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Can be defined as a heat balance with expression of the radiation and advective
exchange components.

A form of the energy balance equation

Radiative Exchanges
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Radiation inputs to stream surface include incoming solar radiation (direct and
diffuse) and long-wave radiation emitted by the atmosphere, forest canopy and
topography.

Canopy will reduce the direct component of solar radiation and will redistribute
some of the diffuse component.

Channel morphology (wide, narrow, and topographically shaded) will influence how
much energy exchange occurs. Orientation can also affect how long the stream
“sees” the direct solar during the day.

When direct radiation comes from +30 degrees above the horizon, most of it can be
absorbed within the water column and by the bed, and thus is effective at stream
heating.

Low solar angles at dawn and dusk, and during much of the annual solar cycle are
not effective at stream heating because direct radiation comes in at too low an
angle to be absorbed effectively.
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o Incoming longwave radiation will be a weighted sum of the emitted radiation from
the atmosphere, surrounding terrain, and the canopy, with the weights being their
respective view factors.

Sensible and Latent Heat Exchanges

o0 Transfers of sensible and latent heat occur by conduction or diffusion and turbulent
exchange in the overlying air.

0 Sensible heat exchange depends on the temperature difference between the water
surface and overlying air and on the wind speed.

0 Where the stream is warmer than the air, heat transfer away from the stream is
promoted by the unstable temperature stratification. Where the air is warmer than
the stream, the heat transfer from the air to the stream is dampened by the stable
air temperature stratification.

o0 Latent heat exchange also depends on atmospheric stability over the stream.

0 Under intact forest cover, especially over small streams, lack of ventilation appears
to limit the absolute magnitude of sensible and latent heat exchanges.

Bed Heat Exchanges and Thermal Regime of the Streambed

o0 Radiative energy absorbed at the streambed may be transferred to the water
column by conduction and turbulent exchange and into the bed sediments directly
by conduction and indirectly by advection where water infiltrates into the bed. Given
that turbulent exchange is more effective at transferring heat than conduction, much
of the energy absorbed at the bed is transferred into the water column, and the
temperature at the surface of the bed will generally be close to the temperature of
the water column, except where there may be local advection.

0 Bed heat conduction depends on the temperature gradients within the bed and its
thermal conductivity.

o0 The bed will normally act as a cooling influence on summer days and a warming
influence at night, thus tending to reduce diurnal temperature range.

0 Bed temperatures may be important biologically.

o0 The degree to which post-logging bed temperatures reflect changes in surface
temperature depends on the local hydrologic environment.
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Groundwater Inflow
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Groundwater is typically cooler than the streamwater during daytime, and warmer
during winter and thus tends to moderate seasonal and diurnal stream temperature
variations.

Forest harvesting can increase soil moisture and ground water levels

Increases in gw volume could act to promote cooling, or at least ameliorate
warming.

Some have argued cutting could increase groundwater temperature.

There are no published research that has examined ground water discharge and
temperature both before and after harvest as a direct test of the hypothesis of
ground water warming.

Hyporheic Exchange

(0]

Hyporheic exchange is a two-way transfer of water between a stream and its
saturated sediments in the bed and riparian zone.

Stream water typically flows into the bed at the top of a riffle and re-emerges at the
bottom of a riffle.

Hyporheic exchange can create local thermal heterogeneity and it can be important
in relation to both local and reach scale temperature patterns in headwater streams.

There are significant methodological problems associated with quantifying rates of
hyporheic exchange and its influence on stream temperature.

Tributary Inflow

o Effects of tributary inflow depend on the temperature difference between inflow and

stream temperatures and on the relative contribution to discharge and can be
characterized by a simple mixing equation.

Longitudinal Dispersion and Effects of Pools

o0 Longitudinal dispersion results from variation in velocity through the cross-section of

a stream. Not well studied, but could smooth and damp effects downstream.

o Deeper pools may have incomplete mixing creating thermal stratification.
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Equilibrium Temperature and Adjustment to Changes in Thermal Environment

(0]

For a given set of boundary conditions (e.g., solar radiation, air temperature,
humidity, wind speed) there will be an “equilibrium” water temperature that will
produce a net energy exchange of zero and thus no further change in temperature
as water flows downstream.

There is a maximum possible temperature a parcel of water can achieve as it flows
through a reach at a given time, assuming that boundary conditions remain constant
in time and space.

Equilibrium conditions may not be achieved because the boundary conditions may
changes in time and space before the water parcel can adjust fully to the thermal
environment.

Equilibrium temperature will be lower where there is substantial groundwater inflow,
and will be higher for unshaded reaches.

The rate at which a parcel of water adjusts to a change in the thermal environment
depends on stream depth because for deeper streams, heat would be added to or
drawn from a greater volume of water.

Shallow streams adjust relatively quickly to a change in thermal environment.

Flow velocity influences the length of time the parcel of water is exposed to energy
exchanges across the water surface and the bed, and thus the extent to which the
parcel can adjust fully to its thermal environment.

Given that the depth and velocity of a stream tend to increase with discharge, the
sensitivity of stream temperature to a given set of energy inputs should increase as
discharge increases.

BOF T/l Literature Review Scope of Work- combined
BOF Approved: May 3, 2007 Errata may 11, 2007

Page 46 of 138



Id— Forest ——» -1—{'I-H|r|r.g—lr 4—— Fourest —:r

Tiwach . """"""_:;i'—""“

[
(a) ;4-"' i :
|

%
¥

T..00)

T-.'.rl

I

]

1
oo g

Figure 2. Gchematic Temperature Patterns Along a Stream
Flowring From Intact Forest, Through a Clear-Cut, and
Back Under Intact Forest for (a) Shallow, Lowr
Vedoeity, and (b Desp, High Velocity Conditions
(T gep= equilibrium temperature in forest;

Tiwer = equilibrium temperature in clearing).

Thermals Trends and Heterogeniety Within Stream Networks

o Small streams tend to be colder and exhibit less diurnal variability than larger
downstream reaches

o Small streams are more heavily shaded, will have a higher ratio of groundwater
inflow, and are located at higher elevations (cooler air).

o0 Local deviations from a dominant downstream warming tend may occur as a results
of ground water inflow, hyporheic exchange, advection of water from other sources,
or even changes in dominant variables such as air temperature.

o Thermal heterogeneity has been documented at a range of spatial scales: with a
pool, within a reach, within a river system.

Stream Temperature Response to Forest Management
o Studies have occurred.
o Some BACI, some not
0 Most studies in PNW in rain-dominated climates
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Influences of Forest Harvesting Without Riparian Buffers
o Almost all streams that have buffers removed increase in summertime temperature.
0 Harsh treatment yields high temperature response.
0 Results appear to be more mixed in more recent years.
0 Response in snowmelt not well studied. Still get increases.

o0 Winter temperatures have also not been well studied.

Influences of Forest Harvesting With Riparian Buffers

o Studies in rain-dominated catchments suggest that buffers may reduce, but not
entirely protect against increases in summer stream temperature.

0 A few studies in snow-dominated in Canada showed increase in temperatures.
o The protective effect of buffers can be compromised by blow-down.

Thermal Recovery Through Time

o Post-harvest temperatures should decrease through time as riparian vegetation
recovers.

o Effects seem to last 5-10 years if riparian vegetation is allowed to recover.

Comparison With Studies Outside The Pacific Northwest

o0 Studies conducted elsewhere in the world are in many ways consistent with results
from the PNW.

o However, difference in important environmental variables limit the comparability of
results.

Effects of Forest Roads

o0 Some evidence for very small streams that even a road-right-of-way cut can be of
sufficient length to cause local heating.

Downstream and Cumulative Effects

0 You can get watershed level response—upstream to downstream translation
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o Downstream transmission of heated water would increase the spatial extent of
thermal impacts.

o Debate about whether down-stream cooling (how much, how fast) can have a
significant effect.

o0 Streams can cool in the downstream direction by dissipation of heat out of the water
column or via dilution by cool inflows. Dissipation to the atmosphere can occur via
sensible and latent heat exchange and long wave radiation from the water surface
and evaporation.

0 Reported downstream temperature changes below forest clearings are highly
variable. Some reports streams cooled, some report streams continued to warm in
the downstream direction.

o0 Whether cooling occurs may depend on ambient temperatures (only occurs when
temperature is at a maximum)

o Little process work to understand the mechanisms that allow cooling to occur.

o Three factors may mitigate against cumulative effects of stream warming. 1) dilution
could mitigate temps to be biologically suitable, 2) the effects of energy inputs are
not linearly additive throughout a stream network due to systematic changes in
balance of energy transfer mechanisms. 3) Intercepting environments (lakes,
reservoirs)

0 May be secondary impacts like widening and shallowing from sedimentation

Monitoring and Predicting Stream Temperature and its Causal Factors
Monitoring Stream Temperature

0 Most recent studies have used submersible temperature loggers

o Forward-looking infrared radiometery from helicopters has been used for
investigating stream temperature patterns in medium to large streams. The
application of this technology to small streams limited. Method can identify cool
water areas.

Measuring Shade
o0 Many different ways to measure shade (view-factor).

Predicting the Influences of Forest Harvesting on Stream Temperature
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There are empirical models (a few environmental variables can usually predict
maximum temperature within a degree or two with about r® of 0.60 to 0.70)

There are physically-based models. There are a variety of them with different
assumptions, formulations, variables to inform, complexity. Most, including the
simplest, predict temperature accurately.

Discussion and Conclusions

Summary of Forest Harvesting Effects on Microclimate and Stream Temperature

Biological Consequences and Implication for Forest Practices

(0}

(0]

(0}

Briefly discusses non-fish potential effects

A better understanding is required of how changes in the physical conditions in
small streams and their interactions with chemical and biological processes
influence their downstream exports.

One tree height should cover it.

Issues For Future Research (Moore et al. 2005)

(0]

Riparian microclimates have been relatively little studies, both in general and
specifically in relation to the effects of forest practices.

Shade is the dominant control on forestry-related stream warning in small streams.

Determining shade in small streams is difficult and refined and consistent methods
are needed.

Hemispherical photography might be the way to go to solve subjectivity and
methods problems.

The effects of low and deciduous vegetation in controlling temperature in very small
streams is not well understood.

Further research should address the thermal implications of surface/subsurface
hydrologic interactions, considering both local and reach scale effects of heat
exchange associated with hyporheic flow paths.

Bed temperature patterns in small streams and their relation to stream temperature
should be researched in relation to stream the effects on benthic invertebrates and
nonfish species.
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0 The hypothesis that warming of shallow ground water in clearcuts can contribute to

stream warming should be addressed, ideally by a combination of experimental and
process/modeling studies.

o The physical basis for temperature changes downstream of clearings needs to be

clarified. Are there diagnostic site factors that can predict reaches where cooling will
occur. Such information could assist in the identification of thermal recovery
reaches to limit the downstream propagation of stream warming. It could also help
identify areas within a cut block where shade from a retention patch would have the
greatest influence.

The Physiological Basis for Salmonid Temperature Response

(0]

Water temperature governs the basic physiological functions of salmonids and is an
important habitat factor.

Fish have ranges of temperature wherein all of these functions operate normally
contributing to their health and reproductive success. Outside of the range, these
functions may be partially or fully impaired, manifesting in a variety of internal and
externally visible symptoms. Salmon have a number of physiologic and behavioral
mechanisms that enable them to resist adverse effects of temporary excursions into
temperatures that are outside of their preferred or optimal range. However, high or
low temperatures of sufficient magnitude, if exceeded for sufficient duration, can
exceed their ability to adapt physiologically or behaviorally.

Salmon are adapted over some evolutionary time frame to the prevailing water
temperatures in their natural range of occurrence, and climatic gradient are among
the primary factors that determine the extent of a species’ geographic distribution on
the continent.

Salmon are considered a “cold water” species, and generally function best within
the range of ambient temperatures in water bodies within their natural range of
occurrence. This range is 0-30°C for salmonids, where end temperatures are lethal
and mid range temperatures are optimal. The southern limit of the natural range of
salmonids coincides with the occurrence of summer water temperatures of 30°C.

The effects of temperature are a function of magnitude and duration of exposure.
Exposure to temperatures above 24°C of sufficient continuous duration can cause
mortality.

Salmon can tolerate each successively lower temperature for exponentially
increasing intervals of time. Temperatures above 22°C are stressful. Lengthy
exposure to higher temperatures include loss of appetite and failure to gain weight,
competitive pressure and displacement by other species better adapted to
prevailing temperatures, or disease.
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o Growth occurs best when temperatures are moderate and food supplies are
adequate. High and low temperatures limit growth. Optimal temperatures for
growth are in the range of 14 to 17°C, depending on species.

o Salmon have been shown to increase growth in streams where riparian canopy
rwas removed due to increased light and food availability, despite the occurrence of
warmer temperatures.

o Larger size generally increases survival and reproductive success.

o Growth rates are important for anadromous salmonids, who must reach minimum
sizes before they are able to migrate to the ocean. Missing normal migration
windows by being too small or too large may have negative effects on success in
reaching the ocean.

o The temperature of rivers and streams ranges over the full range of temperatures
within the range utilized by salmonids during the course of the year. The summer
maximum temperatures are generally those of most concern.

o The most thermally tolerant salmonid species occur in California (steelhead,
chinook and coho). Of these species, coho are the most thermally sensitive.

Temperature Exposure in Natural Streams and Potential Effects of Forest
Practices

o Water temperature generally tends to increase in the downstream direction with
stream size as a result of systematic changes in the important environmental
variables that control water temperature. As streams widen, riparian canopy
provides less and shade until some point in a river system where it provides no
significant blocking effect. Cooler groundwater inflow also diminishes in proportion
to the volume of flow in larger streams.

o The lowest order streams have the coolest water temperatures near groundwater
temperature (11-14°C). Higher order streams are near ambient air temperatures
(20-26°C). The range of water temperature from lower to higher orders in California
rivers and streams during the warmest period in the summer spans much of the
tolerable temperature range for salmonids. Water temperature typical of higher
order streams are within stressful levels for salmonids.

o Removal of riparian vegetation may increase stream temperatures up to the
ambient air temperature, depending on the natural extent of shading and the
proportion of canopy removed. Thus, temperatures typically observed only in
downstream reaches may occur in tributary streams.
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o Salmonid distribution within stream systems and within the region reflects
temperature tolerance. Coho are found in the cooler waters associated with
headwater streams and within the coastal zone where climate is strongly influenced
by the Pacific Ocean. Steelhead have somewhat higher thermal tolerance, and are
more widely distributed.

3) TAC Primer on Temperature and Salmon and Watershed Patterns (The
Physiological Basis for Salmonid Temperatures)

The Physiological Basis for Salmonid Temperature Response

Water temperature is a dominant factor affecting aquatic life within the stream
environment (Hynes 1970). Water temperature affects important stream functions such
as processing rates of organic matter, chemical reactions, metabolic rates of macro-
invertebrates, an cues for life-cycle events (Sweeney and Vannote 1986). Water
temperature plays a role in virtually every aspect of fish life, and adverse levels of
temperature can affect behavior (e.g. feeding patterns or the timing of migration),
growth, and vitality.

Water temperature governs the rate of

biochemical reactions in ﬁSh, inﬂuenCing all Figure 1. Coho salmon daily growth rate as a function of temperature
activities by pacing metabolic rate (Frye and daily food ration.

1971). Fish are poikilothermic or “cold-

blooded”. This means that fish do not Coho Salmon

respond to environmental temperature by

feeling hot or cold. Rather, they respond to 0.030

temperature by increasing or decreasing the
rate of metabolism and activity. Water
temperature is the thermostat that controls
energy intake and expenditure.
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The role of temperature in governing
physiologic functions of salmonids has been
studied extensively (Brett 1971; Elliott 1981;
reviewed in Adams and Breck 1990; Brett
1995, McCullough 1999). The relationship
between energetic processes and
temperature have been quantified for many
fish species with laboratory study. Energetic
processes are expressed as functions of ]
activity rate in relation to temperature. The 0.000 -
relationships between energy-related q
functions and temperature follow two general
patterns: either the rate increases
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continuously with rise in temperature (e.g., standard metabolic rate, active heart rate,
gastric evacuation), or the response increases with temperature to maximum values at
optimum temperatures and then decreases as temperature rises (e.g., growth rate,
swimming speed, feeding rate) (Brett 1971, Elliott 1981). Each function operates at an
optimal rate at some temperature and less efficiently at other temperatures.

For example, daily growth as a function of temperature is shown in Figure 1. Beginning
with the coolest temperatures (0° C), growth increases with temperature up to the
optimal due to increasing consumption and food conversion efficiency. At
temperatures above the optimal, growth rates decline as consumption declines in
response to temperature and metabolic energy costs increase (Brett 1971, Elliott 1981,
Weatherly and Gill 1995). Because the shape of growth curves is relatively broad at the
maximum, there is little or no negative effect of temperature several degrees above
optimum. Some investigators define the optimal temperature as the temperature at
which maximum growth occurs, and refer to the range of temperature where growth
occurs as “preferred” temperatures (Elliott 1981).

The general form of this relationship is similar for all salmonid species, varying
somewhat in the details of growth rates and optimal temperatures. All salmonids have a
similar biokinetic range of tolerance, performance, and activity. They are classified as
temperate stenotherms (Hokanson 1977) and are grouped in the cold water guild
(Magnuson et al. 1979). Significant differences in growth rate and temperature range
exist among families of fish (Christie and Regier 1988). Some families grow best in
colder temperatures (e.g. char), and many grow better in warmer temperatures (e.g.
bass). Differences in the specific growth/temperature relationships among species in
large measure explain competitive success of species in various temperature
environments.

The range of environmental temperature where salmonid life is viable ranges from 0-30
°C, with critical temperatures varying somewhat by species. Salmonid physiologic
functions operate most effectively in the mid regions of the range where growth is also
optimized. Physiological functions are impaired on either end of the temperature range
so that the geographic distribution of prevailing high or low temperatures ultimately
limits the distribution of the species in the Salmonidae family (Eaton 1995).

The effects of temperature are a function of magnitude and duration of exposure.
Figure 2 from Sullivan et al. 2000 summarizes the general relationship of salmonid
response to temperature exposure. Salmon species are similar in this pattern, but vary
somewhat in the temperatures zones of response.

Exposure to temperatures above 24°C can elicit mortality with sufficient length of
exposure. The temperature where death occurs within minutes is termed the ultimate
upper incipient lethal limit (UICL). This temperature is between 28- 30°C, varying by
salmon species. Clearly, salmon populations are not likely to persist where this
temperature occurs for even a few hours on a very few days each year (Eaton 1995).
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Lethal exposure is defined as up to 96 hours of continuous exposure to a given
temperature.

Salmon can tolerate each successively lower temperature for exponentially increasing
intervals of time. They do so by altering food consumption and limiting the metabolic
rate and scope of activity (Brett 1971, Elliott 1981, Weatherly and Gill 1995). This
resistance to the lethal effects of thermal stress enables fish to make excursions for
limited times into temperatures that would eventually be lethal (Brett 1956; Elliott 1981).
The period of tolerance prior to death is referred to as the “resistance time” (Figure 2)
(Hokanson 1977, Jobling 1981). Salmon can extend their temperature tolerance
through acclimation. Brett (1956) reported that the rate of increase in ability to tolerate
higher temperatures among fish is relatively rapid, requiring less than 24 hours at
temperatures above 20°C. Acclimation to low temperatures (less than 5°C) is
considerably slower.

Laboratory and field studies have repeatedly found that salmon can spend very lengthy
periods in temperatures between 22 and 24°C without suffering mortality (Brett 1995,
Bisson et al. 1988; Martin 1988). Temperatures within this range may be stressful, but
are not typically a direct cause of mortality (Brett 1956). Temperatures that cause
thermal stress after longer exposures, ranging from weeks to months, are termed
chronic temperature effects. Endpoints of lengthy exposure to temperature that are not
physiologically optimum may include loss of appetite and failure to gain weight,
competitive pressure and displacement by other species better adapted to prevailing
temperatures (Reeves et al. 1987), change in behavior, or susceptibility to disease.
Werner et al. (2001) documented correlations between stream temperature, size of
juvenile steelhead and heat shock protein expression.
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Fish may be able to avoid thermal stress by adjusting behavior, such as moving to
cooler refugia. Numerous observers have observed behavioral adjustment by seeking
cool water refugia when temperature in normal foraging locations reaches 22°C
(Donaldson and Foster 1941; Griffiths and Alderdice 1972; Wurtsbaugh and Davis
1977; Lee and Rinne 1980; Bisson et. al. 1988; Nielsen et al. 1994, Tang and Boisclair
1995; Linton et al. 1997; Biro 1998). Fish resume feeding positions when temperatures

Figure 2. General biological effects of temperature on salmonids in relation to duration and magnitude of
temperature (from Sullivan et al. 2000).
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decline below this threshold. At very low temperatures, salmonids cease feeding and
seek cover under banks or within stream gravels (Everest and Chapman 1972).

