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SUBSTRATE AND COVER
MAPPING
1.0

Background

1.0.1 Purpose of Study
The 2008 Yuba Accord aims to provide appropriate instream flows for the benefit of native
Chinook salmon, steelhead and other fish and wildlife on the lower Yuba River (LYR). To
achieve that, an understanding of the abundance, productivity, diversity, and spatial structure of
fish species in multiple riverine life stages is necessary. Such an understanding is to be
underpinned by extensive observational data that would ideally yield quantitative predictive tools
for the ecology of the river, including mechanistic linkages between flow, temperature, fluvial
geomorphology, and specific ecological attributes and functions. At this time, insufficient
observational data and bioverified predictive tools exist to further improve management of the
streamflow and temperature regimes in the LYR to benefit aquatic ecology.
The Monitoring and Evaluation (M&E) Plan for the LYR Accord uses the Viable Salmonid
Population (VSP) concept to assess the status of the river and assist with any eventual ecological
recovery planning, putting an emphasis on population-level measures of abundance,
productivity, diversity, and spatial structure. For each of those four topics, the M&E plan
establishes performance indicators, identifies data requirements, defines analytical methods, and
examines relationships between measure of VSP parameters and the controlling variables of flow
releases and water temperatures.
The spatial structure component of the M&E Plan addresses the geographic distribution of
salmonid populations and the processes and conditions that generate or affect that distribution.
At the finest spatial scale, there exist local physical conditions at a point that each species of
salmon actively select to use in their different lifestages. These include local depth, velocity,
substrate, cover, and hyporheic parameters. Collectively, these are termed “microhabitat”
conditions. It is often possible to empirically relate ecological function to microhabitat variables
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(Bovee, 1986) and thereby ascertain areal measures of quantity and quality of spatial structure.
However, using this approach provides a limited understanding of how and why physicalecological linkages are spatially and temporally related. The LYR M&E Plan recognizes that the
processes creating microhabitat are dynamic and spatially diverse; to manage a river that changes
significantly every 3-10 years, it is not enough to create a static depiction of microhabitat
conditions. Consequently, “mesohabitat” is defined as the interdependent set of the same
physical variables over a discernible landform known as a morphological unit (e.g., scour pool,
riffle, and lateral bar) and associated with a specific magnitude of flow. Mesohabitats typically
occur at a spatial scale of ~0.5 to 10 times the length scale of channel width. This spatial scale
directly ties to the fluvial processes responsible for channel dynamics and thus enables a
mechanistic understanding of how fluvial dynamics drives spatial structure, which in turn affects
salmonid viability. One example of such a fluvial process is “flow convergence routing”
(MacWilliams et al., 2006), which Sawyer et al. (2010) demonstrated to be responsible for
maintaining riffle-pool relief in Timbuctoo Bend on the LYR.
Fluvial processes that are important for the LYR are influenced by a suite of hydrogeomorphic
variables: channel topography, flows, substrate, and cover. Channel topography was mapped in
1999, representative of conditions after the 1997 rain-on-snow flood and before the late spring
flood of May 2005. It was mapped again 2006-2009, representative of conditions after the
winter of 2006 that had several floods (and going forward until an as of yet known future flood).
Flows entering the LYR are monitored at gaging stations on the LYR at Smartville and at
Marysville as well as on Deer Creek at Mooney Flat Road. That leaves substrate and cover as
important variables remaining to be addressed that are essential to the M&E Plan. Some
substrate and cover information exists for some sites on the LYR, but very little since the floods
of 2006. As an additional motivation beyond the M&E Plan, substrate and cover are important
variables for the design and implementation of future habitat rehabilitation projects.
The performance indicators for adult and juvenile spatial structure in the M&E Plan address
microhabitat and mesohabitat conditions as well as the fluvial processes necessary to sustain
them. They also address the value of spatial variability and complexity in habitat conditions.
The analytical methods in sections 3.4.2.1, 3.4.2.2, 3.8.2.1, and 3.8.2.2 describe how the
performance indicators are to be calculated, but they do not detail all the data requirements.
Channel topography, flows, substrate, and cover are all important data needs for the analytical
methods in the LYR M&E Plan enumerated above.
The objectives of this protocol are to A) produce a substrate map of the LYR and B) produce a
cover map of the LYR. Each of these maps will then be used for a number of specific analytics,
as described in section 1.0.2 below, which include activities such as characterization of
microhabitat and mesohabitat conditions (including their spatial diversity) as well as assessment
of dynamic fluvial processes and design of habitat rehabilitation projects.
1.0.2 Scientific Background
Substrate is defined as the surficial layer of solid material underlying the water in a stream.
Substrate is commonly composed of alluvial sediment or bedrock. Cover is defined as a solid
object that conceals or protects organisms. Examples of cover include overhanging bank
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vegetation, submerged large wood, and boulder clusters. For this protocol, submerged aquatic
vegetation is considered a cover type, not a substrate type.
Although riparian vegetation on the floodplain serves as cover during floods, this protocol does
not include methods for systematically mapping riparian cover in the entire LYR corridor. That
is the subject of a separate protocol. The two are linked, but the methods are too different to put
into a single methodology. The expectation is that a riparian vegetation map will be available
and for any given flow it will be possible to query the map to determine what vegetation is along
the bank or in the wetted area.
Substrate and cover are important characteristic of the land surface that need to be accounted for
to understand physical processes and ecological functions. For example, they contribute to the
following river functions (some implicitly) addressed in the LYR M&E Plan:
1) hydraulic roughness, which in turn influences water depth and velocity,
2) riverbed mobility and sediment transport, which in turn are involved in several fluvial
processes and ecological functions,
3) micro- and meso-habitats for submerged aquatic vegetation, macroinvertebrates, and fish,
4) Habitat heterogeneity.
1.0.2.1

