6. Spatial sampling schemes

Spatial sampling schemes refer to the spatial patterns by which individual particles (in
pebble counts) or groups of particles (in areal or volumetric samples) are gathered from
the streambed to provide a sample. Sampling schemes affect the outcome of a sample and
different sampling schemes may produce different results when used in the same stream
reach (Mosley and Tindale 1985). No sampling scheme is genuinely superior to others.
The appropriateness is case-specific and depends on severa factors including:

» gpatial scale of the investigation, that is, whether sampling is to represent bed material
from along reach (ca. 20 stream widths), a single riffle-pool unit, an individual
geomorphological or sedimentary unit, or asmall-scale location;

» degree of spatial homogeneity or heterogeneity of particle-size patterns within the
reach of concern,

» desired sampling precision or tolerable error;

* restrictionsimposed by keeping the sampled volume manageable;

* necessity to keep streambed destruction at a minimum; and

» the specifics of a given study.

Information presented in this section is designed to assist the reader to understand
sampling schemes and select an appropriate sampling scheme for a specific situation.

Three main spatial sampling schemes are discussed in this document:
1. Spatially integrated Covers the entire reach with the same sampling pattern, and

= unstratified sampling  ignores sedimentary™ or geomorphological units®. A reach-
averaged bed-material size is obtained (Sections 6.2 and

6.4);
2. Spatially segregated Distinguishes between geomorphological or sedimentary
= stratified sampling units and may use a separate sampling pattern for each unit
(Sections 6.3 and 6.5);
3. Spatially focused Focuses on a small area of interest, such as near a hydraulic
sampling structure, or fines deposited in a pool (Section 6.6).

! Sedimentary units are streambed areas with uniform particle-size distributions. A sedimentary unit may comprise part
of one or several geomorphological units. Sedimentary units are also referred to as textural units, facies, or as patches,
when areas of similar particle-size distributions appear to be “patchy”. A coarse facies, for example, may cover the
upstream part of a bar and extend into the adjacent riffle upstream.

2 Geomorphological units are areas within the streambed that are part of the same geomorphological feature, such as a
riffle, pool, bar, rapid, run, or glide (see Section 3.2.1 for descriptions of stream morphology). Particle-size distributions
can vary greatly within a geomorphological unit. Bars, for example, display downbar and landward fining.
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Statistical analyses of bed-material samples assume that samples are collected at random
locations. Randomization of sampling locationsis obtained by several sampling patterns:

» Complete random — samples are collected at random locations within
the sampling areg;

e Systematic grid — samples are collected at the intersections of a
systematic grid with a random starting point;

* Overlapping grid systems — subsamples are collected each at a separate grid

system, overlaying the other ones,
* Random within systematic cells — samples are collected at random locations within
grid cellsthat have a random starting point.

Combining these four sampling patterns with integrated (unstratified) or segregated
(stratified) sampling yields eight different sampling schemes that are commonly applied
to gravel-bed streams. An overview of these eight sampling schemesis presented in Fg.
6.1. Theterms*“strata’ and “ stratified” in this document refer to sedimentary or
geomorpholo-gical units. Thisterminology departs from some texts on sampling schemes
where strata and stratified refer to a segregation of the sampling areainto artificial
equally-sized strata, which are referred to as cellsin this document.

Spatially integrated (or unstratified)

systematic grid overlapping grid
with random systems for two- random sampling
complete random starting point stage sampling within cells
e e
®. . . !
)
¥
[}
[ )
Spatially segregated (or stratified)
systematic grid overlapping grid
with random systems for two- random sampling

complete random starting point stage sampling within cells

A

Fig. 6.1: Sampling schemes commonly used for bed-material sampling in gravel-bed streams.

Bedunit1, [ |Bedunit 2, [-==-=jand Bed unit 3.
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These sampling schemes can be applied to al sampling procedures, such as surface pebble
counts, volumetric sampling, and areal sampling. The various sampling procedures have
been presented in Sections 4.1 and 4.2.

6.1 Terminology and sampling principles

Before various aspects of spatia sampling schemes are discussed, some terms regarding
stream types, stream morphology, reach length, as well as spatial homogeneity and
heterogeneity, should be clarified. Furthermore, this introductory section addresses pilot
studies and briefly recalls important aspects of pebble counts and volumetric samples.

6.1.1 Stream types and stream morphology

Stream types and stream morphology refer to the stream type classification by Rosgen
(1994, 1996), and the stream morphologies as classified by Montgomery and Buffington
(1993, 1997). Both classification schemes are discussed in Sections 1.3.1 - 1.3.3.

6.1.2 Length of the sampling reach

The length of the sampling reach is determined by the spatial extent of the sampling goal.
For local studies, a sampling reach often comprises the length of one sequence of
recurring elements of stream morphology. In C-type streams (Rosgen 1994, 1996) with
riffle-pool morphology (Montgomery and Buffington 1993, 1997), this sequence may
include ariffle and a pool and extend over approximately 5-7 times the bankfull stream
width. In meandering streams, ariffle-pool sequence covers one meander bend. In B-type
streams with rather featurel ess plane-bed morphology, the sampling reach may be onein
which there are no visible changes in the streambed composition. In A-type streams with
step-pool morphology, areach could be one, or afew, similar-looking step-pool units.

For amore genera characterization of the streambed material, Rosgen (1996) proposes
sampling a stream section consisting of at least four consecutive riffle-pool sequences,
equaling four meander bends (= two meander wavelengths), or areach length of 20-30
bankfull stream widths. Bevenger and King (1995) extend the length of the reach sampled
by a zigzag pebble count over several hundred meters, covering areach length on the order
of 100 stream widths (Section 6.2.2). Long sampling reaches of 20 stream widths or more
in length are especially important for spatially segregated sampling when particle sizes of
groups of sedimentary units are combined for areach-average value (Lisle and Hilton,
personal comm.). Similarly, for acomparison of particle sizes of geomorphological units,
such asriffles and pools, sampling should extend over severa riffle-pool units to average
any local effects. In this document, the term reach usually refers to the stream length of
one riffle-pool sequence or about 5 - 7 stream widths, unless otherwise specified.
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6.1.3 Homogeneous versus heterogeneous gravel deposits

Gravel surfaces are homogeneous when they consist of a mixture of particle sizes, but
have no spatial variability in the composition of the particle mixture. Particle-size
distributions are then similar in al stream locations. Entire reaches of truly homogeneous
gravel beds arerare.

Near-homogeneity of gravel-beds may be found in large lowland gravel-bed rivers, or in
mountain B-type streams with cobble and gravel beds. B-type streams have a plane-bed
morphology with long, rather featurel ess stream sections characterized as runs. Infrequent
pools, typically forced by channel obstructions (LWD, boulders, or bank projections) may
occur in these channels and are interrupted by infrequent rapids (Section 6.2.2). The
classification of areach as near-homogeneous as opposed to heterogeneous is subjective,
since there are no standards defining the degree of spatial homogeneity or heterogeneity in
fluvial deposits.

Many mountain gravel-bed rivers have heterogeneous bed material in which the
composition of the gravel bed varies between different locations of the reach. In C-type
streams gravel- and cobble beds are composed of sequences of geomorphological units
encompassing bars, riffles, pools, rapids, runs, and glides. Those geomorphological units
often have a characteristic spatia variability of particle sizes, such as downbar and
landward fining on bars (Section 3.2.2). Inthe longitudinal direction, bed-material sizeis
commonly finer in pools (particularly when fine sediment deposits in pools) and coarser
on riffles. Graphic examples of spatial variability of bed-material size in C-type streams
are provided by the detailed field measurements of Lisle and Madgj (1992) (Fig. 3.10). A-
type streams with a step-pool morphology have steps composed of cobbles and boulders
that are only mobile during very large floods. Smaller cobbles or gravel that are annually
mobile can be deposited in pools, or occasionally on midstream deposits, while fine gravel
and sand are primarily found near the banks. Streams containing large woody debris often
have heterogeneous beds because the debris causes spatially varied flow hydraulics with
local scour in one location and deposition in the next. An example of a heterogeneous bed
in the presence of large woody debrisis presented in Fig. 3.12.

6.1.4 Pilot studies

A pilot study prior to the main sampling project is useful for several reasons (Sections
2.1.5.4,4.23 and 4.2.4). It dlowstheinvestigator to become familiar with the sampling
reach, to determine the length of the sampling reach, and to assess the degree of spatial
variability of bed-material size. The categorization of the reach into homogeneous or
heterogeneous is required for selecting an appropriate sampling scheme. Pilot studies may
involve collecting actual samples. Information on a particular particle-size percentile and
the sediment sorting coefficient derived from a pilot sample, or the variability between
pilot samples, can be used to estimate the sample size needed for adesired precision of the
study. The pilot study should include a sketch map of the reach and its delineated
geomorphological or sedimentary units. This sketch map, based on quick visual
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assessments, should aso include bed surface parameters such as the mean and maximum
particle size, the percent fines, bed surface structures, the presence of large woody debris,
or any other parameters of concern.

6.1.5 Spatial aspects of pebble counts

Sampling procedures for pebble counts and number-based sample size recommendations,
are discussed extensively in Sections 4.1.1 and 5.2. However, reiteration of the spatial
aspects of the various sampling procedures, sample-size recommendations, as well as
particle measurements and data recording seems useful.

6.1.5.1 Minimum sampling point spacing

Sampling points of pebble counts should be spaced at least the length of the Dy particle
size, or twice the Dy particle size, in order to avoid serial correlation due to double-
counting large particles. Seria correlation and overrepresentation of large particles also
occurs when the sampling path coincides with the longitudinal direction of clusters or
transverse ribs (Section 4.1.1.2). A large spacing between sampling points can prevent
this overrepresentation.

6.1.5.2 Number of sampling points

The number of particles that should be sampled is largely determined by statistical
considerations. Spatial factors considered in sample-size determinations are minimum
sampling point spacing and the size of the stream reach to be covered by one pebble
count. A detailed analysis of sample size needed to define the D5y and other percentiles
within a specified precision for agiven standard deviation or sediment sorting is presented
in Section 5.2.2 - 5.2.4. Major findings are summarized below.

Although traditionally 100 particles were counted in a pebble count, recent analysis of
sample size indicates that it is advisable to count at least 400 particles (Rice and Church
1996b, Diplas and Lohani 1997). The gravel deposit for which Rice and Church (1996b)
provided a detailed analysis of the relationship between sample size and precision can be
considered representative for many gravel beds. Sediment sizes ranged from sand to large
cobbles, and size frequencies were not exactly, but approximately normally distributed (in
terms of ¢@-units), with adlight skewnesstowards atail of fine particles, and a standard
deviation of 1.2 ¢. A 400-particle sample estimated the Dso to within +0.15 ¢, which is
approximately equivalent to an error of £10 % in terms of mm-units. Such aprecisionis
often desirable in particle-size assessments, although an acceptable level of precision
needs to be selected for each study individually.

3 This value is on the low side for mountain gravel-bed streams that tend to have standard deviations (or sorting
coefficients (Inman 1952)) of 1.5 or higher if the particle-size distribution comprises large boulders. A sorting coefficient of
1.2 - 1.5 may be obtained if large boulders not transportable by frequently occurring floods are excluded from the analysis.

% See Section 2.1.2.2 for conversion between mm and @-units.
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The sample size needed to estimate the tails of the distribution (e.g., the Ds or the Dgs) to
within £0.15 @is larger than the sample size needed to estimate the D to the same
precision. If the underlying distribution of the bed material is symmetrical and normal,
and has a sorting coefficient of 1.2 ¢, the sample size for estimating the Ds and Dgs isa
factor of approximately 2.6 larger than the sample size needed for the D5 (Fig. 5.10).
Thus, if 400 particles are required to estimate the Dsp to within £0.15 ¢, more than 1,000
particles are needed to estimate the Ds or Dgs with the same precision.

Many gravel deposits are not symmetrical and normal, but have particle-size distributions
(in @-units) that are skewed towards afine tail. This deviation from a standard normal
distribution does not significantly alter the required sample size for the Dsg particle-size
estimate. However, the sample size needed to estimate the Ds particle size is more than 4
times larger than the one for the Ds particle size. Thus, if 400 particles were needed to
estimate the Ds, to within +£0.15 ¢ 1,600 particles would be needed to estimate the Ds to
the same precision in distributions skewed towards afine tail. No pronounced increasein
sample size is necessary to estimate the Dgs to within the same precision as the Ds
particle size (Fig. 5.11).

Sample sizes larger than indicated in the paragraph above are needed if precision criteria
become more stringent, and if particle-size distributions become less well sorted. Note
that these sample-size considerations do not account for spatial heterogeneity, but are only
valid for homogeneous sampling reaches, such as sedimentary units. For heterogeneous
reaches, sample sizes are likely to be larger. A two-stage approach should be used to
determine the relation between sample size and precision (Sections 5.2.3.1, 6.3.1.2 and
6.4.4.4). Heterogeneous reaches can be sampled most efficiently if the reach is delineated
into sedimentary (homogeneous) units that are sampled separately (Section 6.3.2).

6.1.5.3 Minimum sampling area

For a sample size of 400 particles, a pebble count (Section 6.2 and 6.3) requires a
minimum sampling area of 400 times the square of the relevant Dok particle size. The
necessary sampling area increases rapidly with the D particle size. For Dy particle
sizes of 64 and 360 mm, the minimum sampling areas are 1.6 and 52 m?, respectively (see
also Table 6.4). For amore generous particle spacing of 2 Dy, minimum sampling area
increases fourfold to 6.6 and 207 m?, respectively.

6.1.5.4 Measurement of particle sizes in pebble counts

The sizes of particles picked up from the streambed during a pebble count are usually
measured in half ¢-units using atemplate and recorded in 0.5 @-unit particle-size classes
(e.g., 22.6 - <32 mm). Binning into ¢gclassesis useful when comparing pebble count data
with sieve data, and using a template reduces errors in particle size measurements.
However, binning into ¢ classes assumes an underlying normal distribution of particle
sizes, an assumption which may be useful in many, but not in all cases.
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If particle sizesin a sampling area are obviously not normally or Gaussian distributed (in
@-units), particle axes should be measured with a caliper and recorded in mm, which
allows more possibilities for later particle-size analysis. However, caliper or ruler
measurements are subject to operator error and not directly comparable to sieve data (see
Section 2.1.3.2 for comparison between ruler and template measurements).

6.1.5.5 Recording pebble count data

Particle sizes from pebble counts should always be recorded in a systematic manner, so
that the approximate location of each counted particle can be traced. To achievethis, all
transects should start on the same side of the stream, beginning at the downstream end of
the reach and working upstream. All particle-size data from one transect should be
recorded sequentially in one column (or row). Additiona information to be recorded are
distance from downstream end of the sampling reach, major geomorphological features of
the transects (e.g., riffle, run, pool-bar), and the water line position (Table 4.3, Section
4.1.1.7). The same applies to zigzag pebble counts (Section 6.2.2) which can be
considered as diagonal transects.

A spatially systematic particle-size record has severa advantages. It permits the user to
analyze whether particle sizes vary in alongitudinal direction by comparing individual
transects, or sets of adjacent transects. Lateral particle-size variability can be estimated
from moving averages over 5 to 9 consecutively counted particle sizes. Spatial patternsin
particle size determined from the record may not have been obvious prior to sampling. A
gpatialy systematic particle size record can also be used to delineate sedimentary or even
geomorphological units retroactively. The delineation can be made visually (looking at
the numbers) or by applying a moving window technique for a statistical delineation
(Crowder and Diplas 1997) (Section 6.3.2.3). Particle-size data can then be consolidated
for each sedimentary unit (Section 6.3.2.1). Thus, a crude spatially segregated bed-
material size analysis can be obtained after the fact from a spatially integrated sampling
scheme.