Less quantifiable in a dose-response context are relationships involving temperature
and disease resistance, and temperature effects on sensitivity to toxic chemicals and
other stressors. (Cairns et al. 1978). For temperature to affect the occurrence of
disease, disease-causing organisms must be present, and either those organisms must
be affected by temperature or fish must be in a weakened state due to the effect of
temperature. Some disease-causing organisms may be more prevalent at high
temperature, others are more prevalent at low temperature, and some are not
temperature-related. Thus, the interaction of temperature and disease is best
evaluated on a location-specific basis.
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If energy intake is adequate to fuel the physiological energy consumption, mediated in
large part by the environmental temperature, then the organism can live in a healthy
state and grow. Growth is a very important requirement for anadromous salmon living
in fresh water. Salmon emerge from gravels in their natal streams measuring
approximately 30 mm in length and weighing approximately 0.5 gram. Adults returning
to spawn 3 to 5 years later typically measure 500 to 1000 mm in length and weigh from
5 to 20 kg depending on species. This enormous increase in body mass (greater than
5000 times) must be accomplished within a very limited lifespan. Salmon have evolved
from a fresh water origin to spend a major portion of life in a marine habitat where there
is far greater productivity and where the majority of growth occurs (Brett 1995).

Juvenile salmon must achieve the first six times increase in weight in their natal stream
before they can smolt and migrate to the ocean (Weatherly and Gill 1995). Coho and
steelhead generally smolt within 1 year, but can require as long as 3 years to achieve
sufficient size to begin the transition to salt water. The long-term exposure of salmonids
to temperature during their freshwater rearing phase has an important influence on the
timing of smoltification and the ultimate size fish achieve (Warren 1971, Brett 1982,
Weatherly and Gill 1995, Sullivan et al. 2000).

The size of salmonids during juvenile and adult life stages influences survival and
reproductive success (Brett 1995). Larger size generally conveys competitive
advantage for feeding (Puckett and Dill 1985, Nielsen 1994) for both resident and
anadromous species. Smaller fish tend to be those lost as mortality from rearing
populations (Mason 1976; Keith et al. 1998). Larger juveniles entering the winter period
have greater over-wintering success (Holtby and Scrivener 1989; and Quinn and
Peterson1996). Growth rates can also influence the timing when salmon juveniles
reach readiness for smolting. Missing normal migration windows by being too small or
too large, or meeting a temperature barrier, may have a negative effect on success in
reaching the ocean (Holtby and Scriverner 1989).

How large a salmon can grow in a natural environment is fundamentally determined by
environmental and population factors that determine the availability of food. Water
temperature regulates how much growth can occur with the available food. Brett et al.
(1971) described the freshwater rearing phase of juvenile salmon as one of restricted
environmental conditions and generally retarded growth. Many studies have observed
an increase in the growth and productivity of fish populations in streams when
temperature (and correspondingly) food is increased. This tends to occur even in the
cases where temperatures exceed preferred and sometimes lethal levels (Murphy et al.
1981, Hawkins et. al., 1983, Martin 1985, Wilzbach 1985, Filbert and Hawkins 1995).

Table 1 summarizes results from laboratory and field studies of coho and steelhead
temperature response (from Sullivan et al 2000). Steelhead and coho are similar,
though not identical, in the temperatures at which various functions or behaviors occur.
Importantly, Sullivan et al (2000) showed that even though the laboratory optimal growth
temperatures for steelhead are within a narrower and cooler range than those of coho
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(e.g. their “growth curves”), steelhead grow better than coho when exposed to higher
temperatures in natural streams. These authors suggest that this disparity results from

a greater efficiency in obtaining food in natural environments by steelhead, thus

allowing them to generally obtain a higher ration of food. Bisson et al (1988b) showed

that the body form of these two fish differ, enabling steelhead to feed efficiently in riffle
habitats where food supply is more abundant. Thus, steelhead have a higher “net
temperature tolerance” than coho.

Table 1. The spectrum of coho salmon and steelhead response at temperature thresholds synthesized for field and laboratory studies
in Sullivan et al (2000). Threshold values are approximations, due to lack of consistency in reporting temperature averaging methods

among studies. Temperature thresholds are standardized to the average 7-day maximum to the extent possible to allow comparison of
field and laboratory study observations.

COHO STEELHEAD
Biologic Response Approximate Approximate
Temperature °C Temperature °C
Upper Critical Lethal Limit (death within minutes)-Lab 295 30.5
Geographic limit of species—Stream annual maximum temperature 30 31.0
(Eaton 1995)
Geographic limit of species—Warmest 7-Day Average Daily Max 234 24.0
Temperature (Eaton 1995)
Acute threshold U.S. EPA 1977—Annual Maximum 25 26
Acute threshold U.S. EPA 1977— 18 19
7-day average of daily maximum

Complete cessation of feeding ( laboratory studies) 24 24

Growth loss of 20% (simulated at average food supply) 225 24.0
Increase incidence of disease (under specific situations) 22 22
Temporary movements to thermal refuges 22 22

Growth loss of 10% (simulated at average food supply) 16.5 20.5

(7-day average of daily maximum)
Optimal growth at range of food satiation (laboratory) 12.5-18 10-16.5
Growth loss of 20% (simulated at average food supply) 9 10
7-day average of daily maximum

Cessation of feeding and movement to refuge 4 4

Optimal temperatures for both Chinook salmon fry and fingerlings range from 120C to
1400C, with maximum growth rates at 12.8[JC (Boles 1988). [These numbers seem
much to low compared to other studies. Need reference.] With the exception of some
spring-run Chinook salmon, most Chinook juveniles do not rear in streams through the
summer and are therefore not typically exposed to late-summer conditions. A
significant portion of spring-run Chinook salmon, however, reside in streams throughout
the summer. These salmon are also the only salmonid that must cope with summer
water temperatures as adults. They typically enter the Sacramento River from March to
July and continue upstream to tributary streams where they over-summer before
spawning in the fall (Myers et al. 1998). Adult spring-run Chinook salmon require deep,
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cold pools to hold over in during the summer months prior to their fall spawning period.
When these pools exceed 2100C adult Chinook salmon can experience decreased
reproductive success, retarded growth rate, decreased fecundity, increased metabolic
rate, migratory barriers, and other behavioral or physiological stresses (McCullough
1999).

There has been some suggestion that there may be genetic adaptations by local
populations that confer greater tolerance to temperatures. However, literature on
temperature thresholds for salmonids, as summarized in Table 1 is remarkably
consistent despite differences in locations of subject fish (Sullivan et al. 2000, Hines and
Ambrose 2000, Welsh et al. 2001).

One problem encountered in synthesizing laboratory and field studies is how to
characterize the widely variable stream temperature characteristics of a stream in either
a physically or biologically meaningful way is lack of standardization on reporting
summary statistics. The measures of 7-day maximum values have been shown to have
biological meaning (e.g. Brungs and Jones 1977). These types of metrics also provide
useful indices for comparing temperature among streams. Sullivan et al (2000) showed
that all of the short-term high temperature criteria relate closely to one another when
calculated from the same stream temperature record (7-day mean and maximum,
annual maximum temperature, and long-term seasonal average). However, longer-term
measures are better indicators of general ecologic metabolism. For example, degree-
summation techniques sum duration of time (days, hours) above a selected threshold
temperature.

Temperature Patterns and Salmonid Species Distribution Within Watersheds

Temperatures supporting the physiologic functions of fish species reflect the ambient
temperatures likely to be found in streams in each species’ natural range of occurrence
(Hokanson 1977). For salmonids, this range is from 0 to less than 30°C (see Table 1).
Within the range of distribution of salmonids in the Pacific Northwest, there is a west to
east climatic gradient reflecting the marine influence at the coast and the orographic
effects of interior mountain ranges. Coastal zones are characterized by maritime
climates with high rainfall that occurs during the winter and dry warm summers. Interior
zones are dryer, and rainfall may occur as rain or snow. Summers are very dry, and
temperatures often hotter than coastal zones, although elevation can have a significant
cooling effect. Comparison of river temperatures associated with forested regions
throughout Washington, Oregon and Idaho show generally consistent occurrence of
temperatures within the temperature tolerance of salmonids (Sullivan et al. 2000).

The temperature of streams and rivers within the range of distribution of salmonids in
the Pacific Northwest and California typically vary widely on both temporal and spatial
scales. For example, the range of hourly temperature over a year period for a smaller
headwaters stream and larger mainstem river located within a forested watershed in
Washington are shown in Figure 3. (The figure also shows the typical phase and
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migration timing for coho and steelhead salmon.) Similar patterns are observed in
forested regions of California.

Active feeding and positive growth can occur at any time during the year when
temperature is within the positive growth range illustrated in Figure 1. Juvenile salmon
experience preferred temperatures for much of the year, and may experience stressful
temperature conditions for relatively little time during the year. Water temperatures
between 8 and 22°C tend to be the most prevalent temperatures observed in natal
rivers and streams in the Pacific Northwest (Sullivan et al. 2000). Temperatures high
enough to directly cause mortality are rare within the region where salmon occur.
Temperatures high enough to cause stress (>22°C) may be common, especially in

Figure 3. Water temperature of the Deschutes River (148 km?) and Hard Creek (2.3 km?), a headwater tributary, near Von. Data
are hourly measurements.
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Watershed Temperature Patterns

Stream temperature tends to increase in the downstream direction from headwaters to
lowlands. (Hynes 1970, Theurer et al 1984). The dominant environmental variables
that regulate heat energy exchange for a given solar loading, and determine water
temperature are stream depth, proportional view-to-the-sky, rate and temperature of
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groundwater inflow, and air temperature (Moore et al, 2005). Increasing temperature in
the downstream direction reflects systematic tendencies in these critical environmental
factors. Air temperature increases with decreasing elevation (Lewis et al. 2000).
Riparian vegetation and topography shade a progressively smaller proportion of the
water surface as streams widen (Spence et al. 1996), until at some location there is no
effective shade at all (Beschta et al. 1987, Gregory et al. 1991). Streams gain greater
thermal inertia as stream flow volume increases (Beschta et al. 1987), thus adjusting
more slowly to daily fluctuations in energy input. The typical watershed temperature
pattern is illustrated in Figure 4.

Figure 4. General pattern of temperature at the watershed scale and potential range of response to
forest removal. (from Sullivan et al. 1990).
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Low order streams tend to be the coolest within the stream system. Low order streams
are close to source areas and emerge near groundwater temperatures. They are
typically shallow, steep and narrow, and are well-shaded, depending on overstory

vegetation.

Mid-order streams have wider channels and therefore less shade, greater

flow volume, and moderate gradient. Tributary inflow is the main source of external flow
contribution (as opposed to groundwater inputs). Higher order streams
characteristically have low gradients, wide channels, and large volumes of water.
Riparian vegetation and topography provide little insulation. The thermal inertia of the
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large volume of flow, and rapid mixing by turbulent flow generally overwhelms any
lateral inputs (tributaries or phreatic groundwater) relatively quickly, allowing only
isolated pockets of colder water. These streams may have large alluvial aquifers that
may create significantly cooler zones from hyporheic flow; particularly in streams with
complex channel features.

Water temperature in larger rivers without riparian shading is in equilibrium with, and
close to, air temperature. In smaller streams, water temperature is depressed below air
temperature due to the cooling effects of groundwater inflow and the shading effects of
the forest canopy (Sullivan et al. 1990; Moore 2005). The minimum temperature profile
in Figure 4 indicates the general pattern of water temperature in streams in a fully
forested watershed. The coolest temperatures will be observed in the smallest streams
and will be near prevailing groundwater temperature. As the effects of these insulating
variables lessens in the downstream direction, water temperature moves closer to air
temperature until the threshold distance where riparian canopy no longer provides
effective shade and the water temperature is closely correlated with air temperature
alone (Kothandaraman 1972). It is likely that the shape of the minimum line varies both
with basin air temperature and with differences in natural vegetation.

Various authors have reported the likely summertime temperatures that mark the
highest and lowest temperatures on this curve for streams and rivers of the Pacific
Northwest and California used by salmonids. Minimum groundwater temperatures are
approximately 10-13°C (Sullivan et al. 1990, Lewis et al. 2000). Maximum temperatures
typically range from 20 to 26°C (Sullivan et al. 2000, Lewis et al. 2000) depending on
location.

Removal of vegetation in headwater streams may allow temperature to increase up to
(but not exceed) the basin air temperature maxima. Thus, the potential response of
water temperature to forest harvest may be large in small streams, but only small, and
difficult to detect in mid to large size watersheds.

Fish Species Distribution Within Watersheds

Salmonid species found in California include Chinook (O. tshawytscha), coho (O.
kisutch), and steelhead (O. salmo). These species are the most temperature tolerant of
the anadromous species in the salmonidae family. The southern-most extent of the
natural range of salmon is found at latitude approximately equal to San Francisco,
dipping further south along the coast. Eaton (1995) showed a strong relationship
between prevailing summertime maximum temperatures and the end of the range of
occurrence.

Salmon species throughout their range have evolved to use different parts of the river
system during their freshwater rearing phase. Systematic changes in the occurrence or
dominance of species within river systems in part reflects the temperature patterns as
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one important component of habitat. Differences among species can confer competitive
advantages in relation to environmental variables that influence the species’ distribution
(Brett 1971, Baltz et. al. 1982, Reeves et al. 1987, DeStaso and Rahel 1994).

Steelhead have higher net temperature tolerance, are widely distributed within the
northern region of California and occupy a broader range of habitats including larger
rivers and smaller streams. Coho have the lowest net temperature tolerance of the
salmonids found in California, and are found primarily where temperatures are coolest
for most of the year. They primarily occur in the low to mid-order tributaries within the
coastal zone. (reference for distribution).

Chinook salmon are perhaps the most temperature tolerant of all salmon species. They
have the highest optimal temperatures for growth and fastest growth rates of all the
salmonids. Fall run chinook emerge from gravels in spring and move to the larger
(warmer) rivers where their growth rate allows them to migrate to the ocean with weeks
to a few months. They migrate out of the river before the warmest summer
temperatures occur. An exception are spring-run Chinook salmon. Some juveniles
reside in streams throughout the summer. These salmon are also the only salmonid
that must cope with summer water temperatures as adults. They typically enter the
Sacramento River from March to July and continue upstream to tributary streams where
they over-summer before spawning in the fall (Myers et al. 1998). Adult spring-run
Chinook salmon require deep, cold pools to hold over in during the summer months
prior to their fall spawning period. When these pools exceed 21[1C adult Chinook
salmon can experience decreased reproductive success, retarded growth rate,
decreased fecundity, increased metabolic rate, migratory barriers, and other behavioral
or physiological stresses (McCullough 1999).

California Regional Temperatures

To date, there has been no California-wide water temperature study or synthesis of
available information. A regional stream temperature study was conducted within the
Coho ESU by the Forest Science Project at Humboldt State University (Lewis et al.
2000). The area where coho occur within California is delineated by the Coho ESU
includes the northern coast zone and portions of the interior Klamath region. Water
temperature was measured at hundreds of sites in a variety of streams and rivers well
distributed within the area from approximately San Francisco northward to the Oregon
border, and from the coast to approximately 300 km inland. Stream size varied from
watershed areas as small as 20 to a maximum of over 2,000,000 hectares. The
assessment included new data and historical analysis of historic temperature
assessments, augmented with recently measured temperature at the same locations as
earlier measurements.

Results of the study provide some general insight into maximum summer stream
temperatures within this region of California.
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e The regional study confirmed the general increasing trends in temperature
from watershed divide to lowlands.

e The annual maximum temperature ranged from 12-25°C in the coastal zone
and 14-32°C inland beyond the coastal influence. Temperature as high as
32°C occurs, but is rare.

e The cooling influence of the coastal fog belt on air temperature extends as
far inland as 50 km in some rivers, and is significant enough to affect water
temperature within a distance 20 km from the coast in some locations. The
effect of the cool air is sufficient to reduce some river temperatures by as
much as 5-7°C degrees by the time water reaches the ocean. These help
prevent prolonged exposure to stressful temperatures. The coast fog zone is
the dominant zone for coho productivity in the state.

e Maximum temperature in rivers in the coastal fog belt can exceed 20°C

e No one geographic, riparian, or climatic factor explains water temperature
with high precision. Multiple regression models developed from the data
explain about 65% of the variability, similar to finding in other parts of the
Pacific Northwest (Sullivan et al. 1990).

e The coolest maximum temperatures (<18°C) are most likely to occur where:
o Distance from divide is less than 10 km.
e Canopy cover is >75%

e The probability of achieving temperature of <20°C decreases at 1) lower

canopy closure, 2) distance from divide as an indicator of stream size, and
3) with distance from the coast.

e There is relatively small difference in maximum water temperatures between
interior and coastal streams of similar watershed areas in basins less than
100,000 hectares in size.
What needs to be understood better for California:

+ the availability of cool water at the watershed and population scale

+ the overall cumulative effect of temperature on the annual basis.
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PRIMER: SEDIMENT RIPARIAN EXCHANGE FUNCTION:

Erosion and Erosion and Sediment Processes in California’s Forested
Watersheds

Erosion is a natural process that is well described for California in several college
textbooks (Norris and Webb 1990, Mount 1995). California’s evolving landscape reflects
the “competing processes of mountain building and mountain destruction”, with
landslides, floods, and earthquakes working as episodic forces which often create major
changes (Mount 1995). In general, the land surface is sculpted by the forces of erosion:
water, wind, and ice. The physical and chemical composition of the rock determines
how it weathers by these forces. The role of running water in shaping the earth’s
surface is considered the most important of all the geologic processes and has received
the greatest attention by researchers (Leopold et al. 1964; Morisawa 1968).

The rates of natural erosion are very high in the State’s regions having greater amounts
of rain and snow, such as the geologically young mountains of the Northern Coast
Ranges, Klamath Mountains, and Sierra Nevada (Norris and Webb 1990). Mean annual
precipitation was shown to be a relatively precise indicator of climatic stress on
sedimentation in Northern California (Anderson et al. 1976).

Soil erosion processes on upland watersheds include: a) surface erosion (e.g., dry
ravel, sheet and rill), b) gullying, and ¢) mass movement or wasting (e.g., soil creep and
landslides, such as slumps, earthflows, debris slides, large rotational slides). These can
occur singly or in combination. Falling raindrops can be a primary cause of surface
erosion, especially where soils have little vegetative cover (Brooks et al. 1991). Erosion
products deposited by water become “sediment”, brought to a channel by gravity and
erosive forces. The water-related, or “fluvial”, processes active within the stream
channel and floodplain are: 1) the transport of sediment; 2) the erosion of stream
channel and land surface; and 3) the deposition or storage of sediment.

Sediment Sizes, Transport & Measurement

Sediment is any material deposited by water, but research usually describes sediment
according to its size, means of transport, and method of measurement (MacDonald et
al. 1991, Leopold 1994). Inorganic sediment ranges in size from very fine clay to very
large boulders. Particle size classes tend to be split into a different number of size
categories by physical scientists (AGI 2006) and by biologists (Cummins 1962). The
Modified Wentworth Scale is commonly used by biologists (Waters 1995) and includes
11 particle sizes and names: clay, silt, sand (five classes), gravel, pebbles, cobbles, and
boulders. In addition, sediment includes particulate organic matter, composed of
organic silts and clays and decomposed material. Grain size terminology can also vary:

e Fine-grained sediment (“fines”) includes the smaller particles, such as silt and
clay (usually <0.83 mm in diameter). The largest size class for this category
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varies, sometimes including sand and small gravel (1-9 mm) (Everest et al.
1987).

e Coarse-grained sediment represents the larger particles, such as gravels and
cobbles. It makes up the bed and bars of many, if not most, rivers. The smallest
size class for this category varies, and sometimes includes sand and small gravel
(2-9 mm).