Hydraulic Roughness

Different methods are commonly used to predict water depth and velocity in a river (Brown and
Pasternack, 2009). Hydraulic geometry relations allow these variables to be predicted by direct
empirical correlation with discharge at a given location. However, such relations are only
available for a few cross-sections along a river, if at all. Other common methods include
analytical equations (e.g. Dary-Weisbach, Manning, or Chezy equations), 1D hydraulic
numerical modeling (e.g. HEC-RAS or MIKE-11), or 2D hydrodynamic numerical modeling
(e.g. RIVER2D, FESWMS, or SRH-2D). All of these methods require estimation of a hydraulic
roughness parameter that influences how fast the water is moving and the degree to which water
is backed up. This parameter accounts for sub-grid scale topographic variability that is not
explicitly included in the topographic representation in the equations (which can range from
small bedform features to meanders), substrate conditions, and cover.
There exist four common approaches to quantifying the hydraulic roughness parameter for a
channel. First, one may calibrate the value using a numerical model (or back-calculate it using
an analytical equation) based on observed depths and velocities. Second, one may compare a
study site against a library of photos and data of reference sites where the parameter has been
backcalculated. Third, one may establish a base value for the channel based on a table of
reference conditions and then add extra quantities to the base value for each modifier (McCuen,
1989). Finally, one may ignore all influences except substrate size and apply the Strickler
equation, which states that the parameter is the one-sixth power of the substrate size that 90% of
the sediment is smaller than (Chow, 1959).
Except for the use of Strickler’s equation, the methods described above only require a visual
characterization of substrate and cover conditions. Strickler’s equation would require measuring
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particle size distributions explicitly. However, because that equation does not account for cover
and the other factors contributing to hydraulic roughness, it is not suitable for use on the LYR.
1.0.2.2

Bed Mobility

Riverine landforms change when the flow in a channel yields such high velocities that the force
per unit area (“shear stress”, τb) on the land surface is sufficient to overcome the gravitational
and frictional resistance of the sedimentary particles there. The rate of particle entrainment into
the flow is proportional to the amount of shear stress that exceeds the critical threshold for
initiating particle motion, commonly called the “critical shear stress” (τc). This value is
primarily a function of the grain size of the particles on the riverbed’s surface that form the
framework of the bed, holding it together. Depending on the size distribution of the bed
material, the framework particle size can be the median size or the size that 90% of the particles
are smaller than (D90). Consequently, a common practice is to nondimensionalize values of
shear stress by particle size, yielding Shields stress, τ* (named after a pioneer in sediment
transport research). This variable is defined as

τ* =

τb
( ρs − ρw )gD

(1)

where ρs is sediment grain density, and D is the representative bed surface grain size.
Based on a survey of studies of sediment transport and initiation of particle motion, Lisle et al.
(2000) characterized different regimes based on the range of values that τ* falls into. Values of
0.00 < τ* < 0.01 correspond with no transport; 0.01 < τ* < 0.03 indicates intermittent, localized
transport in response to infrequent turbulent bursts and/or bed vibrations; 0.03 < τ* < 0.06
corresponds with Wilcock et al.’s (1996) domain of “partial transport” in which grains move in
proportion to their relative exposure on the bed surface; 0.06 < τ* < 0.1 represents full transport
of a “carpet” of sediment 1-2∙D90 thick; and τ* > 0.1 corresponds with channel-altering
conditions. The use of these regime classes helps reduce the impact of propagation of errors in
hydrodynamic prediction, as the classes are much broader than the precision and accuracy of the
predictions (see Pasternack et al., 2006, for evaluation of such propagation errors and validation
of 2D shear stress predictions for shallow gravel-bed rivers). The threshold values of τ* reported
above shift down for very loose gravel beds and up for highly compacted and structured gravel
beds, but that affect has not been well characterized in the literature at this time.
To determine the sediment transport regime at a site for a given flow, it is necessary to quantify
particle size distributions at that location to obtain an estimate of D.
Cover also plays an important role in bed mobility, but the challenge is that it has two effects that
are contradictory in outcome. First, cover acts as a baffle in the flow, restraining fluid motion.
This decreases mean velocity. Since Shields stress is proportional to velocity squared, the
outcome is a decrease in bed mobility associated with the mean flow field. Second, cover
increases the intensity of turbulent fluctuations that impinge on the bed and lift up off of it. This
happens because flow accelerates around and through cover and then the often forms eddies
behind it in the wake zone. Intermittent turbulent fluctuations yield high velocity spikes that
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dramatically increase Shields stress and also lift stress at a point. Lift is usually neglected in bed
mobility prediction, even though it can account for half of the mobility that occurs (Nelson et al.,
2001). One reason is that drag and lift associated with the mean flow field are thought to be
proportional and thus experiments that empirically quantified the drag-mobility relation
implicitly accounted for the unmeasured but present lift (Paintal, 1971). However, intermittent
lift associated with turbulent fluctuations around cover and other obstructions is not in sync with
drag (Pasternack et al., 2007), and therefore needs to be accounted for independently.
In practice, the dominant effect of cover on bed mobility can be summarized more simply: cover
that spans a large area will primarily act as a baffle within that area and thus reduce bed
mobility and promote deposition; cover that has a lot of exposed area around it will primarily
promote turbulent fluctuations and enhanced scour around it. Based on these concepts, the
effect of cover on bed mobility can be ascertained by visual classification.
1.0.2.3

