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ABSTRACT

The Northwest region of the United States contains extensive canal
systems that transport water for hydropower generation. Nuisance plants,
including algae, that grow in these systems reduce their hydraulic capacity
through water displacement and increased surface friction. Most control
methods are applied in an ad hoc fashion. The goal of this work is to develop
cost-effective, environmentally sound, long-term management strategies to
prevent and control nuisance algal growth. This paper reports on a multi-year
study, performed in collaboration with the Pacific Gas & Electric Company, to
investigate algal growth in their canal systems, and to evaluate various control
methodologies. Three types of controls, including mechanical, biological and
chemical treatment, were selected for testing and evaluation. As part of this
study, water quality data were collected and algal communities were sampled
from numerous stations throughout the distribution system at regular intervals.
This study resulted in a more comprehensive understanding of conditions leading
to the development of nuisance algal growth, a better informed selection of
treatment plans, and improved evaluation of the effectiveness for the control
strategies selected for testing.
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SUMMARY

The Northwest region of the United States contains extensive canal
systems that transport water for hydropower generation. Nuisance plants,
including algae, grow in these systems and reduce their hydraulic capacity by
displacing water and increasing surface friction. The most common solution to
nuisance plant growth problems is applying chemical-control agents, which are
often applied in an ad hoc fashion. This type of treatment is expensive,
introduces chemicals into the ecosystem, and presents a potential long-term
liability to businesses. '

This report describes the results of a multi-year study performed in
collaboration with Pacific Gas & Electric (PG&E) to investigate algal growth
problems in their canal systems, and to evaluate various control methodologies.
Three types of controls were selected for testing and evaluation including
mechanical, biological, and chemical treatment. As part of this study, water
quality data were collected and algal communities were sampled throughout the
distribution system at regular intervals.

The Tiger Creek and Drum Canal systems located in the Sierra-Nevada
mountains of central California were chosen for this detailed study. The water in
these systems is very soft with very little buffering capacity and low nutrient
content. The alga Ulothrix zonata was dominant in the algal community from
the Tiger Creek Canal, and the diatom Didymosphenia geminata was the primary
alga associated with the problems encountered in the Drum Canal. Both species
are frequently found in cool water with low nutrient content.

While this study resulted in the development of a more complete physical
and chemical data base for addressing algal control problems in these systems, it
also pointed to the need for more continuous monitoring of canal conditions in
order to predict the optimum timing for the application of control procedures. In
particular, were indications that some parameters, if tracked more closely, might
allow operators to track and predict the onset of algal growth.

Temperature, for example, could be useful in determining when algal
blooms are likely to occur. The study indicated that temperatures below 10°C
kept the algae in a dormant or less-active growth state. Water pH was another
parameter that might provide insight into the development of algal problems in
these systems; some subtle changes were seen in the water chemistry data.
Sunlight may also play a critical role, since the algal growth problems typically
occurred from early May through late October when the sun reaches its
maximum height over the canal.
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Aquatic Plant Control Research

1. INTRODUCTION

Western water resources continuously face increased demand from industry and the public.
Consequently, many of these resources are required to perform multiple tasks as they cycle through the
ecosystem. Many plants and animals depend on these resources for growth. Algae are one group of
plants associated with nutrient and energy cycles in many aquatic ecosystems. Although microscopic in
size, most freshwater algae are capable of dominating and proliferating to the extent that waters resource
value is compromised for both industrial and domestic needs. For example, nuisance algal growth may
cause taste and odor problems in domestic water supplies. Filamentous algae may reduce lake and
stream access to fishing, swimming, or other recreational activities. In some cases, the algae may be
toxic and threaten the health of wildlife, livestock, and humans. In industrial processes, algae may
impact operational productivity by clogging water intakes, reducing heat transfer, or interfering with the
control of chemical reactions. In economic terms, the impact of nuisance algae is a multi-billion dollar
per year problem.

The Northwest region of the United States contains extensive canal systems that transport water for
hydropower generation and agricultural irrigation. Nuisance plants, including algae, that grow in these
systems reduce their water transporting efficiency. The most common solution to nuisance growth
problems is the application of chemical-control agents. This type of treatment is expensive, introduces
chemicals into the ecosystem, and presents a potential long-term liability to businesses.

This report describes a multi-year study performed in collaboration with the Pacific Gas & Electric
Company (PG&E) to investigate both algal growth in their canal systems and various control
methodologies. As part of this study, water quality data was collected and algal communities were
sampled throughout the distribution system at regular intervals. The purpose of this study was to develop
a more complete understanding of conditions leading to algal blooms, a better informed selection of
treatment plans, and improved techniques for evaluating the effectiveness of control strategies. The
ultimate goal of the work was to develop cost-effective, environmentally sound, long-term management
strategies for the prevention and control of nuisance algae.




2. BACKGROUND

2.1 Problem Description

The Tiger Creek Canal system (Figure 1) was built for power generation in the early 1930s. The
Tiger Creek Canal originates from the tailrace of the Salt Springs Powerhouse. The Salt Springs
Powerhouse has two units: one receives water from the Lower Bear Reservoir, and the other receives

Figure 1. Tiger Creek Canal - Long View

water from the Salt Springs Reservoir.
Both are in the Sierra Nevada
Mountains, in the Mokelumne River
Basin. The drainage comes from
granite bedrock with low human
impact, that is, little development, low
recreation use, and minimal forestry
activity. The water is very soft, slightly
acidic, and low in nutrients. Flow in
the hydro-generation canal is
maintained at the maximum capacity of
550 cubic feet per second (cfs). The
canal is approximately 17 miles long,
and is made up of concrete box sections
14 feet wide, and seven feet high. The
water depth is about six feet with one
foot of freeboard. The flow velocity is
approximately seven feet per second
(ft/s). In addition to the main canal,
there are seven tunnels and two
reservoirs associated with the general
flow of the canal. The first reservoir,
Regulator Reservoir, has a surface area
of approximately 13 acres. This
reservoir receives water from the upper
15 miles of the Tiger Creek Canal, as
well as from the Tiger Creek proper,
and serves as a main reserve for the
feed flow into the second reservoir, the
Tiger Creek Powerhouse Forebay. This
reservoir has an approximate surface
area of two acres and feeds directly into
the Tiger Creek Powerhouse penstock.

