA Forest Sorvice Res. Note PRW-RN-14-WER, 1993,



cross section #2

segment number i 2 3 4 3 6 7
w, {1m) i 1 1 1 ! i 0.2
{d), {m) 6.24 0.38 6.83 .94 €.73 0.53 0.23
(¥ (m) 0.03 0.06 0015 0005 ¢ 0
cross section #3
segment number 1 2 3 4 5
ws fm) 0.8 1 l 1 0.8
AR -0.07 0.48 1.01 (.94 0.42
{yeei {m) 0.04 011 0.10 G.05 0.02

tn cach segment, the cross-sectional are of residual water (o), cquals (), X w;, and cross-sectional area of fine sediment (g
equals (p0) | X w;, Negative average water depths are set equal to zero. This gives us;

cross section #1

segmoent rumber 1 2 3 4
{a ) (m?) .10 0.39 6.534 0.03
{0 (md) ] 0.01 0.02 0.002
Cross section #2
segment number 1 2 3 4 5 6 7
fa,) (m?) 0.24 .58 0.83 (.94 4.73 0.33 0.046
{agpk (m?) 0.035 0.06 0015 0005 0 0 0
cross section £3
segment number ! 2 3 4 3
{a.), (m?) 0 6.48 1.61 (.94 6.336
{ag) {m?) 60.032 011 0.10 0.03 6.016

The total cross-sectional arez of residual water, 4, and fine sediment, 4, of each cross section equals the sum of the corresponding

segment arcas. Cross sections are added fo upstream and downstream ends of the pool and given areas of zero.
cross-section # 0 | 2 3 4
location (m downstream) 0 2.4 6.4 10.4 i2
A, (m?) 0 1.26 390 237 0
A (m?) 0 0.032 0.13¢ 0308 0

To compute the water and fine sediment volume in each cell of the pool, between ecach two adjacent cross sections, we calculate
the average cross-sectional arcas of residual water (4,); and fine sediment ({,¢); and the length (£) for each cell. The cellin the upstream
end of the pool, for example, has an avorage residual area equal to one-half of the area of the first cross section downstream.

cell number i 2 3 4
£ {m) 2.4 4.0 4.0 1.6
(Ao {m?) 6.63 2.58 3.33 1.38
0.0i6  0.081 0219 0154

(A) ()

The volumes for each cell, (1)), and (¥,,);, are the average areas times the fength, and the total for the pool is the sum of the volumes

of all the cells.

cell number 2 3 4 total
(" (mh) 1.5 10.3 13.3 2.2 274

(Fre) (m?) 0.04 4.32 0.88 0.23 1.4%

total fines volume — 0.05]

Tinally we o 1] .\:‘*,_.: - -
Finally we calculate V* as (total fines + total residual pool volume)

and we're done!

10 USDA Forest Service Res, Note PSW-RN-$14-WEH. 1993,



APPENDIX B

Estimating the Variance of the Estimate of V¥
The formula we used tor estimating the variance of V* was developed using the Delea method® for cstimating the variance of a
variable that is a function of other variables. The variance of V¥, for a reach is caleulated as:

i ()2 e S| || ] ore S | ot |- 224 wleart )
P it i=t ) i

i=1

where £; is the fines velume and w; is the residual pool water volume of the ith pool in the reach, and cov (fw} is the covariance of the
fines volurme and the water velume in the reach, The covariance is caloulated as:

3 (=) - w)

-1

v (fow)=

The covariance can be obtained from many statistical programs by printing 4 variance-covariance matrix.

The caleulated variance can be used to test for significant differences in V¥, between two reaches by assuming that the test statistic,

has a standard normal distribution,
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