Habitat Substrate Suitability

River basins draining to the Pacific Ocean receive runs of anadromous Pacific salmonids that
have an important freshwater lifestages. Each stage has specific substrate and cover
requirements that need to be met in order for reproduction to successfully yield healthy fry (Fig.
1). For the spawning stage, Kondolf (2000) cites a common rule of thumb for determining the
suitable substrate size of the bed surface to be ~10% of fish length. On the LYR, observations of
fork length of steelhead/rainbow trout using a Vaki RiverWacher and by trapping yield a range
of sizes from 8 to 30” (~200-760 mm), yielding estimates of the suitable bed material size of 0.83” (~20-76 mm). Recognizing that these are not total lengths, the maximum suitable size could
reasonably be extended up to 3.5” (90 mm). For Chinook salmon, Moir and Pasternack (2009)
found that redds were dug in coarser sediment (from 40 to 140 mm in diameter), with the size
related to the local velocity (Fig. 2). Presumably high velocity and shear stress combined with
very loose sediment that has a low critical shear stress effectively aids spawners with mobilizing
the bed and clearing out an area for the egg pocket. Although not investigated for
steelhead/rainbow trout, this affect is likely present for them too, further justifying the higher
upper limit of suitable size of 90 mm.
Once spawning has occurred, the substrate must be highly porous to keep incubating embryos
well oxygenated. A small amount of sand and pea gravel may help keep embryos from flushing
out of the bed, but too much can halt oxygen delivery to the embryos. Fry of both species are
reported to prefer larger gravel and cobble particles for use as cover and for ample foraging for
aquatic benthic macroinvertebrates, while parr and smolts prefer large cobbles and boulders for
the same purpose (Reiser and Bjornn 1979).
Another way to view habitat suitability is to consider that during some times of the year,
salmonids require riverbeds to be stable, while during other times they require them to turn over
(Escobar-Arias and Pasternack, 2009). This perspective links bed mobility and ecological
function (Table 1), leveraging the utility of substrate and cover data to provide a dynamic and
process-based aspect to habitat characterization. By calculating the time series of bed shear
stress at a location, it is possible to evaluate the suitability of the site for adequate durations and
frequencies of periods of bed preparation and bed occupation.
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To evaluate habitat suitability, substrate information is commonly obtained through visual
classifications. Sediment classifications often use an abbreviated form of Wentworth size class
scale and either assign the whole mixture to a single class or else assign percentages of the bed to

Figure 1. Kondolf’s (2000) flow chart showing gravel requirements of salmonids during
freshwater lifestages.
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Table 1. Relations between salmonid lifestage, ecological function, and bed mobility.

Figure 2. Comparison of available versus utilized substrate-sizes for Chinook salmon spawning
illustrating the ability to spawn in larger material if the near-bed velocity is higher (Moir and
Pasternack, 2009).
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Figure 3. Blimp-based digital photo of the LYR floodplain in the TBR. Numbered squares are
2’x2’. Gravel templates with known hole sizes are shown next to homogeneous samples of
specified sizes.
the two most prevalent classes. Quantifying substrate size distributions by careful measurement
is useful for focused, localized studies of specific physical-ecological linkages (e.g. Moir and
Pasternack, 2009), but is too time consuming, difficult, and expensive to do comprehensively for
a large river at this time. New photographic technologies that relate sediment size to the texture
of pixel values is emerging rapidly. Use of digital imagery from tethered blimps flying <500’
above the substrate have been tested on the LYR and found effective at quantifying grain sizes
with diameters larger than 45 mm so far (Fig. 3).
1.0.2.4