Although the flow in the canal
primarily originates from the Lower
Bear and Salt Springs Reservoirs, there

are a number of locations along the canal where water can be discharged from or added to the canal flow.
Points of discharge are used to eliminate water from the canal due to emergencies such as blocked flow
from fallen trees, rocks, etc. Inputs are used to supplement the canal flow during periods of low runoff
and are associated with the major streams throughout the basin area.




During the 1996 season, the area of study was expanded to include the Drum Canal, a 9 mile long
hydropower generation canal system beginning at a tunnel from Spaulding Reservoir along the South
Yuba and ending in the Drum Forebay. The drainage is also from granite bedrock, with little nutrient
content and low buffering capacity. The water may be characterized as very soft with a carbonate
hardness of approximately 25 ppm. The canal varies both in breadth and depth. Typically, flow in this
canal is maintained at approximately 775 cfs. The canal surface is a Gunite material that has been
sprayed onto the natural and constructed structures that define the canal channel (Figure 2). The forebay
is a large pool, approximately 23 surface acres, that discharges through two separate intakes to Drum 1
and 2 powerhouses. The discharge pool is the forebay for Dutch Flats 1 and 2 powerhouses, the next in a
series of impoundments along the Bear River used for hydropower generation.

Figure 2. Drum Canal - variable sides.

In both canal systems, growth of filamentous algae impedes the ability to maintain the required
canal flow to meet power-generation requirements. The development of algae in these canals displaces
the volume of water that they can deliver to the powerhouse. Algae typically grows anchored to the
bottom and sides of the canal. The extended filaments also change the flow characteristics around them,
increasing the drag on the water. As the water slows, the faster-flowing water rides higher in the canal,
over the slower- moving water near the bottom. This causes the water in the canal to ride higher,
approaching the tops of the canal sides (Figure 3). In order to maintain a safe canal height along the
sides of the canal, the powerhouse operator reduces the amount of water discharged into the canal to
restore the freeboard.
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Figure 3. Charts of stages of algal growth and impact on water flow.

Less water flowing through the canal means less water to replenish the water discharged to the
powerhouse to generate electricity. As the algae continue to grow and develop into longer filaments and
greater biomass, their interference with the canal flow increases. Eventually, flow is reduced to such an
extent that it threatens the ability to maintain reservoir volume in the forebay to meet generation
demands. Typically, just before this point is reached, a decision is made to take the canal out of service
and perform a clean-up. In addition to impacting flow rate and volume, the algae in the Drum Canal also
clogs collection screens and control gates. A massive amount of the stalked diatom coliects on these
structures often resulting in damage as well as functional impairment.

The two standard techniques used to clean canal systems are hydro-blasting and chemicals. The
method typically used to clean the Tiger Creek Canal is hydro-blasting. In this procedure, the canal is




drained, exposing the sides and bottom and a truck, equipped with high pressure water jets, is driven
through the canal dislodging and washing out the algae. Chemicals are typically used to control algae in
the Drum Canal.

While effective in removing the algae, these techniques are expensive. In addition to the lost
generation capacity while the system is down, there are costs associated with the manpower and materials
incurred to perform the work. Typically, it requires two days to hydro-blast the entire Tiger Creek Canal
and an additional two days to dry the canal; it has been determined that the extra days of drying
significantly delay regrowth of the algae in the canal. Unfortunately, this treatment method needs to be
repeated several times during the active algal growing season, which normally begins in early May and
continues through October. Consequently, alternative methods for algal control have been sought over
the last several years.

2.2 Control Techniques

There are four general methods for controlling algal growth; chemical, biological, mechanical, and
combined control incorporating two or more methods. In addition, these techniques may be implemented
in an intermittent, continuous, or a multiplexed fashion. A brief description of each method is presented
below. For additional information refer to the Bibliography under the Overview Section in Appendix A.

Chemical methods are often selected to control algae because they are easy to apply on an
as-needed basis. The most widely applied chemical is copper, or a copper compound. In order to
properly use any chemical treatment procedure, the basic water chemistry must be known so that an
effective dose concentration can be calculated. Chemical agents may be sensitive to water hardness,
acidity, and particulate loads in the application area. Some materials interact with other components in
the system, potentially increasing their toxicity. Also, the general persistence and form of the chemical
should be considered. Some of the newer herbicides are designed for specific, short-duration control.
This type of treatment requires repeated application, but has the advantage of lowering the long-term
environmental effects.

Biological control agents are based on the activity of living organisms or pathogens. The activity
may be a direct or indirect action; for instance, the use of algal-eating fish, snails, macroinvertebrates or
other animals is considered a direct action.” Similarly, bacteria, fungi, and viruses may infect or
parasitize algae resulting in their death. The indirect activities of some organisms may also control or
eliminate algae. For example, some fish create an increase in the suspended solids in the water column,
reducing light penetration to the bottom sediments, thereby decreasing algal growth. Other micro-
organisms may produce proteins, enzymes, or compounds that reduce algal growth. The fast flow (7 ft/s)
in the Tiger Creek Canal system prevents the use of conventional biological control agents such as fish or
macroinvertebrates.

Mechanical control methods involve the physical scraping, dislodging, raking, and removing of
biomass. Various configurations of mechanical techniques have been developed to eradicate algae within
water conveyance systems. Mechanical methods have the advantage in controlling growth in isolated
regions and environmentally sensitive habitats. In the Tiger Creek Canal, water blasting has been the
predominant means of removing and controlling algae.

