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1. Executive Summary
A numerical modeling assessment was performed by HDR to evaluate the impacts to PG&E’s
DeSabla‐Centerville Hydroelectric Project (FERC No. 803) as a result of the California State
Water Regional Control Board’s draft 401 Water Quality Certification (SWRCB 401). The
primary metrics evaluated in this study were: minimum instream flow violations (i.e., inability
to meet minimum flow requirements); Philbrook Reservoir storage and cold water pool
impacts; and power generation. An existing operations model, developed and used during the
FERC relicensing process for the Project, was utilized in the assessment.
Results Summary
Minimum instream flow violations occurred in at least three years, or in as many as nine years,
under the relicensing period of record (Water Years 1986 – 2005) at Butte Creek below Lower
Centerville Diversion Dam, depending upon whether flows were augmented by release from
storage at Philbrook Reservoir to help meet the minimum instream flow requirements under
Condition 1 of the draft SWRCB 401. Flow violations occurred primarily during the fall spawning
period for spring‐run Chinook (SRC) salmon and sometimes extend into the early winter (i.e.,
September to early February). Flow violations generally occurred in water years classified as
Normal following a water year classified as Dry.
Philbrook Reservoir cold water pool conditions were similar under SWRCB Condition 1 in
summer as under the Base Case (Existing Operations) and PG&E’s Proposed Project (License
Application). Reservoir storage impacts, due to implementation of SWRCB Condition 1, were
greatest in late summer (September) through early spring, under dry to near‐normal water
years, owing to increased releases from Philbrook Reservoir to meet minimum flows below
Lower Centerville Dam. Generally, this is the period of time when the cold water pool in
Philbrook runs out due to releases during July and August to benefit SRC holding in Butte Creek.
In Dry years, when Philbrook Reservoir does not completely fill, this cold water pool is reduced
in volume. No cold water pool impacts are expected to occur in above‐normal to wet water
years.
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Relative to PG&E’s Proposed Project, the average annual generation from the Project is reduced
by approximately 20 percent under the SWRCB 401 Condition 1, or approximately 30 gigawatt‐
hours per year (GWh/yr). The primary driver for the generation loss is SWRCB’s proposed
cessation of diversions from Butte Creek into Lower Centerville Canal, resulting in a significant
change in water available for power generation when compared to both historic (Base Case)
Project operation and PG&E’s Proposed Project.
2. Introduction and Background
The DeSabla‐Centerville Hydroelectric Project (Project) is divided into three developments:
Toadtown, DeSabla and Centerville. The Toadtown development diverts water from the West
Branch of the Feather River (WBFR); the DeSabla development diverts water from upper Butte
Creek as well as utilizes the outflow of the Toadtown development; and the Centerville
development diverts a portion of the flow of Butte Creek downstream of the DeSabla
development.
The Project recently went through the FERC relicensing process, resulting in several operating
proposals from PG&E, various resource agencies, and FERC itself. FERC issued its “Staff
Alternative with Mandatory Conditions” as part of its issuance of the Final Environmental
Assessment for the Project on July 24, 2009. The final step in the relicensing process for the
Project is the issuance of the final 401 Water Quality Certification from the SWRCB. On April
12, 2013, SWRCB issued its draft 401 Water Quality Certification for the Project. The sections
below provide pertinent details of the draft SWRCB 401 with respect to operation of the
Project. For the purposes of this assessment, HDR assumed the release of full flow into Butte
Creek at Lower Centerville Diversion Dam (i.e., no diversions into the Lower Centerville Canal).
Other assumptions, where necessary, are described below.
Minimum‐Instream Flows
Minimum‐instream flows under SWRCB 401 Condition 1 are summarized below:
A. Butte Creek
Within approximately five years following issuance of the FERC License, PG&E shall cease
diverting water into the Lower Centerville Canal at the Lower Centerville Diversion Dam,
thereby allowing full flow below Lower Centerville Diversion Dam into Butte Creek (Condition
1(A)). For modeling purposes, release of full flows in Butte Creek below Lower Centerville
Diversion Dam (i.e., no diversions to the Lower Centerville Canal) was simulated for the full 20‐
year period of record (Water Years 1986‐2005) while attempting to honor the SWRCB 401
minimum instream flow requirements below.
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Butte Creek below
Lower Centerville
Diversion Dam
Month
Sep 1 – Mar 14
Mar 15 – Apr 30
May
Jun – Aug

Mean Daily Flow (cfs)
by Water Year
Normal*
100
80
80
40

Dry*
75
75
65
40

* Water year types defined per SWRCB 401 Condition 2

Butte Creek below
Butte Creek
Diversion Dam
Month
Mar 1 – May 30
Jun 1 – Feb 28/29

Mean Daily Flow (cfs)
by Water Year
Normal*
30
16

Dry*
20
10

* Water year types defined per SWRCB 401 Condition 2

Inskip Creek below
Inskip Creek
Diversion Dam
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
0.25

Dry*
0.2

* Water year types defined per SWRCB 401 Condition 2

Kelsey Creek below
Kelsey Creek
Diversion Dam
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
0.25

Dry*
0.2

* Water year types defined per Condition 2

Clear Creek below
Clear Creek
Diversion Dam
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
0.5

Dry*
0.25

* Water year types defined per SWRCB 401 Condition 2
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B. Lower West Branch Feather River below Hendricks Diversion Dam
Lower West Branch
Feather River
Month
Sep ‐ Feb
Mar ‐ Aug

Mean Daily Flow (cfs)
by Water Year
Normal*
Dry*
15
7
15
15

* Water year types defined per SWRCB 401 Condition 2

C. Upper West Branch Feather River below of Round Valley Dam
Upper West Branch
Feather River
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
Dry*
0.5
0.1

* Water year types defined per SWRCB 401 Condition 2

D. Philbrook Creek below Philbrook Dam
Philbrook Creek
Month
Jan ‐ Mar
Apr 1 ‐ May 15
May 16 ‐ Dec 31

Dry**
2
2
2

WY Type
Normal**
2
2
2

Wet*
N/A
10
N/A

* If Humbug snow pillow reports a Snow Water Equivalent of 40 inches or
more on April 1, a "Wet year" instream flow will be implemented from April
1 through May 15.
** When instantaneous flows into Philbrook Reservoir are less than 0.5 cfs,
minimum‐instream flow shall be reduced to 1 cfs.

E. Hendricks Canal Feeder Creeks
PG&E shall be required to install three 4‐inch pipes, one at each diversion point, to convey
minimum flows. For modeling purposes, the following minimum flows were simulated:
Long Ravine
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
Dry*
1.0**
1.0**

* Water year types defined per SWRCB 401 Condition 2
**Or natural flow, whichever is less
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Cunningham Ravine
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
Dry*
1.0**
1.0**

* Water year types defined per SWRCB 401 Condition 2
** Or natural flow, whichever is less

Little West Fork
Creek
Month
Year Round

Mean Daily Flow (cfs)
by Water Year
Normal*
Dry*
1.0**
1.0**

* Water year types defined per SWRCB 401 Condition 2
**Or natural flow, whichever is less

F. Helltown Ravine
No minimum‐instream flow requirement, assuming no diversions at Lower Centerville Diversion
Dam to Lower Centerville Canal (Condition 1(F)). The cessation of diversions at Lower
Centerville Diversion Dam is expected to occur within the first five years of new License
issuance, based on other conditions proposed by SWRCB.
Water Year Types
Water Year Types under SWRCB 401 Condition 2 are summarized below:
Dry
Normal

Fifty percent or less of the average April though July
unimpaired runoff of the Feather River at Oroville.*
Greater than fifty percent of the average April though
July unimpaired runoff of the Feather River at
Oroville.*

* Based on DWR Bulletin 120 April‐July Forecast.
Bulletin 120 is tracked monthly from February through May and the model’s flow
requirements are adjusted as needed if water year type changes during those
months.

3. Methods
The HEC‐ResSim operations model, developed in collaboration with the agencies to support the
DeSabla‐Centerville Hydroelectric Project relicensing, was used to simulate system‐wide water
and power impacts under the draft SWRCB 401 Conditions. The ability to meet minimum‐
instream flow requirements, impacts to Philbrook Reservoir overall storage and cold water
pool, and impacts to power generation were assessed.
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The operations model was previously set up to simulate two system operating scenarios: the
Existing Project (existing License conditions; model run code “Base Case”), and PG&E’s
Proposed Project (PG&E’s proposed future License conditions; model run code “Run 6”). Both
runs include minimum‐instream flow releases below Project dams.
Model run SWRCB 401 was developed as two scenarios. In the first Scenario, Project
operations were simulated using current operations whereby Philbrook Reservoir releases are
managed primarily for downstream temperature control in Butte Creek during the summer and
fall. In the second scenario, Philbrook Reservoir releases were managed for temperature
control through August, as under Scenario 1, then starting on September 1 managed to meet
the SWRCB 401 minimum instream flow requirements in Butte Creek below Centerville
Diversion Dam for spring‐run Chinook (SRC) spawning. The following summarizes the
assumption for these two scenarios.
Scenario 1 – Reservoir Management for Temperature Control







Perform a Period of Record Simulation (Water Years 1986 – 2005)
Minimum instream flow requirements below Project impoundments, as specified under
SWRCB 401 Condition 1
Cessation of diverted flow to Lower Centerville Canal (i.e. full flows to Butte Creek
below Lower Centerville Diversion Dam)
Abandonment of Centerville Powerhouse
Periodic releases of 35 cfs below Philbrook Reservoir during heat storm events
Typical Philbrook Reservoir (guide curve) operation, comparable to the Licensee’s
Proposed Project

Scenario 2 – Reservoir Management for Temperature Control with Flow Augmentation for SRC
Spawning








Perform a Period of Record Simulation (Water Years 1986 – 2005)
Minimum instream flow requirements below Project impoundments, as specified under
SWRCB 401 Condition 1
Cessation of diverted flow to Lower Centerville Canal (i.e. full flows to Butte Creek
below Lower Centerville Diversion Dam)
Abandonment of Centerville Powerhouse
Periodic releases of 35 cfs below Philbrook Reservoir during heat storm events
Beginning September 1, modified Philbrook Reservoir (guide curve) operation to
conserve storage for potential release later as needed to meet increased minimum
instream flow requirements in Butte Creek below Centerville Diversion Dam
A new reservoir release rule at Philbrook Reservoir to release additional water from
storage, as needed starting September 1, to meet increased minimum instream flow
requirements in Butte Creek below Centerville Diversion Dam
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Results from the SWRCB 401 Scenarios were analyzed to identify any minimum instream flow
violations, with particular focus on instream flow violations below Lower Centerville Diversion
Dam. Results were also assessed for impacts to the cold water pool at Philbrook Reservoir, and
compared against power generation for the Base Case and the Proposed Project.
4. Results
Results of the SWRCB 401 Scenarios are summarized below:
Minimum instream Flow Violations – Minimum instream flow violations occurred at Butte Creek
below Lower Centerville Diversion Dam in nine years under Scenario 1 and in three years under
Scenario 2, as a result of proposed SWRCB 401 instream flow requirements in Butte Creek
below Lower Centerville Diversion Dam. Violations occurred in both Dry and Normal Water
Years. Flow violations occur primarily during the fall and sometimes extend into the early
winter (i.e., September to early February). The number of daily average flow violations in each
”Release Year”1 under the relicensing period of record (Water Years 1986 – 2005) is
summarized in Table 1 along with the Water Year type (Dry or Normal) and May‐1 Bulletin 120
(B120) percent of average runoff at Oroville that dictates the September 1 release.
Under both Scenarios 1 and 2, fall and winter minimum instream flow violations are most
pronounced in Release Years 1990 and 1992, each of which represents a “Normal” water year
that was preceded by a “Dry” water year. It is also worth noting that minimum instream flow
violations projected in HEC‐ResSim assume a fully‐operational canal system for the Period of
Record, i.e., no unplanned outages (the model does, however, incorporate a typical annual
outage for Hendricks Canal from April 16– May 9). Any unplanned canal outages may lead to
additional and more severe minimum instream flow violations in Butte Creek below Lower
Centerville Diversion Dam due to the frequent need to rely upon flow augmentation from
Philbrook Reservoir to meet minimum flow requirements under the SWRCB 401 proposal.

1

Note the first column in Table 1 is characterized as “Release Year (Sept 1‐Aug 31)” which coincides with the onset
of increased instream flows on September 1 for SRC spawning. This convention allows the spawning‐flow period
violations to be grouped into the “flow release year” that the spawning flows occurred. For example, Release Year
1990 is September 1, 1989 – August 31, 1990.
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Table 1. Summary of minimum instream flow violations, in days per Release Year (September 1August 31), over the full relicensing period of record (Water Years 1986-2005) for Scenarios 1 and
2. The September-1 Water Year type and May-1 B120 value controlling the September-1 minimum
instream flow requirement is also summarized.

Number of Daily Flow Violations
Release Year
(Sept 1‐Aug 31)
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

Scenario 1
0
0
0
5
65
0
138
27
14
0
0
0
0
0
0
3
0
23
28
7

Scenario 2
0
0
0
0
33
0
118
0
0
0
0
0
0
0
0
0
0
4
0
0

September‐1
Condition 2
Water Year
Type
Normal
Normal
Dry
Dry
Normal
Dry
Normal
Dry
Normal
Dry
Normal
Normal
Normal
Normal
Normal
Normal
Dry
Normal
Normal
Normal

May‐1
B120 Percent
of average
65
78
36
35
70
35
61
46
137
40
203
111
67
149
115
99
46
70
97
70

Philbrook Reservoir Cold Water Pool – Implementation of SWRCB 401 instream flows under
Scenario 1 does not greatly impact Philbrook Reservoir levels, and only marginally so from mid‐
November to late spring. Summer water levels, and thus the cold water pool, would be similar
to PG&E’s Proposed Project when compared to the SWRCB 401 Conditions. However, under
Scenario 2, with the assumption that WBFR diversions are necessary to support the SRC‐
spawning minimum instream flow requirements in Butte Creek below Lower Centerville
Diversion Dam, the SWRCB 401 proposed conditions have a much more significant impact on
Philbrook Reservoir operations. The difference in operations occurs in late summer and early
fall. This is generally when the cold water pool has been fully utilized by releases during July
and August. Under Scenario 2, Philbrook Reservoir storage would be reserved starting on
September 1 until needed in order to provide flow augmentation into Hendricks Canal in
support of minimum flow criteria in Butte Creek to support SRC spawning. This change to
operation at Philbrook Reservoir would also impact late summer hydropower generation for
the overall project; this is addressed in greater detail within the “Power Generation” impacts
section below.
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Figure 1 provides simulated Philbrook Reservoir elevations for a representative sub‐set of water
years in the period of record (i.e., Water Years 1991‐1995).

Figure 1. Time series of simulated Philbrook Reservoir water-surface elevations under PG&E’s
Proposed Project (Blue), Scenario 1 (Red), and Scenario 2 (Green). While not shown here, results
of the Base Case simulation of Philbrook Reservoir are identical to PG&E’s Proposed Project.

An analysis was performed to describe the frequency, duration and magnitude of exceedances
of Philbrook Reservoir water‐surface elevation over the 20‐year relicensing Period of Record
(Water Years 1986‐2005), provided as Figures 2 through 4.
The analysis shows that in the wettest 10 percent of seasonal hydrologic conditions (i.e., 10%
exceedance) over the 20‐year period of record (Figure 2), there is no difference between
PG&E’s Proposed Project reservoir elevations and reservoir elevations under Scenario 1. Under
Scenario 2 during wet hydrologic conditions, storage reserved to augment downstream
minimum instream flows is generally not needed (shown in Figure 2 as unused late‐year
storage).
The median seasonal hydrologic condition (50% exceedance) for reservoir elevations during the
period of record, shown in Figure 3, shows small variations between scenarios during mid
November to early March. Under Scenario 2 (green line), the reservoir is drawn down as
needed between September 1 and November 30 to augment downstream minimum instream
flow requirements, but unused late‐year storage remains.
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In the driest 10 percent of years (Figure 4), variations between scenarios occur between mid
September and early May and reservoir elevations vary by as much as 10 feet. Figures 2
through 4 all show that the cold water pool would be relatively unchanged in summer months.
However, in dry year conditions, the reduced storage that occurs under all scenarios (Figure 4)
would reduce the cold water pool.

Figure 2. Wet Hydrological Conditions: 10% Exceedance water-surface elevations at Philbrook
Reservoir for PG&E’s Proposed Project (Blue), Scenario 1 (Red), and Scenario 2 (Green) over the
Period of Record (Water Year 1986-2005). The blue line is hidden by the red where the blue line
isn’t visible. While not shown here, results of the Base Case simulation of Philbrook Reservoir
are identical to PG&E’s Proposed Project.
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Figure 3. Median Hydrological Conditions: 50% Exceedance (median) water-surface elevations at
Philbrook Reservoir for PG&E’s Proposed Project (Blue), Scenario 1 (Red), and Scenario 2 (Green)
over the Period of Record (Water Year 1986-2005). While not shown here, results of the Base Case
simulation of Philbrook Reservoir are identical to PG&E’s Proposed Project.
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Figure 4. Dry Hydrological Conditions: 90% Exceedance water-surface elevations at Philbrook
Reservoir for PG&E’s Proposed Project (Blue), Scenario 1 (Red), and Scenario 2 (Green) over the
Period of Record (Water Year 1986-2005). While not shown here, results of the Base Case
simulation of Philbrook Reservoir are identical to PG&E’s Proposed Project.

Power Generation – The following tables summarize generation results for the Base Case,
PG&E’s Proposed Project, and SWRCB 401 Scenarios 1 and 2. Table 2 reports results for
Scenario 1 and Table 3 reports results for Scenario 2. Average generation per year for the
period of record is given in the left hand side. Relative percent difference between scenarios is
given in the right hand side.

HDR Engineering, Inc.

2379 Gateway Oaks Drive
Suite 200
Sacramento, CA 95833

Phone (916) 679-8700
Fax (916) 679-8701
www.hdrinc.com

Page 12 of 15

Table 2. Comparison of average annual Project generation under the Base Case, PG&E’s
Proposed Project and Scenario 1 over the full relicensing period of record (Water Years 19862005).

PG&E DeSabla‐Centerville Project
GWh/yr
Powerhouse

Toadtown
DeSabla
Centerville
PROJECT TOTAL

Percent Difference

Base Case

PG&E’s
Proposed
Project

Scenario 1

Scenario 1
vs.
Base Case

7.6
109.3
34.6
151.5

7.3
107.2
31.6
146.1

7.5
108.1
0
115.6

‐1.9%
‐1.1%
‐100%
‐23.7%

Scenario 1
vs.
PG&E’s
Proposed
Project
2.0%
0.8%
‐100%
‐20.9%

Table 3. Comparison of average annual Project generation under the Base Case, PG&E’s
Proposed Project and Scenario 2 over the full relicensing period of record (Water Years 19862005).

PG&E DeSabla‐Centerville Project
GWh/yr
Powerhouse

Toadtown
DeSabla
Centerville
PROJECT TOTAL

Percent Difference

Base Case

PG&E’s
Proposed
Project

Scenario 2

Scenario 2
vs.
Base Case

7.6
109.3
34.6
151.5

7.3
107.2
31.6
146.1

7.5
108.3
0
115.7

‐1.9%
‐0.9%
‐100%
‐23.6%

Scenario 2
vs.
PG&E’s
Proposed
Project
2.0%
1.0%
‐100%
‐20.8%

Generation loss for Scenarios 1 and 2, as compared to the Base Case or PG&E’s Proposed
Project, is similar. Figure 5 shows simulated daily average DeSabla Powerhouse flow for a
representative period, calendar years 1994 and 1995.
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Figure 5. Time series of simulated daily average DeSabla Powerhouse flow under Scenario 1
(Blue), and Scenario 2 (Red).

5. Discussion and Conclusions
SWRCB 401 was modeled two ways: under normal operating conditions managed for
temperature control (Scenario 1); and with modified operation of Philbrook Reservoir to
manage for temperature control and SRC spawning flows (Scenario 2). Minimum flow
violations during the fall and winter occur under both scenarios, but to a lesser degree under
Scenario 2 with on‐demand releases from storage starting in September to meet minimum
instream flows in Butte Creek below Lower Centerville Diversion Dam (Table 1). Violations
were most likely to occur in fall and early winter under slightly above‐Normal Water Years that
follow a Dry Water Year, such as in Release Years 1990, 1992 and 2003 (Table 1).
It is also important to consider that this modeling assessment was based on the use of the
relicensing Period of Record, Water Years 1986‐2005, which does not include a critically dry
period, such as Water Years 1976‐1977, which would further limit the availability of water
resources for flow and temperature control.
Increased minimum‐instream flow below Philbrook Dam in April and May, when the Humbug
snow pillow sensor is at least 40 inches on April 1, had very little impact on Philbrook Reservoir
water levels or the cold water pool, as reservoir releases usually exceed the 10 cfs minimum in
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wetter years during this period. Increased minimum‐instream flow in dry months (fall and early
winter) had a much greater impact on reservoir levels, especially in moderate to dry years. But,
impacts were limited to times during the year when cold water is less critical downstream. The
Reservoir was always able to recover to Base Case reservoir levels by mid‐May, if not sooner,
under both SWRCB 401 Scenarios.
Under the draft SWRCB 401, diversions from Butte Creek into Lower Centerville Canal are
assumed to be eliminated for the life of the new License (Condition 1(A)). This is a significant
deviation from both historical and PG&E’s Proposed Project operations. As such, the impacts to
Project generation are on the order of 20 percent relative to both the Base Case and PG&E’s
Proposed Project. Median flows over the period of record in Butte Creek below Lower
Centerville Diversion Dam increased from 46 cfs under the Base Case and PG&E’s Proposed
Project to 184 or 186 cfs under Scenario 1 and Scenario 2, respectively. Minimum and
maximum flows over the period of record were relatively unchanged under SWRCB 401.
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SECTION 1.0

Introduction and Background
As part of Pacific Gas & Electric’s (PG&E’s) DeSabla-Centerville Hydroelectric Project
(Project), PG&E operates Hendricks Diversion on the West Branch Feather River (WBFR) in
Butte County, California to route water to Hendricks and Toadtown canals and then to DeSabla
Powerhouse on Butte Creek. The diversion currently contains no passage facilities for resident
fishes. As directed in FERC Draft License Article 415 and Forest Service 4(e) condition 19,
PG&E is required to retrofit the diversion dam to include fishway structures for upstream and
downstream passage of brown trout (Salmo trutta) and rainbow trout (Oncorhynchus mykiss). 1
The primary purpose of adding a fish ladder at the diversion dam would be to provide resident
fish access to thermal refuge in the upper watershed during dry years when water temperatures
may be elevated in downstream areas. 2 However, resource agencies had additional concerns
about passage within the river, downstream of the diversion dam. Specifically, the United States
Forest Service (USFS) noted that the PHABSIM-calibration 3 flows at the Retson Camp site
(approximately 1.5 miles downstream of Hendricks Diversion) indicated that 7 cubic feet per
second (cfs) may not support passage through shallow sections of the stream reach between
Hendricks Diversion and the first major tributary, Big Kimshew Creek (FERC 2009). To ensure
passage connectivity within the river, the prescribed minimum instream flow releases below
Hendricks Diversion under the new License, pursuant to USFS 4(e) Condition No. 18, 4
Streamflow, is 15 cfs year-round, with the exception of dry water-type years, where releases may
be lowered to 7 cfs 5 between September and February. Flows downstream of the reach increase
with perennial input from Big Kimshew Creek.
As an alternative to increasing minimum instream-flow releases above 7 cfs at Hendricks
Diversion during dry water-type years, FERC recommended that a fish passage and screen plan
be developed that specifies how migration connectivity through the stream reach would be
provided using fish habitat structures or other such means to increase connectivity in dry years.
This technical memorandum summarizes an assessment of fish passage barriers on the WBFR
between Hendricks Diversion and Big Kimshew Creek, near the town of Stirling City (Figure 1).

1

2

The Draft License Articles are preliminary and the number was assigned based on the order listed in the FERC
EA (2009). License conditions may change when the Final FERC License is accepted.
FERC EA Section 5.4 referencing the June 29, 2009, section 10(j) meeting discussion

3

PHABSIM: Physical Habitat Simulation software developed by the U.S. Geological Survey

4

As modified April 16, 2010

5

Flows may increase above 7 cfs if higher streamflows are needed for proper functioning of the Hendricks Dam
fish passage facility.
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Figure 1.

Overview map showing the assessment reach extent and potential fish
migration barriers identified during this assessment
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SECTION 2.0

Field Survey and GIS Processing Methods
This section describes the activities conducted and methods followed in the identification and
characterization of potential fish-migration barriers in the assessment reach. All initial screening
and field surveys were conducted in October 2011 and digital data compilation and map
production using a geographical information system (GIS) was conducted during November–
December 2011.

2.1 Initial Screening of Potential Fish-Migration Barriers
To initially screen the assessment reach for potential fish-migration barriers, available spatialdata sources were reviewed. These data sources included:

2.1.1

•

California Fish Passage Assessment Database (CFPAD); 6

•

High-resolution aerial imagery collected in September 2005 by PG&E; and

•

Low-elevation flyover video collected in June 2005 by PG&E.
California Fish Passage Assessment Database

The CFPAD is a spatial data layer that contains locations and attributes of known and potential
barriers to salmonid migration in California streams. Queries of the CFPAD made within and
near the assessment reach revealed three potential barriers, which are summarized in Table 1.
While the CFPAD is spatially comprehensive, its authors (CalFish, a California cooperative
anadromous fish and habitat data program) stress that it is not error-proof and should only be
used as an initial screening tool. Only CFPAD ID No. 715749 (Hendricks Dam) was verified
during our field surveys, which did not include the middle section of the assessment reach where
CFPAD ID Nos. 737357 and 736834 were reported to occur; these two barriers were not
observed during initial screening of the barriers using the high-resolution aerial imagery or lowelevation flyover video.

6

Available at: http://www.calfish.org
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Table 1.

Potential fish passage barriers in the assessment reach from the California
Fish Passage Assessment Database (CFPAD)

CFPAD
barrier
identification
No.

Approximate
river mile

Barrier description

Barrier
status

Falls below Big Kimshew Creek
737357

23.2

736834

26.2

715749

29.2

2.1.2

Assessed by

Total

California Department
of Water Resources

Historical upstream limit to
Chinook salmon runs at Stirling
City

Total

California Department
of Fish and Game

Hendricks Diversion Dam

Unknown

California Department
of Water Resources

(16–19 ft in height with a 16–
23 ft deep base pool)

High-resolution aerial imagery

High-resolution aerial imagery was reviewed to help identify potential barriers in the assessment
reach. This imagery was collected in 2005 to support various studies conducted during the
Project’s license application process, and was produced in a digital, georectified format with a
resolution of 1 ft per pixel. Using a GIS application to view the imagery, no potential barriers
were directly identified because the relief of various geomorphic features, such as bedrock
outcrops and boulder riffles, could not be ascertained in this perspective. However, the aerial
photos were revisited later following field survey efforts to help delineate areal dimensions of the
potential barriers and associated features identified in the field.
2.1.3

Low-elevation flyover video

A preliminary assessment of the reach was made using low-elevation, oblique-perspective
videography, flown in support of Project relicensing studies on June 29, 2005. The video was
reviewed in support of this assessment, to locate potential migration barriers. Both potential
physical (vertical drop) barriers and shallow-water locations potentially resulting from low-flow
releases were noted throughout the assessment reach, and are summarized in Table 2 and shown
in Figure 1. Many of the noted potential vertical barriers were field-verified during the
subsequent survey effort. The shallow-water locations were assessed for passability by adult
trout at 15 cfs (the flow at the time of the flyover survey), and were noted whether or not the
locations would likely be passable at 7 cfs. The preliminary low-flow barrier assessment was
revisited after field verification of habitat conditions and many sites were eliminated from further
consideration.
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2.2 Field Surveys in the Assessment Reach
Building on the results generated during the initial screening process, a field survey of most of
the assessment reach was conducted from October18–20, 2011. The field team consisted of two
fisheries biologists and one fluvial geomorphologist, all having experience in fish passage
evaluations in similar mountain stream systems. Only the upper and lower sections of the reach
were visited in the field (see Figure 1), while the remote, middle section of the reach could not be
visited due to access and time constraints. Field methods entailed walking along the river bed in
search of features that appeared to be potential barriers, including potential physical and
hydraulic barriers.
Physical barriers were formed by the channel morphology and included vertical barriers.
Features considered to be potential physical barriers were features formed by large boulders or
bedrock outcrops in the river channel that created a distinct vertical step in the river’s
longitudinal profile (e.g., falls). Vertical barriers included a channel morphology that lacked a
jump pool 1.25 times deeper than the jump height at the base of the vertical step (Flosi et al.
1998), or a resting pool at the top, thus having the potential to impede passage.
Hydraulic barriers consisted of two categories, either low-flow barriers (at flows between 7 and
15 cfs), or high-velocity barriers (such as chutes or high gradient cascades). Low-flow barriers
occurred where seasonal low flows might cause a discontinuity in surface flows across a
particular channel feature such as a coarse riffle, where flows may go subsurface through
substrate interstices. Low-flow barriers were estimated to have water depths less than 0.4 ft
and/or disconnected surface flow (Thomson 1972) at flows less than 15 cfs. High-velocity
barriers generally occurred when a combination of steep slope and confined channel width
created velocities in excess of 5 feet per second (fps)—the minimum adult trout burst swim
speed from Alexander (1967) and Clay (1961), in combination with the range of fish lengths
previously observed within the reach in 2006–2007 (PG&E 2007). General swim speeds, given
in mean fish lengths per second, can be multiplied by the length of fish observed to obtain speeds
in feet per second (fps). A general rule of thumb is that a fish can sustain a speed equal to about
four fish-lengths per second for long periods, and a speed of about ten fish-lengths per second for
short bursts (Alexander 1967 and Clay 1961). For example, a fish 3-in. long (total length)
would be capable of a sustained speed of about 1 fps and a burst speed of about 2.5 fps, while a
6-in. fish could sustain a speed of 2 fps and a burst speed of 5 fps. Water velocities were
considered a potential barrier if greater than 5 fps over the entire channel width with no resting
locations (e.g., a cascade over a bedrock sheet). 7
Locations within the assessment reach where the PHABSIM results (PG&E 2007 [Vol. II Sec.
E6.3.2.8]) indicated potential shallow-water conditions at 7 cfs were carefully assessed to

7

Rainbow trout observed in the WBFR downstream of Hendricks Diversion ranged from 55–250 mm (2–10 in.),
which equates to a sustained swim speed of 0.7 to 3.3 fps and a burst speed of 1.8 to 8.2 fps. There was one
brown trout observed at 450 mm (18 in.), which equates to a sustained swim speed of 5.9 fps and a burst speed
of 14.7 feet per second; however, the remaining brown trout were within the size range of the rainbow trout.
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determine if shallow areas would present a barrier during flow releases less than 15 cfs. When a
potential barrier was encountered, several data types were recorded, including a GPS waypoint,
photos, and detailed notes. The barrier coordinates were collected using a mapping-grade,
handheld GPS unit (Garmin® eTrex Venture HC) that recorded horizontal position with
approximately ±20-ft accuracy. Digital photographs were taken using photographic equipment
with at least 5-megapixel resolution.
Topographic surveys were made at two features that were considered to have the highest
potential to impede upstream migration. These potential barriers were classified as high-velocity
(WBFR-X 24.4) and vertical (WBFR-X 27.5) barriers during the field surveys (Table 2). The
topographic surveys utilized total station survey equipment to capture detailed profiles of the
river-channel form at and adjacent to the barriers. A Trimble® S8 robotic total station with
angular accuracies up to 0.5-in. was used in combination with a Trimble Ranger controller to
collect profile data. The survey methodology entailed taking a ‘shot’ at select locations along the
river’s longitudinal profile and cross-sections. A survey crew member waded in the river
holding a stadia rod with attached survey prism at each survey point. Typically, these points
were taken at profile inflections (i.e., ‘break in slope’) and at the water’s edge (to estimate water
surface elevation). Every data point logged by the total station controller contained a unique ID
and a basic descriptor.
Geo-positioning of the survey equipment was accomplished by establishing benchmarks at each
of the two survey sites. Accurate GPS measurements were taken at the benchmarks and survey
instrument locations using a handheld Trimble GeoExplorer XT unit (differential GPS).
Stream releases at Hendricks Diversion were approximately 17 cfs during the surveys; however,
tributary accretion raised the discharge measurements at the surveyed sites to 24 cfs. The field
measurements were made by establishing a transect perpendicularly across a section of the river
that appeared to have uniform, steady flow (i.e., non-accelerating). The flow measurement
entailed gauging velocity and depth incrementally across the transect using a Marsh-McBirney®
Flo-Mate 2000 flow meter and top-setting wading rod, respectively. The field-measured
discharge is generally consistent with typical autumn flow conditions in this section of the river.
At the inactive USGS river gage 8 just downstream of Hendricks Dam at the Retson Road Bridge,
mean monthly flows for September, October, and November through the period of water years
1987–1998 were calculated to be 20, 16, and 14 cfs, respectively. The slightly higher-than
‘normal’ flow encountered in October 2011 is likely an artifact of the wet spring in 2011 that
contributed to the persistent snow pack and late runoff occurring well into the summer and fall.

2.3 Data Reduction and GIS Processing
Upon completion of the field survey, all digitally recorded and hand-written data were promptly
transferred to a common electronic project folder. All photographs were initially inventoried in a

8

USGS 11405200 WB FEATHER R BL HENDRICKS DIV DAM CA; data available at:
http://waterdata.usgs.gov/ca/nwis/inventory/?site_no=11405200&agency_cd=USGS&amp.
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Microsoft® Excel spreadsheet along with narrative descriptions, then georeferenced and
imported into a GIS (ESRI® ArcGIS 10) geodatabase. Quality control and quality assurance
measures were applied to check for positional and attribute errors in each photo point within
shapefiles.
The topographic survey data was differentially corrected to absolute global positioning using
Trimble Pathfinder Office version 5.0. All data were output in English units; the horizontal
system is State Plane CA Zone II, North American Datum 1983 (NAD83); the vertical data are
reported as height above ellipsoid (HAE) based on the GPS positions.
The total-station survey data were geometrically transformed (coordinate axis rotation and
translation) based on the survey control points (i.e., the benchmarks and instrument locations).
Plot diagrams of the surveyed data in planform, longitudinal profile, and cross-section views
were generated using Microsoft Excel (see below). These plots along with the survey data points
were then brought into the geodatabase using ArcGIS 10. Once completed in the GIS, the
geodatabase was subsequently used to create a user-friendly spatial dataset for use in Google
Earth. These spatial data are included on the DVD that accompanies this technical memorandum.