Habitat Cover Suitability

According to a new cover study by Senter and Pasternack (2010), instream structural complexity
associated with cover serves diverse ecological functions for salmonids during their freshwater
lifestages and helps maintain riverine spatial structure. The following text is excerpted or
paraphrased from that study. Note that different studies may define each cover type differently
and the accepted definitions to be used on the LYR are presented in section 1.2.3.
Spawning salmonids are vulnerable to multiple stressors including inter- and intraspecies
competition, interspecies predation, and hydraulic and thermal variations in channel conditions.
Males can spawn multiple times over a period of weeks before death (Quinn, 2005), but must
have nearby refugia for resting and cover (Bjornn and Reiser, 1991). Smaller males hover in
safe zones such as large wood cover and dart out when spawning opportunities arise because
they are typically not able to establish their own territory (Esteve, 2005; Allen et al., 2007).
Females establish channel bed territory in competition with other females, and expend
tremendous amounts of energy preparing the channel bed for spawning activities (Fleming and
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Gross, 1994). Physical habitat partitioning provided by large wood allows females to be within
close proximity of one another, avoid confrontation, and simultaneously construct redds (Dolloff,
1983; Merz, 2001; Dolloff and Warren, 2003), thus helping to organize population-scale
spawning behavior. Where strongly preferred riffle habitat conditions are badly degraded, Senter
and Pasternack (2010) found that spawners strongly prefer to dig redds in the vicinity of large
wood. Even on riffles with widespread high-quality spawning microhabitat, spawners have been
observed to utilize almost all available space around cover, even though it only represents a tiny
proportion of the total available habitat (Wheaton et al., 2004; Senter and Pasternack, 2010)
Once spawning is complete, reproductive success is enhanced by the defense of redds until
female death (Quinn, 2005).
Juvenile salmon have been shown to utilize large wood structures as overhead cover, while
visual isolation and velocity refugia use occurred only in concert with use as cover (Fausch,
1993; Crook and Robertson, 1999). When artificial structures were used to mimic large wood,
juvenile coho (O. kisutch) sought out the greatest amount of structural complexity during the
winter, particularly when flooding was simulated (McMahon and Hartman, 1989). Edge habitats
in larger rivers with wood structure contained higher densities of juvenile salmonids, particularly
in winter (Beechie et al., 2005). Increases in rearing habitat in two Oregon streams achieved in
large part by large wood additions resulted in increased over-winter survival rates of juvenile
coho (Solazzi et al., 2000). ). Large wood ( ≥1 m length, ≥10 cm diameter) placements are
increasingly used to improve juvenile Pacific salmonid habitat (Roni and Quinn, 2001).
House and Boehne (1985) reported on the deposition of suitable spawning gravels and
subsequent use by spawners in coastal Oregon when gabions (wire enclosed cobble walls), large
wood, and boulders were installed after stream cleaning. Stream reaches with pools formed by
large wood provided cover and increased habitat volume, supporting increases in coho and
cutthroat trout (O. clarki) biomass (Fausch and Northcote, 1992). A study on resident brown
trout (Salmo trutta) spawning preferences in Ontario, Canada found that as habitat quality
decreased, there was a significant increase in the association of redds with large wood (Zimmer
and Power, 2006). On the Mokelumne River in California’s Central Valley, Merz (2001) found
that Chinook salmon (Oncorhynchus tshawytscha) redds were associated with available wood
greater than 5 cm in diameter and 30 cm in length, while Wheaton et al. (2004) reported
increases in use of artificially constructed structural cover and microhabitat refugia by spawning
Chinook from placed boulders, lodged large wood, and enhanced pools when coupled with the
spawning habitat rehabilitation (SHR) tools of gravel augmentation and riffle enhancement.
In terms of physical processes necessary to maintain riverine spatial structure, cover can create
complex in-channel hydraulics that promote zones of scour and deposition (Abbe and
Montgomery, 1996), help accumulate spawning gravels for Pacific salmon (House and Boehne,
1985), support substrate rejuvenation and hyporheic flows (Bryant et al., 2005), provide
hydraulic refugia (Bisson et al., 1987), and enhance pool formation (Buffington et al., 2002).
Nutrients and substrate for aquatic organisms are supplied via biological processing and
degradation of the wood itself (Anderson et al., 1978). Moreover, structural properties of large
wood are a factor in the retention of salmon carcasses, which provide important marine-derived
nitrogen (N) to N-limited terrestrial ecosystems, and organic nutrients to salmon juveniles,
macroinvertebrates, terrestrial animals, and birds (Naiman et al., 2002; Merz and Moyle, 2006).
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To evaluate habitat suitability, cover information is commonly obtained through visual
classifications. Visual classification is appropriate for characterizing metrics of cover
abundance, productivity, diversity, and spatial structure. To thoroughly understand the
watershed processes that supply and rework cover detailed attributes of each cover type need to
be collected. For example, boulder angularity and number of branches attached to a large wood
piece indicate where the respective objects derive from proximal steep hillsides or distal
upstream sources. Also, by using a GPS to locate each end of a wood piece, it is possible to
determine orientation and represent it in subsequent GIS-based analysis.
1.0.2.5

Habitat Heterogeneity

Habitat heterogeneity is defined as a naturally structured pattern of spatially distributed
environmental attributes. The concept of naturally structured differentiates it from randomness
and human-induced fragmentation. Spatially distributed means that different locations have
measurably different properties. Environmental attributes refers to physical and chemical
attributes that characterize “habitat”.
Habitat heterogeneity occurs across all spatial scales, with the ecological benefit scaledependent. At microhabitat and mesohabitat scales (<10 channel widths), heterogeneity helps
individual aquatic organisms meet their different lifestage needs. At the reach scale (10-1000
channel widths), it aids populations in expressing the full range of their phenotypic behavior. At
the catchment scale, it promotes biodiversity.
Throughout the literature on fluvial geomorphology and aquatic ecology it is widely report that
habitat heterogeneity is an important attribute of natural rivers (NRC 1992; Palmer et al. 1997).
In a review of 85 papers on habitat heterogeneity in terrestrial ecosystems from 1960-2003, Tews
et al. (2004) found 85% reported a positive correlation between species diversity and habitat
heterogeneity. Meanwhile, declines in salmonid populations in many rivers of North America
and Europe have been partially attributed to elimination, degradation and homogenization of
physical habitat (Cowx & Welcomme 1998; Hendry et al. 2003; Nehlsen et al. 1991; Brown and
Pasternack, 2007).
The LYR M&E plan lists habitat heterogeneity (aka “habitat complexity and diversity”) as a
priority stressor. The LYR M&E plan includes performance indicators and analytics related to
habitat heterogeneity at several spatial scales; any analysis that compares performance indicators
at two or more locations at any scale could yield an assessment of habitat heterogeneity at that
scale. At the catchment scale, analytics exist to intercompare species’ adult and juvenile
abundances between the LYR and other Central Valley Rivers (3.1.2.6) as well as compare the
spatial pattern of morphological units between rivers (3.4.2.2 and 3.8.2.2). At the reach scale,
analytics exist to compare the spatial pattern of morphological units (3.4.2.2 and 3.8.2.2) and
determine whether the longitudinal pattern of mesohabitats through reaches is random or
structured (3.4.2.1 and 3.8.2.1). Reach-scale analytics are also specified to intercompare above
Daguerre Point Dam with those for the whole LYR with respect to adult and juvenile fish
abundance estimates, over-summer rearing spring-run Chinook, and fall-emigrating steelhead
juveniles (3.1.2.3, 3.5.2.1, 3.5.2.2). At the mesohabitat scale, analytics are specified to
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characterize the spatial pattern of morphological units, compare it to other rivers, and track it
through time (3.4.2.1, 3.4.2.2, 3.8.2.1, and 3.8.2.2). At the microhabitat scale, the primary
analysis of habitat heterogeneity involves a GIS-based analysis of the spatial pattern of physical
variables (section 3.4.2.2 and 3.8.2.2), but the plan also specifies spatial analysis of 2D-model
predicted habitat suitability indices (3.4.2.1 and 3.8.2.1) and an analysis of the spatial pattern of
redd superimposition (3.1.2.7).
Patterns of substrate and cover exist across all spatial scales and they characterize physical
habitat heterogeneity when linked with topography and flow. Visual mapping of substrate and
cover are commonly used to characterize their spatial patterns for use in analysis of habitat
heterogeneity.
1.1