Whatever the term used, it is important to understand the sediment definition and
particle size that each research article is using before extrapolating the results.

Sediment is transported by streams as either suspended load of the finest particle sizes
(from clay to fine sand <2.0 mm) that are carried within the water column, or as bedload
of the larger particles (from coarse sand to boulders) that never rise off the bed more
than a few grain diameters. Higher velocity and steeper streambed slope can transport
larger grain size, for example.

Since the measurement of sediment transport levels can be problematic, it is done in
several ways. (For detailed descriptions of common methods, including the strengths
and limitations of each, see MacDonald et al. 1991, Gordon et al. 1992, and Waters
1995.)

Suspended sediment samplers measure direct suspended sediment
concentration (SSC) in milligrams of sediment per liter of water (mg/l). Since most
sediment transport takes place during high flows, samples must be taken during these
periods to develop long-term averages. Many samples are needed near peak
discharges to determine the error margin. Two types of samplers can be used: depth-
integrating and point-integrating.

Turbidity is a measure of the ability of light to be transmitted through the water
column (e.g., the relative cloudiness). Turbidity sampling and meters are often used as
a substitute for the direct measurement of the suspended sediment load of a selected
stream reach, but the relationship may vary and requires a careful study design to make
accurate correlations Turbidity is frequently higher during early season runoff and on the
rising limb of a storm’s runoff; automated data collection is now being used to more
accurately capture such infrequent events (Eads and Lewis 2003). Turbid water may
also be due to organic acids, particulates, plankton, and microorganisms (which can be
ecologically beneficial); interpretation must therefore be carefully done. In redwood-
dominated watersheds of north coastal California, Madej (2005) found the organic
content of suspended sediment samples ranged from 10 to 80 weight percent for
individual flood events. Turbidity is not a good indicator for movement of coarse-
grained sediments, such as sand in granitic watersheds, since these larger grain sizes
move at the bottom of the water column or as bedload (Morisawa 1968; Sommarstrom
et al. 1990; Gordon et al. 1992).

Bedload measurement can be a difficult method since this larger-sized
sediment must be collected manually during high flows when bedload is in transport.
While there are different types of methods and equipment, the Helley-Smith bedload
sampler has become the standard for bedload measurement, especially for coarse sand
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and gravel beds. Multiple samples must be taken per cross-section of stream. Bedload
cannot be collected automatically as readily as suspended sediment can. Bedload as a
percentage of suspended load can range from 2-150 percent; 10 percent bedload would
be a conservative estimate for a storm event with muddy-looking water in a gravel-bed
stream.

Sediment that is deposited within stream channels can be measured by changes in
channel characteristics. The most common methods include: a) channel cross-
sections, b) channel width / width-depth ratios; b) pool parameters (e.qg., fines stored in
pools (V*)), ¢) bed material (particle-size distribution, embeddedness, surface vs.
subsurface particle size); d) longitudinal profiles in upstream-downstream directions
(e.g., using the “thalweg”, the deepest part of the stream channel).

Fluvial Processes and Sediment

Stream reaches can be defined by the dominant fluvial processes: erosion /transport /
storage (Schumm 1977; Montgomery and Buffington, 1997; Bisson, et al, 2006). The
steep headwaters tend to be the source of erosion, the middle elevation streams are the
transfer zone, and the low elevation streams are the depositional zone. However, any
given stream reach demonstrates all three processes over a period of time; the relative
importance varies by location in the watershed.

Natural Sources of Sediment

Within the riparian zone, natural sediment sources and the effects of the riparian zone
tend to vary by the type of channel reach (Montgomery and Buffington, 1997; Bisson, et
al, 2006). The uppermost parts of many source reaches are characterized by exposed
bedrock, glacial deposits, or colluvial valleys or swales. Stream reaches in bedrock
valleys are usually strongly confined and the dominant sediment sources are fluvial
erosion, hillslope processes, and mass wasting. The colluvial headwater basins have
floors filled with colluvium which has accumulated over very long periods of time. Such
channels as may exist are directly coupled with the hillslopes, and their beds and banks
are composed of poorly graded colluvium. Stream flow is shallow and ephemeral or
intermittent. The colluvial fill is periodically excavated by debris flows which scour out
the stream channels and delivery large quantities of sediment and large woody debris to
downstream reaches (Montgomery and Buffington, 1997; Bisson, et al, 2006). There is
often is no distinctively riparian vegetation bordering the channels.

A bit further downstream, transport reaches commonly still have steep gradients, are
strongly confined and subject to scouring by debris flows. Stream beds are
consequently characterized either by frequent irregularly arranged boulders or by
channel-spanning accumulations of boulders and large cobbles that separate pools.
The boulders move only in the largest flood flows and may have been emplaced by
other processes (e.g., glacial till, landslides). Streams generally have a sediment
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transport capacity far in excess of the sediment supply (except following mass wasting
events). Dominant sediment sources are fluvial and hillslope processes and mass
wasting (Montgomery and Buffington, 1997; Bisson, et al, 2006). The transition
between transport and response reaches is especially likely to have persistent and
pronounced impacts from increased sediment supply (Montgomery and Buffington,
1997).

In the higher response reaches, stream gradients and channel confinement become
more moderate. Incipient floodplains or floodprone areas may begin to border the
channels, so they are not so coupled to hillslope processes. The typical channel bed is
mostly straight and featureless with gravel and cobble distributed quite evenly across
the channel width; there are few pools. Where the bed surface is armored by cobble,
sediment transport capacity exceeds sediment supply, but unarmored beds indicate a
balance between transport capacity and supply. Dominant sediment sources are fluvial
processes, including bank erosion, and debris flows are more likely to cause deposition
than scouring (Montgomery and Buffington, 1997; Bisson, et al, 2006). There is usually
distinctively riparian vegetation along the channel.

Also in low to moderate gradients, braided reaches may form where the sediment
supply is far in excess of transport capacity (e.g., glacial outwash, mass wasting) and/or
stream banks are weak or erodible (Buffington, et al, 2003). Channels are multi-
threaded with numerous bars. The bars and channels can shift frequently and
dramatically, and channel widening is common. The size of bed particles varies widely.
Banks are typically composed of alluvium. Bank erosion, other fluvial processes, debris
flows, and glaciers are the dominant sediment sources. Distinctively riparian vegetation
is common, and is especially important in providing root strength to weak alluvial
deposits (Bisson, et al, 2006).

In lower-elevation, lower-gradient response reaches, channels are generally sinuous,
unconfined by valley walls, and bordered by floodplains. Beds are composed of gravel
or sand arranged into ripples or dunes with intervening pools. Sediment supply
exceeds sediment transport capacity, so much of the finer sediment is deposited
outside the channel onto the floodplain. The dominant sediment sources are fluvial
processes, bank erosion, inactive channels, and debris flows. Distinctively riparian
vegetation typically grows on the floodplain where it plays important roles in: i)
reinforcing weak alluvial banks and floodplains, and ii) providing hydraulic roughness to
reduce erosion during overbank flooding (Montgomery and Buffington, 1997; Bisson, et
al, 2006).

Natural sediment production in undisturbed watersheds can vary significantly,
depending upon soil erodibility, geology, climate, landform, and vegetation. Delivery of
sediment to channels by surface erosion is generally low in undisturbed forested
watersheds, but can vary greatly by year (Swanston 1991). Annual differences are
caused by weather patterns, availability of materials, and changes in exposed surface
area. Sediment yields for surface erosion tend to be naturally higher in rain-dominated

BOF T/l Literature Review Scope of Work- combined
BOF Approved: May 3, 2007 Errata may 11, 2007

Page 74 of 138



than in snow-dominated areas. Soil mass movement is the predominant erosional
process in steep, high rainfall forest lands of the Pacific Coast. The role of natural
disturbances in maintaining and restoring the aquatic ecosystem is becoming more
recognized by scientists using interdisciplinary approaches (Reeves et al. 1995).

California Examples

Landslides are an important sediment source in northern coastal ranges of California,
particularly where they were active in the wet period of the late Pleistocene and have
remained dormant for long periods. If reactivated by undercutting at the toe, these slides
can deliver immense amounts of sediment to channels (Leopold 1994). Kelsey (1980)
found in the Van Duzen River basin that avalanche debris slides accounted for
headwater erosion storage, but that natural fluvial hillslope erosion rates were quite low.
In the North Coast range, small headwater streams tend to aggrade their beds during
small storms and degrade during large, peak flow events. However, in larger streams,
sediment aggrades during large events and gradually erodes during smaller ones
(Janda et al.1978).

Sediment budgets offer a quantitative accounting of the rates of sediment production,
transport, storage, and discharge (Swanson et al. 1982; Reid & Dunne 1996). They are
performed in California by academic researchers (Kelsey 1980; Raines 1991),
consultants (e.g., Benda 2003), and agencies. In a review of sediment source analyses
completed for agency-prepared Total Maximum Daily Load (TMDL) allocations in nine
north coast California watersheds, the amount of the “natural” sediment source
contribution ranged from a low of 12% to a high of 72% over the past 20-50 year period
(Kramer et al. 2001). An evaluation of sediment sources in a granitic watershed of the
Klamath Mountains found 24% of the erosion and 40% of the sediment yield to be
natural background levels in 1989 (Sommarstrom et al. 1990). Post-fire erosion can be
a major component of sediment budgets in semi-arid regions of California (Benda
2003).

Role of Riparian Vegetation

Forested riparian ecosystems influence sediment regimes in many ways. First, riparian
plant species are adapted to flooding, erosion, sediment deposition, seasonally
saturated soil environments, physical abrasion, and stem breakage (Dwire et al. 2006).
Sediment transported downslope from overland flow passes by riparian vegetation,
where it can accumulate or be transported through the riparian area (USEPA 1975;
Swanson et al. 1982b). The significance of vegetation’s role in providing bank stability
and improving fish habitat was first recognized as early as 1885 (Van Cleef 1885).
Riparian plant roots help provide streambank, floodplain, and slope stability (Thorne
1990; Abernathy and Rutherford 2000; NRC 2002) and can bind bank sediment,
reducing sediment inputs to streams (Dunaway et al. 1994). Bank material is much
more susceptible to erosion below the rooting zone, but vegetated banks are typically
more stable than unvegetated ones (Hickin 1984). Soil, hydrology, and vegetation are
interconnected in bank stability, though the understanding has developed more slowly
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(Sedell and Beschta 1991; NRC 2002). For example, the effect of riparian vegetation
roots on the mass stability of stream banks may be overestimated in erosion models,
according to recent research (Pollen and Simon 2005). In a study on the Upper Truckee
River, California, a willow species provided an order of magnitude more root
reinforcement than lodgepole pine and reduced the frequency of bank failures and
sediment delivery (Simon, Pollen, and Langendoen 2006).

Riparian vegetation patterns appear to indicate specific landforms and local
hydrogeomorphic conditions; the patterns differ by geographic location and climate,
such as semi-arid versus humid regions (Hupp and Ostercamp 1996). Since streamside
areas tend to have high moisture and low soil strength, they are vulnerable to
compaction and physical disturbance (Dwire et al. 2006). For some sediment processes
originating from upslope of the riparian zone, vegetation may have little influence.
Large, deep-seated landslides are probably not affected by streamside plants and
downed wood, for example (Swanson et al. 1982b). Current conditions of riparian plant
communities need to be viewed in the context of the historical alterations to the
landscape, including land management (NCASI 2005).

Effects of Sediment on Aquatic Life of Streams

While erosion processes can provide sources of gravels for fish spawning, excessive
sediment deposition can be harmful to aquatic life. Habitat needs for anadromous
salmonid fish of the Pacific Coast are well described by Bjornn and Reiser (1991), with
a review of the effects of fine sediment on fish habitats and fish production compiled by
Everest et al. (1987), Furniss (1991), Walters (1995), Spence et al. (1996), and CDFG
(2004). A brief summary of the effects of sediment on critical life stages of salmon and
trout is as follows:

e Spawning: Fine sediment can become embedded in spawning gravels, reducing
the abundance and quality available for spawning and possibly preventing the
female from excavating her nest (redd); excessive sediment loading can cause
channel aggradation, braiding, widening, and increased subsurface flows, all
reducing spawning gravel abundance; excess sediment can fill pools that are
needed for rest and escapement of adults migrating upstream to spawn.

e Eqgg Incubation: Excessive fine sediments can suffocate or impede egg
development or developing alevins by reducing or blocking intragravel water flow,
oxygenation, and gas exchange. Organic sediment, however, can provide
valuable food (e.qg., bugs) for fish (Madej 2005).

e Juvenile Rearing: Coarse and fine sediment can fill pools, which reduces the
volume of habitat available for critical rearing space and the population that can
be sustained; fine sediment can cover the streambed and suffocate benthic
macroinvertebrates, reducing availability of important food source (Suttle et al.
2004). Chronic turbidity from suspended fine sediment interferes with feeding
effectiveness of fry and smolts, reducing their growth rate or forcing them to
emigrate (Sigler et al. 1984; Newcombe and Jensen 1996; Rosetta 2004).
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The review by Everest et al. (1987) demonstrated that the effects of fine sediment on
salmonids are complex and depend on many interacting factors: species and race of
fish, duration of freshwater rearing, spawning escapement within a stream system,
presence of other fish species, availability of spawning and rearing habitats, stream
gradient, channel morphology, sequence of flow events, basin lithology, and history of
land use (Furniss et al. 1991). It also should be noted that research on the effect of “fine
sediment” on salmonid reproduction (e.g., percent survival of fry emergence from eggs)
varies in the definition of sediment size, ranging from 0.85mm to 9.5 mm, but tends to
focus on 2.0 millimeters or less (Everest et al. 1987). One needs to be careful in
interpretation of the literature when comparing the effects of differently defined “fines”
(Sommarstrom et al. 1990.)

The first major literature review on the aquatic effects of human-caused sediment was
published in 1961 by California Dept. of Fish and Game biologists Cordone and Kelley,
who concluded that sediment was harmful to trout and salmon streams. Productive
streams, at every trophic level, contain stored sediment and large organic debris and
are more productive than channels with too little or too much sediment (Everest et al.
1987). An early California study of streams with increased sedimentation found that fish
biomass decreased in some streams and increased in others (Burns 1972). Stream
macroinvertebrate diversity was significantly decreased in stream reaches below failed
logging road crossings, implying the effect of higher sediment levels (Erman et al.
1977). In a review of stream characteristics in old-growth forests, the authors noted that
many streams in California have naturally high sediment loads, including an abundance
of fines less than 1 mm, but historically these streams supported healthy populations of
salmonids (Sedell and Swanson 1984).

Forest Management & Sediment Effects

The literature on the erosion and sediment impacts of forest operations is quite
extensive, though much of it comes out of the Pacific Northwest. Most of the California
research on private forestland has focused on the north coastal redwood region,
particularly in the Caspar Creek Experimental Watershed of the Jackson Demonstration
State Forest in Mendocino County (e.g., Zeimer 1998; Rice et al. 2004) and in the
Redwood Creek watershed as part of Redwood National Park related research (e.g.,
Best et al. 1995; Madej 2005).

Historic Logging Practices

Certain mid-20™ century logging practices were clearly identified as harming water
quality. Clearcut logging, of large portions of a watershed down to the edge of streams,
and the logging road system, were noted as a major source of sediment in earlier
studies in Oregon (Brown and Krygier 1971; Swanson and Dyrness 1975) and
California (Cordone and Kelly 1961; Burns 1972). Cordone and Kelley in 1961
perceived that the bulk of stream damage was caused by carelessness and could be
prevented “with little additional expense”, they thought at the time. Over thirty years ago,
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Burns (1972) examined logging and road effects on juvenile anadromous salmonids in
northern California streams, with all streams showing sediment increases following
logging. Evidence was also gathered to show that good logging practices could reduce
sedimentation problems in the western region (Haupt and Kidd 1965; Brown 1983).

Sediment and other impacts led to a series of increasingly protective measures for
forestry operations on public and private lands in the U.S. In 1973, California’s State
Water Resources Control Board recommended improved timber harvest and road
construction methods at the time of the passage of the State Forest Practice Act but
prior to the adoption of the Forest Practice Rules in 1975 by the Board of Forestry
(SWRCB 1973). Tighter stream protection rules were later required by the State, as
described under Riparian Buffers below. Berbach (2001) describes the evolution of
such measures for private forestland in California.

Roads as a Major Source of Sediment

Logging roads have historically been the largest, or one of the largest, sources of forest
management-related sediment (Trimple and Sartz 1957; Megahan and Kidd 1972,
Burns 1972; Anderson et al. 1976; Adams & Ringer 1994). One study found that roads
can contribute more sediment per unit area than that from all other forestry activities,
including log skidding and yarding (Gibbons and Salo 1973). Roads can affect streams
directly through the acceleration of erosion and sediment loadings, the alteration of
channel morphology, and changes in the runoff characteristics of watersheds.
Sedimentation was often greatest when major storm events occurred immediately after
construction, while surface erosion usually declined over time with revegetation of
roadsides and natural stabilization (Beschta 1978). A long-term study in Caspar Creek
in Mendocino County found similar results, but also a lag of sediment transport as
material only moved during periods of high runoff and streamflow (Krammes and Burns
1973). In landslide prone terrain, road-related erosion could continue unless certain
design, construction and maintenance practices were carried out, or high erosion
hazard areas were avoided. Much of the research of logging road effects was on roads
that had been constructed in the 1950’s, 60’s and 70’s, before improved road location
and design to minimize potential slope stability and erosion problems were applied. By
the early 1990s, steps were being taken to minimize the negative effects of roads on
streams through both construction and maintenance practices (Furniss et al. 1991,
Weaver and Hagans 1994).

Channel crossings, within the riparian area, are often the primary cause of water quality
problems associated with roads and the resultant ecological impacts (USFS 1976;
Erman et al. 1977; Forman and Alexander 1998). Debris blockages of undersized
culverts and flood flows can cause the failure of the logging road stream crossing,
delivering large volumes of crossing-fill sediment directly into the channel. In a long-
term erosion evaluation of the Redwood Creek watershed, researchers found significant
gullying problems due to logging roads, particularly due to diversions at plugged stream
culverts or ditch relief culverts (Hagans et al. 1986). These diversions created complex
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channel networks and increased downslope drainage density, yet 80% of all gully
erosion was avoidable, the authors stated, through minor changes in road construction
techniques.

Heavily used, unsurfaced logging roads also can produce significantly more sediment
and turbidity than abandoned roads, with one study in Washington State showing a 130
fold increase (Reid and Dunne 1984). Road surface sediment can drain into roadside
ditches and then into streams, delivering fine sediment detectable by turbidity sampling
below the road (Bilby et al. 1989). The problem can be effectively minimized, the
authors noted, by draining the ditch onto the forest floor in small quantities to infiltrate,
by using better road construction and surfacing material, and by leaving woody debris
within the stream. Ketcheson and Megahan (1996) evaluated the potential sediment
filtration effectiveness of the riparian zone below road fills and culverts in granitic terrain,
finding that road sediment travel distance increased with increasing volume of eroded
material.

In some locations, road placement within the stream riparian zone can encroach on the
floodplain and channel and force streamflows to the opposite bank, potentially
destabilizing the hillslope and causing increased landsliding. Roads located within the
landslide-prone inner valley gorge, where very steep slopes are adjacent to streams,
are at high risk of frequent or iterative failure (Furniss et al. 1991). A study in the
Klamath Mountains of northwestern California noted this relationship (Wolfe 1982). If
roads must be located in a valley bottom, a buffer strip of natural vegetation between
the road and the stream is recommended (Furniss et al. 1991).

High quality roads and better maintenance are likely to reduce the amount of material
supplied to channels from hillslopes, reduce the amount of sediment mobilized along
low order streams, and reduce the sediment delivery rate to high order streams (Furniss
et al. 1991, Slaymaker 2000). In the past decade, methods to inventory logging road
drainages for their potential to deliver sediment have become more standardized
(Flanagan et al. 1998; CDFG 2006). Road erosion studies need to be examined in the
context of geology and soil types, such as the highly erosive granitics (e.g., Megahan
and Kidd 1972).