6.1.6 Spatial aspects of volumetric sampling

Spatial aspects of sampling schemes for volumetric samples are literally multi-layered and
more complex than those for pebble counts.

6.1.6.1 Layers to be sampled

Gravel beds are often vertically stratified. Stratification of gravel bedsis described in
Section 3.3, and sedimentary layers are described in Fig. 4.1, Section 4, and Section 4.2.
Volumetric samples can be obtained from different layers that have different particle
sizes. The exact delineation of the sampled layer is crucial to the sampling success.
Layers or strata that can be sampled by volumetric samples are:
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* thecoarse armor layer (1-2 times the b- or c-axis of the Dnux particle thick),

» thefiner subarmor layer,

» the subsurface layer below the particles immediately exposed on the bed surface, and
* theunstratified bed material.

The surface sediment, i.e., particles exposed to the surface, cannot be sampled
volumetrically because conceptually, there is no thickness associated with the sediment
surface.

Volumetric sampling of the armor layer in coarse gravel and cobble beds has several
problems: (1) A stringent criterion defining the depth of the armor layer is not available,
and each study needs to define its own criteria. (2) Taking a volumetric armor-layer
sample down to a specified depth isfeasible in bed material of fine gravel where the
armor-layer sediment can be scraped off the subarmor sediment, but becomes difficult in
coarse gravel and cobble beds. (3) For practical reasons, an armor-layer sampleislimited
in areal extent to approximately 0.1 - 1 m?. The sediment mass contained in such armor-
layer samplesis often too small to be accurate (Section 5.4) and requires taking several
subsamples. (4) Volumetric armor-layer samples and surface pebble-counts yield
different particle-size distributions in armored gravel-bed rivers because volumetric
armor-layer samples contain fine subsurface sediment that is not part of the surface
sediment and not sampled by pebble counts.

The subsurface (surface layer removed) and the subarmor layer (armor layer removed) are
conceptually similar in particle size, and both are usually finer than the armor layer
sediment. This document uses the term subsurface sediment for the sediment from both
below the surface and below the armor layer unless a specification is necessary.

6.1.6.2 Relation between surface and subsurface sediment size

The spatial variability of the surface sediment is visible, and a sampling scheme can be
selected that is appropriate for the specified degree of spatial variability and the study
objectives. Subsurface or subarmor sediment is hidden from view and only inferences
about its spatial variability are possible based on principles of the relation between surface
and subsurface sediment. Buffington and Montgomery (1999a and b), and Lisle (pers.
comm.) found alinear relation between percentiles of the surface and subsurface
sediment-size distribution for a sediment patch (facies)®. Although the subsurface
sediment is often finer than the surface sediment, the exact relation varies between facies.
Thus, the spatial variability of the surface sediment may be used as afirst approximation
of the spatial variability of the subsurface sediment, and an appropriate sampling scheme
may be selected accordingly (also see Section 6.5.2).

However, the surface sediment size is not always an indication of the subsurface sediment
size. For example, aveneer of fine sediment or alobe of coarse sediment may be

Facies or patches are homogeneous streambed areas with no systematic spatial variation of bed-material size.
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deposited on the surface after the subsurface sediment was formed during the last flood
event. Inthiscase, the spatial variability of facies units on the surface is likewise not
indicative of the subsurface facies and a sampling scheme selected on the basis of the
surfaces facies may be inappropriate for sampling the subsurface sediment.

6.1.6.3 Feasibility and the statistical relationship between mass of subsamples,
total sample mass, and nhumber of sampling locations

Anindividual volumetric sample describes the bed material at a specified sampling
location. Several volumetric samples need to be obtained at various locations to
characterize the bed-material size within areach. Sampling schemes for volumetric
samples need to consider three factors:

1. number and mass of individual samples,
2. total sample mass, and
3. gpatial alocation of sampling locations within the sampling area of concern.

In moderately sorted fine gravel beds, the three factors can be considered statistically
interdependent. A preset sampling precision determines the total sample mass from a
sample mass - error relation (Fig. 5.22 a- ¢), or from a two-step approach (Section
5.4.2.1). Sample mass for individual volumetric samples can be estimated from sample
mass equations for bias avoidance (Section 5.4.3.1), or empirically from the percentage
mass of the Doy particle size (Sections 5.4.1 and 5.4.1.2). Total sample mass divided by
the mass necessary for bias avoidance in individual samples yields the number of
sampling locations that need to be allocated in a strict or randomized grid pattern over the
reach or sampling area of concern.

A strict statistical approach is not feasible in coarse gravel-bed mountain streams because
alotting several hundreds of samples over areach leads to sample masses of severd
hundreds or thousands of kg. The coarseness of the bed material and the sampling
objectives determine the sampling equipment and the mass of individual samples,
although several subsamples can be combined to form an individual sample. Pipe
samplers (Section 4.2.4.5) appropriate for fine gravel-bed rivers collect afew kg of
sediment. Barrel samplers (Section 4.2.4.6) and plywood sheets (Section 4.2.4.7) are
more appropriate for coarse gravel- and cobble-bed rivers and collect about 50 kg per
sample.

When using a spatially integrated sampling scheme to sample the reach (Sections 6.4.1.
and 6.4.2), the number of samples needed depends on the size of the reach and how
spatially variable particle-size distributions are within the reach. When sampling is
spatially segregated (Section 6.5), the size of a sedimentary or geomorphological unit
determines the number of samples that can reasonably be collected from the sampling
area. Collecting 100 barrel samples of 50 kg each may satisfy a preset sampling precision,
but doing so on ariffle 10 m by 10 min size destroys the site. Two to four barrel samples
may be justifiable from an ecological standpoint. If apipe sampler isused in afine gravel
bed, ten or more samples may be appropriate for a 100 m? riffle.
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The selection of a sampling scheme and the total sample mass for volumetric sampling are
often governed by practicality, particularly in coarse mountain gravel-bed streams. Both
sampling scheme and sample mass may be a compromise between desired sample
precision, the specifics of a given study goal, the particulars of a sampling site, funding,
and logistics. The reasonable number of sampling locations in asmall reach or on a
sedimentary unit in mountain gravel-bed rivers may not suffice to cover the spatial
variability, and the precision obtained from a small total sample mass may not alow more
than arough estimate of the Ds, particle size. However, thoughtful planning of the
statistical analysis and the field work may assist obtaining the maximum information
possible out of arestricted sampling condition (Section 5.4.1.4, 6.4.3 and 6.4.4).

6.2 Spatially integrated or unstratified pebble counts (reach-averaged
sampling)

Spatially integrated pebble counts cover the reach evenly with a preset sampling pattern.
The resulting particle-size information is reach-averaged, unless a spatially distinct record
permits spatial segregation of the data at alater time (Sections 6.1.5.5 and 6.3.2.3).
Reach-averaged information on bed-material particle size may be used for avariety of
purposes which include the computation of reach-averaged bedload transport rates, a
comparison of bed-material sizes between reaches, or to detect a change over time when
sediment supply to the reach has been atered (Lisle et al. 1993). A comparison of the
reach-averaged surface D5, Size with the Ds, particle size of bedload (Lisle 1995), of the
subsurface Dsg (Dietrich et al. 1989), or the D5y Size that the stream is competent to
transport (Buffington and Montgomery 1999¢) may be used to evaluate whether transport
issupply or transport limited.

Sampling patternsfor different degrees of reach homogeneity or heterogeneity

The tightness of sampling patterns used in spatially integrated sampling schemes should
reflect the degree of spatial variability of bed-material size, i.e., the degree of reach
homogeneity or heterogeneity. For streambeds with moderate spatial variability in bed-
material size, i.e., relatively homogeneous beds, widely-spaced sampling patterns are
appropriate. Asthe degree of spatial variability of particle sizes over the reach increases
or becomes more complex, the sampling patterns covering the reach must become more
tightly spaced in order to sample all sedimentary units of the reach in arepresentative
manner (Table 6.1).

Sampling patternsfor different ease of wadability and particleretrieval

The regularity of the sampling patterns should be selected considering how well all
streambed | ocations are accessible to the wading person and the ease of particle
identification and retrieval. Easily wadable and well-sorted gravel beds may be sampled
by paced transects or unplanned zigzag courses. Both sampling schemes allow the
operator some latitude in deciding the sampling path. Regular and pre-determined sampling
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schemes, such as parallel transects along measuring tapes or sampling at grid points are
required in beds in which wading and particle retrieval are difficult. Operators may be
tempted to avoid sampling in deep spots or behind obstacles and to avoid retrieving
interstitial fines and wedged particles (Sections4.1.1.1 - 4.1.1.4).

The ideal sampling scheme for areach should reflect both the degree of homogeneity/
heterogeneity and the ease of sampling, i.e., the ease of wadability, particle selection and
particleretrieval. If homogeneity of the reach is paired with well sorted gravel beds and
easy wadability, sampling may use a pattern that is widely-spaced and completely random
or unsystematic. Examples are widely-spaced paced transects and unplanned zigzag
walks (Table 6.1). If heterogeneity of the reach is paired with poor sediment sorting and
difficult particle retrieval, atightly-spaced grid pattern should be used.

Table 6.1: Suggested spatially integrative sampling schemes for surface samples in reaches with different
degrees of spatial variability of particle sizes, ease of wadability and particle retrieval

Spatia variability of Sampling scheme Ease of wadability
particle sizes — Tightness Regularity <7 and particle retrieval
Near-homogeneous Widely-spaced Random or irregular Bed easily wadable,
Some B-type streams with> - paced transects <— well sorted gravel,

plane beds, or sections of - unplanned zigzag walk easy particle retrieval;
large streams

Heterogeneous Tightly-spaced Regular Bed poorly wadable,
e.g., C-type streamswith > - transects along a tape <— poorly sorted gravel,
pool-riffle sequences, - grid over entire reach difficult particle retrieval;
complex bars

6.2.1 Near-homogeneous reaches: paced transects, transects along
measuring tapes, and an unplanned zigzag course

Easily wadable and well-sorted gravel beds in near-homogeneous reaches are most likely
to occur on sections of large dry gravel bars. Bedsin such reaches can be sampled by
picking up particles from paced transects (Wolman 1954) or by following an unplanned
upstream zigzag course across the reach. However, these two sampling schemes are not
suitable if deep water, obstacles, mud, rapids, fast flow or protruding rocks affect the
sampling path of the pacing person, and if interstitial fines and wedging make particles
difficult to retrieve from the bed. Difficult wading and particle retrieval may tempt the
operator to consciously or unconsciously avoid sampling at those locations, thus creating
abias against particlesin poorly accessible locations (Sections 4.1.1.3 and 4.1.1.4).
Parallel transects (Leopold 1970) placed along measuring tapes, or samplingin a
premeditated zigzag course allows sampling the reach in a more systematic pattern and
reduces the possibility for operator subjectivity. The most even coverage of an
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approximately homogeneous reach is attained by performing pebble counts in a systematic
grid pattern established by transects along a measuring tape.

The reach-averaged particle-size distribution in a homogeneous reach is estimated from a
combined sample of all particles sampled within the reach. No information is obtained on
the spatial variability of the particle sizes.

6.2.2 Long and relatively homogeneous stream sections: planned zigzag
course

B-type streams with plane-bed morphology are representative of streams with relatively
homogeneous beds. Long runs with afew pools forced by large rocks or large woody
debris are separated from each other by occasional rapids. Paced transects and unplanned
zigzag walks may be appropriate here. However, these sampling patterns are not
appropriate where pools, rapids or large woody debris causes spatial variability in particle
size and where poorly sorted gravel beds make wading and particle retrieval difficult. The
unpremeditated sampling paths of both sampling patterns are guided by convenience and
caution and cause irreproducible sampling results (Kondolf 1997 b). In order to avoid
operator bias in selecting sampling locations and particle retrieval, the sampling pattern
should become more systematic and provide less opportunity for operator subjectivity.
Zigzag pebble counts with a premeditated, systematic course, and parallel transects along
ameasuring tape are often suitable in B-type streams with plane-bed morphology.

Systematic zigzag sampling path

A planned, symmetric, bank-to-bank zigzag course may be viewed as a sequence of
diagonal transects that integrate over both lateral and longitudinal bed-material variability.
When along stretch of river is sampled by a zigzag course, it isimportant that the
sampling path is premeditated and based on stream dimensions and intended sample size
(Fig. 6.2). Bank contact points must be spaced evenly and independent of any stream
features to ensure statistical reliability of the sample. Unpremeditated sampling paths are
subjective and do not provide statistical reliability in non-homogeneous stream reaches.
“Eye-balled” zigzag sampling paths should be reserved for quick reconnaissance
sampling. Bevenger and King (1995) proposed that the ratio of thalweg length to the
length of the zigzag course walked by the operator should be about 0.9. Thisvalueis
obtained when bank contact points for zigzag sampling are spaced at intervals of two
stream widths. However, atighter or wider zigzag course may be needed to obtain the
necessary number of sample points (i.e., sample size) and to obtain the necessary sample
point spacing within the reach of interest.

Recall that sample size should be at least 400 particles to determine the Dsp to within
approximately + 0.15 @or 10 - 11% in poorly sorted (s= 1.5 ¢) bed material. The sample
size should be larger when percentiles at the distribution tails, particularly at the finetail,
are to be determined (see Section 5.2 for discussion of sample size).
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Fig. 6.2: Systematic zigzag sampling scheme with bank contact points evenly spaced at two stream widths.
Theratio of thalweg length to length of the zigzag courseis 0.9.

Minimum spacing for avoiding serial correlation in pebble countsis 1 - 2 Dy diameters,
i.e,, 0.3—0.5min many mountain gravel-bed streams. In astream 5 m wide, azigzag
course that collects 400 particles at 0.3 m intervals and touches the banks at intervals of
two stream widths covers atotal stream length of 107 m, or 21 stream widths (Table 6.2).
Thisis equivalent to the length of a sampling reach recommended by Rosgen (1996). If
the sampling objective is to detect a change in particle-size distribution over time within a
stream section, the reach should extend over roughly 100 stream widthsin order to
average-out local effects caused by sediment deposits at the mouths of small tributaries,
rockfall, or in backwater areas. Thus, the spacing between sampling points increases
accordingly. Using the same scenario with bank contact points every 10 min a5 mwide
stream and a 400-particle sample size, a zigzag pebble count with a 2.2 m spacing covers
800 m of stream length, or 160 stream widths (Table 6.2).

Table 6.2: Longitudinal extent of a 400-particle zigzag count with bank contact points every 2 stream
widthsin streams 5 m and 10 m wide.

Stream width (w):

5m 10m
Sample point spacing:

22m 0.3m 21m 0.3m
Particles per diagonal, ny 5 37 11 73
Number of sections, ng= 400/ny 80 11 36 55
Thalweg length covered, Ly=ns- 2w 800 m 107 m 727 m 109 m
Number of stream widths covered, n, = L/w 160 w 21w 73 w 11w
Zigzag courselength, Lz=ns- /W + (2w)* 894 m 120 m 805 m 122m
LJ/L, 0.9 0.9 0.9 0.9
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The spacing L, between particles for zigzag pebble counts can be computed from

AW 2w L
Lp_ N - 2W (61)

where w is the stream width, L; is the thalweg stream length, and ns is the number of
particles to be sampled.