2.4 Passage Assessment
In order to quantitatively assess adult rainbow trout and adult brown trout passage conditions at
the two potential barriers that were believed to be complete impediments to upstream migration
based on the field surveys (WBFR-X 24.4 and WBFR-X 27.5), the topographic survey data was
evaluated based on methodology developed by Powers and Orsborn (1985), which uses burst
swimming speed to estimate fish jumping capabilities. Fish leaping profiles were developed
assuming ideal leaping conditions in the jump pool at angles of 80, 60, and 40 degrees. Burst
swimming speeds were determined using Alexander (1967) and Clay (1961) based on the upper
size limits of rainbow trout and brown trout observed in the WBFR downstream of Hendricks
Diversion during relicensing studies (PG&E 2007).
Additionally, passage conditions at the surveyed velocity barriers (WBFR-X 24.4) were assessed
using FishXing software (USFS 2012) to determine if fish could swim up the barrier.
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SECTION 3.0

Results
3.1 Potential Fish-Migration Barrier Inventory
The potential fish-migration barriers identified during this assessment are summarized in Table 2
and shown in Figure 1. The table and figure do not, however, include the CFPAD-identified
barriers because they include one that is downstream of the assessment reach (#737357), one that
is not identified as a physical barrier (#736834), and Hendricks Diversion Dam at river mile
(RM) 29.2, which is an acknowledged, but non-natural barrier structure. From the 14 potential
barriers identified during the initial assessment, 7 barriers were confirmed following field
surveys, including: 3 velocity barriers, 1 vertical barrier, 1 combination vertical and velocity
barrier, and 2 potential low-flow barriers at flows between 7 and 15 cfs.
All of the potential barriers initially identified are summarized in Table 2 and described below in
Section 3.2. Two of the barriers having the greatest potential for preventing migration were
topographically surveyed for further analysis: WBFR-X 24.4 (a combination vertical and
velocity barrier, located approximately 4.8 miles downstream from Hendricks Diversion Dam)
and 27.5 (a vertical barrier located 1.7 miles downstream from Hendricks Diversion). The
topographic survey results and detailed passage assessments are included in Section 3.3 and
Appendix A. All spatial data compiled for this assessment are included on the attached DVD,
included in Appendix B.
Table 2.

Potential
migration
barrier (listed
downstream to
upstream)
WBFR-X 24.2

WBFR-X 24.4

WBFR-X 25.9

WBFR-X 26.1

Migration barriers in the assessment reach based on the initial review of
the low-elevation flyover video and field surveys
Barrier
coordinates
(lat, long)
[WGS 84]
39.879279,
-121.511537
39.885588,
-121.509125
39.898553,
-121.512352
39.900784,
-121.512176

Initial barrier
type
(based on video)

Description of
feature

Velocity/Vertical

Bedrock
cascades

Method of
barrier
observation

Final barrier
classification
(based on field
survey)

Video and field

Not a barrier

Velocity

Bedrock
cascades

Video and field

Confirmed
combination
vertical and
velocity barrier

Low-flow

Boulder-cobble
riffle

Video

Not a barrier

Velocity

Bedrock
cascades

Video

Probable
velocity barrier a
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Potential
migration
barrier (listed
downstream to
upstream)
WBFR-X 26.3

WBFR-X 26.6

WBFR-X 26.7

WBFR-X 27.1

WBFR-X 27.4

WBFR-X 27.5

WBFR-X 27.6

WBFR-X 27.7

WBFR-X 28.4

WBFR-X 28.7

Barrier
coordinates
(lat, long)
[WGS 84]
39.905058,
-121.511493
39.907747,
-121.51365
39.908627,
-121.514593
39.913529,
-121.514111
39.917146,
-121.513961
39.918696,
- 121.516288
39.918996,
-121.516484
39.919732,
-121.517644
39.927876,
-121.528280
39.931241,

Initial barrier
type
(based on video)

Description of
feature

Method of
barrier
observation

Final barrier
classification
(based on field
survey)

Velocity

Bedrock cascade

Video

Probable
velocity barrier a

Low-flow

Boulder-cobble
riffle

Video

Not a barrier

Low-flow

Boulder-cobble
riffle

Video

Not a barrier

Velocity

Bedrock cascade

Video and field

Confirmed
velocity barrier

Vertical

Bedrock cascade

Field

Potential
velocity barrier
between 7 and
15 cfs b

Vertical

Bedrock fall

Video and field

Confirmed
vertical barrier

Low-flow

Boulder-cobble
riffle

Video and field

Not a barrier

Vertical

Boulder-cobble
riffle

Video and field

Not a barrier

Low-flow

Boulder-cobble
riffle

Video and field

Potential lowflow barrier
between 7 and
15 cfs b

Low-flow

Boulder-cobble
riffle

Video and field
Not a barrier
-121.530214
WBFR-X = West Branch Feather River potential barrier; number that follows is the closest river-mile station.
a
Barriers identified as “probable” were classified based on review of the low-elevation flyover video and follow-up
field validation surveys of other potential barrier sites with comparable features within the assessment reach.
b
Hydraulic barriers (i.e., low-flow or velocity) were assessed at surveyed flows of 24 cfs; at flows less than 24 cfs,
passable portions of the channel may be dewatered, or flow could go subsurface through coarse-grained
substrates, creating a discontinuity in surface flow.
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3.2 Descriptions of Observed Potential Barriers
This section presents narrative and photographic descriptions of the potential barriers visited
during surveys of the assessment reach. Potential passage barriers WBFR-X 24.4 and 27.5 had
topographic surveys performed at each and are described in more detail in Section 3.3 below.
See Figure 1 for the locations of all potential barriers discussed below.
3.2.1

Potential barrier WBFR-X 24.2

Potential barrier WBFR-X 24.2 consists of a high-velocity, bedrock cascade situated within a
bedrock-confined section of the river (Figure 2). The height of the cascade as measured between
the water surface below and above is approximately 6 feet. The entire feature spans the width of
the channel and consists of four sub-parallel, narrow cascades. Within each cascade there are
intermittent steps that could support small, temporary holding places for fish as they ascend
upstream. Large calm, holding pools are present below and above the cascades. Through
qualitative assessment of the feature’s physical and hydraulic characteristics, it was determined
that this site is not considered a barrier to fish passage.

Image: IMGP1929.jpg

Figure 2.

Photograph of WBFR-X 24.2, taken from below the barrier and looking
upstream
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3.2.2

Potential barrier WBFR-X 24.4

Potential barrier WBFR-X 24.4 consists of a series of three cascades formed by bedrock
constrictions protruding from the valley walls and channel bed (Figure 3). Deep holding pools
are present above and below each cascade. However, the steep gradient and constricted
morphology of the cascades creates potential high-velocity barriers to upstream passage. Because
this barrier was considered to have a higher potential to prevent passage to trout, it was surveyed
in more detail, as described in Section 3.3, Detailed Survey Data from Barriers WBFR-X 24.4
and 27.5.

Image:vlcsnap-2012-01-25-15h43m41s77.png

Figure 3.

Oblique aerial photograph of WBFR-X 24.4, taken from below the site and
looking upstream, as viewed from helicopter
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3.2.3

Potential barrier WBFR-X 25.9

Potential barrier WBFR-X 25.9 is a coarse-grained riffle that spans the river channel and is
composed of cobbles and boulders. This site was identified during review of the low-elevation
flyover video and was described as a potential low-flow barrier (Figure 4). Although this site
was not visited in the field, after ground truthing at similar potential low-flow barrier sites, like
WBFR-X 28.7, it was determined that there are likely no low-flow impediments that would be
anticipated to restrict passage at 7 cfs. Therefore, this site is not considered a barrier to fish
passage.

Image: vlcsnap-2012-01-25-15h45m35s118.png

Figure 4.

Oblique aerial photograph of WBFR-X 25.9, taken from below the site and
looking upstream, as viewed from helicopter
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3.2.4

Potential barrier WBFG-X 26.1

Potential barrier WBFR-X 26.1 consists of two in-line, high-velocity, bedrock cascades situated
within a bedrock-confined section of the river. This site was identified during review of the lowelevation flyover video and was described as a potential velocity or vertical barrier (Figure 5).
Although this site was not visited in the field, its appearance in the video exhibits physical and
hydraulic characteristics similar to those observed at potential velocity barrier sites visited in the
field, such as WBFR-X 27.1. The similar features include narrow and presumably steep
cascades with high velocity flow, as evidenced from whitewater constrained by bedrock and
boulders in the wetted channel (see Figure 5). Therefore, this site is classified as a probable
velocity barrier to fish passage.

Image: vlcsnap-2012-01-25-15h48m41s6.png

Figure 5.

Oblique aerial photograph of WBFR-X 26.1, taken from below the barrier
and looking upstream, as viewed from helicopter
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3.2.5

Potential barrier WBFR-X 26.3

Potential barrier WBFR-X 26.3 consists of a high-velocity, bedrock cascade situated within a
highly confined section of the river with prominent bedrock and boulder constrictions. This site
was identified during review of the low-elevation flyover video and was described as a potential
velocity or vertical barrier (Figure 6). Although this site was not visited in the field, its
appearance in the video exhibits physical and hydraulic characteristics similar to those observed
at potential velocity barrier sites visited in the field, such as WBFR-X 27.1. The similar features
include narrow and presumably steep cascades with high velocity flow, as evidenced from
whitewater very narrowly constrained by bedrock and boulders in the wetted channel.
Therefore, this site is considered a probable velocity barrier to fish passage.

Image: vlcsnap-2012-01-25-15h50m27s193.png

Figure 6.

Oblique aerial photograph of WBFR-X 26.3, taken from below the barrier
and looking upstream, as viewed from helicopter
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3.2.6

Potential barrier WBFR-X 26.6

Potential barrier WBFR-X 26.6 is a coarse-grained riffle that spans the river channel and is
composed of cobbles and boulders. This site was identified during review of the low-elevation
flyover video and was described as a potential low-flow barrier (Figure 7). Although this site
was not visited in the field, ground truthing at similar potential low-flow barrier sites, like
WBFR-X 28.7, it was determined that there are likely no low-flow impediments that would be
anticipated to restrict passage at 7 cfs. Therefore, this site is not considered a barrier to fish
passage.

Image: vlcsnap-2012-01-25-15h51m14s203.png

Figure 7.

Oblique aerial photograph of WBFR-X 26.6, taken from below the barrier
and looking upstream, as viewed from helicopter
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3.2.7

Potential barrier WBFR-X 26.7

Potential barrier WBFR-X 26.7 is a coarse-grained riffle that spans the river channel and is
composed of cobbles and boulders. This site was identified during review of the low-elevation
flyover video and was described as a potential low-flow barrier with a long, deep pool situated
immediately downstream (Figure 8). Although this site was not visited in the field, ground
truthing at similar potential low-flow barrier sites, like WBFR-X 28.7, it was determined that
there are likely no low-flow impediments that would be anticipated to restrict passage at 7 cfs.
Therefore, this site is not considered a barrier to fish passage.

Image: vlcsnap-2012-01-25-16h07m09s107.png

Figure 8.

Oblique aerial photograph of WBFR-X 26.7, taken from below the barrier
and looking upstream, as viewed from helicopter
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3.2.8

Potential barrier WBFR-X 27.1

Potential barrier WBFR-X 27.1 consists of a high-velocity, bedrock cascade situated within a
bedrock-confined section of the river (Figure 9). The height of the cascade, as measured
between the water surface below and above, is approximately 7.5 feet. Calm, holding pools are
present below and above the cascade. There are at least two distinct ‘steps’ along the cascade’s
profile that could aid fish passage; however, the upper section of the cascade has a total height of
6.5 feet over a length of 5.5 feet (as measured at the base of the stadia rod in Figure 9), resulting
in a high slope, and high velocity. There is a side channel associated with the location; however,
at a total flow of 24 cfs, the side channel contained approximately 0.25 cfs and would be
impassible by adult trout. Therefore, this site is considered a velocity barrier to fish passage.

Image: IMGP0043.jpg

Figure 9.

Photograph of WBFR-X 27.1, taken from below the barrier and looking
upstream, with a 10-ft stadia rod shown for scale
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3.2.9

Potential barrier WBFR-X 27.4

Potential barrier WBFR-X 27.4 is a suite of high-velocity, sub-parallel cascades at a relatively
broad bedrock ‘step’ along the river bed (Figure 10). The bed morphology and hydraulics here
are accordingly complex, exhibiting a nearly random pattern of bedrock and boulders and, thus,
turbulent and quiescent flow. At the distinguishable cascade features, flows are fast as they spill
down the steep, 6 to 10-ft high cascades with scattered high velocity chutes and 2–3 foot vertical
drops. Holding pools with slow water are present above and below the cascades. Within the
cascades, short bedrock steps are interspersed that could aid in fish passage. At flows less than
24 cfs, portions of the channel containing the smaller vertical steps may be dewatered.
Therefore, this site is considered a potential velocity barrier at flows less than 24 cfs.

Image: IMGP1895.jpg

Figure 10.

Photograph of WBFR-X 27.4, taken from below the barrier and looking
upstream, with a 6-ft person standing on top for scale
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3.2.10

Potential barrier WBFR-X 27.5

Potential barrier WBFR-X 27.5 consists of a 5-ft high vertical drop, or waterfall, along the river
bed composed of resistant bedrock (Figure 11). Deep holding pools are present above and below
the barrier, which lies in a constrained gorge-like canyon with high bedrock outcrops on either
side. Because this was the first significant migration barrier encountered downstream of
Hendricks Diversion, it was surveyed in more detail, which is described in Section 3.3, Detailed
Survey Data from Barriers WBFR-X 24.4 and 27.5.
Downstream of the jump pool was boulder riffle that, based on the aerial video, warranted a field
visit. During the site visit, it was determined that the boulder riffle did not present any passage
concerns and was not inventoried as a potential barrier; however, photos were taken and are
included as part of the WBFR-X 27.5 site within the GIS files.

Image: vlcsnap-2012-01-25-16h26m18s46.png

Figure 11.

Oblique aerial photograph of WBFR-X 27.5, taken from below the barrier
and looking upstream, as viewed from helicopter
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3.2.11

Potential barrier WBFR-X 27.6

Potential barrier WBFR-X 27.6 is a coarse-grained, low gradient riffle at the lower end of the
relicensing PHABSIM site located near Retson Camp. The riffle spans the river channel and is
composed of cobbles and boulders (Figure 12). The PHABSIM study conducted during
relicensing indicated that the coarse nature of this site had the potential for limited surface flow
at 7 cfs; however, the survey crew determined that passage would be provided at 7 cfs given the
low channel gradient and sufficient depths between large substrate particles. Therefore, this site
is not considered a barrier to fish passage.

Image: IMGP0022.jpg

Figure 12.

Photograph of WBFR-X 27.6, view looking upstream toward coarse riffle
with standing person in center for scale
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3.2.12

Potential barrier WBFR-X 27.7

Potential barrier WBFR-X 27.7 was identified during review of the low-elevation flyover video
and was initially described as a vertical, bedrock-controlled feature along the river bed and left
bank (Figure 13). It was later determined in the field, however, that this feature does not present
a continuous barrier across the river’s wetted width. While bedrock impinges on the left and
right banks of the channel, it does not form a continuous outcrop across the channel bed.
Instead, the bedrock forms a deep, long pool just below a short, cobble-boulder riffle. It was
determined that the riffle does not present a potential impediment to migrating fish and,
therefore, this site is not considered a barrier to fish passage.

Image: IMGP1881.jpg

Figure 13.

Photograph of WBFR-X 27.7, view looking upstream from the deep pool
adjacent to the bedrock outcrop and towards the short, coarse riffle in the
distance
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3.2.13

Potential barrier WBFR-X 28.4

Potential barrier WBFR-X 28.4 is an abrupt, coarse-grained riffle composed of cobbles and
boulders that spans the majority of the river channel, with a small side channel along the right
bank (Figure 14). The riffle and the side channel are perched above the long, wide pool
immediately downstream. The height of the riffle, as measured between the water surface below
and above, it is approximately 6 feet. This feature was determined to be a potential low-flow
barrier, due to its coarseness, that may contain limited surface flow at a dry-year flow release of
7 cfs. At 7 cfs, flow through this feature could go subsurface through the coarse-grained
substrates and create a discontinuity in surface flow. The side channel also appears to be a
potential low-flow barrier at 7 cfs due to low water volume and depth. Therefore, this site is a
potential low-flow barrier between flows of 7 and 15 cfs.

Panoramic Image: DeSabla_UpperLowWaterBarrier_18Oct2011_pan_lowres.jpg

Figure 14.

Photograph of WBFR-X 28.4, view looking upstream toward tall, coarse
riffle with surveyor on right side (left bank) for scale
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3.2.14

Potential barrier WBFR-X 28.7

Review of the low-elevation flyover video identified potential barrier WBFR-X 28.7; however,
similar to potential barrier WBFR-X 27.7, it was determined during the field survey that no
barrier spanning the width of the river is present here (Figure 15). The river morphology is
plane-bedded with very little topographic expression that could interrupt fish migration. There
were no low-flow impediments identified (e.g., cobbles or boulders) that would be anticipated to
restrict passage at 7 cfs and, therefore, this site is not considered a barrier to fish passage.

Figure 15.

Oblique aerial photograph of WBFR-X 28.7, taken from below the site and
looking upstream, as viewed from helicopter
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3.3 Detailed Survey Data and Quantitative Passage Assessment for Barriers
WBFR-X 24.4 and 27.5
This section presents images, profile plots, and narrative descriptions of the two migration
barriers considered to have the greatest potential to prevent passage to trout. These sites are
located at vertical bedrock drops and/or swift-water cascades along the river bed. Their locations
are shown in Figure 1 relative to the other potential barriers identified in the assessment reach.
The leaping abilities of rainbow trout and brown trout used in the assessment, based on upper
size limits observed in the WBFR downstream of Hendricks Diversion during relicensing
studies, are summarized in Table 3.
Table 3.

Leap height and distance ability of rainbow trout and brown trout in the
WBFR

Species
(upper size-limit
length)
Rainbow trout
(10 in)

Brown trout
(18 in)

Leaping angle
(degrees)

Burst speed
(fps)1

Height of leap (ft)2

Distance at high
point (ft) 2

40°

8.2

1.01

0.36

60°

8.2

0.78

0.90

80°

8.2

0.43

1.03

40°

14.7

3.25

1.15

60°

14.7

2.52

2.91

80°

14.7

1.39

3.30

1

Based on Alexander (1967) and Clay (1961): Rainbow trout observed in the WBFR downstream of Hendricks
Diversion ranged from 55–250 mm (2–10 in.), which equates to a sustained swim speed of 0.7–3.3 fps and a burst
speed of 1.8–8.2 fps. One brown trout was observed at 450 mm (18 in.), which equates to a sustained swim speed
of 5.9 fps and a burst speed of 14.7 fps; the remaining brown trout were within the size range of the rainbow trout.

2

Based on Powers and Osborn (1985)

3.3.1

Potential barrier WBFR-X 24.4

The lowermost classified barrier in the assessment reach is site WBFR-X 24.4, approximately
4.8 miles downstream of Hendricks Diversion and 0.5 miles upstream of Big Kimshew Creek.
The barrier consists of a series of three cascades formed by bedrock constrictions protruding
from the valley walls and channel bed. Flow was fast at these cascades due to the steep gradient
(near-vertical) and constricted wetted widths (~6 feet). Deep holding pools are present above
and below each cascade. Due to the constricted morphology of the cascades, it is assumed that
they convey flow even during much lower flows; however, this has not been verified. Within the
pools, a mixture of sand, gravel, and cobble mantled the underlying bedrock.
An aerial perspective of the site is shown in Figure 16, along with the locations of the surveyed
longitudinal profile and cross-sections. A representative field photo of the potential barrier and
longitudinal profile is presented in Figures 17 and 18. The planform map of the surveyed data
points and 11 cross-sectional profiles are included in Appendix A.
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Figure 16.

Overview map of WBFR-X 24.4 showing the surveyed longitudinal profile
and cross-sections
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Image: IMGP0146.jpg

Figure 17.

Photograph of WBFR-X 24.4, view from the right bank looking upstream
toward the upper cascade with a 6-ft tall person standing in the cascade for
scale
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Figure 18.

Longitudinal profile and surveyed cross-sections (XS) at locations A-K of
WBFR-X 24.4, showing three cascades (upper, mid, and lower)
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The three cascades surveyed at WBFR-X 24.4 were all classified as vertical migration barriers to
species and size ranges of fish expected to occur within the study reach, based on fish observed
during relicensing studies. Leaping abilities of both rainbow trout and brown trout limit passage
at three locations at the flows measured (24 cfs) (Table 3 and Figures 19–21). It is expected that
passage ability would not improve with lower flows; however, as flows increase, the vertical
drop (i.e., fish jumping height) has the potential for reduction, which may allow passage.
Additional analysis using FishXing software (USFS 2012) was conducted at each of the cascades
located at WBFR-X 24.4 in order to assess the ability of rainbow trout and brown trout to swim
up the cascades between flows of 7 cfs and 15 cfs. Both depth and velocity were found to limit
upstream passage at each of the individual cascades. Therefore, each of the cascades surveyed at
WBFR-X 24.4 are both vertical and velocity barriers between 7 cfs and 24 cfs.

Figure 19.

WBFR-X 24.4 upper cascade showing fish leaping capabilities at 80, 60, and
40 degree angles for rainbow trout and brown trout
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Figure 20.

WBFR-X 24.4 mid cascade showing fish leaping capabilities at 80, 60, and 40
degree angles for rainbow trout and brown trout

Figure 21.

WBFR-X 24.4 lower cascade showing fish leaping capabilities at 80, 60, and
40 degree angles for rainbow trout and brown trout
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3.3.2

Potential barrier WBFR-X 27.5

The uppermost potential vertical barrier in the assessment reach is site WBFR-X 27.5, consisting
of a 5-ft high vertical drop, or waterfall, along the river bed composed of resistant bedrock. The
entire river segment here runs through a constrained gorge-like canyon with high bedrock
outcrops on either side, and underlying the river channel itself. Deep holding pools are present
above and below the barrier, but the downstream pool is substantially longer, measuring about
300 feet in length from the base of the barrier and on through the pool to its downstream gradecontrol (coarse-grained riffle). This barrier likely always conveys flow even during low-flow
conditions, although this condition has not been verified.
An aerial perspective of the site is shown in Figure 22, along with the locations of the surveyed
longitudinal profile and cross-sections. A representative photo of the potential barrier and
longitudinal profile is shown in Figures 23 and 24.
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Figure 22.

Overview map of WBFR-X 27.5 showing the surveyed longitudinal profile
and cross-sections
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Image: IMGP0025.jpg

Figure 23.

Photograph of WBFR-X 27.5, view from the left bank looking upstream
toward the waterfall barrier with a 6-ft tall person for scale

Figure 24.

Longitudinal profile and cross-sections (XS) at locations A–G of WBFR-X
27.5, showing the waterfall barrier and holding pools
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The waterfall surveyed at WBFR-X 27.5 was classified as migration barrier to both rainbow and
brown trout, based on sizes, and therefore leaping ability, of fish observed during relicensing
studies. Leaping abilities of both rainbow trout and brown trout limit passage at this location
under the flows at which the survey was conducted (Table 3 and Figure 25). It is expected that
passage ability would not improve with lower flows; however, as flows increase, the vertical
drop (i.e., fish jumping height) has the potential for reduction, which may allow passage.
No analysis using FishXing software (USFS 2012) was conducted for this location due to the
channel characteristics, which limit fish passage here strictly to leaping abilities.

Figure 25.

WBFR-X 27.5 migration barrier showing fish leaping capabilities at 80, 60,
and 40 degree angles for rainbow trout and brown trout.
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SECTION 4.0

Discussion
To help ensure fish passage connectivity within the river, the prescribed minimum instream flow
releases below Hendricks Diversion (under the new License pursuant to USFS 4(e) Condition
No. 18, Part 1, Streamflow) is 15 cfs year-round, with the exception of dry water-type years,
where the minimum instream flow is 7 cfs between September and February. The primary
purpose of adding a fish ladder at Hendricks Diversion Dam would be to provide resident fish
access to thermal refuge in the upper watershed during dry years when water temperatures may
be elevated in downstream areas as a result of decreased flows. 9 Additionally, FERC Draft
License Article 415 and Forest Service 4(e) condition 19 (Hendricks Diversion Fish Screen and
Passage Plan) includes measures for the successful year-round migration of trout between
Hendricks Diversion Dam and Big Kimshew Creek in all water years, including dry years. 10
These measures may include the requirement for increased stream flows above those specified
by Condition 18 Part 1 for the Lower West Branch Feather River below Hendricks Diversion
Dam, and/or the installation of stream habitat enhancement structures. 11
This barrier assessment was initially conducted to address USFS concerns that 7 cfs may not
support passage through shallow sections of the stream reach between Hendricks Diversion and
Big Kimshew Creek (FERC 2009). 12 Potential low-flow fish passage impediments downstream
of the diversion were identified at two locations during this survey, which could limit access to
Hendricks Diversion at flows between 7 cfs and 15 cfs. Field surveyors did not identify any lowflow passage impediments near, or along, PHABSIM transects in the assessment reach. The
PHABSIM results for the site located near Retson Camp showed shallow-water conditions
(depths of 4 inches or less) at 7 cfs; however, because no low-flow passage impediments were
identified at these transects, it is presumed that the PHABSIM cross-section verticals did not
capture the deepest pathways in spaces between large substrate particles (e.g., large cobble or
boulders).
Of the two potential low-flow barriers identified, the first (WBFR-X 28.4) is located 0.8 miles
downstream of Hendricks Diversion; the second (WBFR-X 27.4) is located 1.8 miles
downstream of Hendricks Diversion and 0.1 miles downstream of the vertical barrier (WBFR-X
27.5). Both locations could potentially impede passage of trout within this corridor during
releases of 7 cfs at Hendricks Diversion Dam; however, field verification during low flows (~7

9

FERC EA Section 5.4 referencing the June 29, 2009, section 10(j) meeting discussion

10

The Draft License Articles are preliminary and the number was assigned based on the order listed in the FERC
EA (2009). License conditions may change when the Final FERC License is accepted

11

FERC EA Section 5.4 referencing the June 29, 2009, section 10(j) meeting discussion

12

Flows downstream of the reach increase with perennial input from Big Kimshew Creek, which established the
lower extent of the assessment reach
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cfs) would be needed to confirm whether dry conditions would make these two potential barriers
impassable to trout.
Minor modification of the stream channel to improve passage during dry water years is possible
at potential low-flow barrier site WBFR-X 28.4; this abrupt high-gradient riffle is composed of
large cobbles and small boulders, which may be manipulated by hand (or large pry bars) to
provide continuous surface flow between 7 cfs and 15 cfs. If confirmed to be a passage barrier at
7 cfs, channel modifications at this site could increase the migration corridor by 0.9 miles during
dry water years. In order to improve passage at the potential low-flow barrier site WBFR-X
27.4, mechanical work, such as the use of heavy machinery, explosives, or the construction of a
fish ladder would be necessary; the channel is formed by a broad bedrock step, containing
several large boulders, which cannot easily be manipulated. Also, because WBFR-X 27.4 is
located downstream of vertical barrier WBFR-X 27.5, channel modifications to allow passage
would not improve passage for fish to Hendricks Diversion Dam without additional significant
channel modifications at site WBFR-X 27.5. The locations of both sites are inaccessible by
heavy machinery and are located on privately owned lands.
Again, FERC Draft License Article 415 and USFS 4(e) Condition 19 require that the plan
recommend measures to increase connectivity and year-round migration of trout, and include
potentially increasing minimum instream stream flows below Hendricks Dam above those
specified by Condition 18, Part 1. 13 Although the entire study reach was not assessed during the
field visit, this assessment identified five barriers located between 1.7 and 4.8 miles downstream
of Hendricks Diversion that would impede migration within the reach downstream of Hendricks
Diversion at a wide range of velocities (including flows greater than 15 cfs). The first complete
migration barrier (located 1.7 miles downstream of the diversion) consists of a 5-ft vertical drop
that is not passable by rainbow or brown trout in the WBFR at flows less than 24 cfs; this barrier
is expected to remain impassible at higher flows as well. The lowermost migration barrier
(located 4.8 miles downstream of Hendricks diversion and 0.5 miles upstream of Big Kimshew
Creek) contained three separate cascades, all of which were documented as passage barriers to
rainbow and brown trout in the WBFR at flows equal to, or less than, 24 cfs (this barrier is also
expected to remain impassible at higher flows).
With the exceptions of potential low-flow barriers WBFR-X 27.4 and WBFR-X 28.4, all of the
barriers identified were formed from the natural morphology of the WBFR, and would impede
passage at or above normal base flow. In order to increase fish passage throughout the entire
assessment reach, mechanical work, such as the use of heavy machinery or explosives, would be
necessary. In addition, this remote section of stream is located entirely within privately held
lands, and access to the vertical or velocity barriers is very limited.

13

The Draft License Articles are preliminary and the number was assigned based on the order listed in the FERC
EA (2009). License conditions may change when the Final FERC License is accepted.
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Figure A-1.

Planform view of the longitudinal profile and cross-sections (XS) at locations
A-K at WBFR-X 24.4, showing three cascade barriers
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Figure A-2.

Cross-section A of WBFR-X 24.4, located upstream of the upper cascade
barrier
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Figure A-3.

Cross-section B of WBFR-X 24.4, located at the top of the upper cascade
barrier
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Figure A-4.

Cross-section C of WBFR-X 24.4, located at the base of the upper cascade
barrier
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Figure A-5.

Cross-section D of WBFR-X 24.4, located in the plunge pool below the upper
cascade barrier
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Figure A-6.

Cross-section E of WBFR-X 24.4, located upstream of the middle cascade
barrier
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Figure A-7.

Cross-section F of WBFR-X 24.4, located upstream of the middle cascade
barrier and along the discharge-measurement transect
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Figure A-8.

Cross-section G of WBFR-X 24.4, located at the top of the middle cascade
barrier
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Figure A-9.

Cross-section H of WBFR-X 24.4, located at the base of the middle cascade
barrier
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Figure A-10. Cross-section I of WBFR-X 24.4, located in the plunge pool below the middle
cascade barrier
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Figure A-11. Cross-section J of WBFR-X 24.4, located upstream of the lower cascade
barrier
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Figure A-12. Cross-section K of WBFR-X 24.4, located at the top of the lower cascade
barrier
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Figure A-13. Planform view of the longitudinal profile and cross-sections (XS) at locations
A–G at WBFR-X 27.5, showing the barrier location
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Figure A-14. Cross-section A of WBFR-X 27.5, located in the holding pool upstream of the
waterfall barrier
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Figure A-15. Cross-section B of WBFR-X 27.5, located immediately upstream of the
waterfall barrier
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Figure A-16. Cross-section C of WBFR-X 27.5, located at the top of the waterfall barrier
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Figure A-17. Cross-section D of WBFR-X 27.5, located at the base of the waterfall barrier
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Figure A-18. Cross-section E of WBFR-X 27.5, located in the plunge pool immediately
below the waterfall barrier
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Figure A-19. Cross-section F of WBFR-X 27.5, located in the plunge pool below the
waterfall barrier
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Figure A-20. Cross-section G of WBFR-X 27.5, located in the long pool far below the
waterfall barrier
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BarriersSurvey_DataViewer.mxd

ArcGIS 10.0 ArcMap Document
displaying the results of the October
2011 barriers survey.

2.5

ArcGIS
ArcMap
Document

SurveyData_Oct2011_v2.gdb

ESRI File Geodatabase housing all data
collected in the field and displayed in
the "BarriersSurvey_DataViewer.mxd"
file and in the "DeSabla WBFR Barrier
Survey 2011.kmz" file. In addition,
this GeoDatabase contains several
relationship tables used by the
GeoDatabase to display the barrier
photos and related information. Do not
alter or delete the contents of this
GeoDatabase.

91.4

ESRI File
Geodatabase

Barriers_Photo_Catalog.lyr

ArcGIS Layer showing the Barrier
Photo Catalog data using the MXD's
symbology.

< 1.0

ArcGIS
Layer

Rivers.shp

ESRI Shapefile showing selected
rivers\streams around the Project area.

< 1.0

ESRI
Shapefile

World_Imagery.lyr

Dynamic ArcGIS Layer/Map Service.
This map service presents highresolution imagery for the United
States. Use requires an internet
connection and ESRI ArcMap
software.

< 1.0

ArcGIS
Layer

These folders contain a collection of
graphs representing the topographic
cross-sections and longitudinal profiles
surveyed at each topographic survey
sites: WBFR-X 24.4 and 27.5.
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GIF images

These are the same graphs as above at
a lower resolution. Created for the
GeoDatabase and Google Earth file
(.kmz).

< 1.0
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basedata folder

graphs folder

"upper" and "lower" folders
graphsGE folder

"upper" and "lower" folders
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Geo
Database
dependent
files

Google Earth version of the
"BarriersSurvey_DataViewer.mxd"
file. This file was created to allow
access to the GeoDatabase content
outside ESRI ArcGIS software. It
requires the latest version of Google
Earth to be installed in your computer;
available for download
www.google.com/earth/index.html

28.1

Google
Earth File

Barriers_Photo_Catalog.lyr

ArcGIS Layer showing the Barrier
Photo Catalog data using the MXD's
symbology. Note: layers have absolute
paths to their sources. User will need
to update the source to match local
directory settings

< 1.0

ArcGIS
Layer

Cross Sections Data Points
(lower).lyr

ArcGIS Layer showing the "lower"
Cross Sections Data Points (WBFR-X
24.4) using the MXD's symbology.
Note: layers have absolute paths to
their sources. User will need to update
the source to match local directory
settings

< 1.0

ArcGIS
Layer

Cross Sections Data Points
(upper).lyr

ArcGIS Layer showing the "upper"
Cross Sections Data Points (WBFR-X
27.5) using the MXD's symbology.
Note: layers have absolute paths to
their sources. User will need to update
the source to match local directory
settings

< 1.0

ArcGIS
Layer

2005 GeoTiffs

1-ft resolution imagery of the barrier
sites (2005 GeoTiffs) provided by
PG&E. Do not alter the contents of
this folder.

info folder

GeoDatabase dependent files
kml folder

DeSabla WBFR Barrier Survey
2011.kmz
layers folder
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photos

Original photographs showing the
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JPG images
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photographs.
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JPG images

An ESRI Shapefile showing the
location of all the surveyed barrier
photographs.

< 1.0

ESRI
Shapefile

photosGE folder
Barrier photos (lower resolution
version)
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BarrierSurveyPhotos_vAll.shp
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Summary of Butte Creek Fish Barriers near
Lower Centerville Diversion Dam (DeSabla-Centerville Project, FERC 803)
Gene Geary
Senior Aquatic Biologist Pacific Gas and Electric Company
May 10, 2005
BACKGROUND
This summary has been prepared in response to a request by NOAA Fisheries Service
during a conference call on April 27, 2005. At that time, representatives of NOAA
Fisheries Service requested that Pacific Gas and Electric Company (PG&E) summarize
the information that has been developed regarding natural barriers immediately upstream
of the Lower Centerville Diversion Dam (LCDD), to help them understand why both the
California Department of Fish and Game (CDFG) and PG&E are convinced that
anadromous fish never were able to pass upstream of the vicinity of LCDD. This
question arose in the context of determining if anadromous fish needed to be considered
as target species by any instream flow study conducted for Butte Creek upstream of
LCDD as part of the DeSabla-Centerville Project relicensing effort.