Some studies have compared the effects of old to new forest practices. Cafferata and
Spittler (1998) compared the effects of logging in the 1970s to the 1990s in the Caspar
Creek watershed in Mendocino County found that “legacy” roads continue to be
significant sources of sediment deca des after construction. Recent Total Maximum
Daily Load (TMDL) studies in north coastal California watersheds assessed sediment
sources over multiple decades, but the analyses did not distinguish whether logging
road-related sediment originated from roads constructed before or after the Forest
Practice Act in 1973 (Kramer et al. 2001). However, timber operations under the
“modern” Forest Practice Rules produced an estimated erosion rate one-tenth that of
pre-1976 practices on a tributary of Redwood Creek (Best et al. 1995). Rice (1999)
cautioned about direct comparisons of different studies with different objectives, but
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concluded that road-related erosion in Redwood Creek was significantly reduced due to
improved road standards (e.g., better sizing and placement of culverts). In 1999, the
Scientific Review Panel on California Forest Practice Rules and Salmonid Habitat made
nine recommendations on road construction and maintenance, including the removal of
legacy roads within the riparian zone (Ligon et al. 1999).

Riparian Buffers in Forest Management

The concept of using vegetation and/or obstructions to form buffer strips to minimize or
retard downslope sediment movement has been applied to agricultural and forestry
operations for many years (Broderson 1973; USEPA 1975). Buffer strips are defined as
riparian lands maintained immediately adjacent to streams or lakes to protect water
quality, fish habitat, and other resources (Belt et al. 1992). Limiting mechanical
harvesting activities within streamside zones is appropriate to protect their vulnerability
to compaction and physical disturbance, due to high moisture and low soil strength
factors (Dwire et al. 2006).

The U.S. Forest Service adopted the Streamside Management Zone (SMZ) in the
1970s as a Best Management Practice (BMP), for closely managed harvesting, to act
as an effective filter and absorptive zone for sediment, to protect channel and
streambanks, and other benefits (USFS 1979). Each National Forest’s Forest Plan also
has Standards and Guidelines for the protection of riparian areas, including specific
BMPs (Belt et al. 1992). In 1975, the California Board of Forestry first adopted the
Stream and Lake Protection Zone (SLPZs) as part of the state’s Forest Practice Rules
(FPRs); these riparian zone protections were later expanded by the Watercourse and
Lake Protection Zone (WLPZ) in 1983, 1991 and 2000 (Berbach 2001). While the
benefits of such riparian protections are not challenged, the extent of the buffer strips
(i.e., upslope and upstream) to balance ecological, water quality, and management
needs continues to be debated (Dwire et al. 2006).

Direct physical disturbance of stream channels and soils within the riparian area by
timber harvest activities can increase sediment discharge (Everest et al. 1987). In a
1975 California field study, physical damage to streambanks during logging was caused
by equipment operating through streams, by yarding and skidding timber through
channels, and by removal of streamside vegetation. Failed road crossings deposited
sediment into the streams, reducing the diversity of the aquatic invertebrate community
(Erman et al. 1977). Grant (1988) identified a method, primarily through aerial
photograph analysis, to detect possible downstream changes in riparian areas due to
upstream forest management activities.

More recent studies have looked at the design of forest riparian buffer strips to protect
water quality. The authors of one literature summary stated, “we cannot overemphasize
the importance of maintaining the integrity of the riparian zone during harvest
operations” in relation to erosion and sedimentation processes (Chamberlin et al. 1991).
The use of riparian buffers and BMPs has generally decreased the negative effects of
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forest harvest activities on surface water quality (Belt et al. 1992; Norris 1993).
However, even an intact riparian buffer strip cannot prevent significant amounts of
hillslope sediment from entering a stream via overland flow (due to infiltration and
saturation excess in severely disturbed soil) or from debris slides originating outside the
riparian zone (Belt and O'Laughlin 1994; O’Laughlin & Belt 1995).

One area of research receiving more attention is the riparian zone within headwater and
low order streams (e.g., first and second). Sediment deposited in low order streams
(which tend to be Class Ill under FPR rules) may be delivered to high order streams
(e.g., third and fourth) that are usually Class | and Il. Moore (2005) summarizes the
latest results of this headwater research in the Pacific Northwest. MacDonald and Coe
(2007) have recently investigated the influence of headwater streams on downstream
reaches in forested areas, including the connectivity and effects of sediment. These
recent research papers and others on this topic need to be thoroughly examined before
consensus can be reached on the conclusions.

In recent years, the use of riparian buffer zones as a management tool has increased.
For public lands in the Pacific Northwest, Riparian Reserves (RR) were set aside under
the Northwest Forest Plan in 1994, where silvicultural activities were not allowed for
multiple reasons, including water quality (Thomas 2004). For private forest lands,
stream protection zones have increased in importance and restrictions in the past
decade due to the federal and state listings of anadromous salmonid species as
threatened or endangered (Blinn and Kilgore 2001; Lee et al. 2004). The current WLPZ
rules for California were tightened from the 1991 Rules to protect listed fish species
under the “Threatened or Impaired” (T/I) Rules, adopted as Interim Rule Requirements
by the BOF in 2000, based in part on the recommendations of the Scientific Review
Panel (Ligon et al. 1999; Berbach 2001). Research is now needed on the effects of
these newer riparian protection zones, with comparisons made to previously designated
zones.

Recent Sediment Evaluations of Forest Practices

Evaluations of forest practices producing and delivering sediment, as a nonpoint
pollution source, revealed that Best Management Practice (BMP) implementation was
generally good across the U.S., but cases of noncompliance persisted (especially for
road and skid trail BMPs (SWRCB 1987; Binkley and Brown 1993). The authors
recommended compliance and effectiveness monitoring must therefore be an ongoing
activity.

The Board of Forestry’s Monitoring Study Group (MSG) has overseen two recent
evaluations of the effectiveness of the Board’s Forest Practice Rules (FPRs). The
Hillslope Monitoring Program (Cafferata and Munn 2002) evaluated monitoring results
from 1996 through 2001, while the Modified Completion Report (Brandow et al. 2006)
continued analysis of data from 2001 through 2004. Both studies found that: 1) the rate
of compliance with the FPRs designed to protect water quality and aquatic habitat is
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generally high, and 2) the FPRs are highly effective in preventing erosion,
sedimentation and sediment transport to channels when properly implemented. The
2006 report concluded the following:

In most cases, Watercourse and Lake Protection Zone (WLPZ) canopy and groundcover
exceeded Forest Practice Rule (FPR) standards. With rare exceptions, WLPZ groundcover
exceeds 70%, patches of bare soil in WLPZs exceeding the FPR standards are rare, and
erosion features within WLPZs related to current operations are uncommon. Moreover, in most
cases, actual WLPZ widths were found to meet or exceed FPR standards and/or widths
prescribed in the applicable THP...

When properly implemented, road-related FPRs were found to be highly effective in
preventing erosion, sedimentation and sediment transport to channels. Overall implementation
of road-related rules was found to meet or exceed required standards 82% of the time, was
marginally acceptable 14% of the time, and departed from the FPRs 4% of the time. Road-
related rules most frequently cited for poor implementation were waterbreak spacing and the
size, number and location of drainage structures...

Watercourse crossings present a higher risk of discharge into streams than roads, because
while some roads are close to streams, all watercourse crossings straddle watercourses.
Overall, 64% of watercourse crossings had acceptable implementation of all applicable FPRs,
while 19% had at least one feature with marginally acceptable implementation and 17% had at
least one departure from the FPRs. Common deficiencies included diversion potential, fill slope
erosion, culvert plugging, and scour at the outlet...

Attention has recently focused on riparian management of low order streams by
management agencies, the public, and scientists. Gaps in knowledge are still being
identified for the Pacific region and the diversity of riparian management standards
continue to be debated (Young 2000; Moore 2005).

What We Do Not Know or Do Not Yet Agree Upon:

e The need for buffer strips along low order (e.g., 1%, 2"%) streams to prevent or
minimize the delivery of sediment to higher order streams during forestry
operations.

e The amount of forest management that can be performed within a designated
riparian buffer zone without accelerating sediment production and delivery.

e The sediment effects of the newer, riparian protection zones for forest
management, with comparisons made to previously designated zones.

e The relevance of forest management research on sediment relationships in
riparian zones in other western states to California, and the relevance of such
research in California’s north coastal redwood region to other region’s of the
state.
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PRIMER : WATER RIPARIAN EXCHANGE FUNCTION

Salmonid Life-Cycle Needs Related to Water

Important habitat characteristics for salmonids in streams include minimum streamflow,
obstructions to flow that create debris dams and have other effects on stream shape, and gravel
necessary for spawning (Botkin and others 1994). The riparian zone along streams influences
all of these factors. Streamflow, and the sediment this flow transports, interact with large wood,
boulders, and bedrock outcrops to produce physical characteristics of streams required by fish,
including side channels in floodplains, and pools and riffles in small main-stream channels.

The amount, velocity, and depth of water required by salmonids varies depending on the life
stage. Bjornn and Reiser (1991) present a comprehensive review of this topic for North
American salmonids. Migrating fish require water depths that allow upstream passage [e.g.,
minimum water depths of 0.09 m to 0.12 m for chum salmon, depending on substrate particle
size (Sautner and others 1984)]. Streamflow affects the amount of spawning habitat available
by regulating the area covered by water and the velocities and depths of water over gravel beds
[e.g., velocities ranging from 0.3 to 3.0 m/s and a minimum depth of 0.18 m (Thompson 1972)].
Stream discharge, followed by water velocity, are the most important factors in determining the
amount of suitable living space for rearing salmonids [e.g., velocities < 10 cm/s for newly
emerged salmon and trout fry (Everest and Chapman 1972); depths ranging from water barely
deep enough to cover juveniles to > 1 m (Bjornn and Reiser 1991)].> In general, salmonid
carrying capacity increases as streamflow increases up to a point, and then levels off or declines
if velocity becomes excessive (Bjornn and Reiser 1991, Murphy 1995).

Minimum streamflows in both summer and late fall are critical for juvenile rearing and successful
spawning for salmonids, respectively. Murphy (1995) reported that minimum streamflow in
summer limits salmonid carrying capacity on a broad scale. For example, total commercial
catch of coho salmon off of Washington and Oregon was found to be directly related to the
amount of summer streamflow when the juveniles were in streams two years before (Smoker
1955, Mathews and Olson 1980). Botkin and others (1994) found that streamflow, especially the
minimum flow in November three and four years prior to adult returns, accounted for most of the
variation in adult spring Chinook adult salmon returning to spawn in the Rogue River in Oregon.

Effects of Forest Management on Peak Flows, Low Flows, and Water Yield

The effects of forest management activities on streamflow have been studied since the early
1900’s and are summarized in Ziemer and Lisle (1998) and Moore and Wondzell (2005).
Changes in peak flows, low flows, and water yield resulting from forest removal are very
complex. The magnitude of change to both water yield and peak flows depends on the amount
and location of the harvest, the stand age and composition of the vegetation removed, soil and
lithologic characteristics, topography, and climatic conditions. The persistence of the effect is
largely determined by the rate and composition of vegetation re-occupying the disturbed site.

! Note that in an area with numerous deep pools and cool groundwater contribution, discharge and velocity can be
very low, compared to an area without pools.
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In terms of aquatic habitat, key hydrologic concerns relate to changes in summer low flows, and
in peak flows and their effects on channel stability and sediment transport (Moore and Wondzell
2005). In a comprehensive review of forestry impacts on aquatic habitats, Botkin and others
(1994) concluded that there is no evidence or reason to believe that changes in flow due to
forest harvest would be deleterious to fish. They state that increases in flood peaks would be
expected to cause a slight increase in channel mobility and an increase in the transport of bed
sediment (factors that relate to spawning and rearing habitat), but there do not appear to be field
studies relating changes in flooding to degradation of fish habitat.

Peak Flow Changes

Ziemer and Lisle (1998) provide a comprehensive description of how changes in peak flows
associated with forest management vary with watershed size, type of precipitation, season, and
flood magnitude. In general, the effects of forest practices are more pronounced and easier to
detect in small watersheds, greater in areas where rain-on-snow events occur, greater in the fall
months, and greater for frequent runoff events. More detailed information on these principles
and specific examples and are provided in the paragraphs that follow.

Substantial (e.g., >30-50% clearcut) harvesting in small to medium-sized watersheds? over short
time periods is required to noticeably increase small to medium recurrence-interval peak flows
associated with timber harvesting. Limited harvesting in riparian areas alone cannot affect flood
frequency or magnitude.

Ziemer (1998) reported a 9 percent increase in 2-year peak flows following clearcutting
approximately 50 3|oercent of the North Fork Caspar Creek watershed (5 km?), located near Fort
Bragg, California.” Ziemer and Lisle (1998) state that: “There is little evidence that forest
practices significantly affect large floods produced by rain. However, it is possible that
clearcutting exacerbates some rain-on-snow floods, although the magnitude of such an effect is
highly variable and difficult to measure or detect.” They also explain that the greater the size of
the flood or basin being investigated, the less likely that there will be any detectable changes
caused by forest practices.

Specific peak flow studies in the Pacific Northwest confirm these conclusions. Thomas and
Megahan (1998) found that treatment effects decreased as flow event size increased and were

2 Ziemer and Lisle (1998) define small basins as having drainage areas < 1 km? (~250 ac) and large basins as >100
km? (~25,000 ac). Medium-sized basins can be considered be on the order of 10 km? (~2,500 ac).

® The WLPZ Forest Practice Rules tested in the North Fork Caspar Creek watershed were those in effect from 1983
to 1991 (e.g., Class | buffer strips of 200 ft for slopes >70%). In 1991, maximum Class | WLPZs were reduced to
150 feet for slopes >50%.

* Snow accumulation tends to be higher in openings than under forest canopies, with cut blocks typically
accumulating about 30 percent to 50 percent more snow. Removal of the forest canopy exposes the snow surface
to greater incident solar radiation as well as to higher wind speeds, which can increase sensible and latent heat
inputs. During mid-winter rain-on-snow events, melt rates are typically governed by sensible heat transfer from the
relatively warm air, condensation of water vapor onto the snowpack, and in some cases by the sensible heat of
rainfall. Under these conditions, snowmelt may significantly augment rainfall, increasing the magnitude of flood
peaks (Moore and Wondzell 2005).
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not detectable for flows with 2-year return intervals or greater for small treated watersheds that
were either clearcut or patchcut with roads in the H.J. Andrews Experimental Forest, located in
the western Cascade Mountains of Oregon in the rain-on-snow zone. Beschta and others (2000)
analyzed the same data and concluded that treatment effects were unlikely for peak flows with
recurrence intervals of approximately 5 years or greater, and that a relationship could not be
found between forest harvesting and peak discharge in the large basins.

In a broad summary of the literature, Moore and Wondzell (2005) reported that peak flows
increased following forest harvesting in most studies in coastal catchments, with increases
ranging from 13 percent to over 40 percent based on the original analyses. They also found that
in coastal watersheds, the magnitude of forest practice-related peak-flow increases declined with
increasing event magnitude in most cases, with the greatest increases typically associated with
autumn rain events on relatively dry catchments. Moore and Wondzell (2005) state that peak
flow change does not appear to be related in any simple way to the percentage of basin area cut
or basal area removed, and that estimates of post-treatment recovery rates varied among
studies.

Timber harvesting affects the amount of interception loss that takes place in forested
watersheds. This, in turn, may influence changes in winter peak flows. Interception loss has
been reported as approximately 20% in coastal California forests (Reid and Lewis, in press), and
more generally as about 10 to 30 percent of total rainfall, depending on canopy characteristics
and climatic conditions (Moore and Wondzell 2005). Differences in interception loss between
logged and unlogged areas are likely to explain the majority of the observed increases in larger
winter peak flows, when transpiration is at its annual minimum (Ziemer 1998, Lewis and others
2001).

Small increases in peak flows (< 10%) for 2-5 yr return interval events have been found to be
relatively benign and have not been judged to be capable of substantially modifying the
morphology of the stream channels (Ziemer 1998). This is due to the fact that the magnitude of
peak flow changes is substantially less than the within-a-year and year-to-year variability in
streamflows. The changes are within the normal range of variability of streamflows (Grant and
others 1999).

In addition to harvesting effects, roads can have significant hydrologic impacts (Coe 2004).
Several studies have shown that logging roads can intercept shallow subsurface flow and rapidly
route it to the stream network, potentially leading to increased peak flows in headwater basins
(Moore and Wondzell 2005), or possibly delayed peaks in larger watersheds due to
desynchronization of peak flows from tributary basins. Pathways linking the road network to
stream channels include roadside ditches draining directly to streams, and roadside ditches
draining to culverts that feed water into incised gullies (Wemple and others 1996). Accelerated
runoff at the road segment scale also results since haul roads have compacted surfaces with low
permeability that generate overland flow in even moderate rainstorms (Coe 2004, Moore and
Wondzell 2005).

At the basin scale, paired-watershed studies have not shown strong evidence to support road-

induced increases in peak flows. Studies may have been hampered by insufficient pre-

treatment calibration data, lack of treatment replication, and poor experimental control (i.e., road
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building and timber harvesting have often occurred simultaneously or in quick succession)
(Thomas and Megahan 1998, Coe 2004). Modeling studies have shown that increases in peak
flows due to roads were approximately equal to the effects from timber harvesting (i.e., canopy
removal) in an experimental watershed in western Washington (Bowling and Lettenmaier 2001).
The effect of both activities declined as the flow recurrence interval increased. Additionally,
modeling studies suggest that roads can decrease baseflow during the critical summer months
(Tague and Band 2001). However, much uncertainly still exists regarding the hydrologic effects
of roads at the watershed scale (Coe 2004, Royer 2006). If there are impacts from road building
on peak flows, these effects will be more pronounced and easier to detect in smaller basins
(Ziemer and Lisle 1997).

Channel aggradation, or filling of the channel bed with sediment, can have a significant effect on
flood height or flooding. Where aggradation is severe, it is more important for overbank flooding
than changes in runoff due to logging operations (Lisle and others 2000). Widespread channel
aggradation can occur in low gradient reaches of watersheds if the sediment production rate has
been significantly accelerated above background rates by mass wasting and surface erosion
and delivery processes. If this happens, similar magnitude peak flows to those which would
have occurred earlier can cause more extensive over-bank flooding downstream because of
reduced channel capacity. These flood events would be the consequence of
rainfall/runoff/channel aggradation interactions, rather than rainfall/runoff interactions. The area
flooded would be changed by the altered channel configuration, even if the amount of water
remained the same.

Low Flow Changes

Forest removal in mountainous watersheds will increase low summer and early fall streamflows,
as well as total water yield. Botkin and others (1994) reported that while total water flow in a
stream is important to salmon, flow increases during summer and early fall that can augment
streamflow at a critical season for juvenile rearing are more important than the changes in
magnitude of total annual flow. Nearly all published reports on timber harvesting and resulting
changes in summer low flows have shown that streamflow will either increase or remain
unchanged in proportion to the amount of vegetation removed in the watershed. Harvested
areas contain wetter soils than unlogged areas during periods of evapotranspiration, and hence
higher groundwater levels and greater late-summer streamflow (Chamberlin and others 1991).

Studies have documented that the post-treatment recovery rates are highly variable depending
on the severity of the treatment and the vegetation reoccupying the site, along with
physiographic and climatic characteristics. Often increases are fairly short-lived, as regeneration
begins to utilize surplus soil moisture and intercepts precipitation. After approximately 10-30
years, baseflow (and peak flow rates) have returned to normal or decreased below pre-harvest
levels due to rapidly growing hardwoods that transpire more water than mature conifer trees
(Murphy 1995, Moore and Wondzell, 2005). Long-term effects of logging on summer low flows
likely depends primarily on species composition before and after harvest (Spence and others
1996, Moore and Wondzell 2005). In general, summer low flows are more sensitive to
transpiration from riparian vegetation than from vegetation in the rest of the catchment (Moore
and Wondzell 2005).
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One example in California of documented water yield changes with both selective harvesting
and clearcutting has taken place in the Caspar Creek watershed. The effects of selective
logging on low flows were examined in the South Fork Caspar Creek watershed, where 64
percent of the second-growth stand volume of coast redwood and Douglas-fir was tractor logged
from 1971 to 1973. Statistically significant summer low flow enhancements were evident for 7
years after logging. Minimum discharge increases averaged 38 percent after the selective
harvesting and summer low flow volumes increases averaged 29% between 1972 and 1978
(Keppeler and Ziemer 1990, Rice and others 2004). The average length of the part of the low
flow period when flow in the South Fork was less than 0.2 cfs was shortened by 43 days form
1972 to 1978, a 40% reduction. As in previous studies, most of the enhanced streamflow
(average annual water yield) increase (approximately 90 percent) was realized during the rainy
season while greater relative increases were witnessed during the summer low flow period
(Keppeler 1986).