LYR Substrate/Cover Background

The study area for substrate and cover mapping is the LYR from Englebright Dam to the
confluence of the Yuba and Feather Rivers (near Marysville, California). Englebright Dam is the
first impassable barrier on the river. Daguerre Point Dam (DPD) is located ~12 miles
downstream of Englebright Dam and is a partial barrier to fish migration. The proposed study
area encompasses all habitat accessible to anadromous fish.
Before Englebright dam was built, hydraulic mining generated massive quantities of sediment
that deposited in the river and filled the entire valley. Pasternack (2008) estimated that 15.6
million yds3 of sediment is stored in the TBR alone at this time. That mixture is still preserved in
alluvial terraces on the hillsides that exist as remnant deposits as well as in the sediments
underlying the river bed that become exposed as the river incises in the absence of sediment
transport past Englebright Dam (Figs. 4-5). Examination of these deposits revealed that they are
composed of a mixture of loose cobble, gravel, and sand, with a much smaller amount of silt and
clay (Pasternack, 2008). Boulders are found in the river primarily along the banks where
bedrock has broken off the hillside and tumbled down into the channel. In short, the source of
bed material for the river is a relatively homogenized mixture of sand, gravel, and cobble that is
being exhumed from the river corridor by the flows coming out of the EDR.
Because water depth and velocity vary down the LYR in response to multiple spatial scales of
channel non-uniformity (e.g. at decreasing scale: valley dimensions, channel slope, channel
cross-sectional area, morphological unit form roughness, and cover types), the surficial layer of
sediment is reworked, creating a differentiation of surficial substrate types. It is this pattern of
surficial differentiation that is of interest to this investigation.
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Figure 4. Photo of a cutbank that exposes the internal structure of the hydraulic mining debris
filling the valley in the LYR corridor. Sand, gravel, and cobble are all visible in the photo.

Figure 5. Photo of the LYR floodplain showing the typical mixture of sand, gravel and cobble
present on the surface as well as some different patches.
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1.1.1 Past LYR Substrate/Cover Classification Usage
The USFWS previously collected visual classifications of substrate and cover types on the LYR
in support of microhabitat assessments. Ten spawning riffle sites were surveyed during March
2002 to November 2003 and an additional 8 sites in other mesohabitat types were surveyed
during December 2003 to April 2007. At each site, substrate and cover was visually classified
(Tables 2 and 3) for the entrance and exist cross-sections as well as at an unspecified number of
locations between the two deemed sufficient to characterize each site. Underwater video was
used to see submerged substrate and cover conditions in depths > ~10’. A focused study was
also done at 2 of the initial 10 sites to compare the relative utility of polygon-based mapping of
sedimentary “facies” (defined as areas of sediment recognizably different from adjacent
sediment deposited in a different depositional context) versus point and transect based sampling.
This analysis found that both yielded similar outcomes.

Table 2 (Left). USFWS substrate codes, descriptors, and particle sizes.
Table 3 (Right). USFWS cover coding system.
1.1.2 UC Davis Sediment Studies
During 2004-2007, the Pasternack research group at UC Davis conducted various focused
studies of sedimentary conditions in the Timbuctoo Bend and Englebright Dam Reachs (TBR
and EDR, respectively) to answer specific habitat and fluvial-process questions (Pasternack,
2008). The majority of the work involved quantitative Wolman pebble counts (Wolman, 1954)
using a gravel template that eliminates observer bias. For the EDR, a single set of 5 pebble
counts was conducted in September 2007, due the widespread presence of bedrock and limited
availability of any alluvium. The median grain size in EDR was found to be 143.6 mm, with a
D16 of 42.8 mm and a D90 of 395.7 mm. For the TBR, a longitudinal survey of pebble counts
was done at the water’s edge adjacent to each riffle and pool. The median size of the dataset was
54.9 mm, with a D16 of 22.9 and a D90 of 163 mm (Fig. 6). No longitudinal trend was found nor
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any difference between sediment flanking riffles versus pools (Fig. 7). Overall, substrate in the
EDR is ~2-3 times coarser than that in TBR.
Intensive site-based work was also done at the Timbuctoo Bend Apex Riffle (TBAR). In 2004
and 2005, polygon-based visual classification of substrate was done there in support of 2D
modeling and microhabitat characterization. In 2004, 44 Wolman pebble counts were done on
the channel banks, wadable bed, and on the medial bar there. For this 2004 set of pebble counts,
the median particle size was 62.1 mm, the D16 was 35.1 mm, the D84 was 105.8, and the D90 was
122.7 (where the subscript denotes the percent of particles smaller than). In September to
November 2005 (after the May 2005 flood), depth, velocity, and Wolman pebble counts were
characterized at 104 redds concurrently with Chinook salmon spawning activity. In this case, the
sediment investigated was the fish-mobilized material in the redd itself. The median grain size
of this sediment varied from 29.2-79.9 mm (mean = 49.2 mm). In summer 2006 (after the New
Year’s 2006 flood) 81 Wolman pebble counts were done on the same riffle at the TBAR site, but
prior to spawning to characterize “available” substrates. The median grain size of this available