Combining algal control techniques has not received much attention, but appears to have great
potential."* In fact, previous research at PG&E with chlorine, hydrogen peroxide, and other chemicals, in
combination with water blasting and desiccation, have resulted in algal control for longer periods than




application of single control procedures.g’9 Also, recent studies indicate that control may be achieved
through the combination of new chemical and mechanical procedures.

In addition to the method of control used, the manner of its application must also be considered.
Some products or techniques are most effective when applied continuously at a low level, once control is
established. It is generally believed that this will keep bacteria, algae, and other microbes from
producing a biofilm, initiating growth, and developing into a larger problem. This may generally be true;
however, microorganisms express a degree of flexibility and may be able to develop a resistance to
chemicals when exposed on a continuous basis over a period of time. Or, there may also be a change in
the dominant component in the biological community. Usually when a biological niche is vacated, it
opens an area for another organism to invade and occupy. The new dominant species usually expresses
some resistance to the control measure, and consequently, presents a new nuisance growth problem.

Treatment on a periodic or as-needed basis is generally applied in conjunction with some type of
monitoring to determine when applications are required. The monitoring may be accomplished by direct
physical observations or by various types of instrumentation. The downside of this method is the
difficulty in stopping and controlling growth once it is established. Another problem with this approach
is that intermittent treatments typically requires higher application concentrations to initiate control,
reverse the growth, and then maintain stability. This type of control increases the chance of releasing
fugitive chemicals from the application site.

In addition to either continuous or intermittent treatments, multiple or combined chemicals may be
used. This type of control is instituted when there is concern about using a particular material for an
extended period of time. Nuisance species may build up resistance to the chemical(s) allowing other,
more resistant species to move in and eventually occupy a more prominent part of the benthic
community, necessitating a change in the treatment strategy.



3. EXPERIMENTAL APPROACH
3.1 Selection of Control Strategies for Testing

A methodology for selecting and evaluating algal control techniques was developed. In the
selection process detailed in Appendix C, a decision tree is used to evaluate different types of control
strategies against common criteria including environmental risks, safety, impact to power production, and
systems operation. The matrix was implemented by PG&E, prior to the 1996 algal growing season, to
select control practices for the summer’s research period.

3.2 Sampling Techniques
Even though PG&E has conducted numerous studies on the Tiger Creek Canal system,‘t’g'9 the
information was fragmented, preventing the ability to draw specific conclusions about factors related to
the algal growth problems. Therefore, a principal objective of this effort was to simultaneously collect
water and algal samples to determine whether there were any correlation’s between the different
parameters measured and the algal problems observed.

3.3 Sampling Stations

During the 1995 and 1996 seasons, a number of station locations were selected to collect water
quality and algal samples along the course of the Tiger Creek Canal system (Figure 4). These stations
are listed in order from the top to the bottom of the canal system, and can be identified by their distance
(100 feet) from the Regulator/Reservoir.

3.3.1 Tiger Creek

The Salt Springs Powerhouse (940+00) tailrace spillway is adjacent to the powerhouse proper.
Water from Salt Springs and Bear River Reservoirs flows through the Salt Springs Powerhouse and is
discharged to the Tiger Creek Canal at this location. The volume of flow into the Tiger Creek Canal is
regulated by a control gate at the head of the canal system. Excess water is discharged (spilled) to the
Mokelumne River. Samples were usually collected by capturing water flowing over the spillway in a
container, then transferring it to the appropriate sample bottles. Algae were collected by scraping the
surfaces of the spillway, or any other structure in the area, exhibiting developed biofilm or algal growth.

The Salt Springs access ramp (920+00) is located approximately 2000 feet downstream from the
Salt Springs Powerhouse. Access ramps are concrete structures wide enough for trucks and other
vehicles to drive into the canal. They are also an easy means of getting into the canal to collect water and
algal samples. The high flow in the main section of the canal prohibits the collection of algae from the
sides or bottom of the canal. Algal and water samples were collected from the mixing zone on the access

ramps.
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The Bear River Y (640+00) station was located along the point where the Bear River flows from
the Lower Bear River Reservoir and discharges into the Mokelumne River. This station had several
unique features. Along the Bear River proper, upstream from the road bridge, there was a U.S.
Geological Survey gaging station measuring the discharge flow of the Bear River. At the bridge, there
are flow control gates that can be used to direct flow into the concrete feeder channel leading to the Tiger
Creek Canal system. This concrete structure is approximately 150 to 200 yards long with additional
gates and siphons, and meets the
Tiger Creek Canal at an angle,
thus lending to the name Bear
River Y (Figure 8). This was a
common point of sampling
throughout the 1995 and 1996
seasons; however, the point of
collection was not the same, but
varied according to the time of
sampling and the person
collecting the sample.

The Summit (340+00)
station was located upstream of
the entrance into Summit Tunnel
(Tunnel #3), a 1.5 mile tunnel
that discharges into the
continuing Tiger Creek Canal at
East Panther Creek. At this
location, there is a deer exit ramp
that was used as the point for the
collection of water and algal
samples (Figure 5). The Green’s
Creek area, just upstream from
the summit station, typically had
the largest amount of algal
growth. This section between
the Bear River Y and Summit
develops problems during the
suminer.

The East Panther Creek
(240+00) station, an access point
on the other end of Summit
Tunnel, has several structures
that permit canal crossing and
provide access to the inside of
the canal. This station has the Figure 5. Summit Station - deer exit ramp.
potential to siphon water from
East Panther Creek. The intake,
approximately 100 yards upstream from the canal, is used to supplement flow into the Tiger Creek Canal.
East Panther Creek is typically a disposal point for algal biomass from canal washings that occur
upstream between the Bear River Y and the Summit.




The Deer Creek road crossing (120+00) station, an easy access point near the China Gulch station,
was used to collect water and algal samples when either China Gulch was missed or when time restraints
occurred. There is a vehicle access ramp and deer escape at this station.