In the North Fork Caspar Creek watershed, approximately 50 percent of the watershed was
clearcut harvested over about 7 years (1985 to January 1992).> Minimum discharge increases
averaged 148 percent at the North Fork weir and flow enhancement persisted through
hydrologic year 1997 with no recovery trend observed. The larger increases in the North Fork
were probably due to wetter soils in the clearcut units, where little vegetation was present to use
the additional moisture (Keppeler 1998). This data suggests that water yield effects will persist
longer after clearcutting than when a similar timber volume is removed from a watershed with
selective cutting. These differences in water yield recovery are probably related to changes in
rainfall interception and evapotranspiration (Rice and others 2004). Enhanced summer low
flows improve aquatic habitat in stream channels. In the Caspar Creek study, higher discharge
levels increased habitat volumes and lengthened the flowing channel network along logged
reaches during the summer and early fall months (Keppeler 1998).

The amount of increased water flow caused by forest management activities on summer low
flows of large rivers is unknown, but Botkin and others (1994) state that based on studies
extrapolated elsewhere, it is reasonable to assume that there would be a small positive effect.
Given the importance of low flow increases to salmonid production, however, this change may
be significant.

Annual Water Yield Changes

For total annual water-yield changes with forest management, most small-watershed studies
have shown that in areas with significant precipitation (>100 cm/yr or ~40 in/yr), increases in
streamflow are proportional to the reduction in forest cover. This is due to reduced losses from
evapotranspiration by the trees in rain-dominated systems. Moore and Wondzell (2005)
reported that in rain-dominated small catchments, clearcutting and patch-cutting increased yields
by up to 6 mm for each percentage of basin harvested, while selective cutting increased yields
by up to about 3 mm for each percentage of basal area removed. Increased water yield,
however, is not uniformly distributed seasonally or throughout the rotation in the Pacific
Northwest and California. Most of the annual increase occurs in the winter high-runoff season
and during the wetter years, rather than during the summer season and drought years, when the

®> Most of the clearcut harvesting (45.5%) took place from the spring of 1989 to January 1992 (Henry 1998).
BOF T/I Literature Review Scope of Work- combined
BOF Approved: May 3, 2007
Errata: May 11, 2007

Page 96 of 138



additional water is needed (Ziemer 1987).° When vegetation reduction in a watershed is less
than 20 percent, the expected water-yield increase is not measurable and the remaining trees
will likely use as much water as the original stand (Bosch and Hewlett 1982).

Ziemer (1987) summarized the literature on this subject and reported that total water yield
increases resulting from management in larger basins would be very small and not measurable.
For example, Kattelmann and others (1983) estimated that for National Forest lands in Sierra
Nevada watersheds, streamflow could only be increased one percent if multiple use/sustained
yield guidelines were followed.

While there is some evidence in the arid southwestern United States that expansion of the
phreatophytic riparian forests along rivers can contribute to streamflow declines (Thomas and
Pool 2006), this does not appear to be a significant concern for most California watersheds with
coniferous forests. For forest streams with narrow strips of riparian forest, riparian vegetation
water use is usually a small portion of the overall water budget and probably has minor influence
on annual water yield (Dr. Julie Stromberg, Arizona State University, Tempe, AZ, personal
communication). As an example, complete felling of a strip of riparian vegetation in a small
watershed at Coweeta Hydrologic Laboratory in North Carolina produced only very minor water
yield increases (Hewlett and Hibbert 1961). With the limited harvesting in riparian zones that is
allowed under the current forest practice rules in California, water-yield increases are not
expected to be measurable.

Stormflow Generation

Water is transferred through riparian zones to channels by surface and subsurface flow.
Shallow or lateral subsurface flow from hillslopes in steep forested watersheds in the western
United States is widely recognized as a main contributor to stream flow generation; however,
processes that control how and when hillslopes connect to streams are still being studied. Much
of the difficulty in deciphering hillslope response in the stream is due to riparian zone modulation
of these inputs (McGuire and McDonnell 2006).

A key concept for forested watersheds is that there is great temporal and spatial variability in
how water is transferred to the channel. Streamflow in small forested headwater basins is
usually generated from an expanding and contracting source area, often denoted as the variable
source area, representing a fraction of the total basin area. The source of streamflow is usually
that part of the basin nearest the perennial, intermittent, and ephemeral channels. Source areas
(the hydrologically-active areas that contribute directly to stormflow) can vary from only one
percent of the total basin area in small storms to 50 percent or more in very large storms. The
percentage of saturated source area in a watershed is topographically sensitive (i.e., higher
percentages occur with gentler slopes). The source areas within a watershed are very dynamic,
expanding and contracting during events as the influx of precipitation progresses and then ends.

® This was observed in areas with rain-dominated winter periods, where summer storms are infrequent, as is found
in California. In contrast, experimental studies on eastern U.S. watersheds (rain-dominated) have shown that
peakflow and water yield increases dominate during the growing season months, since approximately half of the
annual precipitation (in the form of higher-intensity convective storms) occurs from May through October.
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Moisture redistribution continues following the rain event as slower lateral hillslope drainage
supplies additional moisture to lower slope positions. Direct runoff and its source area increase
due to channel expansion and slope water movement (Hewlett and Nutter 1970, Troendle 1985).
Riparian areas associated with perennial and larger intermittent streams remain at or near
saturation during the winter and hence are hydrologically active for transporting water by
saturated overland flow and rapid subsurface flow via soil macropore and/or displacement
flowpaths. Smaller intermittent and ephemeral streams are only active when the hydrologic
network expands sufficiently to incorporate steeper-gradient channels. Ephemeral first order
channels (typically Class Il watercourses) flow only in response to direct rainfall, and, although
they are part of the hydrologic network, they do not generally have riparian zones because
hydrophilic (water-dependent or water-loving) plants are usually absent.

Water Exchange and Transfer within the Riparian/Floodplain Zone

Water is exchanged in riparian zones, and larger floodplains in several ways. Streams either
gain water from inflow of groundwater (i.e., gaining stream—moving water from the riparian zone
to the channel) or lose water by outflow to groundwater (i.e., losing stream—moving water from
the channel into the riparian zone). Many streams do both, gaining in some reaches and losing
in other reaches. Input of cold groundwater to the bottom of pools can be a key refugia feature
for anadromous fishes in summer months (Osaki 1988).

The riparian zone has been conceptualized as a zone of transmission of ground water and
hillslope water to the stream channel, as well as a direct router of precipitation and snowmelt
when the riparian water table rises to the ground surface. Between storms, and even during
small storms with dry antecedent conditions, subsurface inputs from adjacent hillslopes are often
minimal. At these times, two-way exchanges of water between the stream and the riparian
aquifer (hyporheic exchange) can become important (Moore and Wondzell 2005). The
hyporheic zone is an area adjacent to the channel and below the floodplain (if present) where
surface water and groundwater mix. Hyporheic zones link aquatic and terrestrial systems and
serve as transition areas between surface water and groundwater systems. The hyporheic zone
contains species common to both surface and subsurface systems, including a diverse
community of macroinvertebrates. Few hyporheic studies have focused on unconstrained
headwater streams in the Pacific Northwest. Consequently, the knowledge of hyporheic
hydrology draws largely upon studies of larger, unconstrained streams.

Transpiration by vegetation in the riparian zone may extract groundwater from the riparian
aquifer, producing a diurnal decrease in riparian water-table level and in streamflow, followed by
recovery at night. Lundquist and Cayan (2002) report that diurnal cycles are evident in many
western river records and that daily variation in streamflow is often 10-20% of the daily mean
flow. Harvesting in the riparian zone can have a significant influence on riparian-zone hydrology
through its effect on transpiration and water-table drawdown, potentially dampening or
eliminating diurnal fluctuations in discharge and increasing low-flow discharges (Bren 1997).
During extended periods of low flow, sections of small streams dry up wherever stream
discharge is insufficient to both maintain continuous surface flow and satisfy water losses
through the bed and banks. Stream drying may occur frequently in the headmost portions of the
channel network, interrupting connectivity (Moore and Wondzell 2005). Also, forestry-related
changes in channel morphology can substantially influence stream-aquifer interactions. Channel
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incision and simplification of channel morphology during large floods can substantially lower
water tables and reduce exchange flows of water between the stream and the riparian aquifer
(Wondzell and Swanson 1999).

Neither the effect of forest harvesting nor the effect of riparian buffer strips on hyporheic
exchange flows has been directly examined in small headwater streams (Moore and Wondzell
2005). Moore and Wondzell (2005) hypothesize, however, that because channel morphology
strongly controls hyporheic exchange, it is reasonable to assume that timber operations that lead
to losses in channel complexity would reduce interactions between the stream and the riparian
aquifer. In contrast, they state that efforts to minimize management impacts on channels, such
as retention of riparian buffer strips, would help preserve stream-aquifer interactions. The
ecological implications of decreased stream-aquifer interactions are stated as being difficult to
predict with current knowledge. Moore and Wondzell (2005) report that Wondzell and
Swanson’s research (1996) suggests that such decreased interactions could lead to reduced
nutrient cycling and reductions in stream productivity.

Forest Management Impacts on Water Transfer/Exchange Processes

Forest management activities include timber falling, timber yarding, road and crossing
construction and use, site-preparation activities, herbicide applications, forest thinning, etc.
Forest operations on a watershed-basis can influence surface and subsurface runoff in several
ways. For example, decreased interception loss increases the amount of water infiltrating the
soil, leading to higher water-table levels during storms (Moore and Wondzell 2005). Limited
timber falling and tree removal in riparian zones alone will reduce interception loss and
evapotranspiration, but will likely have little impact on streamflow (low flows, peak flows, or
annual water yield), as discussed previously. In contrast, ground-based yarding activities in
riparian zones and floodplains of larger river systems can adversely impact important overflow
channels used by salmonids during high winter storm discharges. Additionally, riparian areas
are vulnerable to both compaction and physical disturbance during ground harvesting operations
due to areas of high soil moisture and low soil strength that are common within streamside
zones. These concerns, along with riparian and aquatic habitat protection, provide a basis for
limiting mechanical harvesting activities within riparian zones (Dwire and others 2006).

Considerably less is known about forest management impacts associated with small headwater
channels when compared to larger fish bearing watercourses. Even though streamflow is
sporadic in ephemeral first order channels (typically Class Ill watercourses), it is capable of
transporting fine sediment down to fish-bearing streams. Rashin and others (2006) found that at
several study sites in Washington, delivery of sediment to unbuffered tributaries resulted in
adverse impacts to fish-bearing streams that were otherwise adequately protected by riparian
buffers.

Field evidence from the Caspar Creek watershed suggested that unbuffered, headwater stream
channels, particularly in burned areas, contributed significantly to suspended sediment loads.
Lewis and others (2001) state that sediment increases in the North Fork Caspar Creek
tributaries probably could have been reduced by avoiding activities that denuded or reshaped
the banks of the small headwater channels. Much of the post-harvest increases in sediment
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yield in the North Fork were attributed to harvest-induced storm flow volume increases (Lewis
and others 2001), suggesting that the hydrologic changes can be practically and not just
statistically significant (Moore and Wondzell 2005). Therefore, there is evidence that increased
flows in small headwater channels, as well as disturbance of these channels, can produce
increased downstream sediment transport. Further discussion of sediment delivery is provided
in the California State Board of Forestry and Fire Protection’s Technical Advisory Committee
(TAC) Sediment Primer.
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EXECUTIVE SUMMARY

Have changes in land management resulted in changes in spawning gravel quality or
winter water clarity in the Garcia River, the first on the northern California coast to
receive a TMDL? To begin to answer this question, turbidity and spawning gravel quality
(particle size distribution and permeability) were measured in four Garcia River
watershed tributaries in water years 2004 and 2005.

Fine sediments filling spawning gravels are deleterious to salmon gravel redds because
interstitial gravel spaces become filled with particles that clog the semi-permeable nest.
As permeability is impaired, the flow of dissolved oxygen to incubating eggs is reduced.
This can result in nest fouling, as metabolic waste products accumulate. In 1999 and
2004, four Garcia River tributaries were sampled for spawning gravel particle size
distributions and permeability. Bulk spawnable gravels were collected in 6 gallon
samples, repeated eight times per tributary, and sieved into particle size classes. From
these samples, the relative accumulation or depletion of finer particles (0.85 mm, 6.5 mm,
and 8.0 mm size classes, collectively referred to as fines) between 1999 and 2004 was
determined. Permeability was measured directly in spawnable gravels with portable
backpack water pumps. Permeability rates and particle size distributions were used to
predict salmonids survival to emergence. Gravel redds were significantly more permeable
at Pardaloe and Mill Creeks, and measurably (but not significantly) more permeable at
Inman Creek and the South Fork Garcia River in 2004 verses 1999. Fewer fines in
spawnable gravels were found at Pardaloe Creek and South Fork in 2004 than in 1999,
but these improvements were not statistically significant. Further study with a larger
sample size is necessary to determine whether these measurable differences are due to
natural variation or to true improvements in spawning gravel quality.

Winter water clarity was tested with automated turbidity sensors every ten minutes in
water years 2004 and 2005. Water clarity is occluded by sediments suspended in the
water column during storms (peak turbidity) and to a lesser extent between storms
(chronic turbidity). Chronic turbidity can impair sight and feeding of over-wintering
salmonids and causes gill abrasion. Subwatershed South Fork experienced the lowest
total number of hours with turbidities exceeding a threshold of 30 NTUs during WY 04
and 05. Mill Creek had the lowest total hours with turbidities exceeding 60 and 150 NTU
thresholds in WY 2004 while Pardaloe and Mill shared these prizes in WY 2005. South
Fork had the lowest storm-related peak turbidity, closely followed by Pardaloe. Pardaloe
had the lowest timber harvest rate and road density of the five watersheds studied over a
17-year period. South Fork had relatively high road density but had recently experienced
basinwide restoration. In general, the other streams had no restoration work and had
moderate to high timber harvest intensities. Excepting Mill Creek, these basins exhibited
greater peak and chronic turbidity. Road restoration work and past timber harvest
intensity may explain these differences. But natural variation and the many factors in a
watershed that affect stream and gravel quality may dominate. Further research must be
conducted before conclusions can be definitively drawn. However in evaluating whether
funding spent on watershed restoration erosion controls is effective in improving
instream conditions, this news is encouraging.



ACKNOWLEDGEMENTS

The extension of recording turbidimeter and pumping water sampler technologies to an
increasing list of watersheds, agencies, citizenry, and hydrologists have provided an
exciting arena in which to observe water quality changes. This is possible through the
technology transfer afforded by the staff of USFS Redwood Sciences Laboratory in
Arcata, California. We benefited greatly from expertise provided by Rand Eads, Jack
Lewis, and Liz Keppeler. Kevin Fauchet, employed by Campbell Timberland
Management, supplied assistance in de-mystifying the ISCO pumping sampler. Ben
Monmonier provided technical assistance maintaining our turbidity monitoring stations.
Bill Trush, Geoff Hales, and Darren Mierrou provided expertise in the gravel monitoring
component of the study as well as some guidance with our turbidity analysis.
Hydrologist Randy Klein corrected our raw data and provided a finished data set on
which to run our turbidity analysis. He also guided our analysis with his 2003 document
Duration of Turbidity and Suspended Sediment Transport in Salmon Bearing Streams in
Northcoastal California. Thorough editorial assistance on our first draft was provided
from California Department of Forestry and Fire Protection’s John Munn and
Hydrologist Pete Cafferata, both with CDF’s Monitoring Study Group who funded the
purchase of our instrumentation. Funding for turbidity station maintenance and data
analysis were provided by California’s Water Resources Control Board through their
Regional Water Quality Control Board whose helpful contributors include Dave Hope,
Bob Tancredo, and Kathleen Daily — to name a few.



TABLE OF CONTENTS Page

EXECUTIVE SUMMARY ..ot 2
ACKNOWLEDGEMENTS ... 3
INTRODUCGTION ..ottt nneeannes 9
SCOPE OF PROJECT ...ttt 10

Approach

Techniques
LIST OF TASK PRODUCTS PREVIOUSLY SUBMITTED........ccccoviiiiniiieniesieeiene 14
INSTREAM GRAVEL QUALITY FOR ANADROMOUS SALMONIDS. ...........ccue..... 15
INSTREAM WINTER TURBIDITY AND WATER CLARITY ..o 25
PHYSICAL FEATURES OF GARCIA RIVER SUBBASINS ..o 47
LAND MANAGEMENT HISTORY IN THE GARCIA RIVER WATERSHED............ 49
LABORATORY ANALYSIS AND INTERPRETATION OF WATER SAMPLES ...... 66
CONCLUSIONS. ...ttt sttt et et e et e e rbe e naeeanbeenneas 81
REFERENCES CITED.....ci ottt 85



LIST OF FIGURES

Figure No.  Figure Name Page No.
Figure 1. Map of Garcia River Watershed Monitoring With 12 MCRCD

Study Reaches and 6 MCRCD Turbidity Monitoring Sites...........ccccccevune.. 8
Figure 2. Mill Creek CroSS SECHION .......ceeiieiiiiiiie e 29
Figure 3. Pardaloe Cross SECLION .......cccveiieiieieeie e 30
Figure 4. South FOrk Cross SECHION ........ocveeiiiieiieie e 31
Figure 5. WHhItlow CroSS SECHION ...c..vcvveciicieee e 32
Figure 6. INMAN CrOSS SECLION ...ttt et 33
Figure 7. Garcia River Mainstem Turbidity 2003-04..........ccocvveveiiieieeie e 40
Figure 8. Mill Creek Turbidity 2003-04........cccoiiiiiiieenieee e 41
Figure 9. Mill Creek Turbidity 2004-05........ccceiviieiieresie e 41
Figure 10. Pardaloe Creek Turbidity 2003-04.........ccoeiieiiiiiiierieie e 42
Figure 11. Pardaloe Creek Turbidity 2004-05........cccoceiiieiieieiiere e 42
Figure 12. Whitlow Creek Turbidity 2003-04.........ccooiiieiieiiie e 43
Figure 13. Whitlow Creek Turbidity 2004-05..........ccccoveveiieriee e 43
Figure 14. South Fork Turbidity 2003-04 .........ccoiieiiiieiiee e 44
Figure 15. South Fork Turbidity 2004-05 ........ccooeiiveiecieieese e 44
Figure 16. Inman Creek Turbidity 2004-05 .......ccoiiiiiiiiiiieeeereee e 45
Figure 17. Rainfall Events Surrounding Garcia River Monitoring WY 04-05 .......... 48
Figure 18. Hours above Turbidity Thresholds vs. Road Density...........cccccovveverennne. 50
Figure 19. Hours above Turbidity Thresholds vs. Timber Harvest Intensity.............. 51
Figure 20. Average Peak Turbidity vs. Road Density.........ccccceveiieienieninnenie e 52
Figure 21. Average Peak Turbidity vs. Timber Harvest Intensity ...........ccccccoevevenenn 52
Figure 22. Seventeen year THP History — Inman Creek..........cccooveveivieivece e, 56
Figure 23. Seventeen year THP History — Mill Creek ..., 57
Figure 24. Seventeen year THP History — Pardaloe CreeK..........cccocevveveiieiiciieennenn, 58
Figure 25. Seventeen year THP History — Whitlow CreeK.........cccooooeiiiiiiiininn, 55
Figure 26. Seventeen year THP History — South Fork Garcia..........c.ccceeveveiveiieennenn, 60
Figure 27. Seventeen year THP History (Silviculture Prescription)- Inman .............. 61
Figure 28. Seventeen year THP History (Silviculture Prescription)- Mill.................. 62
Figure 29. Seventeen year THP History (Silviculture Prescription)- Pardaloe........... 63
Figure 30. Seventeen year THP History (Silviculture Prescription)- Whitlow........... 64
Figure 31. Seventeen year THP History (Silviculture Prescription)-South Fork ....... 65
Figure 32. ISCO Water Samples extracted from Mill Creek water column .............. 66
Figure 33. Laboratory Turbidity on Field Turbidity, February, 2005......................... 68
Figure 34. Laboratory Turbidity on Field Turbidity, March, 2005..............c.ccccevne. 68
Figure 35. Laboratory Turbidity on Field Turbidity, April, 2005..........cccccoovirirnnnnnn. 69
Figure 36. Raw Digital Field Turbidity on Laboratory Turbidity...........c.ccccevevvennnne. 70
Figure 37, “Corrected” Digital Field Turbidity on Laboratory Turbidity................... 70
Figure 38. All Mill Creek ISCO Water Samples: SSC on Turbidity .............cccevvenee 71
Figure 39. Mill Creek ISCO Water Samples: SSC on Long Range Turbidity .......... 71
Figure 40. Mill Creek Water Samples: SSC on Short Range Turbidity (no outlier) .71
Figure 41. Mill Creek ISCO Water Samples: SSC on Short Range Turbidity .......... 72



LIST OF FIGURES (Continued)

Figure No.  Figure Name Page No.
Figure 42. Mill Creek Hysteresis: Rising Limb Water Samples...........cccceevvvvvenenne. 73
Figure 43. Mill Creek Hysteresis: Falling Limb Water Samples.........cccocevvvivenenne. 73
Figure 44. Mill Creek SSC on Digital Field Turbidity..........ccccoovviievienieiieiieieeeee 74
Figure 45. Grab Samples from All Garcia River Tributaries Sampled.............cc....... 76
Figure 46. Grab Samples from All Garcia River Tributaries Sampled

(OULHIEr OMITEEA) ... 76
Figure 47. Mill Creek Grab Samples, SSC on Turbidity ........cccccevveviveieiiieneeieceee 77
Figure 48. South Fork Grab Samples, SSC on Turbidity.........cccoceveriiiiiiiiinieee 77
Figure 49. Pardaloe Creek Grab Samples, SSC on Turbidity ........cccccoevvvevviiviiennnnn 77
Figure 50. Whitlow Creek Grab Samples, SSC on Turbidity ........cccoevviiiiiniinnnne. 78
Figure 51. Inman Creek Grab Samples, SSC on Turbidity..........cccccvevviieiiiiciiennnn, 78
Figure 52. Garcia River Mainstem Grab Samples, SSC on Turbidity ...........ccccen..... 78

LIST OF TABLES

Table No. Table Name Page No.
1. Tributary Codes Utilized in this and Preceding Garcia River Monitoring........... 15
2. Comparison between 1999 and 2004 bulk sediment sampling results for fractions

4.