Figure 6. Cumulative substrate grain size distributions showing key metrics for the longitudinal
survey of TBR (left) and the riffle knickpoint survey (right).
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Figure 7. Longitudinal distribution of median particle size in the TBR.
sediment varied from 45.3-119.4 (mean = 71.6 mm). Figure 2 compares the raw data points from
2005 utilized versus 2006 available, showing a strong preference interdependent with water
velocity. In summer 2007, 9 pebble counts were formed on riffle crests exhibiting knickpoint
migration at the TBAR site as well as at a riffle downstream, referred to as the Parks Bar Riffle
by Pasternack (2008). The median size observed at these locations was 79.9 mm and the D90 was
79.1 mm, so somewhat coarser than elsewhere (Fig. 6).
1.2

Visual Mapping Classifications

Visual mapping classifications serve an important role in river management. Many analytics
require spatially distributed substrate and cover information. The labor and cost associated with
manual quantification of grain size distributions is prohibitive; it is more than ten times the labor
cost of topographic measurement. Visual mapping can quickly characterize conditions
throughout a long river segment. Unfortunately, visual classifications often introduce significant
observer bias, compromising data quality. Psychological studies show that people can
effectively differentiate very different things, but when they are similar then observer bias takes
over decision making and causes people to exaggerate differences. The solution is to create
visual classes that are significantly different and give observers ample training.
All of the specific needs of substrate and cover maps described in section 1.0 above can be
achieved with visual classifications. Ideally, microhabitat suitability and bed mobility would
also be supported by some Wolman pebble counts. The existence of such data from past UC
Davis studies in the TBR may be adequate to serve that need.
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1.2.1 Limitations of Visual Substrate Surveys
A key finding from all of the pebble counts done in TBR 2004-2007 is that the median grain size
of the available bed material (e.g. 54.9, 62.1, and 71.6 mm) is close to the 64 mm threshold
commonly used to differentiate gravel from cobble according to the Wentworth scale. For
example, according to Figure 6 (left), 68% of locations have a median size between ~40-75 mm.
Compounding the problem, each site’s grain size distribution has long tails. For example, Figure
6 (left) also shows that only 55% of the particle sizes at a site are within 20-80 mm. That means
that almost half of the material is quite different in size than what the median size represents.
Marcus et al. (1995) evaluated observer bias in doing Wolman pebble counts and found two
major sources of bias. The first is measurement error using a ruler to determine the size of a
grain’s intermediate (“b”) axis. It turns out that some people tend to systematically overestimate
size, while others systematically underestimate it, regardless of the perception that a ruler is an
objective measurement tool. One can imagine that eliminating the use of a ruler would yield
even stronger biases in size estimation. The second source of error is in particle selection off the
bed, even when being done blindly, using only a single finger to select a particle off the bed. As
with visual size determination, visual selection of the sample yields even stronger biases between
observers that reported by Marcus et al., (1995) for the systematic Wolman method.
When using visual classifications, field crews usually must either A) decide that the bed is de
facto gravel or cobble or B) estimate the percent of the bed that is in each of those classes.
According to Table 2, USFWS field crews had to go further into picking among 4 classes of
gravel and 6 classes of cobble, and in some cases based only on a few seconds of underwater
video of part of the bed. It is well know that people tend to have a strong bias against small
particle sizes and thus tend to systematically overvalue large particles and overestimate
substrate size metrics (Bunte and Abt, 2001).
Figure 8 overlays a common visual substrate classification scheme based on the Wentworth size
scale onto the probability distribution function of the 2006 TBR longitudinal survey. The
threshold of 64 mm is coarser than the median size, but it is not as coarse as the most abundant
size class, which was 64-90.5 mm. This arbitrary threshold established by Wentworth simply on
the basis of powers of 2 does a poor job of delineating common sediment assemblages in
gravel/cobble rivers and it also does not represent a biologically significant value.
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Figure 8. Probability distribution function of data plotted in Figure 6 (left), but with size-class
overlays of the Wentworth scale (left) and a new scheme described in section 1.2.2 below (right).
A widespread statistical approach used in water resources management in California is to break
the amount of a variable (such as annual catchment water yield according to very dry, dry,
average, wet, and very wet) into classes of equal percent of the distribution, usually in 20%
increments. On this basis, the five equal classes would be <27, 27-48, 48-68, 68-108, and >108
mm. While appropriately providing equal weight to the different size fraction, this scheme
suffers the same problems as the Wentworth scale in terms of difficulty of visual differentiation
and lack of biological significance. Another approach would be to use the statistical approach of
differentiating by numbers of standard deviations. A size class encompassing one standard
deviation about the mean would account for 68% of the size range of the material (i.e. spanning
the D16 to the D84). For the case of the 2006 TBR longitudinal survey data, that would mean a
class of 23-163 mm. The next set of classes according to this scheme would extend to 2 standard
deviations from the mean (7-23 mm and 163-206 mm). Overall, the classes could be <7, 7-23,
23-163, 163-206, and >206 mm. This approach has merit in that all of the classes would be easy
to visually identify, but unfortunately most of the thresholds do not correspond with the substrate
suitability values identified above in section 1.0.2.3 (20, 40, 76, 90, and 140 mm).
1.2.2 Reconciled Substrate Classification
Ideally, a visual substrate mapping classification would involve classes that are visually distinct
and biologically significant. However, the above analysis shows that these two criteria cannot be
perfectly aligned. The following classification (Table 4) reconciles the two as best as possible,
placing the higher priority on visual differentiation (also see Fig. 6, right).
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Table 4. New substrate classification that links statistical properties of LYR
bed material grain size distributions and physical habitat suitability.
Class
Particle Size
Habitat suitability
Range (mm)
Bedrock
No alluvium Periphyton only
Boulder Field*
D>256
Chinook salmon and steelhead
trout fry, parr, and smolt cover and
foraging
Large Cobble
**128<D<256 Chinook salmon and steelhead
trout fry and parr cover and
foraging
Cobble
90<D< 128** Chinook salmon spawning,
embryo incubation, and fry cover
Medium Gravel/Small
32<D<90
Chinook salmon and steelhead
Cobble
trout spawning, embryo
incubation, and fry cover
Fine Gravel
2<D<32
Steelhead trout spawning and
embryo incubation
Sand
0.0625<D<2
Silt/Clay
D<0.0625
SAV
*The boulder field designation is not intended for individual boulders, but for A) boulders
arrayed as a step or B) a large, plane-bedded area of boulders.
**Following the procedure described in section 1.4.3, if field crews cannot distinguish the cobble
and large cobble classes in a test, then the threshold between the classes will be shifted from 128
to 140 mm and another test will be done to see if this is more effective.
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1.2.3 Reconciled Cover Classification
Reconciliation for the cover classification is more straightforward. One issue is that some cover
classifications include bed materials, such as cobbles and bedrock. Because these are already
classified in the substrate map, it is redundant to re-observe them on-site and make a duplicative
map. If a new analytic arises that requires substrates to be treated as cover, then GIS analysis
can be used to extract the relevant features and use them in a cover analysis.
Another issue is that riparian vegetation and in-channel woody vegetation (such as occurs during
higher flows that submerge banks and islands) are important cover objects that provide direct
physical cover as well as shading. A separate riparian vegetation mapping protocol will yield the
spatial pattern of vegetation, including canopy height in each grid cell of a raster datset. GIS
analysis may then be used to identify the intersection of riparian vegetation above a certain
height and the water’s edge at any specific discharge to designate bank vegetation that is
providing shade. Also, vegetation that is located within the wetted channel, but whose height is
too low enough that it is submerged under a flood flow can also be distinguished. These and
other such analytical metrics derivable from the pending riparian vegetation protocol may be
extracted and used as cover objects in the cover map. One aspects of riparian vegetation this is
excluded from this protocol is the direct mapping of submerged roots or branches of woody
vegetation. It is assumed that any vegetation at the water’s edge has roots submerged in the
water. It is not feasible to field-map them all explicitly.
Finally, the minimum-sized object that can be mapped cost-effectively has been determined to be
3 m, so objects smaller than that will be excluded.
The following classification (Table 5) is to be used to characterize cover on the LYR.
Table 5. Cover classification for the LYR.
Classification
Key Identifier to Measure Object
GPS object type
Wood Log
≥3 m long and ≥10 cm diameter
Line along stem
Wood Jam
≥3 m long
polygon
Boulder
>3 m in longest dimension
point
Boulder Cluster >3 m in longest dimension
polygon
Undercut Bank
>3 m in longest dimension
Line along bank
Submerged
>3 m in longest dimension
polygon
Aquatic
Vegetation
Woody
> 3 m in longest dimension and >1 * see note below
vegetation in the m above substrate
wetted channel
Riparian
>3 m in longest dimension and >1
*see note below
(Overhanging)
m above substrate
Vegetation
Human Detritus car, cement block, refrigerator, and point
By Name
other items ≥3-m length and ≥10cm diameter
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1.3