The China Gulch (40+00) station was a point located just before a 2.6 mile tunnel (tunnel #1) that
discharges into the Regulator Reservoir. This station permitted the separation of Tiger Creek Canal
conditions from influencing factors associated with the reservoir and Tiger Creek proper. There was an
access ramp to the canal at this station that served as the point of collection for water and algal samples.

The Regulator Reservoir road crossing (30+00) station was an access ramp to Tiger Creek Canal
downstream from the Regulator Reservoir, and provided a measurement of reservoir discharge quality
and the influence of Tiger Creek and the reservoir on algal communities. Samples were typically
collected from the access ramp on the upstream side of the road crossing, or along the lower canal wall
on the downstream side of the bridge.

Initially, interests were directed at measuring and distinguishing the differences between the water
coming into the Regulator Reservoir, and the water leaving the Regulator Reservoir through the China
Gulch tunnel and at the Regulator Reservoir road crossing.

During the 1995 research period, the need to define additional zones within the reservoir boundary
became apparent. Prompted by problems that developed during a chemical treatment test on Tiger Creek
Canal, and to determine whether the cause was related to the cumulative effects of chemical applications
or decreased dissolved oxygen levels within the reservoir and its outlets during treatment periods, several
additional points were sampled within the Regulator Reservoir on a regular basis (Figure 6).

Figure 6. Regulator Reservoir (R/R) Pool, fish release (FR), and other sampling stations.
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The Regulator Reservoir Pool station was located at a small jetted piece of land near the out-fall of
the water coming from China Gulch and represented the surface water. Here, water flows out of the
tunnel, through a narrow channel, and empties into the body of the reservoir. The sampling point was
near this mixing zone where water from the channel swirls around and back mixes with the reservoir.
This station was chosen to represent the main pool of the reservoir (around 10 surface acres).

The Regulator Reservoir-fish release reservoir pool discharge, referred to as the fish release, is a
point of discharge from the reservoir, on the back side of the dam. This release forms the continuation of
the Tiger Creek proper with eventual discharge into the Mokelumne River near the Tiger Creek
powerhouse. The intake for this discharge is approximately 20 feet below the normal pool level in the
Regulator Reservoir. The sampling point was in the turbulent mixing zone at the point of release. There
is a concrete structure at this discharge point making it convenient to cross the stream and sample.

Tiger Creek enters the Regulator Reservoir along the northern edge and represents a constant feed
source for the reservoir. The creek is accessed by a foot path that starts at the Regulator Reservoir dam
and runs along the northwest side of the reservoir. The samples were collected in the first part of the
stream channel, separated from the reservoir, in which flow was observed.

The Tiger Creek Forebay (120+00) station was located at the pool area (around 3 surface acres) just
prior to the penstock to the Tiger Creek Powerhouse. This area is 1.8 miles downstream from the
Regulator Reservoir road crossing and served primarily as a checkpoint to determine water quality before
discharge and mixing into the Mokelumne River. It was also used as an observation point to recognize
any potential water quality problems prior to discharge to the penstock.

The Tiger Creek Afterbay station was located downstream, where discharge from the Tiger Creek
Powerhouse mixes with the Mokelumne River and provides impoundment for the next downstream
hydro-generation facility. The collection point was at the dam, on the pool side from a floating structure
near the intake for the West Point Powerhouse. This station was approximately 0.75 mile downstream
from the Tiger Creek Powerhouse discharge.

3.3.2 Drum Canal

The Drum Canal (approximately nine miles long) was selected to test two different types of copper
compounds. Only five stations were selected to monitor water quality in this system (see Appendix B).
Station locations were selected based on the distance from the point where treatments were applied; this
was 45+00 (distance in 100 feet from the Spaulding Powerhouse) for all treatments initiated in 1996.

The first station, YB28, was located upstream at the point where water emerged from the Spaulding
tunnel and flowed into the open Drum Canal (Figure 7). There is a cross-walk and drive access to this
point. This station served as the upstream control, or pre-application station.

The second station, HY W20, was downstream from the point of application. This station was
selected to provide an initial concentration of mixed chemical product, and as a representative point to
determine the mixed concentration of chemical product added at YB28.

The third station, YB40 (410+00), was an intermediate point between the upstreém stations and the
siphon discharge into the Drum Powerhouse forebay. This station was selected to provide an indication
of chemical product concentration as a function of distance of flow and contact with canal biomass prior
to dilution in the forebay.
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Figure 7. Drum Canal tunnel - first station, 45+00

The fourth station, Drum Powerhouse Forebay, was located near the screen gate area for discharge
into the penstocks leading to the powerhouse. This station provided an indication of how reservoir
dilution effects the water it receives form the Drum Canal, in addition to indicating pool accumulation.
The discharge from the siphons tends to create a circulation pattern in the forebay; discharge moves
along the shoreline towards the control gates, then proceeds in a counter-clockwise pattern around the
reservoir.

The fifth station, Drum Powerhouse Afterbay, was located at a point below the Drum Powerhouse
where discharge from power generation mixes with water from the Bear River. This station indicated the
dilution effects of the Bear River on conditions associated with the Drum Canal system.

3.4 Water Quality Samples

A number of parameters were measured to determine the water quality of the Tiger Creek and
Drum Canal systems. Some of these measurements were conducted in the field while others relied on the
collection, preservation, and transfer of samples to the laboratory for analysis. The conditions measured
in the field were pH, conductivity, temperature, and dissolved oxygen. The conditions measured in the
lab were nitrate/nitrite/total nitrogen, total ortho-phosphorus, hardness, and copper. Note that not all
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parameters were measured during each sampling event. Copper was the basic component of the research
interests in the 1995 and 1996 summer experimental programs. During the 1995 season, a hand-held
instrument was used to measure pH, conductivity and temperature at the time of sample collection. This
instrument was calibrated against standards and procedures in accordance with U.S. Environmental
Protection Agency’s Guidelines and Standard Methods for the Collection and Measurement of Water
and Waste Water Samples. The samples collected for laboratory analysis followed similar procedures for
collection, preservation, and handling.