10.
11.
12.
13.
14.

finer than 0.85 mm and 8.0 mm (as sited in McBain and Trush, 2005: Table 4)........ 16
2004 and 1999 permeabilities and summary statistics from each tributary sample

Site (as sited in McBain and Trush, 2005: Table 5) ........ccccoviiiiiiiiie e 18
Probability value (p) results of two-tailed t-tests for changes in log permeability
between 1999 and 2004 (as sited in McBain and Trush, 2005: Table 6)...........cc.c...... 19
Percent survival of salmonid eggs based on Tappel and Bjornn (1983) particle

size analysis methods (as sited in McBain and Trush, 2005: Table 7a) .........ccc.cco..... 20

Percent survival of salmonid eggs based on preliminary permeability relationship
From Tagart (1976) and McCuddin (1977) (as sited in McBain and Trush, 2005:

LI 10] (- o) SO S OSSPSR 20
Comparison of the number of bulk sediment samples analyzed in 1999 versus
samples analyzed for this report (as sited in McBain and Trush, 2005: Table 8)........ 21
Fraction of bulk sediment samples finer than 6.5 mm and 0.85 mm; TMDL

Numeric targets are <30% and <14%, respectively (as sited in McBain and Trush,

2005: TABIE 9) ..ot e 22
Garcia River Water Clarity Monitoring Stations, Water Year, ID, Landowner .......... 27
GPS Location and Drainage Areas Surrounding Turbidity Monitoring Stations........ 28
Duration of Turbidity Exposures > 30, 60, 150 NTUs: 2003-04 water year ............... 49
Duration of Turbidity Exposures > 30, 60, 150 NTUs: 2004-05 water year ............... 50
Largest Storms in the Study Period over Bankfull by date and turbidity .................... 51
Road Density and Timber Harvest History in Monitored Tributaries.............c.ccocve... 55



PHOTO PLATES AND CROSS SECTIONS

Mainstem Garcia River near Eureka Hill Bridge (cover): B. Monmonier in wetsuit
Ben Monmonier sampling bulk gravel in Garcia River Tributary pool tail

Teri Jo Barber measuring permeability in Garcia River Tributary pool tail

Mill Creek: Photo and cross-section

Pardaloe Creek: Photo and cross-section

Whitlow Creek: Photo and cross-section

South Fork Garcia: Photo and cross-section

Inman Creek: Cross-section only

Mainstem Garcia showing bank erosion at station

10 ISCO automatic pumping sampler at Mill Creek station

11. Mill Creek with pumped samples and depth integrated sample

12. Water Sample filtered Suspended Sediment Residues on Glass Membrane Filters;
Short range examples mostly inorganic (above) and Long Range examples (below)
with organic particles

©CoNoA~wWNE

DATA APPENDIXES available on CD

A. Gravel Particle Size Distribution (Graham Mathews and Associates)

B. Permeability (McBain and Trush)

C. Embeddedness (Ridge to River)

D. Winter Water Clarity - Turbidity (Ridge to River)

E. Water Sample Laboratory Analysis (Salmon Forever and Ridge to River)

F. Precipitation Data from Yorkville Station (California Dept. of Water Resources) and
from South Fork Station (MRC)



X5 8,8 2840H

Garcia River Walershed
12 Study Reachses
—— Sireams 1:100,000
fal
- . N, E
®  § Turbidity monitenng sites B
Q w
——— Roads 1:100,000 3 "Jf :
b £
B - . . L] 1630 3,500 & BiHF 9,904 13,200
A project of: Figure 1. Map of Garcia River Watershed with 6 MCRCD s teters
The Mendodino County Resource Conservation Distact | 1 Mrbidity Monitoring Sites and 12 MCRCD Study Reaches ‘s 2r 2 S
and Ridge to River, Westport, Ca .
1inch equals 9,333 feat
Ths project funded by the State Water Resources Conivol Board and the CA Department of Forestry and Fire Protedtion

December 13, 2005




GARCIA RIVER TREND AND EFFECTIVENESS MONITORING: SPAWNING
GRAVEL QUALITY AND WINTER WATER CLARITY IN WATER YEARS 2004
AND 2005, MENDOCINO COUNTY, CALIFORNIA Ridge to River 5-15-2006

INTRODUCTION

STATEMENT OF PURPOSE

Sediment delivery in the Garcia River has resulted in a loss of quantity and quality of
salmonids habitat. Both California Department of Forestry and Fire Protection (CDF) and
the North Coast Regional Water Quality Control Board (NCRWQCB) have responded to
the degradation of North Coast watersheds. The NCRWQCB (1998) established a Total
Maximum Daily Load (TMDL) for the Garcia River of 552 tons per square mile per year.
This represents a 60% reduction in the estimated average annual sediment load of 1380
tons per square mile per year delivered to the Garcia River Watershed. The Garcia River
was the first watershed in California to receive a TMDL allocation for excessive
sedimentation. CDF responded by funding instream and upslope monitoring projects to
determine whether implementation of current Forest Practice Rules are controlling
observable erosion delivery to Class I fish-bearing streams. The primary goal of the
Board of Forestry and Fire Protection’s Monitoring Program is to assess the effectiveness
of the Forest Practice Program in protecting water quality. The Monitoring Study Group,
an advisory committee of the Board of Forestry and Fire Protection, concluded that
instream monitoring should be used to assess current conditions and long- term channel
trends. The Monitoring Study Group made the Garcia River watershed its first
cooperative instream monitoring project in 1997.

Sediment delivery from roads to fish bearing streams is perhaps the single most important
problem for salmon bearing watersheds for which there is a probable solution. In 1999,
Trout Unlimited was awarded a California Department of Fish and Game (DFG) SB 271
grant to treat 8.75 miles of road for drainage improvements and erosion controls in the
South Fork Garcia River watershed. Work was conducted on Mendocino Redwood
Company (MRC) property with the goal of preventing over 28,000 cubic yards of
sediment delivery to stream channels. Ten instream habitat sites were also funded for
implementation in South Fork Garcia. This work was implemented in 2000 and 2001
(Craig Bell, Point Arena, personal communication, 2005). The purpose of upslope road-
based erosion control is to minimize sediment delivery to fish-bearing streams. The time
period between 2001 and 2003 provided two years following watershed restoration work
to allow erosional adjustments at the sites undergoing drainage improvements and
erosion control. Beginning in 2004, conditions in the stream channel were documented
following the restorative treatments. This study will illuminate whether and to what
extent channel conditions have changed following restorative treatments in the South
Fork.

Both CDF and the NCRWQCB have contributed financially to the Garcia Monitoring
Project. CDF’s Hillslope Monitoring Program final report recommended that CDF
support further instream monitoring studies to answer questions about the effectiveness
of the Forest Practice Rules and to determine if current practices are complying with



Regional Water Quality Control Board Basin Plan standards designed to protect salmon
spawning and rearing habitat (Cafferata and Munn, 2002).

This project will assist the NCRWQCB and CDF, as well as landowners in the Garcia
River Watershed, to answer the following question: How and to what extent are
sediment- related instream conditions improving for anadromous salmonids in the Garcia
River? Gravel quality and instream water clarity are parameters known to be sensitive to
watershed restoration. Other protocols previously measured in Garcia River tributaries in
1998-1999 are: channel cross-sections, longitudinal thalweg profiles, large wood loading,
spawning surveys, summer water temperatures, and canopy closure (Maahs and Barber
2001). Spawning gravel particle size composition and permeability were also measured
in 1999, and remeasured in 2004-2005. Instream winter turbidity monitoring coupled
with summer gravel sampling were selected as indexes of whether conditions are
improving toward numeric TMDL targets and whether watershed restoration is
facilitating recovery in the Garcia River basin.

SCOPE OF PROJECT

The focus of this Garcia River Monitoring Project is Trend and Effectiveness Monitoring
for both Garcia River Spawning Gravel Quality and Winter Water Clarity (Task 7). The
other tasks in the contracted Scope of Work support Task 7, including administration,
quality assurance plan, outreach, compilation of a GIS monitoring database for the Garcia
River Watershed, and Bluewaterhole Sediment Control Treatments (cost-share under a
separate contract in 2003).

Task 7.1: Measure bulk instream gravel composition, embeddedness, and permeability at
4 tributaries for one summer season (South Fork, Mill Creek, Pardaloe and Whitlow
creeks). Bluewaterhole Creek has been a monitored sub basin for several years and it has
benefited from watershed restoration efforts. Bluewaterhole Creek was thus initially
included in the list of tributaries to be monitored. However landowner Stuart Bewley
would not allow any further monitoring on his Bluewaterhole Creek property due to
existing conflicts he has with NCRWQCB on another property. In the absence of another
eligible stream with a cooperative landowner, we felt that examining mainstem turbidities
would provide an opportunity to view tributary turbidity in the context of mainstem
turbidity. We found a cooperative landowner on the mainstem Garcia, Hugh Brady, and
set up a monitoring station there near Eureka Hill bridge instead of at Bluewaterhole
Creek. However the streambank at Garcia mainstem underwent undermining lateral
erosion toward our station and we felt a second winter risked our instrumentation. We
found another cooperative landowner, The Conservation Fund, at Inman Creek tributary.
We were compelled to record turbidity conditions there because Inman is targeted for
watershed restoration in 2006-2007. In fall 2005 we removed the sampling boom from
mainstem Garcia and recycled it into a turbidity monitoring station at Inman Creek.
Whitlow Creek could not be monitored for permeability as it was dry on sampling. So
instead we sampled permeability at Inman Creek where there was still adequate
streamflow in late summer, 2004.
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The objectives of task 7.1 were to:

a. Compare with baseline conditions measured in 1999

b. Predict survival-to-emergence based on gravel particle size composition and

permeability

c. Correlate gravel particle size composition and embeddedness if possible

d. Have road-related sediment prevention measures improved spawning gravel?
e determine whether percent of in-gravel fines have been reduced to date
e determine whether gravel permeability has increased to date

The body of this report includes an entire section excerpted from the McBain and Trush
report entitled “Assessing Salmonid Spawning Gravel Suitability Using Bulk Sediment
and Permeability Sampling in the Garcia River Watershed, California.” The appendix of
our report includes the raw data files and the entire McBain and Trush report from 2005.

Task 7.2: Continuously monitor instream turbidity with recording turbidimeters at the
above listed tributaries.

The objectives of task 7.2 were originally to:

a. Locate sediment sources by viewing spikes in turbidimeter readings to determine
potential future treatments

b. Observe cause and effect relationships between hillslope activities, hydrologic triggers,
and instream conditions by observing turbidity spikes and making cursory
channel/hillslope inspections to determine the source of turbidity

c. Determine the total and consecutive days turbidity was sustained over 60 ntus as well
as other biologically related turbidity thresholds

It was determined at our first meeting that Tasks 7.2a and 7.2b were unsupported by
landowners and land managers in the tributaries of the Garcia River Watershed.
Landowners were uncomfortable authorizing unlimited access across their lands to locate
sediment sources and would not sign landowner access agreements under those
conditions. Therefore, task 7.2a was omitted and task 7.2b was adjusted to replace site
specific scale channel and hillslope inspections with a remote investigation of land
management activities (a GIS based review of sub-basins in terms of timber harvest
history and road density).

APPROACH
Two approaches were adopted for data analysis. The first approach was to interpret the
gravel and instream water clarity data as it relates to salmonid habitat preferences based
on criteria used by agencies and found in the literature (Tasks 7.1b and 7.2c). The second
approach was to utilize the Garcia River mainstem water clarity (turbidity) data from
water year 2003-2004 and gravel particle size distribution and permeability measured in
1999 as background conditions from which to determine:

(1) whether any measurable changes have been recorded.

(2) whether any of these measurable changes might be attributed to land

management disturbances or restoration work.
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Improvements in water clarity would be indicated where
e chronic exposures to threshold turbidities (hours greater than 30, 60, 150 ntu)
were found to be smaller in restored basins or
e in basins having only low levels of timber harvest.

Improvement in gravel quality for anadromous salmonids would be indicated where
e the percent of spawning gravels in the finer categories were smaller in restored
basins or in basins having only low levels of timber harvest, or
e if permeability of spawning gravels was more rapid in basins having had
restoration or experienced only low levels of timber harvest.

Lack of pre-treatment turbidity data in watersheds with road improvement work prevents
conclusions to be drawn directly regarding the effects of roadwork on observed changes.
However any measurable improvements found in watersheds having restorative
treatments was to be noted.

METHODS

Sampling Locations are Representative of the Garcia River Watershed

The Garcia River Instream Monitoring Plan identified optimal, representative monitoring
tributaries of the 2" and 3™ Strahler stream order (Euphrat et al. 1997). In 1998 this list
was refined prior to sampling and based on obtaining written landowner agreements
allowing access to the contractors completing the work. Our 2003-05 project utilized a
subset of these monitoring study reaches.

Sampling Methods

Spawning gravel quality methods used in this study are well-described in McBain and
Trush (1999). Sampling locations were selected using the 1999 procedures, which
specified using 8 pool tail crests within the monitoring study reach of each tributary.
There was no attempt to relocate the same pool tail crests used in the 1999 study, but the
same protocols were followed. Permeability was sampled at 3-5 positions within the pool
tail, including the location where bulk gravel was extracted. Gravel was sampled from
spawnable (but unspawned upon) pool tail crests located in the monitoring study reaches
within Mill, Pardaloe, South Fork, and Whitlow Creek. Gravel was extracted using a
toothed cylinder which was pushed into the substrate. All gravel and sediment materials
were then removed from the cylinder and transferred into 5-gallon buckets, which were
transported to Graham Mathews and Associates’ laboratory in Arcata, California for
drying and particle size analysis.
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Teri Jo Barber measuririg permeability in a Garcia River tributary pool tail

Permeability of streambed materials was measured onsite with a backpack sampling
apparatus developed by McBain and Trush. This included a notched standpipe driven
into the gravel substrate. A long, flexible tube was then inserted into the standpipe and
attached to a 12-volt pump. Stream water was pumped from the spawnable gravel (at
approximately the 6-8” depth) into a graduated cylinder, where the rate of flow was
measured and recorded in centimeters of water pumped in a given time period.
Monitoring study reaches are displayed in Figure 1. Bulk spawning gravel was sampled
for particle size distribution, permeability, and embeddedness in August and September,
2003.

Winter Water Clarity

The automated turbidity monitoring program is best described at the Redwood Sciences
Laboratory website, www.fs.fed.us/psw/topics/water/tts or in the QAPP, written by Teri
Jo Barber (see Appendix). The staff at Redwood Sciences Laboratory, particularly Liz
Keppeler, Jack Lewis, and Rand Eads, provided technical assistance with installation of
the monitoring stations. Kevin Fauchet, Campbell Timberland Management, helped with
setting up the ISCO pumping sampler for deployment in the field.

USFS Redwood Sciences Laboratory Turbidity Threshold Sampling (TTS) software
enabled a suite of instruments to record turbidity, stage height, water temperature, day #,
and time at each “wake-up” scheduled at 10 minute intervals. At the Mill Creek station,
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this software also prompted the ISCO pumping sampler to read the turbidity and stage
height recorded at the last wakeup to determine whether to pump a water sample from the
creek.

The equipment used in the Garcia River watershed is similar to that used at the Caspar
Creek experimental watershed operated by USFS-PSW and CDF. All five stations had
pressure transducers used to monitor stream stage and a DTS-12 digital turbidity sensor
with a lens wiper (similar to a windshield wiper used to clear the lens prior to a reading),
both of which were wired to a Campbell Scientific CR510 datalogger. We accessed the
dataloggers approximately every three weeks with a portable laptop computer,
downloaded the data, and performed a variety of troubleshooting and maintenance
operations when necessary. This provided automated, constant (every 10 minutes)
turbidity records for two water years, 2003-04 and 2004-05 from approximately October
through the early summer of each year. However, unlike the Caspar Creek Study,
discharge was not determined, so estimates of storm and annual sediment loads were not
possible, and there was only one ISCO 6712 automatic pumping sampler, which was
placed at the Mill Creek station in early 2005.

LIST OF TASK PRODUCTS SUBMITTED
1.2 Progress Reports
1.5 Contract Summary Form
1.6 MBE/WBE Documentation
1.8 Project Survey Form
2.2 Permits
3.1 Monitoring Plan with Map of Sites
3.2 QAPP
4.1 Updated Landowner Contact List, notification letters
4.2 Pre-project Meeting Minutes
4.3 Copies of Landowner Access Agreements
4.4 MCRCD newsletter articles
4.5 Minutes of Post-project Meeting
5.1 CD with complete database
7.1 Summary of Instream Gravel Composition, embeddedness, and permeability
7.2 Summary of Instream Turbidity
8.2 Draft Final Report
8.3 Project Final Report
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INSTREAM GRAVEL QUALITY FOR ANADROMOUS SALMONIDS

Ben Monmonier pulling bulk gravel sample from the streambed with steel toothed
sampling cylinder in pool tail near permeability standpipe driven into same pool tail.

Table 1. Tributary Codes Utilized in this and Preceding Garcia River Monitoring

Tributary code Tributary name
Tributary-1 Whitlow Creek
Tributary-4 Mill Creek
Tributary-5 Pardaloe Creek
Tributary-8 Inman Creek
Tributary-9 South Fork Garcia River
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Copyright note: The following section pertaining to instream gravel quality was
reproduced with permission, from McBain and Trush’s 2005 Assessing Salmonid
Spawning Gravel Suitability Using Bulk Sediment and Permeability Sampling in
the Garcia River Watershed, CA and contains numerous references to their
previous 2001 report entitled Spawning Gravel Composition and Permeability
within the Garcia River Watershed, CA of 1999 baseline gravel sampling
available online at the CDF webpage:

http://www.bof fire.ca.gov/board/msg_supportedreports.html . Bulk gravel
extraction from the streambed, embeddedness observations, and instream gravel
permeability were measured in the field by Ben Monmonier and Teri Jo Barber of
Ridge to River. Bulk gravel samples were dried and sieved into particle size
classes by Graham Mathews and Associates, Arcata, California.