Study Design

1.3.1 Study Area
2D hydrodynamic modeling of the LYR will yield a wetted area boundary for a flow of 4,000
cfs. The wetted area boundary will be converted to an ArcGIS polygon shapefile and uploaded
into GPS units used by the mapping team. Substrate and cover will only be mapped in this
domain.
1.3.2 Timing and Frequency of Mapping
Underwater visibility can be reduced by turbidity, excessive depth, surface disturbance, and
other conditions including wind, fog, high flows, and angle and intensity of sunlight. Therefore,
submerged substrate and cover mapping should be conducted when the riverbed is visibile to a
depth of at least 6’. These flows can occur any time in the year, but are most common in late
summer, autumnal, and winter dry periods. Visibility will be improved by surveyors wearing
polarized sunglasses and using transparent-bottom buckets in water.
Mapping should be repeated after individual floods larger than 100,000 cfs or in the case of two
events larger than 50,000 cfs occurring within a 5-year period.
1.3.3 Mapping Methodology
Because flow at the time of mapping will be <4,000 cfs, some of the mapping area will be on
land and some underwater.
Regardless of whether the crew is on land or in water, the crew will start at Englebright Dam and
work downstream one section at a time. In each section, the crew will map the substrate and
cover there completely and then move on to the next section. The mapping will involve making
three passes of the wetted channel and three passes of the terrestrial land. Each pass will consist
of the following activities: 1) an initial pass to get an overview of the conditions in the section, 2)
going back to the top and then mapping substrate polygons on the way down, and 3) going back
to the top and then mapping all cover as points, lines, or polygons according to Table 3.
Crew members will create point, line, or polygon features of all substrates and cover features of
interest using handheld differential GPS units (sub-meter accuracy) by plotting GPS coordinates
while walking, driving, or boating around the perimeter of a feature.
1.3.3.1

Land-based Mapping

The procedure for mapping on land involves doing the three passes by walking or using an ATV,
depending on accessibility for an ATV in each section and how rough the surface is for moving
faster than walking speed on an ATV. ATVs have the advantage of getting people higher up
over the land to see what is on the ground, but in some sections of the LYR there are so many
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boulders and cobbles that the ATV has to be driven slower than walking speed. The mapping
crew may determine which is more effective in practice.
1.3.3.2