3.5 Algal Samples

Since it was not possible to collect algae from the canals while they were under full flow, algae
were collected at the water/air interface along the canal walls and at points where access was permissible.
Algae were collected at each station at the same time water samples and water quality parameters were
measured. The algae were placed in sealed bags, packed on ice, and shipped to the Idaho National
Engineering and Environmental Laboratory (INEEL) for observation and identification. In the lab, the
samples were split; one part was preserved using M3 fixative (Table 1), while the other portion was
refrigerated and maintained at 4°C. Both live and preserved samples were used to identify alga’s genus
and species when possible. Part of the unpreserved sample was cleaned for diatom analysis using the
boiling acid method.” Also, the unpreserved samples were used to culture algae for studies at the INEEL.

Table 1. M3 Algae Preservative.

Reagent Amount
Iodine (crystal) 1.0 gm
Potassium Iodide 0.5 gm
Glacial Acetic Acid 5.0 mL
Gluteraldehyde 250 mL
Water 100.0 mL

In addition to the algae collected at the time of water quality sampling, an effort was made to
collect algae throughout the Mokelumne River Basin above Tiger Creek Powerhouse and determine the
relative distribution of species within the system. For the purposes of this study, the basin was defined as
beginning at the Salt Springs Reservoir and continuing along the canal to the point of discharge into the
Mokelumne River below the Tiger Creek Canal Powerhouse. The major interests were in streams that
served as potential sources of water for Tiger Creek Canal; Cole Creek, Bear River, Beaver Creek, East
Panther Creek, Tiger Creek and the Mokelumne River. Algae were collected through all seasons over the
two year period to determine their relative composition and possible influence on the algal flora of the
Tiger Creek Canal system. In addition, algal samples were collected from a variety of habitats within the
general basin area. These samples were prepared in a similar manner to Tiger Creek Canal station algal
collections, except live specimens were not usually maintained. '

Algae collected from the Drum Canal was confined primarily to the stations along the canal.
Samples were collected in 1996 only. The protocol for collection, handling, and analysis were the same
as those used for the Tiger Creek study.




4. RESULTS AND DISCUSSION

4.1 Water Chemistry

A compilation of the water quality analyses is presented in Appendix B, “Water Quality Data.”
One of the most interesting findings from the water samples analyses, from both the Tiger Creek Canal
and Drum Canal systems, was the lack of nutrients in the water. When algal biomass accumulates in
sufficient quantity to interfere with water flow, it is generally assumed that the biomass is supported by
an abundance of nutrients such as nitrogen and phosphorus. However, both drainage systems originate in
basins with granite bedrock, soils low in mineral or organic content, and areas with low human impact.
Consequently, the water quality data indicate very low hardness, no buffering capacity, low nitrogen, low
phosphorus, and slightly acidic water quality. Total nitrogen and total phosphorus content ran
consistently below detection limits of 5 ppm. Even when the analytical technique was changed to
increase the sensitivity of the analysis, phosphorus content was only slightly above the detection limits of
10 ppb. Also, water quality parameters showed very little change throughout the summer, PG&E’s
primary nuisance algal growing season.

One of the key analysis elements was to relate water chemical parameters to the guidelines for
application of chemical-control agents. The toxicity of these products is often related to other
components of the body of water to which they are applied. In the case of copper, the toxicity of copper
changes dramatically in relation to water hardness. At low carbonate hardness, copper may be toxic,
even at low application concentrations (30 ppb). As the hardness increases the potential for the copper to
complex with other minerals in the water column increases; therefore, it becomes less toxic and may be
applied at higher concentrations.

During this period of analysis, it was determined that the canal system water is nutrient poor, cold
(£12°C), and slightly acidic (<6.5 pH) with low buffering capacity and specific conductivity.

During the 1995 testing of EarthTec, (a copper sulfate based algal control agent developed by Earth
Science Laboratories, Inc., Arkansas, USA), there was considerable interest in how the copper would be
distributed throughout the Tiger Creek Canal system. Copper sulfate had been previously used in the
canal system to control algal,” and there were some indications that copper had been deposited in the
sediments of the Regulator Reservoir. Since EarthTec is a highly chelated copper compound, there was
also an interest in whether the chelator would interact with any copper in the sediments, resulting in
higher soluble copper concentrations below the Regulator Reservoir. During the initial 1995 test, there
was a slight increase in the copper concentration below the Regulator Reservoir; however, this condition
did not persist or reoccur, throughout the remainder of that summer, or in subsequent tests.

The water quality survey indicated that the overall water chemistry did not shift significantly
throughout the 1995 collection season. Copper, introduced during various tests, decreased in
concentration as it passed through the 17 miles of canal, and was diluted to well below discharge
requirements (15 ppb) when it mixed with the Mokelumne River. There was an increase in copper
concentration observed in samples collected at the Bear River Y (Appendix B; Table 6). For this station,
water samples were collected at different points along the Y by individuals participating in the sample
collection process, primarily because of a miscommunicated station identification. It is also known that
water samples were collected at points A, B, and C (Figure 8), and there are indications of turbulence and
mixing where the Bear River feeder canal and the Tiger Creek Canal channels meet. It is believed that
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some of the variability in the copper concentrations seen for this area, may be related to the points where
samples were collected along the Y.

7
N
Canal Control Gate
Area
C
Canal - Canal
Crossing /Y Crossing
Siphon
Discharge

Figure 8. Bear River Y - sampling locations.