SUMMARY OF EXISTING REPORTS
The highest stream gradient in Butte Creek is found in the 1.4 miles immediately
upstream of LCDD; in this section, Butte Creek has a gradient of 7.3 % (386 feet per
mile) (USGS Paradise West and Cohasset 7.5’ Quadrangles). Multiple natural barriers to
fish passage have been documented in and above this section. Holtgrieve and Holtgrieve
(1995) were unable to find any historical information suggesting that salmon were ever
present in Butte Creek above LCDD, and they identified 35 potential barriers to fish
passage between LCDD and Butte Creek Diversion Dam, eight of which were mapped
within 0.8 miles of LCDD. They noted that the most difficult barriers occurred in the 3.5
miles upstream of LCDD, and recommended that “Persons particularly expert in the
capabilities of migrating salmon should evaluate barriers in this segment.” A second
barrier survey was conducted in 1996 by Johnson and Kier (1998) to explore the potential
for expanding spring-run Chinook habitat opportunities. Johnson and Kier identified 77
natural barriers between LCDD and Butte Creek Diversion Dam, with 22 barriers
identified in the 1.4 miles upstream of LCDD. The largest barrier identified by Johnson
and Kier was 35 high and occurred 0.58 miles upstream of LCDD. Johnson and Kier also
identified five other barriers downstream of this point. Two were major barriers nearer to
LCDD (a 16.5-foot compound barrier 0.54 miles above LCDD, and a 17-foot barrier 0.45
miles above LCDD), while the other 3 were smaller, between 6 and 7.4 feet high.
Both Holtgrieve and Holtgrieve (1995) and Johnson and Kier (1998) suggested that the
natural barriers in Butte Creek could be modified to allow upstream access by salmon. In
April, 1997 a proposal was initiated by the Institute for Fisheries Resources to open Butte
Creek Canyon to salmon and steelhead production. According to Watanabe (2000), an
analysis was performed and revisions to the project proposal were suggested in a paper
prepared by a CDFG biologist. This analysis stated that there were significant

environmental and engineering issues that needed to be addressed before developing a
restoration plan for Upper Butte Creek. Subsequently, five barriers (Quartz Bowl,
LCDD, and three major barriers upstream of LCDD) were briefly examined on July 12,
1999 by representatives from CDFG, NOAA Fisheries Service, the Bureau of
Reclamation (BOR), and PG&E. The goal of the group was to see several barriers on
Butte Creek to get an idea of the fish passage problems that exist and to begin doing a
technical assessment of fish passage conditions. The data collected by this team were
evaluated by Watanabe (2000). Watanabe’s conclusions about the ease of modifying
natural barriers to allow fish passage contradicted those of Holtgrieve and Holtgrieve
(1995) and Johnson and Kier (1998). She concluded that while fish passage design
criteria are frequently “stretched” in designing passage over natural barriers, this is
usually in the context of a single barrier. However, she concluded that “The significant
difference at Butte Creek is that there is not just one barrier where the standards could
be stretched, but 11 or more miles of potentially up to 77+ barriers. The goal should be
to provide unimpeded passage at each barrier to allow the spring-run salmon to reach
the Upper Butte Creek holding area in good condition so they can successfully hold over
the summer and spawn in the fall. A second goal should be to avoid stranding salmon
and steelhead in this stretch of river when the flow changes, where they may not be able
access suitable holding pools or spawning sites. If passage were provided through this
11+ mile reach, adherence to the criteria listed for manmade structures in an effort to
provide unimpeded upstream passage is required.” Watanabe identified a series of
detailed information requirements that would have to be met in order to design and
estimate costs for a passage project such as was proposed by the Institute for Fisheries
Resources in 1997. No further studies have been undertaken by the resource agencies
after the initial survey in 1999 (Paul Ward, CDFG personal communication). At a Butte
Creek Science Workshop in Chico on April 8, 2004, George Heise (CDFG’s senior
engineer) concluded that upper Butte Creek above LCCD did not make a good candidate
for fish passage improvement because of the number of migration barriers and the overall
high gradient of the channel.
In addition to the natural migration barriers upstream of LCDD, Watanabe documented
an 11.1-foot high barrier at Quartz Bowl, approximately one mile downstream of LCDD,
and an 11.4-foot bedrock cascade/falls that forms the foundation for the LCDD.
Holtgrieve and Holtgrieve (1995) quoted one source that the Quartz bowl was a total
barrier to salmon migration until the barrier was modified by blasting in the 1930s, which
allowed some fish passage. Currently a few salmon are able to pass the Quartz Bowl
barrier in very wet springs. In 1995 and 2003, 25 and 6 spring-run Chinook salmon,
respectively, were observed between the Quartz Bowl barrier and the LCDD (P. Ward
Personal communication), which equaled 0.3% and 0.1%, respectively of the observed
population of spring-run Chinook in each year (7,500 fish in 1995 and 4,398 fish in
2003): no fish were observed in 1998, 2000 or 2004 when there were also specific
surveys of this area completed). The natural bedrock falls at the site of LCDD is also
likely to have been a significant impediment to anadromous fish migration before the
dam was constructed. Yoshiyama et al (2001) concluded that historically the upstream
limit of salmon migration on Butte Creek was the present vicinity of LCDD. NOAA
Fisheries Service (Schick et al. 2005), followed this conclusion, and identified no change

in current available habitat for Central Valley spring-run Chinook salmon in Butte Creek
compared with historical conditions, and did not identify LCDD as a “keystone dam”
restricting salmon migration. Schick et al. also developed a map inferred from
Yoshiyama et al (2001) that suggests steelhead might have ascended further into Butte
Creek. Yoshiyama et al. cites Flint and Meyer (1977), stating that steelhead are believed
to have ascended as far upstream as Butte Meadows. In turn this reference in Flint and
Meyer is based on an uncorroborated personal communication: “Both species originally
migrated far into the canyon – some steelhead probably going as far as Butte Meadows
(R. Hallock, Citizens Advisory Committee, 1971, personal communication).” No other
reference has been located that would verify this remark, despite considerable research
(Holtgrieve and Holtgrieve 1995, P. Ward, CDFG, Personal Communication). Given the
best available technical information currently available on the barriers mapped in Butte
Creek (see discussion below), the speculative remark repeated by Flint and Meyer (1977)
was almost certainly in error.

BARRIER DETAILS
Butte Creek barrier information was presented in slightly different forms by Holtgrieve
and Holtgrieve (1995), Johnson and Kier (1998), and Watanabe (2000). Holtgrieve and
Holtgrieve noted barrier locations on USGS quads, with symbols noting barriers, but
provided no information on individual barrier heights (Figure 1). Johnson and Kier
identified barrier locations and characteristics relative to distance downstream of Butte
Creek Diversion Dam (a.k.a. Butte Head Dam) (Table 1), but did not plot barrier
locations on a map. Watanabe reported barrier measurements from the Quartz Bowl
Barrier downstream of LCDD to the third major barrier upstream of LCDD (Table 2).
Watanabe’s draft report did not identify the specific locations of the barriers upstream of
LCDD, but Paul Ward (CDFG) has identified the general locations of these barriers,
which are noted on Figure 1. The distance of these barriers upstream of LCDD was
estimated to the nearest 0.1 mile by comparing stream locations to the river mile
designations in PG&E (2004) (Appendix D, map 8 of 11). Of the three Butte Creek
barrier surveys, the most accurate and detailed barrier measurements are those in
Watanabe (2000). These measurements will be used in the remainder of this discussion.
Evans and Johnston (1980) suggested that natural bedrock falls with a vertical drop of
greater than 6 feet should be considered to be a total barrier for salmon and steelhead
without further study. However, a detailed review by Powers and Orsborn (1985),
concluded that falls where the change in water surface elevation is in excess of 11 feet
can be considered a total barrier to all species of Pacific salmon and steelhead. The
validity of Powers and Orsborn’s conclusion for Butte Creek is confirmed by the fact that
the Quartz Bowl barrier height is right at the criteria (measured at 11.1 feet) and is a
confirmed barrier to salmon migration for all but a few fish in the wettest years, and that
prior to blasting in the 1930s it was reportedly not passable at all. At 11.4 feet high, the
natural barrier that forms the foundation for LCDD is also right at Powers and Orsborn
total barrier criteria. Of the barriers summarized in Table 2 that occur upstream of
LCDD, all three significantly exceed the Powers and Orsborn criteria for a total passage
barrier, ranging in height from 13 feet to 23.8 feet with the first of these barriers (14.4

feet high) located only 0.3 miles upstream of LCDD. The furthest upstream (and most
difficult) barrier reported by Watanabe is approximately 0.8 miles upstream of LCDD.
Spawning habitat is extremely limited in the vicinity of LCDD. Johnson and Kier (1998)
reported 400 square feet of gravel (37 square meters) in the 0.54-mile section upstream of
LCDD; this section extends up to the second total barrier (i.e. >11-foot) identified on that
survey (this corresponds to the second total barrier identified by Watanabe 2000).
Assuming a recommended Chinook salmon spawning area of 15.5 square meters1 this
amount of gravel could be sufficient for two pairs of spawning Chinook. Assuming an
average steelhead redd size of 4.4 square meters (Bjorn and Rieser 1991), there may be
enough spawning gravel in this section for eight pairs of steelhead.

CONCLUSIONS
Key conclusions from the above compilation can be summarized as follows:
• Holtgrieve and Holtgrieve (1995) found no historical records to indicate the preProject occurrence of salmon in Butte Creek upstream of the site of LCDD. One
source indicated that all salmon were blocked at the Quartz Bowl barrier one mile
downstream of LCDD until blasting modified this barrier sometime in the 1930s.
• The Quartz Bowl barrier was measured by resource agency engineers as 11.1 feet
high. This is just at the 11-foot criteria proposed by Powers and Orsborn (1985)
to delineate a total barrier for all species of Pacific salmon and steelhead.
Observations of spring-run Chinook salmon above the Quartz Bowl barrier have
confirmed this site to be a barrier to salmon migration for all but a few fish in
only the wettest years. A slightly higher natural barrier (11.4 feet) forms the
foundation of LCDD. Prior to the construction of LCDD, this barrier was
arguably a total barrier to anadromous fish in most years.
• There are at least three locations from 0.3 - 0.8 miles upstream of LCDD with
natural barriers significantly higher than 11 feet. Based on the Orsborn and
Powers (1985) criteria, these locations can be considered to be total barriers to
potential salmon and steelhead passage without further analysis.
• Yoshiyama et al (2001) and identified no change in current available habitat for
Central Valley spring-run Chinook salmon in Butte Creek compared with
historical conditions. Schick et al. (2005) did not identify LCDD as a “keystone
dam” restricting salmon migration. Yoshiyama et al (2001) relied on a
speculative remark repeated by Flint and Meyer (1977) to suggest that steelhead
may once have migrated as far upstream as Butte Meadows. The subsequent
surveys of barriers in Butte Creek prove that the communication cited by Flint
and Meyer (1977) was in error.
• The quantity of spawning gravel reported by Johnson and Kier (1998) to be
present between LCDD and the total barriers upstream, is adequate to support two
pairs of spawning salmon and eight pairs of spawning steelhead.
1

An average of recommendations from Cramer and Hammack (1952), M. Gard (personal communication
as cited in Ward and Kier 1999), and Needham et al. (1941)

From this evidence, it is clear that, before the development of the DeSabla-Centerville
Project, the migration of both salmon and steelhead was blocked somewhere between one
mile below and 0.3 miles above the current site of the LCDD. Therefore, it would be
inappropriate to consider steelhead or salmon as a target species in an instream flow
study upstream of LCDD.
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Figure 1. Holtgrieve and Holtgrieve (1995) Map of Fish Migration Barriers near LCDD.
(Annotations of Watanabe (2000) barrier locations from P. Ward, CDFG)

Table 1. Migration Barriers within 1 Mile upstream of Lower Centerville Diversion Dam (LCDD)
from Johnson and Kier (1998)*

Barrier Type

Distance d/s of
Butte Creek
Diversion (miles)

Distance from
LCDD (miles)
(Assuming
LCDD at
mile 11)

Vertical Ht.
(ft)

Horizontal
Distance (ft)

Plunge Pool
Depth (ft)

[LCDD]
Single Wfall
(1st Barrier above
LCDD)

[11**]

10.76

0.24 s

7.0

20.0

2.0

Single Waterfall

10.74

0.26

6.0

15.0

3.0

Single Waterfall

10.55

0.45

17.0

25.0

8.0

Single Waterfall

10.48

0.52

6.0

8.0

4.0

Single Waterfall

10.46

0.54

11.0

15.0

0.0

Single Waterfall

10.46

0.54

3 X 5.5

10.0

0.0

Single Waterfall

10.43

0.57

7.4

10.0

2.0

Single Waterfall

10.42

0.58

35.0

60.0

8.0

Single Waterfall

10.40

0.60

9.0

35.0

0.0

Single Waterfall

10.38

0.62

8.0

25.0

4.0

Single Waterfall

10.36

0.64

6.5

2.0

4.0

Single Waterfall

10.36

0.64

6.5

2.0

4.0

Single Waterfall

10.17

0.83

12.6

25.0

13.5

Single Waterfall

10.10

0.90

8.0

10.0

5.0

Single Waterfall

10.04

0.96

12.0

30.0

3.0

Single Waterfall

10.03

0.97

10.0

25.0

3.5

*Barrier Data extracted from Johnson and Kier (1998) on migration barriers within 1 mile of
LCDD
** Johnson and Kier (1998) refer to LCDD as eleven miles downstream of the Butte Creek
Diversion Dam, but did not specifically report the distance in their barrier location table.

Table 2. Summary of Upper Butte Creek Field Trip Barrier Notes from Watanabe (2000)
July 12, 1999
Flow: 47 cfs

Barrier
Location

Quartz Bowl
Pool Barrier

Fall Height

11.1 feet

Downstream
Pool length

118 feet

Pool depth
(base of
falls)

Upstream
Conditions

Alternate
Routes
around pool

Distance from
LCDD

16.5 feet

Small
cascades,
steep grade

None
evident

1 mile Below

No pool at
base of dam

No
information

None

0

(Chute)

Lower
Centerville
Diversion
Dam

Barrier 1
1st Barrier

14.2 feet
(Dam Height)

28' wide
42' long
7.7' deep
42' wide
47'long

14.4 feet

141 feet

No
information

Pool
52' long
40' wide

Possible
passage
around
bedrock
outcropping
on right
bank

0.3 miles
(approximate)

13 feet

100 feet

11.8 feet

Pool
82' long

None, steep
bedrock
walls both
sides

0.6 miles
(approximate)

4.3 feet

Cascades
and 3'-4'
deep Pools

Possible
ladder route
on left bank

0.8 miles

Above LCDD

Barrier 3
3rd Barrier
Above LCDD

LCDD

(Cascade)

11.4 feet

Above LCDD

Barrier 2
2nd Barrier

(P. Ward
CDFG, personal
communication)

12'

Total

99 feet

11.8'

23.8'

No defined pool,
lots of big
boulders/bedrock
structures

4' rise over
40'

Note - Holtgrieve reported that the Quartz Bowl barrier was dynamited in the 1930's, allowing occasional
passage up to the Lower Centerville Diversion Dam.
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1.0
INTRODUCTION

This white paper was prepared to assist decision makers in understanding and addressing
issues related to effects of turbidity and suspended sediment on fish and aquatic resources
in California’s Sierra Nevada rivers and streams. The approach used to prepare this
paper was to compile available, relevant literature into one document and summarize the
extensive amount of technical information available on this topic. An approach to
interpreting the potential effects of suspended sediment and turbidity on fish, based on
the literature, is presented in Section 8 of this paper.
There is an extensive literature on the effects of turbidity and suspended sediment on
aquatic systems. The authors have compiled and reviewed over 200 documents obtained
from biological database and Internet searches. These documents include peer-reviewed
papers, theses, agency reports, gray, and published literature. We approached this paper
without bias or any preconceived idea about how this paper would or could be used.
The effects of sedimentation or deposited sediment on physical habitat in streams are
related to the effects of suspended sediment, but this topic is outside of the scope of this
paper. A cursory review of literature related to sedimentation is provided in Appendix A.
Key questions addressed in this paper are as follows.


What are the impact mechanisms for suspended sediment and turbidity to affect
aquatic organisms or communities?
Are effects behavioral, physical or
physiological?



What measures for suspended solids, turbidity, and water clarity provide the most
accurate and informative data for purposes of assessing impacts to aquatic life?
Given specific management objectives, which water quality measurement is most
appropriate?



How severe are the biological effects (short-term, acute or chronic, sublethal or
lethal)? What potential thresholds or effect endpoints should be considered to
assess effects on aquatic invertebrates, amphibians, fish and aquatic communities?



To what extent can existing data and literature on exposure, duration, and event
frequency relationships be used to guide impact assessment and management in
California’s Sierra Nevada streams and rivers?

This white paper is organized as follows.
Section 2 Definitions, Properties and Measurement defines the terms “turbidity,” “water
clarity” and “suspended sediment” and describes their respective properties. Methods
used to measure these parameters are described. This section brings the reader up to
current understanding of the issues associated with the measurement of water clarity.
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Section 3 Watershed Considerations summarizes watershed characteristics that influence
the erosion and transport of sediment from watershed upland into streams. These
processes characterize natural turbidity and suspended sediment formation and
movement, and provide a context for considering changes from these conditions for
regulatory purposes.
Section 4 Recent Literature Reviews summarizes several key, recent, peer-reviewed
publications considering the effects of turbidity and suspended sediment on aquatic
organisms and their habitat. The section provides a summary of literature reviews and
models developed to evaluate the level of biological responses to these water quality
parameters in the context of management objectives.
Sections 5, 6, and 7 summarize literature addressing macroinvertebrates, fish, and
amphibians, respectively.
Section 8 Summary and Recommendations briefly summarizes the available information
and provides some general recommendations to assessing effects of turbidity and
suspended sediment on aquatic species and their habitat.
Section 9 contains the bibliography.
Because many of the tables and figures from the literature reviewed are relevant to our
discussions, they were reproduced and included in this document.
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2.0
DEFINITIONS, PROPERTIES AND MEASUREMENT

Turbidity and suspended solids measurements are commonly used in assessments of
stream water quality and, along with deposited sediments, evaluated in relation to their
effects on aquatic biota. The concepts of turbidity, water clarity, and suspended sediment
concentration are related, but distinct from each other. In order to measure turbidity and
suspended solids and correctly interpret or apply the results, it is important that their
definitions and physical properties are understood. This section defines these concepts
and describes their respective properties.
Methods used to measure turbidity, water clarity, and suspended sediment also are
described in this section, and the issues associated with these measurements are
summarized. Measurements of these water quality parameters are sometimes used as
surrogates for each other. Since different properties are measured, this approach is
appropriate only in certain circumstances, and without cross-calibration can lead to
misunderstanding of conditions and processes. An additional objective of this section is
to summarize the definitions and properties of turbidity, water clarity, and suspended
sediment as they apply to measurements of these parameters.
2.1

TURBIDITY AND WATER CLARITY

2.1.1

DEFINITION AND PROPERTIES

The American Society for Testing and Materials (ASTM) definition of turbidity was
adopted during the April 30-May 2, 2002 Federal Interagency Workshop on Turbidity
and Other Sediment Surrogates (USGS 2003), as follows:
Turbidity – an expression of the optical properties of a sample that causes
light rays to be scattered and absorbed rather than transmitted in straight
lines through a sample. (Turbidity of water is caused by the presence of
suspended and dissolved matter such as clay, silt, finely divided organic
matter, plankton, other microscopic organisms, organic acids, and dyes.)
Turbidity is commonly used as a surrogate measure for either suspended sediment
concentration (SSC) or water clarity. It is essential to understand how turbidity is
measured and the limitations of its use for estimating SSC or water clarity. DaviesColley and Smith (2001) provide a thorough review of the relationships among turbidity,
suspended sediment, and water clarity, as well as an overview of light properties that
affect measurements. The salient points from their review are included below.
Turbidity is caused by the intense scattering of light by fine suspended matter (composed
of inorganic sediment and organic matter). Suspended solids contribute to both
absorption and scattering of light. Light attenuation in water (reduced light transmission)
by suspended particles is responsible for the “cloudiness” of turbid water and contributes
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to low visual clarity. Turbidity and water clarity, both optical properties, are inversely
related, i.e. as turbidity increases, water clarity decreases. Davies-Colley and Smith
(2001) distinguish between two main aspects of water clarity that relate to effects on the
aquatic biota; these are “light penetration” and “visual clarity.”
The photons in a light beam passing through water undergo both absorption (photon
energy is ultimately converted to heat) and scattering (Figure 2-1). The sum of these two
optical processes can be quantified as the beam attenuation coefficient. The absorption,
scattering and beam attenuation coefficients are inherent optical properties of the water
that do not depend on the incident light field. Beam attenuation can be directly measured
with a beam transmissometer.
In contrast, the attenuation of diffuse light, quantified by the irradiation attenuation
coefficient, depends not only on the inherent optical character of water, but also (weakly)
on incident light conditions (such as the position of the sun or cloud cover). The euphotic
depth, the depth at which photosynthetically available radiation (PAR) is reduced to 1
percent of its incident value, is proportional to the irradiance attenuation coefficient for
the whole PAR waveband. The relationship between irradiance attenuation and
suspended matter concentration or turbidity is generally non-linear (although it can be
linear) and depends on the optical character of suspended particles. There is no universal
relationship between light penetration and suspended sediment concentration, turbidity,
or visual clarity; the relationship must be established empirically in a given water body
(Davies-Colley and Smith 2001), which can vary with the flow and type and size of
suspended matter.
Visual clarity, when measured as the hydrologic range (the maximum sighting distance
[generally horizontal] of a perfectly black target), depends only on beam attenuation.
The hydrologic range does not depend on lighting conditions, and therefore visual clarity
measured as “black disc visibility” may have practical advantages for water quality
management (Davies-Colley and Smith 2001).
The correlation of turbidity (scatter and absorption of light) and SSC depends on the
optical character of the suspended matter being measured. The optical character of
suspended matter varies widely, even in the same water body in different seasons (and
flows) and at different locations. Hence, light penetration and water clarity will also
vary. The important attributes of suspended particles are size, shape, and composition,
with light attenuation depending most on particle size (geometrical cross-section per unit
volume). Mineral particles in the size range of 0.2 to 5 µm and organic particles in the
size range of 1 to 20 µm tend to dominate light attenuation, which in many natural waters
are composed of clay minerals and phytoplankton cells (Davies-Colley and Smith 2001).
Due to their highly aspherical shape, clay mineral crystals have a much higher light
scattering effect than other more spherical particles. Particle composition also affects
light attenuation when pigments within or on the particle’s surface absorb light.
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Figure 2-1.

Schematic of the Scattering of Light by a Suspended Sediment
Particle via the Process of Reflection, Refraction, and Diffraction
(Davies-Colley and Smith 2001).
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Similarly, organic matter often complexes with iron and aluminum hydrous oxide, which
contributes significantly to light absorption.
The size of sediment particles plays an important role in their contribution to water clarity
and turbidity. Except under very large flows, mineral particles generally only remain
suspended if they are smaller than 63 µm. Larger particles tend to settle out very quickly
and do not contribute significantly to the sustained reduction of water clarity. The discshaped clay minerals settle out at half the speed of similar-sized spherical particles, thus
clays tend to be more persistent as suspended particles. Organic particles, or flocculated
aggregates of organic and mineral particles that contain trapped water, have relatively
low settling velocities, and thus remain suspended for long periods. The source of water
may play an important role in the type of materials present and their persistence, as well.
Streams receiving outflows from lakes frequently contain particulate organic matter
originating from plankton and bacteria in lake waters. This source may represent a
persistent seasonal source of suspended materials.
2.1.2
2.1.2.1

MEASUREMENT

Turbidity

Historically, the standard method for determination of turbidity was based on the Jackson
candle turbidimeter. Results were reported as Jackson turbidity units, or JTUs.
However, the lowest turbidity value that can be measured by this method is 25 units,
which is higher than ambient values in many situations where measurement is needed.
Due to this shortcoming, other methods were developed. Among the many methods that
are available, nephelometry has become the most popular and widely used. The
nephelometric method compares the intensity of light scattered by the sample under
defined conditions with the intensity of light scattered by a standard reference suspension
under the same conditions. The greater the scattering of light, the higher the turbidity
values (APHA 1998). Results are reported as nephelometric turbidity units (NTU).
Nephelometric turbidity meters are designed to measure a portion of the scattered light
from an incident light beam projected from the instrument. Because side scatter has a
roughly constant ratio to total scatter, this relative index can produce consistent results.
Typically, light scattered at a 90-degree angle to the incident beam is measured, although
meters vary. Turbidity measured in NTUs is not an absolute quantity. Turbidity meters
provide only a relative measure or an index of the light scattering that is actually
occurring in a water body.
Due to the wide variety of instruments with different detector geometries and light
sources, turbidity measurements of the same water are not equivalent among different
meters (USGS 2004). Different types of meters are known to provide very different
readings, often using different physical principles for measurement (e.g., transmissivity
vs. reflectance). Comparisons of different meters have resulted in measurements
differing by as much as 125 NTUs (Gray and Glysson 2003). For this reason, the USGS
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has recently implemented a new turbidity data reporting procedure for USGS databases
and products, which specifies the make and model of turbidity instrument, as well as the
light source, light wavelength, and detector geometry used by the meter (USGS 2004). In
addition, they have revised Chapter 6, Section 6.7 Turbidity, of their National Field
Manual for the Collection of Water Quality Data, which documents the USGS protocols
for the collection, quality assurance, storage, and publication of water quality data. The
purpose of these protocols is to improve the quality and comparability of reported
turbidity data (Anderson 2004).
2.1.2.2

Water Clarity

Historically, water clarity has been measured using a Secchi disc, a white or black-andwhite disc lowered into water until the image can no longer be seen. The depth at which
it disappears is the Secchi depth. Secchi depth is inversely proportional to beam
attenuation and irradiance attenuation (Davies-Colley and Smith 2001).
The maximum sighting distance of a black target (or disc), viewed horizontally, depends
only on the beam attenuation coefficient and is therefore independent of lighting
conditions. Black disc visibility can be observed by a snorkel diver. Observations from
above water can be made using a viewer with a 45-degree mirror, or with a trough
constructed of reflective material. If water is so turbid that short visual ranges make
direct measurements difficult, observations can be made in a trough on a sample diluted
with clear water of known clarity. A more recent development is the transparency tube, a
clear tube with a Secchi disc or black disc painted on the bottom. The depth of water at
which this image is no longer seen is measured (Davies-Colley and Smith 2001).
Alternatively, beam transmissometers, which have not been widely adopted for work in
freshwaters, but have been used extensively in marine waters, can be used to measure
beam attenuation.
2.2

SUSPENDED SEDIMENT

2.2.1

DEFINITION AND PROPERTIES

Biologists recognize two components of sediment load by their respective effects on
stream organisms: suspended sediment and deposited sediment. With regard to deposited
sediment, stream biologists are interested in the degree of sedimentation on the streambed
(more closely related to bedload transport). A brief review of literature related to
sedimentation is provided in Appendix A.
Suspended sediments, along with other constituents such as organic matter, affect light
attenuation and can have direct physiological or behavioral effects on aquatic organisms.
The optical characteristics and settling velocities of organic and inorganic particles in the
water column depend of particle size, shape, and composition (Davies-Colley and Smith
2001).
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Usually the size of suspended sediment is 63 µm or less; suspended sediment primarily is
comprised of silt and clay particles, but under certain stream conditions, higher flows
with greater transport velocities, fine- to medium-sized sand may also be entrained in the
suspended fraction as well (Waters 1995). The two categories of suspended and
deposited sediments should not be considered as mutually exclusive to particle size,
because they will overlap depending on stream conditions of water velocity and
turbulence (Waters 1995). In a specific stream, these conditions may vary with flow and
consequent initiation of motion and subsequent suspension of bed particles.
The size of sediment particles is an extremely important attribute in the effect produced
upon stream communities (Waters 1995). A scale developed by the American
Geophysical Union comprises 24 categories of sizes and class names (Lane 1947).
Cummins (1962) provided stream ecologists with a classification of sediment that is more
commonly used today. The scale has 11 particle sizes and names (e.g. clay, silt, sand,
etc.) and is based on the Wentworth (1922) scale.
Sediment in the water column is estimated in three ways: total suspended solids,
turbidity, and water clarity. However, the latter two categories actually are relevant to
effects on light rather than sediment mass. The correlation between these measures is
examined in Section 2.3.
2.2.1.1

Inorganic and Organic Components

Suspended solids measured as Total Suspended Sediment (TSS) or SSC consist of both
inorganic and organic particles. Turbidity measurements include the integrated influence
of both components on the scatter of a beam of light. Both inorganic and organic
particles influence this measurement but their proportions may vary dramatically from
one watershed to another, from one season to another, and from one flow level to another.
The proportions and physical characteristics of organic and inorganic particles may have
a strong influence on the potential for adverse effects on aquatic biota. The two factors
reported to have the most influence on the degree of aquatic impacts are the size and
angularity of inorganic particles. The vast majority of the laboratory research on the
adverse effects of suspended sediment on aquatic organisms has focused on the impacts
associated with fine inorganic suspended sediment and largely ignores the potential
mediating influences of the organic fraction. The composition of the suspended solids,
proportions of organic and inorganic fractions, influences the effects on aquatic fauna
(Duchrow and Everhart 1971).
Madej et al. (2002) reported that the general failure to distinguish between the organic
and inorganic components hinders a full understanding of the effects of the particles on
stream health. It has been shown that the organic component can account for more than
half of the suspended load (Madej et al. 2002). In general, organic particles remain in
suspension longer and contribute more to turbidity than mineral particles due to their size
and composition. If there are higher proportions of organic matter in the suspended load,
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elevated turbidity may last longer due to the tendency of the organic particles to remain
in suspension longer. This could result in a greater decrease in photosynthesis, and hence
primary productivity, compared with turbidity that is caused primarily by inorganic
particles. This has the potential to contribute to the loss of the invertebrate scrapers that
feed on periphyton (the community of tiny organisms that live on the tops of rooted
aquatic plants).
Conversely, more organic matter could benefit filter-feeding
invertebrates. The net effect of the ratio of organic to inorganic components of
suspended load is unknown. Madej et al. (2002) recommend that suspended sediment
measurements include a separation of the load into inorganic and organic fractions and
into particle size distributions to better understand the watershed conditions.
2.2.1.2

Inorganic Particle Size and Angularity

Waters (1995) makes the point that suspended sediment is transported and dispersed in
the stream channel depending upon the flow magnitude, and the velocity and size of the
particles. Fine suspended sediment is typically less then 63 µm in diameter. Fine
sediment particles tend to remain suspended in the water column and contribute to the
turbid conditions. Coarser sand particles tend to settle from the flow and only make a
significant contribution to suspended sediment during higher flows. Organic particles
that typically have a lower density will remain with the fined suspended sediment and be
transported downstream or to the stream margins.
Several authors have indicated that the angularity of the inorganic sediment particles may
make a significant difference in the amount of injury that fish experience during high
flows (Noggle 1978, Redding et al. 1987, Newcombe 2003). Angularity has also been
shown to influence the degree to which fine particles enter into and clog the interstitial
spaces in gravel substrate.
2.2.2

MEASUREMENT

The most reliable and consistent method of measurement for suspended solids is
considered to be as a mass per unit volume (mg/L) (Noggle 1978). This standardized
approach is not subject to the potential sources of error that can complicate mass per
mass (gram of solids per gram of water) comparisons, often reported as parts per million
(ppm). Because the density of water changes with temperature, the volumetric
relationship between mass of solids and mass of water may vary from one set of
measurements to another.
The investigator must first determine the time base for measurements. In increasing time
spans, these time bases include event-based (point or grab) sampling and continuous
sampling (Hicks and Gomez 2003). Continuous sampling typically yields a superior
picture of sediment profiles, but because continuous sampling requires that expensive
equipment remain in place for extended times, point sampling may be more practical in
publicly accessible areas. Water velocity bears directly on flow competence, so it is
measured at the same time that water samples are collected for sediment measurements.
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Suspended sediment and bedload are sampled and analyzed differently, as described
below and in Section 2.3.
2.2.2.1

Suspended Solids Sampling

Point sampling. Although sediment can theoretically be measured anywhere along a
stream, in practice it is simplest to measure in transects across smooth runs and riffles of
moderate depth (Beschta 1996). Such stream regions are usually safer for workers and
for equipment, and it is usually straightforward to designate uniform sampling points if
these are necessary. Point samples for suspended load are obtained with special sediment
samplers suspended in the current by cables at specific depths. These samplers resemble
small torpedoes and are hydrodynamically designed to minimize turbulence at the intake
and to sample isokinetically (at ambient flows) so that they do not exclude or favor
specific particle radii ranges. A removable flask inside the device collects the sample. A
solenoid-operated valve controls the water/sediment collection, and sample volumes
typically span 100-500 ml. The flask is removed and stored under refrigeration for
laboratory analysis.
Depth-integrated sampling. Inconsistencies in the sediment concentration with depth in
the water column arise from changes in distance from the sediment source, water depth,
flow variation, and streambed topography variability. Thus, single point sampling does
not accurately characterize the suspended sediment profile, except perhaps in special
cases such as very small and shallow streams. In practice, sampling should be done at
various depths (depth-integrated), to generate a profile of sediment load as a function of
water depth and velocity (Hicks and Gomez 2003). Sampling can be depth-integrated by
collecting point samples at several depths and plotting the sediment burden versus water
velocity across the sampling range. However, standard point samplers such as the US P61 may inadvertently collect bedload, which will distort and invalidate measurements of
suspended sediment, and in any case multiple point sampling is tedious and laborintensive (Edwards and Glysson 1999). Special depth-integrating samplers such as the
DH-48 are designed to sample only to depths above typical bedload, and can yield
substantial data that better reflects stream-wide sediment profiles. The sampling method
for these devices is quite different from standard point sampling. Depth integrating
samplers are operated by moving the sampler steadily and at uniform velocity from
surface to bed and back to the surface with the collection valve continuously open.
Sample flasks are refrigerated for later laboratory analysis.
Continuous sampling. Continuous sampling refers to repeated, single collections of
water with entrained suspended sediment over time periods that can range from minutes
to months. Such a program can yield accurate suspended sediment profiles, but the
equipment for this methodology is typically far more elaborate than that required for
point or depth-integrated sampling. The “pumping sampler” used for continuous
sampling consists of an intake system, a pump, a sampling frequency control system, and
a power source. Although the units are compact and portable, their drawbacks include
expense, inability to sample isokinetically, and easily clogged intake ports (Beschta 1980,
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Hicks and Gomez 2003). Samples are collected from the pumping unit at appropriate
intervals and refrigerated for laboratory analysis.
2.2.2.2

Suspended Sediment Analysis

Water samples with entrained sediment are analyzed directly for suspended sediment by
recovering and weighing the suspended sediment particles and calculating mass per unit
sample volume. To recover the sediment a predetermined sample volume is vacuum
filtered through pre-weighed filter paper, and the filter paper with filtered sediment is
oven-dried for 24 hours at 105°C. The paper is then weighed and the tare weight
subtracted, and the resulting sediment weight is divided by the initial water volume to
calculate sediment concentration (mg/L). Sediment concentration is plotted against
streamflow to yield a sediment-rating curve for the stream (Beschta 1996).
2.3

CORRELATION OF
AND VISUAL CLARITY

SUSPENDED SEDIMENT CONCENTRATION, TURBIDITY,

The relationship between turbidity and the concentration of suspended matter depends on
the variability in the optical characteristics of the suspended matter, as determined by the
size, shape, and refractive index of the particles. Optically black particles, such as those
of activated carbon, may absorb light and effectively increase turbidity measurements
(APHA 1998). Several authors have reported very strong relationships between
suspended sediment and turbidity for specific rivers and laboratory conditions (Lloyd et
al 1987, Gregory 1993, Redding et al. 1987). In many of these instances the sediment has
been derived from a relatively uniform source and used in a laboratory setting (Gregory
1993 and Redding et al. 1987).
Other researchers have indicated that turbidity alone is not a reasonable surrogate
measurement for suspended solids because the particle size, optical properties, organic
components, and angularity of the inorganic particles greatly influence turbidity
measurements (Bash et al. 2001, Anderson 1996). The relationship between these
properties and turbidity vary with changes in flow and substrate type (Noggle 1978, Bash
et al. 2001). The relationship will also vary from one reach of a stream to another as
conditions change (e.g., gradient, substrate type, and tributary inflow).
The relationship between turbidity and suspended matter is a function of watershedspecific factors and temporal trends within storms and across seasons. Additionally, it is
likely that suspended matter and turbidity measurements will differ on the rising limb of
the hydrograph compared with similar discharges on the falling limb (known as
hysteresis). This was observed on a multi-year and multi-watershed study in a series of
Sierra foothill streams (Lewis et al. 2002). Regression slopes differed significantly
between watersheds and TSS and turbidity values increased during the transition from the
wetting to saturation phases of the seasonal rainfall pattern. TSS and turbidity were
variable across seasons and storms. Lewis et al. (2002) recommended intensive sampling
across multiple storms and for a full range of flows for establishing valid storm-based
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turbidity relationships. Davies-Colley and Smith (2001) also point out that turbidity is a
relative measure, and that to be used, turbidity must be calibrated to an absolute measure.
Davies-Colley and Smith (2001) suggest that turbidity may be useful when a relative
index of water cloudiness is sufficient to meet management objectives. However, they
suggest visual water clarity measurement is preferred over turbidity and SSC
measurements, particularly when the optical effect of the suspended sediment is of
primary concern. They indicate water clarity is an absolute quantity (unlike turbidity),
can be measured with better precision, can be measured more cheaply, and has a more
immediate environmental relevance (Table 2-1).
Water quality management objectives are a key consideration when deciding which water
quality measurement is most appropriate. Where sediment loading is the concern, mass
concentration measures (suspended sediment concentration) would be appropriate. If
biological effects related to changes in light penetration or water clarity are the main
concern, then measurement of turbidity or water clarity would be more relevant than
measurement of sediment concentrations (Davies-Colley and Smith 2001). Specifically,
they recommend measures of visual clarity rather than turbidity.
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Table 2-1.