2004 sampling results and comparison with 1999 samples
Particle Sizes

Table 2. Comparison between 1999 and 2004 bulk sediment sampling results for fractions finer
than 0.85 mm and 8.0 mm. (McBain and Trush’s Table 4).

1999 Bulk Sample 2004 Bulk Sample

0.85 0.85mm 8.0 8.0 mm 0.85 0.85 mm 8.0 8.0 mm
mm standard mm standard mm standard mm standard
Tributary mean deviation mean deviation | mean deviation mean deviation

T”b‘itary' 9.7% 0018 31.0% 0074 | 112% 0017 28.9%  0.049
Trib‘itary' 88% 0021 352% 0085 | 107% 0051 37.0%  0.137
T”b‘;tary' 84% 0025 37.9% 0068 | 7.5% 0026 365%  0.123
Tributary- 15195 0019  208% 0106 | 7.8% 0020 345%  0.081

9

Analysis of the 1999 data focused on the 8.0 mm and 0.85 mm sizes (cumulative percent
finer) as indices to characterize the variability of substrate composition within a single
tributary. The intent of the 2004 analysis was to use the 1999 results as a basis to detect
changes within a tributary over time, and to detect significant differences between
tributaries (if they exist). The 1999 results generally showed a large variability of fine
sediment percentages for both the 0.85 mm and 8.0 mm fractions within the tributary
reaches sampled. The 2001 Report concluded that although certain samples showed
similar results, few discernable overall patterns emerged from the data analysis (see the
Analysis of variation in particle size distribution section in the 2001 Report).
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The 2004 sampling collected 8 bulk samples per tributary, approximately the same as the
number of samples analyzed in the 2001 Report. For the 2004 bulk sample statistical
analysis, Dr. Baker compared the 2004 results to the 1999 results using parametric (two-
tailed t-test) and nonparametric statistical testing (order-based statistics). These statistical
tests compare the equality of sample means; that is, the null hypothesis is that the two
sets of data were drawn from the same distribution. If test results show significance, the
null hypothesis is rejected and sample means are not considered equal (the sample means
between 1999 and 2004 have changed). Conversely, if significance is not determined, the
null hypothesis is accepted and sample means are considered equal (the sample means
between 1999 and 2004 for Tributary “X” have not changed). Both tests were performed
on the cumulative fractions finer than 0.85 mm and 8.0 mm

The results of the t-test shows significance only for Tributary-1, fraction finer than

0.85 mm - that is, statistically, a change has occurred between means from the 2004 vs.
1999 samples. Therefore the remaining samples can be treated as if no change in their
sample means has occurred. But does the lack of significance reflect a real absence of
change? Considering the statistics, and acknowledging potential sample biases (e.g., size-
distribution variability of individual samples within each tributary; sample mass collected
based on Church et al. (1987) criteria; total number of samples collected on each tributary
to reduce variability), it is still worth comparing these data to see if an overall trend of the
0.85 mm and 8.0 mm fractions is present? Table 2 presents 1999 and 2004 cumulative
percentages finer than both 0.85 mm and 8.0 mm fractions, and summary statistics for
each tributary. These results show that overall, some tributaries showed slight decreases
in fine sediment (coarsening) where others showed slight increases in fine sediment
(fining).

Permeability

2004 permeability data are summarized in Table 3, and includes the log-transformed
1999 permeability results used for comparison.
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Table 3. 2004 and 1999 permeabilities and summary statistics from each tributary sample site.
(McBain and Trush’s Table 5)
2004 permeability

Pool-tail site (geometric mean of Geometric
replicate measurement median permeabilities) (cm/hr) mean of
all pool-
Tributary 1 2 3 4 5 6 7 8 tail sites
Tributary-4 18 1,917 5 22 3,676 3414 4815 77 252

Tributary-5 | 3,808 3,078 2,267 4,473 4,670 3,548 2,955 4,826 3,598
Tributary-8 | 8,250 3,863 2,455 3,016 9,952 3,647 2111 1,398 3,551
Tributary-9 | 2,084 2572 1,675 1,100 3,545 1,278 2,555 3,588 2,117

1999 permeability

Pool-tail site (geometric mean of Geometric

replicate measurement median permeabilities) (cm/hr) mean of

all pool-

Tributary 1 2 3 4 5 6 7 8 tail sites
Tributary-4 | 3,300 3,65 2,331 6,940 8,601 3,272 218 2,754
Tributary-5 | 3,771 853 963 2,237 1,403 539 289 908 1,040
Tributary-8 | 2,487 4,516 628 1,788 2,091 4,583 2,224
Tributary-9 | 1,411 95 862 1,113 4,196 3,130 4,937 1,354

Note: Tributary-6 sample 6, Tributary 8 samples 5 and 7, and Tributary-9 sample 6 were omitted from the analysis (see
2001 Report).

Similar to the bulk sediment sample analysis, the 2004 permeability data were compared
with the 1999 permeability data using the same statistical tests (parametric and
nonparametric) statistics. Results from the t-tests show the change at Tributary-4 was
significant at the 95% confidence level (p = 0.059), and the change at Tributary-5 was
significant at the 99% confidence level (p = 0.0024); changes at Tributary-8 and -9 were
not significant at any reasonable confidence level (Table 4).
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Table 4. Probability value (p) results of two-tailed t-tests for changes in log permeability between
1999 and 2004. The results of this test show that Tributary-4 and Tributary-5 are significant at
the 95% and 99% confidence levels, respectively (i.e., the sample means have changed). (McBain
and Trush’s Table 6)

1999 mean 2004 mean

permeability permeability  Probability (p) Significant Significant

Site (geometric)  (geometric) value difference at  difference at
g g 95%7 99%?
(cm/hr) (cm/hr)
Tributary-4 2,754 252 0.059 Yes No
Tributary-5 1,040 3,598 0.0024 Yes Yes
Tributary-8 2,224 3,551 0.96 No No
Tributary-9 1,354 2,117 0.41 No No

Predicting Survival-to-Emergence from Gravel Particle Size Classes and Permeability

The 2001 Report also used particle size and permeability to predict salmonid egg
survival. This was done by estimating salmonid egg survival based on: 1) particle size
analysis methods of Tappel and Bjornn (1983), and, 2) a preliminary correlation of
permeability and salmonid survival-to-emergence using a relationship developed from
studies by Tagart (1976) and by McCuddin (1977). The results showed moderate egg
survival using the Tappel and Bjornn analysis (mean survival estimates for chinook
salmon ranged from 54% to 82% in all ten tributaries sampled); however, the 95%
confidence intervals for these estimates were broad (9% to 93%), and the report noted
difficulty in drawing any conclusions of spawning habitat quality based on these
predictions. Focusing only on the 4 tributaries sampled in 2004, the 2001 results
predicted slightly better egg survival, with mean survival estimates ranging from 66% to
82%, and 95% confidence intervals ranging from 41% to 93%. Using the 2004 data, we
performed the same analysis and found similar results (Table 5); survival predictions
ranged from 60% to 76%, but 95% confidence intervals remained quite broad (6% to
89%).

Survival estimates using the permeability relationship based on Tagart and McCuddin
also show similar results to those presented in the 2001 Report with the exception of
Tributary-4, where zero survival is predicted due to a very low mean permeability (the
mean permeability for Tributary-4 falls at the bottom of the Tagart and McCuddin
regression). Excluding Tributary-4, the 2004 survival estimates are very similar to the
2001 results and have similar 95% confidence intervals (Table 6). Because the data used
in the Tagart and McCuddin relationship are based on laboratory studies using two
different salmonid species, survival estimates for salmonids in Garcia River tributaries
should be considered an index only. Moreover, conclusions of egg survival based on
these analyses must be tempered with the ability of spawning salmonids to clean fine
sediment from spawning gravels during redd construction (Kondolf et al. 1993).
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Table 5. Percent survival of salmonid eggs based on Tappel and Bjornn (1983) particle size

analysis methods. (McBain and Trush’s Table 7a)

1999 2004
Lower Upper Lower Upper
Mean 95% 95% Mean 95% 95%
estimated confidence confidence | estimated confidence confidence

Tributary  survival interval interval survival interval interval
T”b‘itary' 74 56 87 76 63 85
T”b‘fary' 70 41 87 60 6 88
T”b‘;tary' 66 44 81 70 40 89
T”bgtary' 82 57 93 73 53 86

Table 6. Percent survival of salmonid eggs based on preliminary permeability relationship from
Tagart (1976) and McCuddin (1977). McBain and Trush’s Table 7b)

1999 2004
Lower Upper Lower Upper
Mean 95% 95% Mean 95% 95%
estimated confidence confidence | estimated confidence confidence

Tributary  survival interval interval survival interval interval
T”b‘fary' 43 31 49 0 29
T”b‘gtary' 28 18 33 38 35 41
T”b‘étary' 40 25 47 38 20 46
T”bgtary' 37 27 43 31 24 35

Note: Tributary-4 0% mean survival is caused by low mean permeability (see Table 5); lower 95% confidence interval

could not be calculated.

Although the number of samples collected in 2004 did not meet the criteria recommended
in 1999, the results can still be used to describe the particle size distributions of the pool-
tails sampled. If we assume the same statistical validity with respect to the sample
population in each of the tributaries sampled, then the data collection quality between
1999 and 2004 studies was not improved (variability was not reduced). However, if we
acknowledge the variability and accept this limitation, the data collected for this study are
slightly better than the data collected in 1999 based solely on the sample size analyzed.
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Table 7. Comparison of the number of bulk sediment samples analyzed in 1999 versus samples
analyzed for this report. (McBain and Trush’s Table 8)

Tributary Number of pool-ta_til bulk Number of pool-ta_lil bulk
samples analyzed in 1999 samples analyzed in 2004
Tributary-4 6 8
Tributary-5 8 8
Tributary-8 7 8
Tributary-9 7 8

Embeddedness Sampling:

Embeddedness was not measured in 1999 but was included by MCRCD as part of the
2004 field data collection. The intent of the embeddedness sampling was to relate the
embeddedness measurements to permeability or to the particle size distribution results (T.
Barber, personal communication).

Although the permeability and bulk sediment sample results show large variability
between individual sites, we analyzed embeddedness as a function of mean permeability
and percent fine sediment finer than 8.0 mm for the embeddedness measured on
Tributaries -1, -4, -5, and -9. No apparent trend exists for any of the data; a regression of
the permeability data yields an R? value of 0.05, and a regression of the sediment data
yields an R? value of 0.003. This result is somewhat expected: embeddedness is a surface
feature, whereas bulk sampling and permeability measure subsurface sediments (see
Section 2.1.3). Moreover, embeddedness measurements are subjective, subject to
observer bias. More research is needed to determine whether embeddedness can be linked
to biological criteria or to detect changes in land management activities (Sylte and
Fischenich 2003).

Sediment Quality Relative to Garcia River TMDL

TMDL numeric targets for the Garcia River watershed have been established by the
USEPA (1998). More specifically, the TMDL targets the percentage of fine sediments
finer than 0.85 mm and 6.5 mm, and the numeric targets are <14% and <30%,
respectively. These numeric targets represent the optimal conditions for salmonid
reproductive success (USEPA 1988); percentages above these targets constitute an
impaired condition. Similar to the 1999 results, the 2004 results indicate that the
subsurface sediments finer than 0.85 mm are below the TMDL 14% numeric target;
however, three of the four tributaries sampled exceed the 30% numeric target for
sediments finer than 6.5 mm (Table 8). Recall that a 6.3 mm sieve screen was used
instead of a 6.5 mm screen; the results shown in Table 8 were obtained from the particle
size distribution curve.
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Table 8. Fraction of bulk sediment samples finer than 6.5 mm and 0.85 mm; TMDL numeric
targets are <30% and <14%, respectively. (McBain and Trush’s Table 9)

Tributary Percent finer th{:m 6.5 mm Percent finer tha'n 0.85 mm
(TMDL target: < 30%) (TMDL target: < 14%)

Tributary-1 26.1% 11.2%

Tributary 4 33.4% 10.7%

Tributary-5 32.3% 7.5%

Tributary-9 30.9% 7.8%

Using South Fork Garcia River Results as an Index for Watershed-Scale Change

Basin-wide erosion control efforts in the South Fork Garcia River watershed prompted
the MCRCD to investigate whether any linkages could be established between restorative
watershed efforts and improvements in permeability or spawning gravel composition.
Has permeability or spawning gravel quality in the South Fork Garcia River (Tributary-9)
improved? If so, can these changes be attributed to watershed-scale erosion control
efforts?

To address this issue, we reviewed changes in South Fork Garcia River permeability and
sediment composition from 1999 to 2004. To summarize:

= Mean permeability increased from 1,354 cm/hr to 2,117 cm/hr, but this change
was not significant at any confidence level, i.e., the statistical testing could not
demonstrate that a change in the means has occurred.

= The percentage of fine sediment < 8.0 mm increased from 29.8% to 34.5%, and
the percentage of fine sediment < 0.85 mm decreased from 10.1% to 7.8%.
Similar to the permeability results, these changes were not significant at any
confidence level, i.e., the statistical testing could not demonstrate that a change in
the means has occurred.

Because a change in the means for the above sampling results could not be demonstrated,
using the above results to investigate a relationship between restorative watershed efforts
and improvements in permeability or spawning gravel quality was not attempted.

More importantly, however, is understanding the context of the focus of such a
comparison, i.e., establishing a cause-and-effect relationship between hillslope processes
/ land management and fluvial geomorphic processes using bulk sediment and
permeability data. Bulk sediment sampling and permeability results can be useful to
assess the suitability of the gravels for salmonid spawning habitat within a sampling
reach. However, because the data collected for the 1999 and 2004 studies were collected
within relatively short channel reaches, extrapolating these results to assess changes in
sediment production rate at the watershed scale is not possible unless other factors are
considered. For example, changes in sediment particle size distributions can result from a
number of causes related to changes in the supply of watershed products. Monitoring
efforts must therefore be broadened beyond the current sampling scheme of eight sample
sites within single, approximately 1,000 ft reaches to determine how differences in
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substrate composition in the tributary reaches respond to changes in sediment production
at the watershed scale. To do this, a larger-focus investigation would need to be
performed, such as a sediment source analysis or a sediment budget. Such an
investigation can help identify watershed-scale sedimentation processes (erosion, storage,
transportation, deposition) responsible for delivering sediment to, and routing through,
the channel. For example, a sediment budget would entail conducting sediment source
inventories, calculating transport rates and delivery volumes, examining the
interrelationships between transport processes and hillslope form to determine the
sediment yield from locations within the basin (these can be tailored to specific
monitoring reaches), and repeating the study at a later date to determine changes in the
budget. This information, coupled with bulk sediment sampling and/or permeability data,
would establish a much stronger linkage between changes in land management and
tributary response than using bulk sediment sampling and/or permeability data alone.

In the absence of a sediment budget, sediment yield analysis, or similar watershed-scale
monitoring, any changes in South Fork Garcia River substrate based on the 1999 and
2004 data collection (e.g., coarsening or fining) can only be considered as a possible
result of watershed management efforts, such as upslope sediment reduction from erosion
control measures. Presently, other factors such as the magnitude and frequency of storm
events, or the number and activity of mass-wasting features in the basin cannot be ruled
out as primary causes of change.

Summary and Conclusions

In assessing the relationship between substrate composition and permeability, the 2001
Report focused on sample size (the number of samples per tributary needed to
characterize variability). The 2004 sampling focused on collecting samples to compare
with the 1999 data, as well as using the results of the comparison to evaluate the
effectiveness of the methods for detecting changes. In doing this, we identified additional
sources of variability that can affect the sampling results, including: sampler bias
(sampling differences between operators), and geomorphic variability (differences
between tributaries, reaches, and/or sample sites). Sampler bias was minimized by
McBain and Trush and MCRCD field training; however, geomorphic variability
persisted, primarily in the form of sample size (the number of samples per tributary reach
and collecting a representative sample volume per sample site). Both are given equal
weight in terms of their importance, and future sampling efforts should try and meet the
sampling criteria described in this report if the objective is to detect change from year to
year. Specifically, future data collection should:

= Follow the bulk sediment sampling criteria suggested by Church et al. (1987): the
maximum particle size in the sample (Dmax) should not constitute more than 1%
of the total sample mass for particles up to 128 mm (5.0 in), and not more than
5% of the total sample mass for particles greater than 128 mm.
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= Follow the sample size recommendations presented in the 2001 Report: to
strongly characterize the sampling variance, collect between 15 and 20 bulk
sediment samples per tributary to best balance cost and precision. Alternatively,
re-evaluate the minimum detectable difference to reduce the number of required
samples.

The 2004 data provided a useful comparison of sample means to gauge changes in
substrate composition and permeability. Most changes in sample means were not
statistically significant. Independent of statistical significance, these results suggest no
significant net change has occurred; overall, some of the tributary reaches showed a
decrease in fine sediment, whereas others showed a slight increase in fine sediment.

Presently, research to determine a strong relationship between permeability and sediment
quality (and to relate the sediment quality to salmonid spawning success) is still
developmental. If future sampling is desired to investigate salmonid spawning gravel
quality in the Garcia River watershed, the same data collection methods presented herein
can be used; however, current literature should be reviewed before developing a study
plan, to review advances in the permeability-substrate-spawning habitat relation and to
determine how field data collection should be changed. This will aid in determining if
permeability sampling is needed in combination with bulk sediment sampling, or if bulk
sediment sampling alone will be sufficient to assess changes in spawning gravel quality.
Moreover, if future monitoring objectives include a larger-scale understanding of
watershed cause-and-effect relationships, monitoring should extend beyond the tributary-
reach scale so that the processes responsible for generating changes in spawning gravel
quality (e.g., sediment supply, magnitude and frequency of flood events) are identified.
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INSTREAM WINTER TURBIDITY AND WATER CLARITY

GOAL

Our goal is to interpret turbidity and suspended sediment concentration data reported in
this study to inform CDF, NCRWQCB, Garcia River landowners, and the public about
winter water clarity in the tributaries and the mainstem of the Garcia River in terms
related to salmonid health and land management.

TURBIDITY DEFINED

Turbidity measures the collective optical properties of a water sample that cause light to
be scattered and absorbed rather than passing through a clear sample in straight lines
(USGS, 1998). It is generally reported as NTU (Nephelometric Turbidity), FTU
(Formazin Turbidity) or JTU (Jackson Turbidity Units). JTUs are no longer commonly
used (USGS, 1998). Our study utilized recording Digital Turbidity Sensors (model DTS-
12 by Forest Technology Systems) recording in NTUs except for the Salmon Forever lab
turbidities from our 2003-04 grab samples, which were recorded in FTUSs.

Turbidity measurements represent a gradual occlusion of the clarity of water as NTUs
rise. Turbidity is readily observed in North Coast rivers and streams during or after
winter storms, when the rivers appear opaquely blue, green or tan after prolonged rains.
While turbidity can result from a wide variety of suspended materials, including algae or
other organic substances in the water column, turbidity during peak flow events in
northwestern coastal California streams is mostly attributable to suspended sediment
particles, such as silt and clay (Madej 2005). Organic particles suspended in the water
column yield similar turbidity levels but with correspondingly much lighter weight.

SUSPENDED SEDIMENT CONCENTRATION

Suspended Sediment Concentration (SSC) is a laboratory protocol for analysis on a
physical water sample. The laboratory procedure for SSC is similar to Total Suspended
Solids (TSS) but we duplicated laboratory procedures established for SSC by USFS
Pacific Southwest Research Station’s Redwood Sciences Laboratory as referenced on
their website (www.fs.fed.us/pswi/rsl). The basic procedure is to collect suspended
particles by vacuum filtration from a water sample of known volume onto a pre-weighed
glass-membrane filter. The dry weight of the filtered residue is expressed over the
volume of the water sample as milligrams per liter.