6.2.3 Heterogeneous reaches and complex streambeds

Sampling the surface of a heterogeneous reach with a spatially integrated sampling scheme
has advantages and disadvantages that should be weighed before starting the sampling
project. One aspect istime. Spatially integrated sampling is often faster than spatially
segregated sampling because delineation or surveying of the various geomorphological or
sedimentary unitsis not necessary (Sections 6.3.2.1-6.3.2.3). Another aspect is the degree
of spatial heterogeneity within the reach. Information obtained from spatially integrated
reach-averaged sampling may be suitable in a mountain B3-type stream with little sediment
supply and a gradual transition of areas with finer and coarser sediment. However, alow
gradient C-type stream with ample sediment supply is likely to have areas of distinctly
different surface sediment and, in this case, reach-averaged information on surface
sediment is not very informative. Anincrease in the amount of sand delivered to the
stream, for example, could produce sand patches, but their presence might not significantly
affect the reach-averaged Do or Dgp particle sizes. The presence of sand patches could be
better accounted for using spatially segregated sampling (Section 6.3.1). Another aspect to
consider when selecting a sampling scheme is the sample size required for a preset
precision. In reaches with pronounced spatial variability of particle sizes, sample standard
deviation varies between sampling locations and one-step sample-size equations (Section
5.2.1) are not applicable to the reach as awhole. Sample size either needs to be computed
for individual sediment units, or a two-stage sampling approach is necessary in which
samples are taken from several grid systems overlaying the reach, each dlightly shifted
against the other (Section 5.2.3.1) (Fig. 6.3). Thismay result in alarge sampling effort.

6.2.3.1 Grid sampling and lay-out of the grid

If spatially integrated sampling is the selected sampling scheme for a heterogeneous reach,
atightly-spaced systematic grid pattern that evenly covers the entire sampling reach is
required for reach-averaged particle-size information (Diplas and Lohani 1997). Entire
coverage implies that particles from all possible sampling locations are included in the
sample (Fig. 6.4). If thisis physically impossible because a potential sampling location is
inaccessible or a particle is unretrievable, it is statistically more accurate to make an
educated guess about the size class of such particles than to exclude those locations from
the sample altogether.
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Fig. 6.3: A reach covered by three grid systems each dightly shifted relative to each other.

The grid orientation should be rectangular so that each grid point represents a streambed
section of the same size. In adlightly sinuous reach, agrid of tightly-spaced transects
perpendicular to the low flow streambed are widely-spaced at the outside bends, and

Facies units - - -0

Geomorphological
units

-----

coarse Very coarse

pool bar

Fig. 6.4: Sketch map of areach with its facies units, the underlying geomorphological units, and a sampling

grid (sampling points at grid intersections).
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tightly-spaced at the inside bend. This uneven sampling pattern underrepresents particle
Sizes at the outside bends, and overrepresents particle sizes at the inside bends, potentially
causing samples that are biased against coarse particles. In moderately sinuous reaches,
this bias can be mitigated by adjusting transects to the high flow bed which is usualy less
sinuous than the low flow bed. In highly meandering streams, a reach consisting of
several meander bends should be sampled by arectangular grid unconnected to stream
morphology, if areach-averaged bed-material particle sizeisto be obtained from ajoint
particle-size analysis of all sampled particles. Laterally, transects or grids should extend
over the entire bankfull width when the sampling objective isto provide a reach-averaged
estimate of channel bed conditions.

6.2.3.2 Grid spacing and areal extent of the sampling grid

The grid spacing used for spatialy integrated sampling is determined by three factors: (1)
The sample size needed for atolerable error given the sorting of the bed material, (2) the
minimum grid spacing required to avoid serial correlation due to double counting of an
individual clast within a particle cluster, and (3) the areal extent of the sampling reach.
Recall that pebble counts of 400 particles provide an precision of about £0.15 ¢, or £10 -
11% for the Dgp particle size for gravel bed-material with atypical sorting coefficient
(Inman 1952) of approximately 1.2 (Sections 5.2.3.4 and 6.1.5.2). The error islarger for
more poorly sorted bed material or for thetails of the distribution (Sections 5.2.1. and
5.22).

For gravel- and cobble-bed streams with a Dy particle size of small boulders, minimum
sampling-point spacing should be 0.3 - 0.5 m. This meansthat a stream width of 5 m can
hold 10 - 17 sampling points per transect, but considerably less if the grid spacing isto
accommodate large boulders. If the streambed area to be sampled is small, e.g., astream
section of 1 - 2 stream widths, it is best to select a square sampling grid which facilitates
the densest sampling point spacing possible.

Representative spatially integrated sampling of a morphologically or sedimentologically
diverse sampling reach must ensure that a sufficient number of sampling points falls onto
each unit to ensure afair representation of that part of the reach. A grid system with about
20 transectsis required to cover the morphological and sedimentary units within ariffle-
pool section (from one riffle to the next riffle) in sufficient detail (Fig. 6.5). The actual
number of transects needed in a particular stream reach can be cal culated based on the
following considerations:

The stream reach to be sampled is ariffle-pool sequence 5 m wideand 30 mlong (i.e., 6
W). The Dmax 1S0.3 m. A grid spacing of 0.3 m yields 17 sampling points per transect.
20 transects yield 340 sampling points, which isless than a sample size of 400 required in
poorly sorted gravel beds. 408 sampling points are obtained by sampling 24 transects
each spaced 1.25 m apart. If agrid spacing of 0.5 m was selected, with 10 sampling
points per transect, the reach would be covered by 40 transects each spaced 0.75 m apart.
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Fig. 6.5: Sampling grid with 20 cross-sections covering the entire reach in a small (top) and medium-sized
(bottom) stream.

The widest spacing between individual sampling pointsis obtained by a distance of 0.625
m between sampling points on a transect, which allows 8 sampling points per transect. 50
transects each spaced 0.6 m apart yield atotal of 400 sampling points.

Small cobble-bed streams less than 2 m wide are difficult to sample with a pebble count

because areach 12 m long may have only 200 grid points, even if the grid spacing is set to
the minimal value of the Dy« particle size. In this case, either alower criterion for
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sampling precision should be accepted, or sampling should be extended over a stream
reach long enough to provide a sufficient number of grid points.

6.3 Spatially segregated pebble counts (sampling each unit
individually)

Whereas spatially integrative sampling ignores geomorphological or sedimentary units
and the associated patterns of spatial variability in bed-materia size and sorting within a
reach, spatially segregated sampling distinguishes between individual streambed areas that
have particle-size distributions different from neighboring areas. Depending on the study
objective, a heterogeneous sampling reach can be delineated according to
geomorphological, or sedimentary criteria, and sampling can either encompass all units or
be restricted to one or afew.

6.3.1 Geomorphologically stratified sampling

Geomorphologically stratified sampling delineates all geomorphological® units within a
reach, such asriffles or pools, and samples each unit individually (Kondolf 19974). The
results of geomorphologically stratified sampling provide insight into the patterns of
gpatial variability of bed-material size and permit comparison of particle sizes among
different geomorphological units (e.g., riffles and pools, or bar head and riffle).
Alternatively, the same geomorphological units can be compared between different stream
reaches or over time. The differences in particle sizes between units can provide insight
into whether sediment transport is supply limited or transport limited. A reduction in
sediment supply, for example, can be analyzed by comparing the dominant large particle
size Dyom @t the upstream end of bars with the riffle particle size distribution (Riffle
Stability Index, RSI, Kappesser 1995). Dgom approaches the riffle Dyax-particle sizein
aggrading streams, but is closer to theriffle Dsp Size in degrading streams. Thisis because
when sediment supply is reduced, riffles respond by coarsening, whereas the size of
dominant large particles at the upstream end of bars remains unaffected for some time.

Aninput of sand and fine gravel into a stream reach is not necessarily shown by fining on
riffles. Introduced fine sediment is more likely to be accumulated in depositional areas,
such as pools, backwaters, wakes, and along banks. Thus, acomparison of the volume of
fine sediment stored in pools over time or between reaches can be used for monitoring
fine sediment supply to streams (Section 6.6.2)1(Lisle and Hilton 1992; 1996; 1999).

Similarly, acomparison of particle sizes from the same geomorphological units over time,
space, or between streamsis useful for monitoring the effects of changesin water and
sediment supply. Such changes may not be detectable when monitoring reach-averaged
particle-sizes.

6 See footnote 2 in Section 6.
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6.3.1.1 Characterization and delineation of geomorphological units

The first step in geomorphologically stratified sampling is to carefully delineate the
various geomorphological units. Thisis performed visually based on recognition of
streambed topography, flow patterns, and patterns of spatial bed-material variability. The
delineation of geomorphological units may be difficult, particularly for inexperienced
operators (Poole et al. 1997). Delineation requires training and the results are affected by
the stage of flow. The frequent lack of well-defined boundaries between
geomorphological units, and the deviation of geomorphological units from textbook
descriptions, make delineation difficult and introduce subjectivity. Even trained
geomorphologists may be inconsistent in their delineation of geomorphological unitsin
different stream types. A description of the characteristics of geomorphological unitsis
provided in Section 3.2.

6.3.1.2 Grid sampling on individual geomorphological units

Delineated geomorphological units and their spatial patterns of bed-material size should
be shown in a sketch map of the reach to help design the optimum sampling scheme for
each unit. Closely-spaced parallel transects or a square grid within a geomorphological
unit ensures representative sampling in most cases. The grid spacing should not be
smaller than the largest particle size to be included in the sample in order to avoid
counting a large particle multiple times. Counting alarge particle more than once
introduces serial correlation into the sample and is not recommended. To do so
overemphasizes the presence of large particlesin small samples and disturbs the relation
between sample size and error because sample-size statistics assume random, non-
correlated sample points.

A geomorphological unit often has spatial variability in particle size distributions, and
sample-size recommendations provided in Section 5.2 are not applicable because they
refer only to homogeneous streambed areas. In order to establish arelation between
sample size and error on heterogeneous units, a two-stage sampling approach (Section
5.2.3.1) may be used. The heterogeneous unit is sampled multiple timesusing a
systematic grid that coversthe entire unit. The grid is dightly shifted for each subsample
(Fig. 6.6). The two-stage approach then determines how many subsamples are needed in
order to obtain a desired precision for the sampling result.

Usually, atotal sampling effort has a higher statistical validity if the total large sampleis
broken up into several subsamplesthat are each collected with a dlightly shifted grid. Grid
spacing may need to be tailored to each geomorphological unit within areach since the
patterns and the degree of spatial particle-size variability vary among geomorphological
units.

Small geomorphological units
Geomorphological unitsin small streams may be too small to provide a sufficient sample
sizefor the smallest grid spacing usable for a given D particle size, and even when
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Fig. 6.6: Threereplicate samples of ariffle using three grid systems, each dightly shifted relative to each
other.

multiple shifted grids are used. If the precision resulting from a small sample sizeis not
acceptable, the user may combine samples from several adjacent geomorphological units
of akind, e.g., samples from several riffles or from several bars. If the study objective
focuses on one particular riffle or bar, the problem of a small sampling area may be
circumvented by taking one or several areal samples (Section 4.1.3). Areal samples
include all particles within the delineated area. Thus, the sampled area can be much
smaller than required for grid samples. For small areas, areal sampling increases the
potential sample size and precision. However, the conversion necessary to compare areal
samples with grid samples may be difficult (Section 4.3).

6.3.1.3 Sampling on riffles only

Bed-material sampling is sometimes limited to riffles because the cross-sectional channel
shape and flow hydraulicsin areach tend to be most uniform on riffles. In addition,
riffles are commonly the shallowest areas in an inundated streambed and have
comparatively low spatial variability in particle size and little sand in the surface layer.
Thus, riffles are the most convenient stream location for pebble counts.
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However, the analyst must keep in mind that sampling on ariffle does not provide a
reach-averaged particle-size distribution. Often, but not aways, riffles have coarser bed
material than the reach because finer sediment is eroded off theriffle surface. Also, if
boulders are supplied to the reach from rock falls or debris flows, riffles may be finer than
the reach average. Riffles may be the location with the steepest local gradient, but are not
necessarily coarser than the reach average (Clifford 1993). The reason for thisis that
riffles may be stabilized by structural elements, such as clusters, particle interlocking, and
imbrication (Sear 1996) (Fig. 3.9).

Whileriffle particle-sizes are not necessarily indicative of the reach as awhole, theratio
of riffle sediment size to the sediment size of other geomorphological unitsis frequently
used to determine whether bedload transport is supply or transport limited (Section 6.3.1).
Riffle surface sediment size could also be monitored over time or compared between
different sites.

Bed-material sampling for bedload-transport computationsis often limited to riffles. The
argument for this practice is that bedload is often computed for ariffle cross-section only,
and that all stream sediment is transported through a specified cross-section. However,
bed material may be entrained or deposited at many stream locations within a reach.
Thus, bed materia from the entire reach affects bedload transport and using the reach-
averaged bed-material size distribution for bedload-transport modeling within a given
Cross-section seems more appropriate.

6.3.1.4 Proportional sampling on long reaches

If the study aim is to estimate the average particle-size distribution over along
meandering reach and to obtain information on the different particle sizesin riffles and
pools, Rosgen (1996) proposes a proportional procedure that samples riffles and poolsin
proportion to their occurrence along the reach. Reach length for this approach extends
over two complete meander wave-lengths, which comprise four individual meander bends
and thus four riffle-pool sequences. With ariffle spacing of 5 - 7 stream widths, areach
covers a stream length of 20 - 30 stream widths. While walking the reach, the stream
length occupied by pools and rifflesis measured. Riffle-like features such as rapids, runs,
and glides (Section 3.2.2.2) are included into the riffle category. Once the percentage
stream length occupied by riffles and poolsis determined, transects are placed so the
percentage of samplestaken onrifflesisequal to the percentage of channel reach length
delineated as ariffle. For example, if 70% of the reach length was classified as riffle-
dominated, 70% of all transects would be placed into riffle-dominated sections (Fig. 6.7).
Rosgen (1996) suggested using 10 transects per reach, so the number of transects allocated
to riffles and pools can be easily determined. On each transect, 10 particles are sampled
with even spacing, resulting in atotal sample size of 100. Since particles were sampled
on aproportional basis, data from riffles and pools may be combined for ajoint particle-
size analysis to obtain areach-averaged particle-size distribution.
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Fig. 6.7: Allocation of transectsin areach of consecutive riffle-pool sequences on a proportional basis.
(Redrawn from Rosgen (1996), by permission of Wildland Hydrology).

The proportional procedure described in this section can be a quick estimate of the median
particle size over along reach if thereislittle spatial variability within each
geomorphological unit. However, geomorphological units are often spatially non-
homogeneous. When the proportional procedure with 10-transects per reach is applied to
reaches where particle sizes vary between riffles and pools, and where particle sizes vary
between consecutive riffles or consecutive pools, sampling is unrepresentative and
unsystematic. Anincrease in the number of transects per reach increases sample
representativeness and statistical accuracy by avoiding: (1) a misfit between the number of
transects and the number of riffles and pools per reach, (2) operator arbitrariness, and (3)
an unrepresentative, small sample size.

If areach comprises four riffle-pool units, and 70% of the reach length isidentified as
riffle, 30% as pool, and each reach is sampled by 10 transects, then seven transects need to
be allocated onto four riffles and three transects onto four pools. Consequently, one of the
rifflesis sampled with only one transect, and one of the poolsis not sampled at al. Such a
misfit could be avoided if the same number of transects is allocated to each of the riffles
and the pools. The percentage stream length occupied by riffles or pools (e.g., the 70%
riffles, 30% pools) may then be proportionally sampled by placing 7 transects onto each
riffle and 3 transects onto each pool. This apportioning yields 40 transects per reach, 28
on riffles, and 12 on pools. Sampling 10 particles per transects yields atotal of 400
particles. Thissample sizeis more in line with recommendations suggested by other
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sources and may provide an precision for the Ds, particle size (in mm) of about +10%
(Rice and Church 1996b) (Section 5.2.3.4).

Another reason why a larger number of transects for each riffle and pool is recommended
is because it decreases the emphasis placed on an individual transect and its placement
within theriffle or the pool. Although some systemization can be attempted by alternately
placing transects at the upstream, center, and downstream sections of riffles and pools,
transect placement largely depends on operator discretion.