Water-based Mapping

A pre-established method for performing observational reconnaissance of the LYR’s substrate
already exists for the salmonid redd survey. Crew members have been trained to cover the
whole submerged domain by scanning the river from the shore to the middle of the river,
working downstream in a kayak. Side channels in the survey area are observed by walking.
Since this method has already been vetted and found effective in practice, it should be used for
mapping substrate and cover.
For water deeper than 6’ where visibility may be poor, probing the bed with a kayak paddle,
snorkeling, or boat-based video surveillance may be used to characterize riverbed substrates.
Hitting the bed with a kayak paddle and pushing the paddle around on the bottom can enable a
distinction between sediment sizes in depths up to 8’.
1.3.3.3

Substrate Measurements

Regardless of whether the crew is on land or in water, the reconciled substrate classification
(section 1.2.2, Table 4) should be used to make a “facies” map of the surficial pattern of
substrate, with each area of a homogeneous substrate type mapped as a polygon. For each
substrate polygon, the observer will estimate the percent of area composed of each class to the
nearest 10% value, only recording those with >10% contribution. For substrate polygon, a GPS
data dictionary file accompanying the coordinates should identify the substrate classes present
and the percent of each to the nearest 10%.
Handheld GPS units require that each substrate polygon be larger than 5 x 5 m2 to be accurately
mapped, so that should be the minimum size of a substrate or cover patch recorded. However, if
a substrate polygon has more than one class present in it with an area >10%, then the minimum
polygon size will be 10 x 10 m2. This constraint represents the consensus for balancing effort
and cost relative to the needs of the dataset for M&E Plan analytics.
1.3.3.4

Cover Measurements

The reconciled cover classification (section 1.2.3, Table 5) should be used to map cover objects.
For individual wood logs, length and mid-point diameter should be obtained using tape measure
and tree caliper, with recorded accuracies of ±5 cm and ±2 cm, respectively. Origins should be
identified as bank erosion when roots are present, as cut or placed when evident by visual
inspection, as limb breakage when the large wood piece could be matched up with a nearby scar
on a riparian tree, and as unknown in all other cases.
For boulders, diameter should be measured with a tape measure and the angularity designated as
angular (i.e. having sharp edges), well-rounded, or unknown.
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1.4

Logistics

1.4.1 Personnel
The staffing will consist of a two-person field crew working full-time for 1 month.
1.4.2 Experience and Qualifications of Personnel
The field crew will consist of two people with experience working on the LYR. All personnel
should be trained in swift water rescue, basic first aid, with an emphasis on CPR and recognition
and treatment of hypothermia. Crew members should be trained to identify potential in-river
hazards (debris jams, swift water, turbulent areas, etc.) before entering the river and beginning to
survey the unit. Field surveyors must be trained and be competent in the use of handheld GPS
units. If boats or 4WD vehicles are used to access sampling locations, crew members must be
competent in the operation of such equipment.
1.4.3 Extra Training
This plan should be made available to the mapping personnel to promote consistence among
personnel and to address safety concerns.
Crew members need to be able to accurately classify substrate types in the field using the scheme
presented in section 1.2.2 above. To achieve this, a special training exercise is required. An
independent third person will collect fourteen 5-gallon buckets of substrate from the LYR, use a
gravel template to quantitatively characterize them (placing the grains into a new, empty bucket
as the count proceeds), enter the data in a spreadsheet, and then set the buckets aside. The set of
14 buckets should include a primary designation of >50% of the following: two large cobble
samples, three cobble samples, three medium gravel/small cobble samples, three fine gravel
samples, two sand samples, and one silt/clay sample. Next, the samples will be randomly
ordered in a line. Then, at independent times on different days, each crew member should
individually lay out one bucket at a time on a tarp and visually classify it according to the
scheme in section 1.2.2 and then return each sample to its bucket. Afterwards, the independent
third person should enter the results from the two crew members into the spreadsheet and
evaluate their performance. The results should be reported to the RMT for discussion. I the
outcome is satisfactory, then the procedure in section 1.3.3 may proceed. If the outcome is poor,
then further training and testing will be provided until a satisfactory level of skill and
repeatability is achieved.
1.4.4 Schedule
TBD
1.4.5 Cost
Fisheries Technician 1/2: $1880 - $3640 @ 1 month
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Fisheries Technician 1/2: $XXX @ 3 days to prep training test
Civil Engineering Technician: $XXXX @ 1 month
1.0.1 Equipment
Field Equipment:
Trimble dGPS unit with data dictionary and LYR channel margin maps loaded
Gravel template (for size reference)
Waders
Wading boots
2 Tape measures
2 Tree calipers
Camera
Box Clipboard/Data sheets
Field Notebook (Rite in the Rain)
Survey Protocol
Lab Equipment:
Computer with ArcMap 9.2 installed
1.5

Data Management

1.5.1 Data Entry and Processing
Data entry is automated by downloading data dictionary and GPS data files from handheld units.
All GPS files should be converted to ArcGIS shapefiles.
1.5.2 Data Storage and Archiving
All original data and field notes will be kept well organized and labeled. Final reports will be
digitized and archived. Digital scans of field notes should be kept in addition to the original hard
copies.



Raw Data Electronic Storage Format (Software): Microsoft Access
Processed Data Electronic Storage Format (Software): Microsoft Access and ArcMap

Electronic files and print copies of the field data sheets will be located at:
Yuba County Water Agency
1220 F Street
Marysville, CA 95901-4226
Data Retrieval Contact: Lead Biologist
Telephone Number:
TBD
Email Address:
TBD
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