INSTRUMENTATION

Sampling of winter water clarity was achieved mostly with the coupling of software and
instrumentation that was developed and first implemented by United States Forest
Service’s Redwood Sciences Laboratory in Arcata, California. Garcia River watershed
instrumentation included digital turbidity sensors with a lens wipers (much like a
windshield wiper that cleans the lens prior to each measurement, DTS-12, from Forest
Technology Systems), pressure transducers (Druck and Water pro) to measure stream
stage height, and dataloggers (Campbell Scientific’s CR510) for recording the data and
downloading into a portable laptop computer. The station at Mill Creek had the benefit of
an 1ISCO 6712 automatic pumping sampler in late winter-spring 2005. Water samples
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extracted by the ISCO were approximately 330 milliliters in volume. Grab samples from
the other streams were generally extracted with a DH-48 Depth Integrated Sampler in
similar volumes.

Turbidity sensors were installed and threaded through a long, hollow square aluminum
casing (the “turbidity boom”), and suspended into the thalweg from a cable attached to
trees on both streambanks (see plates and cross sections 1-5). The mainstem Garcia
station required a bank-mounted boom as the river was too wide for a suspension cable
installation. The Inman station was installed with the recycled mainstem bank mounted
boom and instrumentation. Aluminum parts were fabricated by a Point Arena welder
local to the Garcia River Watershed based on a USFS schematic.

CDF AND NCRWQCB COST SHARE

Most of the instrumentation used in this study was purchased under a contract between
the MCRCD and CDF. The North Coast Regional Water Quality Control Board supplied
an additional contract with the MCRCD to provide the two years of staffing required to
set up the stations each winter, download data, maintain the stations, and take them down
again. Contract amendments also allowed for data processing and analysis, landowner
contacts, and GIS mapping services. In addition, the ISCO sampler and related
equipment was provided separately by CDF.

CALIBRATION AND MAINTENANCE OF INSTRUMENTS

Turbidimeters

DTS-12 turbidimeters were calibrated by the manufacturer specifically for ranges
expected in the study - the upper resolution of the instrument (1800 ntu, rather than a low
range of 1-10 ntu, which would be more interesting to water purveyors for providing
pure, clear water for human drinking water supplies). Because our chosen calibration was
at the high end of the range, the lowest turbidity readings (clearest streamwater)
sometimes resulted in negative numbers. While this may seem problematic, it is
reasonable to expect an instrument calibrated for optimum accuracy at the upper limit of
its range to be less accurate at the lowest limit of its range. The negative numbers reached
a maximum of —2 NTU in the clearest conditions. We tested these waters in the field
with a portable HACH 2100P turbidimeter and found the difference between the low
negative values and those more accurate HACH readings were less than 2 ntu, which is
within the expected range in variability (Jack Lewis, USFS-PSW, Arcata, personal
communication, 2004). Each of the five turbidimeters we employed were re-calibrated at
the manufacturer in the summer 2004, between the two monitored winter seasons.

Two of our turbidimeters failed due to wiper malfunction during the early summer prior
to disconnection for the summer season. We suspect that small pieces of debris or rock
lodged between the joint and wiper blade and caused the motor to stick in the on position
until the battery failed. In each of the three wiper arm malfunctions, we decided not to
disconnect the turbidimeter to send it to the manufacturer for repair during the monitoring
season, but rather kept them connected to continue monitoring and waited till the end of
the season for repairs. Randy Klein, RNSP, Arcata, suggested that for next season, to
disconnect the wiper arm and let the turbidimeter sense the stream clarity without wiping
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the lens in between measurements. This would enable the station to keep running without
depleting the station battery. However, this would definitely NOT be advisable in a
mainstem application, where the density of suspended instream algae and periphyton
increases dramatically. At the the Garcia mainstem station, algae colonized the
turbidimeter lens so prolifically that the lens was visibly occluded and turbidity readings
were artificially high as a result.

Pressure Transducers

The Druck pressure transducers are roughly calibrated at the manufacturer, but Redwood
Sciences Laboratory instructions specify calibrating pressures sensed to water depth at
local atmospheric pressures. A wet lab was set up at the Ridge to River office, where the
pressure transducer for each station was installed in a vertical pipe then the water level
was raised to different levels (feet of stage) and corresponding pressures were read and
recorded to determine the relationship between water depth and pressure readings. Data
points were entered into an Excel spreadsheet, and a line was run through the points with
the corresponding regression equation providing the slope of the line and intercept.
Regression equations were entered as variables in the Turbidity Threshold Sampling
(TTS) software provided by RSL and customized for each of our five stations.
Customized TTS programs were downloaded into dataloggers at each station.

ISCO Automatic Pumping Sampler

We installed one ISCO pumping sampler at Mill Creek and operated it during the spring
of 2005 only. We did not receive any calibration services for the ISCO nor did we
perform any ourselves. However, Kevin Fauchet,Campbell Timberland Management,
was helpful in the initial wet lab setup of the ISCO and its initial connection with a
turbidimeter, pressure transducer, and datalogger in a “dry-run” condition.

WATER CLARITY SAMPLING LOCATIONS
The subset of monitored sub basins from the 1999 baseline monitoring project was
selected based on the following criteria:

e presently or historically salmon bearing

e landowners willing to authorize the project on their lands

The table below indicates the location, years of operation, landowner, and identifying
codes present in the data (see appendix).

Table 9. Garcia River Water Clarity Monitoring Stations, Water Year, 1D, Landowner

STATION NAME WINTER WATER YEAR [IDENTIFICATION LANDOWNER

Garcia Mainstem 03-04 GAR - 236 Hugh Brady
Inman Creek 04-05 INM -249  The Conservation Fund
Whitlow Creek 03-04, 04-05 WHI -240  The Conservation Fund
Mill Creek 03-04, 04-05 MIL - 241 Maillard Ranch
Pardaloe Creek 03-04, 04-05 PAR - 242 Maillard Ranch
South Fork 03-04, 04-05 SFK - 243 Mendocino Redwood Co
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A Garmin V Geographic Positioning System (GPS) was used to establish latitude and
longitude of the winter water clarity monitoring stations. Drainage areas refer to the total
drainage area of the basin as opposed to the drainage area above the monitoring station.
A map of these stations is provided as Figure 1. The table below provides the latitude
and longitude of the monitoring stations followed by distances upstream from the Garcia
confluence with the Pacific Ocean.

Table 10. GPS Location and Drainage Areas Surrounding Turbidity Monitoring Stations

STATION NAME LATITUDE/LONGITUDE DRAINAGE AREA (acres)
Garcia N 38.90195 W. 123.60787 73,223
Whitlow N. 38.89720 W. 123.36471 1,221
Inman N. 38.90778 W. 123.48670 5,481
Mill N. 38.90700 W. 123.35080 4,846
Pardaloe N. 38.89720 W. 123.36471 5,626
S. Fork Garcia N. 38.90188 W. 123.60793 5,598

Inman— Garcia River Confluence is approximately 28 miles from the mouth of the Garcia
River. The monitoring site is approximately 700 feet above the confluence, within the
mapped study reach (see figure 1).

South Fork — Garcia River Confluence is approximately 18.5 miles from the mouth of the
Garcia River. The monitoring site is approximately 1 mile above the confluence within
the mapped study reach (figure 1).

Whitlow — Garcia River Confluence is approximately 29.5 miles from the mouth of the
Garcia River. The monitoring site is approximately 700 feet above the confluence within
the mapped study reach (figure 1).

Pardaloe — Garcia River Confluence is approximately 43.5 miles from the mouth of the
Garcia River. The monitoring site is approximately 300 feet above the confluence within
the mapped study reach (figure 1).

Mill — Garcia River Confluence is approximately 39.5 miles from the mouth of the
Garcia River. The monitoring site is approximately 2 miles above the confluence within
the mapped study reach (figure 1).

STATION CHANGES BETWEEN WATER YEARS 2004 AND 2005

The mainstem Garcia station was disassembled in fall, 2004 and the equipment from that
site was re-installed at a new station at Inman Creek. The streambank that held the bank
mounted boom in place at the mainstem station was actively eroding and it appeared
likely that the equipment would be destroyed during the upcoming winter. Also, a station
was needed at Inman Creek to record existing instream conditions prior to erosion control
treatments planned for in 2006. The mainstem Garcia station and Inman Creek did not
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have a properly functioning pressure transducer until CDF provided one for use at the
Inman Creek station. This analog instrument, a WaterPro H-310, operated differently
than the digital Drucks and required considerable troubleshooting to establish
communications between the pressure transducer and the datalogger, which resulted in a
lack of accurate stage data at Inman Creek until early 2005.
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Station Mil: looking upstream at cable-mount turbidity sensor, staff plate, ISCO hose
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Mill Cross Section 7-2005 by Ridge to River
arrow tip is approximate location of turbidity lens
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Station Par: looking upstrear-n from Hollow Tree Road view
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Pardaloe Creek Cross Section 7-2005 by Ridge to River
tip of arrow is approximate location of turbidity lens
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South Fork Garcia Cross Section 7-2005 by Ridge to River
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Inman Cross Section 7-2005 by Ridge to River
arrow tip is approximate location of turbidity lens
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Peter Dobbins at Mainstem Garcia Station observing active bank erosion there
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FIELD METHODS

Ben Monmonier, Anna Birkas, and Teri Jo Barber conducted the field setup,
downloading data from the dataloggers, and troubleshooting and maintenance of the
sensor instruments, dataloggers, and batteries. Field methods included site visits
approximately every three weeks to each monitoring station. Field books containing
details of the site visits were maintained and kept inside a data box where the datalogger
was stored. Standard maintenance included examining the wiper action on the
turbidimeter lens, checking the battery voltage, and checking that the pressure transducer
was recording accurate stage heights as referenced by the staff plate installed at each
station. Examples of problems and maintenance include: Pardaloe’s pressure transducer
was scoured out by a high flow and had to be reinstalled, bolts holding the angle for the
turbidimeter housing had to be changed out on occasion, and batteries had to be
recharged on a regular basis. Water samples pumped from Mill Creek by our ISCO were
pulled from the sampler approximately every 2 weeks depending on the timing of storms.
Grab samples pulled from other streams by hand were also collected. Water samples were
stored in a dark cool cabinet prior to processing them in the laboratory.

DATA PROCESSING

Datalogger software PC208w supplied by Campbell Scientific was used for this project.
The TTS program from Redwood Sciences laboratory worked well with the statistical
program R, to facilitate plotting of the data, but neither software is widely available nor
user friendly. Therefore, data files were imported into an Excel spreadsheet and then
day numbers 1-352 were translated into a standard date format (e.g., 12-6-2004), which
was added to the data files. Raw data files were provided to landowners and are shown in
the Appendix.

Raw data was also provided for “sanitization” to Randy Klein, Redwood National and
State parks Hydrologist, Arcata, California. There are several sources for erroneously
high turbidity including

bubbles

turbidimeter too close to streambed

algal growth on lens

macroinvertebrates clinging to the turbidimeter

grass, leaves, etc clinging to the turbidimeter

Mr. Klein manipulated these data to correct for the suspected errors, most of which were
confirmed during conversations between Randy Klein and Teri Jo Barber while
referencing fieldbooks that contained references to problems encountered during site
visits. The resultant finished data set was used for analysis. A summary of techniques
used by Randy Klein is described in a document currently under development (Klein,
2003b).

COLLECTING STREAM WATER SAMPLES: GRABBED AND PUMPED

In 2003-04, 14 grab samples were obtained from the monitored tributaries and processed
by the Salmon Forever laboratory in Arcata, California. No pumping samplers were
available at this time and grab samples were to be taken when streamflows were highest.
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As has been shown repeatedly by similar efforts to take samples at high flow, it is very
difficult to predict the date and time of peak streamflows. These often occur in the middle
of the night when personnel are often unavailable or reluctant to travel long distances to
remote places. Therefore, we were not able to obtain samples during peak discharges, as
desired. Grab samples were taken with a DH-48 Depth Integrated Sampler and were
width integrated as well when the stream could be waded. When flow velocities made
streams unsafe to wade, channels were sampled from as close as possible to the turbidity
sensor. Pumping samplers alleviate these types of problems.

In 2004-05, 94 water samples were extracted from Garcia river tributaries. Twelve of
these were “grab samples” and 82 were pumped by the ISCO pumping sampler at Mill
Creek. Pumped samples from Mill Creek were made possible by the ISCO 6712
automatic pumping sampler provided by CDF. These are not depth or width-integrated,
but originate at the same point in the water column as the turbidity sensor.

LABORATORY METHODS

Water samples taken from either the ISCO pumping sampler, or the DH 48 sampler were
refrigerated out of the light until processing at the laboratory of Salmon Forever (2003-04
samples) or the Ridge to River laboratory (2004-05 samples). The USGS guide (1998)
states that turbidity is optimally measured immediately on collecting a sample, preferably
in the field. Holding the sample longer than 24 hours predisposes the measurement to
biofouling which tends to bring the ntu value artificially down (USGS, 1998). Avoiding
sunlight and keeping the sample cold limits biofouling. Turbidity values can be
artificially high if the glass cuvette bottle becomes scratched or is not inserted with the
same orientation for each reading. Care was taken to avoid these pitfalls by cleaning the
cuvette with the special oil provided and wiping with a lint-free cloth before and after
each measurement.

ISCO samplers collect 24 sample bottles over a period typically varying from two weeks
to one month, making the 24-hour shelf-life untenable. Hydrologic year 2004-05 water
samples were processed several months after collection, due both to the ISCO collection
delay period and because the CDF contract providing funds for analysis was not effective
until July 18, 2005. Biofouling is often indicated by the presence of algae in the sample,
but none of the samples contained any visible algae. Our laboratory manager stated that
algae in the sample behaves consistently regardless of color, such that it swirls when
stirred. In contrast, suspended sediments that we expected in our sample did not swirl,
but rather settled out on the bottom after stirring (Susan Wright, personal
communication). Mrs. Wright performed approximately half of the turbidity
measurements in the lab from sample bottles. A Hach 2100P turbidimeter was used, the
qualities of which are reported in the USGS 1998 guide.

All 2004-05 water samples were processed for lab grade turbidity in October, 2005 with a
HACH 2100P turbidimeter at the Ridge to River laboratory. Water samples remained in
dark, cool storage until December when they were analyzed for SSC by Chemist Ruth
Dobberpuhl. Labeled glass filters with residues intact are stored in the laboratory and
were examined while preparing the section in this report addressing water sample results.
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CHRONIC TURBIDITY IN RELATION TO BIOLOGICAL THRESHOLDS

Sediment is produced naturally from the watershed’s hillslopes, river banks, and
streambed during episodes of erosion from high intensity rainfall. This is commonly
referred to as “background erosion.” Accelerated erosion caused by human activities has
been widely documented. Primary causes of accelerated erosion include alteration of
natural drainage patterns by roads, removing soil cover, and by placement of unstable fill
material in a position where it can be delivered to streams.

Once the products of erosion are delivered to the stream channel, entrained course
sediments deposit in point bars or in the active streambed. The smaller particle fractions
(sand, silt, and clay) stay suspended in the water column for longer periods of time (the
smaller the particle, the longer they will be suspended) and settle in pools or on banks
and in riffles when higher flows recede.

Land management practices that disturb soil and drainage patterns have increased erosion
and the delivery of sediment to rivers and streams, to the detriment of salmonid habitat.
Deep rearing pools have been shallowed and spawning gravels have been degraded by
sand, silts, and clays that clog pore spaces. Winter water clarity between winter storms is
important for anadromous fishes so that they can keep gills clean, see to feed, and have
gas exchange for alevins developing in redds. When between storm water clarity
decreases due to chronic recession limb turbidity, the lack of water clarity inhibits a fish’s
ability to see and capture prey, suspended sediments can clog sensitive gill tissue, and
light is inhibited from reaching the benthos where periphyton grow as primary food
production.

Sands, silts, and clays are the finer particle sizes found in sediment. Silt and clay
particles become entrained during the rise of a stream in response to a rainstorm and stay
suspended longer than do the larger sediment size classes. When these smaller particles
remain in suspension between major storms, this creates a condition that is often referred
to as “chronic turbidity”. Chronic turbidity refers to long durations of turbidity exposure,
while acute turbidity exposures refer to very short periods of high turbidity.

Acute turbidity from elevated suspended sediment concentrations in the water column
occur during relatively brief periods of high runoff in response to intense, prolonged
rainfalls that can also cause flooding. These episodes of intense rainfalls and flooding
can also provide the opportunity for alluvial rivers to form or reform their beds and
banks, which may include lateral bank erosion, changes meander patterns, and sorting
and cleaning of gravel. This natural disturbance pattern is typical for undammed alluvial
rivers like the Garcia and illustrates that rivers are changing features in terms of their
position within floodplains and terraces between valley walls, rather than static features
on the landscape.

One example at the reach scale is the immediate flush of suspended sediment derived
turbidity that occurs immediately downstream of a bank collapse. This type of sediment
pulse includes the short term entrainment of sediments, downstream transport of the finer
sediment particles in the washload, and local deposition of the coarsest sediment
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materials into the bedload. The short duration of these events is tolerated by anadromous
fishes, owing to adaptations developed in co-evolution with their native streams over
geologic time scales.

Elevated chronic exposure to turbidity and suspended sediment between storms is
perhaps a more recent experience for salmonids. We assume that chronic turbidity
exposure is elevated over background conditions in duration and magnitude due to
watershed disturbance from land management practices. Klein (2003) recently reported
that for eight turbidity-instrumented small streams from Mendocino County to the
Oregon border from water years 2000 t02002, land use practices explained more of the
chronic turbidity variation than did the natural sources of variation combined (geology,
climate, vegetation). Land use most directly correlated to chronic turbidity in that study
was summarized in two measurements: percent of watershed area harvested per year and
road density in miles of road per square mile of watershed area (Klein, 2003).

Sublethal effects of chronic turbidity on aquatic organisms has been explained and
documented by a variety of researchers. In the report of the Scientific Review Panel on
California Forest Practice Rules and Salmonid Habitat (Ligon et al. 1999), the sub-lethal
effects of chronic turbidity on salmonids were listed as reduction in feeding by juvenile
salmonids, thereby reducing growth rates, irritation and abrasion of gill tissues, avoidance
behaviors, and mortality at high concentrations as documented and reported by Noggle
(1978).

Barber (1997) reported a series of biological responses of salmon and steelhead to
varying concentrations of suspended sediment and turbidity in fresh water based on a
review of the literature as follows. It was stated that water appears clear to 2 NTU.
Fishes avoid turbid water sources and begin seeking of cover when instream turbidities
rise to 5 NTU. At 6, streamwater is often colored, appearing blue or green and is barely
clear enough to see through. At about 10, water clarity appears noticeably diminished to
the human eye, rainbow trout growth rates slow, and at 1 meter depth light in the water
column is 77% of what is available at the surface. At 20 NTU, fishermen go elsewhere,
perhaps because coho salmon (and other fishes) reactive distance is reduced by 52%.
Sigler et al (1984) reported that at 25 NTU, steelhead juveniles ceased to grow. Trush
(2001) reported that when turbidity reaches 25-38 NTU, a fish’s ability to feed is cut in
half. Hadden (et al. 2004) reported that both field and laboratory studies revealed that
while the foraging efficiency of juvenile salmonids was decreased by increased
turbidities, fish continued to capture prey at turbidity levels in the range of 40-50 NTUs.

A turbidity value of 30 NTU stimulates a major increase in macroinvertebrate drift
downstream, which may be an avoidance technique. At 50 light is reduced to 60% of
what is available at the surface and streamwater appears like chocolate milk. At 60
reduced capture success of prey by fishes is exhibited. At 86 a marked reduction in
growth rate in brook trout juveniles was reported. At 100 coho juveniles avoid turbid
waters by swimming away to clearer waters if they are available. At 200, steelhead
exhibit the same avoidance technique. When turbidities reach 1000-2000, light at 0.1
meter in depth is reduced to only 4% or what is available at the surface. No lethal effects
of turbidity have been reported, however lethal effects on fishes due to extremely high
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suspended sediment concentrations have been documented at 500-2000 mg/I (Barber,
1997).

Klein (2003) determined turbidity durations greater than or equal to the following
thresholds: 25, 50, 70, 100, 150, 200, 500, 1000, 2000 NTUs during a single water year.
Of these, thresholds of 25, 60, and 150 NTUs were sel