Comparison of Suspended Sediment Concentration, Nephelometric
Turbidity, and Visual Clarity Measurement for Water Quality
Assessment (Davies-Colley and Smith 2001).
Suspended Sediment
Concentration (SSC) (nonfilterable residue - NFR)

Attribute

Turbidity

Visual Clarity
(or alternatively, beam
attenuation coefficient)

Principle and Procedure

Side scattering of light by
Weight of particulates
captured on a glass fiber filter nephelometry (relative scale).
through which a known
volume of water sample has
been filtered.

Sighting range of a black disc
viewed horizontally through
water (or Secchi depth)
(alternatively, beam
transmittance measurement).

Equipment

Filter assembly with vacuum
pump, oven, weigh balance,
desiccator, glass fiber filters.

Nephelometer and standards.

Underwater viewer and visual
target, tape measure (beam
transmissometer).

Calibration?

None

Arbitrary calibration to
formazin

None

Scientific Measurement?
(units)

Yes (g m-3).

No, arbitrary, relative
measurement (in NTU).

Yes (m) (beam attenuation
coefficient, m-1).

Cost (and difficulty)

Simple, but involved and
consumptive of technician
time - hence expensive.
$23/sample (NZ$ 18/sample)

Fairly simple (standards
required for calibration).
$5/sample (NZ$6/sample)

Simple, but does require
access to water body.
$4/observation1
(NZ$4/observation)

Precision (typical standard
error)

10 percent2

10 percent3

4 percent4,5

Sample Size

Depends on sediment
100 ml or less for a laboratory Not applicable (usually done
concentration. For best
measurement.
in situ).
precision, 100 mg is required
(i.e., 10L volume at 10 g m-3).

Stability of Samples (and
storage)

Stable for several days (store
chilled, dark).

Unstable (store chilled, dark,
and measure within 24-hours
of collection).

Not applicable (usually done
in situ).

On Site or In situ
Measurement?

No (must be done in a
laboratory).

Yes (portable models).

Yes (usual procedure).

Continuous Monitoring?

No.

Yes (in situ turbidity
monitors).

Yes, as beam transmittance
(from which visibility may be
calculated).

Environmental Relevance

Relevant to sediment yields
(in geomorphology,
agronomy), and benthic
effects of sedimentation. Less
relevant to optical effects.

Indirectly relevant - because
the measurement is relative to
arbitrary standards. Requires
calibration (e.g., to suspended
solids or visual clarity).

Relevant to aesthetic quality
of water and habitat for
sighted aquatic animals. Less
relevant to sediment massrelated impacts.

1

Assuming ten minutes extra on site per observation (at US$20/hr), and allowing $0.60/observation for equipment depreciation.

2

McGirr (1974), APHA (1998)

3

McGirr (1974), ASTM (1996), U.S. EPA (1999)

4

Davies-Colley and Close (1990)

5

Smith and Hoover (1999)
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3.0
WATERSHED CONSIDERATIONS

This section summarizes watershed characteristics that influence the transport of
sediment from watershed uplands into streams. Sediment transport is controlled by
hydrologic conditions, geologic and soils conditions, topography, vegetation and other
surface cover, and the occurrence of natural and anthropogenic disturbances. Each of
these factors has several components that will increase or decrease the loading of
sediment and solids to a stream, and will influence the character of the suspended solid
load under different conditions. As such, these factors control the nature and occurrence
of suspended sediment in streams and rivers. The development of ambient water quality
criteria for turbidity and suspended sediment relies on knowledge of natural background
conditions in the watershed. Due to the high degree of variability in suspended sediment
loading and numerous natural and anthropogenic influences on watershed conditions,
however, characterizing background turbidity and suspended solids levels is a daunting
task (Bash et al. 2001).
3.1

HYDROLOGY AND EROSION

Sediment is transported from watershed surfaces to channels in three main ways: soil loss
and erosion from upland areas, mass movement such as landslides (Swanston 1991,
Beschta 1996), and streambank or channel erosion (Flosi et al. 1998). The interplay
between hydrology and watershed characteristics determines the dominant erosion
process on a seasonal basis.
3.1.1

HYDROLOGIC CYCLE

Climate affects the amount and form of precipitation (rain, snow or fog) that enters a
watershed, and the timing, duration, and intensity of precipitation events.
Precipitation falls to the surface of the soil or is intercepted by vegetation or litter.
Intercepted precipitation eventually either continues to the soil surface or evaporates.
Precipitation that reaches the soil surface infiltrates the soil, or, if the soil is saturated or
the infiltration rate is lower than the precipitation rate, moves over the surface of the
ground as runoff (Fredriksen and Harr 1981, Swanston 1991). When the amount of
moisture produced by a precipitation event exceeds the infiltration capacity of the soil,
non-perennial source channels form. These provide new source areas for sediment
(Fredriksen and Harr 1981, Swanston 1991). The type of precipitation affects the rate
and timing of delivery to the channel, and the timing of surface erosion affects the type
and volume of sediment (Fredriksen and Harr 1981).
If water infiltrates soil, it either evaporates, is withdrawn by plants for transpiration, is
held in the soil, moves into bedrock, or flows, eventually, into a stream as baseflow
(Swanston 1991, Fredriksen and Harr 1981).
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3.1.2

EROSION AND SEDIMENT TRANSPORT

In a rain-dominated hydrologic system, the streamflow regime follows the rainy season
with increased streamflow following precipitation events (Swanston 1991). The Sierra
Nevada receives the majority of total precipitation as snow, which is stored in a
snowpack. This affects the timing and rate of water delivery to streams. Moisture stored
in snowpack generally melts in a relatively short period of time during spring (April to
June, or later depending upon the elevation, water year and snow pack), which results in
high flows that have the capacity to transport high levels of sediment into streams
(Swanston 1991).
The steepness, gradient, and length of a slope influence the rate that sediment is
transported into a channel and the predominant erosion process (Swanston 1991, Beschta
1996). The aspect of a slope also can affect the timing of snowmelt (Swanston 1991),
which may affect the level of erosion from high flows.
The rock and soil types that constitute the sedimentary parent material control an area’s
susceptibility to erosion. The parent material affects the composition and structure of the
soil, which determines how much water can infiltrate, in comparison with how much runs
off and erodes during a precipitation event (Swanston 1991). It also influences the
strength of the aggregate that a soil will form, another characteristic that can affect
erosion (Fredriksen and Harr 1981), and soil potential for slumps or earthflows
(Swanston 1991).
The amount and type of vegetation and surface cover in a watershed influence the amount
of water that reaches the surface of the soil and the amount of water that moves through
soil as subsurface flow into a stream. Vegetation and other surface cover impede erosion
by dissipating the energy in raindrops through interception, protecting the soil surface
(litter) and stabilizing soil structure (roots) (Fredriksen and Harr 1981, Beschta et al.
1995, cited in Spence et al. 1996).
Once sediment is delivered to a stream, the two dominant mechanisms of sediment
transport in streams are bedload (sliding, rolling, or bouncing along the bottom) and
suspended load. Consideration of bedload transport is beyond the scope of this paper,
and principally affects the instream habitat characteristics of the channel bed. Suspended
load is typically limited to clay and silt-sized particles, which can be moved under most
flows. Once entrained, suspended sediment can remain in suspension until a large
reduction in stream velocity and energy occurs. During high flows, streams can carry
very high levels of suspended load, affecting the viscosity and flow properties of the
water. In practice, the available source, rather than the transport capacity of the stream
itself governs the amount of suspended load. That is, streams typically carry the volume
of suspended load available to them, only depositing in very low energy reaches such as
pools (Simons and Senturk 1992).
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3.2

NATURAL EVENTS

3.2.1 SOIL MASS MOVEMENTS
Soil mass movements, as slumps, landslides, and debris flows, are major contributors to
sediment in streams (Swanston 1991). Frictional resistance of soil material and
vegetation restricts these movements, and is influenced by the soil moisture level
(Fredriksen and Harr 1981). Both the resistance to flow provided by bedrock and the
characteristics of the soil determine which type of mass movement it will be (Fredriksen
and Harr 1981). Vegetation, which removes water from soil and reinforces soil structure
with roots, can decrease the likelihood of some mass movements (Fredriksen and Harr
1981).
3.2.2 FIRE
Fire can remove a large amount of vegetation and litter within a watershed (Swanston
1991), resulting in decreased protection for the soil surface and an increase in the amount
of water that reaches the surface, both of which increase surface erosion (Swanston
1991). Reduced vegetation may also decrease the amount of water transferred from the
soil for transpiration, another factor that increases soil moisture level. Roots, which aid
in stabilizing slopes and stream banks, are often destroyed, which can lead to increased
risk of landslides (Swanston 1991). Fire may also create a hydrophobic layer near the
soil surface, decreasing the infiltration capacity and thereby increasing surface runoff and
erosion (Swanston 1991). Fire-affected watersheds recover with time, at a rate dependant
on the soil, climate, and vegetation succession.
3.3

ANTHROPOGENIC SOURCES OF SEDIMENT

3.3.1 MINING, TIMBER HARVEST, ROADS, AND GRAZING
Human uses of the land have a significant influence on the sources, types, and amount of
sediment contributed to streams. Watershed activities that are known to contribute to
erosion and stream sedimentation include mining, timber harvest, road construction and
maintenance, fire, and reservoir operation. Mining and suction dredging have occurred in
the mountains of Western North America for well over 100 years (Sumner and Smith
1940), and have caused increased levels of sedimentation in streams (Nelson et al. 1991).
Grazing influences on stream channelization can have a significant influence on sediment
transport in small streams and habitat conditions for salmonids (Chapman and Knudsen
1980).
Several authors have discussed the increased sediment impact to streams associated with
timber harvest such as clear cutting, skidding, slash and burn, road development, and
hauling (Anderson 1996, Holtby 1988, Holtby et al. 1989). Road construction, use and
maintenance are considered to be some of the most significant sources contributing
sediment to streams (Furniss et al. 1991). Roads increase the vulnerability of an area to
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erosion for a long period after the road is built and can increase the frequency and
severity of mass soil movements (Furniss et al. 1991).
3.4

ANNUAL VARIABILITY

The input of sediments to streams is highly variable. In most western mountain
watersheds, it generally occurs during episodic flows associated with storm water runoff
events in the wet season and large magnitude flow releases sometimes associated with
reservoir operations. These can occur during any time of the year, but are generally
associated with runoff, generation, channel maintenance, or recreational flows.
Suspended solids loading under natural flow conditions occurs predominantly during the
winter wet season, spring snowmelt runoff period, or summer thunderstorms. In some
instances the highest loading of fine suspended solids occurs during the first flush of the
watershed in the fall or early winter. The first storm water runoff of the season will
transport fine particulate material that has accumulated on surfaces throughout the dry
season to local streams and rivers. In regulated systems, the highest loading can occur
due to these same precipitation-induced processes, or by releases from reservoirs. In
some cases, the reservoir release affects the timing of sediment loading to a river that
would otherwise occur during precipitation events.
Road construction and repair is most likely to occur during the summer dry season and
may result in the discharge of sediment to local streams (Bash et al. 2001). Individual
construction activities may be short in duration, but the potential for several construction
projects to take place in a single watershed exists, potentially leading to a series of
sediment releases. Depending on the frequency and magnitude of these releases, the
potential for a significant cumulative impact exists (Bash et al. 2001).
3.5

REGULATED FLOW

Natural flows in the watersheds of Sierra Nevada and Cascade Mountains of the western
United States are in many cases typified by relatively low winter flows, except during
storm water runoff events, and then higher flows during spring snowmelt. Rivers that are
sustained by relatively consistent sources of emergent groundwater may exhibit sustained
flow throughout what otherwise would be the dry season. Watersheds dominated by
shallow bedrock conditions may have limited groundwater storage capacity and may
exhibit high peak runoff in the spring followed by much lower flows during the dry
season (remainder of the year).
Reservoirs capture winter rains and spring snowmelt and release stored water during the
dry season when demand for water supply and power generation is higher. This has the
effect of dampening winter storm and spring runoff peak flows in the rivers downstream
of the reservoirs. During the dry season, flows below hydroelectric project bypass
reaches tend to be higher and more consistent as a result of instream flow releases for
aquatic resources. The subset of hydroelectric projects with reaches subject to peaking
operations typically experience more variable releases during the summer months than
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would have occurred naturally. Figure 3-1 shows daily mean streamflow for two rivers:
the Cosumnes River, an unregulated river, and Stanislaus River, a regulated river.
Reservoirs can act as sediment traps, reducing the amount of sediment in downstream
reaches (Williams and Wolman 1984). Some dams are designed to flush sediment
continuously, while others flush periodically (Williams and Wolman 1984), and others
not at all. The amount of sediment released during a flush depends on variables that
include: the volume of water released, the volume of sediment in the reservoir, the release
rate, the type and location of outlet gates, and the size of the sediment particles (Williams
and Wolman 1984).
By trapping sediment, reservoirs can affect the timing of higher turbidity flows. When
initial high releases from reservoirs occur, they can transport sediment accumulated
during the previous months that would otherwise have been transported naturally during
precipitation events or snowmelt.
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Figure 3-1.

Mean Daily Streamflow (January 1 - December 31, 2002) of an
Unregulated (Cosumnes River USGS gage 11335000) (Drainage Area
536 mi2) and Regulated River (Stanislaus River USGS gage 11303000)
(Drainage Area 1,075 mi2) (USGS National Water Information
System).
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4.0
RECENT LITERATURE REVIEWS

Several key scientific papers published since the late 1980s have compiled field and
laboratory study results and developed the concepts that relate the effects of suspended
sediment to biological responses in fish, macroinvertebrates and aquatic ecosystems
(Lloyd et al. 1987, Anderson 1996, Newcombe and Jensen 1996, Bash et al. 2001). More
recent papers elucidate the relationships between turbidity, water clarity, and suspended
sediment, and propose ways to measure these parameters and evaluate the level of
biological responses (Davies-Colley and Smith 2001, Newcombe 2003). Collectively,
these papers provide an overview of the current level of understanding of turbidity (and
related effects on water clarity) and suspended sediment and their effects on aquatic
ecosystems. The review papers compile and summarize relevant information that can be
applied by managers to regional issues.
The literature reviewed addresses physiological and optical effects of suspended sediment
and turbidity. It provides the foundation for the development of a framework and models
to evaluate the severity of adverse effects on clear-water fishes in relation to visual clarity
of water and duration of exposure (Newcombe and Jensen 1996, Newcombe 2003). A
discussion of these models is provided at the end of this section. The available literature
does not generally address the relationship between the frequency of exposure to
increased turbidity or suspended sediment events with the severity of ill effects.
Suspended solids can have a range of effects on aquatic organisms. These effects may be
physiological (e.g. irritation or damage of fish gills). These effects also may be optical in
nature. Light attenuation, the magnitude of which depends on the optical character of
suspended matter, has two main biotic effects: a) reduced penetration of light into water
for photosynthesis, and b) reduced visual range for sighted organisms (water clarity)
(Davies-Colley and Smith 2001). Light attenuation may affect multiple trophic layers of
an aquatic community, including algae, and other plants as well as the invertebrate
community that supports fish, amphibians, and other wildlife species. This is discussed
in greater detail in Sections 5, 6, and 7, which review studies addressing invertebrates,
fish, and amphibians, respectively.
4.1

LLOYD 1987

Lloyd (1987) conducted a literature review to support an evaluation the State of Alaska’s
water quality standards. The paper includes a two-page summary table of published
studies on the effects of SSC and/or turbidity on life stages of salmon and trout species
organized from severe lethal effects to minor behavioral effect. (This table was updated
by Bash et al. 2001, see Section 4.4). The review addresses trophic level changes related
to reduction in light penetration, as well as direct effects of sediment and turbidity on
aquatic organisms.
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Lloyd (1987) summarizes the turbidity standards of nine states, including California. He
also summarizes recommended levels of SSC for the protection of fish habitat (which
offer high or moderate levels of protection) from several literature sources. Material
reviewed from the European Inland Fisheries Advisory Commission (EIFAC) noted that
waters containing 0 to 25 ppm of chemically inert solids should not adversely affect
freshwater fisheries. Waters containing SSC of 25 to 80 ppm may lower the production
of fish; waters containing SSC of greater than 80 ppm are unlikely to support good
fisheries (EIFAC 1964 as cited in Lloyd 1987). Justification to apply these levels to the
US is questioned based on effects seen at lower levels. For instance, a turbidity level of
10 NTUs can significantly reduce feeding rate, food assimilation and reproductive
potential of Daphnia pulex, (McCabe and O’Brien 1983 as cited in Lloyd 1987).
References to other studies show that turbidities in the 10 to 25 NTU range and SSC near
35 ppm had deleterious effects on fish. Lloyd (1987) discusses light penetration and
productivity in streams, but cautions that assumptions about the importance of aquatic
primary production in streams may not be completely applicable to vegetated watersheds,
which likely rely more on organic material from terrestrial sources (Chapman and
Demory 1963, Chapman 1966 cited in Lloyd 1987). However, even in heavily forested
watersheds of the Pacific Northwest, increased light to stream bottoms can translate to
more salmonids (Chapman and Knudsen 1980 and Murphy et al. 1981, cited in Lloyd et
al. 1987). Lloyd (1987) notes that turbidities of 4 to 8 NTUs may hamper efficient
management of fisheries in Alaska because aerial observers cannot see into the streams
and estimate returns of adult salmon. Furthermore, absolute turbidities of 8 NTUs or
higher have been shown to reduce sport fishing in fish bearing waters of Alaska.
The paper notes that an effective turbidity standard must prevent a loss of aquatic
productivity and cause no lethal or chronic sublethal effects on fish and wildlife. It also
notes that to be effective the standard should not be constrained by language requiring
extensive work by the resource agencies to establish background levels. Alaska’s
standard is 25 NTUs above natural background in streams and 5 NTUs in lakes. An
increase of 5 NTU in a clear, shallow (< 0.5 m) stream can decrease primary productivity
by about 3 to 13 percent, and a 25 NTU increase in a shallow stream may reduce plant
production by about 13 to 50 percent depending on stream depth (Lloyd et al., 1987). In
a clear-water lake, a 5 NTU increase may reduce the productive volume of that lake by
about 80 percent (Lloyd et al., 1987). Lloyd (1987) recognizes that even stricter
standards may be necessary to protect extremely clear waters due to the dramatic initial
impact of turbidity on light penetration. The paper concludes that Alaska’s standards can
be expected to provide a moderate level of protection for clear coldwater habitats. A
higher level of protection may be required to protect extremely clear waters because of
the dramatic initial effect of turbidity on light penetration.
4.2

NEWCOMBE AND JENSEN 1996

Newcombe and Jensen (1996) address the need for a reliable metric to quantify the
assessment of risk and impact for fishes subjected to excess suspended sediment
pollution. This work lays the foundation for subsequent development of the Newcombe
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(2003) impact assessment model (see Section 4.7). A meta-analysis of 80 published and
adequately documented reports (previously summarized by Lloyd 1987) on fish
responses to suspended sediments in streams and estuaries yielded six empirical
equations that relate biological response to the duration of exposure and SSC. This paper
uses an exposure and duration concept for assessing suspended sediment effects on fish
and includes a link to the effect of sediment grain size. The relationship is characterized
by three variables: 1) the duration of exposure as the natural log of hours; 2) the natural
log concentration of sediment in mg/L, and 3) a stress index value that is based on value
of exposure level times duration of exposure.
Newcombe and Jensen (1996) developed tables that represent a method to assess the
empirical relationship between the response of fishes to suspended sediment pollution
(Table 4-1). The empirical relationship is augmented by the severity-of-ill-effect (SEV)
scores (Table 4-2) in the table cells. These are a semi-quantitative scoring based on a 15point scale and on which is superimposed four decision categories: no effect, behavioral,
sub-lethal and lethal effects. The table cells are organized along a logarithmic scale of
hours on the X-axis and a logarithmic scale of SSC in mg/L along the Y-axis. The paper
presents SEV scores for various combinations of seven different fish groups including
adult salmonids, juvenile salmonids, eggs and larvae of salmonids and non-salmonids,
adult estuarine salmonids, adult estuarine non-salmonids and adult freshwater nonsalmonids.
4.3

ANDERSON 1996

Anderson (1996) reviewed literature on the effects of increased sediment load and
sedimentation relating to forestry operations on aquatic ecosystems. The review briefly
addresses suspended sediment effects on fish (behavioral, physiological and population)
and suspended sediment and sedimentation on freshwater aquatic habitat. Anderson used
the exposure and duration tables developed by Newcombe and Jensen (1996) to introduce
a similar severity-of-ill-effects rankings for physical habitat in freshwater systems (Table
4-2).
4.4

BASH ET AL. 2001

This paper was prepared by the Center for Streamside Studies, University of Washington,
for Washington State to assist agencies that implement transportation projects. The paper
is a comprehensive review of literature up to 2001. There is a concise discussion of the
differences between suspended solids, suspended sediment, and the limitations associated
with turbidity and water clarity measurements. The paper addresses the adverse effects
of suspended solids on coldwater fishes including physiological effects, behavioral
effects and habitat effects, and acknowledges the importance of the organic fraction in the
suspended solids as a direct impact on dissolved oxygen levels. The paper provides
useful summary tables updated from Lloyd (1987) that summarizes important attributes
of the covered studies (Tables 4-3, 4-4 and 4-5).
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Table 4-1.

Calculated Severity of Ill-Effects Scores in the Matrix of Suspended Sediment (SS) Concentration and Duration
of Exposure for Different Salmonid Life Stages (Newcombe and Jensen 1996).

A

C

B

D

Note: Diagonal terraced lines denote thresholds of sublethal effects (lower left) and lethal effects (middle diagonal). Shaded areas represent
extrapolations beyond empirical data.
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Table 4-2.

Rank

Severity of Ill-Effects Table for Impacts to Physical Habitat in
Freshwater Systems (Anderson 1996, after Newcombe and Jensen
1996).
Description of effect
Effects on aquatic habitat
Effects on fish behavior, physiology, and
survival
SEV (Newcombe and Jensen 1996)
SE (Anderson 1996)

0

Nil effect
No behavioral effects

1
2
3

Behavioral effects
Alarm reaction
Abandonment of cover
Avoidance response

4
5

6
7
8

Measured change in habitat preference

Sublethal effects
Short-term reduction in feeding rates or
feeding success
Minor physiological stress:
increase in rate of coughing
increased respiration rate
Moderate physiological stress
Moderate habitat degradation; impaired
homing
Indications of major physiological stress:

Moderate habitat degradation

long-term reduction in feeding rate or
feeding success
poor condition

9

10

11
12
13
14

Lethal and paralethal effects
Reduced growth rate:
delayed hatching
reduced fish density
0-20% mortality
increased predation
moderate to severe habitat degradation
>20-40% mortality
>40-60% mortality
>60-80% mortality
>80-100% mortality

4-5

Moderately severe habitat degradation

Severe habitat degradation
Catastrophic or total destruction of habitat in
the receiving environment

Table 4-3.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids outside Alaska (Bash et al. 2001,
updated from Lloyd 1987).

4-6

Table 4-3.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids outside Alaska (Bash et al. 2001,
updated from Lloyd 1987) (continued).

4-7

Table 4-3.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids outside Alaska (Bash et al. 2001,
updated from Lloyd 1987) (continued).
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Table 4-4.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids: 2001 Update (Bash et al. 2001, updated
from Lloyd 1987).
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Table 4-4.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids: 2001 Update (Bash et al. 2001, updated
from Lloyd 1987) (continued).

4-10

Table 4-4.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids: 2001 Update (Bash et al. 2001, updated
from Lloyd 1987) (continued).
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Table 4-4.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids: 2001 Update (Bash et al. 2001, updated
from Lloyd 1987) (continued).
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Table 4-4.

Some Reported Effects of Turbidity and Suspended Sediment
Concentrations on Salmonids: 2001 Update (Bash et al. 2001, updated
from Lloyd 1987) (continued).
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Table 4-5.

Summary of Suspended Sediment Effects on Selected Salmonids
Commonly Present in the Yakima River Basin (Bash et al. 2001, from
Newcombe and McDonald 1991).

Species
Chinook Salmon

Whitefish
Salmon (general)
Steelhead
Rainbow Trout

Concentration
(mg/1)
1400*
488
82,000
19,364
1.5-2.0
6
75
84
1,547
650
16,613
.7
8
84
19,364
157
21
37
7
90
171
50
100

Duration
(hours)
36
96
6
96
1,440
1,440
168
336
96
1
96
1
24
336
96
1728
1152
1440
1152
456
96
1848
1

Effect
10% mortality of juveniles
50% mortality of smolts
60% mortality of juveniles
50% mortality of smolts
Gill hyperplasia, poor condition of fry
Reduction in growth rate
Harm to quality of habitat
Reduction in growth rate
Histological damage to gills
Homing performance disrupted
50% mortality of juveniles
Overhead cover abandoned
Sport fishing declines
Reduction in growth rate
50% mortality of smolts
100% mortality of eggs
62% reduction in egg to fry survival
46% reduction in egg to fry survival
17% reduction in egg to fry survival
5% mortality in sub-adults
Histological damage
Reduction in growth rate
Avoidance response

Compiled by the Washington State Department of Ecology for “A Suspended Sediment
and DDT Total Maximum Daily Load Evaluation Report for the Yakima River.”
(*) indicates estimated concentation
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The paper recognizes potential limitations associated with extrapolation of study findings
from the laboratory to the field. Most experiments fail to report key information on
spatial and temporal factors that may influence interpretation of the data (e.g.,
distribution, abundance and availability of suitable habitat, time of year, frequency,
duration, and magnitude of events, cumulative or synergistic effects).
4.5

DAVIES-COLLEY AND SMITH 2001

Davies-Colley and Smith (2001) provide a thorough review, explanation and discussion
of the relationships among turbidity, suspended sediment and water clarity, as well as an
overview of light properties that affect measurements (discussed in greater detail in
Section 2). A comprehensive discussion of the technical basis for nephelometric
turbidity measurements is presented along with explanations of their limitations as
measures of water clarity and suspended sediment. There is a summary of important
physical properties of suspended particles (e.g., size, shape, composition and angularity)
as they effect turbidity and water clarity measurements. The problems encountered when
attempting to relate turbidity and suspended sediment measures are discussed. This paper
makes several recommendations regarding the type of water clarity measurements
appropriate to the nature of the study or for establishing environmental standards, as
follows:


When the optical effect of the suspended sediment is of primary concern to water
resource and fishery managers, light penetration or visual clarity is usually the
most appropriate measures rather than SSC.



Turbidity measures may be appropriate where a relative index of water cloudiness
is sufficient, or if there is some inherent advantage of a laboratory assay.



Ideally, environmental standards should not be based on nephelometric turbidity,
due to the general lack of correlation with suspended matter, although sitespecific conditions may justify its use. Turbidity is not an absolute scientific
measure and needs to be calibrated to an objective measure such as visual clarity
to be meaningful.



Davies-Colley and Smith recommend formulation of environmental water quality
standards in terms of visual water quality, recognizing its environmental
relevance and significant practical advantages over both SSC and turbidity.
4.6

NEWCOMBE 2003

While not technically a review paper, this resource provides further refinement of the
relationship between turbid water and effects on fish presented in Newcombe and Jensen
(1996). The empirical model presented in Newcombe (2003) has several modifications
from previous work. The model is presented as an assessment tool for impacts to clear
water fishes where loss of visual clarity is the primary mode of harmful effect in systems
that are relatively clear and relatively free of excessive suspended sediment (e.g. where
black disk sighting range exceeds 0.55 m). It has been developed as a single table to
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estimate Severity-of-ill-effect Scores (SEV) on rearing success of clear water fish (Table
4-6). The table provides an estimate of the level of effect in relation to the level and
duration of exposure. This model also includes an assessment of impact to juvenile and
adult life history phases through calibration for reactive distance of trout.
This empirical model relates water cloudiness as a function of reduced visual clarity and
duration of exposure in the SEV table (Table 4-6). The 15-point SEV scores are set in
the table cells along the same logarithmic scale of hours on the X-axis and an expanded
logarithmic scale calibrated to black disk sighting distance in meters along the Y-axis.
Black disk sighting distance or beam attenuation is recommended as the preferred method
to measure visual clarity. Alternative scales of Secchi disk sighting range and turbidity in
NTUs are also provided since these methods have been frequently used for measurement
in the field. The expansion of the vertical axis allows for some refinement of the SEV
scaling within the table.
4.7

META-ANALYSES AND MANAGEMENT

The meta-analyses of Newcombe and MacDonald (1991), Newcombe and Jensen (1996),
and Newcombe (2003) synthesized much of the existing data on the effects of sediment
on fishes. These analyses were used to develop a semi-quantitative series of SEV related
to SSC and loss of visual clarity with duration of exposure (Tables 4-1, 4-2, and 4-6).
Newcombe and Jensen (1996) constructed matrices from existing literature and reports to
develop models to predict probable SEV to fish based on taxon, life history stage,
sediment concentration, and duration of exposure.
From these matrices and
accompanying statistics they derived a function of the general form:
z = a + b(loge x) + c(loge y )
where: z = calculated SEV, a = y-intercept, b and c = slope coefficients,
x = estimated duration of exposure to sediments (hours), and y =
concentration of the (estimated) predominant suspended sediment size
(mg SS/L).
They then calculated SEV for a series of sediment concentrations and exposure durations
to yield profiles of the potential effects of significant suspended sediments on various fish
taxa and size/age cohorts.
The calculated threshold values of SSCs and durations of exposure above which sublethal
(SEV = 3) and lethal (SEV = 8) effects occur on the various fish cohorts varied somewhat
between adult and juvenile salmonids. In general, sublethal effects (SEV 4-8) began to
appear with only one-hour exposure to sediment concentrations of only 20-55 mg/L, but
lethal and “paralethal” effects (SEV 9-14) at one hour of exposure did not appear until
sediment concentrations reached 8,100-22,000 mg/L (Table 4-1). Adult salmonids were
actually somewhat more sensitive to short-term exposure than were juveniles--calculated
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Table 4-6.