6.3.2 Sedimentary stratified sampling

If the purpose of the study is to characterize spatial heterogeneity of surface grains rather
than compare geomorphological units, sampling should be stratified by sedimentary units.
Sedimentary units are homogeneous streambed areas with no systematic spatial variation
of bed-material size, and are sometimes termed facies or patches. The size of a patch or
sedimentary unit is not fixed, but depends on the degree of spatia heterogeneity of the
streambed, and the number of different facies that the study wants to distinguish. Most
studies differentiate between 3 or 4 different facies, so that facies units are visually
distinguishable. Fig. 3.10 provides an example of a heterogeneous stream reach with
severa facies unitsin an aggraded C-type stream. A heterogeneous streambed with four
facies due to a heavy loading of large woody debrisis shownin Fig. 3.12.

There are two basic methods of delineating a heterogeneous streambed into homogeneous
sedimentary units: visual (Section 6.3.2.1 and 6.3.2.2) and statistical methods (6.3.2.3).
Examples of both are presented below. After the various sedimentary units have been
delineated, a sampling scheme needs to be established that is appropriate for the patch size
and the degree of homogeneity. Various sampling schemes for spatially segregated
sampling are explained in Section 6.3.2.4.

6.3.2.1 Visual delineation of sedimentary units (facies or patches) based on
estimates of percentile particle sizes

Experienced operators can become proficient in visually estimating particle-sizes (Shirazi
and Seim 1981; Platts et al. 1983), and thus in the distinction between areas of different
particle-size composition. However, the facies delineation process remains to some
degree subjective (Kondolf and Li 1992) because segregation of sedimentary units from a
heterogeneous surface reduces, but not eliminates heterogeneity. In addition, there are no
standards defining a meaningful degree of spatia variability within sedimentary units. For
best delineation results, it isimportant to spend some time walking the streambed to
become familiar with the particle sizes present on the bed and their spatial distribution.
Based on these insights, the user can devise criteriafor delineation of sedimentary units.
The reach length covered by the study should be sufficiently enough (20 stream widths or
more) so that each type of sedimentary unit occurs several times within the reach.
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Estimating the particle size of one or two percentiles

Criteriafor delineation of sedimentary units in gravel-bed rivers may be based on the
particle size of specified percentiles. The size of one large percentile, e.g., the Dzs, may
be sufficient in some deposits (Lisle and Madegj 1992), but in poorly sorted bed material,
different facies can be better discriminated on the basis of the size of several percentiles,
e.g., the Dgp and the Dgo (Hilton and Lisle, pers. comm.,1998). Each study needsto define
its own delineation criteriain correspondence with the site characteristics and the study
am. Example criteriafor delineation of sedimentary units (patches, facies) are provided
in Table 6.3.

Table 6.3: Example criteriafor delineation of sedimentary units (patches, facies).

Lide and Made (1992) Hilton and Lidle, pers. comm., 1998
D45 Sedi mentary Dsg Dgo Sedi mentary
(mm) unit (facies) (mm)  (mm) unit (facies)
<22 fine pebbles <16 <45 fine pebbles
22 - 64 coarse pebbles <16 >45 sand and pebbles
> 64 cobbles 16-45 any coarse pebbles
sand>25%  bimodal >45 any cobbles

For field application, the procedure of visual delineation and the subsequent segregated
sampling can be segmented into several steps:

1. Walk the reach and familiarize yourself with the different compositions of surface
sediments.

2. Determine the different facies and define delineation criteria appropriate to the site and
the study aim.

3. Apply the delineation criteriato distinguish between sedimentary units and mark the
boundaries with surveyors' flags.

4. Conduct pebble counts covering the entire sedimentary unit or only parts of it,
depending on the size of the sedimentary unit (see explanations below).

5. Survey the boundaries of all sedimentary units.
6. Prepare maps from the survey data.
7. Determinethe areal extent of each sedimentary unit.

8. Determine the percent area of each faciestype.
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9. Compute the reach-averaged particle size distribution by adding the area-weighted
particle-size distributions from each facies (Section 6.3.2.5).

The size of a sedimentary unit, or of the patches that comprise a unit, needs to be
sufficiently large to accommodate a pebble count. The minimum area needed for a pebble
count depends on the product of sample size and grid spacing. Grid spacing for pebble
counts should be at least as large as the Dy particle size, about 0.3 - 0.5 m in gravel-bed
rivers comprised of small boulders. Sample size depends on the desired precision and the
sediment sorting. Recall that a sample of about 400 particles from a homogeneous unit
determines the Dsp to within £0.12 to +0.15 ¢ (Section 5.2.2.3), or to within
approximately 10% in terms of mm-unitsin poorly sorted sediment. A 100-particle
sample nearly doublesthis error. If afaciesunit istoo small or too fine in bed-material
size for a pebble count, areal samples should be used.

6.3.2.2 Visual delineation based on a two-level characterization of particle sizes

Buffington and Montgomery (1999a) devised a two-level visua particle-size classification
based on the relative abundance of the major size classes (sand, gravel, and cobble) and on
the subsizes of the dominant size class. The delineation procedure is described in detail in
Section 4.1.3.5, but summarized below for convenience. Inalevel 1 delineation, the
operator visually estimates the relative abundance of the main three constituents of a
particle-size distribution. For example, a deposit with 10% sand, 60% gravel, 30% cobble
classifies as a sandy, cobbly Gravel facies (scG). In Leve 2, the operator characterizes
the size of the mgjor constituent (i.e., gravel in this example) more precisely and estimates
the percentage of three out of the five classifiers: very fine, fine, medium, coarse and very
coarse. The percentages of 20% fine, 50% medium, and 30% coarse gravel, for example,
classify the gravel part as fine-coarse-medium. The approach provides statistically
significant distinctions between particle-size distributions of facies and has the advantage
of being generally applicable to al facies.

Visual delineation and sampling procedure for spatially segregated sampling on
heterogeneous surfaces can be broken down into the following steps:

1. Conduct a preliminary reconnaissance of the stream reach, visually identifying the
facies (sedimentary units) according to the Level 1 and 2 classifications presented by
Buffington and Mongomery (1999a) (Section 4.1.3.5).

2. Do pebble counts in each facies type, using an appropriate grid spacing and sample
sizefor the desired precision. This may be performed with one sufficiently large,
facies-spanning pebble count per unit. Use areal sampling (Section 4.1.3.1 - 4.1.3.4)
for facies areas too small or too fine for a pebble count of adequate extent.

3. Plot the percent frequency of the three major constituents of each facies on atriaxial

diagram (Fig. 4.15in Section 4.1.3.5). Redefine facies criteriaif clusters of data
points plotted in the diagrams fail to distinguish between facies.
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4. Construct atextural map by surveying.

5. Compute the reach-averaged particle-size distribution by adding the area-weighted
particle-size distributions from each facies (Section 6.3.2.5)

6.3.2.3 Statistical delineation from systematic grid data

Visual delineation of sedimentary units can be problematic, particularly when the
streambed is submerged. In order to alleviate this problem, Crowder (1996) and Crowder
and Diplas (1997) suggest afour-step delineation procedure, whereby visual delineation is
augmented by a statistical delineation method in which hypothesis testing of sample
similarity or difference is applied incrementally over the reach by a moving window
technique. The stepsinvolved in hypothesis testing and the moving window technique
are:

1. Walk the reach to become familiar with the various sedimentary units and select the
subsampl e area and the number of particles collected in each subsample. The
subsample area (cell size) depends on the degree of heterogeneity of the bed and on
the Dnax particle size. For example, a Doy particle size of 0.3 m requires a minimum
grid spacing of 0.3 m. Crowder and Diplas (1997) suggest starting with asample size
of 20— 30 per cell, or of 25 - 36 if asquare cell-sizeis selected. Sampling 25 particles
froma0.3 by 0.3 m grid requiresagrid cell-size of 1.5 by 1.5 m. Sampling 36
particles with agrid spacing of 0.5 m requires agrid cell size of 3 by 3 m.

2. Spread asystematic grid of cells over the entire stream reach disregarding sedimentary
units. For example, the reach may be covered by a 1.5 by 1.5 m grid, and subsamples
of 25 particles are collected from each grid cell (Fig. 6.8). Do not use less than about
25 particles per subsample.

3. Compute the arithmetic mean particle size D, (in mm; Eq. 2.39, Section 2.1.5.3) as
well as the arithmetic standard deviation (variance s* (Eq. 2.56, Section 2.1.5.4) for
each cell. The values of Dy, and s* for each cell are plotted into a sketch map of the
reach (Fig. 6.8).

4. Check whether the selected sample size and the computed sample variance s? per grid
cell allow detection of a difference in the mean particle size between all adjacent grid
cells 1 and 2 using Fig. 6.9. The curvefor s, + s, = 100 in Fig. 6.9 indicates that 6
mm is the smallest difference detectable between two neighboring Dy, with a
subsample size of 30. Similarly, a6 mm difference between two neighboring D,
requires a sample size of 800 if the summed varianceis s,* + s,° = 3000. If the sample
size per grid cell istoo low, more particles need to be sampled in each grid cell.

5. Determine the boundaries between sedimentary units by performing statistical
hypothesis testing and the moving windows procedure explained below.
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Fig. 6.8 A grid is superimposed on the sampling reach, extending over facies boundaries. The upper
number in each grid section is the arithmetic mean particle size in mm, the lower number is the particle-size
variance §° obtained from a 25-particle pebble count collected in each grid section (here shown for 16 of the
grid sections).

6. Once the boundaries of sedimentary units are determined, combine all subsample
particles within the delineated sedimentary unit and do a particle-size analysis to
characterize the specified sedimentary unit.

Example 6.1:
Two subsamples with a sample size of n = 25 were collected in

neighboring grid cells. Subsample 1 hadaDpy =6 mm, andas; =
4.7. Subsample2had aDyn =14 mm, andas; = 8.8. s> +s,° =
99.5. ADi= |Dina - Dirp| = 14 - 6 = 8 mm. Thelinefor s,° + s,° =
100 on Fig. 6.8 b indicates that a sample size of 25 is sufficient to
detect a difference of 6 mm and thus adequate to detect an 8 mm
difference between Dy and Dpp.

Statistical discrimination

One method of determining a sedimentary boundary is to test whether the mean particle
sizes of two neighboring subsamples are statistically different. The neighboring Dy and
Dnp are different with a 90% confidence if the value for Z;, determined from
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Fig. 6.9: Minimum subsample size necessary to locate a specified difference in the arithmetic mean particle
size (mm); legend indicates lines of constant sums of variances s,” + s,° ranging from 1 - 100 (l&ft), and 100

- 4000 (right). (Reprinted from Crowder and Diplas (1997), by permission of the American Society of Civil
Engineers).

Dmi-D
le — JML (62)

n n;

exceedsthe value of 1.645 or islessthan - 1.645. s; and s, are the arithmetic standard
deviations of subsample 1 and 2 and n is the subsample size which is usually the same for
n; and n,. For a 95% probability, Z;, isincreased to 1.96 (See Table 5.1 for values of Z
for various probabilities). A statistical difference between neighboring D, confirms the
presence of a sedimentary boundary. The Z-statistic in EQ. 6.2 could be replaced by at-
statistic with ny + n, -2 degrees of freedom if the user wants to acknowledge the effect of a
small samples size. t-statistics for a 95% confidence limit arelisted in Table 5.2. t-
statistics for other confidence levels can be found in genera statistics books.

Example 6.2:

Two neighboring grid cells with a sample size of n =25 have a
D=6 mm, s; =4.7, and Dy = 20 mm, and s, = 8.8. Solving
Eq. 6.2 yields:
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which islarger than 1.96 (and larger than 2.00 if t-statistics are
used) and indicates a statistically significant difference in the D,
between the neighboring grid cells. Thus, subsamples 1 and 2
belong to different sedimentary units.

Eq. 6.2 could be applied systematically to all neighboring grid cells to locate sedimentary
boundaries. However, this discrimination procedure defines a sedimentary boundary
along the grid-cell margins, even if the true sedimentary boundary goes through the
middle of the grid cell. In order to facilitate a more accurate detection of the true
boundary location, Crowder and Diplas (1997) devised the moving windows procedure.

Moving window technique

To apply the moving window technique (Fig. 6.10), the area of sample 1 is covered by two
adjacent windows A and B which are incrementally moved towards the area of sample 2
over the areain which the boundary is expected. For each step, the difference between the
mean particle sizes Dma and Dyg is computed. The boundary between sample 1 and 2 is
located where the difference between D,,x and Dg reaches a maximum value.

The statistical delineation procedure confirms that sampled sedimentary units are

sufficiently homogeneous. Since each sedimentary unit may be of different size, areach-
averaged size distribution is computed from an area-weighted average (Section 6.3.2.5).

6.3.2.4 Strateqgies for sampling within delineated facies units

Segregated sampling schemes may be applied to sample the surface sediment of areach
delineated into different facies units. Four basic sampling types can be distinguished:

1. Reach spanning grid that covers all facies with the same grid patterns,

2. Different grid pattern to cover each facies unit;

3. Different sampling procedures on different facies (e.g., taking areal adhesive samples
in facies with particle sizes too small for pebble count or photographs in facies areas

too small for a pebble count (= hybrid sampling));

4. Different sampling procedures on one facies (e.g., taking a pebble count to sample
coarse gravel and areal adhesive samples for arepresentative sample of fine gravel);

5. Large reach with large facies units: sample extends only over asmall part of large
facies units and is collected at a representative location.
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Subsample 1 Subsample 2

1111111121 1111111|12222222(22222222
1111111121 1111111|1222222222222222?2
1111111121 1111111|12222222(22222222
Moving window A Moving window B
11111111 1j1j1 111111122 2 2 22 2|22222222
11111111111 111111|1|2 2 2 2 22 2|22222222
1111 11111j1j1 111111122 2 2 2 2 2|22222222
Beginning of position A | Beginning of position B

Ending position of A Ending position of B
1111111111 11111(1|22 2222 2(2(2222222|2
1111111111 11111(1|22 2222 2(2(2222222|2
1111111111 11111(1|22 2222 2|2(2222222|2

Differences of means 0, 0.13, 0.25, 0.38, 0.5. 0.63, 0.75, 0.88, 1, 0.88, 0.75, 0.63, 0.5, 0.38, 0.25

Fig. 6.10: Moving window technique: Two subsamples |:| that are statistically different and
surrounding material (top); Moving windows A and B in their starting position (center); Ending
positions of moving windows A and B and differences in their mean particle sizes at each increment between
beginning and ending position of windows. (Redrawn from Crowder and Diplas (1997), by permission of
the American Society of Civil Engineers).

These five methods of spatially segregated sampling are explained below. Selection of
one of the five methods depends on the characteristics of the facies units such as the Dyax
particle size, the sediment sorting, the size and orientation of facies units, and how clearly
distinguishable facies units are from each other.

1. Reach spanning systematic grid and allocation of sampled particle to respective
facies

The easiest method of spatially segregated sampling is to cover the entire reach with one
grid system and segregate the particles into the various facies unit during the sampling
process (Fig. 6.11) (Kondolf and Li (1992), and Kondolf (1997a). This method requires
that all facies may be covered by the same grid, which means that the grid size necessary
for the coarsest facies provides a sufficient number of grid pointsin each facies. It also
requires that the various facies units are easily distinguishable by eye.

If spatialy segregated sampling with a reach-spanning grid is possible, the operator

traverses the reach along transects that may span several facies units. Particles collected
along each transect are categorized according to their sedimentary unit, which means
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very coarse facies, whereas particles collected while the transect passes over the “ coarse”,
“medium” or “fine” facies are listed under the category “ coarse facies’, “medium facies”

or “finefacies’.
Fig. 6.12: Spatially segregated sampling using a different grid for each facies unit (same legend as Fig.

particles collected while the transect traverses the “very coarse” facies are allotted to the
When sampling areach delineated into sedimentary units, it may be necessary to select a
separate grid pattern that variesin grid size and orientation for each unit (Fig. 6.12). The
coarse facies, for example, may require awider grid spacing than the fine facies, or the
6.11).

covered by the same grid. Examples of allocating sampling points to facies unitsis given for some of the

Fig. 6.11: Spatially segregated sampling using a systematic reach-spanning grid. All facies units are
transects. Equal shading of the circlesindicates allocation to the same facies.