4.2 Algae

Disruptive algal growth in the Tiger Creek Canal system seems to be caused by two dominant
forms. The most prominent species is Ulothrix zonata (Figure 9), a green, filamentous algae commonly
found in cool waters of low nutrient content that are either ponded or flowing. Ulothrix is commonly
found during the spring in the splash zones of the Great Lakes, shortly after ice cover is lost." It remains
in this vegetative form until the water temperature rises, then it undergoes sexual division and becomes a
swimmer cell that attaches to benthic substrates. It typically does not show extensive filament
development until the water temperature lowers in the late fall, just before ice cover is restored. The
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filaments are typically 10 to 12 inches in length and are somewhat uniformly distributed across the
bottom of the canal. In Tiger Creek Canal, the filaments do not grow on the sides of the canals only on
the bottom. The canal has a 45 degree angled section, called the haunch that separates the bottom from
the sides. The filamentous algal
growth stops right at the haunch
and only a mixed blue-green algal
and diatom biofilm exists on the
sides of the canal. Additional algal
forms are associated with the
general biomass. Another green
filamentous algae, Microspora sp.,
is commonly associated with the
Ulothrix. Often bluegreen algae,
both filamentous and colonial
forms, are present in the biomass
growing on the bottom and sides
of the canal.

Diatoms may be in
abundance, but typically make up
less than 1% of the biomass in
well developed Ulothrix growths.
During the spring, below the
Regulator Reservoir, filaments of
Spirogyra grow and dominate the
accumulated biomass in the canal.
Also, during the mid-summer
months a green, coenocytic algae,
Vaucheria, grows in the canal and
becomes very prolific, replacing
the Ulothrix dominance.
Vaucheria attaches to the sides of
the canal in addition to the bottom,
has a very slimy texture, and has
been found after copper treatment to control algae. It is not certain whether its appearance is purely
seasonal, or whether it represents a potential tolerant species that replaces Ulothrix following copper
application.

Figure 9. Ulothrix zonata filaments.

Algal samples were also collected throughout the Mokelumne River basin above the Tiger Creek
Powerhouse. The composition of the algae in these samples mirrored the composition of algal forms
found in the canal samples. The green filamentous forms could be found in different free-flowing
streams, and similar communities of other algae. Blue-greens, and diatoms were also commonly
observed in many of the samples. Where specific types of habitats were sampled, there were unique
forms of algae present.

The Drum Canal had a problem with excessive growth of the diatom Didymosphenia geminata.
This species bad previously been identified in the Bear River and in the canal system below the Drum
Powerhouse afterbay. Initial sightings, characterized this growth as a dense, off-white mat accumulating
on the afterbay discharge screens. Due to its peculiar pink color, it was not thought to be an algal form.
Since its first sighting,® this algae has moved to occupy most of the Drum Canal, and has been collected
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from other hydro-generation canals in the area. Its growth characteristic has changed and now forms
long, rope-like strands that reach several feet in length. Even though these strands decrease the ability to
maintain flow in the canal, the biggest problem is caused by the collection of the algal biomass on the
gates and screens in the hydro system. When this algae dislodges from its anchoring in the canal, it floats
downstream and collects and packs on screens preventing the passage of water. The algal biomass tends
to pack in tight densities making it difficult to remove from the structures. Typically, the canal system is
drained under these conditions and the screens are scraped clean. When taken out of water the algal
forms a bleached white mass that has a texture similar to that of cardboard. It is not easily tom and must
be scraped to remove it from the screens. The algae is typically referred to as “killer algae” since its
accumulation is devastating to the flow in the system.

Didymosphenia is a diatom in algae family Bacillariophyceae. It is typically found in cool water
with low nutrient content. It is stalked; the actual cells produce a material that attaches to the substrate
and then extend to lift the cell off the substrate into the water column (Figure 10). It is believed that this
growth strategy permits the diatom to compete with other algae for both nutrients and light.” Specimens
with stalks several inches in length are typical. The stalk may also branch making it is possible to find
several diatoms side by side sharing a common stalk for attachment. In the case of this diatom in the
Drum Canal system, the stalks can become several inches in length. These stalks weave amongst each
other to produce a rope-like material with considerable strength. Some of the broken strands collected
from this system have been on the order of three or more feet in length.

Figure 10. Didymosphenia geminata (Stalked).
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5. ALTERNATE CONTROL STRATEGY INVESTIGATIONS

As previously discussed, algae may be controlled with biological, chemical, or physical methods, or
a combination of these methods.” The use of chemicals (algicides) to control algae is a multi-million
dollar business, and represents the most widely used technique.'® Chemical treatment methods are often
selected because they are easy to use during preparation and application. Some of the more common
chemicals used are halogens'® (chlorine and bromine), oxidizers (peroxides, permanganate), heavy metals
(copper, zinc, cadmium, tin) and herbicides that tend to target photosynthetic pathways.*” These
materials may work well in controlling algae; but, they possess the potential for negative side-effects.
The halogens may form trihalomethanes (THMs) by complexing with organics; oxidizers are not
persistent and may be corrosive to certain materials; herbicides may react with non-targeted aquatic plant
life%; and, heavy metals are persistent in the environment.

The latter is one of the primary concerns with using copper to control nuisance algae. Copper
sulfate has a history of use, and many industrial professionals have experience with the application
procedures and regulations associated with this material. However, there is growing concern about its
long-term use, its persistence, and its ability to concentrate and migrate through biotic and abiotic
pathways in the ecosystem. It is most effective as an ion against algae; but, it may exist in several ionic
states as it combines with present minerals and organic materials. Under the best of conditions, it is
taken up by the target algae resulting in their death. It cannot be degraded beyond its elemental state, but
remains in the environment; the property that poses long-term liability considerations for users. While
copper sulfate is currently recognized and generally accepted as a control material for algae, future
regulatory requirements may be different. Although too early to tell exactly which direction
environmental interests are going, alternate chemicals and methods should always be a part of the
development strategy for algal control and should not be overlooked even for immediate problems of
relative short duration.

Recognizing that algae are primary producers and represent the basic component of many food
webs, this research project began to develop baseline information in the pursuit of alternate algal control
materials. Their cell walls are composed of carbohydrates, proteins, and other polymers that provide
rigidity and strength to the cells.” As the filament lengthens and cells mature, changes occur in the
composition of the cells to provide the support needed for a longer filament. Some cells modify to
become holdfast cells, with limited or no capability for photosynthesis, and modify structurally for
attachment of the filament to the substrate (Figure 11). Our research was directed at understanding the
changes that occur in filament composition during development. By understanding these changes, we
may be able identify the processes by which cells are strengthened and modified. We can then develop
materials to restrict or stop these processes, resulting in the control of attachment and filament length.
This would preserve the growth of the algae to occupy its ecological niche but reduce the otherwise
nuisance characteristics associated with attached, long filaments.