Impact Assessment Model for Clear Water Fishes Exposed to Conditions of Reduced Water Clarity. A Model
Based on Literature Reports and Consultation with Scientific Experts to Estimate Severity of Impact on Rearing
Success of Clear Water Fish as a Function of Reduced Visual Clarity of Water (m) and Duration of Exposure
(h), for Juvenile and Adult Life History Phases, Including Calibration for Reactive Distance of Trout
(Newcombe 2003).
Duration of exposure to conditions of reduced
VISUAL CLARITY (loge) hours

Visual clarity of water (y BD) and
related variables
alternate
NTU

1100
400
150

preferred

3

4

5

6

7

8

BA

y BD

Severity-of-ill-effect Scores (SEV) - Potential

(m )

(m)

SEV = -4.49 + 0.92 (loge h) - 2.59 (loge yBD)

0.01

500

0.010
0.014
0.020
0.030
0.050
0.070
0.110
0.160
0.240
0.360
0.550
0.770
1.090
1.690
2.630

0.03
0.07

-1

225
100
45

20

0.34

20

1

2

(m)

0.05

3

1

z SD

55

7

0

0.77
1.53
3.68

9
4
2

Duration of exposure

9

10

ψ BD

7

8

9

10

11

12

13

14

7

7

8

9

10

11

12

13

14

6

7

7

8

9

10

11

12

13

14

4

5

6

7

8

9

10

11

12

13

14

3

4

5

6

7

8

9

10

11

12

13

2

3

4

5

6

7

8

9

10

11

11

1

2

3

4

5

6

7

8

9

10

10

0

1

2

3

4

5

6

7

8

9

9

0

0

1

2

3

4

5

6

7

8

8

0

0

0

1

2

3

4

5

6

6

7

0

0

0

0

1

2

3

4

5

5

6

0

0

0

0

0

1

2

3

4

4

5

0

0

0

0

0

0

1

2

3

4

5

0

0

0

0

0

0

0

1

2

2

3

0

0

0

0

0

0

0

0

0

1

2

1

3
Hours

7

1

2
Days

6

2

7

4

11
Months

30

Weeks

Fish reactive
distance:
calibrated for
trout
x RD

(cm)

(cm)

1
1
2
3
5
7
11
16
24
36
55
77
109
169
263

-

6
17
30
42
55
66
77
90
104

Key: yBD = Black disc sighting range (m): horizontal measurement in water of any depth (reciprocal of beam attenuation)
yBD = Black disc sighting range (cm): a convenient calibration for measurements made in very cloudy water.
BA = Beam attenuation (m-1): measures absorption and scattering of light by “water constituents” –clay and color; reciprocal of black disc sighting range.
ZSD = Secchi disk sighting range (m): a vertical measurement, usually in deep water.
XRD = Reactive distance of adult trout (pooled data for rainbow, lake, and brook trout) to fish prey as a function of visual clarity.
NTU = Nephelometric turbidity units: a measure of light scattering by suspended clay particles (0.2 to 5 mm diameter).
SEV = Severity of Ill Effect scale: 0≤nil effect≤0.5 (lower left diagonal line, nil effects threshold); 0.5≤minor≤3.5; (next diagonal line to the right, minor effects threshold)
3.5≤moderate≤8.5 (next diagonal line to the right, sublethal effects threshold); 8.5≤severe≤14.5 (next diagonal line to the right, lethal and paralethal effects
threshold).
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paralethal effects after one hour were reached at a SSC concentration of about 22,000
mg/L for adult salmonids (Table 4-1), but for juveniles were not reached until
concentrations reached almost 60,000 mg/L (Table 4-1). However, when the adult and
juvenile data were pooled the threshold concentration for one hour of exposure rose to
about 60,000 mg/L (Table 4-1). Early life history stages (egg development through
young juveniles) are more susceptible than older juveniles and adults. For adult and
juvenile salmonids combined, a one-day exposure of about 3,000 mg/L SSC reached
lethal values (Table 4-1), and only two days exposure to just 7.0 mg/L suspended
sediments was lethal to salmonid eggs and larvae (Table 4-1).
Anderson (1996) adapted the Newcombe and Jensen (1996) model to predict the effects
of various sediment concentrations and exposure durations on aquatic habitat and habitat
selection by aquatic organisms. He used the same meta-analytic approach to relate the
Newcombe and Jensen (1996) SEV scale to previously published studies. He developed
a simplified “severity of ill effects” (SE) scale of habitat impacts (Table 4-2), with the
intent of determining the relative importance of sediment concentration and duration of
exposure in habitat impacts. By multiple regression techniques similar to those employed
by Newcombe and Jensen (1996), Anderson (1996) showed that these factors affect the
extent of habitat alteration in dissimilar ways (because each factor has a different slope).
Newcombe (2003) modified the Newcombe and Jensen (1996) SEV ranking model so
that it could be used for impact assessment in clear water systems where the ill effects of
interest are caused by changes in visual water clarity. The model also incorporates fish
“reactive distance,” a key variable in predator-prey interactions. Another key variable,
compensation depth (the depth where attenuation of sunlight reduces the rate of
photosynthesis to levels equivalent to the rate of respiration, the depth limit of green plant
life), was not incorporated in the model because the assumption that compensation depth
varies inversely with water cloudiness is not universally applicable (Davies-Colley and
Smith 2001). Newcombe (2003) developed this model largely through consultation with
peers and limited synthesis of published data. Although the model describes a
relationship between visual clarity and biological effects on clear water fishes (for which
data were available in sufficient quantity), relatively few of the studies that support this
model directly address direct measurement of water clarity as recommended by DaviesColley and Smith (2001). Rather most studies address effects of suspended sediment
concentrations and to a lesser extent, nephelometric turbidity measurements.
The modification used to evaluate visual water clarity takes the general form:
z = a + b(loge x) + c(loge yBD)
where: z = calculated SEV, a = y-intercept, b and c = slope coefficients,
x = estimated duration of exposure to sediments (hours), and yBD =
Black Disk reading.
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The 15-level SEV scale is the same as used in the Newcombe and Jensen (1996) model
(Table 4-2). The Newcombe (2003) model (Table 4-6) develops a diagonal exposure and
duration matrix similar to those specified for the Newcombe and Jensen (1996) model
(Table 4-1). The model was designed to accomplish the following:
“…(a) identifies the threshold of the onset of ill effects among clear water fishes;
(b) postulates the rate at which serious ill effects are likely to escalate as a
function of reduced visual clarity and persistence; (c) provides a context (the
“visual clarity” matrix, with its cell coordinates) to share and compare
information about impacts as a function of visual clarity “climate;” (d)
demonstrates changes in predator prey interactions at exposures greater than and
less than the threshold of ill effects (e) calibrates trout reactive distance (cm) as a
function of water clarity in the form
y = a + bln(x)
where: y represents reactive distance (cm) and x represents visual clarity (black
disk sighting range, cm) and a and b are intercept and slope respectively, such
that
y = - 68.0546 + 30.8307 ln(x);
(f) identifies the black disk sighting range, in meters, and its reciprocal, beam
attenuation, as preferred monitoring variables, and (g) provides two additional
optical quality variables (Secchi disk extinction distance and turbidity) which,
suitably calibrated as they have been in this study, expand the range of
monitoring options in situations in which the preferred technology – beam
attenuation equipment or black disk sighting equipment – is unavailable or
impractical to use.” (Newcombe 2003 p. 529)
Not unexpectedly, this model matrix relates turbidity exposure to black disk assessment
in a pattern very similar to the matrices generated by the Newcombe and Jensen (1996)
model for SSC.
The information presented Newcombe and Jensen (1996), Anderson (1996), and
Newcombe (2003) serves best as a set of indicators and guidelines, not as a rigid set of
management tools per se.
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5.0
EFFECTS ON MACROINVERTEBRATES

This section reviews literature that evaluates direct physiological and behavioral effects
of turbidity (including water clarity) and suspended sediment on aquatic invertebrates. It
also reviews studies that address indirect effects that occur through changes in primary
production (trophic effects). Studies that evaluate invertebrate community responses are
summarized.
In many of these studies, the effects of turbidity and suspended sediment are not always
distinguished from the effects of sediment deposition. A cursory review of literature
related to sedimentation is provided in Appendix A.
5.1

PHYSIOLOGICAL EFFECTS

Suspended sediment and turbidity both can have direct adverse effects on benthic
macroinvertebrates. The effects of suspended sediment and turbidity are not as welldocumented as the effects of deposited sediment, but the information that is available
suggests that the effects of deposited sediment are generally more severe and longlasting. Even so, suspended sediment and turbidity effects may be significant by causing
stress that reduces feeding, growth and reproductive abilities. Inorganic sediment may
accumulate on body surfaces and respiratory structures (gills), thus causing respiratory
stress (Lemly 1982). In turn, this causes a disruption in feeding efficiency, particularly
for filter feeding organisms, and may result in reduced growth or mortality. A loss in
visual efficiency during feeding also may occur, although this has not been proven
(Waters 1995). Invertebrates that inhabit exposed streambeds are subject to scouring by
velocities associated with high flows, which can damage their integument (protective,
shell-like covering) and their respiratory organs (Newcombe and MacDonald 1991).
Newcombe and MacDonald (1991) summarize data on the effects of suspended sediment
on aquatic invertebrates using a Ranking developed by multiplying the level or exposure
with the duration of exposure, then developing a 14 point SEV scale. This is a scoring
system that is similar in many respects to the approach Newcombe and Jensen (1996) and
Newcombe (2003) discussed previously. However, it has not been developed further in
more recent literature. The summary provided by Newcombe and MacDonald (1991)
still provides a useful collection of effect studies (Table 5-1).
5.2

BEHAVIORAL EFFECTS

One of the most important behavioral effects on aquatic invertebrates associated with
suspended sediment is an increase in their drift density. Drift is the downstream transport
of aquatic insects with the current (Cereghino et al. 2004). Drift is a natural phenomenon
that is assumed to be an active behavioral process allowing the regulation of benthic
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Table 5-1.

Summary of Data on the Effects of Suspended Sediment on Aquatic
Invertebrates (Newcombe and MacDonald 1991).
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production and downstream colonization (Cereghino et al. 2004). This behavior also
shows a diel periodicity, with higher drift density occurring during the night than the day
and larger individuals entering the drift at night.
Some natural or man-made disturbances, such as very sudden increases in flow (up to and
including those flows which may mobilize a substantial portion of the bedload) or a large
sediment influx, can cause ‘catastrophic drift’. This sudden and large-scale drift may be
the result of dislodgment caused by rapid flow increases or by triggered avoidance
behavior by the organisms due to the effects of transported sediment. Other flow
increases or sediment movements may cause less dramatic increases in drift rates.
Invertebrates also can become dislodged due to the effect of rolling or saltating particles.
Culp et al. (1986) concluded that saltating sediments were the primary factor causing a
reduction in benthic densities of more than 50 percent in 24 hours in their field study of
fine sediment additions. They also found that there was both a distinct immediate effect
(in the form of increased drift) and delayed responses. Macroinvertebrates having a
delayed response were initially present below the surface but became exposed to
sediment effects during their vertical shift in distribution 6 to 9 hours after the sediment
additions. The abundance and composition of the benthic assemblage is likely to be
altered due to differing responses of species based on differences in the sizes and
tolerances of the species and life stages present (Cereghino et al. 2004). These effects
will vary with season, reflecting differences in life stages and species present.
Rosenberg and Weins (1978) performed an instream study of the effects of sediment
additions on benthic invertebrates during two periods. They constructed a study channel
and a control channel and added sediment to the study channel for five hours at a rate that
produced a SSC of 7.76 mg/l (August) and 7.42 mg/l (September). Flows were constant
during the experiments and slightly lower in the study channel. The addition of sediment
caused the number of invertebrates drifting from the study channel to increase 3-fold in
August and 2-fold in September (Table 5-2). Generally, sediment addition caused higher
numbers of Oligochaeta and Simuliidae to drift during both study periods. During
August a higher proportion of Hydracarina and Chironomidae drifted and during
September a higher proportion of Plecoptera and Ephemeroptera drifted. Differences
observed between the two study periods are probably due to the normal seasonal
differences in taxon composition. The authors concluded that measures of settled
sediment rather than suspended sediment would have a more direct relationship with
invertebrate response.
Net making species could be affected by fouling or ripping of their nets (Strand and
Merritt 1997). In turn, this could decrease food acquisition and result in a reduction in
adult reproductive success due to time and energy costs. Strand and Merritt (1997)
studied the effects of daily exposure to moderate levels of sediment on the net-spinning
Trichoptera Hydropsyche betteni and Ceratopsyche sparna. Nets became clogged with
sediment and were cleaned or replaced by the organisms each day following exposure.
Although this study was focused on the effects of deposited sediment (Appendix A), the
effect of clogging the caddisfly nets is also a suspended sediment effect. The sediment
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Table 5-2.

Total Numbers of Macrobenthic Invertebrates Drifting in 5 h from
Experimental Channels in 1 August and 9 September, 1974 Sediment
Additions (Rosenberg and Wiens 1978).
Control Channel

Date
1 August

9 September

Sampling
periods
1&2
3&4
5&6
1&2
3&4
5&6

Number of
Invertebrates
Drifting
146.6
2200
200.0
Σ = 566.6
196.6
426.8
726.8
Σ = 1350.2

Number of
Invertebrates per
m2 Drifting
9.8
14.7
13.3
37.8
13.1
28.5
48.5
90.1
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Sediment Additional Channel
Number of
Invertebrates
Drifting
925.9
493.2
420.0
1839.1
1781.0
526.8
753.2
3061.0

Number of
Invertebrates per
m2 Drifting
61.7
329
280
1226
118.7
35.1
50.2
204.0

treatments reduced larval survival of both species, but H. betteni was less tolerant and
had lower survival. Because sediment treatments had no effect on relative growth rates
or final mass, net maintenance costs were apparently negligible over the 16-day study.
However, if younger larvae had been studied, they may have responded differently.
Table 5-3 presents an overview of literature that relates turbidity and suspended sediment
effects on macroinvertebrates.
5.3

TROPHIC EFFECTS AND ORGANIC MATTER PROCESSING

The effects of suspended sediment and turbidity likely go beyond changes in the
invertebrate community. As discussed in earlier sections, suspended sediment may
decrease light penetration into the water column, which reduces primary production and
consequently decreases food resources, particularly for grazers and filter feeders. Studies
where this type of response was observed looked at elevated turbidity over a period of
months or longer (Van Nieuwenhuyse and LaPerriere 1986, Waters 1995, Lloyd et al.
1987). The distribution of grazing invertebrates can be affected by the abrasion or
scouring of cells (Vuori and Joensuu 1996). In turn, the numbers of predatory
invertebrates and other secondary consumers in the system may decrease due to lack of
food resources. Ultimately, fish and other wildlife dependent on the aquatic system may
be affected. However, the biological consequences of reducing photosynthesis in a
stream will depend on the relative contribution of autochthonous food sources (i.e., algal)
and allochthonous material (i.e., particulate organic matter from outside the stream) in
supporting the invertebrate community (Ryan 1991).
Waters (1995) presented a review of research on the effects of suspended sediment on
primary production. Very little quantitative work was done on this topic until the 1980s.
Lloyd et al. (1987) developed a model to relate turbidity (in NTUs) to primary production
in Alaskan streams. They found that in clear (<1 NTU), shallow streams increases of 5
NTU reduced production by 3 to 13 percent, while an increase of 25 NTU reduced
production by 13 to 50 percent. Graham (1990) examined the effects of clay-size
inorganic particles on algal periphyton and found that the clay attached to sticky surfaces
and reduced the organic proportion in the periphyton mat. This results in a loss in food
value for grazing invertebrates.
In a study of the effects of placer gold mining in subarctic Alaskan streams, Van
Nieuwenhuyse and LaPerriere (1986) found that primary productivity was significantly
reduced when turbidity and settleable solids levels increased. During active mining in a
moderately mined stream, turbidity averaged 170 NTU and in a heavily mined stream
turbidity averaged 2,200 NTU. Undisturbed streams had turbidities less than 1 NTU.
Primary productivity (standing crop of periphyton measured as chlorophyll α) was
undetectable in heavily mined streams, up to 3.8 mg/m2 in a moderately mined stream,
and up to 11.8 mg/m2 in an undisturbed stream (Van Nieuwenhuyse and LaPerriere
1986).
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Table 5-3.

Literature Relating the Effects of Suspended Sediment and Turbidity on Macroinvertebrates and Primary
Productivity.

Source
Lemly, A.D. 1982

Concentration or
Turbidity
1.5 – 8 JTU

Exposure Duration

Culp et al. 1986

Not given

Sediment addition took
place in less than 1 hour

Rosenberg and
Wiens 1978

7.76 and 7.42 mg/L

5 hours

Drift of macrobenthos
increased significantly

Strand and Merritt
1998

5-23 NTU

3-6 hours

Van Nieuwenhuyse
and LaPerriere 1986

0.5-3400 NTU

~1-4 months

Diminished survival;
interspecific behavioral
effects
Reduced to eliminated
primary productivity

Wagener and
LaPerriere 1985
Shaw and
Richardson 2001

1-2,500 NTU

Varies, months to years

695 to 705 mg/L

0-6 hours, every other
day for 19 days

8 months continuous

Description of Effect(s)
Decrease in species
richness and diversity;
inorganic particles
adhering to body and
gills
Density reduction and
change in community
composition

Decreased density and
biomass
Decreasing abundance
and family richness with
increasing duration due
to increasing drift
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Taxa

Comment

Ephemeroptera,
Plecoptera, Trichoptera,
Diptera

Sedimentation effects may
have been more significant
than suspended

Chironomidae,
Baetidae, Alloperla,
Cinygmula,
Paraleptophlebia,
Zapada
Hydracarina,
Simuliidae,
Oligochaeta,
Chironomidae,
Plecoptera,
Ephemeroptera
Hydropsyche betteni
and Ceratopsyche
sparna
Algae

Results sampled for 24
hours – mostly due to
saltating particles

Orthocladiini and
Chloroperlid stoneflies
Simuliidae, Elmidae,
Nemouridae, Baetidae,
Leptophlebiidae,
Heptabeniidae

Could not determine if
standing crop was effected

Growth rate was not
altered; higher mortality of
C. sparna
Heavy metals from mining
probably an additional
factor

5.4

COMMUNITY RESPONSE

Changes in invertebrate community composition due to sediment have been detected by
many investigators (Zweig 2000, Relyea et al. 2000, Wagener and LaPerriere 1985,
McClelland and Brusven 1980). However, most studies were focused on deposited
sediments (Appendix A). The diversity of species is often reduced. This includes
reduction in sensitive species and life stages. Filter feeders and grazers are often reduced.
For example, Lemley (1982) observed a reduction in filter feeding and sensitive taxa and
an increase in burrowing macroinvertebrates from exposure to sedimentation and
nutrients (Table 5-4). This in turn may cause reductions in predaceous insect larvae.
A study of the effects of placer mining on invertebrate communities in nine similar
Alaska streams found that increased turbidity, settleable solids, and suspended sediment
were associated with decreased density (Table 5-5) and biomass (Table 5-6) of
invertebrates (Wagener and LaPerriere 1985). Orthocladiini (Chironomidae) and
Chloroperlid stoneflies decreased in abundance in a mined stream, but not in a nearby
unmined stream. Interestingly, increased turbidity was the strongest descriptor of
reduced invertebrate density.
5.5

DURATION, MAGNITUDE, AND FREQUENCY OF DISTURBANCE

A number of studies address the effects of turbidity and suspended sediment in relation to
degree and duration of disturbance events. However, only two studies addressed the
frequency of disturbance events: Robinson and Minshall (1986) and Shaw and
Richardson (2001).
The degree and duration of disturbance are important factors in the response of
invertebrates to sediment pollution (Henley et al. 2000, Strand and Merritt 1997,
Robinson and Minshall 1986). For example, acute disturbances such as suction mining,
road construction, or riparian clear-cutting have dramatic, but temporary effects on
community composition due to differences in species response (Strand and Merritt 1997).
Shaw and Richardson (2001) studied the effects of fine sediment pulse duration on
drifting and benthic invertebrate assemblages using 14 streamside flow-through
experimental channels. The channels were exposed to fine sediment pulses of constant
concentration but varying pulse duration of 0 to 6 hours every other day over a period of
19 days. Total abundance and family richness of invertebrates declined significantly with
increasing pulse duration (Shaw and Richardson 2001) (Figure 5-1). The abundance of
drift organisms also increased as pulse duration increased (Figure 5-2). Treatment effects
became stronger as the number of sediment pulses increased over the period of the
experiment (Shaw and Richardson 2001). The timing of the response was delayed and
was not detected until the fifth sediment pulse (day nine). Some taxa were
disproportionately affected, including Simuliidae, Elmidae, Nemouridae, Baetidae,
Leptophlebiidae, and Heptageniidae (Shaw and Richardson 2001). Plecoptera are also
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Table 5-4.

Mean Standing Crop, Biomass, and Diversity of Major Stream Insect
Taxa from Cullowhee Creek, March-October 1978 (Lemley 1982).

Taxa and
parameter

Zone 1
Mar-Jun

Jul-Oct

Zone 2
Mar-Jun

Plecoptera
Density(No./m2)
Dry weight (g/m2)
Species richness
Species diversity (đ)

69
0.260
10
3.86

225
1.534
12
3.26

36
0.116
6
1.99

24
0.119
7
2.66

17
0.188
3
1.91

43
0.141
4
2.47

Trichoptera
Density(No./m2)
Dry weight (g/m2)
Species richness
Species diversity (đ)

57
0.061
18
3.99

348
0.941
14
3.06

60
0.130
12
3.10

190
0.172
12
3.00

44
0.076
7
3.03

112
0.103
9
2.80

Ephemeroptera
Density(No./m2)
Dry weight (g/m2)
Species richness
Species diversity (đ)

412
1.431
14
2.98

275
0.277
17
3.61

280
0.280
11
2.11

305
0.316
12
2.27

270
0.338
10
1.93

314
0.364
10
1.74

Diptera
Density(No./m2)
Dry weight (g/m2)
Species richness
Species diversity (đ)

369
0.417
8
2.42

98
0.028
10
3.77

380
0.436
10
2.39

707
1.530
10
2.78

314
0.403
8
1.66

935
1.680
8
1.10

Totals
Density(No./m2)
Dry weight (g/m2)
Species richness
Species diversity (đ)

818
2.169
50
3.32

721
2.770
53
3.43

756
0.962
39
2.40

1226
2.137
41
2.68

625
1.005
28
2.13

1404
2.288
31
2.03

Jul-Oct

Zone 3
Mar-Jun

Jul-Oct

Zone 1 = no sedimentation or nutrient enrichment. Zone 2 = sedimentation only. Zone 3
= sedimentation and nutrient enrichment
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Table 5-5.

Seasonal Means, Standard Deviations, and Medians of Invertebrate
Densities (No./0.1 m2) Summer, 1983 (n = 20 except Chatanika River n
= 19) (Wagener and LaPerriere 1985).
Invertebrate Densities
(No. /0.1 m2)

Category of Stream
Mean

SD

Median

Reference
McManus
Twelvemile
Boulder

68
56
37

32
48
38

65.5
38.5
31.5

Mined
Chatanika
Faith
Ketchem
Birch
Mammoth

25
18
11
8
3

15
16
10
5
4

27.0
17.0
6.5
7.0
3.0

and Stream
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Table 5-6.

Seasonal Means, Standard Deviations, and Medians of Invertebrate
Biomass (Ash-free Dry Weight, mg/0.1 m2) Summer, 1983 (Wagener
and LaPerriere 1985).

Category of Stream
and Stream

n

Invertebrate Biomass
Mean
SD

Median

Reference
McManus
Twelvemile
Boulder

20
19
20

4.5
3.7
1.9

4.8
3.2
1.8

3.0
3.0
1.0

Mined
Chatanika
Faith
Ketchem
Birch
Mammoth

16
20
19
20
20

1.9
2.5
1.9
0.7
0.5

3.7
2.4
3.3
1.8
0.8

1.0
3.0
1.0
<1.0
<1.0
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Note: Solid lines represent least squared regression lines for total abundance (●) and broken lines for
family richness (□). Regression statistics for each line are shown in the upper (abundance) and lower
(richness) right corner. In each panel n = 14.

Figure 5-1.

Relationship between Sediment Treatments and Drift Total
Abundance or Family Richness at Pretreatment (a), Day +1 (b), Day
+9 (c), and Day +19 (d) (Shaw and Richardson 2001).
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Note: Solid lines represent least squared regression lines for total abundance (●) and broken lines for
family richness (□). Regression statistics for each line are shown in the upper (abundance) and lower
(richness) right corner. In each panel n = 14.

Figure 5-2.

Relationship between Sediment Treatments and Benthos Total
Abundance or Family Richness at Pretreatment (a), Day +1 (b), Day
+9 (c), and Day +19 (d) (Shaw and Richardson 2001).
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known to be very sensitive to elevated fine sediments. Some Diptera taxa, such as
Chironomidae, are known to sometimes increase with elevated sediment levels.
Robinson and Minshall (1986) performed a field experiment on the effects of disturbance
frequency on invertebrates and periphyton in a third order Rocky Mountain stream.
Previously colonized bricks were turned at intervals of 0, 3, 9, 27, or 54 days. Although
this type of disturbance is not equivalent to increased flows or suspended sediments, the
results suggest that macroinvertebrate communities are generally maintained when
disturbance is infrequent (not more than once per month) and macroinvertebrates have
the ability to recolonize. Robinson and Minshall (1986) found that invertebrate species
richness and density were reduced as disturbance frequency increased (Table 5-7).
Periphyton was found to decrease with disturbance frequency in an open canopy site, but
not a closed canopy site (Figure 5-3). Robinson and Minshall (1986) found that
invertebrate species richness was maintained when disturbance frequency was greater
than every 27 days. As the frequency increased to every nine, three, and zero days, a
concomitant decrease in species richness and invertebrate density was observed during
both the summer and fall experiments.
Ultimately, the time that it takes for an invertebrate community to recover from a single
sediment event relative to the frequency of such events will determine whether there is a
long-term alteration in the community. If streamflows are able to flush out fine deposited
sediments on a regular basis, the potential for rapid recolonization is good (Ryan 1991).
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Table 5-7.

Effects of Disturbance on Absolute and Relative Numbers (per brick)
of the 10 Most Abundant Taxa, by Site and by Season (Robinson and
Minshall 1986).

Note: Asterisks mark taxa whose absolute numbers were significantly different at different disturbance
frequencies: * significant at p=0.10, ** significant at p=0.05. Relative abundances were not
significantly different at p=0.05.
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Note: Bars represent standard error of the mean. n=7.

Figure 5-3.

Effects of Disturbance Frequency (Times Bricks Turned Over) on
Invertebrate Species Richness (S) and Animal Density (D) (Robinson
and Minshall 1986).
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6.0
EFFECTS ON FISH

Literature that evaluates behavioral and physiological effects of turbidity and suspended
sediment on fish is summarized. Turbidity and suspended sediment affect fish by
impairing vision and altering behavior associated with feeding, the perceived risk of
predation and social interaction with other fishes. High levels of suspended sediment can
cause physical harm to gill tissues and cause physiological effects that ultimately can
result in injury or death. Recent research has investigated physiological effects such as
suspended sediment effects on blood glucose, “stress” hormone secretion, packed red
blood cell volume, and impaired disease resistance.
The meta-analyses of Newcombe and MacDonald (1991), Newcombe and Jensen (1996),
and Newcombe (2003) presented in Section 4 synthesized much of the existing data on
the effects of sediment on fish. This section reviews some of the studies that supported
those analyses.
6.1

BEHAVIORAL EFFECTS OF TURBIDITY AND SUSPENDED SEDIMENT

Fish use their eyesight to orient to their physical surroundings, find prey items, interact
with neighbors and avoid predators. Many fish species are adapted to living in turbid
waters and have developed non-visual methods for prey detection and capture. Catfish,
sturgeon and carp that typically inhabit turbid waters all use non-visual methods to find
food including barbels and their lateral line systems. Species that are sight feeders and
are typically associated with clear water include trout, some of the native minnows such
as hardhead, (Mylopharodon conocephalus) and Sacramento pikeminnow (Ptychocheilus
grandis), as well as prickly sculpin and riffle sculpin (Cottus asper and C. gulosus). All
of these species are regularly exposed to turbid water conditions during high flow events.
Most behavioral effect studies have been conducted in controlled laboratory systems,
either in completely artificial environments in tanks with circulating water or in artificial
streams. Other variables are strictly controlled for these tests with the expectation that
the effect of turbidity will be isolated in the study design. Parallel control studies are
typically run in clear water. In most study designs the water is re-circulated by a pump
and filter system, provided in a flow through system or is kept in suspension in tanks by
aerators. Turbidity in the lab is generated from soils, clays or other products that are
mixed with water, then allowed to settle for a specified period of time prior to mixing the
elutriate into the tank or stream through a mixing box. Most studies have evaluated
exposure to near constant turbidity levels. A few studies have evaluated response to a
pulse of turbidity (e.g. Berg and Northcote 1985).
Most of the laboratory studies examining turbidity and suspended sediments have used
juvenile fish as test subjects. This is partly a result of the economy of scale, but also
because juvenile fish are commonly believed to be more sensitive than subadult or adult
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life history phases (but see Newcombe and Jensen [1996] discussed in Section 4), so the
thinking appears to be that effects will be more easily detected. However, the behavior of
juvenile hatchery fish may differ from naturally spawned fish. Investigators also have
used small species such as shiners from US Midwestern streams. Exceptions to this
practice include the use of adult male Chinook salmon (Oncorhynchus tshawytscha) in
sediment avoidance tests and the use of subadult largemouth bass (Micropterus
salmoides) and adult rainbow (Oncorhynchus mykiss) and lake trout (Salvelinus
namaycush) in feeding rate and reaction distance studies.
This section summarizes the known effects of turbidity on fish behavior related to the
ability of fish to see their surroundings, interact with other fish in territorial displays,
obtain prey and avoid predators.
6.1.1 TERRITORIALITY
Berg and Northcote (1985) recorded the behavior of juvenile coho salmon
(Oncorhynchus kisutch) in response to short-term pulses of suspended sediment in an
otherwise clear water test chamber. Two groups of fish were allowed to occupy the test
stream and establish a social hierarchy prior to exposure to a rapid increase in turbidity
(60 NTU in an hour). A third group was exposed to a gradual increase (over 2 days) to
the same level. Juvenile coho salmon were captured by seine from the wild and held in
tanks for several weeks prior to beginning the study. Young of the year coho salmon
averaged 5.3 mm and ranged from 4.7 to 6.0 mm, with a mean weight of 1.7 gram (g) and
range of 1.1 to 2.8 g. The lengths are off by a factor of 10 and should be reported as 53
mm and 47 to 60 mm. The paper does not indicate if the lengths are standard, fork or
total lengths.
Fish response differed between the rapid and gradual increase in turbidity. The rapid
increase of turbidity completely disrupted established behavior (Figure 6-1). Most fish
swam upstream to the turbidity front then followed the front downstream staying in clear
water until they reached the downstream end of the test stream. A few fish displayed an
alarm reaction, darting about the test stream, while others entered the gravel and stayed
there for several hours. In comparison, the gradual increase in turbidity elicited no fright
reaction even at 60 NTUs (Figure 6-2). Territories continued to be defended up to 30
NTU, when it was largely disrupted. Fish changed their holding position to the lower
part of the water column and maintained that holding position even when turbidities
increased to 60 NTU.
Observation of fish behavior at 60 NTU was difficult, but few interactions were
observed. Formerly dominant individuals no longer exerted their dominance, and no fish
was observed to defend its territory. In both the rapid and gradual pulse tests, fish did not
change this behavior until turbidity dropped from 60 to 30 NTU, at which time the
dominance hierarchy was reestablished but less structured. Only a few fish retained their
social rank and no territory defense was observed. Fish frightened from the rapid
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Note: Vertical lines show ± 1 SE; a = ascending limb of pulse; d = descending limb of pulse; numbers of
fish given in parentheses.

Figure 6-1.

Frequency of Aggression by Juvenile Coho Salmon during Sudden
Pulse Experiments (Berg and Northcote 1985).
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Note: Vertical lines show ± 1 SE; a = ascending limb of pulse; d = descending limb of pulse; numbers of
fish given in parentheses.

Figure 6-2.

Frequency of Aggression by Juvenile Coho Salmon during the
Gradual Pulse Experiment (Berg and Northcote 1985).
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increase in turbidity moved out of the gravel at 30 NTU but remained within the lower
part of the water column. When turbidity decreased to 20 NTU the dominance hierarchy
was more structured and territories were reestablished. A social organization similar to
what existed pretreatment reestablished. As turbidity was reduced to nearly 0 NTU, fish
extended their holding positions to locations higher in the water column. Fish behavior
in the post-treatment phase was similar to the pre-treatment phase.
6.1.2

AVOIDANCE

Several studies have evaluated the effects of turbidity and suspended sediment in relation
to fish avoidance behavior. Periodically high levels of turbidity and SSC are a natural
occurrence during some portion of the year, and fish may have evolved to tolerate, or
perhaps even utilize, low to moderate levels of turbidity. These studies have attempted to
characterize the turbidity and SSC levels at which avoidance responses occur, as well as
factors that may affect these threshold levels.
Noggle (1978) found no significant avoidance reaction or downstream movement in
response to suspended sediment concentrations as high as 2,500 mg/L in artificial,
experimental streams. He exposed juvenile coho salmon (size range 76-133 mm) and
steelhead (O. mykiss) (136 mm) in initially clear water to variable suspended sediment
levels of up to 2,500 mg/L. Fish avoiding these levels were quantified by counting the
number of fish in the clear and turbid tributaries and in the net-lined sumps at half-hour
intervals over periods of three to ten hours. No statistically significant avoidance or
preference for the tributary of the turbid or clear stream was observed and no significant
downstream movement occurred during any of the 10 trials.
Noggle (1978) also exposed juvenile coho salmon (73 mm) to suspended sediment in Ytrough experiments. Test SSC concentrations were low (clear water, 0 mg/L), medium
(1,000 to 4,000 mg/L) and high (4,000 to 12,000 mg/L). The downstream arm of the Ytrough contained a mixture of water from the two upstream troughs. There was a
statistically significant difference in proportions of coho salmon choosing the three arms
between low, medium and high concentrations. Coho salmon in clear-water trials were
about equally distributed between the three arms of the Y-trough. In the tests with
medium concentrations, coho salmon favored the downstream, mixed arm of the Ychannel and more chose the turbid arm than the clear arm (p = 0.05). At high
concentrations, coho salmon showed a shift to the clear arm (p = 0.05) and fish finally
choosing the clear arm showed rapid opercular and cough rates. Noggle concluded that
juvenile coho salmon do not avoid suspended sediment concentrations normally
encountered in nature, but that avoidance was observed at suspended sediment
concentrations (4,000-8,000 mg/L) well above the 96-hr LC50 value.
Bisson and Bilby (1982) found that young-of-the-year coho salmon (no length data
provided, average weight 0.7 to 2.0 g) acclimated in clear water (< 0.3 NTU) did not
exhibit significant avoidance of turbid water until turbidities reached 70 NTU. However,
coho salmon acclimated in slightly turbid water (for three weeks) did not exhibit
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avoidance until turbidities reached 100 NTU (Table 6-1). Following their acclimation
period in clear or slightly turbid water, fish were placed in an aquarium with clear water
for the first 30 minutes of the trial, then suspended sediment was introduced into one-half
of the chamber and fish were allowed to choose between the turbid and clear halves for
an additional 30 minutes. Fish initially avoided the onset of turbid water, but after about
5 minutes they began to pass into and out of the turbid and clear water sections of the
chamber and then selected a site either on the clear or turbid side of chamber. Responses
to turbidity increases were not always in direct proportion to the sediment concentrations.
For example, greater avoidance was observed at 158 NTU than at 184 NTU. Neither test
group showed a response to slightly turbid water in the 10 to 20 NTU range.
Bisson and Bilby (1982) noted a fright behavior in some of their trials with juvenile coho
salmon that had been acclimated to slightly turbid water, then exposed to turbidity levels
of 42, 99, 104 and 195 NTU in the test chamber. The authors speculate the fright
response was related to the sudden transfer from turbid water into clear water where
cover was lacking. The fright response included rapid darting movements, a “fright
huddle” and attempts to hide in the corners of the tank. In trials where the fright response
occurred, the test subjects preferred the turbid portion of the chamber and this preference
increased with higher turbidities. Bisson and Bilby (1982) mention that all the fish in the
four tests in question exhibited the fright response. They conclude that there was no
evidence of a significant preference for slightly turbid water (10-20 NTU), but that in
certain instances, water having higher turbidity was sought for cover when the fish were
frightened.
When Berg and Northcote (1985) examined behaviors of juvenile coho salmon following
short-term pulses of suspended sediment in a laboratory stream, they found no fright
response to a gradual increase in turbidity (over two days). However, juvenile coho
salmon avoided a sudden increase (over one hour) in turbidity to 60 NTU, with some fish
exhibiting a fright response entering the gravel at the bottom of the tank.
Experiments by Sigler et al. (1984) found that juvenile steelhead and coho salmon
subjected to continuous clay turbidities were more likely to emigrate from experimental
channels than fish in clear water, and that they exhibited less growth. Hatchery juvenile
steelhead (mean length of subsampled test groups at the start of study ranged from 26.8
mm to 45.7 mm) and coho salmon (mean length of subsampled test groups at the start of
the study ranged from 33.4 to 45.2 mm) were introduced into experimental channels, and
test duration ranged from 11 to 31 days. When experimental turbidity levels were
between 167 to 265 NTUs, most of the steelhead left the turbid channels in the first two
to three days and almost no fish were found in the channels after 14 days. During initial
tests with turbidity levels of 57 to 77 NTUs, most small steelhead survived, and therefore
subsequent tests were conducted with turbidities of approximately 80 NTU or less.
Although not always statistically significant, density of coho and steelhead in clear water
channels was always higher than for turbid channels. Most fish emigrated from the
channel with turbid water during the first two diel cycles in each test, indicating the
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Table 6-1.

Behavioral Response by Juvenile Coho Salmon to the Introduction of
Suspended Sediment, as Measured by the Change in Number of Fish
Observed in the Treated Half of the Test Chamber before and after
Sediment Addition. Positive Numbers Denote Increased Preference
for the Treated Portion after Sediment Addition; Negative Numbers
Denote Avoidance (Bisson and Bilby 1982).
Turbidity (NTU)

Average per cent change

Clear-water acclimation
10

+9

16

-5

19

-9

41

-6

42

+1

53

-7

70

-13a

97

-16a

158

-26a

184

-12a

Turbid-water acclimation (normal behavior)
10

+1

16

+3

81

-3

92

+3

106

-15a

124

-34a

126

-26a

160

-19a

179

-15a

Turbid-water acclimation (fright behavior)

a

42

+13a

99

+15a

104

+26a

195

+37a

P < 0.05.
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turbidity was stressful to the fish. Small fish (< 40 mm) were less likely to stay in turbidwater channels than larger fish. The study design placed the fish directly in turbid
channels and therefore the sudden transfer of fish to turbid water could have initiated the
movement. The small size of some of the steelhead used in the tests also could have been
a factor in the avoidance reaction.
Servizi and Martens (1992) observed the tendency of hatchery coho salmon (1.0 g ± 0.1
g) to swim toward the surface to avoid suspended sediment. In clear water, less than 1
percent of the coho salmon swam at the surface, usually swimming at the bottom (depths
of approximately 20 cm) in the test vessel. At SSC of 0.3 g/L (37 NTU) over a period of
96 hours, coho salmon exhibited the first sign of avoidance by swimming near the surface
for minutes at a time (then submerging) to avoid what the authors concluded was the
higher SSCs present at depth. This SSC was close to 0.24 g/L, at which significant
elevation of cough frequency occurred. Mean avoidance was less than 5 percent up to the
inflection point at 2.55 g/L (270 NTU), but rose to approximately 25 percent at 7.0 g/L
(Figure 6-3). Continuous increase in the slope of the avoidance curve beyond the
inflection point may be an indication that the need for relief from suspended sediments
stress increasingly overcomes the preference to stay at greater depth. As a comparison,
Servizi and Martens (1992) noted that Bisson and Bilby (1982) reported at 70 NTU,
around 13 percent of the coho salmon avoided suspended sediment in the horizontal
plane while only about 2 percent of the fish showed avoidance in the vertical plane. This
suggested that coho salmon might be more inclined to move laterally than to the surface
to avoid suspended sediment. Steelhead and coho salmon avoidance in the horizontal
plane (by leaving the artificial stream) in Sigler et al. (1984) occurred at turbidity levels
as low as 11 to 49 NTU.
6.1.3 RISK TO PREDATION
Laboratory studies indicate turbidity and suspended sediment conditions appear to
influence perceived risk of predation. Several laboratory studies have identified a change
in feeding rates and in feeding behavior when test fish are exposed to higher turbidities
(Gradall and Swenson 1982, Gregory 1990, 1993, Gregory and Northcote 1993, Gregory
and Levings 1996). This behavior is closely tied to feeding or foraging behavior and was
recognized during feeding rate studies. In three laboratory studies, juvenile salmonids
exposed to moderate levels of suspended sediment spent more time up in the water
column rather than near the bottom or near cover (Gradall and Swenson 1982, Gregory
and Northcote 1993, Gregory 1993).
Gradall and Swenson (1982) exposed wild brook trout (Salvelinus fontinalis) (average
size 16.4 cm, range: 12-23 cm) and creek chubs (Semotilus atromaculatus) (average size
5.3 cm, range 3.2-7.5 cm) to turbidity gradients within continuous-flow chambers. Redclay turbidity SSCs ranged from an average of 6.4 formazin turbidity units (FTU)
(equivalent to 4.1 mg/L) to 59 FTU (36.2 mg/L). Creek chub were concentrated in areas
of the highest turbidity within the tanks while brook trout showed no preference relative
to turbidity (average range of 7.1-61.1 FTU or 4.5-37.4 mg/L). Moderate turbidity levels
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Figure 6-3.