2. A separate grid system covers each facies unit
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poor sorting of particle sizesin one facies may require alarger sample sizeto attain a
specified precision than a facies with well sorted sediment. Directional orientation of
facies units may warrant still another grid orientation.

3. Small sedimentary units. pebble counts or areal samples

Some delineated units may be substantially smaller than the area needed for pebble
counts. In this case, the user may either collect pebble counts using several grids, each
dlightly shifted relative to each other (Section 6.3.1.2), or use areal samples (Fig. 6.13).
Areal samples, and specifically adhesive sampling (Section 4.1.3.2) may be useful if the
surface sediment is mostly finer than about 15 mm, and the user wants to know an exact
frequency distribution of the fine gravel and sand. A small, but coarse facies unit may be
analyzed by photo sieving (Section 4.1.3.3) using photographs that cover the entire facies
unit.

Facies units
Very coarse Mod. coarse Mostly fines with
some coarse
Sampling scheme [
e O ] 1] .
Photographs Shifted grids Adhesive

Fig. 6.13: Small sedimentary units: shifted grids, photographs, or adhesive samples are applicable.

Recall that particle-size distributions of areal samples need to be converted into equivalent
grid-by-number particle-size distributions before comparison with pebble count data
(Section 4.3). After the statistical conversion of areal samplesinto equivalent grid-by-
number samples, particle-size distributions from each facies are area-weighted and
summed to yield areach-averaged particle-size distribution (Section 6.3.2.5).
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4. Poorly sorted facies units containing fine and coarse gravel: hybrid sampling

If a sedimentary unit has a wide particle-size spectrum with both a large amount of fine
gavel and also coarse gravel and cobbles, both adhesive areal samples and a pebble count
may need to be collected to representatively sample that facies (hybrid sampling, Diplas
1992) (Fig. 6.14). An adhesive sample (Section 4.1.3.2) can representatively sample fine
gravel and sand and provide a more accurate analysis of fine gravel and sand than pebble
counts, whereas the pebble count can characterize the coarse part of the distribution better
than an areal sample. The particle-size distribution for the entire facies unit is obtained
from a sample combination procedure (Section 4.4).
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Fig. 6.14: Hybrid sampling on a poorly sorted facies unit with mostly fine but also some coarse gravel: Grid
sample for arepresentative sample of the coarse gravel, and areal (adhesive) samples () for @presentative
samples of the fine gravel and sand.

5. Long reach with large and reoccurring facies units: sample extends only over a small
part of large facies units

A sampling project may have to be conducted in alarge stream about 100 m wide and
over along reach where 20 or more channel widths (4 riffle-pool sequences) resultin a
reach length of 2000 m. The total streambed areais 200,000 m?. If the stream has four
facieswith areas of 20,000, 40,000, 60,000 and 80,000 m?, and each facies occurs 4 - 6
times, then the size of individual facies may range between 4,000 (40 by 100 m) and
30,000 m? (150 by 200 m). It may still be feasible to collect a 400-particle pebble count
from a 4000 m? unit, covering the entire facies unit with 20 transects and sampling in 2.5
m step spacing, but total coverage becomes inconvenient for large facies units. Inthis
case, it seems reasonable to restrict a pebble count to arelatively small area(e.g., 20 by
20 m) and to select a representative area within each or almost each of the facies units
(Fig. 6.15) for the pebble count (some judgement isrequired). Facies A, for example,
may occur four timesin the reach, and a 100-particle pebble count may be collected from
each of the four areas of facies A, yielding atotal sample size of 400 for facies A. Pebble
count data from all four areas of that unit are eventually combined into one sample.
However, each pebble count may be analyzed separately in order to evaluate the similarity
between the four units. The same process is repeated for the facies units B, C, and D.

If a certain facies occurs numerous times, it may not be necessary to collect a sample

from each unit belonging to that facies. A few units most representative of that facies
type are

355



pool

pool

20 widths = 4 riffle-pool sequences = 2000 m

Facies units Loiiiiino

fine medium coarse very coarse

low flow Individual
bed pebble count

Fig. 6.15: Spatially segregated sampling in along reach with large and reoccurring facies units: each pebble
count covers only part of afacies unit.

then selected for sampling. Also, some units might be so large that they cannot be
covered by one large grid count. In that case, several smaller grid counts may be used,
each grid covering only afraction of the total sedimentary unit (Lisle and Madej 1992).
The total number of pebble countsto be performed on a sedimentary unit of a specific
type should correspond roughly to the percentage area covered by that faciestype. If, for
example, the cobble, coarse gravel, and fine gravel facies comprise 30, 50, and 20% of
the total reach area, then 30, 50, and 20% of all pebble counts are collected from cobble,
coarse gravel, and fines gravel facies, respectively. The reach-averaged particle-size
distribution is computed from area-weighted particle-size number or percentage
frequencies of each unit (Section 6.3.2.5).

Example 6.3:
For a Dy OF Dgs particle size of 0.3 m, and a sample-size

reguirement of 400 particles, the minimum sampling areais 400
x 0.3 m? = 36 m? (size of asmall classroom). Table 6.4 provides
minimum sampling areas of sedimentary units for various
sample sizes and D, particle sizes, anticipated absolute errors
in particle size g-units (see Table 5.6), and relative errors as
percentage based on mm-units (based on Fig. 5.8).
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If the facies areais too small to accommodate grid spacing for a particular D particle
size, and sample size required for a specified precision, grid spacing and sample size can
be reduced, but either reduction decreases sampling precision.

Table 6.4: Minimum sampling area for various Dy« and sample size, and
sampling errorsin gand % mm.

Dimax (M)
0.1 0.3 10
Minimum samplingarea  Sample size error in terms of
m? m n @units % mm
1 9 100 100 + 0.30 +17
4 36 400 400 + 0.12 +10
10 90 1,000 1,000 + 0.07 4

6.3.2.5 Area-weighted reach-averaged particle-size distribution from stratified
sampling

To compute the reach-averaged bed-material size distribution from a stratified sampling
scheme, each sedimentary (or geomorphological) unit (Section 6.3.2) (e.g., A, B, and C)
should be surveyed and mapped. The fraction of the total areafor each of the unitsisthen
computed (Ay, + By, + Co, = 1). After the particle-size frequency distributions fy, fg, and fc
are established for each unit, the reach-average size distribution f; ,, for theith size classis
obtained by multiplying the frequency of particles of the ith size class f; o from unit A by
the percent total area Ay, comprised in unit A. Thismultiplication is repeated for all
geomorphological (or sedimentary) units and frequencies are added to obtain the area-
weighted reach-average number frequency f; m.

fim =fia- Ap+fig: Bytfic: Cy (6.3)

The processis then repeated for all size classes to obtain the area-weighted particle-
number frequency distribution. The percentage frequency distribution fy, ,m, and the
cumul ative frequency distribution Zfo, ,, are then computed (Table 6.5). Alternatively,
area-weighting can be deferred and applied to the percentage frequenciesfy,; from all
units to obtain area-weighted percentage frequencies fy, m,; -

foomi = fomi = Age+ Topi - Bop+ fopi - Cos (6.4)

The computations are repeated for all size classes and fo,,; 1S summed to obtained a
cumul ative frequency distribution Zfo, ,pi. Both methods provide almost identical
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cumul ative frequency distributions (compare the two shaded columns Xfy, ,; in the
example computation in Table 6.5).

Table 6.5: Original frequency distributions f; of pebble counts in geomorphological or sedimentary units A
(57%), B (27%) and C (16% of total streambed area), and difference between cumulative frequency
distribution derived from area-weighted number-frequencies >fy, m; and area-weighted percentage frequencies
>foomi- All values larger than 10 are rounded to the nearest integer value.

area-weighted reach-average area-weightedreach-average

D; fi fawi fmi foomi Zfoemi fooani Toomi Zfopmi
(mm) A B C A B C A B C

<2 30 25 10 17 6.8 16 26 6.0 6.0 40 16 04 59 5.9
2 1 1 1 06 03 02 1.0 0.2 6.2 01 01 00 o0.2 6.2
28 2 0 0 1.1 00 00 1.1 03 6.5 03 00 00 03 6.4
4 6 4 1 34 11 02 47 11 7.6 08 03 00 11 7.5
56 7 5 1 40 14 0.2 55 13 8.9 09 03 00 13 8.8
8 8 6 3 46 16 05 6.7 16 10 11 04 01 16 10
11.3 13 9 6 74 24 10 11 25 13 1.7 06 02 25 13
16 25 15 9 14 41 14 20 4.6 18 33 09 04 46 18
226 65 27 15 37 73 24 47 11 29 86 17 06 11 28

32 87 62 35 50 17 56 72 17 45 12 39 14 17 45
45 91 9 57 52 26 91 87 20 66 12 59 23 20 65
64 53 83 81 30 22 13 66 15 81 70 52 32 15 81
0 23 57 96 13 15 15 44 10 91 30 36 38 10 91
128 9 26 49 51 70 78 20 47 96 12 16 19 48 96
180 7 10 20 40 27 32 99 23 98 09 06 08 23 98
256 2 5 10 11 14 16 41 10 99 03 03 04 10 99
360 1 1 8 06 03 13 21 05 100 01 01 03 05 100
512 0 1 3 00 03 05 08 02 100 00 01 01 0.2 100

total: 430 432 405 245 117 65 427 100 57 27 16 100

6.4 Spatially integrated volumetric sampling (reach-averaged)

A reach-averaged mass-based particle-size distribution may be obtained by sampling an
entire reach with a spatially integrated methodology or by delineating the reach into its
sedimentary units which are then sampled separately (spatially segregated). Spatially
integrated sampling means that sampling integrates over all sedimentary units (or any
other distinguishable streambed units such as geomorphological units or habitat units)
instead of sampling each unit separately (i.e., spatially segregated). Whether spatially
integrated sampling is preferable to spatially segregated sampling must be determined for
each stream and study situation. Criteriafor making this decision will be outlined.
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Spatially integrated or segregated sampling for a reach-averaged particle-size
distribution?

Spatially integrated volumetric sampling is best used for computing the reach-averaged
particle size of relatively homogeneous reaches in which the number of sampling
locationsisrelatively low. If heterogeneous reaches are sampled spatially integrated, the
number of samples needed to cover the reach is relatively high which leads to a large total
sample mass. Heterogeneous reaches are therefore better sampled using a spatially
segregated approach (Section 6.5.2.2). Within the delineated sedimentary unit, bed
material is comparatively homogeneous. Thisleadsto arelatively small number of
samples for each unit and to arelatively small mass for each sample. Therefore, the total
mass required for each sedimentary unit remains rather small.

Note, however, that the process of delineating the reach into its sedimentary units and the
survey to measure the areal extent of each unit islabor intensive aswell, particularly if
the reach is comprised of alarge number of relatively small sedimentary units (patches).
The increased work effort from delineation and surveying offsets some of the work effort
rendered unnecessary by the reduced sample mass of spatially segregated sampling.

Thus, on moderately heterogeneous reaches or patchy reaches comprising numerous small
facies units, the total work effort may actually be similar for spatially integrated and
gpatially segregated techniques. Finally, spatially integrated sampling is also used when
the presence of facies unitsisirrelevant for the study.

Volumetric samples may refer to sediment from the armor layer, the subarmor, the
subsurface, or the vertically unstratified bulk sediment (Fig. 4.1). Because spatialy
integrated sampling is used for reaches that are relatively homogeneous, or that have
small patches, the user needs to evaluate the degree of spatial heterogeneity within the
reach. When sampling the armor layer or the vertically unstratified bulk sediment, the
surface portion of the sediment to be sampled is visible to the observer. However, when
the sampling target is the subarmor or subsurface sediment, its degree of spatial
variability can only be inferred from the degree of spatial variability of the surface
sediment. Inference is possible based on the observations by Lisle and Hilton (pers.
comm. 1998) and Buffington and Montgomery (1999 a and b) that surface and subsurface
particle-size distributions are often related in a positive, linear way (Section 6.1.6.2). Fine
surface sediment islikely to have fine subsurface sediment beneath, whereas coarse
surface sediment islikely to have coarse subsurface sediment. The degree of subsurface
homogeneity or heterogeneity, and thus the subsurface sampling scheme cannot be
inferred from the surface sediment if a post-flood surface deposit (usually of fines) alters
the flood-generated relation between surface and subsurface sediment size.

The following sections explain sampling schemes for spatially integrated volumetric
sampling. Sampling schemes should be discussed together with sample-mass
requirements because the precision obtained from a given sample mass may differ
depending on the sampling scheme applied. Thus, the topic of sample size recurs
throughout Sections 6.4 and 6.5.
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6.4.1 Sampling atruly homogeneous reach

A truly homogeneous sediment deposit has very little or no variability between samples
collected at various locations within the reach. Thus, al sampling schemeslead to the
same sampling result. The most practical approach to sample atruly homogeneous reach
isto collect one or afew unbiased samples that suffice for a predetermined precision
requirement at random location(s) within the reach.

Total sample mass required for a homogeneous reach depends on a preset precision
requirement, and may be determined from a relation between sample mass and error
(e.g., Ferguson and Paola (1997), Fig. 5.22 or Egs. 5.62 and 5.63 in Section 5.4.3.2). For
an assumed normal distribution in terms of ¢ sample mass for a specified precision
depends on the general coarseness of the sediment, the percentile of interest, and most
markedly on sediment sorting (Section 5.4.3). Estimates of the @, and the bed material
sorting (i.e., the g and ¢4) are obtained from a pilot study. If no particular underlying
distribution type can be assumed for the parent distribution, sample mass may be
computed from the empirical and mathematically ssmple recommendations by Church et
al. (1987) that are based on the Do particle size (Section 5.4.1.1). The 0.1% criterion,
for example, determines total sample mass my; as 1000 times the Mass Mpmax Of the Dy
particle. A pilot study then only needs to determine the D, particle size for the reach.
When applied to a normal distribution, the 0.1% criterion provides a precision of at least
+0.4¢for al percentiles up to the Dgs, even for poorly sorted sediment with s< 2. Sample
mass can easily amount to hundreds or thousands of kg or more in coarse gravel-bed
streams, even if the less stringent 1% criterion of my; = 100 Mpney IS applied.

6.4.2 Sampling schemes for spatially integrated sampling of heterogeneous
reaches

The statistical precision, aswell as the work effort of a sampling study is affected by the
gpatial patterns with which samples are collected within a reach (Smartt and Grainger
1974). The sampling pattern used for spatially integrated volumetric sampling include:
(1) random locations for volumetric samples, (2) volumetric samples at systematic grid
points, (3) volumetric samples at random locations within systematic grid cells, and (4)
volumetric samples at the grid points of several grid systems overlaying each other (two-
step approach) (Fig. 6.1). Application of these sampling schemes to heterogeneous
reaches in coarse gravel-bed streams are discussed below.

6.4.2.1 Random sampling locations

Random sampling is appropriate for homogeneous streambed areas in which the location
of sampling does not influence the outcome of the sampling result. However, spatial
homogeneity is rare in mountain gravel-bed streams. Sampling at random locationsis not
recommended for heterogeneous reaches. One reason is that the irregular spacing of
random sampling may fail to include all stream locations in a representative way. Small
facies areas, in particular, are likely to remain unsampled. Thus, random sampling tends to
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require more samples than systematic sampling to arrive at the point where further
sampling leads only to minor improvements in precision. Analyzing volumetric samples
collected on a spatially heterogeneous large gravel bar, Wolcott and Church (1991) found
that random sampling resulted in a different particle-size distribution than systematic
sampling and required five times more samples for the same sampling precision.