Algal materials analyses were begun to determine the differences in composition in relation to their
position in an intact filament. Initial experiments were conducted to determine the relative carbon,
hydrogen, and nitrogen ratios for different algal samples.

The production of agents to control algae during the fermentative degradation of barley straw’® was
considered for testing this year, and an experiment was set-up on the Tiger Creek Canal. This process is
based on the anti-microbial, anti-algal properties of a fermentative product produced by the
decomposition of barley straw in a side stream digester (MicroForest, Inc., 1996).
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Figure 11. Holdfast cell - Ulothrix zonata.
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6. PROJECT STATUS AND RECOMMENDATIONS

The 1995 and 1996 studies on the Tiger Creek Canal and the Drum Canal resulted in a more
complete physical and chemical database for addressing algal control problems in the systems. The study
also indicated a need for more continuous monitoring of canal conditions in order to predict the optimum
timing for the application of control procedures. Of particular interest are indications from the effort that
some parameters, if tracked more closely, might allow operators to follow and predict changes in aigal
growth patterns. While the data collected is more complete than that previously assembled, it is
generally believed that additional information is still needed to fully understand some of the events
observed. The problem is, additional monitoring requires additional moneys to support the analyses and
manpower.

Our investigations on Tiger Creek indicated that the following parameters may be useful to follow
and predict changes in algal-growth patterns:

] Temperature: It seemed that early seasonal canal temperatures below 10°C kept the algae
in a dormant or less active growth stage. As the temperatures approached 10°C and higher,
the canal was more susceptible to excessive algal growth. Since the temperature data was
only obtained at the sampling times and not throughout the growing season, this effect
requires further study.

° Water pH: Water pH may provide some insight into the development of algal problems in
these systems. There were some subtle changes seen in the water chemistry data collected,
but not enough data points to determine a relationship between them and the algal problems.
This information is also important during the application of chemical-control agents to predict
the secondary impact of a chemical-control agent. Water chemistry samples were collected
during test periods, but additional information on hardness and metal content would be
helpful. Copper concentrations over a the time of application would be beneficial in
determining environmental fate and impacts.

. Light: Although not measured during this study, both the quantity and quality of light should
be measured to determine its role in algal growth. The algal problems typically occur from
early May to late October, when the sun reaches its maximum height over the canal. Shading
was one option tested during the 1996 research period. Although shading did seem to impede
algal growth, more experimentation would be necessary to determine the amount of shading
necessary to eliminate algal growth. Additionally, there is little information available to
assist with design requirements.

The principle constraint in obtaining this additional data is the cost of sampling. However, new
instrumentation packages are becoming available that allow continuous monitoring in remote areas.
These instruments allow data to be telemetered at reasonable costs. The capital costs of the
instrumentation could be more than offset by providing high quality, in depth data. This type of data
might allow the implementation of just-in-time algal control treatments, reducing the amount of
downtime for clean-ups and the amount of chemicals purchased and released into the environment.
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Appendix B

Water Quality Data




- Water Quality Data Index
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1995 - Tiger Creek WQD, PH ......c.cooiiiiiniiinteirectnete et ssnsnstess e sssee s sssnsasossasones B4
1995 - Tiger Creek WQD, TEMPETAtUIE. .....c.curiscsininissisisicists ittt B-5
1995 - Tiger Creek WQD, Copper, Flame Spectrophotometer, parts per million ............... B-6
1995 - Tiger Creck WQD, Copper, Graphite FUrnace, ppb .......cceveeeeeeveneeseenncasscscsscsinnne B-7
1996 - Algae Céntrol Test Program, Tiger Creek .....ooiiniiecnteineerereecneeecincnnenne B-8
1996 - Tiger Creek WQD, pH, Conductivity .......... esessessetasste s s s s R e b s e bt e nE e s s B-9
1996 - Tiger Creek WQD, Total Dissolved Solids, Hardness...........ecoeveemernieneeincocsienennnne B-10
1996 - Tiger Creek WQD, COpPer (GFA).....coiivminririninieteniniisenniesiestnsessssesssnesesssssosianas B-11
1996 - Algae Control Test Program, Drum Canal...........cecvueceeereiisesusssesssssessssesssssssasenns B-12
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Table 7. The Water Quality Samples were collected during different tests conducted during 1996 on
the Tiger Creek Canal. The testing program followed:

06/17/96 - Application #1, 30 ppb/12 hours, EarthTec
07/03/96 - Application #2, 30 ppb/12 hours, EarthTec
07/19/96 - Application #3, 30 ppb/12 hours, EarthTec
07/26/96 - Application #4, 30 ppb/12 hours, EarthTec
08/02/96 - Application #5, 30 ppb/12 hours, EarthTec
08/09/96 - Application #6, 30 ppb/12 hours, EarthTec
08/16/96 - Application #7, 30 ppb/24 hours, EarthTec

08/23/96 - Application #8, 30 ppb/12 hours, EarthTec

08/30/96 - Application #9, 30 ppb/10.7 hours, EarthTec

09/13/96 - Application #10, 30 ppb/12 hours, EarthTec

10/18/96 - Application #11, 30 ppb/13.5 hours, EarthTec
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Table 11. The Water Quality Samples were collected during different tests conducted on the Drum
Canal. The testing program followed:

05/07/96 - Application #1, 22 ppb/6 hours, EarthTec

05/23/96 - Application #2, 30 ppb/6 hours, EarthTec
06/11/96 - Application #3, 30 ppb/12 hours, EarthTec
07/30/96 - Application #4, 0.5 ppm/30 minute Treatment, Strike Application