Avoidance of Suspended Sediment by Underyearling Coho Salmon
Calculated from the Percentage of the Population Observed at the
Surface during 96 h (Servizi and Martens 1992).
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(average 7.1 FTU) did affect brook trout behavior in that trout used overhead cover less,
spent less time in association with the bottom, and were more active than in clearer water
(average 2.3 FTU or 1.6 mg/L). Creek chubs exposed to turbidities of 5.8 FTU (3.7
mg/L) demonstrated a statistically significant decrease in the use of overhead cover and
increased activity when compared to clear water control tests (Table 6-2). (Gravimetric
measurements taken on some samples were used for regression analysis, yielding the
following relationship between turbidity measurements and SSC: mg/liter = 0.61 FTU +
0.16.)
Gregory (1990) found that a model bird predator elicited a significant response in
juvenile Chinook salmon (65-70 mm fork length [FL]) in both clear and turbid waters,
but the reaction in the turbid condition (25 mg/L or 18 NTUs) was less pronounced.
Furthermore, the change in spatial distribution of fish, expressed as the ratio of the
number of observed fish in the deep areas of the test tank to the number expected from a
random distribution, was much lower in turbid than in clear water. The behavior of test
fish in conditions of elevated turbidity indicated that the perceived risk to predation
declined inversely with turbidity (Figure 6-4) (Gregory 1990).
In another study, Gregory (1993) observed juvenile Chinook salmon (average size for
two test groups 83.4 ± 02.7 and 78.8 ± 3 mm) were dispersed throughout a test chamber
in turbid water (approximately 23 NTU) but were primarily located in the deepest region
of the chamber in clear water (< 1 NTU). With the introduction of bird and fish predator
models, fish altered their distribution in both turbid and clear water, but in turbid
conditions significantly reduced their response. In clear water, juvenile fish subject to the
fish or bird predator model rapidly moved to the chamber bottom (Figure 6-5). In turbid
conditions, the “startle response” to each predator model was significantly reduced and
the recovery time was shorter. In instances with the bird model in clear water, Chinook
salmon exhibited long recovery times and in some cases remained at the bottom for as
long as 10 minutes. Recovery time was seven times longer in clear water than in turbid
water, when averaged across all treatments (Figures 6-6 and 6-7). Recovery occurred
much faster with the fish model than with the bird model.
Gregory and Levings (1996) examined the combined effects turbidity and cover on
predation by adult coastal cutthroat trout (Oncorhynchus clarki clarki) on underyearling
juvenile salmon. Prey species included Chinook salmon, chum salmon (O. keta), sockeye
salmon (O. nerka), and coastal cutthroat trout in separate trials. Prey size (mm FL ± SD)
for chum salmon ranged from 38.8 ± 2.2 to 41.1 ± 3.1; for Chinook salmon 70.8 ± 3.0 to
79.8 ± 2.6; for sockeye salmon 62.8 ± 4.9 to 64.1 ± 6.3 and for coastal cutthroat 37.4 ±
2.0. Adult coastal cutthroat trout were 35.1 ± 2.7 cm FL and 411 ± 62 g. Treatment
conditions in outdoor, concrete ponds included with or without cover (artificial
vegetation) and with or without turbidity. Turbidity in clear water ponds ranged from 0.5
to 2.4 NTU and in turbid water ponds ranged from 13 to 87 NTU. Prey species were
introduced into the different experimental tanks and survivors were counted at the end of
the test (0.75 day for cutthroat trout, 6.75 days for Chinook salmon and 1.75 days for all
other species). The number of fish missing at the end of the tests was then expressed as
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Table 6-2.

Test Conditions in Two Sections of Turbidity-gradient Chamber, and
Behavioral Responses of Brook Trout and Creek Chubs to Red-clay
Turbidity (Gradall and Swenson 1982).
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Note: Expected number of fish was based on a random distribution of the 22 fish used in each of the two
replicates; vertical bars denote standard error.

Figure 6-4.

Observed/Expected Number of Fish in the Deepest Region of an
Experimental Arena in Response to a Model Gull Predator in Clear
Water and 25 mgL-1 (18 NTUs) Turbidity (Gregory (1990).
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Note: Horizontal line represents proportion expected by chance; vertical bars represent SD.

Figure 6-5.

Response of Juvenile Chinook to Exposure to Predator Models in
Clear and Turbid (23 NTU) Conditions; Proportion of Chinook in the
Deepest Region (2) of the Experimental Arena (Gregory 1993).
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(Determined for 30-sec Intervals)

Chi-square Value1

Note: First of two replicates is shown; horizontal line represents critical chi-square value.
1
Chi-square was determined for each 30-s time interval before and after exposure to the models. The first
occurrence of three consecutive time intervals after exposure to a model that fell below the critical value
of the chi-square (X2 (a = 0.05; df = 4) =9.488) was arbitrarily identified as fish recovery from the model’s
effects. The time elapsed before this occurrence was the “recovery time.”

Figure 6-6.

Changes in Distribution in Juvenile Chinook at 30-s Intervals, before
and after Exposure to a Model Fish Predator, in Clear and Turbid
Water (Gregory 1993).
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(Determined for 30-sec Intervals)

Chi-square Value1

Note: First of two replicates is shown; horizontal line represents critical chi-square value.
1
Chi-square was determined for each 30-s time interval before and after exposure to the models. The first
occurrence of three consecutive time intervals after exposure to a model that fell below the critical value
of the chi-square (X2 (a = 0.05; df = 4) =9.488) was arbitrarily identified as fish recovery from the model’s
effects. The time elapsed before this occurrence was the “recovery time.”

Figure 6-7.

Changes in Distribution in Juvenile Chinook at 30-s Intervals, before
and after a 3-s Exposure to a Model Bird Predator, in Clear and
Turbid Water (Gregory 1993).
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the daily instantaneous per capita predation rate. Mean daily instantaneous per capita
predation rates in non-vegetated compartments in turbid conditions were 19 to 41 percent
lower than those in controls for Chinook, chum and sockeye salmon prey, but the effect
of turbidity alone was not statistically significant. In contrast, the mean daily
instantaneous per capita predation rates in clear water compartments with vegetation
were 29 to 75 percent lower than those in controls and the difference was statistically
significant. The effect of vegetation and turbidity combined was tested for significance
for sockeye and Chinook salmon, but only the presence or absence of vegetation had a
significant effect on daily instantaneous predation rate (Figure 6-8). The authors
acknowledge the difficulty in evaluating the species specific and size specific effects on
predation rates because there was little overlap in size ranges of species used. However,
small juvenile Chinook salmon were 75 percent more vulnerable to predation than larger
juvenile Chinook salmon that were only 13 percent longer.
These studies suggest that moderately turbid conditions could provide potential cover for
juvenile fish, which may reduce perceived predation risk and allow for greater freedom of
movement and foraging.
6.1.4 FEEDING
Turbidity can effect feeding success by reducing the ability of the predator to detect or
catch its prey. Underwater vision also is influenced by light level. At certain intensities,
there is no longer enough light to discern shapes, even in clear water.
To the predator and prey, the effect of turbidity on feeding success is a relative scale that
is based upon the size of the animals. The distance that the predator sees and orients to
the prey is termed the reaction distance. Large, predatory fish require reaction distances
in the 80- to 100-cm range to detect, pursue and capture prey. Fish of this size require
low turbidities to successfully sight feed. The reaction distance is shorter for smaller fish
(larvae and fry) than large fish (juvenile or adult fish). Similarly, this distance would be
even shorter for visual feeding invertebrates. Consequently, the visual feeding ability of
larger animals will be affected at lower turbidity levels than of smaller fish and
invertebrates. This means that all else being equal, small fish would be able to continue
to feed in water of higher turbidity levels than larger fish if they are using vision alone as
the main sense to detect and capture prey.
Most feeding rate studies have been carried out on juvenile fish using live or dead
invertebrates as prey items. A few studies have used adult trout as predators and juvenile
salmonids as the prey or largemouth or smallmouth bass (M. dolomieu) at subadult sizes
with minnows or crayfish as prey. No study was found addressing feeding behaviors or
predation rates of native California minnows.
Vogel and Beauchamp (1999) studied the effects of light, prey size and turbidity on the
reactive distance of adult lake trout (330-456 mm TL [total length]). Hatchery juvenile
rainbow trout (O. mykiss) and juvenile cutthroat trout (O. clarki) were used as prey
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Note: Vertical lines on bars are SD; nt = no treatment; * = treatments significantly different from each other
within species, t-test; numbers above each bar indicate number of replicates.

Figure 6-8.

Mean Daily Instantaneous Per Capita Predation Rate by Adult
Cutthroat Trout Predators on Juvenile Cutthroat Trout, Chum
Salmon, Sockeye Salmon, and Chinook Salmon in Clear and Turbid
Water, in the Presence and Absence of Artificial Vegetation (Gregory
and Levings 1996).
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species (lengths of 55 ±1 mm, 75 ± 2 mm and 139 ± 2 mm). Large holding tanks were
exposed to different light levels from 0.1 Lux (lx) to 261 lx, and turbidities of 0.09, 3.18
and 7.40 NTU. As a reference condition, midday light levels in natural lake, reservoir or
marine systems are 200 to 20 lx at depths of 25 to 40 meters between midcrepuscular
(mid-twilight) periods (when light levels are near 0.17 lx). All prey were considered to
be visually similar for the purpose of the study and no mention was made of any
behavioral differences between the two species. The study found that reaction distance
increased from < 25 cm at 0.17 lx to about 100 cm at threshold light intensity of 17.8 lx.
The threshold light intensity, called the saturation intensity threshold (SIT), is significant
because it sets a maximum reaction distance to prey (the distance where there is no
further advantage to the predator and no increased risk to prey) (Figure 6-9). Above this
threshold, reaction distance declined as a decaying power function of turbidity (Figure 610). Turbidity was found to be a significant factor in reducing the reaction distance of
lake trout. The authors note that Miner and Stein (1996) examined reaction distances
between prey fish and piscivores over a much larger turbidity range (0.3-91.0 NTU), but
80 percent of the observed decline in reaction distance occurred between 0 and 5 NTU.
Noggle (1978) fed shelled caddisfly to coho salmon smolts (131-145 mm) exposed to
constant levels of sediment concentrations in six different tests and counted the number
eaten to determine feeding efficiency. The number of caddis fly larvae eaten decreased
from a maximum in clear water to no feeding at SSCs above 300 mg/L.
Ginetz and Larkin (1976) measured the rate of predation by wild rainbow trout (25-35
cm) on newly emerged sockeye salmon fry under simulated moonlight and cloudy night
light intensities in turbid and clear water. Turbid conditions were generated by a solution
of Bismark Brown dye (0.123 g/L – no NTU equivalent provided). Experiments were
run at two different water velocities under the two different light intensities in clear and
turbid water with either button-up fry or sac-fry. Predation rates were higher for the
earlier fry developmental stage, and at the higher light intensity (moonlight), the lesser
turbidity and the slower water velocity (Figure 6-11).
Gregory (1990) conducted feeding studies of juvenile Chinook salmon (no size data
specified) on Artemia (brine shrimp) and Tubifex (worms) at SSCs of 0, 12.5, 25, 50, and
100 mg/L and with one fish at 200 and 400 mg/L. Artemia represented midwater prey
and Tubifex represented benthic prey. Reaction distance to midwater prey decreased
exponentially with increase in SSC, from approximately 30 to 40 cm at 0 NTU to about
20 cm at 12 NTU and 10 cm at about 40 NTU. Benthic foraging rates of juvenile
Chinook salmon were highest at intermediate SSCs of 50 to 100 mg/L, and lowest at 0
mg/L and 800 mg/ (Figure 6-12).
In a follow-up study, Gregory and Northcote (1993) assessed foraging rates of juvenile
Chinook salmon (60-70 mm FL) exposed to surface (frozen Drosophila), planktonic
(dead Artemia) and benthic (Tubifex) prey in turbid laboratory conditions (< 1, 18, 35, 70,
150, 370, 810 NTU). The effect of turbidity (seven levels ranging from 0.5 to 243 NTU)
on reactive distance to planktonic prey (Artemia) also was determined using video
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Note: Data points represent the means of ± 2 SE of individual reaction distances for 4-11 lake trout at each
combination of light and prey size.

Figure 6-9.

Reaction Distances of Lake Trout (330-456 mm Total Length) to 55-,
75-, and 139-mm Prey as a Function of Light (0.17-240 lx) in Clear
Water (0.09 NTU) (Vogel and Beauchamp 1999).
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Note: Data points represent the means ± 2 SE of individual average reaction distances for 4-11 lake trout at
each combination of light and turbidity.

Figure 6-10. Unified Model of Lake Trout Reaction Distances as a Function of
Light (0.17-261 lx) and Turbidity (0.09, 3.18, and 7.4 NTU) Pooled
over the Three Prey Sizes (Vogel and Beauchamp 1999).
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Figure 6-11. Mean Numbers (8 Replicates) of Sockeye Salmon Fry (Oncorhynchus
nerka) Eaten when 50 were Exposed to 5 Rainbow Trout (Salmo
gairdneri) in Experimental Streams at Two Levels of Each of Light
Intensity (moonlit = M, Cloudy = C), Water Turbidity (Turbid = T,
Clear = Cl), Fry Development (Yolk Partially Absorbed = 3, Yolk
Fully Absorbed = 5) at each of Two Water Velocities (Ginetz and
Larkin 1976).
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Note: Vertical bars represent standard error bars on Replicate 1.

Figure 6-12. Feeding Rates of Juvenile Chinook Salmon on Tubifex Prey Under
Laboratory Conditions at Different Turbidity Levels (Gregory 1990).
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cameras. Chinook salmon were found to exhibit a log-linear decline in reaction distance
with increasing turbidity, given as
RD = 31.64 - 13.31 X log T
where: T = turbidity (in NTUs) and RD = reaction distance (in cm).
For clear water, the reaction distance was about 35 cm and declined about 10 cm around
35 NTU (Figure 6-13). Foraging rates were reduced at higher turbidities for all three
prey species. For surface and benthic prey, foraging rates also were low in clear water.
Benthic and surface foraging rates followed the same general pattern, with the highest
rates found at intermediate turbidity levels of 35 to 150 NTU and reduced rates at the
lowest and highest treatment levels (Figures 6-14, 6-15). High variability was exhibited
in the surface feeding experiments with some fish not feeding at all and others consuming
40 or more prey items. The effect of turbidity on planktonic foraging also was
significant. Foraging rates were high at turbidities up to 70 NTU, then declined rapidly
(Figure 6-16). The authors reflect on the large amount of literature concluding that
turbidity is harmful to salmonids, but suggest that, for some juvenile salmonids, turbidity
may be required to successfully feed. They note that the effect of turbidity on foraging
behavior is inconsistent in the literature.
Rowe et al. (2003) investigated the effects of turbidity on the ability of juvenile rainbow
trout to feed on limnetic prey (Daphnia spp.) and larval benthic prey (Chironomid and
Deleatidium spp, a large mayfly). The authors used live prey in all experiments because
they believe that movement of prey influences probability of capture. Feeding
experiments were carried out in laboratory tanks at turbidities of 10, 20, 40, 80, 160 and
320 NTUs. Turbidity levels of 0 (control), 20, 40, 80, 160 and 320 NTUs were used to
test the ability of trout to select benthic prey on the basis of size (small, medium and
large). Feeding rates were maintained up to 160 NTU on Daphnia and up to 320 NTU on
benthic prey. Trout selected large mayflies and Chironomid prey and rejected small prey
in clear water, but the ability to select large prey and reject small ones declined as
turbidities increased. Positive selection for large mayflies was evident up to turbidities of
80 NTU, but decreased markedly by 160 NTU and there was no size selection at 320
NTU. Trout were also able to feed on Chironomid larvae in the complete absence of
light in one experiment, with feeding rates slightly less than under normal lighting
conditions. It was surmised that trout use non-visual methods to detect and capture prey.
The study results seem to contradict studies by Sigler et al. (1984) that documented
decreased growth rates at turbidities as low as 38 NTU. The authors attribute this to the
fact that Sigler used frozen brine shrimp. Another explanation may be that this study
exposed test fish held in small areas with relatively high concentrations of food in turbid
conditions for only a 2 to 3 hour period.
Chronic turbidity levels may affect trout feeding methods and growth rates. In a field
study in the chronically turbid water of the McCloud river, Tippets and Moyle (1978)
documented invertebrate abundance on stream substrate and in the drift and compared the
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Note: Regression based on median values; bars include 50% of data points.

Figure 6-13. Effect of Turbidity on the Reaction Distance of Juvenile Chinook for
Artemia Prey (Gregory and Northcote 1993).
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Note: Vertical bars indicate the standard error of means from five trials.

Figure 6-14. Effects of Turbidity on Mean Foraging Rate of Juvenile Chinook
Feeding on Surface Prey (Drosophila) and the Percentage of Salmon
Foraging in 70-L Aquaria in 10.0-min Trials (Gregory and Northcote
1993).
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Note: Vertical bars indicate the standard error of means from five trials.

Figure 6-15. Effects of Turbidity on Mean Foraging Rate of Juvenile Chinook
Feeding on Benthic Prey (Tubifex) and the Percentage of Salmon
Foraging in 70-L Aquaria in 5.0-min Trials (Gregory and Northcote
1993).
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Note: Vertical bars indicate the standard error of means from five trials.

Figure 6-16. Effects of Turbidity on Mean Foraging Rate of Juvenile Chinook
Feeding on Planktonic Prey (Artemia) and the Percentage of Salmon
Foraging on 70-L Aquaria in 1.0-min Trials (Gregory and Northcote
1993).
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collected samples to gut samples of juvenile and adult rainbow trout. The study showed
age 0+ trout depended on drift aquatic invertebrates and age 1+ trout utilized an
intermediate pattern of drift and benthic invertebrates. However, gut contents of adult
trout were primarily comprised of active benthic invertebrates (that had low drift rates)
and drifting terrestrial invertebrates, and they contained large amounts of indigestible
material from the stream bottom. The gut contents of adults were full during the day with
no indication of morning or evening feeding peaks typical of river dwelling rainbow
trout. The evidence strongly suggests that adult McCloud River rainbow trout are
actively feeding on invertebrates picked off the bottom substrate during daylight. Most
drift occurs at night, and typically, rainbow trout drift feeding peaks in the early morning
and evening hours. This strategy does not work in the McCloud River because the high
turbidity does not provide sufficient reaction distance for fish to drift and surface feed
successfully. The extra energy cost of the fish actively feeding on the bottom and the
large volume of indigestible material in the gut are probable reasons for the slow growth
of fish in the McCloud River.
Turbidity can also be a factor in competition for resources, providing some species with a
greater competitive advantage under turbid conditions. In Summit Lake in Nevada, the
spawning population of Lahontan cutthroat trout (O. clarki henshawi) has declined and
abundance of Lahontan redside shiners (Richardsonius egregius), probably introduced as
bait fish, has increased. Land use in the watershed has made Summit Lake highly turbid
(Vinyard and Yuan 1996). Vineyard and Yuan (1996) studied the effect of turbidity
levels commonly observed in Summit Lake on feeding rates of Lahontan cutthroat trout
and Lahontan redsides (fish lengths 70 to 93 mm SL). Daphnia, sorted by size, were
introduced into tanks with six levels of turbidity from 3.5 to 25 NTU. Fish were
acclimated in the tanks for 24 hours, allowed to feed for 2 hours, then removed and the
tank was drained and the remaining Daphnia were counted. It was found that feeding
rates of both species varied inversely with turbidity, but feeding rates of shiner were
greater than trout at all turbidity levels. The decrease in feeding rates was linear and at
25 NTU had decreased by 80 percent for trout and 60 to 80 percent for redsides (Figure
6-17). Redsides consumed 3 percent more prey than cutthroat trout at low turbidities (5
NTU) and 10 percent more at high turbidities. In general, both species consumed large
prey at higher rates, and at low turbidity (3.5 NTU) 90 percent of prey was consumed.
However, redsides showed increasing predation on large Daphnia at NTUs of 20 and
higher, while cutthroat trout showed no prey size selection at high turbidity (≥20 NTU).
Observations during the laboratory study also showed that redsides searched faster and
more widely at high turbidities compared to their search patterns in clear water. These
results suggest that Lahontan redside shiner may be more effective as zooplankton
predators at high turbidity levels than Lahontan cutthroat trout.
No information on foraging behavior of Sacramento pikeminnow and hardhead was
found in the published literature. Both fish species are visual feeders and typically
inhabit clear water streams. Both species can attain large sizes (300-600 mm F/L) as
adults, and therefore may require relatively large reaction distances to successfully feed.
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Note: Four fish of each species were exposed to prey of a single size for 2-h feeding trials. Daphnia magna
prey sizes are as indicated. Vertical bars indicate 1 standard deviation.

Figure 6-17. Mean Percent Prey Consumed in Relation to Turbidity. Upper Panel
(a) Shows Results from Feeding Trials with Lahontan Cutthroat
Trout (Oncorhynchus clarki henshawi) and Lower Panel (b) Shows
Results from Lahontan Redside Shiner (Richardsonius egregius)
(Vinyard and Yuan 1996).
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In the absence of published studies on the native Sacramento pikeminnow and hardhead,
the results of studies on other visual predators (non-native brook trout, largemouth and
smallmouth bass) are reviewed to expand our discussion of how turbidity affects reaction
distance and feeding behavior of fish.
Sweka and Hartman (2001a) investigated brook trout reactive distance and foraging
behavior in turbid water. They videotaped the reaction distance of brook trout (mean
length 126 mm, range 77-153 mm) preying on live house fly larvae in an artificial stream
at turbidities of ranging from 0 to 43 NTU. Reaction distance was about 80 cm in clear
water (<3.0 NTU) and showed a nonlinear decrease to about 40 cm at 10 NTU, 20 cm at
20 NTU, and 12 cm at >30 NTU. The largest percent change in reactive distance
occurred between 0 and 15 NTU. Increasing turbidity had the effect of masking
detection of the prey by the predator. As turbidity increased, the probability of reacting
to prey decreased. Brook trout adjusted their feeding behavior to compensate for the
reduced detection distance by foraging more actively. A movement study conducted as
part of the experiment showed that the number of quadrants within the artificial stream
used to forage increased with increasing turbidity (Figure 6-18). Mean daily
consumption was not affected by turbidity (Figure 6-19), but specific growth rates
decreased with increasing turbidities (Figure 6-20). Foraging success was governed by
the ability to detect and react to prey, but success after detection was not influenced by
turbidity. Higher turbidities had no influence on the probability of attack once the prey
had been detected, on the probability of capture once the attack had been initiated, or on
the probability of ingestion once the prey had been captured.
Brook trout mean daily consumption and growth rates were evaluated at turbidities from
of <3.0 to 50 NTU in 5-day trials (Sweka and Hartman 2001b). There was a 62 percent
change in growth rate at the highest turbidities compared to clear water, but there was no
significant change in growth rate at turbidities below 25 NTU. There was no relationship
between mean daily consumption and NTU. Brook trout shifted from drift feeding to an
active searching behavior between 10 and 20 NTU. As has been suggested for rainbow
trout (Tippets and Moyle 1978), these experimental results suggest that brook trout in
turbid conditions have higher energetic costs and would likely experience lower growth
rates.
Crowl (1989) carried out experiments in clear and turbid water to examine effects of prey
(crayfish) size, orientation, and movement on adult largemouth bass reaction distance.
Adult largemouth bass (280-300 mm total length [TL]) and crayfish (Procambarus
acutus) (16.6 to 28.5 mm carapace length) were used as predator and prey, respectively,
in clear (1-3 JTU) and moderately turbid waters (17-19 JTU). In clear water, there was a
statistically significant, positive relationship between reactive distance and prey size, and
a significant increase in reaction distance when the prey was moving, but no difference in
reaction distance to orientation of the prey. In turbid water, reactive distance was
independent of prey size and, contrary to theoretical predictions, prey movement did not
affect reactive distance. Reactive distance ranged from about 70 to 270 cm in clear water
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Note: Each point represents the number of quadrants used by brook trout to forage during one videotaping
session. The number of quadrants used to forage within the artificial stream increased significantly
as turbidity increased (F = 28.41, p < 0.01). Individual fish also differed from one another in the
number of quadrants used (F = 14.83, p < 0.01).

Figure 6-18. Regression of the Number of Quadrants Used to Forage (Y) on
Turbidity (X) by Brook Trout (Sweka and Hartman 2001a).
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Note: Although individual fish differed from each other (F = 5.10, p < 0.01), turbidity did not have a
significant influence on mean daily consumption (F = 0.49, p = 0.48).

Figure 6-19. Regression of Standardized Mean Daily Consumption Values on
Mean Turbidity Level for Each Trial (Sweka and Hartman 2001a).
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Note: Specific growth rates decreased significantly with increasing turbidity (F = 33.87, p < 0.01).
Individual fish did not differ from each other (F = 0.61), p < 0.78).

Figure 6-20. Regression of Specific Growth Rate (Y) on Mean Trial Turbidity (X)
(Sweka and Hartman 2001a).
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and 25 to 40 cm in turbid water. There were behavioral differences in turbid water; 38
out of 40 predators struck at a rock offered as prey in turbid water while no strikes
occurred in clear water. The authors suggest that when prey are highly visible, predators
attack after prey recognition, but when prey are less visible, predators attack immediately
upon sighting. They suggest this “switching tactic as a function of water clarity” may
benefit visual predators, such as largemouth bass, which consume few, relatively large
prey, but differs from predators that must consume large numbers of small prey (such as
planktivorous fish).
During in situ feeding trials in Lake Ontario, Reid et al. (1999) found no significant
differences in capture success for largemouth bass (195-245 mm FL) predation on red
belly dace (Phoxinus eos) between different coastal wetland areas, where turbidities were
2.3 and 20 NTU. A comparison of gut contents of wild bass (from clear and turbid
habitats) with local prey populations suggest that availability of prey, rather than water
clarity, is the primary factor in determining diet. Reid et al. (1999) also conducted onehour laboratory feeding trials with juvenile largemouth bass (83-130 mm FL) as the
predator and fathead minnows (Pimephales promelas) as the prey. As turbidity
increased, the number of fathead minnows captured (with four size classes combined)
generally decreased (Figure 6-21), but among pairwise comparisons, the difference was
statistically significant only between one and 70 NTU (p = 0.004), the highest and lowest
turbidities studied. Largemouth bass selected the smallest size class of fathead minnow
at the lowest turbidities, but capture rates of small fathead minnows decreased with
increasing turbidity, with little change in capture rate of large minnows (Figure 6-22).
Sweka and Hartman (2003) studied reaction distance and foraging success of wild and
hatchery smallmouth bass (mean 99 mm TL, range 87-155 mm) in turbidity conditions of
<5 NTU to 40 NTU. The reaction distance was about 65 cm in clear water and decreased
non-linearly with increasing turbidity to 10 cm at the highest turbidity, with the greatest
rate of decrease from 0 to approximately 25 NTU. Turbidity significantly reduced the
probability that a fish would react to a prey item. However, once the prey was
recognized, there was no decrease in initiating an attack, capturing, or ingesting prey.
Turbidity decreased foraging success by reducing the probability of encountering prey.
Bonner and Wilde (2002) note that the naturally high suspended sediment loads in prairie
streams in the central US may be important in maintaining the integrity of fish
assemblages in these systems and may also be a factor in the low abundance of predatory
fish. They investigated the effect of turbidity on feeding of small minnows in these
prairie streams. Some of these species appear to be well adapted to feeding in low
visibility conditions. For six species of minnows from these streams, there was a general
relationship of decreased prey consumption at higher turbidity levels. All species
consumed prey at all experimental turbidity levels of 0, 1,000, 2,000 and 4,000 NTUs.
Prey consumption was generally highest at 0 NTU. Prey consumption for peppered chub
(Macrhybopsis tetranema) (50-65 mm) and flathead chub (Platygobio gracilis) (72-100
mm) decreased only slightly, by 21 percent and 26 percent, respectively, as turbidity
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Note: Vertical bars represent ±1 SE.

Figure 6-21. Comparison of the Mean Number of Fathead Minnows Eaten by
Cootes Paradise (Shaded Bars) and Rice Lake (Open Bars) Juvenile
Largemouth Bass during 1-h Feeding Trials across Four Levels of
Turbidity (Reid et al. 1999).
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1 NTU

18 NTU

37 NTU

70 NTU

Note: Vertical bars represent ±1 SE.

Figure 6-22. Comparison of the Mean Number of Fathead Minnows Eaten of Four
Size-Classes across Four Turbidity Levels by Juvenile Largemouth
Bass (Cootes Paradise and Rice Lake Largemouth Bass Combined)
during 1-h Feeding Trials (Reid et al. 1999).
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increased, but the difference was not statistically significant. The negative relationship
between prey consumption and turbidity was statistically significant for the Arkansas
river shiner (Notropis girardi) (56-71 mm), emerald shiner (N. atherinoides) (62-72 mm),
red shiner (Cyrinella lutrensis) (56-64 mm), and sand shiner (N. stramineus) (65-75 mm)
decreasing by 59, 73, 84 and 89 percent respectively for turbidities between 0 and 4,000
NTU. Emerald and red shiners showed a linear decline in prey consumption, while
Arkansas River and sand shiners showed higher consumption rates at the mid-level
turbidities tested and lower consumption rates at 0 and 4,000 NTUs. The near linear
decrease in prey consumption by emerald and red shiners suggests a simple attenuation of
vision as a function of increased turbidity. Explanations advanced for the quadratic
relationships between prey consumption and turbidity for Arkansas River and sand
shiners include improved discrimination of prey at mid-turbidity ranges or increased
feeding activity at middle turbidities through reduced risk of predation. The explanation
for the lower effects on prey consumption by flathead chub and peppered chub was
attributed to morphological adaptations these species possess for feeding in turbid water,
including barbels, large numbers of olfactory lamellae and numerous, cutaneous taste
buds.
6.1.5

HOMING AND MIGRATION

Whitman et al. (1982) evaluated sediment avoidance and home water preference of adult
Chinook salmon in flow-through artificial streams offering the choice between turbid and
clear waters from the fishes’ natal stream and non-natal water (city water). Adult male
Chinook salmon (mean FL 596 mm, weight 2.5 kg) were used to examine preference or
avoidance of water in a Y-maze with and without the addition of ash from Mt. St. Helens.
Suspended sediment levels ranged from 373 to 328 mg/L at the entry point of water to the
Y-maze to 30 to 295 mg/L at the lower end of the Y-maze. Fish could not be observed at
SSC greater than 350 mg/L. Three treatments were evaluated, providing the fish a choice
between clear home water and city water; turbid home water and clear city water; and
turbid home and city water. The fish selected the home water preferentially in the first
and third treatments, but showed no significant preference between the turbid home water
and clear city water (Table 6-3). The authors suggest that these results indicate Chinook
salmon will stray into non-natal streams when degraded water quality conditions exist.
Whitman et al. (1982) ran another experiment to test the proportion and rate of return of
control and ash-exposed groups of 25 control and 25 experimental adult male Chinook
salmon (mean FL 596 mm, weight 2.5 kg). After the salmon migrated up the Lake
Washington Ship Channel, they were held for seven days in 12,000-liter circular tanks
supplied with water from the Lake Washington Ship Channel. Control fish were held in
flowing water and experimental fish in aerated water that had about 650 mg/L ash added
to it. The fish were marked according to their treatment and then trucked back
downstream and released at the near the entrance of the Lake Washington Ship Channel.
When return frequencies were analyzed, exposure to ash had resulted in no discernable
difference on the return of the fish to the recovery location (Table 6-4).
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Table 6-3.

Choices of Chinook Salmon between Home Water (HW) and Seattle
City Water (CW) in the Presence and Absence of Volcanic Ash (A)
(Whitman et al. 1982).
Treatment I

Treatment II

Treatment III

HW

CW

No
score

HWA

CW

No
score

HWA

CWA

No
score

20

5

7

9

11

15

17

2

36

Proportion of releases

62%

16%

22%

26%

31%

43%

31%

4%

65%

Proportion of scores

80%

20%

45%

55%

89%

11%

Measure
Number of fish

Table 6-4.

Proportion and Rate of Return of Control and Ash-Exposed Chinook
Salmon after Downstream Displacement (Whitman et al. 1982).