Another reason why random sampling is not recommended in coarse gravel- and cobble-
bed streamsis that random sampling is not as versatile as systematic sampling. Samples
taken at random locations cannot be used for a retroactive delineation of the streambed
areainto facies units, nor can random samples collected from heterogeneous beds be
combined for joint analysisin one large sample (Section 6.4.4.3 and 6.4.4.5). A joint
analysis of subsamplesin one aggregate sample requires that all samples represent an
identical portion of the streambed area. Random samples collected from heterogeneous
beds are also not usable to assess the sampling precision in atwo-stage approach (see
below).

6.4.2.2 Sampling the reach at systematic grid points

When applying a spatially integrated sampling scheme to a heterogeneous reach, a good
strategy isto cover the reach by a systematic grid and to collect volumetric samples at
each grid intersection. Fig. 6.16 shows an example of a systematic grid that coversthe
reach with 360 grid points. Sampling a heterogeneous reach at systematic grid points
ensures that all areasin the reach are representatively included in the sample.

Faciesunits - - oc - | P A

fine medium coarse very coarse

Fig. 6.16: Spatially integrated volumetric sampling (reach-averaged sampling) of a heterogeneous reach with
small sedimentary units at grid points. A grid with 360 points or 324 grid cells covers the reach.

However, systematic sampling may not correctly represent sediment from units that are
smaller than the grid size. Small sediment units are underrepresented if no grid points
fallsinto that area and overrepresented if a grid point happensto fall within the area.
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Misrepresentation can be avoided by choosing a grid spacing to match the smallest
sampling units on the bed.

6.4.2.3 Random placement of sampling locations within grid cells

In a stream reach with linear structural streambed elements, such as transverse ribs,
berms, or sand-filled micro-channels, some randomization in sample placement is
preferable to a strict placement at grid points. Randomization avoids sample locations
that align with linear bed elements. A moderate randomization of sampling locations can
be achieved by sampling at a random location within the area outlined by regularly-
shaped and even-sized cells (Fig. 6.17) (Wolcott and Church 1991). The outline of cells
does not need to correspond to the boundaries of sedimentary or geomorphological units.
Random placement of sampling locations into very large grid cells approaches the
outcome of random sampling (Section 6.4.2.1). Thus, the cell size should not be too
large. It isalso possible to introduce more regularity into the sample point location by
using algorithms. An example isto place the sample locations of the first row of cells at
an equal distance x; from the left boundary of al cellsinrow 1. Likewise, al sampling
locations for the second row of cells are placed at an equal distance x, from the left cell
borders. The y-coordinate of the sampling locations is determined accordingly. All
sampling locations in the first column of cells are placed at an equal distance y; from the
top of the cells, and at an equal distance y, from the top for all cellsin the second column
(Smartt and Grainger 1974).

% Sand-filled mircochannels

Fine and medium gravel

EE% Cobble berm

'/ Transverse ribs of coarse
. gravel and cobbles

° Sampling location
within grid cell

Fig. 6.17: Sampling at random locations within systematic grid cells.
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If linear bed features are absent, Wolcott and Church (1991) found that sampling at
systematic grid points and sampling at random locations within the same number of
systematic cells produced similar reach-averaged particle-size distributions with similar
sampling precision.

6.4.2.4 Two-stage sampling using overlaying grid systems or a small grid pattern

Two-stage sampling is used to compute the statistical difference or precision between
repetitive samples collected from the same population (Sections 5.4.2.1 and 6.4.4.4). For
gpatially integrated sampling on a heterogeneous bed, the requirement that all samples
come from the same population means that each sample should represent the same degree
of spatial variability. Thisdemand isbest achieved by sampling the reach using several
grid systems, each with the same size and spacing, but each dlightly shifted in position
against the other grids. The sample grid systems may be laid out and sampled
sequentially until a desired sampling precision has been attained. A more efficient
alternative may be to use a pilot study to estimate the number of repeated samples needed
to obtain apreset precision. If, for example, the pilot study suggested that each
volumetric sample collected from 200 grid points should be repeated about 5 times,
repetitions can be performed by laying out a small grid pattern of 1,000 points from the
start. Individual samples are then allocated either randomly or systematically into one of
five sets. Care must be taken to avoid any systematic difference between subsamples,
which may occur when a streambed shows fining or coarsening towards one bank or in a
downstream direction.

6.4.3 Number of sampling points for systematic samples of heterogeneous
reaches

After the patterns for spatially integrated sampling have been determined, the user needs
to determine four factors that relate to sample mass:

Number of sampling pointsin the reach (Sections 6.4.3.1 and 6.4.3.2) ,

Mass of sediment to be collected at each sampling locatior .

Total mass of sediment to be collected in the reach, and Sections 6.4.4.1 - 6.4.4.3)
Number of replications of the total sample (Section 6.4.4.4).

PwODNPRE

The number of samples required for an accurate characterization of the particle-size
distribution in the reach depends on the degree of spatial variability within the reach.
Purely statistical criteriamay be applied to compute this number when sampling alarge
areain adry streambed (e.g., 160 m by 1,000 m or 400 m by 400 m) where the resulting
number of sampling locations may amount to 100 or more. Geometrical and ecological
criterianeed to be considered in smaller streams. When sampling in a mountain stream
10 m wide with most of the bed inundated by flow, sampling space becomes not only
restricted from a geometrical standpoint, but also from an ecological one.
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6.4.3.1 Large streams, no space limitation

Based on their study on a large and heterogeneous gravel bar of approximately 160,000
m?, Wolcott and Church (1991) suggested that 100 to 300 samples collected from even-
spaced sampling points may be appropriate for an unbiased particle-size estimate of
reach-averaged subsurface sediment in many gravel-bed rivers. The number of sampling
locations can be determined for a specified reach by collecting a number of subsamples.
The standard deviation of the subsample mean sy, is then computed for an increasing
number of subsamples (n, to ny) and plotted. Asthe number of subsamplesincreases, the
standard deviation of the subsample means decreases. |deally, the plotted relation of

standard deviation versus sample size follows the function sp,, = f (1/\/?1). The graph of
this curve decreases steeply for small sample sizes and flattens for larger sample sizes
(Fg. 6.18 and Section 5.4.2.2; Figs. 5.10 and 5.11 in Section 5.2.3.4). At some position
along the curve there isa point at which a further increase in the number of samples does
not significantly improve the sampling precision. This point defines the number of
sampl es ny: Needed to characterize the reach as the optimum trade off between sampling
effort and sampling precision.
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Fig. 6.18: Decrease of the standard deviation of the mean particle size sp, for subsamplesincreasing in
number from n, to N, Nyt IS the sample size at which a further increase in sample size does not lead to a
further significant increase in sampling precision and the optimal sample size in the trade-off between
precision and work effort.

When performing an analysis with only one data set, the resulting curve islikely to be
jagged (Fig. 6.18). A smooth curveisonly obtained if the standard deviation for each
subsample size is computed for a large number (approximately 50 - 200) of repeated
subsamples. This number of repetitionsis only practical with computer sampling. When
using only one data set, the user might want to fit a regression curve through the data
pointsto better visualize the optimal number of samplesfor areach (Section 5.4.2.2).
However, the smoothed curve indicates an unduly high precision.
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6.4.3.2 Small streams, space limitation for sampling

Another aspect to consider when determining the grid size for spatially integrated
sampling isthe areal extent of each volumetric sample in relation to the size of the reach.
Assume a mountain stream with most of the streambed inundated by flow and that
volumetric samples are collected with the plywood shield (Section 4.2.4.7). Each sample
then covers (and disturbs) a streambed area of approximately 0.5 m?. If such samples
were spaced 5 m apart in a stream 10 m wide, and the reach was 50 m long, 20 samples
could be collected per reach. The combined area of all samplesis 2% of the reach (10 m?
of 500 m?). With respect to statistical precision, 20 samples may be low. From an
ecological standpoint, the damage caused by 20 samples may be high. The user must
decide where to place the emphasis.

6.4.4 Subsample mass at each grid location and total sample mass within
the reach

The mass of individual samples taken within the reach may be computed using either an
empirical or an analytical approach. The empirical approach presented by Wolcott and
Church (1991) makes no assumptions regarding the bed-material distribution-type and is
based on the sample mass criteriaby Church et al. (1987) (Fig. 5.14 in Section 5.4.1.1).
Ferguson and Paola (1997) present an analytical approach that assumes that the bed
material follows anormal distribution in terms of @-units. The analytical approach allows
computing sample mass for a specified level of precision around a given percentile (Fig.
5.22 or Eq. 5.62), but requires prior knowledge of at least one percentile of the
distribution and the sorting coefficient of the bed through a pilot study.

6.4.4.1 Full sample at each grid location in well sorted, fine to medium gravel
beds

One means for determining the sample mass needed for an unbiased sample (Fig. 5.14) or
for a preset precision requirement (Fig. 5.22) isto select a stream location that best
represents the average particle-size distribution of the bed. Sample mass that satisfies a
predetermined precision is then computed for that location and collected at each of the
100 or so grid locations within the reach. Collection of “full” samples at all grid points
may be feasible in streams with fine gravel where akg of sediment is adequate for a
specified precision, but not for poorly sorted gravel-bed streams.

6.4.4.2 Reduction of sample mass at each grid location in poorly sorted gravel-
and cobble beds

When sampling in poorly sorted, coarse gravel- or cobble-bed streams, the mass required
for a single sample alone can amount to hundreds or thousands of kg (Fig. 5.14 or Fig. 5
22). If such asampleis collected at each of the 100 or so grid points per reach, the total
mass of sediment collected in areach approaches several tens or hundreds of tons, a mass
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that is usually impossible to collect, particularly in mountain gravel-bed streams. In order
to facilitate collection of a manageable sediment sample, the sample mass needs to be
reduced. To the extent possible, the reduction needsto be carried out such that the total
sample mass collected remains statistically meaningful. Reducing the number of grid
points is not recommended because this may lead to unrepresentative samples of the
various faciesin the reach. A better approach isto reduce the sample mass collected at
each sampling point. Several approaches may be used.

1. Exclusion of the largest particle sizes from the analysis (truncation at the coarse end,
Section 5.4.1.4, acceptable and even recommended by some if the study focuses on
fines),

2. Acceptance of alarger error (see discussion of sample size, e.g., Fig. 5.22 in Section
54.3.2),

3. Limitation of the analysisto the Dy, particle-size for which fewer sample are
reguirement than for higher or lower percentiles; see Fig. 5.22 in Section 5.4.3.2), and

4. Collection of individually small samples (grab samples) that are combined to one
composite sample that is then statistically unbiased and “accurate”.

Approaches 1 - 3 have been already been discussed. The mass of the individually small
samples (Approach 4) can be computed based on either empirical sample-mass
recommendations (Section 6.4.4.3) or analytically (6.4.4.5). Both approaches may yield a
different grab sample mass.

6.4.4.3 Individually biased grab samples, empirical approach

Instead of collecting large and statistically valid samples at each grid location, Wolcott
and Church (1991) proposed collection of individually small grab sampleswhile
maintaining the number of sampling locations. The reduction of sample mass at each grid
location isjustified on the basis of two arguments. (1) If the entire reach is sampled at
regular grid points (Section 6.4.2.2) or at random locations within regular grid cells
(Section 6.4.2.3), each sample represents the same fraction of the total sampling area.
Since all samplesrepresent an area of the same size, all particles collected in areach may
be combined into one large sample for joint sieving to obtain a reach-averaged particle-
size. (2) If al volumetric samples are reduced by an equal amount, the sample mass per
grid point may be substantially reduced to the size of a grab sample and still remain
unbiased with respect to total sample mass. Based on the empirical 1%-criterion by
Church et al. (1987), that makes no assumptions about the underlying distribution type,
Wolcott and Church (1991) recommend the following two sample mass criteria for
determining the grab sample mass:

1. Each grab sample must encompass at least 1% of the total sample mass required for
an unbiased sample of the entire reach.

2. Each grab sample must be at |east as large as the mass of the largest particle present in

the reach (D) t0 ensure a potentially equal mass of all grab samples. The sampling
device used must not hinder collecting a particle of near D Size.
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Example 6.4.
A pilot study has estimated a subsurface D, particle size to be

256 mm, which is approximately the Dgg particle size of a
sediment with a Dsy of 22.6 mm and asorting of s=1.5. A
spherical or ellipsoidal quartz (os = 2.65 g/lcm®) particle with ab-
axis length of 256 mm has a mass m, of approximately 23 kg (m,
=6 b* py).

Each grab sample should have a mass of at least 23 kg, the mass
of the D particle in order to give each grab sample the chance
to contain at least one D, particle. 23 kg of sediment fillsa
heaping household pail.

If the Doy particle massis not to exceed 1% of the total sample
mass (1% criterion for coarse gravel beds, Section 5.4.1.1), total
sample mass allotted to a 100-point grid system is100 - 23 kg =
2,300 kg (= 1.2 m* or 12 cubic feet). If 200 samples are needed to
cover the spatial variability of the reach, total sample massis 200
- 23 kg = 4,600 kg.

Assume, atwo-stage approach (see next heading) determined that
the 200 grab samples need to be repeated 5 timesto arrive at an
acceptable level of precision, total sample massfor thereachis5
- 4,600 kg = 23,000 kg. Results of these computations are
presented for three Dgg particle sizesin Table 6.6.

Table 6.6: Grab sample mass mg (kg) suggested by Wolcott and Church (1991) according to the 1%
criterion by Church et al. (1987): my = Mpmax. 200 grab samples are collected in the reach, amounting to a
sample size of 200 mg. Five repetitions yield atotal sample mass of my; = 1,000 mg for the reach.

Particles size of Grab sample Combined mass for 200 Tota sample mass for
5. 200
Dimax OF Dgg (Mm) Mass Mg grid points (200 ms) grid points (1,000 my)
(kg) (kg) (kg)
114 2.0 412 2,060
225 23 4,600 23,000
572 260 52,000 260,000

The sample mass required for one grab sample may exceed the capacity of the sampling
device which isafew kg for a pipe sampler (Section 4.2.4.5), and nearly 50 kg for a
barrel sampler (Section 4.2.4.6). Inthiscase, alarger sampling device should be used,
such as the plywood shields (Section 4.2.4.7). If several physical samples must be
combined to obtain one grab sample, care must be taken that the device facilitates
collecting a particle of Do Size. Truncation of the sample at a certain large particle size
(Section 5.4.1.4) may be unavoidable.
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6.4.4.4 Determining sampling precision from two-stage sampling with overlaying
arid systems

When taking individually small grab samples, information on sampling precisionis
obtained from a two-stage sampling procedure that compares several repetitions of the
combined sample from the reach (Sections 5.4.2.1, 5.4.2.2 and 6.4.2.4).

Example 6.5:
The study objective isto determine the D5y particle sizeto a

precision of + 20%. The number of sampling locations was
estimated at 50. Fve sets of 50 grab samples of 40 kg each were
collected and jointly sieved. The five values of the Dg, particle
size are 60, 70, 80, 90, and 100, mm with a mean Ds,, of 80 mm,
and a standard deviation spgs Of 15.8 mm. The precision of those
5 samples may be computed either with the general sample size
equation (Eqg. 5.13 for absolute error) or with the equation given
below for relative error. Thet-valuefor n=5is2.78 (Table 5.2).

n= 10(/2n1 Cvg @1 a2nl E
€y © Dsom

/8- 15.8
= g;O.Z 80 g =7.508

Since the computed sample size of 7.5 issmaller than 5, the
computation is repeated with at-value for 6 =2.57, yielding n =
6.4. Another iteration is not necessary, because even if at-value
for 6.2 was used and yielded aresult closeto n = 6.2, sample size
isusually rounded up to the next integer value, whichiis7. Total
grab sample mass necessary to estimate the Dg, particle sizeto a
precision of + 20% amountsto 7 - 50 - 40 kg = 14 metric tons,
orca 7 m°.