08/13/96 - Application #5, 0.5 ppm/1 hour Treatment, Strike Application




Table 12: 1996 Drum Canal Water Quality Data

pH (Standard Units)
Station 05/07 05723 06/11 07/30 08/13
YB28 6.31 6.41 6.07 6.18 5.89
HYW20 6.36 6.28 6.19 — —
YB40 6.42 6.40 6.20 6.00 5.85
FOREBAY 6.40 6.38 6.24 5.98 5.81
TAILRACE 6.41 6.44 6.48 — —_

Conductivity (umho/cm)

Station 05/07 05/23 06/11 07/30 08/13
YB28 35.0 17.0 255 244 24.4
HYW20 47.0 16.1 22.8 — —_—
YB40 24.0 171 23.0 25.2 26.1
FOREBAY 25.0 18.9 22,7 | 24.8 26.2
TAILRACE 430 18.9 234 — —

Total Dissolved Solids (ppm)

Station 05/07 05723 06/11 07/30 08/13
YB28 22.40 10.88 16.32 15.62 15.62
HYW20 30.08 10.30 14.59 — —
YB40 15.36 10.94 14.72 16.13 16.70
FOREBAY 16.00 12.10 14.53 . 15.87 16.77
TAILRACE 24.52 12.10 14.98 — —
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Hardness (ppm CaCOs)

Station 05/07 05/23 06/11 07/30 08/13
YB28 8.7 - 2.9 11.6 38.1 21.7
HYW20 26.0 17.1 16.3 — —
YB40 28.9 22.7 11.6 28.6 18.1
FOREBAY 26.0 24.2 23.2 36.2 28.9
TAILRACE 25.9 24.0 23.2 — —
Copper (ppb)
Station 05/07 05/23 06/11 07/30 08/13
YB28 ND 15.8 5.6 ND 7.7
HYW20 53 32.4 14.3 — —
YB40 9.9 79.5 13.5 ND 320.0
FOREBAY 5.4 28.0 8.7 ND 94.5
TAILRACE ND 24.1 7.8 — —
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Appendix C

Decision Matrix

Development of Decision Matrix

PG&E developed the matrix formulation (Table 1, Lindquist 1995) to compare and evaluate
various techniques using common criteria. By applying certain weighted values to each criteria, it is
possible to rank the control technologies and determine which control technique should be considered
for implementation. The categories in the Table were selected and ranked in importance based upon
previous algae control experience at PG&E,

Table 1. Control Technology

Consideration Chemical Biological Mechanical Combination
Implementation Costs (3%)
Operational Costs ($%)
Feasibility 4 *
Availability *
Timing *
Monitoring Needs *
Environmental Risks *
Operational Impacts *
Regulatory Risks *
Safety *
Short/Long Term Solution *
R&D Opportunity *
Champion A Name

Note: *Criteria that do not have direct costs associations are numerically weighted using 1, 2, 3 to
indicate high, medium, or low characteristics, Lindquist, D. 1995.




Criteria Definition

Implementation Costs take into account the costs of installing and initiating the proposed algal
control technology, and include costs related to the labor and materials required for implementation.

Operational Costs deal with the costs associated with maintaining the operationél status of the
control practice, after the technology is installed. While monitoring needs are addressed elsewhere, the
costs associated with any monitoring requirements are also calculated under this heading.

Feasibility determines the ability to apply the technology within the existing conditions of the site.
Under this consideration, it is important to identify any uncertainties and determine whether additional
studies or pre-testing will be required before full implementation is possible.

Availability determines if the technology is an off-the-shelf item or requires additional
development before installation. Also, it includes the identification of a commercial vendor of the
practice.

Timing deals with developing a schedule for implementation of the control practice. For instance,
in PG&E's problem, algal growth does not usually begin until the first of May. The control technologies
were then judged upon how much time was required to have them in place, and whether they could meet
the target date.

Monitoring Needs address the collection of data to verify algae control and to support any
environmental and regulatory measurements required for implementing a control strategy.

Environmental Risks are considered to be synonymous with regulatory risks; however, regulations
may change over time, and materials not presently considered to be harmful may be considered
hazardous as new risk factors are discovered.

Operational Impacts deal with the implementation of the algae control strategy within the
framework of ongoing process activities, and address the impacts on existing operations during the
implementation of the control technique.

Regulatory Risks address the sensitivity of the algae control technique within the current
regulatory framework and include the manpower and other resources required to fulfill these
requirements.

Safety refers to the safety of employees, personnel implementing and operating the control
program, and the general public.

Short/Long Term Solution describes whether the control strategy can be used for several years or
provides a temporary, stop-gap measure that can be used until a long-term solution to the algae problem
can be developed.

R&D Opportunity addresses whether it is necessary to conduct some tests to optimize the salient
features of a control technology to the existing conditions for a particular algae growth problem. R&D
issues may be used to identify potential financial resources to assist in the development of a control
program, since it may be possible to obtain State or Federal assistance to support the research.




A Champion is the person who has the responsibility for assembling the basic information on the
control strategy, finding answers to review committee questions, and developing the basic classification
of the technique for review purposes. Without such a person, the information base on the control
practice will likely be fragmented, resulting in the inability to adequately evaluate a technique.

This decision process works well when people, with different levels-ef-professional experience and
backgrounds, rate the various categories according to their knowledge and biases. It is also helpful to
have consultants or vendors present descriptions of algae control techniques to the reviewers. Where
appropriate, dollar amounts can be used to complete the matrix. Other categories are ranked and given a
weighted value based upon the perceived level of difficulty.

After calculating a value for each category, the champions present the results. If questions are
raised, the champion has the responsibility for finding answers and presenting the information at a later
round of discussions. In the case of the Tiger Creek problem, several different control practices were
considered for implementation this year. Three review periods were used to present information on
control alternatives, answer questions about techniques, and develop the ranking. After these reviews,
PG&E had sufficient information to select the algae control strategy for implementation.
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