Release date (1980) and statistic

Control

Ash-exposed

20

20

Number (%) recovered

13 (65%)

4 (20%)

Average days to return

7

2

20

20

Number (%) recovered

9 (45%)

14 (70%)

Average days to return

2

3

18

20

Number (%) recovered

11 (61%)

15 (75%)

Average days to return

3

2

58

60

Number (%) recovered

33 (57%)

33 (55%)

Average days to return

4

2

October 13
Number released

October 20
Number released

October 29
Number released

All dates
Number released
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6.2

EFFECTS OF SUSPENDED SEDIMENT ON FISH PHYSIOLOGY

Substantial literature has accumulated since the 1930s that suggests that suspended
sediment negatively affects fish physiology. Much of this research has focused on
suspended sediment-related respiratory impairment by direct impairment of gas exchange
across the gills, by gill injury, or by morphologic responses of gill tissue to sediment
coating. Recent research has involved further work on that and on certain downstream
physiological parameters such as suspended sediment effects on blood glucose, “stress”
hormone secretion, packed red blood cell volume (hematocrit), and impaired disease
resistance. Many authors also have reported decreased feeding efficiency associated with
high levels of suspended sediment. This effect is probably attributable primarily to a
combination of decreased prey availability and decreased prey visibility in turbid water
(and it was discussed in this context in section 6.1.4), but decreased feeding efficiency
also may be related to physiological effects.
Reviews by Cordone and Kelley (1961), Sorensen et al. (1977), Langer (1980), Alabaster
and Lloyd (1982), and Waters (1995) discuss these topics. Newcombe and MacDonald’s
(1991) review is significant because it laid the foundation for their attempt to model and
predict responses of salmonid fish to specific SSCs and duration. Newcombe and
MacDonald developed a “Stress Index,” which was further developed in subsequent work
(e.g. Newcombe and Jensen [1996], see Section 4.7). Newcombe (2003) modified the
Newcombe and Jensen (1996) model to include terms to measure visual water clarity,
which is particularly relevant to natural history concerns such as spawning behavior and
foraging ecology.
With the exception of altered disease resistance, the reported specific physiological
effects of suspended sediment on salmonids have been sublethal. However, direct lethal
effects of very high SSCs or extended duration of lower concentrations also have been
commonly reported for juvenile and pre-smolt salmonids. The data are difficult to
compare among the various studies because of variation in studied natural systems and
lack of experimental controls, and because of failure to tabulate central parameters such
as SSC or exposure time duration. Newcombe and MacDonald (1991) used the “best” of
the available data in a meta-analysis to model severity effects of suspended sediment as
functions of concentration and time duration to attempt to predict lethal and sublethal
effects of suspended sediment exposure events of known intensity on salmonids. Servizi
and Martens (1992) found Newcombe and MacDonald’s model to be unreliable,
primarily because it lacked compensation for threshold effects and for other physical
factors such as temperature. However, Newcombe and MacDonald (1991) acknowledged
those difficulties and stressed that future studies of suspended sediment effects in fish
should include accurate measurements of SSCs, time duration of exposure, and
organismal response. Newcombe and MacDonald (1991) also recommended that future
studies should disassociate observational and experimental systems from confounding
variables such as temperature, sediment composition, and ancillary toxic properties of
sediments, which plagued many of the earlier studies. Newcombe and Jensen (1996)
indicate many data gaps remain; that age-specific and size-specific dose-response profiles
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should be developed for each developmental stage; thresholds of sublethal and lethal
effects should be known more precisely; and that research is needed on effects of particle
quality, particle toxicity, and temperature.
Most of the studies discussed in this chapter involve several species of salmonid fish.
The physiological effects of suspended sediment on warm water fish are far less studied
but the assumption has long been that the muddy water in which these species are
frequently found indicates that warm water fish are more resistant to turbidity and
suspended sediments. The following sections discuss documented physiological effects
of sediment exposure in salmonids.
6.2.1

EFFECTS ON GILLS AND GAS EXCHANGE

Far more studies of the effects of suspended sediments on fish have addressed gill
structure and function than any other physiological parameter, presumably because the
filamentous structure of gill tissue is clearly capable of trapping fine sediment and
because impaired gill function has sublethal and lethal consequences. Gill tissue also is
easy to examine in living specimens, and it is relatively easy to detect gross
morphological changes in gill tissue with basic histological techniques. Cordone and
Kelley (1961) cited several such studies that dated from as early as 1937, about 50 years
before any other type of physiological study of suspended sediment effects was
published.
The three most frequently reported effects of suspended sediment on salmonid gills are as
follows. First, fine suspended sediment “coats” or “clogs” gill filaments and thus
impedes gas exchange; second, suspended sediment injures gill tissue directly through
abrasion; and third, gill tissue responds morphologically to elevated suspended sediment
by thickening or other hyperplasia. However, none of these effects has been reported
consistently, apparently in part because of inconsistencies in sediment concentrations and
exposure duration across the various natural and experimental systems studied, and in
part because multiple fish species and age ranges were studied. As Newcombe and
MacDonald (1991) and Waters (1995) indicate, these inconsistencies make direct
comparison of the various studies and their results impossible. Nevertheless, each of
these pathogenic effects has been reported often enough to suggest strongly that elevated
suspended sediment may have all three of the effects discussed above on salmonid gills.
With the exception of Wallen (1951, cited by Cordone and Kelley 1961), early studies
did not explicitly record sediment types, particle sizes, or concentrations; they were
instead based primarily on studies of fish mortality in natural systems affected primarily
by anthropogenic sediment influx. Thus, for the most part, threshold significant sediment
levels cannot be derived from that work. Wallen (1951) experimented with various
sediment concentrations on small, warm water fish in aquaria, and found that
experimental subjects could withstand 100,000 ppm of montmorillonite clay for one
week, but that they quickly succumbed when concentrations reached 175,000 to 200,000
ppm. He noted that all of the fish that succumbed had fine sediment coating the gill
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filaments and that water aeration in sublethal conditions helped the fish to “clear” their
gills.
The most detailed available analysis of morphological effects (detected by histological
examination) on gill tissue was apparently that of Noggle (1978), who exposed juvenile
coho and Chinook salmon and steelhead experimentally to various concentrations of
suspended sediment. Noggle (1978) provided micrographs of gill tissue recovered from
six experimental animals and one control (zero exposure). The analysis was limited
because just two specimens in each species-specific experimental group were used and
because sediment concentrations varied widely among and within the groups (Table 6-5).
Noggle’s results also were somewhat inconsistent. For example, a 50 mm Chinook
salmon died after 72.5 hours exposure to 4,266 mg/L suspended sediment and showed
gross branchial necrosis, yet a 52 mm Chinook salmon exposed to the same sediment
concentration and composition survived to experimental termination at 96 hours and its
gill tissue was “normal” upon histological examination (Table 6-5).
However, the histopathological differences between the single control and most of the
experimental group show clearly that suspended sediment is associated with significant
pathological change in salmonid gill tissue. Impaired gill function (gas exchange), as
such, is difficult to demonstrate in vivo or post mortem, but can be reasonably assumed
given the pathologic changes in gill tissue. Elevated packed red blood cell volumes
(hematocrit), which have been reported in several suspended sediment effects studies
(e.g. Noggle 1978, Redding et al. 1987), may indicate gas exchange impairment (Table 66). Noggle’s (1978) results also support a “mechanical gill injury” interpretation, that is,
the changes documented are consistent with mechanical injury by abrasion, but the
experiments were of insufficient duration to demonstrate sublethal tissue healing
response (such as thickening/hyperplasia) to injury.
Sediment particle angularity and size appear to be factors in salmonid gill damage.
Servizi and Martens (1987, cited by Bash et al. 2001) reported that gill trauma in Fraser
River (British Columbia) underyearling sockeye salmon increases with sediment particle
angularity and size, as well as concentration. They demonstrated gill trauma in these
juvenile salmonids at angular sediment concentrations of 3,143 mg/L, levels that occur
naturally in the Fraser River. Lake and Hinch (1999) found a significant difference in
hematocrit and leukocrit (white blood cell volumes) values between control fish
(unexposed to sediments) and fish exposed to angular suspended sediments at 1,000 to
40,000 mg/L. Fish exposed to 41,000 to 80,000 mg/L angular and smooth sediments (in
separate experiments involving different fish) also differed significantly in leukocrit
values from control fish, but hematocrit values at that concentration did not differ from
control fish for either particle shape. However, the LC50 (the concentration at which 50
percent of test organisms die within a given time period) for either sediment particle
shape was the same (164,500 mg/L after 96 hours of exposure), more than seven times
the LC50 recorded by Servizi and Martens (1991). These inconsistencies are probably
related to differences in experimental conditions (e.g. sediment sources may differ in
levels of contaminants) and possibly to genetic differences in source fish populations.
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Table 6-5.

Damage to
gills

Effects of Experimental 96-Hour Sediment Exposure on Gill Tissue of
Salmonids (From Noggle 1978)
Species

Length
(mm)

Suspended
Sediment
Concentration
(mg/L)

Comments

Diagnosis

Little

Steelhead

134

12,936

Only survivor in tank

No visible lesions

Heavy

Steelhead

157

8,430

Alive

Branchial necrosis, branchial
aneurysm, branchial hemorrhage

Fairly heavy

Chinook

50

4,266

Dead at 72.5 hours

Branchial necrosis

Little

Chinook

52

4,266

From 8% survivors

No visible lesions

Some

Coho

58

1,547

Dead at 45.5 hours

Diffuse branchial edema1

Little

Coho

63

5,346

Only survivor in tank

Focal lamellar fusion2

None

Coho

75

0

Control

No visible lesions

1

Edema is one of the early stages of response to injury.

2

Limited changes, representing only minimal damage.
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Table 6-6.

Exposure
(h)

Blood Hematocrits as Percent Packed Red Cells in Yearling Steelhead Continuously Exposed to High (2-4 g/L)
or Low (0.4-0.6 g/L) Concentrations of Suspended Topsoil, Kaolin Clay, or Volcanic Ash (Redding et al. 1987).
Topsoil
Control

Low

High

Clay
Acute

Control

Low

Ash
High

Control

Low

High

0

47±1 (17)

3

48±2 (10)

47±2 (12)

47±1 (9)

47±1 (11)

44±2
(9)

45±2 (9)

44±2 (12)

9

43±2 (8)

50±2* (8)

53±2* (9)

49±2 (6)

38±2 (11)

49±1*
(12)

46±2*
(11)

37±3 (6)

40±1 (9)

47±2 (11)

24

44±1 (12)

47±4 (5)

55±3* (7)

46±3 (11)

40±2
(6)

50±2*
(10)

46±2*
(11)

42±4
(6)

46±2 (11)

46±2 (7)

48

47±2 (11)

50±4 (7)

53±2 (9)

37±2
(6)

45±2*
(11)

39±3 (9)

37±4
(5)

43±1 (11)

45±2 (11)

32±2 (12)

37±2 (17)

Note: Data are presented also for fish acutely exposed to 3 g/L suspended topsoil. Data are means ± SE; sample sizes are in parentheses. Asterisks denote
significant differences from control values at P < 0.05. Data at hour 0 were pooled for all groups within an experiment.
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However, these studies indicate that sediment structure is clearly a factor in gill
pathogenesis.
6.2.2

STRESS EFFECTS

Physiologic response to stress is manifested in most vertebrates by a rapid rise in serum
cortisol. Cortisol is a glucocorticoid (steroid) hormone that is secreted by the adrenal
cortical cells (“interrenal” cells in teleosts [most bony fishes]). Cortisol secretion is
stimulated physiologically by adrenocorticotropic hormone (ACTH), one of several
stimulating hormones secreted by the pituitary gland. ACTH release is in turn stimulated
by corticotropin releasing hormone (CRH) secreted by the hypothalamus, which links the
endocrine system to the central nervous system and thus bridges the sensory effects of
stress to a hormonally mediated physical response (Willmer et al. 1999).
Among the numerous downstream effects of elevated cortisol is elevated blood glucose,
which cortisol and other adrenocortical hormones stimulate by a variety of mechanisms.
Hence, elevated blood glucose in company with sustained elevated serum cortisol
suggests strongly that stress is operating as a metabolic factor at the time the fluid
samples were obtained for analysis. Even at peak levels, all of these hormones circulate
in extremely low concentrations (typically nanograms or picograms per milliliter of blood
serum). They are assayed in serum by various competitive binding assay methods,
including radioimmunoassay (RIA) with tritium- or radioiodine-labeled tracer, and
enzyme-linked immunosorbent assay (ELISA), with peroxidase-conjugated tracer
(Wheeler and Fraser 2004). Experimental systems that involve hormone assay are best
evaluated “longitudinally” so that baseline samples can be obtained from the
experimental animals prior to experimental manipulation and several times thereafter.
When this is not possible the usual approach is to sample “cross-sectionally” from at least
three animals in each group to yield a mean ± standard deviation for normal and postmanipulation serum hormone values (Wheeler and Fraser 2004).
Redding et al. (1987) showed, in a longitudinal study with separate controls, that “low”
(300-600 mg/L) or “high” concentrations (2,000-3,000 mg/L) of topsoil-derived sediment
stimulated serum cortisol in steelhead and coho salmon so that it peaked from 24 hours
(coho, low concentration) to 48 hours (steelhead, low concentration) past time zero of a
192-hour exposure (Figure 6-23). Peak cortisol levels were 2 to 7 times the control levels
for the same time point (low concentration, p<0.05 or p<0.01) and 10 to 14 times
baseline levels at high sediment concentrations (p<0.05 for steelhead, but not significant
for coho salmon, due to abnormal response from single individuals in the experimental
series). However, cortisol levels dropped off rapidly after “peaking” to levels somewhat
elevated above those in the control group. This observation held true for exposure to
three types of sediment (topsoil, volcanic ash, and kaolin clay) (Figure 6-23). These
authors concluded that exposure to suspended solids at the concentrations and duration
used in their study was not severely stressful for yearling salmonids.
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Ash

(ng/ml)

Clay

Cortisol

Topsoil

Control

Time (h)

Note: Results from fish exposed acutely to 3 g/L suspended topsoil also are shown. Data are shown as
antilogs of transformed (log10X) data, but the log scale is maintained. Asterisks indicate significant
differences (P < 0.05) between treatment (N = 11-13) and pooled control groups (N = 24-29). Data
from all groups were pooled for the hour-0 sample (N = 60).

Figure 6-23. Plasma Cortisol Concentrations (Mean + SE) in Yearling Steelhead
during Continuous Exposures to High (2-4 g/L) or Low (0.4-0.6 g/L)
Concentrations of Suspended Volcanic Ash, Kaolin Clay, or Topsoil
(Redding et al. 1987).
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In a cross-sectional study, Servizi and Martens (1992) demonstrated elevated blood
glucose in acute samples obtained 96 hours after continuous exposure to 400 to 1,700
mg/L of natural Fraser River sediments. They used linear regression to predict the
relationship between sediment concentration and blood glucose response in under
yearling coho and adult sockeye salmon (Figure 6-24). Their results reflect a probable
physiological delay in blood glucose increase after plasma cortisol spike, but cortisol was
not assayed in the Servizi and Martens experiment. Other studies (e.g. Carruth et al.
(2002) and Barton (2002)) indicate that cortisol is frequently elevated in oceangoing
anadromous fish that are seeking their ancestral rivers, and these authors suggest that
cortisol somehow mediates the homing olfactory phenomenon in these fish. Thus the fish
used in the various experiments discussed above may have been predisposed to elevated
cortisol and downstream blood glucose release. The physiological response to turbidity
and suspended sediment exposure may be an environmental trigger rather than a hazard,
at least in moderate concentrations. Further research may clarify the potential difference
between adaptive and pathological response to suspended sediment in salmonid fish.
6.2.3

IMMUNE SYSTEM EFFECTS

The immune system includes various tissue, cellular, and molecular components, all of
which interact to defend against invading bacteria, fungi, viruses, foreign proteins, and
other antigens. Immune system compromise may follow various types of systemic
“insult,” possibly including exposure to suspended sediments. As part of their
longitudinal study detailed in Section 6.2.2, Redding et al. (1987) exposed yearling
steelhead to 2,500 mg/L suspended topsoil for two days, and then “challenged” them with
injections of the pathogenic bacteria Vibrio anguillarum (Table 6-7). The quantities
injected had previously been shown to cause the deaths of approximately 50 percent of
control fish. Of the sediment-exposed group, 74 to 80 percent died of frank Vibrio
infection, a statistically significant result (p<0.05). Although they apparently did not
assay serum cortisol in the Vibrio-challenged group, Redding et al. (1987) speculated that
elevated serum cortisol induced by suspended sediment exposure predisposed the fish to
infection. Significantly, the sediment exposure itself caused about 25 percent mortality in
control and experimental groups prior to inoculation with the bacteria challenge (Table 67). Redding et al. (1987) cite other published studies to support the hypothesis that
exposure to suspended sediment or to exogenous cortisol can increase fish susceptibility
to fin rot and increase mortality rate from “artificial” Vibrio anguillarum infection.
Further research on this topic is indicated.
6.2.4

EFFECTS ON GROWTH AND DEVELOPMENT

Any of the physiological effects discussed in Sections 6.2.1 through 6.2.3 can in turn
affect growth and development, but the various studies cited in those sections are
deficient in that respect because none followed the experimental subjects beyond acute or
chronic experimental manipulation. However, growth reduction as a consequence of
suspended sediment exposure is well studied across a range of salmonid species and
exposures (sensu Newcombe and MacDonald [1991]). The loss of visual capacity can
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Figure 6-24. Responses of Blood Sugar to Suspended Sediments Exposure for
Underyearling Coho (this Study) and Adult Sockeye (from Servizi and
Martens 1987) (Servizi and Martens 1992).
6-47

Table 6-7.

Mortality of Yearling Steelhead Exposed to 2.5 g/L Suspended Topsoil
for Two Days, then Challenged with Vibrio anguillarum (Redding et
al. 1987).
Suspended solid exposure
Vibrio-challenged

Control
Vibrio-challenged

Unchallenged

fish

Unchallenged

fish

fish
(1)

(2)

Total number of fish at start

25

25

Number dead before Vibrio challenge

6

Deaths caused by Vibrio
Percentage of challenged fish that died

fish
(1)

(2)

25

25

25

25

5

6

2

1

0

14

16

0

10

15

0

74*

80*

0

43

63

0

4.5

3.7

0

4.5

4.8

0

from Vibrio
Mean days to death

Note: The two columns for groups challenged with Vibrio represent results of replicate experiments (1) and
(2).
* Asterisks denote significant differences from control value at P < 0.05.
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lead to reduced feeding and depressed growth rate (Waters 1995), as discussed in Section
6.1.4. Of the sublethal effects of suspended sediment shown in 15 suspended sediment
impact studies cited by Newcombe and MacDonald (1991), decreased growth or feeding
rate was cited six times more often than any other factor. Growth rate reduction also was
ranked just behind sediment-induced mortality in Newcombe and MacDonald’s (1991)
impact severity table (Table 6-8). In the absence of long-term studies of fish affected by
episodic or chronic suspended sedimentation at significant concentrations, it is unclear
whether the feeding and growth responses noted in the literature represent true impacts or
short-term, potentially fully recoverable sequelae.
6.2.5

TEMPERATURE AND SUSPENDED SEDIMENT

The SSCs at which lethal and sublethal effects occur may be affected by stress from other
factors, such as temperature or disease. Servizi and Martens (1991) found that
underyearling coho salmon (mean length range from 3.8 [swim-up fry] to 7.3 cm
[fingerlings]) tolerance to suspended sediment differed at temperatures other than longterm rearing temperature, and was reduced among coho salmon with a viral kidney
infection. Hatchery coho salmon were reared at 7°C and acclimated to test temperatures
prior each experiment. Fish were tested at temperatures from 1 to 18°C and at five
experimental SSCs (1 to 40 g/L) and a control (no sediment). The 96-h LC50 value for
SSC was highest at 7°C, and lower at temperatures warmer and cooler (Figure 6-25).
The 96-h LC50 value at 7°C rose sharply as fish length increased to 4.6 cm, after which
SSC tolerance was independent of fish size (Figure 6-26). The authors suggest that small
fish may be less able to clear sediments via the cough reflex. It is unclear whether the
7°C rearing temperature represented an optimum temperature for tolerance to SSC or
whether the length of time rearing at this temperature may have affected the outcome of
the experiments at warmer and cooler temperatures.
The response to SSC may differ between species. Servizi and Martens (1991) compared
LC50 values found for coho salmon with values for other juvenile salmon under similar
test conditions (at temperatures of 7 to 8.3°C). They found that within this narrow
temperature range, Chinook salmon were most tolerant (96-h LC50 value of 31 g/L),
followed by coho (22.7 g/L) and sockeye salmon (17.6 g/L) (Servizi and Martens 1987,
Servizi and Gordon 1990, cited in Servizi and Martens 1991).
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Table 6-8.

Summary of Data (in situ Observations) on Exposures to Suspended
Sediment that Resulted in Lethal Responses in Salmonid Fishes
(Newcombe and MacDonald 1991).

Note: Within species groups, stress indices are arranged in increasing order.
concentration (mg/L) and D = duration (h).
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For exposure, C =

Table 6-8.

Summary of Data (in situ Observations) on Exposures to Suspended
Sediment that Resulted in Lethal Responses in Salmonid Fishes
(Newcombe and MacDonald 1991) (continued).

Note: Within species groups, stress indices are arranged in increasing order. For exposure, C =
concentration (mg/L) and D = duration (h).
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Figure 6-25. Tolerance of Underyearling Coho to Suspended Sediments at
Temperatures between 1 and 18°C. a, fish were stressed; b, fish were
partially confined (Servizi and Martens 1991).
6-52

Figure 6-26. Mean Weights and Lengths of Underyearling Coho and Acute
Lethalities of Suspended Sediments (96-h LC50) at 7°C. Vertical lines
indicate 95% confidence limits (Servizi and Martens 1991).
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7.0
EFFECT ON AMPHIBIANS

Information is not available on the effects of turbidity and suspended sediment
concentrations on any life history stage of amphibians. The literature reviewed in this
section address potential effects of sedimentation on amphibian life history stages.
The only California amphibian species that breed in wide shallow rivers such as the
Feather River are the foothill yellow-legged frog (Rana boylii), the Pacific chorus frog
(Pseudacris (=Hyla) regilla), and the western newt (Taricha torosa) (Stebbins 1951).
However, other species may be found in streams at higher elevations, such as the
mountain yellow-legged frog (Rana muscosa). The potential harmful effects of turbidity
and suspended sediments on eggs, larvae, and adults of these species are unknown.
7.1

POTENTIAL FOR EFFECTS

Egg masses of all of these species are potentially vulnerable to smothering by natural or
anthropogenic sedimentation during springtime high water. River populations of the
western newt and Pacific chorus frog avoid these hazards by spawning in backwater
pools and very shallow parts of mainstem rivers (Storer 1925, Stebbins 1951). Larvae of
these species are adapted to lentic water, and adults and larvae of both species usually
avoid lotic water. However, the foothill yellow-legged frog characteristically inhabits the
margins of moderately fast water along cobble riffles, particularly downstream of
confluences (Zweifel 1955, Kupferberg 1996). It avoids high water impacts on its egg
masses, presumably including elevated bedload and suspended sediment levels, by
delaying spawning until after the springtime flows have receded to near minimum levels
that flow gently just a few inches over cobble substrata (Zweifel 1955, Kupferberg 1996,
Lind et al. 1996). Newly hatched tadpoles often linger in crevices and other secure
shelters near the hatching sites until they are large enough to swim in stronger currents
(S. Barry, pers. obs.). This behavior protects the tadpoles from being swept downstream,
but it renders them vulnerable to any physical perturbations that affect such lentic
microhabitat.
Absent from the literature are data on the potential effects of turbidity and precipitated
sediments on foothill yellow-legged frog egg masses. Moderate turbidity and sediment
transport are normal characteristics of late spring stream water in the Sierra Nevada, and
foothill yellow-legged frog egg masses are usually covered with fine silt soon after
deposition. Storer (1925) first made this observation on un-dammed, un-mined coastal
rivers during the 1920’s, so the silt covering is clearly a natural phenomenon. Storer
(1925) speculated that the thin silt coating protects the eggs from excessive solar
radiation and camouflages them from predators, and various authors have suggested that
any such silt coating of amphibian eggs may help to protect the eggs from ultraviolet
radiation exposure. However, although light silt coatings apparently do no harm and may
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be beneficial, a threshold limit of sediment covering above which foothill yellow-legged
frog eggs cannot survive undoubtedly exists. These threshold limits are apparently
unknown for any amphibian species, but a massive, sudden sediment dump sufficient to
fill cobble interstices in favored foothill yellow-legged frog riffle spawning habitat will
obviously render that habitat at least temporarily unsuitable for spawning. Such an event
would also smother and kill any eggs or newly hatched tadpoles already present.
7.2

SEDIMENT DEPOSITION

Recent research on the effects of inorganic non-toxic sediments on stream or riverdwelling amphibians has typically examined opportunistically the effects of unique
sedimentation events on stream and spring dwelling amphibian species. For example,
studies following accidental sedimentation from road construction (Welsh and Ollivier
1998) and from logging (Corn and Bury 1989) in northwestern California and westcentral Oregon found that sediment dumps in headwaters and other small streams exert
profound deleterious effects on amphibian reproduction and survival. Individual species
densities and distributions within some mesohabitats along these massively impacted
streams and rivulets changed in ways that indicated mass population movement to
suboptimal habitat, population declines, or extirpation in response to the sediment dumps.
A study of the interaction of logging-related sediment incursions and trout predation on
larval and adult dusky salamanders (Desmognathus porphyriticus) in headwater streams
in the Appalachian Mountains (Lowe et al. 2004) revealed differential vulnerability to
each perturbation. Abundance of larvae was negatively related to brook trout abundance
and unrelated to substrate embeddedness, but abundance of adults was primarily related
to substrate embeddedness. Growth and survival of larvae also were negatively affected
by brook trout. The authors suggest that in streams where brook trout are present and
larval abundance is low, an unnatural increase in sedimentation could reduce adult
abundance, which could jeopardize entire stream populations of these amphibians.
Although the circumstances that provided the backdrop for these studies were unusual,
the study results indicate that sediment transport and deposition are indeed potential
hazards for amphibians and probably for exposed amphibian eggs in any lotic habitat.
The trout-sediment-salamander interaction study also suggests that foothill yellow-legged
frog populations (which often occur with trout) might be rendered more vulnerable to
extirpation by trout predation pressure subsequent to sediment releases.
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8.0
SUMMARY AND RECOMMENDATIONS

8.1

SUMMARY AND RECOMMENDATIONS

This section summarizes the material discussed in the previous chapters, in the context of
its relevance and application to Sierra Nevada stream fish and their habitats. Our
objectives are:


to identify the most appropriate operational turbidity and suspended sediment
measurement and evaluation methods;



to identify the components and parameters of turbidity and suspended sediment
that are most likely to adversely affect aquatic biota;



to evaluate the utility of current sediment and turbidity models in the context of
pulse-flow releases;



to identify and discuss significant scientific disagreement on any of the topics
covered in this white paper; and



to offer general recommendations for future appropriate studies and study
methods.
8.2

TURBIDITY AND SUSPENDED SEDIMENT MEASUREMENT EVALUATION

Two issues related to the appropriate metric for evaluation of turbidity and suspended
sediment emerged from our review of methodologies and analyses from the scientific
literature. These are:


the appropriateness of measuring turbidity (nephelometry) versus water clarity as
an indicator of light penetration and optical effects on aquatic biota; and



the appropriateness of using turbidity and suspended sediment measurements as
surrogates for each other when examining both potential optical effects and
effects due to mass sediment concentration (e.g. physiological effects) on aquatic
biota.

The principal advantages of using nephelometry to evaluate suspended sediment (as
turbidity) are that nephelometry instrumentation is widely available and inexpensive and
that NTUs have been used in a wide body of literature. It also is clear that nephelometry
instrumentation has had decades of use. Continuity of methods and units is usually
regarded as beneficial. Additionally, current California water quality regulations specify
required turbidity limits in NTUs, so nephelometry will continue to be the only
acceptable compliance method until the regulatory standards units are changed or
broadened to include water clarity data or other measures. However, nephelometry as a
research, management, or monitoring tool has several important drawbacks (DaviesColley and Smith 2001, Ziegler 2002) as discussed below.
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The variability of results related to inter-sample variation in particle composition,
size, and angularity (the nephelometer may deliver the same reading for two
samples with widely different suspended sediment particle classes and
concentrations).



Stream and seasonal variation in the relationship between turbidity and suspended
sediments.



The inconsistency of same-sample readings among various meter brands and
models (design and optics differences may cause different instrument brands to
report different NTU values or slopes for the same water sample series).



NTUs are an arbitrary scale, which cannot be related to any real physical quantity.

Further, because of the arbitrary scale of NTUs, nephelometers can only be calibrated by
arbitrary standards such as formazin, not by any independent method of measuring
turbidity, water clarity, or suspended sediment. Thus, NTU data are potentially
misleading and likely to lack consistency among studies, seasonally, or longitudinally
within a single management program (Davies-Colley and Smith 2001). Consequently, a
minimum requirement for any work with nephelometry is that the brand, model, and
serial number, light source, wave-length and defector geometry of the nephelometer
always be noted with the data (Davies-Colley and Smith 2001, Ziegler 2002).
Davies-Colley and Smith (2001) argue that “water clarity,” the inverse of turbidity, is a
far more useful and meaningful measure of the optical component of suspended sediment
than is nephelometry. For water clarity (“visual acuity”) measurements, the horizontal
black disk viewer offers a good (if somewhat cumbersome) alternative in that it reports
reproducible scientific units (in meters) with acceptable precision, and is seemingly easy
to learn to use (Davies-Colley and Smith 2001). Further, beam attenuation (m-1) as
determined in individual water samples by a beam transmissometer is the reciprocal of
the horizontal black disk measurement and could potentially serve as a useful laboratory
quality control to confirm the accuracy of in situ black disk readings, or as an alternative
field measurement. This is a fairly standard field method for measurement of light
attenuation in marine studies. Although the nephelometer (standardized to a single brand
and model for baseline and subsequent recording) may continue to be the instrument of
choice for regulatory compliance in California, the horizontal black-disc viewer and
beam transmissometer may be better alternatives for research and perhaps for
management decision-making and monitoring.
The primary difficulty of using turbidity or water clarity measurements as correlation
surrogates for suspended sediment concentrations is the differential contribution of
various types of suspended sediment particles to light attenuation. Waterways with
seasonally or temporally variable sediment particle size and composition profiles will be
more difficult in this regard than waterways with a single source and type of sediment
(Davies-Colley and Smith 2001). The only way to construct a reliable correlation is to
gather appropriate water clarity data across the time periods and flows of interest,
accompanied by accurate suspended sediment determinations sampled during the same
8-2

times. The recommendations of recent literature suggest that where suspended sediment
concentration effects are the focus of study, it is advisable to measure them directly rather
than by using surrogates. Where water clarity is of concern, then it should be measured
directly by an objective technique such as a black disc rather than by a surrogate measure
such as SSC or an arbitrary scale such as turbidity.
8.2.1 SUMMARY OF EFFECTS ON AQUATIC BIOTA ASSOCIATED WITH TURBIDITY
AND SUSPENDED SEDIMENT
This section summarizes documented effects of turbidity and suspended sediments on
benthic macroinvertebrates, fish, and aquatic amphibians. These effects are poorly
documented for stream-dwelling benthic macroinvertebrates, fairly well documented for
trout and salmonids (trout and salmon), and undocumented for amphibians and nonsalmonid native California stream fish. All three groups are worthy of more intensive
field study.
8.2.2 INVERTEBRATES
We reviewed reports of the effects of turbidity and suspended sediment on benthic
macroinvertebrate physiology, behavior (including drift and net construction), trophic
structure, and community response. Our review indicated that the effects of turbidity and
suspended sediment on benthic macroinvertebrates are poorly understood and thus
largely speculative. The effects of deposited sediment that can bury invertebrate colonies
and alter benthic habitat may, in fact, be more significant.
Seven studies included enough data to suggest conclusions. The most speculative were
the effects on benthic macroinvertebrate physiology, although the data suggested that
suspended sediment could affect respiration by adhering to gills and could possibly affect
the dermal cuticle when coarse sediment scours benthic habitat (Lemly 1982). The most
pronounced experimental effects of suspended sediment were observed on community
size, which decreased in rough proportion to duration of exposure, but not to increasing
concentration. Another experiment tested a suspended sediment concentration increase
from 0.0 to only ~7.5 mg/L with a five-hour exposure duration, which showed a
significant increase in macroinvertebrate drift (Rosenberg and Wiens 1978). A second
duration test study (Shaw and Richardson 2001) of increasing exposure duration (0-6
hours daily for 19 days) to about 700 mg/L suspended sediment also yielded a similar
pattern of increased drift, along with a decreased diversity of the remaining benthic
component. The results of these two studies suggest that threshold concentrations of
suspended sediment sufficient to affect macroinvertebrate community size are quite low,
but that significantly elevated concentrations may have little additional effect. Finally,
Van Niewenhuyse and LaPerriere (1986) showed that very high turbidity (to 3,400 NTU)
virtually eliminated primary productivity in benthic ecosystems, although these results
were confounded by the presence of heavy metal contamination.
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These studies indicate that relatively low concentrations of suspended sediment may
dramatically affect benthic community structure and ecology. It remains difficult to
separate the effects of suspended sediment from those of deposited sediment. Future
work should strive to eliminate deposited sediment from experimental systems and to
examine more closely the effects of exposure duration, particle size and composition, and
a wider spectrum of suspended sediment concentrations.
8.2.3

FISH (SALMONIDS)

Studies of the effects of suspended sediment and turbidity on salmonids dominate the
literature reviewed. Experimental studies have been devoted primarily to the effects on
salmonid behavior, particularly avoidance, the effects on foraging, and risk of predation.
Collectively these studies indicate that salmonids tend to avoid turbid water above about
25 NTUs, especially when they are exposed to it suddenly rather than gradually. Yet,
salmonids also will hide in moderately turbid water to avoid predation.
A potential research bias is that juvenile fish, the most common study subjects, are
inherently more vulnerable to predation than are adult fish and turbidity may offer an
important source of cover. In addition, juvenile salmonids also may be less vulnerable to
suspended sediment in moderate concentrations as an adaptation that allows them to find
shelter within such water. Noggle’s (1978) study of salmonid morbidity and mortality at
moderate to high suspended sediment concentrations suggests that some juvenile fish are
far more resistant to the physiological effects of turbidity than larger fish, although only a
few survived exposure to >1000 mg/L suspended sediment for 96 hours. This
observation may explain Newcombe and Jensen’s (1996) modeled finding that juvenile
salmonids overall are less vulnerable to suspended sediment than adult salmonids. Even
moderate gill damage, a very commonly cited consequence of exposure to suspended
sediment, was not consistently associated with mortality or correlated with sediment
concentration within Noggle’s work. In that work, a 134 mm steelhead survived 96 hours
of almost 13,000 mg/L suspended sediment with “little” gill pathology, while a 58 mm
coho salmon that died after 45.5 hours exposure to only about 1,500 mg/L showed
“some” gill damage.
Most of the physiologic parameters discussed in this review were studied in only one or a
few of the papers, but together they suggest that turbidity and suspended sediment exert
moderate physiologic effects, primarily through the hypothalamic-pituitary-adrenal
(“stress”) axis. The documented effects of exposure to elevated turbidity and suspended
sediment on growth and development also suggest a pituitary-thyroid axis involvement.
This and other pathways collectively suggest a cascade of pituitary hormones in response
to elevated turbidity/suspended sediment. However, the various studies indicate that
although salmonids may prefer clear water from a strictly physiological viewpoint, they
are capable of surviving moderate turbidity or suspended sediment for extended time
periods. In fact, some individuals can withstand extremely high sediment concentrations
with seemingly little adverse physiologic effect. This conclusion is not surprising since
turbid water is a frequent and widespread feature of the rivers and streams that these fish
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inhabit or use for reproductive activity. An objective of assessing effects on fish will
continue to focus on defining the threshold limits of exposure-both in time and
concentration. The exposure models discussed later in this chapter offer insight toward
that goal.
8.2.4

AMPHIBIANS

We included evaluation of turbidity and suspended sediment effects on amphibians in this
review, primarily because the ecologically-unique foothill yellow-legged frog (Rana
boylii) inhabits and spawns within main channel runs and riffles along many Sierra
Nevada streams and rivers, including river sections downstream of several dams and
diversions. No other native frog species utilizes main channel riffle habitat for foraging
or for reproduction. Unfortunately, our review yielded little information on the effects of
lotic turbidity or suspended sediments on any amphibian species, although Storer’s
(1925) observations suggest that eggs of the foothill yellow-legged frog are adapted to
moderate sediment deposition with an unknown “damage” threshold. Lind et al. (1996)
offer useful information about the effects of dam-mediated water level manipulation on
this frog species, but sediment effects are not included in their analysis. Clearly,
additional information from both field and laboratory study is needed to assist in
evaluating potential effects of sediment and turbidity.
8.3

THE UTILITY OF AVAILABLE EXPOSURE EFFECTS MODELS

Newcombe and Jensen (1996) summarized and synthesized the highly diverse literature
on suspended sediment effects on fish into a manageable series of six tabular effectsmodel interpretations. Each of the six applies to a different fish taxon or life history stage
and in some cases to a different series of sedimentation particle sizes. Important features
of the Newcombe and Jensen (1996) model are that it addresses the dose-response effect
of fish to the interaction of suspended sediment concentration and duration of exposure.
The model accounts for the information derived from the literature that different fish taxa
and life stages react differently to suspended sediment concentration and duration of
exposure. The model is structured into a tiered series of effect categories resulting from
the interaction of concentration and duration of exposure with the following major tiers:


“Nil” (no discernable) effects;



Behavioral effects (presumably not damaging);



Sublethal effects, but damaging; and



Lethal and paralethal effects.