6.4.4.5 Individually unbiased subsamples for assumed normal distributions

The sample mass for individual grab samples determined in Section 6.4.4.3 and Example
6.4 (Mss = Mpmax, aNd Mg = My /100) was geared towards creating atotal sample that is
unbiased towards the D Or Dgg particle size. This sample-mass computation is free of
any assumptions of an underlying distribution type. Table 6.6 illustrates that the total
sample mass amounts to tons and hundreds of tons when the D, particle sizeisin the
boulder range. The sample mass for grab samples can be smaller than computed in Table
6.6 and Example 6.4, if the sampling objective requires an accurate determination of the
D5 particle sizesonly, and if a pilot study revealed that a normal distribution of particle
sizesin @units might be assumed.
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For underlying normal distributions, Ferguson and Paola (1997) provide a sample mass
equation that provides bias avoidance for specified percentiles. If the study objectiveisto
determine the Dg, Size, bias only needs to be avoided in the Dg, particles size and the
subsample mass can be accordingly small. By contrast, if the reach-averaged Dgs is of
interest, each subsample should be sufficiently large to satisfy the criterion for an
unbiased Dgs particle size. The subsample mass for bias avoidance and the total sample
mass required for the reach is computed in Table 6.7 for three particle-size distributions.
Each of the distributions has a Dsy of 22.6 mm, but the sorting coefficients are 1, 1.5, and
2 ¢, so that the Dg4, Dgs, and Dgg particle sizes are different for each of the three
distributions. Collecting individually unbiased samples has the advantage that samples
may be compared among themselves and may be used for retroactively delineating facies
units (Crowder and Diplas 1997, Section 6.3.2.3).

Table 6.7: Three normal particle-size distributions (in ¢) with equal Ds, particle sizes of 22.6 mm, but
sorting coefficientsof s=1, 1.5 and 2. Total sample mass (M, kg) required for atolerable absolute error of
+ 0.3 ¢for the Dsp, Dgs, Dgs, and Dgg particle size as well as the subsample mass necessary for bias avoidance
in the Dgg, Dg4, Dgs, and Dgg. Number of sampling points is computed from the ratio my/ms.

Tota sample mass Subsample mass Number of sampling
Per-  Particlesize Myt (kg) for acceptable M (kg) required for POINts Mo/ Mg
cen- (mm)* absolute error + 0.3 ¢* bias avoidance® for

tile s=1s=15s=2 s=1 s=15 s=2 s=1 s=15 s=2 s=1 s=15 s=2

Dsy 226 226 226 18 99 336 0.32 048 0.64 58 207 525
D¢ 45 64 90 146 224t 19.2t 2.6 104 38 57 215 526
Dgs 71 125 221 528 17.6t 304t 9.9 80.0 592 54 220 513
Dgo 114 255 572 224t 136t 5100t 40 670 9.9t 56 203 515

* Computed from Eqg. 5.58 in Sect. 5.4.3. #Values read off and determined from Fig. 5.22 b in Section 5.4.3.2. §‘Values
read off and determined from Fig. 5.20 and Eq. 5.60 in Section 5.4.3.1.

6.4.4.6 Comparison of subsample masses and total sample mass computed with
two different approaches

The grab-sample mass computed by Wolcott and Church (1991) (Table 6.6) for bias
avoidance of the Dgg particle size of the total sampleis sufficient to avoid biasin the Dgg
particle size when applied to subsamples from normally distributed deposits (Table 6.7).
The total sample mass computed by Wolcott and Church (1991) (Table 6.6) which
assumed the necessity of 200 grid points and 5 repetitions of the 200-grid (atotal of 1,000
grid points) sufficesfor ax 0.3 gprecision of approximately the Dgs particle size. Thus,
both approaches yield comparable results for high percentilesin the Dgg to Dgs region.

The approach by Ferguson and Paola (1997) determines a much smaller subsample mass
when central percentiles are the focus of the study. If the Ds, or the Dg4 are the only
percentiles of interest, subsample mass may be reduced to 0.6 or 38 kg (Table 6.7), if a
deposit sorting of s= 2 and anormal distribution are assumed. Thisisa substantial
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reduction of sample mass compared to a subsample mass of 260 kg for a deposit with a
Dax particle size of 572 mm (Table 6.6).

6.4.4.7 Retroactive computation of the number of sampling points

In the approach by Ferguson and Paola (1997) shown in Table 6.7, the number of
sampling points per reach may be computed retroactively from the ratio of the total
sample mass my; required for a sampling precision of 0.3 garound a specified percentile
and the subsample mass for bias avoidance mg. The ratio of the two independently
determined parameters my/my ranges from approximately 55 for a sorting coefficient of s
=1, to 210 for s= 1.5, and to approximately 520 for s = 2. These values are smilar to the
sampling point numbers of 100 - 300 suggested by Wolcott and Church (1991). While the
approach by Wolcott and Church (1991) points out that the number of sampling locations
depends on the degree of spatial heterogeneity of the reach, results by Ferguson and Paola
(1997) point out that the number of grid points strongly increases with the degree of bed-
material sorting.

6.4.4.8 Problems with collecting large samples in coarse gravel and cobble-bed
streams

The total mass of all volumetric samples per reach can become very large. One reason for
thisisthat heterogeneous beds require many samples to characterize areach (Table 6.6
and 6.7). Other reasons are that individual samples become large due to alarge percentile
of interest, poor sorting of the bed, or alarge Dsy size. Sampling large masses not only
requires heavy equipment, but is also restricted to large streams where gravel extraction

of this magnitude does not result in severe environmental damage. When sampling in
mountain gravel-bed streams, collecting large sample masses is often neither feasible, nor
ecologically responsible. Statistical measures (e.g., truncation at the coarse end,
acceptance of alarger error, limitation of analysisto the Dgq Size) help to reduce the huge
sample mass. Logistical measures (e.g., Sieving and analyzing the coarse portion of the
sediment in the field, splitting the sample (preferably in the field) and retaining only a
fraction of the medium and fine gravel and sand for laboratory analysis) improve the
manageability of large sample masses (Section 2.1.3.8 - 2.1.3.10).

6.4.4.9 Computation of the reach-averaged particle-size distribution

To compute the reach-averaged particle-size distribution, each subsample is sieved
individually and a particle-size distribution is computed. The reach-averaged particle-size
distribution is obtained from the arithmetic mean weight frequencies or percentage
frequencies per particle-size class of all individual samples. Thisapproachis
mathematically identical to lumping all individual samplestogether for joint sieving.
However, joint sieving looses all information on spatial variability. The computation of a
reach-averaged percentile particle size from the mean percentile particle-size of all
individual samplesis not recommended and isonly an option if all individual samples are
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sufficiently large to be unbiased. Area weighting is not required because each subsample
represents an equal fraction of the streambed area.

6.5 Spatially segregated volumetric sampling (sampling each unit
individually)

For spatially segregated volumetric sampling, the reach is delineated into
geomorphological units (e.g., bars, riffles, pools) (Section 6.3.1), sedimentary units (e.g.,
fine, medium and coarse facies) (Section 6.3.2), aguatic habitat units (e.g., areas with
particular flow conditions and/or substrate), or any other stream units of interest.
Depending on the study objective, sampling may be restricted to one unit that is of
specific concern, to all units of a certain type, to some representative units of atype, or to
al unitswithin areach.

Spatially segregated volumetric sampling may be applied for sampling the armor |ayer,
the subsurface, or the vertically unstratified bulk sediment. Determining appropriate
sampling schemes and sample masses has been previoudly discussed.

6.5.1 Geomorphologically stratified sampling

Geomorphologically stratified sampling is usually used to characterize the particle-size
distribution of a geomorphological unit. The geomorphological unit most commonly
sampled by volumetric samplesistheriffle. Samples collected from bars or pools usually
focus on a particular location within the unit (e.g., the bar head), or on a particular kind of
sediment (e.g., fine sediment only, or coarsest clasts only) (Sections 6.6.1 and 6.6.2).

Geomorphologically stratified sampling is not arecommended strategy for characterizing
the reach-averaged bed-material size because the number and mass of subsamples
required is much larger than would be the case when sampling the reach stratified into
sedimentary units. Thisaspect is discussed in more detail in Section 6.5.2.1.

6.5.1.1 Sampling on riffles only

Information on subarmor or subsurface sediment size on rifflesisimportant for a variety
of studies. The percentage of subsurface fines, for example, is part of the evaluation of
fish spawning habitat because subsurface fines can decrease the spawning success of
salmonid fish (Bjornn and Reiser 1991). Watershed monitoring studies use changesin the
percentage of riffle subsurface fines over time as an indication of changesin land use
practices and sediment production.

Riffles that are sampled in such studies should be representative of the reach. Rifflesthat

are considerably coarser than the reach should be avoided. Coarse riffles may result from
large rockfall particles being incorporated in the riffle but not in the remainder of the
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reach. Rifflesthat are unusually fine should also be avoided. Fineriffles can result when
imbrication and particle interlocking provide the stability that would otherwise be
provided by the presence of large particles (Sections 6.3.1.3, 3.2.2.2 and 3.2.2.3).
Sampling should be repeated over several rifflesin order to average out local effects.

Note that neither the riffle subsurface sediment, nor the armor layer, nor the vertically
unstratified bulk sediment is automatically representative of the average subsurface
particle-size distribution of the reach. For example, fine sediment entering the reach is
not necessarily stored in the subsurface of theriffle if the stream reach contains backwater
areas or poolsthat are more likely to be storage placesfor fines. If typical storage
features are absent, more fines may be stored in the riffle subsurface sediment than would
be if backwater areas and pools were available for storing fine sediment. Thus, the riffle
subsurface sediment is not necessarily representative of the fine sediment supply to the
reach. The supply of fine sediment is better determined from collecting subsurface
sediment from the entire reach (Section 6.5.2.1) or from spatially focused sampling of
fine sediment in pools (Section 6.6.2).

6.5.1.2 Sampling patterns and sample mass for riffle samples

If the study objective focuses on an analysis of the riffle subsurface (or armor, or bulk)
sediment, volumetric samples should be collected from the entire riffle either in agrid
pattern (Section 6.4.2.2) or from random locations within even-spaced and even-sized
cells (Section 6.4.2.3). The number of samplesto be collected on the riffle depends on
the spatial variability of the riffle subsurface sediment which is unknown but assumed to
be similar to the spatial variability of the surface sediment (Section 6.4). The massfor
each individual sample depends on the sorting of the subsurface riffle sediment, the
percentile in question, and the particulars of the sampling goal (Section 6.4.4).

The user has a choice between collecting full samples, grab samples, or individually
unbiased samples at each grid point. The first option may yield alarge total sediment
mass and isonly feasible if either the number of samplesis small, or when the sediment
on theriffleisfine to medium gravel (Section 6.4.4.1). Grab samples are obtained in
coarse gravel-beds when no particular type of particle-size distribution is assumed, and if
obtaining an unbiased sample for the riffle sediment in general is the study objective
(Section 6.4.4.3). The number of sampling points for grab samples should be determined
from aprecision analysis similar to that in Fig. 6.18 (Section 6.4.3.1). A two-stage
sampling approach may be used to compute the sampling precision (Section 6.4.4.4). If,
for example, abarrel sampler provides a sample mass of approximately 50 kg each, the
user may begin by collecting 3 - 5 samples on theriffle. The sasmplesarerepeated 3 - 4
times at dightly shifted locationsto yield atotal of 9 to 20 samples weighing atotal of
450 - 1000 kg. Rood and Church (1994) used a hybrid sampler (Section 4.2.4.10) that
collects about 13 kg per sample. They found that about 30 - 50 samples were necessary to
detect a 10% change in the percent subsurface fines on an individual riffleif particles
larger than 32 mm were present. A sample mass of approximately 1 ton may be
logistically or ecologically unfeasible. The user needs to either accept a higher tolerable error for

372



detecting a change in subsurface fines, or the samples collected must be truncated at some
large particle size in order to reduce the mass of individual samples (Section 5.4.1.4).

If the particle-size distribution in the bed can be assumed to be normal, and the sediment
sorting is known from a pilot study, the user may collect samples that are individually
unbiased (Section 6.4.4.5). Individually unbiased samplestend to produce a higher total
sample mass than the grab-sample approach if the sample is unbiased with respect of the
Dgs and higher percentiles. The total mass of individually unbiased subsamplesis lower
if central percentiles are of concern and sample size only needs to avoid biasin particle
sizes between the D5y and the Dg, (Tables 6.6 and 6.7). The total sample mass required
for the reach is determined for a specified precision around a specified percentile. The
number of samples per reach isthe ratio between the mass of the total sample and an
individual sample (Section 6.4.4.7). The number increases with the sorting of the bed
material.

6.5.2 Sedimentary stratified sampling

Sedimentary stratified volumetric sampling is used to describe the reach-averaged particle
size-distribution of the armor, the subarmor (or subsurface) and the unstratified bulk
sediment (Section 6.5.2.1). Another use of sedimentary stratified volumetric sampling is
to determine the reach-averaged subsurface Dgj Size (Section 6.5.2.2). Theratio of
surface sediment size to the size of subsurface sediment (Dsogyrf/Dsosub) 1S @ important
tool for watershed monitoring and sediment transport analysis.

The ratio of the surface sediment size to the size of the fine mode of bedload, or to the
size of pool fines, isalso used for analysis. These ratios may be used to determine
whether bedload transport is supply- or transport limited (Dietrich et a. 1989; 1993; Lide
et al. 1993; Lide 1995; Lide and Hilton 1992, 1996, 1999; Buffington and Montgomery
1999 4, b, and c). A value closeto 1 for the ratio Dsogr/Dsosun 1Ndicates high sediment
supply, while values larger than 1 indicate low sediment supply. Subsurface sediment
sizeisaso used as an estimate of the particle-size distribution for bedload transport.
Subsurface is similar in size to bedload in aggrading streams, but in degrading streams,
subsurface sediment is coarser than bedload (Lisle 1995). Surface and subsurface
sediment are often related in size, such that coarse surfaces have coarse subsurface
sediment. In reaches where thisrelation istrue, it ispossible to segregate the reach for
subsurface sampling based on the sedimentary textures visible on the surface (Section
6.4).

6.5.2.1 Reach-averaged information on subsurface, armor, or bulk sediment size

Sedimentary stratified sampling is recommended for computing the reach-averaged bed-
material size in heterogeneous reaches because sedimentary units are more homogeneous
and better sorted than either geomorphological units or the reach as awhole.
Consequently, each sedimentary unit requires a smaller total sample mass for a specified
precision than does sampling from a geomorphological unit, or the reach as awhole.
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Sampling schemes for spatially segregated sampling on sedimentary units

Several sampling schemes may be applied for spatially segregated sampling of
sedimentary units. The patterns with which volumetric samples are collected depend on
the size of both the reach and its sedimentary units, and on how dispersed the sedimentary
units are within the reach (patchiness). The sampling patterns are summarized in Table
6.8.

Table 6.8: Approaches for spatialy segregated sampling of sedimentary units for reach-averaged

information on sediment size.
Sampling situation Sampling approach
1. Smdll reach, few sedimentary units An appropriate number of sampling locations
is distributed evenly over each of the units.
2. Large units within large reaches Samples are collected from representative
locations within each of the sedimentary units.
3. Each sedimentary unit occurs Samples are collected from a few patches
multiple times (patchiness) that are representative for a given facies type.
4. Study objective restricted to surface Samples are collected at locations at which the
and subsurface Ds particle size local surface Dy is equal to the reach-averaged

surface Dg particle size (Section 6.5.2.2).