Newcombe (2003) developed a similar “duration of exposure” model for the effects of
turbidity (water clarity) on fishes, based primarily on peer discussion rather than the type
of meta-analysis used by Newcombe and Jensen (1996). The focus of this model is on
effects related to water clarity. This model also incorporates “fish reactive distance”
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(calibrated for trout only), correlated roughly to turbidity and by inference to water
clarity, as an alternative to biologically based calibration.
The subsequent scientific literature does not suggest that either model has been applied
widely as a research tool. However, the Newcombe and Jensen (1996) model has been
applied in a number of “real world” applications. It has been recommended for use in
helping to set total maximum daily loads (TMDLs) of sediment in a number of states
including California, and in assessing management actions (e.g., Central Coast RWQCB
2004, IDEQ 2003, USEPA 2004). For example, TMDL numeric sediment targets for the
Pajaro River Watershed (located in Monterey, San Benito, Santa Cruz and Santa Clara
counties) were based on the concentration/duration model of Newcombe and Jensen
(1996) (Central Coast California RWQCB 2004). Modeled TMDL targets were based on
Newcombe and Jensen’s SEV 8 exposure ranges (indications of major physiological
stress). Targets were specified for specific subwatershed areas to account for variation in
sediment-loading characteristics.
The Newcombe and Jensen (1996) model also was used to assess potential effects of the
USEPA Superfund Program clean-up plan for the Milltown Reservoir/Clark Fork River
Superfund site in Montana (USEPA 2004, USEPA and FERC 2004). The U.S. Fish and
Wildlife Service used the Newcombe and Jensen (1996) model in their biological opinion
for this USEPA Superfund clean-up plan to evaluate project effects on ESA-protected
bulltrout. The Idaho Department of Environmental Quality (IDEQ) based their TMDL
guidelines on the model of Newcombe and Jensen (1996) for suspended sediment targets
in the Snake River (IDEQ 2003). The model has also been referenced in other reviews
and in the gray literature (Reid and Anderson no date, Clark and Wilbur 2000).
The Newcombe (2003) model is as amenable as the earlier model to use for simple
assessment of the effects of turbidity as a duration and measurement dose-response
(particularly as measured by objective measures such as water clarity measures such as
horizontal black disc visibility). Notably, Newcombe (2003) strongly criticizes the
appropriateness of nephelometric turbidity measurements in turbidity studies, paralleling
similar criticism by Davies-Colley and Smith (2001). His model states that water clarity
measures including horizontal black disk and beam attenuation measurements are
“preferred,” and that nephelometric units should be considered as an “alternate” method
to measure turbidity.
8.3.1

MODEL CAVEATS

The Newcombe and Jensen (1996) and Newcombe (2003) models can be used as tools to
assess the effects of suspended sediment or turbidity on fish in streams. These models
can also assist in identifying potential suspended sediment or turbidity objectives for
stream management. However, it is important to appreciate the limitations of each. The
most important limitation of both models is that neither has been specifically validated
for any locality, let alone for the broad geographic region and range of hydrologic
conditions. Newcombe and Jensen (1996) stated that validation would [only] come from
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further studies, and is “…bound to be a slow process.” Given the diversity of published
reports that form the foundation of the Newcombe and Jensen (1996) model and the
potentially non-objective nature of the input to the Newcombe (2003) model, validation
(i.e., calibration) for any locality where either is to be applied is an important
consideration. The Newcombe and Jensen (1996) model was constructed from data
collected from 80 published papers, representing at least 50 fish species and a large
number of different sets of experimental and observational conditions. This is not
necessarily a drawback, but it does suggest that further corroboration for the values of the
individual cells within the model matrix would be desirable for species of interest. It is
recognized that application of these models for use with salmonids is based on a broader
literature base than for other taxa.
Other factors not addressed in either models include: overall particle composition, water
temperature, water velocity, physical characters of the streams, rate of increase of
sediment concentration over background level, and frequency (not duration) of acute
exposure. Variability among these factors between the study conditions that contributed
to the models and later experimental conditions applied against the models are likely to
affect the reliability of the results. For those reasons and because of residual uncertainty
of these models to specific locations and species, they should be considered to offer
guidelines, not rules, for turbidity and suspended sediment assessment and management.
Despite their shortcomings, the Newcombe and Jensen (1996) and Newcombe (2003)
suspended sediment and turbidity effects models remain the best available interpretations
of sediment dose-response effects on fish. Local evaluation or calibration of these
models is an important aspect to increasing their reliability and the certainty of their
results.
8.4

GENERAL RECOMMENDATIONS

Based on review of the relevant literature, we suggest the following recommendations in
the design of future field studies where the effects of water clarity and suspended
sediment on aquatic biota are a main concern.


The Newcombe (2003) and Newcombe and Jensen (1996) models can be used to
provide a reasonable framework for assessing potential effects on fish,
particularly salmonids.



To reduce uncertainty, inputs to the Newcombe and Jensen (1996) model
preferably should be determined by direct measurement of suspended sediment.



Input to the Newcombe (2003) model preferably should be determined by water
clarity measurement. This model should be used when water clarity effects on
fish are the main concern.



If a turbidity measure (nephelometry) is used, there should be field calibration of
turbidity with water clarity and/or suspended sediment.
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Prior to the routine use of the Newcombe and Jensen (1996) or Newcombe (2003)
models as management tools, additional corroboration of duration and
concentration effect levels should be made for selected species of concern.



Studies should be conducted on lifestages of non-salmonid native fish and
amphibians, which may be of particular concern to determine SEV on these
species and their habitat.
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SEDIMENTATION EFFECTS ON AQUATIC ORGANISMS

Appendix A provides a brief overview of literature related to deposited sediment on aquatic
organisms and their habitat. Definitions and properties of sediment are provided, as well as a
description of common techniques used for measurement. Literature related to effects of
sediment deposition on invertebrates and fish is reviewed.
1.1

DEFINITION AND PROPERTIES

The US Geological Survey (Edwards and Glysson 1999) defines fluvial sediment as fragmentary
material that originates mostly from weathering of rocks, which is transported by or deposited
from water. Fluvial sediment includes inorganic, biological, and decomposed organic material.
Sediment is transported from watershed surfaces to channels in three main ways: soil loss and
erosion from upland areas, mass movement such as landslides (Swanston 1991, Beschta 1996),
and streambank or channel erosion. Once sediment is delivered to a stream, the two dominant
mechanisms of sediment transport in streams are bedload (sliding, rolling, or bouncing along the
bottom) and suspended load. Bedload transport principally affects the instream habitat
characteristics of the channel bed. “Bed material load,” primarily coarse material such as sand
and gravel, is a primary constituent of anadromous fish spawning habitat. Suspended load is
typically limited to clay and silt-sized particles, which can be moved under most flows. The
material that settles from the flowing water to the stream bed includes some proportion of each
type, but is primarily bed material because of its greater average particle radius (Hicks and
Gomez 2003).
Particle sorting in the water column is a function of time and distance from the initial
disturbance. The coarsest particles sink quickly and travel short distances. Fine-grained
sediments, which are mostly responsible for water cloudiness, remain in suspension for long
periods of time. Therefore, coarse and fine sediments have different fates and different modes of
effect on biota (Newcombe 2003). Sand particles (< 2.0 mm diameter) are moved as flows
increase, but remain on the streambed between storms. During storm flows, larger sediments can
be moved (Swanston 1991). In riffles and cascades, flows are shallow and fast and suspended
sediment may be transported through these habitats. In deep pools with low velocities,
suspended and bed-load sediments are more likely to be deposited.
The mode of transport influences the rate and profile of settled material and also dictates the
methodology for measuring sediment load. Additional concepts include the stream’s transport
capacity, which is a measure of the stream’s ability to transport bed load, and flow competence,
which relates to the maximum size (particle radius) of sediment that can be moved by a specified
flow condition (Hicks and Gomez 2003). In general, fine suspended material tends to be
concentrated uniformly in flowing water, but coarser suspended material is concentrated near the
streambed (Edwards and Glysson 1999).
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1.2
1.2.1

SEDIMENT MEASUREMENT
BEDLOAD SAMPLING

Bedload composition varies across short distances because of streambed topography, variation in
source material composition, and variable hydraulic conditions. Therefore, bedload should be
sampled at evenly-spaced points across the stream channel. Subsamples of a single transect are
combined to yield a single sample (one data point). Multiple transects of the same stream should
be sampled similarly to yield a profile of the stream bedload (Beschta 1996). The Helley-Smith
pressure-difference sampler is widely used because it is a relatively compact, hand-held unit and
it appears to minimize hydraulic interference with stream flow and transported bed material
(Hicks and Gomez 2003). The device consists of a rigid, square, 77 mm orifice and surrounding
rigid frame, with a triangular or much larger cylindrical mesh bag that collects the bed load
sediment as it enters the orifice. The frame is held against the streambed for a (recorded)
standard time period, and bedload is collected into the net. At the end of the sampling period the
sediment is transferred to an appropriate container for later analysis in the field or laboratory.
The sampling efficiency and accuracy declines substantially if the bag is overfilled or if the mesh
becomes clogged with fine particles, and it is essential to use that same type of bag for all
samples within a single stream (Beschta 1981, Hicks and Gomez 2003).
Some doubt remains about sampling accuracy with the Helley-Smith sampler, but Hicks and
Gomez (2003) suggest that calibration for each stream reduces or eliminates accuracy problems
with this device. Conversely, the “bedload trap” sampling system is regarded as 100 percent
accurate. This system consists of a chamber or box sunk into the stream bed, with an upstream
lip that putatively intercepts 100 percent of the bedload if the opening is wide enough to catch
saltating particles (Hicks and Gomez 2003). However, bedload traps are difficult and expensive
to install, and depending on design, they may require extensive maintenance to preserve their
functionality (Hicks and Gomez 2003).
1.2.2

BEDLOAD ANALYSIS

Bedload samples are weighed in the field or laboratory, and weight (Mb) is combined in a simple
formula with subsample time duration (T), the number of subsamples (N), the wetted width of
the stream channel (W), and an empirically derived unitless constant to yield instantaneous
bedload transport rate (Qb(kg/s)):

Qb =

Mb 1 W
x x
T N 0.076

Volumetric determination can be substituted for weight in the field if a sufficiently large balance
is not available (Beschta 1996). The formula for total sediment mass (Mb) calculated from
volumetric determination includes terms for Specific Weight (SWb) of different types and
mixtures of sediment (Gottschalk 1964) and sediment volume (Vb):

Mb = Vb x SWb
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If the sample is weighed in the laboratory, it should first be cooked in a muffle oven at 550°C for
24 hours to remove any organic material. If information on particle size distribution in the
sample is desired, the sample can be sieved through a series of standard meshes and the yield
from each sieve weighed to yield a particle size profile, usually plotted as a cumulative
frequency on log paper (Beschta 1996).
1.3

EFFECTS OF DEPOSITED SEDIMENT ON MACROINVERTEBRATES

1.3.1 BEHAVIORAL EFFECTS
One of the most important behavioral effects of deposited sediment on aquatic invertebrates is an
increase in drift density. Drift is the downstream transport of aquatic insects with the current
(Cereghino et al. 2004). Drift is a natural phenomenon that is assumed to be an active,
behavioral process allowing the regulation of benthic production and downstream colonization
(Cereghino et al. 2004). This behavior also shows a diel periodicity, with higher drift density
occurring during the night than the day and larger individuals entering the drift at night.
Natural or man-made disturbances, such as very sudden increases in flow (which may mobilize a
substantial portion of the bedload) or a large sediment influx, can cause ‘catastrophic drift.’ This
sudden and large-scale drift may be the result of dislodgment caused by rapid flow increases or
avoidance behavior by the organisms due to the effects of transported sediment. Invertebrates
also can become dislodged due to the effect of rolling or saltating particles. Culp et al. (1986)
concluded that saltating sediments were the primary factor causing a reduction in benthic
densities of more than 50 percent in their field study of fine sediment additions. They also found
that there was both a distinct, immediate effect (in the form of increased drift) and delayed
responses. Macroinvertebrates having a delayed response were initially present below the
surface but became exposed to sediment effects during their vertical shift in distribution 6 to 9
hours after the sediment additions. The abundance and composition of the benthic assemblage is
likely to be altered due to differing responses of species based on differences in the sizes and
tolerances of the species and life stages present (Cereghino et al. 2004). These effects vary with
season, reflecting differences in life stages and species present.
Net making species can be affected by fouling, ripping or burying of their nets (Strand and
Merritt 1997). In turn, this could decrease food acquisition and result in a reduction in adult
reproductive success due to time and energy costs. Strand and Merritt (1997) studied the effects
of daily exposure to moderate levels of sedimentation on the net-spinning Trichoptera
Hydropsyche betteni and Ceratopsyche sparna. In this experiment, daily additions of sediment
were made over a 16-day period. Larval survival was reduced, although growth rates were not
altered. Sedimentation treatments reduced larval survival of both species, but H. betteni was less
tolerant and had lower survival. Non-lethal, behavioral effects were observed, although declines
in abundance were not detected. Nets became clogged with sediment after exposure and were
cleaned or replaced by the organisms prior to the onset of the next trial. Net maintenance costs
were apparently negligible over the 16-day study. However, if younger larvae had been studied,
they may have responded differently.
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1.3.2 HABITAT IMPACTS
Deposited sediment affects benthic invertebrates by directly altering the condition of the
substrate they inhabit and indirectly by smothering periphyton. Periphyton is an important food
source for many taxa, particularly grazers.
Various invertebrate taxa inhabit either the substrate surfaces (i.e., the top, bottom or sides of
cobbles and boulders), the interstices of coarser material, or both the surface and interstices,
depending on their life stage and habits (Brusven and Prather 1974). Additionally, those that
inhabit the interstices may do so at great depth, thus occupying what is referred to as the
hyporheic zone. When fine sediments embed cobbles, access to the interstitial and hyporheic
habitats is restricted to a few specialized burrowing taxa (Brusven and Prather 1974). Sand size
particles may be a more serious pollutant than silt in some streams because they remain settled
during lower flows, whereas silts may be suspended and carried to slower portions of the river
where they may settle. When a substantial amount of sediment settles on and around the coarser
substrata, an impermeable sediment barrier may form, causing reductions in hyporheic oxygen
levels. Ryan (1991) reported that a 12 to 17 percent increase in interstitial fine sediment caused
a 16 to 40 percent reduction in invertebrate abundance in New Zealand streams.
Richards and Bacon (1994) found that macroinvertebrate colonization of the hyporheos was
distinctly affected by the quantity of fine sediment that had filled the interstitial spaces,
particularly sediment smaller than 1.50 mm. Not only does this size range of particles clog the
interstitial spaces and thus alter subsurface flow, but also reduces the availability of dissolved
oxygen. In their study, the total numbers of invertebrates were only 22 percent of those observed
at the surface (Richards and Bacon 1994). This difference is not typically found in streams
without a high proportion of fine sediment in the hyporheos. The ultimate effect of this may be a
significant reduction in secondary production and food production for fish.
1.3.3 COMMUNITY RESPONSE
The distribution of grazing invertebrates can be affected by the smothering of algal habitat and
abrasion or scouring of cells (Vuori and Joensuu 1996). In turn, the numbers of predatory
invertebrates and other secondary consumers in the system may decrease due to lack of food
resources.
Studies have demonstrated that macroinvertebrate distribution is correlated with particle size and
heterogeneity, as well as detritus in the substratum (Waters 1995, Culp et al. 1983). The
importance of invertebrates as processors of organic matter and in the transfer of energy in
aquatic systems is well-established (McCullough et al. 1979, Cummins and Klug 1979). If
organic materials become buried by sediment it would be expected to impact the benthic
community and interfere with organic matter processing. The deposition of organic material
requires streams with rocky bottoms and available interstitial area. Excessive sediments and
sedimentation can adversely affect the periphyton community and interfere with organic matter
processing (McCelland and Brusven 1980).
Waters (1995) summarized research on the effects of deposited fine sediments on benthic
invertebrates in streams. The diversity of species is often reduced. This includes reduction in
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sensitive species and life stages. Filter feeders and grazers are often reduced. This in turn may
cause reductions in predaceous insect larvae.
The degree of substrate embeddedness within fine sediments is related to invertebrate
composition and abundance (Waters 1995). Bjornn et al. 1977 found that when embeddedness
was from zero to one-third, invertebrate communities were maintained. However, when it
exceeded one-third, abundance declined by 50 percent. Research has found that the
Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa are the least tolerant to sediment and are
readily lost (McClelland and Brusven 1980), although burrowing types such as oligochaetes and
Diptera may actually increase.
Zweig (2000) investigated the relation of benthic invertebrate communities to deposited
sediment in four Missouri Ozark streams. Several community measures, including taxa richness,
density, EPT richness, and EPT density, were related to percent cover and embeddedness.
Deposited sediment level was shown to be related to community structure, with increasing
sediment resulting in fewer taxa, lower densities, a greater proportion of shredders and lower
proportion of gatherers, scrapers and filterers. It was also found that the proportion of burrowing
taxa increased. Invertebrate density decreased substantially once 30 percent sediment cover was
reached. This paper also demonstrated that the relationship of invertebrate response and
tolerance to sediment must be evaluated at the genus or species levels due to the diversity that
occurs at the family level.
Relyea et al. (2000) found that invertebrate species tolerances to fine sediment differed notably
in an evaluation of data from 562 stream segments from Idaho, Oregon, Washington, and
Wyoming. The objective of their study was to determine which taxa, functional feeding groups,
or commonly used bioassessment metrics respond to increased fine inorganic sediment and
might be used to develop a fine sediment bioassessment index. Their analysis revealed speciesspecific responses to the amount of fine sediment in a streambed. For example, the mayfly
Drunella doddsi did not occur in streams with more than 37 percent fine sediment. In contrast,
Tricorythodes minutus preferred fines and was found in high numbers where large amounts (up
to 60 percent) of fine sediment occurred. Species from other taxa groups are also known to be
fine sediment intolerant (Trichoptera and Plecoptera) or tolerant (Diptera). This study
demonstrates the usefulness of identifying invertebrate tolerances to fine sediment for a given
region as a tool for assessing fine sediment impacts.
McClelland and Brusven (1980) examined the effects of three levels of sedimentation on the
behavior and distribution of three orders of aquatic insects (Ephemeroptera, Plecoptera and
Trichoptera). Introduced sediment in laboratory streams caused the filling of substrate interstices
and reduced the “effective” size of surface cobbles, which resulted in a decrease of
macroinvertebrate density in the examined regions.
McCelland and Brusven (1980) attribute differences in macroinvertebrate response to differences
in morphology, food requirements, and mode of respiration. As sediment level increased, fewer
organisms were present. Ephemeroptera were the least sensitive to introduced quantities of
sediments. Rhithrogena robusta is dorso-ventrally flattened and utilized the small spaces
beneath and on the sides of sealed cobble substrates. Ephemerella doddsi possesses a ventral
suction disk and was found to utilize exposed surfaces of cobbles. Differences between the
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Trichopteran species Rhyacophila acropedes and Arctopsyche grandis were observed. R.
acropedes is a free living type of Trichoptera and was more sensitive to increased sediment than
was the net building A. grandis. However, the authors did note that this was a short duration
study and over time sediment scour and deposition could reduce the available sites for net
attachment. Plecopteran species (Pteronarcys californica, Hesperoperla pacifica, Cultus sp. and
Skwala sp.) were the most sensitive to sediment increases of the macroinvertebrates examined.
Behavioral observations revealed that few of the macroinvertebrates attempted to gain access
beneath cobbles sealed with fine sediment, even though the sediment remained loose and could
have been excavated (McCelland and Brusven 1980). In natural streambeds, fine sediment is
often composed of silt and clay which is highly cohesive and over time can cement the stream
bottom and reduce habitat available for non-burrowing species. Therefore, it is likely that
excessive sedimentation may be more harmful to deep-living than surface populations. The
streambed surface may be periodically scoured during times of increase flow, whereas
subsurface accumulations are more permanent (McCelland and Brusven 1980).
Persistent sediment pollution can result in permanent replacement of the assemblage with those
that can tolerate high silt and burrow in the silt. The effects of moderate levels of chronic
sedimentation (that does not cause total habitat transformation) are less well-known (Strand and
Merritt 1997).
1.4

EFFECTS OF DEPOSITED SEDIMENT ON SALMONID FISH HABITAT

1.4.1 KEY LIFE HISTORY FEATURES
Most salmonid fish spawn in streams and rivers during various seasons specific to species,
localities, and subpopulations. Anadromous fish migrate into rivers and streams from the ocean.
Freshwater salmonids may move into streams from lentic habitat or move into suitable spawning
habitat from elsewhere in streams and rivers. Spawning fish excavate egg-deposition sites
known as “redds” in gravel stream beds, deposit eggs in excavated pockets, and cover the eggs
with gravel to a depth of as much as 40 cm. The eggs hatch into alevin (egg sac stage larvae) in
a few days to a few weeks. The alevin remain in the interstitial spaces within redds and survive
and mature exclusively on yolk sac contents. Some time after the yolk sac is absorbed the fry
emerge from the redds as free-swimmers, as much as several months after hatching (Groot and
Margolis 1991). Depending on species, anadromous salmonid fry migrate downstream to
estuarine or oceanic habitat or remain in fresh water, typically along riffles and pools (Groot and
Margolis 1991). Fry of strictly freshwater species inhabit riffles during the winter and pools
during the summer (Alexander and Hansen 1983). Some anadromous salmonid species perish
after a single spawning run, and some others survive and return to the ocean.
1.4.2 SEDIMENT EFFECTS ON SPAWNING HABITAT

Bedload sediments – Heavy bedload sediment incursion into stream riffles and pools has been
shown to have highly deleterious impacts on fish spawning habitat. As early as 1870 the
Commissioners of Fisheries of California lamented that salmon had vanished from the Yuba and
American Rivers of California because hydraulic mining sediments had covered all of the
spawning beds—the Commission also noted that salmon readily swim through muddy water
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“…if beyond they find clear water and clean gravelly bottoms” (Sumner and Smith 1940).
Clearly, massive sedimentation subsequent to fire, road construction, deforestation, or land use
changes may temporarily or permanently eliminate spawning habitat altogether and destroy
embryos and alevin within existing redds, and thus reduce or extirpate the local year-class
salmonid population. A threshold depth of overlaid sediment beyond which salmonids cannot
spawn successfully undoubtedly exists but is apparently undocumented.

Fine sediments – Sufficient flowing water must always be available to developing embryos and
alevin within redds in order to supply oxygen and remove metabolic wastes. “Permeability” of
the redd is the empirical index of that availability, and it is governed by the availability of
interstitial spaces within the redd gravel (Chapman 1988, Bjornn and Reiser 1991, Waters 1995).
Salmonid fish tend to spawn where subsurface upwelling or downwelling currents exist (such as
at pool tailwaters or at the upstream ends of riffles), which are usually associated with aggregate
beds and which suggests that sufficient water influx is probably assured at the time of spawning
(Reiser and Wesche 1977, cited by Bjornn and Reiser 1991, Kondolf 2000). As long as
subsurface currents are present, the moderate presence of fine sediments within potential redd
sites probably does not discourage spawning. Spawning female salmonids also excavate redd
sites very energetically and they effectively clean most such fine sediment out of the redd gravel
(Chapman 1988, Kondolf 2000). Fine, entrapped sediments also may already be less prevalent
in traditional spawning areas than elsewhere in the streambed because repeated spawning by
many fish over many years tends to maintain the gravel in favored redd areas in coarser
configuration (Chapman 1988). Thus, although gravel or cobble substrate is critically important
for spawning (Bjornn and Reiser 1991), spawning habitat selection may be initiated by
environmental cues other than substrate composition, such as the presence of subsurface
currents. Further, spawning habitat may not be particularly vulnerable to permanent damage or
loss by moderate turbidity/suspended sediments as long as historic flow velocities are
maintained. For example, substantial sedimentation consequent to moderate storm events does
not usually alter redd site selection by spawning fish, even though it poses a threat to embryos if
these events occur after spawning (Lisle 1989).
1.4.3 EFFECTS ON REDDS AND INCUBATION
Although redds offer security from predation and scouring, they are potential sediment traps and
their distinctive shape may promote sediment-bearing water influx; suspended sediment load is
very likely to be transported directly into redds (Cordone and Kelley 1961, Cooper 1965).
Sedimentation impacts to salmonid eggs and alevins have been studied directly in nature by
trapping and counting all of the emerging fry from redds and comparing that number to the
estimated redd clutch size (Snyder 1983, Chapman 1988). Sedimentation impacts on embryo
survival also have been studied experimentally by inserting “eyed” salmon eggs into river gravel
or existing redds (e.g., Reiser and White 1988). Laboratory studies involved constructing
artificial egg pockets and measuring embryo survival as a function of sediment particle diameter
percentage or percent distribution (Chapman 1988). Observational and experimental approaches
have yielded substantial information on critical sedimentation impacts related to particle size and
profile within the redd.
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Subsequent studies revealed that significant egg or alevin mortality occurred in redds where
sediments smaller than 0.8 mm diameter exceeded 20 percent of the redd composition, as
sampled by various coring techniques (Waters 1995) (Figures A-1, A-2, A-3).
Other authors claim that a more sophisticated analysis of redd substratum characterization than
simple percentage of fines yields a clearer, far less variable picture of salmonid embryo and
alevin survival as a function of sediment diameter. Platts et al. (1979) suggested that the
geometric mean particle size of a redd aggregate sample predicts spawning success far more
precisely than does percentage of fines in the redd. Tappel and Bjornn (1983) used an
experimentally-derived, log-normal distribution of particle sizes to describe redd gravel size
composition. Lotspeich and Everest (1981) developed the “fredle index,” which expresses
substratum diameter composition as a variance (Waters 1995) (Figure A-4). The fredle index
seems to be the most favored of these approaches (Chapman 1988, Waters 1995, Kondolf 2000),
although Young et al. (1991) conducted experiments that showed the fredle index and geometric
mean calculations yielded similar results. Kondolf (2000) maintains that sediments and gravel
are too complex to expect any single-variable descriptor to be a good index. Young et al. (1989)
also made the important point that overall substrate composition (including fine sediments) in the
redd is of less significance to developing embryos than is the distribution of sediments. Fine
sediments in the area immediately surrounding the egg pocket are of greater detriment to embryo
survival than they are elsewhere in the redd. Measurement of sediment distribution within the
redd requires special sampling techniques that are discussed below.
In a pivotal review, Chapman (1988) criticized most of the embryo mortality laboratory studies
because they oversimplified the conditions that surround the egg clutch. He also criticized most
of the field studies because they did not address all of the relevant environmental parameters that
surround the egg pocket (fredle index, oxygenation, permeability, flow, etc). Chapman
recommended that future work emphasize fry-trapping and multi-parameter studies of egg
pockets under natural conditions. Young et al. (1991) criticized fry-trapping because it assumes
an initial, near 100 percent egg fertilization and viability, it fails to account for known wide
variation in fecundity as correlated with female length, and it fails to consider redd overlap or
superimposition by multiple females.
Sampling redd gravel and egg pockets is also problematic, particularly where the objective is to
avoid disturbing gravel stratification so that its structure can be studied directly. Although
several techniques can be used (Walkotten 1973), only the freeze-core technique (e.g., Young
and Hubert 1989) has allowed direct investigation of natural egg pockets and their surroundings.
Direct study of egg pockets by freeze-core sampling in conjunction with the fredle index gravel
descriptor has confirmed that female salmonids deliberately expel fine sediments from gravel
that surrounds the egg pocket (Chapman 1988, Waters 1995). This has helped to differentiate
permeability reduction-related mortality (which kills embryos) from emergence failure (which
kills fry) (Waters 1995). Despite the inconsistencies among studies and the criticisms of
methodologies, the preponderance of evidence derived from numerous studies across many sites,
circumstances, species, and spawning systems indicates clearly that fine sediments (≤0.833 mm)
can accumulate in interstitial spaces of redd gravel, reduce redd permeability (McNeil and
Ahnell 1964, Table A-1), and increase embryo mortality.
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Figure A-1.

Survival of Chinook Salmon and Steelhead Eggs in Relation to
Combination of Fine (<0.84 mm) and Coarse (0.84-4.6 mm) Sediments
in the Incubation Gravel (Reiser and White 1988).
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Figure A-2.

Survival of Chinook Salmon and Steelhead Eggs in Relation to
Proportions of (A) Fine (<0.84 mm) and (B) Coarse (0.84-4.6 mm)
Sediments in the Incubation Gravel (Reiser and White 1988).
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Figure A-3.

Survival of Salmonid Embryos to Emergence in Relation to Fines
Smaller than 0.85 mm in Diameter (Chapman 1988).
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Figure A-4.

Survival to Emergence in Relation to the Fredle Index for Natural
Coho Salmon Redds (Koski 1966) and for Chinook Salmon and
Steelhead (Tappel and Bjornn 1983) and Sockeye Salmon (Cooper
1965) in Laboratory Gravel Mixes (Chapman 1988).
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Table A-1.
Decrease in permeability of bottom materials from salmon spawning beds
with addition of fine particles. From McNeil and Ahnell (1964).
No fine particles added

Fine particles added

Percent passing through 0.833-mm
sieve

Permeability
(cm/min)

Percent passing
through 0.833-mm
sieve

Permeability
(cm/min)

6.1
4.5
14.7
10.3
10.9
9.7
12.7
5.6

270
510
29
177
58
163
43
313

8.8
7.3
17.1
12.8
13.4
12.4
15.3
8.1

80
362
14
99
40
57
10
173
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1.4.4 EFFECTS ON REDDS AND FRY EMERGENCE
Another potential impact of sedimentation on redds is entrapment or entombment of fry as they
attempt to emerge from the redd to the free-swimming stage. Koski (1966) was the first to show
that fry entombment by sediment accumulation is a significant, negative impact to salmonid
recruitment. Although very fine sediments (0.8 mm or less) seemingly exert negative influence
on incubation, the sediment particle diameter range that tends to entomb fry in redds is somewhat
larger but it undoubtedly incorporates fines of the size range that smothers embryos. Commonly
cited sediment particle diameters that impede fry emergence range from 1.0 to 6.0 mm, but fry
survival to emergence begins to decline when these particle sizes reach only 10 percent of the
redd composition (Hall and Lantz 1969, cited by Waters [1995], Bjornn and Reiser 1991). In
several studies cited by Bjornn and Reiser (1991) just 50 percent of fry survived to emergence
when particles of 1 to 3 mm in diameter reached 30 to 40 percent of the total redd composition.
1.4.5 EFFECTS ON REARING HABITAT
Recent research on this topic has highlighted sediment damage to fish stream rearing habitat.
Very small juvenile fish are particularly vulnerable to such habitat perturbation because they
depend on aggregate interstices for winter refuge and on relatively deep pools for summer cover.
Both of these habitat types are particularly vulnerable to alteration by deposited sediment. Elliott
(1989, cited by Waters 1995) showed that the “strength” of a salmonid year-class typically
depends on critical events during juvenile stages, so massive die-off of anadromous fry or
juveniles within single years has multi-generational consequences. Bjornn et al. (1974, cited by
Waters 1995) were the first to show experimentally and by observation that winter fry habitat in
gravel beds is severely impacted by the addition of sediments smaller than 6.4 mm in diameter
because such sediments fill interstices and block fry from secure refugia. The effect is most
pronounced at water temperatures less than 5°C, the range where fry normally remain in
interstices. The relationship between fry population reduction and the degree of gravel bed
embeddedness by sediments was linear. The sediment incursion that exerts the greatest negative
impact on rearing habitat presumably originates from bedload because suspended load is
probably not sufficiently dense or concentrated to fill large interstitial volumes.
Likewise, heavy bedload sediment incursion destroys summer pool rearing habitat along streams,
not only by filling pools and blanketing structural cover but also by consequent alterations to
channel morphology and fluvial processes. Waters (1995) cited numerous studies that correlated
salmonid population reductions or extirpations with pool sedimentation from various sources.
For example, Alexander and Hansen (1983) experimentally added over 4,200 cubic yards of sand
bed load to a Michigan brook trout stream over five years (stream discharge = 20 ft3/s), which
increased normal bedload fourfold, widened and “shallowed” the stream, and filled pools. The
stream channel became a shallow continuous sandy run without pools or riffles, water velocity
and mean temperature increased, and the brook trout population/abundance declined by half
(Figure A-5). Growth rate of individual fish did not change, but the brook trout population
adjustment occurred primarily in the egg-to-fry or fry-to-fingerling stages, presumably
attributable to decrease in food supply (Figure A-6) and possibly increase in predation. The fish
population did not rebound until five years after the end of bedload supplementation.
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Note: Dashed regression line is for pretreatment ratios (1968-1975) and the solid line is for
treatment ratios (1971-1981).
Figure A-5.

Ratio of the Total Number of Trout Present in the Treated Area (sand
added to a Michigan trout stream), Divided by the Total Number of
Trout Present in the Control Area, for each Spring and Fall
(Alexander and Hansen 1983).
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Figure A-6.

Ratio T/C of Number of Invertebrates Per Square Foot of Stream Bottom
(Alexander and Hansen 1983).
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1.4.6 SUMMARY: EFFECTS OF TURBIDITY/SEDIMENTS ON FISH SPAWNING AND REARING
HABITAT

Effects on spawning. Moderate sedimentation is not known to affect salmonid spawning habitat
or behavior. However, chronic, heavy bed load and possibly suspended sediments can blanket
spawning gravel and disrupt characteristic subsurface flows so that salmonid spawning is
disrupted or precluded.
Effects on redds and incubation. Although there is widespread agreement that substantial fine
sediment (particle diameters <0.833 mm) infiltration into redd gravel reduces embryo survival,
much disagreement remains about appropriate ways to investigate these impacts. The number
and variety of pertinent studies, nearly all of which point to correlation between unusual embryo
mortality and sediment infiltration into redd gravel, clearly indicate that fine sediment is
detrimental to embryos in redds. Much work remains to elucidate the mechanisms of infiltration
and subsequent reduction in permeability, the threshold sediment inflows that begin to cause
embryo mortality, the relationship of turbidity to subsequent fines deposition in redds, and the
long-term effects of chronic sedimentation on salmonid populations.
Effects on redds and fry emergence. Relatively fine suspended and bedload sediments (1-6 mm
diameter) are known to fill gravel interstices sufficiently to entomb salmonid fry prior to
emergence to the free-swimming stage. An impact threshold appears to occur when moderately
fine sediments reach approximately 10 percent of redd composition. Complete entombment
occurs when these sediments reach 40 percent of redd composition.
Effects on rearing habitat. Transported bedload sediments affect salmonid rearing habitat when
the sediments are deposited over riffle aggregates that normally offer winter refuge habitat for
salmonid fry, and when the sediments fill deep pools that normally offer summer foraging and
refuge habitat. Sediments of diameter smaller than 6.2 mm (fine gravel and sand) most
significantly affect riffle habitat; similar sediment sizes also entomb emerging fry. Summer
refuge pools and associated cover can be obliterated by substantial increases of deposited
sediment. Experiments have shown that a fourfold increase over natural transport can damage
pool and riffle habitat for years, and the impacts are reflected in greatly reduced salmonid fish
population levels. Affected waterways can recover when the excessive sediment transport
ceases, but recovery can take many years.
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