Situation 1: A reach that has only a few sedimentary units that are mostly contiguous and
of approximately equal size may be sampled by collecting several subsamples from all
sedimentary units either at grid points or from within grid cells (Fig. 6.19). Thissituation
ismost likely encountered in small B- and C-type (mountain) gravel-bed streams with
plane-bed and riffle-pool morphology (Sections 1.3.1. and 1.3.2).

fine medium coarse very coarse

Fig. 6.19: Sampling a reach with only a few and mostly contiguous sedimentary units of approximately equal
size by collecting samples from al sedimentary units using reach-spanning grid points.
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Situation 2: If the sedimentary units are large and in large streams, samples may be
collected from afew representative locations within each unit (Fg. 6.20). The selection
of representative units for sampling allows the user to avoid an obviously unrepresentative
location simply because it happensto lie under agrid point. This approach istermed
judgement sampling (e.g., Gilbert 1987). Judgement sampling can improve the sampling
results. However, note that sound judgement requires extensive experience, and that
judgement may vary between operators, particularly if operators have different
backgrounds or levels of training.

Situation 3: Judgement in selection of sampling locationsis also required when the reach
is comprised of numerous small sedimentary units so that each facies occurs multiple
times (patchiness). The number of units may be too large to sample each unit
individually. In this case, the user should select afew unitsthat are representative of a
specific facies and collect samples only from those units (Fig. 6.20). Situation 2 and 3
may occur together, particularly in braided streams or in gravel-bed streams that carry a
large amount of sand and fine gravel.

EaTA R

JIRTA S weR

Facies units s s s s e o

fine medium coarse very coarse

Fig. 6.20: For areach in which a specified facies type occurs multiple times, samples are not collected from
all facies of akind, but from a few representative locations within the sedimentary units. Obviously
unrepresentative locations are avoided.

Situation 4: Sampling from only one selected unit that is representative of the reach-
averaged Ds, surface or subsurface particle entire reach is discussed in Section 6.5.2.2.

Sample mass for spatially segregated sampling and comparison with spatially
integrated sampling

The mass of each individual sample should be sufficiently large to qualify as a grab
sample when no assumption about the underlying particle-size distribution is made (Section
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6.4.4.3). If thedistribution in ¢-units can be assumed to be near-normal, sample mass
needs to be large enough to avoid bias with respect to a specified percentile (Section
6.4.4.5). Thetotal sample massis determined by the optimum number of grab samplesin
excess of which further sampling does not significantly improve the sampling precision
(Fig. 6.18, Section 6.4.3.1). When sampling individually unbiased subsamples, total
sample mass for each sedimentary unit is determined for a predetermined acceptable
percentile error from Figs. 5.22 a-c. The number of individually unbiased subsamples per
unit is the quotient of total sample mass to the mass of individually unbiased subsamples.

Example 6.6 demonstrates how sedimentary stratified sampling of areach can
substantially decrease the sample mass compared to the sample mass needed for spatially
integrative sampling.

Example 6.6:
Assume areach had three sedimentary units A, B, and C each with

a sorting coefficient of s= 1, and a Dg, particle size of 16, 22.6,
and 32 mm, respectively. Sample mass for characterizing each
unit with an acceptable error of £0.3 @unitsis 6.6 kg, 18 kg, and
52 kg (Table 6.9) and sumsto 77 kg for the entire reach (upper,
shaded part of last column).

Table 6.9: Sample mass (kg) for bias avoidance around the Dsgg, Dg4, and Dgs in individual samples and total
sample mass for atolerable absolute error of + 0.3 @for subsurface bed material from three sedimentary
units with Dsg particle sizes of 16, 22.6, and 32 mm, respectively. Computations are done for sorting
coefficientsof s= 1 and s= 2. Sample mass for bias avoidance computed from Fig. 5.20; Total sample mass
computed from Fig. 5.22 b (Section 5.4.3).

Percentile Bias avoidance in individual Tota mass for absolute error of = 0.3 gfor
of interest samples for a D5y of (mm) Dso_of (mm)
16 26 32 16 22.6 32 22.6
UnitA UnitB UnitC Unit A UnitB  UnitC al units
s=1
Dso 0.12 0.3 0.9 6.6 18 52 77
Dag4 0.9 2.6 7.3 52 146 414 612
Dgs 35 9.8 27 188 528 1502 2,218
S=
Dso 0.2 0.6 18 120 336 956 1,412
D4 13.7 38 109 6,800 19,200 54,600 80,000
Dgs 211 592 1684 96,900 304,000 773,500 1,142,000

If the reach-averaged Ds particle size was 22.6 mm, and the reach-
averaged sorting coefficient was 2, a sample mass of 336 kg is
required to estimate the Dg, to an precision of £0.3 @unitswhen
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using a spatially integrated sampling scheme (Table 6.10, lower,
shaded part of column for total sample mass for Dy = 22.6 mm).
Thisis more than 4 times the sample mass accrued from spatially
segregated sampling of that reach. The difference between spatially
segregated and spatially integrated becomes larger if the study
objective shifts from the Dsq particle size to higher percentiles.
Spatially integrated sampling would require more than 30 times the
sediment mass of spatially segregated sampling to correctly sample
the Dg, particle size (Table 6.9, compare the two shaded columns).
The factor by which spatially segregated sampling reduces the total
sample mass over spatially integrated sampling aso depends on how
well the reach can be delineated into homogeneous sedimentary
units.

The reach-averaged particle-size distribution is computed by areal weighting of the
frequency or percent frequency of the particle-size frequency distribution from each of the
sedimentary units (Section 6.3.2.5).

6.5.2.2 Sampling location for reach-averaged subsurface Dsg size

Spatially segregated sampling is particularly useful for determining the reach-averaged
subsurface Dsq particle size, because sampling may be focused on afew sampling
locations. The ability to focus sampling is based on two factors. (1) The ratio between
the surface and subsurface particle size is such that locations with a coarse surface tend to
have coarse subsurface sediment (Section 6.5.2). (2) Thereisaspatial relationship
between the ratios of the local and reach-averaged D5y subsurface size and the ratios of
the local and reach-averaged Dsg surface size (Lisle and Hilton 1998 pers.
communication):

D505ub:|oc - D505ur:|oc (6 5)
D505ub;r-avg D505ur;r-avg '

The proportionality expressed in Eg. 6.5 isalso valid for other percentiles and has been
verified in severa gravel-bed rivers. Thus, the sedimentary unit at which the local surface
Do equals the reach-averaged surface Dsj isthe ideal location for sampling to obtain the
representative reach-averaged subsurface D particle size. Thisfocus of sampling
locations to representative locations provides statistically valid samples that describe the
subsurface bed material relatively accurately with arelative small sample size. Stratified
subsurface sampling becomes particularly important when along (and large) spatially
heterogeneous reach isto be characterized.

The procedure for identifying representative locations for subsurface bed-material

sampling depends on the degree of spatial heterogeneity of the reach and on the relative
size of thereach. A familiarity with the bed-surface particle sizes within the reach of
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concern is therefore very important. The approach outlined below assumes that
sedimentary units (e.g., fine gravel, sand and gravel, coarse gravel, cobbles), each larger
than afew m? are visually distinguishable within a spatially heterogeneous bed. The
approach can be divided into the following steps”:

1. Walk the stream, look at the spatial variation in surface particle sizes and define
different sedimentary units (facies or patches) based on surface particle sizes within
the entire reach. Visual estimates of the Dsg and the Dy, particle sizes are helpful, but
other criteria may be used for delineating facies units as well (Section 6.3.2.1).
Determine the degree of spatial heterogeneity of the reach. Particle sizes on the
streambed may have a complex appearance in which patches of similar bed-material
size are intermingled with other faciestypes. Thisiscommon in large or aggrading
streams (case A), (e.g., Fg. 6.16). Inriffle-pool streams, bed-material particle size
may show simple systematic lateral and longitudinal variability (case B) (e.g., Fg.
6.11).

(Case A) Patchy, and intermingled sedimentary units: select a long sampling reach of
ca. 20 stream widths

2. ldentify the length of the study reach. The reach must be sufficiently long to ensure
that the proportion of the areain each mapped faciesis stable. That is, if you sampled
further up- or downstream, the percentage of the area allotted to each facies would be
stable. A reach length on the order of 20 stream widths is usually required.

3. Hag the boundaries of the sedimentary units, survey the boundaries, and prepare a
map of the various sedimentary units within the study reach. Determine the area of
each patch or sedimentary unit.

4. Perform asurface pebble count on each type of sedimentary unit. If sedimentary units
are patchy, i.e., small and interspersed, and there are many patches of acommon
faciestype, select afew patches that seem most representative and cover each patch
with an individual pebble count (Situation 3, Section 6.5.2.1). Sample enough patches
to determine the variance within a type of sedimentary unit. If sedimentary unitsare
few, comparatively less patchy, lessintermingled and larger in size, cover the entire
unit with a pebble count (Situation 1, Section 6.5.2.1). If sedimentary units extend
over large areas, perform localized pebble counts at random locations within the unit
(Situation 2, Section 6.5.2.1).

5. Compute the average surface sediment-size distribution for each type of sedimentary
unit. The reach-averaged surface bed-material size is obtained by weighting the
average surface-size distribution for each type by its percentage area of the reach
(Section 6.3.2.5).

! Step 1 - 5 are similar to the procedure listed for spatially segregated pebble counts and visual delineation of the reach in
Section 6.3.2.2. For completeness and convenience for the user, the entire procedure is repeated here.
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6. Determine subsurface bed-material sampling locations. Samples that best represent
the reach-averaged subsurface sediment size can either be obtained at one or several
locations at which surface particle-size distributions are similar to the reach-averaged
surface distribution. Alternatively, random volumetric samples can be collected from
the one sedimentary unit that best represents the reach-averaged particle size. If that
sedimentary unit is coarser or finer than the reach average, afew volumetric samples
from afiner, or coarser type of sedimentary unit are needed to better represent the
reach-averaged subsurface particle-size distribution.

7. Alternatively, establish the ratio Dsgg,i/Dsosup fOr the sampling reach. Take severa
randomly placed subsurface samples from each faciestype. Calculate the average
subsurface Dsq for each type of sedimentary unit and the reach-averaged subsurface
D5 as a area-weighted mean, as above. The surface D5y Size of the various
sedimentary unitsis known, and arelation can be established between the ratios of the
surface Dsy of the particular facies type over the reach-averaged surface Ds (i.€., EQ.
6.5). Plotted graphs of thisrelation intersect close to the point where abscissa and
ordinate both have the values of 1, but the slopes of the graphs are different for various
stream types (Lisle and Hilton 1998, pers. comm.). Because it is expected that
sedimentary units with particle-size distributions in the medium size range best
represent the reach-average particle size, sasmpling should be concentrated on those
units.

(Case B) Simple systematic lateral and longitudinal variability in bed-material size: a
short reach may be sufficient

If there is negligible patchiness in surface bed-material size, and only ssimple systematic
lateral and longitudinal variability as expected in coarse-bedded riffle-pool streamswith a
relatively small supply of sandy and gravelly sediment, sasmpling may be limited to a
shorter reach of asingleriffle-pool sequence. However, alonger reach of about 20 stream
widths provides additional representative samples, unless the study isfocussed on a
particular riffle-pool section.

Sampling the subsurface bed material at the location within the reach where the surface
sediment is most similar to the reach-average usually provides a reasonable estimate of
the reach-averaged subsurface distribution. Sampling errors can only be estimated if
several samples are obtained at each sedimentary unit. The adjustment process described
in Step 7 isdifficult to perform in reaches with few sedimentary units, particularly if none
of them has a surface D5 that closely matches the reach-average surface Dso. In this case,
itisdifficult to identify afacies unit with a subsurface Dsg that islikely to represent the
reach-averaged subsurface Dx,.

6.6 Spatially focused sampling

Spatially focused sampling collects a sample from a small and isolated location within the
streambed area. This areamay be in close vicinity of an object of concern, such as zones
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of scour and deposition around bridge piers, or near fish habitat structures. Spatially
focused sampling uses small-scale grids, areal samples, photo sieving and volumetric
sampling. Spatially focused sampling is either used to evaluate the hydraulic and
sedimentary response at a certain locally confined stream location, or to sample sediment
in stream locations that are indicative of reach-averaged conditions of sediment supply.

6.6.1 Sampling large particles on bar heads for stream competence
analysis

Stream competence analysis evaluates the largest particle size transportable by a specific
stream flow, such as the annual high flow, bankfull flow or the 100-year flood. In order
to measure particle sizes transportable by such flows, stream locations need to be found in
which such particles are deposited.

Coarse particles that are mobile during frequent floods are commonly deposited at the
upstream end of bars. Free-formed bars, such as mid-channel and diagonal bars (Fg. 3.4
in Section 3.2.1), have the most direct interaction with the free-flowing stream and are
most indicative of the general flow hydraulics. This makes the upstream end of mid-
channel and diagonal barsideal sampling sites for stream competence analysis (Fig. 6.21).
Next in a hierarchy of sampling sites are point bars, followed by lateral bars.

Particles deposited during infrequent large floods may be found in overbank deposits
away from the main channel or in cobble and boulder berms along the channel.

6.6.2 Sampling fines in pools for analysis of fine sediment supply

Local deposits of fine sediment may also be indicative of reach-averaged conditions of
sediment supply. A moderate supply of fine sediment may not be detectable in the main
channel bed or onriffles. Fine sediment should be visible, though, in locations conducive
to local deposits of fines, such as backwater areas, the wake of stream obstructions (e.g., a
log), aswell asin pools. Repeated monitoring of such locations may indicate whether the
guantity of fines transported by the stream changes over time.

Lideand Hilton (1992; 1999) and Hilton and Lisle (1993) developed afield analysis for
monitoring the deposition of fine sediment in pools. Fine sediment (comprising mostly
sand and fine gravel) is transported in gravel-bed streams long after a high flow during
subsequent moderate and low flows. The fines are eventually trapped in pools and build
deposits of measurabl e thickness along zones of low shear stress near the sidesor in
backwater areas of pools. The parameter V* quantifiesthe ratio of the fine sediment
volume in pools Viines to pool volume Voo and is computed from

Vfines

VE= o e —
VpooI + Vfin&s

(6.6)
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Fig. 6.21: Gravel-bar sampling sites for stream competence analysis (Redrawn from Y uzuk 1986).
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To compute V*, the water depth and the thickness of the fine sediment deposit is
measured along a grid system spanned over the pool. The thickness of the fine sediment
deposit is measured by probing with a steel rod that has a cm gradation (Fig. 6.22).

A. Longitudinal Profile

Water Surface
4

Riffle Crest Depth

Residual Pool

e
T Pt ="
RRE R T e

Armor Layer

B. Cross Section
Graduated Rod

Water Surface E‘

Buried Armor
Layer

N = 'n
R T

«  Scoured Residual Pool

Fig. 6.22: (A) Longitudina profile of a pool, showing the riffle crest and the area included in the residual
pool volume. (B) Cross-section of a pool, showing measurement of water and fine sediment depth and
volume of water and fine sediment in the scoured residual pool (Redrawn from Hilton and Lidle (1993)).

Tap the rod with a hammer to penetrate the fine sediment until aresistance isfelt at the
boundary with the coarse armor layer beneath. In order to measure water depth
independent of a current flow depth, water depth is measured up to the residual pool
volume, i.e., the minimum water depth at which water would just overflow the
downstream riffle. Volumes of pool and fine sediment are computed by multiplying the
cross-sectional areas of pools and fines by the distance between cross-sections.

Values of VV* can range from O (for no fines) to 1 if the pool is completely filled by fines.
V* is computed for about 10 - 15 pools (more if V* varies heavily between pools) and
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averaged. A changein V* can be used as a measure to monitor spatial or temporal
changesin fine sediment yield.

Volumetric samples of pool fines may be obtained using a pipe dredge (Section 4.2.4, Fig.
4.30a). Lide and Hilton (1999) compared the particle-size distribution of pool finesto the
fine mode of bedload sediment and to the subsurface sediment in order to analyze
whether sediment transport is supply- or transport limited.

383



